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Abstract
It is believed that one in two people will be diagnosed with cancer during their lifetime. Therefore,
there is an urgent need to research and develop new treatments and one of the recent areas of cancer
research has targeted components of mitosis, mainly the mitotic kinases. This research project has
focused on the Aurora kinases, a family of serine/threonine kinases which play a central role in
chromosome segregation and cell division during mitosis.

It has recently been demonstrated that Coenzyme A (CoA) is a highly selective ATP-competitive
inhibitor of Aurora A kinase. However, the pharmacokinetic properties of CoA, in particular its poor
cell permeability, need improvement. The aim of this PhD is to design and synthesise analogues of CoA
that are more “drug-like”, whilst conserving the features that lead to the selective inhibition.

Three series of compounds have been synthesised during the course of this research. The first,
conserved the pantothenamide tail and focused on replacing the adenosine moiety of CoA with a
heteroaromatic head group based around VX680 – a known inhibitor of the Aurora kinases. During the
synthesis of this series, a problematic key step was optimised using a Design of Experiment (DoE)
approach. The second series focused on replacing the pyrophosphate group of CoA with known
literature mimics to improve the overall drug likeness of the compound before starting to investigate
the structure activity relationship (SAR) around the tail region of CoA. The final series of compounds
were synthesised to investigate the possible location of the pantetheine tail within the Aurora A binding
site – believed to be important for selectivity towards Aurora A. These analogues conserved the
structure of CoA and attached affinity labels to the terminal –SH with the capability of covalently
interacting with residues within the active site of the kinase.
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Chapter 1 – Introductioni
1.1 Cancer
1.1.1 Introduction to Cancer

Cancer is one of the leading causes of death worldwide and it is estimated that 1 in 2 people, born after
1960, will be diagnosed with some form of cancer in their lifetime.1 The most common cancer types
are breast, bowel, lung and prostate and together they account for over half of the new cancer cases
each year.2 Therefore, research and development of new treatments to combat cancer has been an
intense area of research for a number of years.

Cancer is defined as uncontrolled cell growth that leads to the development of malignant tumours with
the ability to spread to other parts of the body.3 It is caused by changes in cellular DNA by mutations,
resulting in genetic instability that alters the normal biological function of cells. 4 In a seminal paper,
published by Hanahan and Weinberg5 in 2000, they defined the six “hallmarks of cancer”. These
hallmarks are described as the main biological capabilities acquired during the development of tumours
and are shown in Figure 1.1.6

Figure 1.1 – The Hallmarks of Cancer, reproduced with permission from Hanahan and Weinberg.6

Figure 1.1 summarises the six key changes found in cancer cells, when compared to normal cells, as
their ability to sustain chronic cell proliferation, to evade growth suppressors, resist cell death by
apoptosis, have limitless replicative potential, induce the formation of new blood vessels and carry out
i

The biological analysis of CoA was carried out by Dr Yugo Tsuchiya. The docking of CoA was carried out by
Ms Trang Tran.
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tissue invasion and metastasis. A second publication by Hanahan and Weinberg6, supported the
continued use of this definition of the hallmarks of cancer and discussed how, by understanding the
mechanisms behind tumour growth, various different therapeutic targets have been investigated for the
development of anticancer drugs.

1.1.2 Current Cancer Treatments

There are currently several different methods of treating cancer, including surgery to remove the
malignant tumour, radiotherapy, hormone therapy, biological therapies and chemotherapy and
examples of these treatments will now be discussed briefly.7

Radiotherapy is one of the most commonly used cancer treatments, with 40% of patients receiving this
treatment.8 It works by delivering a lethal dose of ionising radiation to the tumour, resulting in DNA
damage and the death of the tumour cells. It is often used in combination with chemotherapy, especially
in the treatment of cervical cancer.8 Although damage to normal tissue is limited by the direct
application of radiation to the tumour cells, there are potential side effects that include long term damage
to tissues close to the tumour site such as the bowel, kidney or liver.8

Immunology, in particular the use of antibody-based therapy, is the main example of biological therapy
that has been used successfully in recent years for the treatment of cancer. Monoclonal antibodies,
first developed by Kohler and Milstein,9 are often used in anticancer treatments due to their selective
binding to abnormal cells. They are used in conjugation with anticancer drugs in Antibody-Drug
Conjugates which work by selectively delivering the cytotoxic drug to the tumour. 10 Generally,
monoclonal antibodies have less side effects when compared to chemotherapy drugs due to their milder
toxicity in vivo.10 However, they have a number of disadvantages that prevent their widespread use as
anticancer agents, including high production costs for their synthesis as this requires large quantities of
mammalian cultures and large doses are often required to achieve clinical efficacy.11

Chemotherapy, with cytotoxic anticancer drugs that target specific components of cancer cell
development, is still considered to be the main treatment of cancer.12 Several different therapeutic
targets have been investigated for this, including platinating agents like cis-platin and carboplatin which
have been used since the 1970s, alkylating agents such as chlorambucil, a nitrogen mustard used for the
treatment of Hodgkin’s Disease, antimetabolites that resemble naturally occurring purines and
pyrimidines and tubulin-binding drugs like the vinca alkaloids that interfere with tubulin function.12–16
One of the most popular and successful biological targets for anticancer drugs are the protein kinases
and they will be discussed in detail in the next section.17

There are several disadvantages to

chemotherapy treatment, including multiple side effects due to the cytotoxic nature and poor selectivity
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of the drugs. However, one of the main disadvantages is drug resistance which can develop during the
treatment and therefore limits the effectiveness of the drugs.18

1.2 Kinases
1.2.1 Introduction to Kinases

Protein kinases are one of the most popular therapeutic targets of the past two decades, especially in the
development of kinase inhibitors as anticancer agents.19 They are classified as ATP-dependant
phosphotransferases that add a single phosphate group from ATP to residues within proteins, mainly
the hydroxyls of serine, threonine or tyrosine. In order to facilitate this reaction and to assist in ATP
binding, they also require a divalent metal ion, usually Mg2+.20

There are 518 different kinases encoded within the human genome that can be grouped into around 20
known families by their structural similarities.21,22 Protein kinases have been found to be pivotal to
processes required for tumour cell proliferation and survival, making them excellent inhibitor targets.22
Inhibition of kinase activity in normal cells can also be tolerated, meaning it is possible to selectively
target tumour cells.23 Despite these advantages, it can be difficult to develop a selective kinase inhibitor
due to the high degree of conservation, especially at the ATP binding site, between the different kinase
structures.23

1.2.2 Kinase Structure
Knighton et al.24 published the first crystal structure of a protein kinase domain (PKA) in 1991 and
since then, an extensive number of novel kinase structure have been solved, aiding both the
understanding of inhibitor binding modes and the design of kinase inhibitors.17

The general structure of protein kinases is conserved between each family and consists of an ATP
binding site that is found in a deep cleft, formed between the two catalytic domain lobes.17,23 ATP binds
into the cleft via a hydrogen-bonding network between the adenine of ATP and the hinge region – a
series of residues that connect the N- and C- terminal lobes.23 A hydrophilic channel exists where the
ribose and phosphate groups of ATP sit and this extends to the substrate binding site, where the key
residues for catalysis are found.23 Targeting this ATP binding site, in particular mimicking the hydrogen
bonding network existing between the hinge region and ATP, has been the main focus of kinase
inhibitor design.19,25 Very few kinase inhibitors exploit the ribose and phosphate binding regions.23
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In order to regulate kinase activity, all kinases share a conserved activation loop which is marked by
the DFG motif at the start of the loop and the APE motif at the end.23 This activation loop can assume
many conformations, however, the most well catalogued are the active, phosphorylated conformer
(DGF-in) or the inactive conformer where a rearrangement of the DFG motif exposes an additional
hydrophobic binding site adjacent to the ATP binding site (DFG-out).17,23,26 This is highlighted in Figure
1.2 showing an example of the DFG-in and DFG-out activation loop conformations.22 Most of the
kinase inhibitors currently developed are ATP competitive and target the ATP binding site, either in the
active or inactive conformation of the kinase.17 This gives two of the four main types of kinase
inhibitors developed and each will now be discussed in detail.

a)

b)

Figure 1.2 – The two activation loop conformations present in kinases, reproduced with permission from Liu and
Gray.22 Activation loop is shown in blue, the DFG motif in purple and the location of the hinge region is
highlighted. a) active, DFG-in conformation with ATP bound, b) inactive, DFG-out conformation with Type II
inhibitor Imatinib bound.

1.2.3 Types of Kinase Inhibitors

X-ray crystallography has allowed the elucidation of four different categories of kinase inhibitor that
are grouped according to their mode of action and these can be classified as either Type I, Type II, Type
III or Type IV.19

Type I
Type I inhibitors are ATP competitive and they bind to the active, phosphorylated form of the kinase
via 1-3 hydrogen bonds to the hinge region.22 They typically consist of a heterocyclic ring system that
occupies the adenine binding site of ATP. Several examples of Type I kinase inhibitors have been
reported in the literature, including the selective p38 inhibitor SB203580.23,27
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Figure 1.3 – Structure of Type I inhibitor SB203580.

Despite the highly conserved ATP binding site between kinases, selectivity can be achieved within
Type I inhibitors by making use of residues unique to that particular kinase active site.17 For example,
the gatekeeper residue, which is located close to the hinge region, can often be unique to that particular
kinase and in cases where this is a small residue, such as a threonine, an additional hydrophobic pocket
can be exploited.17

Type II
Type II are also ATP-competitive inhibitors but instead, they bind to the inactive conformation of the
kinase.17,22 They typically bind to an additional hydrophobic pocket, exposed once the activation loop
moves into the DFG-out conformation.17,23 It was initially proposed that Type II inhibitors should have
good selectivity, owing to binding to the exposed hydrophobic pocket, however subsequent data has
indicated that Type II inhibitors also have a degree of promiscuity.19 As with the Type I inhibitors,
several examples of Type II inhibitors are known clinically, with the most commonly known being the
Bcr-Abl tyrosine-kinase inhibitor Imatinib.28

Figure 1.4 – Structure of Type II inhibitor Imatinib.

Type III
Type III inhibitors are allosteric inhibitors that bind to an alternative site from the kinase active site and
therefore do not compete with ATP.17,23 Excellent selectivity is often observed with these types of
inhibitors as they are often binding to a site that is unique to that specific kinase.23 Unfortunately, Type
III inhibitors can be difficult to develop as, due to a lack of reliable assay for identifying Type II
inhibitors, crystal structures are always required and often, it is not clear whether targeting that specific
binding pocket will result in the desired biological effect.17 Despite this, there are a number of allosteric
inhibitors known, one example is CI-1040, used to inhibit human MAP kinases and this binds to a site
adjacent to the ATP binding site.29
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Figure 1.5 – Structure of Type III inhibitor CI-1040.

Type IV
The final inhibitor class is known as the Type IV covalent inhibitors. These compounds are capable of
forming an irreversible, covalent bond to a residue within the kinase active site (or additional allosteric
sites), usually through nucleophilic residues such as cysteine.23 As with Type III inhibitors, these often
exhibit good selectivity if they are targeting areas specific to that kinase. 17 However, despite their
extensive use as antibiotics such as penicillin, there can be some stigma associated with covalent
inhibitors due to modification of off-target residues causing toxicity.23,30 An example of the Type IV
inhibitors is Neratinib which inhibits HER-2, a member of the ErbB family of tyrosine kinase
inhibitors, by reacting covalently via a Michael addition with a cysteine residue.31

Figure 1.6 – Structure of Type IV inhibitor Neratinib.

Overall, it is estimated that over a quarter of all pharmaceutical drug targets are protein kinases and the
majority of the current cancer treatments are tyrosine kinase inhibitors such as Imatinib.22,32,33
However, for this PhD, the research has focused on targeting of the Aurora Kinases - an example of a
serine/threonine kinase involved in regulating components of mitosis.34

1.3 Aurora Kinases
1.3.1 Mitosis and Cancer

Mitosis is a complex and tightly regulated biological process where two identical copies of DNA are
separated by the microtubule spindle apparatus and packaged into two daughter cells. 35 Various
checkpoint systems have developed to ensure correct coordination of this process and preventing
genome damage.36 However, errors in mitosis can occur, causing genetic instability and resulting in
tumour development.36
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Human tumour cells typically result from errors in chromosome segregation during mitosis, leading to
aneuploidy and chromosome instability.36 Therefore, one area of cancer research has focused on
blocking tumour progression by targeting components of mitosis, such as the mitotic kinases who help
to regulate the cell cycle.35,37 Several different mitotic kinases have been investigated for the treatment
of cancer, including the cyclin-dependant kinase 1 (Cdk1), Pololike kinase (Plk1) and Aurora
kinase.34,37 The research described in this thesis has focused on targeting the Aurora kinase family.

1.3.2 The Aurora Kinases
The Aurora kinases are a family of highly homologous serine/threonine kinases.35–37 They help to
regulate multiple steps of mitosis, including having a central role in chromosome segregation and cell
division, providing genome stability.36 There are three general class: Aurora A, Aurora B and Aurora
C and variations are found within the family in their function and subcellular locations (as shown in
Figure 1.7).35

Aurora A

Aurora B

Figure 1.7 – The subcellular locations of Aurora A (in blue) and Aurora B (in red). Image reproduced with
permission from Pollard and Mortimore.35

The structure of the three kinases is highly conserved, especially within the catalytic domain of the
kinase, with approximately 75% retention of the kinase domain sequence of Aurora A when compared
to Aurora B and C.38 However, variations do occur in the length and sequence of the N-terminal
domains. 37,38

Aurora kinases have been an intense area of cancer research, since their discovery in 1995 by Glover et
al.39 and the first observation of their overexpression in cancer cell lines by Bischoff et al.40 in 1998.
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All three Aurora kinases are overexpressed in many types of cancer and currently, there are several
Aurora kinase inhibitors undergoing clinical trials.37,41–43

Aurora A
Out of the three family members, Aurora A has been the most extensively investigated as a potential
anticancer target as it is involved in regulating many of the early steps of mitosis.37 Expression of
Aurora A and its kinase activity is believed to rise during the G2 phase of the cell cycle and peak in
early mitosis where it is localised to the centrosomes and spindle poles (as can be seen in Figure 1.7).36,37

Aurora A is necessary for entry into mitosis; it is required for centrosome maturation and separation
which promotes spindle assembly.37,43 The kinase activity of Aurora A is dependent on
autophosphorylation of threonine 288 (Thr288), found in the activation loop. Inhibition of Aurora A
results in inhibition of this phosphorylation giving delayed entry into mitosis and the failure of the
centrosomes to assemble the bipolar spindles, resulting in aneuploidy and mitotic arrest.44

Aurora A has been indicated as an oncogene, as amplification of the Aurora A gene and overexpression
of Aurora A has been observed in many malignant tumours, including breast, gastric, colon, ovarian
and pancreatic.37 It has been shown that pharmacological or genetic inhibition of Aurora A (and Aurora
B) slows or reverses cancer cell growth in vitro and in xenograft models.44 This verifies Aurora A as a
promising anticancer target.

Aurora B
Aurora B is a component of the chromosomal passenger complex (CPC), which is made up of four
proteins: Aurora B, survivin, INCENP and borealin.35–37 The CPC is initially found localised to
centromeres during prometaphase and then transfers to the spindle midzone during anaphase (as can be
seen in Figure 1.7).35,36
Aurora B is critical for correct progression through mitosis; it is required for chromosome condensation,
alignment and segregation, regulation of a mitotic checkpoint during metaphase and completion of
cytokinesis.35–37 Inhibition of Aurora B function results in premature exit from mitosis, due to the
removal of a crucial spindle checkpoint. This means that means no chromosome segregation or
cytokinesis has occurred and leads to multinucleated cells.35
Although the gene which encodes Aurora B has not been associated with significant amplification in
cancer cells and Aurora B overexpression alone does not transform rodent fibroplast cells, Aurora B
overexpression does correlate with a loss of genome stability within a tumour.35,37 This suggests that
Aurora B contributes towards the genetic instability required for tumour cell development.37 As with
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Aurora A, pharmacological inhibition of Aurora B has been shown to delete cells by apoptosis that have
been damaged by mitotic defects.35

Aurora C
Aurora C is the least studied of the Aurora kinase family.35,45 Although Aurora A and B are expressed
in many tissues, Aurora C is predominantly expressed in testis.35,43,45 The exact function of Aurora C
has yet to be established, however, it has recently been proposed by Yang et al.45 to be a component of
the CPC and helps to regulate meiosis.

1.3.3 The Structure of Aurora Kinase A

The Aurora kinases are highly homologous with a highly conserved C-terminal catalytic domain and a
short N-terminal domain which varies in size between the family members.37,46 The activation loop is
conserved between the three family members, starting from aspartic acid 274 and finishing at glutamic
acid 299 and with a sequence of DFGWSxxxxxxxRxTxCGTxDYLPPE. Phosphorylation occurs at the
Thr288 residue (highlighted in red) within this sequence.37
The crystal structure of Aurora A was first published by Cheetham et al.46 in 2002 in complex with
adenosine (PDB file 1MUO). The ATP binding site of Aurora A is comprised of a N-terminal β-strand
domain (residues 127-215) and a C-terminal α-helical domain (residues 216-385) which are linked via
a hinge region (residues 210-215).46 The hinge region plays crucial role in forming part of the catalytic
active site by hydrogen bonding to the substrate, for example through the adenine of ATP. The crystal
structure of Aurora A is shown in Figure 1.8 where the hinge region (residues 210-215) is highlighted
in yellow and the activation loop (residues 274-299) is highlighted in orange. Unfortunately, only part
of the activation loop (residues 274-278 and 289-299) was visible within the crystal structure due to
disorder within the structure and the residue phosphorylated during activation, Thr288, is not seen.46
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Figure 1.8 – Crystal structure of Aurora A in complex with adenosine (PDB: 1MUO) published by Cheetham et
al.46 The hinge region is highlighted in yellow, the activation loop in orange and adenosine in white.

As previously mentioned, ATP competitive inhibitors have been thoroughly investigated as potential
inhibitors for a number of different kinases and therefore, understanding the key interactions between
ATP and the Aurora A binding site is crucial to the development of selective inhibitors of Aurora A. 37
Fancelli et al.47 have identified the five main areas of the ATP binding pocket of Aurora A using 1,4,5,6tetrahydro-pyrrolol[3,4-c]pyrazole scaffolds and this is shown in Figure 1.9 with ATP in the binding
site.

Figure 1.9 – The five main areas of the Aurora A binding site. This figure was reproduced with permission from
Fancelli et al.47

The ATP binding pocket is made up of five main areas: the kinase hinge region, the solvent accessible
region, the sugar region, the phosphate binding region and the buried region.37,47 The most important
area is the hinge region, where a direct hydrogen bonding network can be formed between adenosine
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(or other substrates) and residues within the hinge region, as the interactions formed here contribute
significantly to the binding affinity of the inhibitor.37 In the case of the crystal structure solved by
Cheetham et al.,46 the hydrogen bonding exists between the amino acids Glu211 and Ala213 and the
adenosine substrate (this is highlighted in Figure 1.10).

Hinge Region

Figure 1.10 – The important interactions between adenosine and the hinge region of Aurora A (PDB file 1MUO46).
Hydrogen bonding distances are given in Å.

The four additional areas of the ATP binding also hold some importance into gaining potency and
selectivity in the designed kinase inhibitors. The solvent accessible region is partially open to solvent
and can potentially form polar interactions.37,47 These could potentially lock the substrate into the
binding site and aid the formation of interactions with the hinge region. The buried region is small and
hydrophobic due to its position next to the main chain of the kinase and therefore cannot accommodate
large groups.37 However, structural diversity may be introduced by the addition of large groups to the
part of the inhibitor that sits in the sugar and phosphate binding regions, where a variety of interactions
may be picked up to mimic the binding of the ATP.37

A variety of compounds have been developed as Aurora A kinase inhibitors to pick up some of these
important interactions and these will be discussed in Section 1.3.5. However, before a series of
analogues can be designed to target Aurora A, it is crucial that the conformational changes that occur
during activation of Aurora A are understood.

1.3.4 Mechanism of Action of Aurora A

Following a series of biochemical and structural studies, it has been determined that activation of Aurora
A requires the autophosphorylation of the Thr288 residue and the binding of a cofactor, usually TPX-
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2 – a microtubule-associated protein necessary for binding and directing Aurora A towards the mitotic
spindle.37,48 By comparing the conformational changes, with reference to the crystal structures of bound
and unbound TPX-2, it has been established that the binding of TPX-2 alters the structure of Aurora
A, by stabilising the activation loop and allowing ATP to bind.35,37,48 This is illustrated by the schematic
shown in Figure 1.11.35
Activation loop folded
over ATP pocket,
preventing binding

Activation loop
TPX-2 stabilised to allow
ATP binding

ATP

TPX-2

Phosphorylated
Thr288
Inactive, closed
structure

Fully activated,
Locked open
structure

Partially activated,
Open structure

Phosphorylated
Thr288 residue
buried within
activation loop

Figure 1.11 – Conformational changes associated with Aurora A activation, with reference to review published
by Pollard and Mortimore.35 The activation loop is highlighted in red, the ATP binding pocket is highlighted in
yellow and the Thr288 residue for phosphorylation highlighted in blue.

Figure 1.11 highlights that the active form of Aurora A, once TPX-2 is bound, has the activation loop
stabilised in an extended conformation to allow ATP binding. This also buries the phosphorylated
threonine residue (Thr288) within the activation loop to prevent dephosphorylation by phosphatases.35,48
In the inactive form, the ATP pocket is blocked by the activation loop and the conformational changes
in this structure opens an additional hydrophobic pocket, near to the ATP binding pocket and proposed
to be the within the buried region of the model developed by Fancelli et al,47 that can be targeted by
Aurora kinase inhibitors in order to achieve selectivity.35,38,48

1.3.5 Aurora Kinase Inhibitors

Currently, there are several Aurora kinase inhibitors undergoing clinical trials and many of them contain
an adenine-like scaffold to ensure hydrogen bonding to the hinge region of the kinase.41,42 A selection
of the current Aurora kinase inhibitors will now be discussed in further detail.
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ZM447439

Figure 1.12 – Structure of Aurora Kinase inhibitor ZM447439.

ZM447439 was developed by AstraZeneca and was the first Aurora kinase inhibitor to be
established.36,49 It is an unselective inhibitor of the Aurora kinases with IC50 values of 110 nM and
130 nM for Aurora A and Aurora B in vitro, respectively.49

PHA-739358

Figure 1.13 – Structure of Aurora Kinase inhibitor PHA-739358.

PHA-739358 is a pan-selective Aurora kinase inhibitor developed by Nerviano.50 It inhibits Aurora A
with an IC50 of 13 nM, Aurora B with an IC50 of 79 nM and Aurora C with an IC50 of 61 nM and has
cross-reactivities with some receptor tyrosine kinases, including Abl kinase.50,51 It is currently enrolled
in Phase II clinical trials for the treatment of chronic myelocytic leukaemia, multiple myeloma and
metastatic castration-resistant prostate cancer.51,52

VX680

Figure 1.14 – Structure of Aurora Kinase inhibitor VX680.
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VX680 was first identified as a potent Aurora kinase inhibitor by Vertex. 53,54 It has IC50 values of
0.6 nM, 18 nM and 4.6 nM in vitro for Aurora A, Aurora B and Aurora C respectively and has been
shown to inhibit tumours at a tolerated dose and show no toxicity.53,54 Despite the promising response
with the drug, Merck suspended all clinical trials involving VX680, due to QTc prolongation being
observed in one patient.42

VX680 is thought to be a Type II kinase inhibitor, binding preferentially to the inactive form of the
kinase.35,55 However, results obtained by Zhao et al.56 have indicated that it can also bind to the active
form of the kinase, stabilised by the protein TPX-2, with only a small loss of potency. This will be
discussed in more detail in Section 1.3.6.

VX689

Figure 1.15 – Structure of Aurora Kinase inhibitor VX689.

Shimomura et al.57 reported the synthesis of VX689, a successor to analogue to VX680 with improved
selectivity towards Aurora A.

This analogue, developed by Merck and Vertex, has an IC50 of

0.064 nmol/L against Aurora A in an ATP competitive manner.57 It has completed Phase I testing for
the treatment of patients with advanced sold tumours as a single agent and in combination with
docetaxel.42

MLN8054

Figure 1.16 – Structure of Aurora Kinase inhibitor MLN8054.

MLN8054 is an ATP-competitive and selective Aurora A kinase inhibitor developed by Millennium
Pharmaceuticals.58 It has IC50 values of 4 nM and 172 nM in vitro for Aurora A and Aurora B
respectively.58 It is currently being evaluated in Phase I clinical trials for the treatment of patients with
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advanced solid tumours.42 Its proposed selectivity is achieved towards Aurora A for this compound
due to favourable interactions with the residue Thr217 within the Aurora A binding site; this residue in
Aurora B is a glutamic acid which causes electrostatic repulsion between the enzyme and MLN8054.59

MLN8237

Figure 1.17 – Structure of Aurora Kinase inhibitor MLN8237.

MLN8237 is another selective Aurora A inhibitor developed by Millennium Pharmaceuticals.60 It has
an IC50 of 1 nM towards Aurora A in biochemical assays, and shows 200-fold selectivity towards
Aurora A over Aurora B.41 MLN8237 has entered Phase III clinical trials for the treatment of peripheral
T-cell lymphoma.42,51

Hesperadin

Figure 1.18 – Structure of Aurora Kinase inhibitor Hesperadin.

Hesperadin is an example of a selective Aurora B inhibitor with an IC50 value of 250 nM.61 Its activity
against Aurora A is not known, but the inhibitor reduces the activity of a number of other kinases in
vitro.61
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AZD1152

Figure 1.19 – Structure of Aurora Kinase prodrug AZD1152 and its active form AZD1152-HQPA.

AZD1152 is a selective Aurora B inhibitor developed by AstraZeneca.62 It is delivered as a prodrug
(as AZD1152) which is converted rapidly in human plasma, by loss of the phosphate group, to the
active drug AZD1152-HQPA which has an IC50 of 0.37 nM against Aurora B (vs 1368 nM for Aurora
A).63 It is currently being investigated within Phase II/III clinical trials.42

Unfortunately, as yet, no Aurora kinase inhibitors have been approved for clinical use and there are
several reasons for this. One reason is due to the considerable cross reactivity of many Aurora kinase
inhibitors with other kinases, such as Abl kinase, which share structural similarity to the Aurora
kinases.35,42 However, this cross reactivity could be eliminated by the development of highly selective
inhibitors. The main problem, however, in achieving clinical success for the Aurora kinase inhibitors
is due to their biological function. Aurora kinases are downregulated in nearly all of the cell cycle
phases apart from the mitotic phase where they are overexpressed.64 This phase, however, only accounts
for 2-10% of the entire cell cycle, meaning that only a small percentage of tumour cells are undergoing
mitosis at any one time and therefore, longer doses of the inhibitor are required to kill the tumour cells
which increases the risk of damage to healthy cells.64 Additionally, it can be difficult to selectively
target tumour cells over healthy cells as both cell types undergo the same cell cycle phases over similar
time frames.64 This is especially true for normal, highly proliferating cells and can account for the
potential toxicity of Aurora kinase inhibitors.

1.3.6 Binding Mode of Aurora Kinase Inhibitor VX680

Of the many Aurora kinase inhibitors currently under development, VX680 is one of the most well
studied35,38,48,55 and therefore components of its structure were chosen as part of the design of our Aurora
kinase inhibitors. The binding mode of VX680 has been well established and the crystal structure of
VX680 bound to the inactive form of Aurora A was first solved by Cheetham et al.55 It follows the
previously discussed model of the ATP binding site developed by Fancelli et al.47 as shown in Figure
1.20.
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Figure 1.20 – Summary of the main interactions of VX680 with the Aurora A binding site, with reference to the
ATP binding site model developed by Fancelli et al.47

VX680 binds as expected into the Aurora A binding site via hydrogen bonding interactions existing
between the pyrazole/pyrimidine moiety and the hinge region of the kinase. Additional interactions can
be observed with the binding of N-methylpiperazine moiety to the solvent region which helps to lock
the inhibitor into the binding site and pick up the interactions with the hinge region.

The

cyclopropylamide moiety of VX680 sits in an additional hydrophobic pocket, only present within the
inactive form of the kinase.48,55 This binding mode is further supported by later studies by Zhao et al.56
who have studied the crystal structure of active Aurora A in complex with TPX-2 (as shown in Figure
1.21).

Hinge Region

Solvent Region

Figure 1.21 – Crystal structure of VX680 within the Aurora A binding site of the active enzyme in complex with
TPX-2 using the PDB file 3E5A.56 Hydrogen bonding distances are given in Å.

Zhao et al.56 investigated the crystal structure of the active form of Aurora A, stabilised by the
interaction of TPX-2, in complex with VX680. This crystal structure has similar interactions at the
hinge and solvent regions between Aurora A and VX680, however, the cyclopropylamide moiety is
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unable to interact with the additional hydrophobic pocket present within the buried region as this is only
present within the inactive form of the kinase.56 Zhao et al.56 also report a small decrease in potency
against the Aurora A/TPX-2 complex when compared to inactive Aurora A, indicating that the
interactions with the hydrophobic pocket present in the inactive conformation do contribute a little
towards the activity of VX680.
The use of VX680 as the basis for the design of further Aurora kinase inhibitors is not uncommon within
the literature and often the 4-(5-methyl-3-pyrazoloamino)pyrimidine moiety of VX680 (as shown in
Figure 1.22) is retained in the design of new structures to ensure hydrogen bonding to the hinge
region.57,65–68

Figure 1.22 – Structure of VX680 highlighting the 4-(5-methyl-3-pyrazoloamino)pyrimidine core, often retained
in the synthesis of further Aurora A kinase inhibitors.

The analogue ENMD-2076 (structure shown in Figure 1.23) was developed by EntreMed as an orally
active analogue of VX680, by altering the substituents at C2 of the pyrimidine ring.67 It is a nonselective analogue with IC50 values of 14 and 290 nM against Aurora A and B respectively and is
currently within Phase II clinical trials as a single agent for the treatment of ovarian clear cell
cancers.42,67

Figure 1.23 – Comparison of the structures of VX680 and the orally active analogue, ENMD-2076.67

Ando et al.65 reported the synthesis of analogues, based upon the structure of VX680, containing a 3cyano-6-(5-methyl-3-pyrazoloamino)pyrimidine core (as shown in Figure 1.24). These analogues have
good Aurora A and B activity, excellent cell permeability and their most potent analogue (where R’ =
HO(CH3)2C(CH2)5-) was effective in an antitumor mice model.65
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Figure 1.24 – Transformation of the core structure of VX680 to the analogues developed by Ando et al.65

Luo et al.66 developed a series of trisubstituted pyrimidine analogues as potential Aurora kinase
inhibitors. For their series, they used the structures VX680 and ENMD-2076 as starting point and
investigated different substitutions at the C2 and C6 positions (R’ and R’’ of the structure shown in
Figure 1.25) and isolated a range of compounds with good inhibitory activities against Aurora A
kinase.66

Figure 1.25 – Transformation of the core structure of VX680 and ENMD-2076 to the analogues developed by
Luo et al.66

A final example, containing the substituted pyrimidine core of VX680 has been developed by Wang et
al.68 as an orally available Aurora kinase inhibitor. CYC116 is an pan-selective inhibitor with an IC50
of 44 nM against Aurora A and 19 nM against Aurora B.68
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Figure 1.26 – Structure of Aurora Kinase inhibitor CYC116.

As can be seen, many potential Aurora kinase inhibitors have been developed using the core structure,
a substituted pyrimidine moiety, from VX680, proving that this is a valid starting point for the
development of Aurora kinase inhibitors. There are additional adenine-like core structures found in the
literature, including quinoline and 1,4,5,6-tetrahydro-pyrrolol[3,4-c]pyrazole scaffolds,37 that would
also have been a valid starting point for the development of inhibitors, however the substituted
pyrimidine moiety from VX680 was chosen due to its proposed ease of synthesis and the possibility to
further derivatise any analogues easily.

1.4 Identification of Lead Compound
1.4.1 Coenzyme A

Coenzyme A (CoA) is one of the most widely used of all enzyme cofactors with approximately 4% of
all known enzymes depending on it for catalysis.69 It plays a central role in various metabolic processes,
including acting as an acyl group carrier and as a carrier of carboxylic acid containing metabolites for
use in the Krebs Cycle and fatty acid metabolism.69–71 It is also the source of 4’-phosphopantetheine
which is incorporated by carrier proteins for the biosynthesis of fatty acids. 69,70 The synthesis of CoA
is an essential pathway in both prokaryotes and eukaryotes.69

Figure 1.27 – Structure of lead compound CoA.

CoA is synthesised biosynthetically from a 5-step synthesis route, starting from pantothenic acid
(vitamin B5) which is phosphorylated using pantothenate kinase (PanK) to 4’-phosphopantothenate.69,70
This undergoes a condensation reaction with cysteine, followed by a decarboxylation to give 4- 41 -

phosphopantetheine.69,70 Next, the AMP moiety is transferred to 4’-phosphopantetheine from ATP by
phosphopantetheine adenylyltransferase (PPAT) to give dephospho-coenzyme A (dpCoA) before the
final phosphorylation by dephospho-coenzyme A kinase (DPCK) at the 3’ hydroxyl to give CoA.69,70
The intermediates formed in the synthesis of CoA are common to both prokaryotes and eukaryotes,
however, there are significant differences between some of the enzymes used in this process.69 The full
biosynthetic pathway is shown in Figure 1.28.

Figure 1.28 – Biosynthetic pathway for the synthesis of CoA. Enzyme abbreviations are pantothenate kinase
(PanK),

phosphopantothenoylcysteine

synthetase

(PPCS),

phosphopantothenoylcysteine

decarboxylase

(PPCDC), phosphopantetheine adenyltransferase (PPAT) and dephospho-coenzyme A kinase (DPCK).
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Since the elucidation of the biosynthetic pathway for the synthesis of CoA, there has been renewed
interest in the synthesis of CoA-based derivatives, for example for use in biological studies as probes
to investigate the activity of CoA-dependant enzymes, as cross-linking agents for use in nonribosmoal
peptide biosynthesis and as potential anti-microbial treatments.69,72,73 The chemistry involved in the
synthesis of CoA derivatives is complicated, especially in introducing the 3’ phosphate and adenylate
moieties, and therefore, most derivatives were initially synthesised by making chemical modifications
of CoA itself.70 Nowadays, these derivatives are primarily synthesised biochemically, making use of
enzymes present in the biosynthetic pathway. Strauss et al.72 recently published a review on the two
main methods of biosynthesis, either by the “bottom up” approach via the biological transformation of
pantothenamides or the “top-down” approach via aminolysis of pre-CoA thioester synthons (as shown
in Figure 1.29). Research has also been carried out towards the synthesis of the necessary precursors
for each route, for example, the parallel synthesis of N-substituted pantothenamides74 and the one-pot
chemoenzymatic synthesis of pre-CoA thioester synthons75 have been published by van Wyk and
Strauss.

Figure 1.29 – Two methods for the biosynthesis of CoA derivatives.72

Targeting components of CoA biosynthesis is one of the many focuses of recent drug development, and
a recent review by Spry et al.73 focuses on all the compounds developed as inhibitors of CoA
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biosynthesis for the treatment of microbial infection. One of the main components of CoA biosynthesis
to be targeted is PanK, known to play an important role in regulating intracellular CoA concentration,
with novel pantothenamides, for example for use as antibacterials.76–78 There has also been research into
targeting CoA-dependant enzymes, including those involved in fatty acid biosynthesis and
metabolism.79

Despite the extensive research into targeting CoA-dependant enzymes and those involved in CoA
biosynthesis, it has never been considered as a kinase ligand. Professor Gout’s group (Structural and
Molecular Biology, UCL) proposed that CoA may moderate the activity of protein kinases as it is
known to regulate multiple metabolic functions.70 It also contains the ADP moiety present in ATP –
the main substrate for kinases. They tested this hypothesis by submitting CoA for screening in a human
kinome-wide activity-based screen.

1.4.2 Preliminary Biological Results
Professor Gout’s group carried out an in vitro screen of CoA, dpCoA and ADP against 117 kinases at
the International Centre of Kinase Profiling, University of Dundee (results shown in Figure 1.30). From
this screen, it was highlighted that CoA is a highly selective inhibitor of Aurora A Kinase.

dpCoA

ADP

Kinase Activity (%)

CoA

Aurora A

Aurora A

Aurora A

Figure 1.30 – Kinase profile screen of 117 protein kinases with 100 µM CoA, dpCoA and ADP.80

The data from the screen illustrated that CoA inhibited Aurora A with 87% inhibition at 100 µM and
only Src and Yes1 were found to also be inhibited (inhibition values of 30 and 56% respectively). Both
dpCoA (lacking the 3’ phosphate group) and ADP (lacking the pantetheine tail) were found to not
inhibit Aurora A to the same extent as CoA, indicating that both the 3’ phosphate group and the
pantetheine tail are required for selectivity and activity.
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Additional biochemical studies were carried out by Dr Yugo Tsuchiya that indicate that CoA inhibits
Aurora A in vitro in an ATP competitive manner with an IC50 of 8 µM (as shown in Figure 1.31). This
was measured in a radioactive-filter binding assay. In this assay, the enzyme activity is measured by
quantifying the amount of phosphorylated peptide.81 33P-ATP is spiked into a kinase assay and the
resulting 33P-phosphopeptide is captured onto a nitrocellulose filter before drying and its radioactivity
measured on a scintillation counter.81
0.005 mM ATP

Aurora A activity (%)

0.2 mM ATP

IC50 0.6 mM
IC50 8 µM

Log[CoA(nM)]
Figure 1.31 – CoA is an ATP-competitive inhibitor of Aurora kinase A with an IC50 of 8 µM.80

It was also established by Dr Yugo Tsuchiya that CoA binds preferentially to the active form of the
kinase. This was carried out using a FRET binding assay by examining the binding of CoA as well as
ATP, ADP and dpCoA to both the active (phosphorylated) and inactive (dephosphorylated) forms of
Aurora Kinase A. It would also allow the contributions of both the pantetheine tail and the 3’ phosphate
group to be determined. The measured IC50 values for binding to the active and inactive forms of Aurora
kinase A are shown in Table 1.1.

Compound

Binding Assay IC50 (µM)
Aurora A (active) Aurora A (inactive)

ATP

208

2990

ADP

177

1280

dpCoA

~0.294

~7x1017

CoA

~0.082

283

Table 1.1 – IC50 values determined by binding assay for the interaction of ADP, ATP, dpCoA and CoA with
active and inactive Aurora kinase A.80
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This data clearly indicates that preferential binding of CoA to the active, phosphorylated form of Aurora
kinase A. It is also apparent from the results that both the pantetheine moiety and the 3’ phosphate
group are necessary for activity as, in the case of the pantetheine tail, there is a marked improvement in
activity when the IC50 values between ADP and CoA are compared. This is also observed for the 3’
phosphate group when the IC50 values for dpCoA and CoA are compared.

It can be notoriously difficult to achieve selective inhibition of a kinase due to their conserved ATP
binding sites and structural similarity between kinase families, making these initial results extremely
exciting. However, CoA is a poor drug molecule – it does not satisfy Lipinski’s Rule of 582,83 as it is
large, it contains charged phosphate groups which prevent it crossing the cell membrane and it may
cause off-target effects due to its use in many metabolic pathways. Therefore, the basis for my PhD
arises in designing more drug-like analogues of CoA that retain the features necessary for selective
inhibition of Aurora A kinase.

1.4.3 Docking of CoA into Aurora Kinase A

Before the design of CoA analogues could be carried out, its binding mode into Aurora A was predicted
by molecular docking studies using the programme GOLD.84 GOLD (Genetic Optimisation for Ligand
Docking) is a genetic algorithm for docking flexible ligands into protein biding sites, developed by the
Cambridge Crystallographic Data Centre.84

The docking of CoA into the Aurora Kinase A binding site, using GOLD, was carried out by our
collaborator, Ms Trang Tran, using a PDB file (1OL748) that corresponds to the published crystal
structure data of the active, phosphorylated form of human Aurora A kinase. The PDB file was
modified using MOE85 to include the cysteine residue Cys290, present in the activation loop of Aurora
A and believed to be key to understanding the binding mode of CoA. The GOLD docking conditions
used throughout the thesis are described in Appendix I.
The docking results obtained by Ms Trang Tran can be seen in Figures 1.32 to 1.34.86 These illustrate
the two potential binding modes of CoA within the Aurora A binding site and their possible hydrogen
bonding interactions. Figure 1.32 illustrates the two potential binding modes within the surface model
of Aurora kinase A.
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a)

b)

Figure 1.32 – Two potential binding modes of CoA within the Aurora A active site; a) illustrates binding mode I
where the pantetheine tail sits in the front pocket and b) illustrates binding mode II where the pantetheine tail
extends towards a back pocket.86

There are two potential binding modes for CoA, resulting from the flexible pantetheine tail; binding
mode I suggests the tail sits in a front pocket near the solvent front and potentially forms an interaction
with a cysteine residue within the activation loop (Cys290) whereas binding mode II suggests the tail
extends into a back pocket present next to the active site of the enzyme. Out of the 10 potential docking
poses, the majority of the poses favour binding mode I with the tail extending towards a front pocket
with 50% of these poses favouring the possibility of the formation of an interaction with a cysteine
residue.

Both potential binding modes share a common binding mode for the ADP moiety, with the adenine of
CoA hydrogen bonding to the hinge region of the active site (as shown in Figure 1.33). As mentioned
previously, this is feature is shared throughout the majority of kinase inhibitors.
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Hinge Region

Cys290

Thr217

Figure 1.33 – Hydrogen bonding interactions present between the adenine of CoA and residues present in the
hinge region of Aurora A kinase. Also highlighted are the possibility of an interaction between the 3’ phosphate
of CoA and Thr217 and the potential interaction with Cys290.86

The adenine of CoA hydrogen bonds to residues, Glu211 and Ala213 present in the hinge region of the
kinase with distances of 1.9 and 3.9 Å. Also illustrated in Figure 1.33 is the potential to from a hydrogen
bond between the 3’ phosphate of the adenosine ribose and the threonine 217 residue (Thr217) - a nonconserved amino acid in the Aurora A binding site.87 The Thr217 residue is a glutamic acid in both
Aurora B and C which is sterically larger than threonine and therefore could potentially create a steric
clash in Aurora B and C but not Aurora A giving selectivity. This observed selectivity by interaction
with Thr217 was first observed by Coumar et al.87 in the design of pyrazole-based Aurora kinase A
inhibitors and has since been used to explain the observed Aurora A selectivity in the clinical candidate
MLN8054.59

1.4.4 Additional Biochemical Results

The docking results from the binding of CoA to the active form of Aurora A kinase indicate that the
observed selectivity towards Aurora A can partly be explained by an interaction of the 3’ phosphate
group with Thr217 – a residue unique to Aurora A and is the sterically larger, glutamic acid in Aurora
B and C. This observation can be further supported by biochemical experiments carried out by Dr Yugo
Tsuchiya.

The biochemical experiments investigated the effect of CoA and dpCoA against a selection of Aurora
A and Aurora B mutants. Figure 1.34 shows the effect of both CoA and dpCoA against Aurora A,
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Aurora B and the Aurora B mutant E161T and Figure 1.35 highlights the effect of CoA on Aurora A,
Aurora B, the Aurora B mutant E161T and the Aurora A mutant T217E. The Aurora B mutant (E161T)
replaces the corresponding glutamic acid residue in Aurora B with a threonine residue whereas the
Aurora A mutant (T217E) replaces the threonine residue in Aurora A with a glutamic acid residue (as

Activity (% of control)

in Aurora B).

CoA
dpCoA

Aurora A

Aurora B

Aurora B
(E161T)

Activity (%)

Figure 1.34 – Effect of CoA and dpCoA on Aurora A, Aurora B and the Aurora B mutant E161T.

Aurora A
(WT)

Aurora A
(T217E)

Aurora B
(WT)

Aurora B
(E161T)

Figure 1.35 – Effect of CoA on wild type (WT) and mutant Aurora kinases.

As previously observed (in Table 1.1), dpCoA is less active against Aurora A when compared to CoA,
indicating that the 3’ phosphate group is required for activity. This data is supported by the results
shown in Figure 1.34 which also highlight that an improvement in activity against Aurora B is achieved
when using dpCoA (lacking the 3’phosphate group) instead of CoA. This indicates that there may be
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unfavourable interactions, between the 3’ phosphate of CoA and the glutamic acid present in the active
site of Aurora B that are causing a loss of potency.

The results shown in Figure 1.35 highlight a decrease in the activity of CoA, to levels comparable with
Aurora B, when the important threonine residue is removed from Aurora A (as shown by the mutant
T217E). They also show that the activity of CoA against Aurora B can be improved to levels similar
to that of Aurora A if the important threonine residue added (as shown by the mutant E161T). This data
clearly highlights the importance of interactions between the 3’ phosphate group and the Thr217 residue
for gaining selectivity towards Aurora A.
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1.5 Project Aims
1.5.1 Aims of Project

The overall aim of this project is to design and synthesise analogues of CoA which are more drug-like
whilst preserving the features of CoA that lead to the selective inhibition of Aurora kinase A. These
analogues will systematically replace different components of the CoA structure in a bid to improve
both the drug-like properties of CoA as well as its potency and selectivity towards the kinase.

Drug likeness is commonly used concept by medicinal chemists to provide useful information to aid
compound selection and design in early stage drug discovery by considering how simple
physiochemical properties of compounds can help predict how a compound will behave in vivo.88 It is
assessed by a series of “rules” which define the parameters for key physiochemical properties, such as
molecular weight, hydrophobicity and polarity, required to achieve good bioavaliabilty.88 The most
commonly used set of “rules” were defined by Lipinski et al.89 in 1997 and stated that a compound is
likely to experience poor oral absorption if it exhibits two of the following criteria: molecular weight
≥ 500; LogP ≥ 5; number of hydrogen bond donors ≥ 5 and number of hydrogen bond acceptors ≥ 10.
Since then, further criteria have also been considered to help to assess the drug likeness of a compound,
including the ligand efficiency - a measure that links potency and lipophilicity to drug likeness.90
Unfortunately, CoA is not a drug-like compound and it exhibits a number of these criteria – it is large
in size with a molecular weight ≥ 500, it has high polarity due to the large number of hydrogen bond
donors and acceptors and it contains the pyrophosphate moiety which is charged at physiological pH.
This means that CoA is highly water soluble and has poor cell permeability. Additionally, CoA has
components in its structure that are likely to be destroyed during drug metabolism, including the
pyrophosphate group that is susceptible to hydrolysis by phosphatases. Therefore, one of the main aims
of the project was to improve upon the physiochemical properties of CoA by both reducing the
molecular weight and removing the charged pyrophosphate group without a loss of potency.

Over the course of this research, three different series of compounds will be synthesised with each
investigating different parts of the CoA structure. The three main components of the CoA structure are
shown in Figure 1.36.
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Figure 1.36 – The three main components that the structure of CoA can be divided into for the design of
analogues.

During the course of the research, methodology towards the synthesis of each of the different series of
analogues was developed and applied to make the initial analogues. This also included the use of a
Design of Experiment optimisation to improve a key step in the synthesis of the analogues for Series 1.
Following synthesis, all analogues were submitted for biological testing against Aurora Kinase A,
which was carried out by Dr Yugo Tsuchiya. The suitability of each analogue was assessed prior to
synthesis, using molecular modelling techniques to determine the proposed binding of each analogue
into the Aurora A active site. Any information gathered from each of the three techniques (docking,
synthesis and biological testing) was used to design further analogues for synthesis and led to the aims
in the project changing throughout the course of the research. These will now be discussed briefly to
help explain the design rationale behind each of the three series of compounds.

1.5.2 Series 1 Design

For the design of Series 1 analogues (discussed in Chapter 2), these would investigate both the
heteroaromatic head group and the phosphate mimic components of CoA whilst conserving the
pantetheine tail, thought to be required for selectivity. These analogues primarily focused on improving
both the physiochemical properties of CoA by removal of the charged pyrophosphate group and the
potency of the analogues by optimising the binding of the head group to the hinge region of the kinase.
An example analogue from Series 1 is shown in Figure 1.37.
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Figure 1.37 – Design of Series 1 analogues.

These analogues would have a head group based upon VX680, a known inhibitor of Aurora kinases,
and then joined to the pantetheine tail by an aliphatic linker containing a phosphate mimic. This series
would also explore the possibility of adding groups to the linker moiety to pick up an interaction with
Thr217, thought to be required for selectivity towards Aurora kinase A. The pantetheine tail is mostly
conserved within these structures and the only alteration is switching the terminal –SH to a CH3 group
for ease of synthesis. At the time of designing these analogues, the terminal –SH was not envisaged to
be important for activity.

1.5.3 Series 2 Design

Series 2 analogues (discussed in Chapter 4) were designed to investigate different pyrophosphate
mimics in an attempt to improve the drug likeness of these CoA analogues by removing the charged
component that is preventing cell permeability whilst retaining the observed CoA activity towards
Aurora A kinase. These structures would conserve both the adenosine and the pantetheine tail of CoA
and make use of known literature pyrophosphate mimics (as illustrated in Figure 1.38). For ease of
synthesis of initial analogues, the 3’ phosphate group has been removed and the terminal –SH of the
pantetheine tail has been with a CH3 group.
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Figure 1.38 – Design of Series 2 analogues.

Following the selection of a suitable pyrophosphate mimic, these analogues would further investigate
the components of the pantetheine tail required for activity against Aurora kinase A, including whether
the terminal –SH is essential for activity through interactions with residues within the active site (as
indicated by the docking results discussed in Chapter 1.4.3). They would also investigate the possibility
of adding groups to the 3’OH to pick up an interaction with Thr217, thought to be required for selectivity
towards Aurora A against Aurora B. This is shown in Figure 1.39.

Figure 1.39 – Design of 2nd Generation Series 2 analogues.

1.5.4 Series 3 Design

Following on from the results obtained with the Series 2 analogues, the aim of the final series of
analogues (discussed in Chapter 5) was to investigate further the location of the pantetheine tail binding
region of CoA and this would be achieved by synthesising CoA analogues with affinity-labels attached
which can covalently bind to a residue within the enzyme active site. These analogues would conserve
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the structure of CoA entirely and have groups attached to the terminal –SH of CoA, for example the
iodoacetamide moiety which reacts selectively with cysteine residues within the active site or the 4azidobenzyl which can insert into any residue. Figure 1.40 illustrates the basic structure of Series 3
analogues.

Figure 1.40 – Design of Series 3 analogues.

Once synthesised, these analogues can be incubated with Aurora kinase A (and, in the case of the 4azidobenzoyl analogue, activated with UV light) and then analysed by fragmentation analysis by mass
spectrometry to determine the location of the pantetheine tail within the active site.
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Chapter 2 – Synthesis of Series 1 Analoguesii
2.1 Introduction to Series 1
The first series designed to find a more “drug-like” analogue of CoA was based on the known inhibitor
VX680.53,54 These structures would contain the heteroaromatic core from VX680 (as shown in Figure
2.1) as it was hoped this would bind into the ATP binding site of Aurora A kinase.

Figure 2.1 - Structure of VX680 highlighting the conserved heteroaromatic core used in our structures.

The aim was to further elaborate these VX680 analogues by connecting the heteroaromatic core to the
pantetheine tail by an alkyl linker. This linker has a modular design with simple chemistry linkers
(amide, ester, triazole) for ease of initial synthesis and to allow the development of a library of further
compounds easily. Ideally, it should be the correct length to pick up hydrogen bonding interactions
(including those to the Thr217 residue, necessary for selectivity) and to position both the heteroaromatic
head group and the pantetheine tails within their respective binding pockets. A library of analogues
were designed to this effect and docked in silico by Dr Lalitha Guruprasad, University of Hyderabad,
to determine their suitability as prospective compounds to bind to the Aurora A active site. Figure 2.2
illustrates the first analogue (1) chosen for synthesis and its design when compared to the initial hit,
CoA.

ii

The biological analysis of analogues was carried out by Dr Yugo Tsuchiya. The synthesis of 4 were carried
out by Ms Trang Tran and this material was provided for the synthesis of 42. The synthesis of 41 and 68 was
also carried out by Ms Trang Tran. The X-ray crystallography experiments for 28 were carried out by Prof.
Derek Tocher. The initial docking of 1 was carried out by Dr Lalitha Guruprasad. The later docking of 1 was
carried out by both Ms Trang Tran and I.
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Figure 2.2 – Design of Series 1 analogues with reference to the structure of initial hit compound, CoA.

1 was identified as a potential tightly bound analogue to Aurora A kinase by Dr Lalitha Guruprasad,
who used GOLD84 to dock the prospective compounds into the PDB file, 2DWB46. The PDB file used
is of the inactive Aurora A kinase. Figures 2.3 to 2.5 show the docking results obtained.
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Figure 2.3 – Space-filling model of 1 in the Aurora A binding site.91

Hinge Region

Thr217

Figure 2.4 – Docking result obtained for the binding of 1 in the Aurora A binding site.91

Hinge Region

Thr217
Figure 2.5 – Docking result obtained for the binding of 1 in the Aurora A binding site, highlighting the main
possibilities for hydrogen bonding (indicated by the dashed lines, bond lengths are given in Å). 91
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The docking indicates that 1 fits well in the Aurora A binding site. Figure 2.5 highlights the main
hydrogen bonding interactions between 1 and the hinge region of the kinase (primarily to Ala213 and
Glu211). Unfortunately, there is no opportunity to pick up an interaction with Thr217. The pantetheine
tail sits towards the front pocket of Aurora A (binding mode I, as discussed previously in Section 1.4.3).
During the course of the PhD, both Autodock92 and GOLD became available to both my collaborator,
Ms Trang Tran and I, allowing us to carry out our own molecular modelling. It also became apparent,
from the biochemical results that CoA binds to the active, phosphorylated form of the kinase.
Unfortunately, Dr Lalitha Guruprasad’s initial docking uses a PBD file of the inactive kinase (to which
CoA does not bind well) that lacks the front activation loop where a crucial interactions are believed to
take place. All subsequent docking will be carried out by myself, using the modified PDB file of the
active kinase discussed in the introduction (Section 1.4.3) and any further details on the docking
conditions used throughout the thesis are described in Appendix I.

At this point, a closely related analogue, 2, was also chosen for synthesis as it also docked well into the
Aurora A binding site. The precursors (mainly the pantothenamide tail 4) are significantly cheaper than
those for 1, allowing the chemistry to be developed for this analogue (2) and applied to the synthesis of
1.

Figure 2.6 – Structure of compound 2.

For the synthesis of these two analogues, it was envisaged that they could be synthesised from two
building blocks, one comprising the heteroaromatic head group 3 with a linker and the other comprising
the pantothenamide tail (4) (as shown in Figure 2.7 for the synthesis of 2). This modular design of these
analogues made it possible for two students to work in parallel towards their synthesis. In this chapter,
my work towards the synthesis of the heteroaromatic head group and linker, 3, and other synthetic
variants is described. The synthetic route to the pantothenamide tail, 4, was developed by another PhD
student, Ms Trang Tran, who was collaborating on the project.
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Figure 2.7 – The proposed components for the synthesis of CoA analogue 2.

2.2 Synthesis of Analogue 2
2.2.1 Route Design for the Synthesis of 3

Two approaches were considered for the synthesis of 3 as shown in Figure 2.8. Approach 1 uses
aromatic substitution chemistry to add the aminopyrazole to 2-chloro-4-aminopyrimidine (6) before
coupling the γ-aminobutyric acid (GABA) based linker (7) whereas approach 2 adds both the
aminopyrazole 5 and the GABA linker 9 to dichloropyrimidine (8) using aromatic substitution
chemistry.
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Figure 2.8 – Two potential approaches towards the synthesis of 3.

Unfortunately, approach 1 could not be used as initial test reactions where groups were added to the
exocyclic amine of 6 failed. This was proposed to be due to the weak nucleophilicity of the amine
caused by delocalisation of the nitrogen lone pair into the ring.

Therefore, approach 2 would be used where addition of the GABA linker 9 would be carried out using
nucleophilic aromatic substitution (SNAr) chemistry and the addition of the aminopyrazole 5 could be
carried out using either SNAr chemistry or via a Buchwald-Hartwig reaction. The order of these
additions could be switched to allow both possible regioisomers of 3 to be synthesised. It was initially
proposed to carry this out using Buchwald-Hartwig chemistry, using conditions applied previously
within the group.93 These conditions were initially tested in the synthesis of the basic head group
structures 10 and 11, synthesised to ensure binding of the heteroaromatic group into ATP binding site
at the hinge region.

Figure 2.9 – Structure of head group compounds 10 and 11.
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2.2.2 Synthesis of Simple Heteroaromatic Structures 10 and 11

It was proposed to synthesise analogues 10 and 11 using Buchwald-Hartwig chemistry. This chemistry
was first developed in the mid-1990s separately by Buchwald et al.94 and Hartwig et al.95,96 and it
involves the palladium catalysed coupling of aryl halides to amines. It is frequently used in the synthesis
of aryl amines as an alternative to SNAr chemistry. Figure 2.10 below highlights the generalised
catalytic cycle for the Buchwald-Hartwig reaction.

Figure 2.10 – Catalytic cycle for the Buchwald-Hartwig reaction.97

Many different ligands have been developed for this reaction, including chelating diphenylphosphino
ligands such as BINAP or Xantphos, electron-rich chelating phosphines such as Josiphos and
dialkylbiarylphosphines such as DavePhos.97 Each of these ligands have been developed to favour the
formation of LPd0, prior to the oxidative addition of the aryl halide, by containing electron-rich,
sterically hindered phosphines.

The extensive collection of ligands and catalysts commercially

available coupled with the number of different factors that influence the reaction can make BuchwaldHartwig reactions difficult to optimise.

DavePhos99 (L)
Figure 2.11 – Structure of DavePhos ligand.
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For the synthesis of 10 and 11, the Buchwald-Hartwig chemistry was carried out between the
chloropyrimidine 6 and the aminopyrazole 5, without protecting the exocyclic amine of the pyrimidine.
The conditions were used previously in the group93,98 for Buchwald-Hartwig couplings and used the
Pd2(dba)3 catalyst and DavePhos99 as the ligand (shown in Scheme 2.1). These conditions were also
applied to the synthesis of 11 (as shown in Scheme 2.2) using the chloropyrimidine 12 and
aminopyrazole 5.

Scheme 2.1 – Buchwald-Hartwig coupling conditions used for the synthesis of 10. Conditions: (i) 1 mol%
Pd2(dba)3, 3 mol% DavePhos, 1.4 eq. Cs2CO3, dioxane, 110 °C, 24 h, 14%.

Scheme 2.2 – Buchwald-Hartwig coupling conditions used for the synthesis of 11. Conditions: (i) 1 mol%
Pd2(dba)3, 3 mol% DavePhos, 1.4 eq. Cs2CO3, dioxane, 110 °C, 24 h, 15 %.

The Buchwald-Hartwig couplings resulted in a low yield of product. This was due to an incomplete
reaction that gave many side products making it difficult to purify.

Unfortunately, a later reaction optimisation (discussed later in the Chapter in Section 2.3.6) discovered
that these Buchwald-Hartwig coupling conditions may give a different regioisomer of 10 and 11
(structures 13 and 14). Re-examination of the NMR data for these compounds showed compounds 13
and 14 had been isolated from the reaction and submitted for biological testing. It is proposed that all
prospective regioisomers were made during the reaction, however, due to the difficulties in purification,
only the highest yielding product was isolated.
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Figure 2.12 – Structure of head group compounds 13 and 14.

2.2.3 Biological Testing of Head Group Analogues 13 and 14

The two heteroaromatic head group analogues, 13 and 14, were tested against Aurora A and Aurora B
by Dr Yugo Tsuchiya and the results are shown in Table 2.1. The IC50 values were measured in a
radioactive filter-binding assay (discussed previously in Section 1.4.2).

Aurora A Activity

Aurora B Activity

(IC50, µM)

(IC50, µM)

13

1342

525

14

657

296

Compound

Table 2.1 – IC50 values for two heteroaromatic head groups, 13 and 14, against Aurora A and Aurora B.80 For this
assay, CoA was used as a control and values are represented as the mean of at least two independent
determinations and are within ± 30%.

As can be seen, only limited activity towards Aurora A has been seen for these two analogues. This can
be expected as they are only small fragments of the full length analogue and further elaboration should
give a more potent compound. The low activity may also be explained by the isolation of the wrong
regioisomer products from the Buchwald-Hartwig couplings which are not picking up the same
interactions with the hinge region.

The two isolated head group analogues were docked into the Aurora A binding site of the modified
PDB of the active Aurora A Kinase (discussed in Chapter 1) using GOLD. These images can be seen
in Figures 2.13 and 2.14 for 13 and 14 respectively.
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Hinge Region

Thr217
Figure 2.13 – Lowest energy conformation of 13 in the Aurora A binding site, highlighting the main possibilities
for hydrogen bonding (indicated by the dashed lines, bond lengths are given in Å).

Hinge Region

Thr217
Figure 2.14 – Lowest energy conformation of 14 in the Aurora A binding site, highlighting the main possibilities
for hydrogen bonding (indicated by the dashed lines, bond lengths are given in Å).

As can be seen from the two images, the two analogues are picking up hydrogen bonds to the hinge
region; 13 has the possibility of a hydrogen bond to the backbone of Glu211 from the aminopyrazole
moiety and 14 has the possibility of hydrogen bonds to the backbones of Glu211 and Ala213 from the
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aminopyrimidine moiety. However, neither compound has a comparable binding to VX680 and in the
case of 14, it is orientated in the opposite fashion when compared to VX680.

2.2.4 Synthesis of the tert-butyl protected GABA Linker

It was proposed to synthesise head group 3 using the retrosynthetic components shown in Figure 2.15,
starting from the dichloropyrimidine (8) and, in order to carry out this route, a protected GABA linker
would need to synthesised.

Figure 2.15 – Proposed retrosynthetic components for the synthesis of head group 3.

The protecting group used to protect the GABA linker would need to be stable to both BuchwaldHartwig conditions that require palladium catalysis and SNAr conditions that often use base. Therefore,
it was proposed to use the tert-butyl ester protecting group to give compound 16 as this can easily be
removed using acidic conditions.

Figure 2.16 – Structure of protected GABA linker 16.

Initially, the tert-butyl ester protecting group was added in one step by reacting GABA (9) with tertbutyl acetate under acidic conditions100 (shown in Scheme 2.3), removing the need to protect the amine
first.
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Scheme 2.3 – Synthetic route used to prepare the protected GABA linker 16. Conditions: (i) tert-butyl acetate,
70% perchloric acid, RT, 18 h, 11%.

However, this reaction was very unreliable and low yields (≤10%) of 16 were always obtained.
Therefore, two alternative approaches involving protection of the amine prior to addition of the tertbutyl ester protecting group were investigated. The first approach using conditions developed by Riva
et al.101 employed a benzyl carbamate protected amine which can be removed using hydrogenation
conditions and the second approach using conditions developed by Schmidt et al.102 employed a Fmoc
protecting group for the amine which can easily be removed under basic conditions (as shown in
Schemes 2.4 and 2.5).

Scheme 2.4 – First alternative approach used for the synthesis of tert-butyl protected GABA, 16. Conditions: (i)
1.1 eq. benzyl chloroformate, NaOH (aq), RT, 4.5 h, 70%; (ii) 0.1 eq. DMAP, 1.3 eq. DCC, 3.3 eq. t-BuOH,
CH2Cl2, RT, 8 h, 71%; (iii) H2, Pd/C, MeOH, RT, 90 min, 52% yield.

Scheme 2.5 – Second alternative approach used for the synthesis of tert-butyl protected GABA, 16. Conditions:
(i) 1.2 eq. Fmoc-OSu, 10% K2CO3 (aq), RT, 16 h, 41%; (ii) 1.2 eq. DCC, 0.1 eq. DMAP, t-BuOH, RT, 16 h, 53%;
(iii) piperidine, DMF, RT, 2 h, 40%.
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Both approaches used were successful in yielding 16. Approach 1, using the benzyl protecting group,
resulted in an improvement in overall yield when compared to the one-step route (26% vs. 11%).
However, approach 2 showed no improvement in yield (8% vs. 11%). Despite this improvement in
overall yield, the initial one-step route continued to be used for the synthesis of 16 as it was more cost
and time effective than the three-step approaches when used at large scale.

2.2.5 Synthesis of Head Group 3

As previously mentioned, it was proposed to synthesise 3 using the retrosynthetic components
illustrated in Figure 2.8, starting from dichloropyrimidine (8) and the tert-butyl protected GABA linker
16. The proposed synthetic route is illustrated in Scheme 2.6 and each step was optimised during the
synthesis of 3. At this point, it was proposed to use the pyrimidine regiochemistry as shown in 3 (instead
of the alternative regiochemistry found in 11, for example) as this would carry out the problematic
Buchwald-Hartwig coupling later in the synthesis.

Scheme 2.6 – Proposed synthetic route for the synthesis of 3.

For step 1, a brief investigation into the best conditions for the SNAr reaction was carried out with
reference to literature conditions.103,104 This is illustrated in Table 2.2. Luckily, at this point, the
substitution was found to occur selectively at the C4 position of dichloropyrimidine 8 to give 21.

- 68 -

Experiment Linker (16)

Base

Solvent

NEt3

MeOH

16

80

No reaction

1.0

DIPEA t-BuOH

4

100

22

3

1.0

DIPEA t-BuOH

16

100

25

4

1.5

DIPEA t-BuOH

4

100

60

No.

equivalents

1

1.0

2

Time (h) Temperature (°C)

Yield (%)

Table 2.2 – Summary of optimisation of conditions used for the S NAr reaction to give 21. For this optimisation,
1.1 eq. of base were used.103,104

As can be seen in Table 2.2, the nucleophilic substitution was optimised to a reasonable 60% yield by
reducing the reaction time and increasing the number of equivalents of the GABA linker 16. The
substitution occurs selectively at one position, meaning an excess of 16 could be used without any
substitution at the C2 position of the ring as well.

In the first instance, the Buchwald-Hartwig conditions, used previously for the synthesis of 13 and 14,
were applied to this route. This was then followed by the deprotection of the tert-butyl ester with TFA
(as shown in Scheme 2.7).

Scheme 2.7 – Approach used for the synthesis of 3. Conditions: (i) 2 mol% Pd2(dba)3, 6 mol% DavePhos, 1.5 eq.
aminopyrazole 5, 1.4 eq. Cs2CO3, Dioxane, 110 °C, 18 h, 19%; (ii) TFA, CH2Cl2, RT, 4 h, 39%.

The Buchwald-Hartwig conditions used resulted in a low yield of desired product 22. This was, again,
due to an incomplete reaction and multiple side products. However, enough material was obtained to
allow the deprotection of 22 using TFA to be completed. This gave 3 in moderate yield which was then
submitted for biological testing.

As with the synthesis of compounds 13 and 14, a later re-examination of the NMR data for this
compound established that a different regioisomer of 22 (compound 23) was obtained using these
Buchwald-Hartwig conditions. At this point, it can be assumed that all compounds made via these
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Buchwald-Hartwig conditions have resulted in the alternative pyrazole regioisomer. Despite this,
compounds 23 and 24 were still submitted for testing.

Figure 2.17 – Structure of compounds 23 and 24.

2.2.6 Biological Testing of Head Group 24

The head group 24 and its precursor 23 were tested against Aurora A and Aurora B by Dr Yugo
Tsuchiya and the results are shown in Table 2.3. The IC50 values were measured in a radioactive filterbinding assay.
Aurora A Activity

Aurora B Activity

(IC50, µM)

(IC50, µM)

23

500

320

24

1137

1031

Compound

Table 2.3 – IC50 values for head group 24 and its precursor 23 against Aurora A and Aurora B.80 For this assay,
CoA was used as a control and values are represented as the mean of at least two independent determinations and
are within ± 30%.

Again, only limited activity towards Aurora A has been seen for this analogue and this could be due to
isolating the wrong regioisomer of compound 3. Surprisingly, the tert-butyl ester (23) is more active
than its corresponding acid 24; it is postulated that this is because the alkyl chain is now within the
hydrophobic area of the binding site, meaning the polar acid group is not well tolerated. It is also worth
noting that the increased potency of 23 may also be due to its increased lipophilicity when compared to
24.

The head group 24 was docked into the Aurora A binding site using GOLD. This can be seen in Figure
2.18 showing the surface model and Figure 2.19 highlighting the possible hydrogen bonds with the
hinge region.

- 70 -

Figure 2.18 – Space-filling model of the lowest energy conformation of 24 in the Aurora A binding site.

Hinge Region

Thr217
Figure 2.19 – Lowest energy conformation of 24 in the Aurora A binding site, highlighting the main possibilities
for hydrogen bonding (indicated by the dashed lines, bond lengths are given in Å).

As with 13 and 14, 24 is not binding into the Aurora A binding site in a comparable fashion to VX680;
the pyrimidine ring is sitting in a pocket towards the back of the binding site, instead of the front, and
is therefore not able to hydrogen bond to the hinge region. Any possible interactions between 24 and
the hinge region are seen between the aminopyrazole moiety and the backbones of Glu211 and Ala 213.
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2.2.7 Optimisation of Step 2 in the Synthesis of Head Group 24

Despite the disappointing biological results for 24, it was decided to proceed with the synthesis of the
full length analogue 1. Unfortunately, the synthetic route developed to make 24 was unreliable, lowyielding, and the Buchwald-Hartwig coupling, in particular, needed further optimisation.
Buchwald and Surrey97 recently published a review detailing a “user’s guide” to palladium catalysed
amination reactions. This review states the four most important factors in a Buchwald-Hartwig
optimisation are ligand, palladium catalyst, base and solvent and for our optimisation, different ligands
and catalyst combinations were explored.

Prior work in the group on a similar compound and the literature suggested (dba)Pd((R)-BINAP) (25)
is an effective catalyst for chloropyrimidine systems.86,105 This catalyst is prepared in advance by the
reaction between Pd2(dba)3 and (R)-BINAP and has increased stability over time when compared to
Pd2(dba)3. This catalyst was used in the optimisation of Step 2 (Scheme 2.6) and Table 2.4 shows the
optimisation reactions attempted for this step (Experiment No. 1 illustrates the Buchwald-Hartwig
conditions used previously). It is worth noting it was not clear at this point which regioisomer (22 or
23) would be isolated from the reaction.

Experiment
No.
1
2

3

4

Catalyst
Pd2(dba)3
(dba)Pd((R)BINAP)
(dba)Pd((R)BINAP)
(dba)Pd((R)BINAP)

Catalyst Loading
(mol%)

Solvent

Temperature
(°C)

2

Dioxane

110

2

Dioxane

110

5

Dioxane

110

5

THF

70

Yield (%)
19
No
Reaction
No
Reaction
No
Reaction

Table 2.4 – Optimisation conditions attempted for the Buchwald-Hartwig coupling in Step 2. Each reaction used
2.0 eq. aminopyrazole 5 and 1.5 eq. Cs2CO3. Experiment No.1 shows the Buchwald-Hartwig conditions used
previously for comparison.

Disappointingly, switching the catalyst from Pd2(dba)3 to (dba)Pd((R)-BINAP) did not improve the
reaction and no product was isolated from any of the experiments. Other work in the group on related
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systems demonstrated that the yield could be improved by carrying out this reaction in the microwave,
however it was not possible to attempt this at the time.
A review article published by Maiti et al.106 suggested that a Buchwald-Hartwig coupling could be
optimised by the use of one of two ligands, BrettPhos or RuPhos, as these provide the widest scope for
Buchwald-Hartwig couplings. The report suggests that the use of the BrettPhos ligand is optimal for
the coupling of primary amines.106,107 Additionally, they suggest the use of the BrettPhos pre-catalyst
system shown below in Figure 2.20.106,107

BrettPhos Precatalyst107
BrettPhos (L)107
Figure 2.20 – Structure of BrettPhos ligand and precatalyst.

These precatalyst systems are air- and moisture- stable and can form the active Pd(0) species, required
for oxidative addition, under the reaction conditions by loss of the indoline moiety (Scheme 2.8).108

Scheme 2.8 – Scheme illustrating the activation of the BrettPhos precatalyst under the reaction conditions. Note:
L = BrettPhos ligand.108

The use of this BrettPhos precatalyst and ligand combination was applied to our optimisation of Step 2.
The reaction were carried out in a sealed tube in t-BuOH with K2CO3 as the base (Scheme 2.9).

Scheme 2.9 – Buchwald-Hartwig coupling conditions using the BrettPhos precatalyst system. Conditions: (i)
1.5 mol% BrettPhos precatalyst, 1.5 mol% BrettPhos, 1.2 eq. aminopyrazole 5, 2.4 eq. K2CO3, t-BuOH, 110 °C,
16 h, 22%.106

- 73 -

The use of the BrettPhos catalyst system only gave a slight improvement in yield of product 23 from
19 to 22%. This, again, can be attributed to an incomplete, messy reaction. It could be possible to
improve the reaction yield by increasing the quantities of precatalyst and ligand, however, this was not
attempted at this time.

One of the problems experienced while carrying out this optimisation was that it was not clear which
regioisomer would be isolated from the reaction. Shen et al.109 illustrated this problem in the synthesis
of substituted quinazolines (as shown in Scheme 2.10) and suggested that use of the
Pd2(dba)3/Xantphos110 catalyst/ligand combination would give regioisomer 23 (Scheme 2.11).

Xantphos110
Figure 2.21 – Structure of Xantphos ligand.

Scheme 2.10 – Buchwald-Hartwig coupling carried out by Shen et al.109 on the reaction of chloroquinazolines
with aminopyrazoles. Conditions: (i) 1.5 mol% Xantphos, 0.5 mol% Pd 2(dba)3, 2.0 eq. Na2CO3, dioxane, 70 °C,
8 h.109

Scheme 2.11 – Buchwald-Hartwig reaction using the Pd2(dba)3/Xantphos catalyst system. Conditions: (i) 3 mol%
Xantphos, 2 mol% Pd2(dba)3, 2.0 eq. Na2CO3, 1.1 eq. 5, dioxane, 70 °C, 44 h, 13%.

This catalyst/ligand combination did yield regioisomer 23, however, the yield of product is still low. In
this case, the low yield can be attributed to an incomplete reaction. This yield could potentially be
improved by increasing the reaction temperature, ligand and catalyst loading or by carrying the reaction
out in the microwave. However, this was not attempted at this time.

Following our difficulties with the Buchwald-Hartwig chemistry, we wanted to determine whether the
reaction could be carried out using a SNAr reaction, which would remove the need to rely on expensive
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catalysts and ligands. Initially, the SNAr reaction was carried out using DIPEA as the base (as shown in
Scheme 2.12). Again, it was unclear which regioisomer would be isolated from the reaction.

Scheme 2.12 – Synthetic approach applied to make 22 or 23 using SNAr chemistry. Conditions: (i) 1.2 eq.
aminopyrazole 5, 1.1 eq. DIPEA, DMF, 120 °C, 18 h, no product isolated.

However, this reaction resulted in no isolation of either product. No further SNAr reactions were
attempted on this substrate. It was proposed to investigate an alternative leaving group to the chlorine
(at position C2) by either using the methyl sulfone (25) or the trimethylammonium (26) moiety as both
had been used previously within the group as an alternative to the Buchwald-Hartwig coupling.93,98
Initial test reactions using the trimethylammonium moiety were unsuccessful. However, success was
achieved using a methyl sulfone.

Figure 2.22 – Structure of compounds 25 and 26.

During the optimisation of the synthesis of a different head group (discussed later in the chapter section
2.3.6), it was established that addition of the aminopyrazole 5 to a pyrimidine analogue containing a
methyl sulfone (27), using sodium hydride as the base for the SNAr, would give a high yield of the
desired heterocyclic product 28 (as shown in Scheme 2.13).

Scheme 2.13 – SNAr conditions for addition of aminopyrazole 5 to methyl sulfone 27. Conditions: (i) 1.1 eq. NaH,
1.1 eq. aminopyrazole 5, CH2Cl2, 0 °C, 4 h, 40%.

As can be seen, these reaction conditions give the regioisomeric product 28 resulting from addition
through the secondary amine in the pyrazole ring, in reasonable yield. Therefore, it was proposed to
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synthesise 23, using these conditions for the addition of aminopyrazole 5, according to the
retrosynthesis shown in Figure 2.23. A second SNAr would be required for the addition of GABA linker
16.

Figure 2.23 – Proposed retrosynthetic analysis for the synthesis of 23.

First, a synthetic route towards the synthesis of 30 was to be established. The standard conditions
developed by Davey et al.111 were used starting from the inexpensive starting material 2-thiouracil (31)
as shown in Scheme 2.14.

Scheme 2.14 – Synthetic route used for the synthesis of 30. Conditions: (i) 1.5 eq. MeI, 2.0 eq. NaOH, H 2O, RT,
16 h, 75%; (ii) POCl3, 80 °C, 5 h, 70%; (iii) 2.5 eq. MCPBA, CH2Cl2, RT, 16 h, 83%.

This route provided 30 in good yield, starting from methylation of 2-thiouracil (31) under basic
conditions which gave 32. This was followed by the chlorination of 32 using POCl3 to give 33 which
was oxidised with MCPBA to give 30.

From the results obtained from previous reactions (for example as shown in Scheme 2.13), it was
expected that the addition of aminopyrazole 5 to 30 would first occur at the methyl sulfone at position
C2, rather than the chlorine (at C4). However, for this substrate, this was not the case and reaction
occurred at C4 preferentially. Davey et al.111 also observed this and their conditions were used for the
addition of the GABA linker 16 first, at the C4 position of 30 (as shown in Scheme 2.15).
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Scheme 2.15 – Synthetic route used for the synthesis of 34. Conditions: (i) 1.5 eq. 16, 2.0 eq. K2CO3, MeCN,
35 °C, 18 h, 50% of 34 and 16% of 35.

These conditions resulted in the formation of 34 in a reasonable yield of 50%. Small amounts of the
other regioisomer 35 were also isolated. No further optimisation was carried out on this reaction, to
attempt to limit the amount of 35 formed, as these conditions gave enough material for the next SNAr
step with aminopyrazole 5.

The next SNAr reaction was carried out according to conditions previously shown in Scheme 2.13 using
sodium hydride. From the X-ray crystal structure obtained of 28 (discussed later in the chapter in
Section 2.3.6), it is clear that regioisomer 23 would be isolated from the reactions shown in Scheme
2.16.

Scheme 2.16 – Synthetic route used for the synthesis of 23. Conditions: (i) 1.1 eq. 5, 1.1 eq. NaH, CH2Cl2, RT,
4 h, 65%.

Carrying out this reaction step via an SNAr reaction proved to be a more reliable route than the
corresponding Buchwald-Hartwig coupling. It provided 23 in a quick and easy to purify reaction that
gives a good yield of the desired product. This can then be deprotected using the acidic conditions
(discussed previously in Scheme 2.7) to give the head group 24 which is ready for coupling to the
pantothenamide 4.

It was at this point that the structure of 23, obtained from the Buchwald-Hartwig couplings, could be
confirmed. As it was possible to obtain a crystal structure of 28, it is reasonable to assume that using
sodium hydride as the base for our SNAr reactions would result in addition to the pyrimidine analogues
through the secondary amine in the pyrazole ring. Following the isolation of products from both
reactions (the SNAr and the Buchwald-Hartwig coupling), the NMR data could be compared and was
found to be identical for both products.
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Overall, the new route (discussed in Schemes 2.14 to 2.16) proved to be a more reliable route giving a
better overall yield of 24 of 15% (cf. 10% for the Buchwald-Hartwig coupling route) despite the
increased number of steps.

This route was used to provide the material for coupling to the

pantothenamide 4 for the synthesis of 2.

2.2.8 Synthesis of 4

The synthesis of 4 was carried out according to the route shown in Scheme 2.17.

The route towards

the precursor pantothenamide, 38 is discussed in Chapter 4, Section 4.3.6.

Scheme 2.17 – Synthesis of pantothenamide tail 4. Conditions: (i) 1.2 eq. Fmoc-OSu, 1.7 eq. NaHCO3, H2O, THF,
30 h, 95%; (ii) 2.6 eq. DCC, 0.6 eq. DMAP, THF, 0 °C, 45 min then 1.3 eq. 38, 50 °C, 18 h, 37%; (iii) piperidine,
THF, 3 h, 67%.86

This route was also applied to the synthesis of pantothenamide, 40, for the synthesis of 1.86

Figure 2.24 – Structure of pantothenamide tail 40.

2.2.9 Synthesis of 42
As it was not possible to synthesise head group 3 for our synthesis of our full length analogue 2, our
initial full length analogues needed to be modified to give structures 41 and 42.
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Figure 2.25 – Structure of compounds 41 and 42.

Preliminary work86 was carried out using numerous different amide coupling conditions in attempt to
couple pantothenamide 4 or 40 to the head group 24. However, no product was isolated from any of the
reactions. This was proposed to be due to the exocyclic primary amine on the aminopyrazole interfering
with the coupling reaction. An additional step was, therefore, added to include the addition of a
protecting group to the amine.

The protecting group chosen was the trichloroethyl carbamate (Troc), added to aminopyrazole
containing compounds previously by Simard et al.112 which can easily be removed under zinc
deprotection conditions. It is acid stable and therefore can be added to the head group prior to removal
of the tert-butyl ester protecting group on the GABA linker. The conditions required for the synthesis
of 44 starting from 23, are shown in Scheme 2.18 and provided 44 in excellent yield.

Scheme 2.18 – Synthetic route used for the synthesis of 44. Conditions: (i) 1.4 eq. 2,2,2trichloroethylchloroformate, 1.5 eq. NaOH, H2O, EtOAc, 0 °C – RT, 2 h, 75%; (ii) TFA, CH2Cl2, RT, 3 h, 91%.

Due to the high cost of the sugar mimic for the synthesis of pantothenamide 40, pantothenamide 4 was
used for initial test coupling reactions with head group 44 with HoAT and PyAOP. These conditions
were successful and the resulting product 45 was then deprotected by the conditions developed by Jou
et al.113 using Zinc/NH4OAc to give 42 (as shown in Scheme 2.19).
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Scheme 2.19 – Synthetic route used for the synthesis of 42. Conditions: (i) 1.5 eq. 4, 1.8 eq. HOAt, 3.6 eq.
PyAOP, 4.5 eq. DIPEA, DMF, RT, 44 h, 22%; (ii) 36 eq. zinc dust, 1M NH 4OAc (aq), THF, RT, 24 h, 78%.

Although a disappointing yield of 22% was obtained from the coupling reaction to give 45, sufficient
material was isolated of 42 to be submitted for biological testing following the removal of the Troc
protecting group.
The synthesis of 41 was carried out by Ms Trang Tran and submitted for testing along with 42.86

2.2.10 Biological testing results for analogues 41 and 42
The two full length analogues 41 and 42 were tested against Aurora A by Dr Yugo Tsuchiya and the
results are shown in Table 2.5. The IC50 values were measured in a radioactive filter-binding assay.

Compound

Aurora A Activity
(IC50, mM)

41

~2

42

>7

Table 2.5 – IC50 values for analogues 41 and 42 against Aurora A.80 For this assay, CoA was used as a control
and values are represented as the mean of at least two independent determinations and are within ± 30%.

Unfortunately, these analogues were inactive towards Aurora A. This could, again, be due to the wrong
regiochemistry at the pyrazole ring of both analogues which may not pick up the correct interactions at
the hinge region, required to help the analogue bind into the binding site. Alternatively, the linker moiety
could simply be the wrong length for positioning the pantothenamide tail within its specificity binding
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pocket. Additionally, the lack of potency of these analogues against Aurora A could also be explained
by the use of the pantothenamide tail, which lacks the terminal –SH moiety and is believed to contribute
towards activity by participating in important interactions with the Aurora A active site.

2.3 Elaboration of the Head Group
2.3.1 Strategies for Improving the Binding Interactions of the Heteroaromatic Head Group

In order to improve the Aurora A activity and selectivity, it was proposed to improve the binding
interactions between the heteroaromatic head group and the ATP binding site with the design of further
head group analogues. These analogues would retain the main VX680 core and changes to the linker
and the addition of groups to C6 of the pyrimidine ring (as in VX680) would be investigated.

Figure 2.26 – Two methods explored to improve the binding interactions of the heteroaromatic head group to
the ATP binding site.

Figure 2.26 highlights the two main ways to modify the head group in order to improve the Aurora A
activity and selectivity. R’ highlights the modification to the linker group which will be switched from
a GABA linker to a glutamic acid linker as it is hoped the additional carboxylic acid group will be able
to form a hydrogen bond with Thr217. R’’ highlights the addition of an N-methylpiperazine moiety at
C6 of the head group. This is also present in VX680 and sits in the solvent accessible region, helping
to anchor the compound into the binding site.53 If any improvement in activity is seen with either of
these changes, the resulting head group would then be coupled to the pantothenamide 40 and the full
length analogue synthesised.

2.3.2 Investigation into the New Linker Based on Glutamic Acid

As previously mentioned, the linker group was altered by switching from GABA to glutamic acid
(structures 46 and 47). This involves the addition of a carboxyl group to the linker which may be able
to pick up a hydrogen bond with Thr217, one of the interactions important for gaining selectivity
towards Aurora A over Aurora B (as discussed in the Introduction, Section 1.4.4).
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Figure 2.27 – Structure of compounds 46 and 47.

In order to prioritise which enantiomers of glutamic acid should be used, each compound was docked
into the Aurora A binding site using Autodock Vina92 prior to synthesis. The docking was run using a
PDB file (2DWB46) of the inactive kinase. A summary of the results can be seen in Figure 2.28. Further
information on the docking conditions used and docking images of the analogues in the Aurora A
binding site can be seen in Appendix I.

Figure 2.28 – Summary of docking results for the new head group structure based on glutamic acid.
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From the docking results, 46(R) and 47(S) were proposed to be synthesised as the data suggested that
these two analogues would be the most likely to interact with Thr217.

At the time of carrying out these experiments, the complications in forming the correct aminopyrazole
regioisomer were not known and, as with the previous compounds, a later NMR analysis indicated that
the wrong regioisomers (48 and 49) were synthesised.

Figure 2.29 – Structure of compounds 48 and 49.

For the synthesis of 48, the synthetic route (shown in Scheme 2.6 and 2.7 previously) used for the
synthesis of 23, starting from dichloropyrimidine (8) and using Pd2(dba)3 and DavePhos99 for the
Buchwald Hartwig chemistry, was applied. This route was used at the time, as the investigation into the
SNAr chemistry had not been carried out. This route, shown in Scheme 2.20, successfully yielded 48 as
the TFA salt which could be submitted for biological testing.

Scheme 2.20 – Synthetic route used for the synthesis of 48. Conditions: (i) 1.5 eq. DIPEA, t-BuOH, 100 °C, 4 h,
72%; (ii) 3.0 eq. 5, 2 mol% Pd2(dba)3, 6 mol% DavePhos, 1.4 eq. Cs2CO3, Dioxane, 110 °C, 18 h, 5%; (iii) TFA,
CH2Cl2, RT, 5 h, quantitative yield.
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The synthetic route used to prepare compound 49 is shown in Scheme 2.21. This route requires the
addition of aminopyrazole 5 before the addition of tert-butyl ester protected glutamic acid (54) as this
reaction always occurs selectively at C4 of the pyrimidine ring (8). This allows us to use base-catalysed
SNAr chemistry for the addition of both amines, instead of the low yielding Buchwald-Hartwig
coupling, as aliphatic amines are more nucleophilic than aromatic amines and are able to attack the
electron-rich ring.

Scheme 2.21 – Synthetic route used for the synthesis of 49. Conditions: (i) 1.5 eq. 5, 1.5 eq. DIPEA, t-BuOH,
100 °C, 18 h, 28%; (ii) 2.0 eq. DIPEA, DMF, 120 °C, 18 h, 30%; (iii) TFA, CH 2Cl2, RT, 5 h, 45%.

This route successfully yielded 49 as the TFA salt which was submitted for biological testing with 48.

2.3.3 Biological Testing of Analogues 48 and 49

The two glutamic acid based analogues 48 and 49 and their corresponding protected precursors 52 and
55 were tested against Aurora A and Aurora B by Dr Yugo Tsuchiya and the results are shown in Table
2.6. The IC50 values were measured in a radioactive filter-binding assay.
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Compound

Aurora A Activity Aurora B Activity
(IC50, µM)

(IC50, µM)

48

166

240

52

88

170

49

3842

1135

55

9380

508

Table 2.6 – IC50 values for analogues 48 and 49 and their precursors 52 and 55 against Aurora A and Aurora B.80
For this assay, CoA was used as a control and values are represented as the mean of at least two independent
determinations and are within ± 30%.

As can be seen, analogues 49 and 55 are inactive towards Aurora A and B. 48 and 52 show some
activity towards Aurora A, and have the best potency and selectivity seen from all analogue
intermediates to date. As seen previously, the tert-butyl ester (52) is more potent than the corresponding
acid (48) and this could be due to the increased lipophilicity in the hydrophobic active site.

As there was an increase in potency, it was proposed to synthesise the full length analogue 56, resulting
from coupling with pantothenamide 40, of this head group. In order to synthesise 56, the two carboxylic
acids in glutamic acid would need to be orthogonally protected to prevent the α-CO2H interfering with
the coupling reaction to pantothenamide 40.

Figure 2.30 – Structure of compound 56.

2.3.4 Synthesis of Orthogonally Protected Glutamic Acid

For the synthesis of 56, an orthogonally protected glutamic acid linker would be required. It is possible
to orthogonally protect glutamic acid due to the difference in pKa between the α- and δ-CO2H. Several
methods are known in the literature to selectively protect either carboxylic acid group, however, the
most commonly used is the acid-catalysed esterification of the δ-CO2H in the free amino acid.114 This
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works as protonation of the free amino groups renders the α-CO2H less reactive, allowing the selective
protection of the δ-CO2H.114

It was proposed to use methyl and allyl ester protecting groups (giving structures 57 and 58), used
previously by Webster et al.,115 as both groups are small in size and it was predicted that using a large
protecting group, particularly at the α-CO2H, would hinder the subsequent nucleophilic addition to
chloropyrimidine substrates. Both groups can also be deprotected using orthogonal conditions; allyl
protecting groups can be removed via palladium catalysis and methyl esters are removed with aqueous
base.

Figure 2.31 – Structure of orthogonally protected linkers 57 and 58.

A synthetic route was proposed as illustrated in Schemes 2.22 and 2.23, which starts with the selective
protection of the δ-CO2H with an allyl protecting group, followed by Fmoc protection of the amine,
methyl ester protection of the α-CO2H and finally, removal of the Fmoc group.115,116 This route was
used to successfully prepare both enantiomers 57 and 58 in moderate yield.

Scheme 2.22 – Synthetic route for the synthesis of 57. Conditions: (i) TMSCl, allyl alcohol, 0 °C – RT, 20 h, 42%;
(ii) 1.2 eq. Fmoc-OSu, 1.4 eq. K2CO3, H2O, Dioxane, RT, 16 h, 98%; (iii) 0.1 eq. DMAP, 1.5 eq. DCC, MeOH,
CH2Cl2, RT, 18 h, 39%; (iv) 40 % piperidine, DMF, RT, 1 h, 81%.
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Scheme 2.23 – Synthetic route for the synthesis of 58. Conditions: (i) TMSCl, allyl alcohol, 0 °C – RT, 20 h, 49%;
(ii) 1.2 eq. Fmoc-OSu, 1.4 eq. K2CO3, H2O, Dioxane, RT, 16 h, 98%; (iii) 0.1 eq. DMAP, 1.5 eq. DCC, MeOH,
CH2Cl2, RT, 18 h, 68%; (iv) 40 % piperidine, DMF, RT, 1 h, 56%.

Unfortunately, this was the only work carried out towards the synthesis of 56. The priorities in the
project changed and this compound was no longer required.

2.3.5 Addition of Groups to Target the Solvent Accessible Region

The second way proposed to further modify the heteroaromatic head group was by the addition of Nmethylpiperazine to C6 of the pyrimidine ring. This moiety is present in VX680 and helps to anchor
the compound into the binding site.53 This modification gives structure 67 shown below in Figure 2.32.

Figure 2.32 – Structure of compound 67.

The synthesis of 67 was carried out by Ms Trang Tran.86 Unfortunately, problems were encountered
during the synthesis of 67 and instead, the intermediate 68 was submitted for biological testing.
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Figure 2.33 – Structure of compound 68.

The intermediate 68 was submitted for biological testing by Dr Yugo Tsuchiya using the radioactivefilter binding assay against Aurora A and Aurora B kinase. The results are shown in Table 2.7.

Compound
68

Aurora A Activity Aurora B Activity
(IC50, µM)

(IC50, µM)

166

83

Table 2.7 – IC50 values for 68 against Aurora A and Aurora B.80 For this assay, CoA was used as a control and
values are represented as the mean of at least two independent determinations and are within ± 30%.

An improvement in activity towards Aurora A has been seen following the addition of the Nmethylpiperazine moiety when compared to the initial head group 23. This indicates that perhaps, the
N-methylpiperazine may help lock the conformation in the binding site and thus improve potency.
However, this structure does show selectivity towards Aurora B, instead of Aurora A.

The activity of the head group analogues may be further improved by combining both modifications to
our original head group. The addition of a carboxyl group to the linker increased both selectivity and
potency towards Aurora A by potentially picking up an interaction with Aurora A and the addition of
the N-methylpiperazine helps to anchor the compound into the binding site. These further modifications
gave 69, the next target for synthesis.

Figure 2.34 – Structure of compound 69.
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2.3.6 Optimisation of the Synthesis of 69

For the optimisation of the synthesis route towards 69, the ethyl ester protected glutamic acids 70 and
71 were used as an alternative to the orthogonally protected glutamic acid 57. Both enantiomers were
easily synthesised from the reaction of glutamic acid with SOCl2 in ethanol (as shown in Schemes 2.24
and 2.25).117

Scheme 2.24 – Synthetic route for the synthesis of 70. Conditions: (i) 2.2 eq. SOCl2, EtOH, RT, 16 h, 87%.

Scheme 2.25 – Synthetic route for the synthesis of 71. Conditions: (i) 2.2 eq. SOCl2, EtOH, RT, 16 h, 49%.

Due to the synthetic difficulties encountered in the synthesis of 67, it was proposed to make 69 via the
route proposed in Scheme 2.26. This routes adds the protected glutamic acid first, before adding the Nmethylpiperazine moiety and then the aminopyrazole 5. The N-methylpiperazine moiety is more
nucleophilic than the protected glutamic acid and therefore should be easier to add to the electron-rich
ring following addition of the glutamic acid linker.

Scheme 2.26 – Proposed synthetic route for the synthesis of 75.
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Optimisation of the coupling of protected glutamic acid 70 to trichloropyrimidine 72 to give 73 (Step 1
in the proposed synthetic route shown in Scheme 2.26) was carried out by varying the base, solvent and
reaction temperature. This optimisation is shown in Table 2.8. Unfortunately, this reaction did not
occur selectively at the C4 position of the pyrimidine ring and a small amount of the addition at the C2
position was isolated (compound 76). Both products isolated are shown in Scheme 2.27.

Scheme 2.27 – SNAr reaction between trichloropyrimidine 72 and protected glutamic acid linker 70. Optimisation
for this reaction is shown in Table 2.8.

Experiment Equivalents

Base

Solvent

Time

Temperature

(h)

(°C)

Yield

Yield

of 73

of 76

(%)

(%)

No.

of 70

1

1.0

K2CO3

DMF

16

RT

0

0

2

1.0

Na2CO3

EtOH

16

RT

16

12

3

1.0

DIPEA

EtOH

16

RT

25

14

4

1.0

NEt3

EtOH

16

RT

31

23

5

1.5

NEt3

EtOH

16

RT

30

23

6

1.0

NEt3

EtOH

6

70

15

7

7

1.0

NEt3

EtOH

16

-20

19

12

Table 2.8 – Optimisation of SNAr reaction, shown in Scheme 2.27, to give 73.118,119

From this reaction step optimisation, the best base/solvent combination was NEt3/EtOH as this gave
31% of the desired product 73 (experiment no. 4 in Table 2.8). Interestingly, an increase in the number
of equivalents of protected glutamic acid 70 did not improve the yield of 73 and varying the temperature
of the reaction did not improve the selectivity. Despite the disappointing yield, the synthesis was
continued using the best conditions (experiment no. 4) and pleasingly, it was found that the yield
increased to 58% following scale-up. The reaction was also carried out on the other enantiomer, 71 to
give 77 in a 55% yield (Scheme 2.28).
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Scheme 2.28 – Synthesis of intermediate 77 using the optimised conditions from Table 2.8. Conditions: (i) 1.0 eq.
71, 1.1 eq. NEt3, EtOH, RT, 16 h, 55%.

The second coupling step between 73 (or 77) and N-methylpiperazine was carried out, using conditions
developed by Sagi et al.118, and supplied 74 (or 78) in good yield. This is shown in Schemes 2.29 and
2.30.

Scheme 2.29 – Synthesis of 74. Conditions: (i) 1.8 eq. N-methylpiperazine, 7.0 eq. DIPEA, 1-BuOH, 120 °C, 4 h,
69%.

Scheme 2.30 – Synthesis of 77. Conditions: (i) 1.8 eq. N-methylpiperazine, 7.0 eq. DIPEA, 1-BuOH, 120 °C, 4 h,
68%.118

For the final step, it was proposed it may be possible to carry out the third coupling (Step 3 in Scheme
2.26) between 74 and aminopyrazole 5 to give 75 using SNAr chemistry. A brief investigation into the
use of different bases and solvents under both thermal and microwave conditions were explored (as
shown in Table 2.9). Each reaction was carried out on a small scale (20 mg of 74 per reaction) and the
reaction progress was checked by LCMS. If the correct mass of product was seen in the LCMS, the
reaction would be scaled-up and purified.
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Experiment

Temperature

Solvent

1

DIPEA

1-BuOH

100

16



2

DIPEA

DMF

100

16



3

NaH

DMF

100

16



4

DIPEA

1-BuOH

140 (µW)

0.5



5

DIPEA

THF

140 (µW)

0.5



6

K2CO3

DMF

140 (µW)

0.5



7

Cs2CO3

THF

140 (µW)

0.5



No.

(°C)

Time (h)

Mass of Product seen

Base

in LCMS?

Table 2.9 – Optimisation of SNAr reaction to give 75.

Unfortunately, none of the test reactions, using SNAr chemistry, yielded any product. Therefore, a brief
investigation into Buchwald-Hartwig conditions was carried out as shown in Table 2.10. For this, the
only catalyst investigated was (dba)Pd((R)-BINAP) as this catalyst had been previously used within the
group for similar chemistry.86

Experiment
No.

Base

Solvent

Temperature
(°C)

Time (h)

Mass of Product seen in
LCMS?

1

Cs2CO3 Dioxane

110

16



2

Cs2CO3

THF

70

16



3

Cs2CO3

THF

140 (µW)

0.6



Table 2.10 – Optimisation of Buchwald-Hartwig coupling reaction to give 75. Note: (dba)Pd((R)-BINAP) was
used as the catalyst with a loading of 15 mol%.

Again, no reaction was seen by LCMS using these Buchwald-Hartwig conditions. It was next proposed
to improve this reaction by changing the chlorine to a better leaving group. The methyl sulfone was
chosen as success has been seen previously using this leaving group for this chemistry. Scheme 2.31
shows the proposed route towards the addition of the methyl sulfone moiety to 74 by nucleophilic
displacement of the C2 chlorine with sodium thiomethoxide followed by oxidation to the sulfone with
MCPBA.120
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Scheme 2.31 – Proposed route towards the synthesis of 80. Conditions: (i) sodium thiomethoxide, DMSO; (ii)
MCPBA, H2O, EtOH, no product isolated.

Unfortunately, the initial nucleophilic displacement of the C2 chlorine in 74 with sodium thiomethoxide
was unsuccessful and led to the degradation of the starting material.

Following this, a second synthetic route was proposed as illustrated in Scheme 2.32. This route started
with 4,6-dichloro-2-(methylsulfonyl)pyrimidine and add the less reactive aminopyrazole first. It was
proposed that the two aliphatic amines can then be added using SNAr conditions.

Scheme 2.32 – Proposed
(methylsulfonyl)pyrimidine.

route

towards

the

synthesis

of

75,

starting

from

4,6-dichloro-2-

The starting material, 4,6-dichloro-2-(methylsulfonyl)pyrimidine (27) is commercially available.
However, it can be made easily and in good yield, starting from the inexpensive 2-thiobarbituric acid
using the same conditions as used for the synthesis of 27 developed by Davey et al.111 This route starts
with the alkylation of 83 using methyl iodide to give 84 before being chlorinated using phosphorus
oxychloride to give 85 which is finally oxidised to the sulfone 27 with MCPBA.
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Scheme 2.33 – Synthetic route for the synthesis of 27. Conditions: (i) 1.5 eq. MeI, 2.0 eq. NaOH, H2O, RT, 16 h,
79%; (ii) POCl3, 80 °C, 5 h, 76%; (iii) 3.0 eq. MCPBA, CH2Cl2, RT, 16 h, 77%.

Once, the precursor 27 was in hand, an investigation into the best conditions for the nucleophilic
substitution between 27 and aminopyrazole 5 (shown in Scheme 2.34) was carried out. The optimisation
investigated the use of different bases, solvents, reaction times and temperatures as shown in Table
2.11.

Scheme 2.34 – SNAr reaction between 27 and aminopyrazole 5. Optimisation for this reaction is shown in Table
2.11.

Experiment No.

Base

1

-

CH2Cl2

5

RT

0

2

-

EtOH

6

70

34

3

NEt3

CH2Cl2

3

-78

5

4

NEt

CH2Cl2

1

0

35

5

DIPEA

CH2Cl2

3

0

21

6

NaH

CH2Cl2

3

-78

58

7

NaH

CH2Cl2

1

0

15

8

NaH

CH2Cl2

16

RT

Double Addition Product

3

Solvent Time (h) Temperature (°C)

Yield (%)

Table 2.11 – Optimisation of nucleophilic substitution reaction illustrated in Scheme 2.34. Note: 1.1 eq. of
aminopyrazole 5 was used in each reaction.

From this optimisation, the best base/solvent combination was found to be NaH/CH2Cl2 and if this
reaction was carried out at -78 °C, the reaction yielded 68% of a single regioisomer.
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The best conditions from the optimisation were repeated at scale and it was at this point that it was
apparent that two products were being formed in the reaction, one in 40% yield and the other in 10%.
The three possible products from this reaction are illustrated in Scheme 2.35. Throughout this research,
the formation of regioisomer 81 (in Scheme 2.35) had been expected. However, the NMR data
suggested the majority product was 28 and the minor product was 86.

Scheme 2.35 – Synthetic route for the synthesis of 81, showing all potential products from the reaction.
Conditions: (i) 1.1 eq. 5, 1.1 eq. NaH, CH2Cl2, -78 °C, 3 h, 40% of major product (28) and 10% of minor product
(86).

The NMR data was analysed by the use of both 2D spectra and the NMR prediction software supplied
by Advanced Chemistry Development, Inc. (ACD/Labs)121, with the help from our collaborator, Dr
Abil Aliev. The initial NMR data proposed that the two products are either 28 or 86, due to the presence
of a broad NH2 signal in the 1H NMR. However, it was not possible to distinguish between the two
products without reference to the NMR prediction software, due to the limited signals in the 1H NMR
and 13C NMR.
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b)

a)

c)

Minor Product

Major Product

Figure 2.35 – Comparison of predicted 13C NMR by ACD/labs121 to the 13C NMRs obtained for both the major
and minor products: a) shows the predicted 13C NMR for 28, b) shows the predicted 13C NMR for 86 and c) shows
the experimental 13C NMRs for both the minor (in green) and major products (in blue).

Figure 2.35 highlights a comparison between the experimental 13C NMR data obtained for the major
and minor products and those generated by the 13C NMR prediction software. This indicates that the
major product formed in the reaction is 28 and the minor is 86 due to the location of pyrazole signals
highlighted. The data can be further supported towards the isolation of regioisomers 28 or 86, instead
of 81, by the predicted location of the quaternary carbon next to the methyl group; this is predicted to
be at lower ppm for 81 than observed.

There can be errors associated with NMR prediction software as it does not take into account the effect
of the NMR solvent and therefore, cannot be fully relied upon to define which regioisomer has been
isolated. Luckily, it was possible to obtain an X-ray crystal structure of the major product (as shown in
Figure 2.36). The complete data for the crystal structure is found in Appendix II.

- 96 -

Figure 2.36 – Molecular structure of 28 as determined by single crystal X-ray diffraction.

This data confirmed the formation of 28 as the majority product from the reaction conditions and as this
structure confirms the NMR data, it is safe to assume the minor product is 86. No 81 was formed from
these reaction conditions. This is not unsurprising as the ring amine is more acidic that the exocyclic
and, when using a strong base, like sodium hydride, the anion formed from loss of the amine proton can
be stabilised by electron donation from the exocyclic primary amine.

The NMR data from all the optimisations carried out as illustrated in Table 2.11 was re-examined and
the structures of the isolated products confirmed to be that of compound 28. It is possible that, when
using the weaker bases, compound 81 is also formed in low yield, however, it was not isolated from
these reactions.

It was at this point, all NMR data obtained for any structure contained the aminopyrazole 5 was reexamined and it became apparent that in each case, the regioisomer resulting from addition through the
ring amine had been formed. Due to this, all work was suspended on the synthesis of 69 until the
regiochemistry problems could be solved.

2.4 Solving the Aminopyrazole Regiochemistry Problem
2.4.1 Potential Solutions

The problems encountered with isolating the preferred regioisomer from aminopyrazole reactions has
been discussed previously within the literature.109,122,123 To form the correct regiosiomer, attack through
the exocyclic amine (as in 81, for example) must occur. One possible solution is the use of acidic
conditions. The second solution investigated was the addition of a protecting group to the more acidic,
ring amine of 5 before carrying out the SNAr reactions. It was hoped that this would force reaction
through the exocyclic amine (as in Figure 2.37).
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Figure 2.37 – Addition of protecting group to exocyclic amine of aminopyrazole 5.

The third possibility was to apply the conditions used in the synthesis of VX680 for the synthesis of our
substrates. These conditions add the aminopyrazole via SNAr chemistry to chloropyrimidine analogues
using sodium iodide as an additive.124

Each of the three solutions was examined for the formation of a selection of aminopyrazole-containing
intermediates, necessary for the synthesis of our heteroaromatic head group structures.

2.4.2 Use of Acidic Conditions

Many of the examples in the literature suggest that the use of acidic conditions for the nucleophilic
substitution reaction would give the desired regioisomer.

A selection of these conditions were

attempted on this system with limited success.
As previously mentioned, Shen et al.109, used the catalyst Pd2(dba)3 with the Xantphos110 ligand to add
aminopyrazoles to chloroquinazolines via the ring amine (as shown previous in Scheme 2.10). In the
paper, they also discuss that the use of HCl in dioxane should give the alternative regioisomeric product,
through reaction via the exocyclic primary amine (as shown in Scheme 2.36).

Scheme 2.36 – SNAr substitution of chloroquinazolines with aminopyrazoles under acidic conditions, carried out
by Shen et al.109 Conditions: (i) HCl, dioxane, 60 °C, 8 h.109

These reaction conditions were attempted in the reaction between chloropyrimidine 27 and
aminopyrazole 5 (as shown in Scheme 2.37) with no success.
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Scheme 2.37 – Test reaction, using acidic conditions, for the formation of 81. Conditions: (i) HCl, dioxane, 60 °C,
20 h, no product isolated.

Conditions developed by Lawrence et al.125 for their SNAr reactions for the development of substituted
pyrimidines as Aurora kinase inhibitors were also attempted. These conditions used aqueous HCl for
the addition of a variety of anilines to dichloropyrimidines (as shown in Scheme 2.38). However, they
did not attempt this reaction using aminopyrazoles, which are less nucleophilic than the substituted
anilines used.

Scheme 2.38 – SNAr substitution of dichloropyrimidines with substituted anilines under acidic conditions, carried
out by Lawrence et al.125 Conditions: (i) HCl (aq), variety of temperatures and reaction times. 125

The conditions developed by Lawrence et al.125 were carried out on the two intermediates 34 and 89
shown in Schemes 2.39 and 2.40 respectively. Initially, it was proposed that the use of intermediate 34,
with a tert-butyl protecting group, would allow both the substitution of aminopyrazole 5 and the
removal of the tert-butyl ester protecting group. However, when this did not work, a methyl ester
protecting group was used instead. In both cases, however, the product resulting from the addition of
water to the methyl sulfone was isolated.

Scheme 2.39 – Test reactions using acidic conditions for the formation of 87. Conditions: (i) 1.1 eq.
aminopyrazole 5, 0.1M HCl (aq), RT, 24 h, no desired product 87 isolated, small quantities of 88 isolated from
the reaction.
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Scheme 2.40 – Test reactions using acidic conditions for the formation of 90. Conditions: (i) 1.1 eq.
aminopyrazole 5, 0.1M HCl (aq), RT, 24 h, no desired product 90 isolated, small quantities of 91 isolated from
the reaction.

Guo et al.122 suggest that the use of stronger acids, like hydrochloric acid, would fully protonate
aminopyrazole 5 and therefore hinder its addition to the chloropyrimidine analogues. They suggest that
a weaker acid, such as acetic acid, would be a more sensible alternative as it activates the
chloropyrimidine by protonation while some of the aminopyrazole remains unprotonated and able to
react.122 They explored this theory by investigated the addition of a substituted aminopyrazole to
chloropyrimidine (as shown in Scheme 2.41) under both strong and weak acids and determined that the
highest yield was obtained when using aqueous acetic acid.

Scheme 2.41 – Acid-mediated SNAr reaction developed by Guo et al.122 Conditions: 1:1 AcOH:H2O, 100 °C,
1 h.122

The use of aqueous acetic acid was attempted in the reaction shown in Scheme 2.42 but this did not
yield any of the desired product 82.

Scheme 2.42 – Test reaction for the formation of 81, using acidic conditions. Conditions: (i) 1:1 AcOH:H2O,
100 °C, 20 h, no product isolated.

Unfortunately, the use of acidic conditions provided no solution to the regiochemistry problem by
failing to form any of the desired products. Therefore, further work was focused on finding a solution
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via one of the alternative ideas, either by adding a protecting group to aminopyrazole 5 or by adapting
the VX680 synthesis route.

2.4.3 Use of a Protecting Group on Aminopyrazole 5

The second idea proposed was to add a protecting group to the ring amine of aminopyrazole 5 prior to
its use in the nucleophilic substitution reactions. It was hoped that this would then force the reaction
through the exocyclic primary amine. As it was not clear which protecting group would be the best to
use for this substrate, three different protecting groups were initially considered: Boc, Troc and Alloc.
First, the synthesis of the Boc-protected aminopyrazole 92 is known within the literature.123,126,127 In
our case, the synthesis route using sodium hydride developed by Faraoni et al.127 who reported yields
of 48% of 93 and 28% of 92 was applied (as shown in Scheme 2.43). Weaker bases, such as potassium
hydroxide as used in the conditions developed by Nowak et al.,126 can also be used for the synthesis of
92 and may result in the selective formation of 92. However, in the case of Nowak et al.,126 they
reported the formation of 92 in only 23% yield so it is likely that other regioisomeric products, such as
93, was also formed using their reaction conditions.

Scheme 2.43 – Formation of Boc-protected aminopyrazole 92. Conditions: (i) 1.2 eq. di-tert-butyl dicarbonate,
1.2 eq. NaH, DMF, 0 °C – RT, 24 h, 21% of 92 and 22% of 93.

The synthesis of the Troc-protected aminopyrazole 97 is not known in the literature, however, the
synthesis of closely related analogue, Troc-protected 3-(tert-butyl)-1H-pyrazol-5-amine (95), had
previously been developed by Tan et al.128 (as shown in Scheme 2.44) using DIPEA as the base for the
protection. In this case, Tan et al.128 reported the formation of 95 in 32% yield and the product 96,
resulting from protection at the primary amine, in 7% yield, however, as with the Boc-protected
analogues, it is likely the additional regioisomeric product is also formed. These conditions were not
applied to the synthesis of our aminopyrazole 97 due to the poor solubility of 5 in THF and, instead, it
was proposed to use the previously used conditions from the synthesis of 43 (as shown in Scheme 2.45).
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Scheme 2.44 – Synthesis of Troc-protected aminopyrazole 95 using the conditions developed by Tan et al.128
Conditions: 0.9 eq. 2,2,2-trichloropyridimidine, DIPEA, THF, -10 °C, 10 min.128

Scheme 2.45 – Formation of Troc-protected aminopyrazole 97. Conditions: (i) 1.1 eq. 2,2,2-trichloropyridimidine,
1.1 eq. NaOH, H2O, EtOAc, 0 °C, 4 h, 49% of 97 and 14% of 98.

The synthesis towards the Alloc-protected aminopyrazole 99 is not known and was therefore carried
out using standard Alloc-protection conditions used previously within the group (as shown in Scheme
2.46).129

Scheme 2.46 – Formation of Alloc-protected aminopyrazole 99. Conditions: (i) 1.1 eq. allyl chloroformate, 4.0 eq.
NaHCO3, dioxane, RT, 16 h, 32% of 99 and 27% of 100.

Initially, the reaction shown in Scheme 2.47, between chloropyrimidine 27 and each protected
aminopyrazole, was attempted using a variety of bases (as shown in Table 2.12). However, none of
these reactions yielded any product.

Scheme 2.47 – Test reactions, with the protected aminopyrazoles, for the formation of 101. Bases used are
illustrated in Table 2.12. Conditions: 1.1 eq. protected pyrazole, 1.1 eq. base, CH2Cl2, RT, 16 h.

- 102 -

Experiment No. Protecting Group (PG) Base Product isolated?
1

Boc (92)

NaH



2

Troc (97)

NaH



3

Alloc (99)

NaH



4

Boc (92)

NEt3



5

Troc (97)

NEt3



6

Alloc (99)

NEt3



Table 2.12 – Test reactions for the formation of 101 (as illustrated in Scheme 2.47). Conditions: 1.1 eq. protected
pyrazole, 1.1 eq. base, CH2Cl2, RT, 16 h.

As this selection of nucleophilic substitution reactions failed, it was next proposed to carry out a series
of Buchwald-Hartwig reactions (as shown in Scheme 2.48) as which are generally carried out using
weakly nucleophilic amine substrates. The conditions attempted are illustrated in Table 2.13 and are
based on example conditions from the literature where Boc-protected aminopyrazole 92 is reacted with
aryl chlorides.126 These test reactions were not carried out using the Alloc protected aminopyrazole 99
as Alloc groups are removed under palladium conditions.

Scheme 2.48 – Optimisation of Buchwald-Hartwig reaction to give 102. Optimisation is shown in Table 2.13.
Conditions: 1.5 eq. protected pyrazole, 1.5 eq. Cs2CO3, dioxane, RT, 16 h.
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Experiment
No.

Protecting
Group

Catalyst
Catalyst

(PG)

Loading

Ligand
Ligand

(mol%)

Loading
(mol%)

Product
Isolated?

1

Boc (92)

Pd2(dba)3

2

DavePhos

6



2

Troc (97)

Pd2(dba)3

2

DavePhos

6



3

Boc (92)

Pd2(dba)3

6

Xantphos

9



4

Troc (97)

Pd2(dba)3

6

Xantphos

9



Table 2.13 – Optimisation of Buchwald-Hartwig reaction shown in Scheme 2.48. Conditions: 1.5 eq. protected
pyrazole, 1.5 eq. Cs2CO3, dioxane, RT, 16 h. 126

Unfortunately, none of the Buchwald-Hartwig reactions yielded any product either. It was therefore
postulated that all the reactions with the protected aminopyrazoles failed due to the electronwithdrawing nature of the protecting groups reducing the nucleophilicity of the aminopyrazole.
Therefore, it was proposed to use a more electron-donating protecting group, such as trityl or allyl. The
use of the allyl protecting group would be preferred over trityl due to its smaller size, however, it was
not possible to selectively add the allyl protecting group once to aminopyrazole 5. Therefore, the trityl
protecting group was added (as shown in Scheme 2.49) using the conditions developed by Kelley et
al.130

Scheme 2.49 – Formation of trityl protected aminopyrazole 103. Conditions: (i) 1.1 eq. trityl chloride, 2.0 eq.
NEt3, CH2Cl2, RT, 18 h, 66% of 104.

Unfortunately, the trityl group added selectively to the primary amine of aminopyrazole (as in 104),
instead of the amine on the ring (as in 103). This selectivity is proposed to occur due to sterics as the
trityl group is too big to protect the ring amine. As a test reaction to see if reaction would occur, the
trityl protected amino pyrazole 104 was reacted with chloropyrimidine 27 under basic conditions (as
shown in Scheme 2.50).
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Scheme 2.50 – Reaction of trityl protected aminopyrazole 104 with chloropyrimidine 27. Conditions: (i) 1.1 eq.
DIPEA, CH2Cl2, RT, 18 h, 6%

Although in a low yield, this reaction did yield some of the desired product 105. It appears that using
a more electron-donating protecting group allows the aminopyrazole to retain enough nucleophilicity
for reaction. This provided some hope that SNAr reactions using allyl protected aminopyrazole would
work.

As mentioned previously, difficulties were encountered synthesising the singly allyl protected
aminopyrazole. In these test reactions, many products were obtained which were difficult to purify. In
order to avoid this, it was therefore proposed to first protect the primary amine with a trityl protecting
group (using the conditions illustrated in Scheme 2.49) before adding the allyl protecting group. The
trityl protecting group could then be removed with acidic conditions (Scheme 2.51).

Scheme 2.51 – Allyl protection of aminopyrazole 104. Conditions: (i) 1.2 eq. allyl bromide, 1.2 eq. NaH, DMF,
RT, 5 h, 20% of 106 and 42% of 107.

The allyl protection resulted in the formation of both possible regioisomers, with the greatest yield for
107, which formed the least sterically hindered product. However, as success had been observed with
the modified VX680 route, it was decided to pursue this chemistry instead and so no further work was
done towards this synthesis.
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2.4.4 Application of Conditions used from the Synthesis of VX680

During the synthesis of VX680, the aminopyrazole 5 was added under basic conditions with the additive
NaI in DMF, to give the intermediate 109 shown in Scheme 2.52.124 This results in a good yield of the
desired product 110, with the correct regiochemistry around the pyrazole ring.

Scheme 2.52 – Synthesis of VX680. Conditions: (i) t-BuOH, 90 °C, 1 h, 74%; (ii) 1.1 eq. 5, 1.2 eq. DIPEA, 1.2
eq. NaI, DMF, 85 °C, 4 h, 78%; (iii) N-methylpiperazine, 110 °C, 2 h, 66%.124

The conditions were applied to the synthesis of our analogues, according to the reaction scheme shown
in Scheme 2.53. This route was envisaged to start from the chloropyrimidine 33 (synthesis discussed
previously) which underwent nucleophilic substitution reaction with aminopyrazole 5, using the same
conditions as for the synthesis of VX680 developed by Charrier et al.124 before being oxidised to the
methyl sulfone 112. This could then undergo a second displacement to add the linker moiety.

Scheme 2.53 – Proposed synthetic route for the synthesis of analogues with the correct regiochemistry.
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Although, the desired product 111 was isolated from the reaction, it was not isolated in good yield (only
19%). This was due to the formation of a number of side products, including the two regioisomeric side
products 114 and 115 (shown in Scheme 2.54). Due to this low yield and the proposed importance of
the reaction step, the conditions were optimised via a Design of Experiment approach. This extensive
optimisation successfully increased the reaction yield from 19% to 57% and is discussed in depth in
Chapter 3.

Scheme 2.54 – Substitution reaction to be optimised using DoE approach. Conditions: (i) 1.2 eq. DIPEA, 1.2 eq.
NaI, DMF, 85 °C, 88 h, 19 % yield of 111.

The next step of the synthesis was to carry out an oxidation on 111 to convert the thioester to the methyl
sulfone (112) for the nucleophilic addition of the linker. A variety of conditions were attempted using
either MCPBA or Oxone® for the oxidation, however none isolated any product in a yield >10%.

It was at this point, the synthesis work for this series of compounds was discontinued. This was due to
inconsistencies in the initial docking results for the compounds.

2.5 Problems with docking data
As previously mentioned, the initial docking of our designed analogues was carried out by our
collaborator, Dr Lalitha Guruprasad with GOLD using the PDB file 2DWB,46 a crystal structure of
inactive Aurora A. It has since been discovered that using an alternative, modified PDB file (discussed
previously in Section 1.4.3 of the Introduction) is a more accurate model for the results. The PDB file
is of a crystal structure of the active form of the kinase and has been modified to include the Cys290
residue, present within the activation loop and is believed to be important for the pantetheine tail
binding.
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Once, it was established that CoA binds to the active kinase (and not the inactive), many of the designed
analogues for Series 1 were docked again, using GOLD, into the modified PDB of the active kinase and
most of these results have already been discussed within the chapter. This included redocking
compounds 46 and 47, containing the glutamic acid side chain. The docking results from this did not
agree with the Autodock data obtained previously. Instead, this data suggested that both of the
compounds 46(R) and 47(R) using D-glutamic acid as the linker dock in a similar manner and are
therefore able to pick up an interaction with Thr217. This is shown in Figure 2.38 where the two ligands
are overlaid in the binding site. The individual images of each ligand in the Aurora A binding site can
be seen in Appendix I

Hinge Region

Thr217
Figure 2.38 - Lowest energy conformation of 46(R) and 47(R) in the Aurora A binding site, highlighting the main
possibilities for hydrogen bonding with Thr217 (indicated by the dashed lines). This docking was carried out
using GOLD into PDB corresponding to the active form of the kinase.

In order to determine whether this model is correct, all possible isomers of 46 and 47 would need to be
synthesised. However, as the priorities within the project changed, this was not completed during my
PhD.

Following this, the docking of analogue 1 was repeated by my collaborator Ms Trang Tran and I using
GOLD with the modified PDB file, in order to confirm that this still docks, as previously predicted, into
the Aurora kinase A binding site. Unfortunately, the data obtained did not support the previously
gathered results. Therefore, it was proposed to also repeat the docking carried out by Dr Lalitha
Guruprasad, using the initial inactive PDB file (2DWB) and unfortunately, this also failed to support
the previous results. Figures 2.39 and 2.40 both highlight the results obtained from docking compound
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1 using GOLD into the modified PDB of the active kinase and the corresponding images from the
docking of compound 1 into the initial PDB, 2DWB, can be seen in Appendix I.

Hinge Region

Cys290

Thr217

Figure 2.39 – Lowest energy conformation of 1 in the Aurora A binding site. This was docked using GOLD into
the PDB file corresponding to the active form of the kinase.

Hinge Region

Cys290
Thr217

Figure 2.40 – Three lowest energy conformations of 1 in the Aurora A binding site. This was docked using GOLD
into the PDB file corresponding to the active form of the kinase.

As can be seen for both Figures, compound 1 does not fit the binding site as predicted previously by
the docking carried out by Dr Lalitha Guruprasad, instead it predicts that there is no clear binding mode
for the compound, illustrated by the lack of consistency between the top three results. It is also apparent
that the top CHEMPLP Score result (shown in Figure 2.39), indicates that 1 binds with no clear
interactions with the hinge region and does not fit the active site well. Similar docking results were
also obtained following the docking of 41 and 42 into the modified PDB of the active kinase and
therefore supports the inactive testing results achieved for these compounds.
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Further research by our collaborator, Ms Trang Tran discovered that, for the initial docking of 1 into
the inactive kinase, the docking results from the binding of CoA (carried out by Dr Lalitha Guruprasad
into the inactive kinase and not discussed in this thesis) were used to define the binding site in GOLD,
instead of using the initial conditions used for the docking of CoA. This, unfortunately, manipulated
the docking results obtained for our original compounds, which were docked in silico and thus gave us
false results on whether these compounds were likely to bind well to Aurora Kinase A. At this point,
because of this and the difficulties in synthesis of these compounds, all work on Series 1 was stopped
and a new series was designed. This new series would focus on changing one moiety at a time, starting
with investigating possible phosphate mimics to replace the pyrophosphate group present in CoA.

2.6 Conclusions
In conclusion, significant progress towards the synthesis of analogues for Series 1 has been carried out.
One full length analogue, 42 was synthesised from the initial components, 44 and 486, and was shown
to be inactive towards Aurora A.

Difficulties were encountered in the synthesis of the head group analogues, both in the optimisation of
the reaction route and in isolating the “correct” regioisomer of the aminopyrazole moiety. The synthesis
of the initial head group analogue was improved by switching the key synthetic step from a BuchwaldHartwig coupling to a nucleophilic substitution via a methyl sulfone. Significant work was carried out
on the isolation of the “correct” regioisomer of the aminopyrazole ring and success was eventually seen
by optimising the conditions used in the synthesis of VX680. This work will be discussed in detail in
Chapter 3.

Work was carried out towards improving the selectivity of these analogues towards Aurora A by further
elaborating the head group. The synthesis of 48 and 49 was completed and involved switching the
linker from GABA to glutamic acid to pick up an interaction with Thr217. This resulted in an
improvement in the activity of these analogues towards Aurora A and work towards combining this
improvement with the addition of a N-methylpiperazine at the C6 of the pyrimidine ring (from separate
research to give 6886) was started

It was later established that the original model used for the docking of the analogues by Dr Lalitha
Guruprasad was incorrect and due to this, and the difficulties in the synthesis of these analogues, all
work on this series was halted and a new set of analogues designed.
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Chapter 3 - Design of Experiment Optimisationiii
3.1 Introduction to Design of Experiment
3.1.1 Background of Design of Experiment

Design of Experiment or Experimental Design (DoE) was first pioneered by Ronald Fisher in the 1930s
for use in agricultural research and since then, it has been used extensively in other disciplines. 131,132 It
is now an established procedure for reaction optimisation, both on large and small scale, within the
pharmaceutical industry. 133,134

DoE is a statistical approach to reaction optimisation that allows a full analysis of reaction space to be
obtained by the variation of multiple factors simultaneously.131,132 It allows the critical factors for a
reaction to be identified using a minimum number of experiments.135

There are many software packages available for use in a DoE optimisation, including MODDE
(Umetrics), Design Expert (Stat-Ease Inc.), Fusion Pro (S-Matrix Corp.) and JMP (SAS Institute).132,136
3.1.2 Comparison to ‘OVAT’ Approach

Traditionally, a chemist will optimise a reaction by varying one variable at a time (OVAT) and keeping
the other factors constant, then this variable is kept at its ‘best’ condition while a second variable is
investigated, and so on.133 However, this approach often fails to identify the optimal conditions as it
misses any important interactions between the variables by inadequately exploring the full reaction
space.132,134 Conversely, DoE examines all variables at different levels over the reaction space by taking
reaction conditions from each vertex of the reaction space and a centre point. 132,133 This data collected
allows a ‘model’ of the reaction to be generated and thus, a greater understanding of the factors that
influence the reaction.133 This comparison is illustrated in Figure 3.1 by considering a theoretical
reaction whereby three different variables are considered.

iii

The X-ray crystallography experiments for 114 and 115 were carried out by Dr Laure Benhamou and Dr
Kreso Bucar. Dr Tom Sheppard provided assistance in the DoE run design and analysis.
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Figure 3.1 – Comparison of ‘OVAT’ and DoE approaches to reaction optimisation by considering a theoretical
reaction with three different variables (X, Y, Z). 133 a) illustrates the traditional approach where each variable is
optimised in turn, allowing only a partial investigation of the reaction space; b) illustrates the DoE approach where
the three variables are examined at the same time and allows a full investigation of the reaction space.

3.1.3 The DoE Approach
To optimise a reaction via a DoE approach, many factors have to be taken into consideration.133,136 A
general approach to a DoE run is summarised below.
1. Define why the DoE is being run.
Is it to optimise reaction conditions, work-up method or recrystallization procedure?
2. Choose and define variables.
It is important to determine which variables are critical to the reaction and necessary to be
included in the DoE run. Once these variables have been selected, high and low values have to
be assigned.
3. Choose how to measure the reaction response.
It is necessary to decide how to measure the response of the reaction, for example whether to
measure the yield by NMR or HPLC.
4. Choose the experimental design and generate the reaction worksheet.
The choice of design depends on a number of factors, including the number of variables and
resources available. Once this has been chosen, the software will generate the number of
reactions to be run. These need to be run in a randomised order to prevent any bias distorting
the results.
5. Run the reactions, collect and input data into the software.
A model for the reaction will be generated by the software which can predict the ‘best’ set of
conditions within the reaction space explored.
6. Confirm the ‘best’ reaction conditions.
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3.2 Optimisation of SNAr reaction
3.2.1 DoE Preparation

As previously mentioned in Section 2.4.4 of Chapter 2, it was proposed to use a DoE approach to
optimise the following substitution reaction (Scheme 2.54) between chloropyrimidine 33 and
aminopyrazole 5 as the resulting product 111 was envisaged to be an important intermediate in the
synthesis of many analogues. For our optimisation, the commercially available DoE package,
MODDE137 was used for data analysis and Dr Tom Sheppard provided assistance in DoE run design
and analysis.

The initial SNAr reaction conditions (as shown in Scheme 3.1) were taken from the patent published by
Charrier et al.124 These used DIPEA as the base and sodium iodide (NaI) as an additive in DMF as
discussed previously.

Scheme 3.1 – Substitution reaction to be optimised using DoE approach. Conditions: (i) 1.2 eq. DIPEA, 1.2 eq.
NaI, DMF, 85 °C, 88 h, 19 % yield of 111.

However, these conditions resulted in a low yield of desired product 111, despite the long reaction time.
This was a result of the formation of a number of side products in the reaction, including the two
regioisomeric side products 114 and 115 and the by-product 116, and the reaction failing to reach
completion.

The structures of 114 and 115 were confirmed using X-ray crystallography (as shown in Figure 3.2).
Further information on the experimental details for the X-ray crystallography can be found in Appendix
II.
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114

115

Figure 3.2 – Molecular structure of 114 and 115 as determined by single crystal X-ray diffraction.

The by-product 116 is formed as a result of the reaction between dimethylamine and chloropyrimidine
33, with dimethylamine arising from the decomposition of DMF at high temperature. The structure of
116 was confirmed by comparison of a pure sample isolated from the reaction to a pure sample obtained
from the reaction of dimethylamine with chloropyrimidine 33 (as shown in Scheme 3.2).

Scheme 3.2 – Reaction carried out between 33 and dimethylamine in order to confirm structure of 116.
Conditions: (i) 5.0 eq. dimethylamine, THF, 70 °C, 10 min, 53%.

It was envisaged that the optimisation of the SNAr reaction (shown in Scheme 3.1) would be carried out
under microwave conditions as this would shorten the reaction time. Therefore, initially, it was
necessary to find a good starting point for microwave optimisation, where a comparable yield of 111
was isolated when compared to the thermal conditions (previously discussed in Chapter 2). This
investigation is illustrated in Table 3.1, where the initial thermal conditions are shown as Experiment
No. 1. At this point, only reaction time and temperature were investigated and all other variables were
kept the same as for the thermal reaction. It is also worth noting that as the most important factor was
to confirm the formation of 111, the side products were not isolated from the flash column
chromatography purification.
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Experiment No. Time (h) Temperature (°C) 113 (%)
1*

88

85

18

2

1

80

0

3

2

120

4

4

2

150

17

5

2

180

19

6

2

180

19

Table 3.1 – Initial conditions attempted, using microwave irradiation, for the substitution reaction to make 111.
Experiment 1* was carried out using traditional thermal conditions whereas experiments 2 – 6 were carried out
using a microwave. Yields quoted for 111 are those isolated from purification by flash column chromatography.

The results from Table 3.1 show that it is possible to carry out this reaction using microwave conditions
and a comparable yield of 111 was obtained following heating the reaction at 180 °C for 2 h. The best
results (as shown by experiments 5 and 6) were also repeated to ensure the results are reproducible – a
necessary prerequisite for running a DoE optimisation.

One of the most important factors to consider before carrying out a DoE optimisation is to determine a
practical and reliable method of quantifying the yields of the different products obtained in the reaction.
For this optimisation, an internal NMR standard (1,3,5-trimethoxybenzene) was used to quantify the
amount of each product in the crude reaction, allowing the yields to be measured quickly and accurately.
An example crude NMR is shown in Figure 3.3.
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NMR
Standard

SM + B
SM

A
C

D

B

A

C

D

Figure 3.3 – An example crude NMR in CD3OD used for quantifying the yield of the different products. The
NMR signal corresponding to each product is highlighted: A = 111, B = 114, C = 115, D = 116 and SM = 33.

3.2.2 Initial Optimisation – DoE Run 1
As it was not clear what factors would affect the yield of product, it was decided to examine the effect
of five different variables in our initial DoE study and each factor was given a maximum and minimum
value which was used to generate the experimental conditions to try. These included investigating the
effect of concentration, reaction temperature and number of equivalents of sodium iodide (0.1 – 2.0 eq.),
base (1.0 – 5.0 eq.) and aminopyrazole 5 (0.5 – 2.0 eq.). The limitations on DMF volume (2 – 5 mL)
and temperature (maximum 200 °C) were defined by the capabilities of the microwave reactor. The
minimum temperature was chosen based on the previous set of microwave reactions (shown in Table
3.1) as no reaction was seen until the reaction was heated at 120 °C. This gave us a total of 19
experiments to carry out (including the three mid-point repeat reactions to ensure reproducibility) as
shown in Table 3.2 and the resulting NMR yields are found in Table 3.3. The experiments were
completed in the randomised order shown in Table 3.2 to prevent an unknown bias distorting the results.
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DMF

Experiment

Amine (5)

NaI

DIPEA

No.

equivalents

equivalents

equivalents

1

1.25

1.05

3

3.5

160

2

0.5

2

1

2

120

3

0.5

2

5

5

120

4

0.5

0.1

1

5

120

5

2

2

1

5

120

6

0.5

0.1

5

5

200

7

2

0.1

1

5

200

8

2

2

5

2

120

9

0.5

2

1

5

200

10

2

2

5

5

200

11

2

0.1

5

2

200

12

0.5

2

5

2

200

13

1.25

1.05

3

3.5

160

14

0.5

0.1

1

2

200

15

2

0.1

5

5

120

16

0.5

0.1

5

2

120

17

1.25

1.05

3

3.5

160

18

2

2

1

2

200

19

2

0.1

1

2

120

Volume
(mL)

Temperature
(°C)

Table 3.2 – Initial Experiments for DoE optimisation. Each reaction was heated at the stated temperature for 2 h.
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Experiment

111

115

116

117

33

Total

No.

(%)

(%)

(%)

(%)

(%)

(%)

1

15

12

6

16

10

59

2

4

2

1

1

46

54

3

3

1

1

2

19

26

4

5

2

1

1

40

49

5

8

3

2

3

22

38

6

12

14

6

54

0

86

7

11

9

4

60

0

84

8

7

4

2

2

21

37

9

10

6

6

38

0

60

10

11

13

7

31

0

62

11

16

19

9

43

0

87

12

10

11

6

26

0

53

13

16

12

6

14

12

60

14

19

10

4

61

0

94

15

8

3

1

3

34

49

16

10

2

1

2

28

43

17

14

11

5

19

7

56

18

12

4

3

31

0

50

19

16

6

3

10

15

50

Table 3.3 – Summary of NMR yields from the experiments illustrated in Table 3.2. Reactions were carried out
using microwave irradiation and the solvent was removed in vacuo prior to analysis by NMR, using 1,3,5trimethoxybenzene as the standard. Total (%) refers to the combined yields of all products in the reaction mixture.

Although there was no increase in yield of desired product 111, the results from this series of DoE
experiments looked promising and gave a number of interesting observations. Initially, the data was
analysed by looking at the “Summary of Fit” plot (as shown in Figure 3.4) generated by the MODDE
software. In this case, all the columns are high indicating that the reaction model is accurate and a good
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representation of the data. R2 is a measure of how well the model fits the data and Q2 indicates how
well the model predicts new data.

Figure 3.4 – Summary of Fit plot generated by MODDE: A = 111, B = 114, C = 115, D = 116 and SM = 33.

To investigate which factors affect the reaction outcome, it is useful to use the coefficient plots
generated by the software for each product of the reaction. Figure 3.5 shows the plots created by the
software for the formation of the desired product 111 and the by-products 114, 115 and 116 respectively.
Each coefficient plot only highlights the factors that cause an effect on the amount of product formed
in the reaction. Table 3.4 summarises the factors influencing the formation of the four products,
obtained by the DoE analysis.
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Figure 3.5 – Coefficient plot generated for formation of the four products: A = 111, B = 114, C = 115, D = 116
and SM = 33.
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Increasing

Increasing

Increasing

Increasing

equivalents of

equivalents of

equivalents of

volume of

base

amine (5)

NaI

DMF

111

-









114





-





115





-





116



-



-



Product

Increasing
Temperature

Table 3.4 – Table summarising the factors that influence the formation of 111 and the three by-products 114 –
115.  indicates product formation is favoured by this factor,  indicates it is disfavoured and – indicates that
there is no effect.

The data clearly shows that the NaI additive has a negative effect on the formation of product 111 in
the reaction and is not required for the reaction to proceed. It is also clear that both a high concentration
and an excess of aminopyrazole 5 are required to produce a good yield of 111. The formation of 111
is also favoured by increased temperature. Interestingly, the amount of desired product 111 is
unaffected by the amount of base in the reaction but large quantities of base increase the amount of side
products 114 and 115. There is also an interaction between the amount of base and temperature with
both contributing towards increased amounts of 114 and 115 at high temperature and equivalents of
base. The formation of 116 is largely favoured by the increase in reaction temperature, but disfavoured
by the addition of base. With this in mind, it was concluded that, in order to improve the selectivity of
the reaction, it would be run at lower temperatures with no base or NaI.

With these results in mind, it was decided to test the predicted conditions with a series of test reactions
by carrying out the reactions with and without base, at a lower temperature and increasing reaction
times. Sodium iodide was not included in the reaction. The reactions conditions used are illustrated in
Table 3.5 and the results are shown in Table 3.6.
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Experiment

Amine (5)

DIPEA

No.

equivalents

equivalents

1

2

5

2

2

3
4

DMF

Time

Temperature

(h)

(°C)

2

2

120

5

2

3

120

2

5

2

4

120

2

-

2

2

120

Volume
(mL)

Table 3.5 – Summary of conditions attempted to verify predictions from initial DoE experiments.

Experiment

111

114

115

116

33

Total

No.

(%)

(%)

(%)

(%)

(%)

(%)

1

8

3

1

3

6

21

2

9

5

2

7

22

45

3

18

7

4

9

19

57

4

22

3

2

51

6

84

Table 3.6 – Summary of NMR yields from experiments illustrated in Table 3.5, using 1,3,5-trimethoxybenzene
as the internal standard. Total (%) refers to the combined yields of all products in the reaction mixture.

As can be seen, the results obtained agreed with those predicted by the DoE software. The formation
of the desired product 111 was favoured over the formation of the by-products at the lower temperature
and increasing the reaction time gave an improved yield of product 111. Interestingly, although the
removal of base gave an increased amount of by-product 116, it also gave a considerable increase in
amount of product 111 (shown by comparing Experiment No. 1 and 4 in Table 3.6). The selectivity
towards product 111, over side products 114 and 115, was also improved by the removal of base.

It can be seen that a greater understanding of the different factors important to isolating a good yield of
111 has been obtained. However, the yield of 111 has still not improved above 20%. This is partly due
to the formation of by-product 116, resulting from the SNAr reaction of dimethylamine (arising from
the thermal decomposition of DMF) with chloropyrimidine 33. Therefore, an alternative reaction
solvent was required to avoid the formation of 116 and it was proposed to find this via a DoE solvent
screen.
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3.2.3 An Introduction to Solvent Maps

Principle component analysis (PCA) is a multivariate statistical tool that allows patterns and variations
in a dataset to be discovered and then presented in a simplified way to highlight those variations and
similarities.138 It can be used to convert a large set of solvent properties into principle components,
giving a map of solvent space where solvents with similar properties are grouped.139,140 This was first
demonstrated independently by both Carlson and Chastrette in 1985.139,141 These solvent maps can then
be applied to a DoE experimental design as a way to optimise the solvent used in a particular organic
reaction.138

3.2.4 The Solvent Map

Tom Sheppard and Paul Murray have recently developed a solvent map for reaction optimisation in
academic laboratories142 which we were able to use for our solvent screen. The map was generated
using approximately 20 different solvent properties, both physical and calculated, of a set of 136
different solvents. The dataset was then analysed using Principle Component Analysis which simplifies
a large set of solvent properties into a smaller set which can be included in experimental design and
provides a solvent map where solvents with similar properties are grouped. For this map (shown in
Figure 3.5), PCA1 correlates to solvent polarity with non-polar solvents having a positive value and
polar solvents having a negative, PCA2 is associated with polarizability and PCA3 with hydrogenbonding ability. Solvent can be incorporated into a DoE analysis as either a two- or three-dimensional
parameter where either the top two or top three principle components are used. For this analysis, solvent
was incorporated as a two-dimensional parameter that only accurately models 55% of the original
solvent properties, however, this was sufficient to give an insight into which areas of the solvent map
are suitable for this reaction.

For this map to be used in a DoE run, it is simplified by using each principle component as a separate
variable. Each principles component is then represented by choosing solvents with low (-1) and high (1) value. An additional solvent, that occupies the middle of the solvent space being investigated, is also
chosen to act as a centre point. In our case, only the first two principle components were included in
the design, meaning that only four solvents and a centre point were required for the analysis.

3.2.5 Solvent Screen - DoE Run 2

As previously mentioned, we were able to use the newly developed PCA solvent map, published by
Murray et al.142 to investigate an alternative solvent for use in this reaction and as we are using a DoE
approach, we would also investigate the effect of concentration and temperature as well.
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Solvent was incorporated into the design as a two-dimensional parameter and solvents were selected,
by taking into account their microwave compatibility in the temperature range used, from each quadrant
of the map (see Figure 3.6). The solvents selected as the ‘corner points’ were dimethylacetamide
(DMA), 1-butanol (1-BuOH), cyclopentylmethyl ether (CPME) and dipropyl ether (Pr 2O) and
propionitrile (PrCN) was used as a centre point. Temperature (100 – 140 °C) and concentration (0.1 –
0.5 M) were also included in the DoE run and this gave a total of 11 experiments, including three centre
points, to run as shown in Table 3.7. The NMR yields are shown in Table 3.8.

Figure 3.6 – Solvents selected for DoE optimisation are illustrated, reproduced with permission from Murray et
al.142
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Experiment
No.

Solvent

Temperature Concentration
(°C)

(M)

1

PrCN

120

0.3

2

CPME

140

0.1

3

Pr2O

140

0.5

4

1-BuOH

140

0.1

5

1-BuOH

100

0.5

6

Pr2O

100

0.1

7

DMA

140

0.5

8

CPME

100

0.5

9

PrCN

120

0.3

10

PrCN

120

0.3

11

DMA

100

0.1

Table 3.7 – Experiments run for DoE solvent screen. Each reaction was heated at the stated temperature for 2 h.
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Experiment

111

114

115

116

33

Total

No.

(%)

(%)

(%)

(%)

(%)

(%)

1

7

3

1

0

73

84

2

11

2

1

0

73

87

3

68

4

3

0

7

82

4

29

6

3

0

55

93

5

21

2

1

0

34

58

6

2

0

0

0

99

101

7

61

7

4

23

0

95

8

16

1

1

0

67

85

9

9

4

1

0

90

104

10

9

4

1

0

88

102

11

6

1

1

0

71

79

Table 3.8 – Summary of NMR yields from experiments illustrated in Table 3.7. Reactions were carried out using
microwave irradiation and the solvent was removed in vacuo prior to analysis by NMR, using 1,3,5trimethoxybenzene as the standard. Total (%) refers to the combined yields of all products in the reaction mixture.

As predicted, the formation of the solvolysis product 116 was eliminated by changing the reaction
solvent, only a small % was seen when DMA was used at a high temperature (see experiment number
7 in Table 3.8). Also, by eliminating the use of base, only small quantities of the by-products 114 and
115 were seen in each reaction.

From these results, an excellent model for the formation of the desired product 111 has been obtained
and the factors influencing the formation 111 are shown in the coefficient plot in Figure 3.7.
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Figure 3.7 – Coefficient plot generated for formation of desired product 111 (A), reproduced with permission
from Murray et al.142

As can be seen from Figure 3.7, an increase in both temperature and concentration lead to an
improvement in the yield of 111. For the solvent dependence, it appears that the two principle
components are showing an interaction, with either high t1/low t2 or low t1/high t2 showing increased
yields of 111. This can be seen in Figure 3.8.

Figure 3.8 – Interaction plot generated for formation of desired product 111 showing the interaction between the
two solvent principle components. This was reproduced with permission from Murray et al.142

The interaction plot (Figure 3.8) suggests that either DMA or dipropyl ether are the preferred solvents
for this reaction. However, as DMA also causes the formation of the by-product 116 at high temperature,
the preferred solvent to use is dipropyl ether.
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The conditions predicted to be the best by the software are using dipropyl ether and high temperature
(140 °C) and concentration (0.5 M). These conditions were repeated, and successfully gave a 57%
isolated yield of 111, along with 13% recovered starting material and 8% and 5% of the by-products
114 and 115 respectively.

Unfortunately, as this reaction was no longer required due to changing priorities within the project, no
further optimisation was carried out on this reaction. It is likely, however, that the yield of 111 could
be further improved by using alternative solvents close to DMA or dipropyl ether in the solvent map.
For example, the solvent map suggests using either ethyl n-butyl ether, n-butyl methyl ether or 1,2dimethoxyethane as alternatives to dipropyl ether.142 However, there may be issues with solubility and
microwave compatibility for these solvents.

3.3 Conclusions
In conclusion, a DoE approach has been successfully applied to the optimisation of a key substitution
reaction. The overall yield of the reaction has been improved from 19% to 57% by investigating the
factors important for the formation of 111. Following the initial DoE run, both NaI and base were
discovered to be detrimental towards the formation of 111 and were therefore removed from the reaction
conditions. However, the by-product 116, formed by the use of DMF as the solvent, was still formed in
high yield. This led to a second DoE run where the use of different solvents was investigated. Dipropyl
ether was found to be an excellent alternative to DMF and resulted in an improvement in isolated yield
of 111. Further experiments using similar solvents to dipropyl ether could be attempted to improve the
reaction yield further, however, this was not carried out at this point.
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Chapter 4 – Synthesis of Series 2 Analoguesiv
4.1 Introduction to Series 2 Analogues
4.1.1 Introduction to Pyrophosphate Mimics

Phosphate and pyrophosphate groups play a central role in cellular signalling; for example a
fundamental protein modification is the transfer of a phosphate group from ATP to proteins by protein
kinases and the reverse, the removal of a phosphate group, by phosphatases.143 However, it can be
notoriously difficult to mimic a phosphate group when designing new drugs as the compound must not
be too polar and able to cross membranes, as well as being able to interact with regions of an enzyme
that interact with a charged phosphate group.143,144 A number of phosphate and pyrophosphate mimics
are known in the literature, in particular, to target phosphatases that require a phosphate group for
recognition or as nucleotide analogues. Several reviews of phosphate and pyrophosphate mimics have
been published.143–145

The potential pyrophosphate isosteres known in the literature can be grouped according to the four main
structural groups (phosphorus-based, sulfur-based, carboxylate-based and heterocyclic-based) and an
example of each will be given below:

Phosphorus-based
Of the phosphorus-based isosteres, the most commonly explored are the phosphonate-based, due to
their improved stability towards hydrolysis when compared to phosphates.143 Examples of phosphonate
isosteres are the methylene phosphonate moiety used by Wu et al.146 and the phosphonoacetic acid
moiety used by Riley et al.147 in the development of non-hydrolysable diphosphoinositol polyphosphate
analogues (Figure 4.1). Grimes et al.148 also employed a similar set of phosphonate mimics in the design
of substrate-based inhibitors to target the bacterial acyltransferase PIsY (Figure 4.2).

iv

The biological analysis of analogues was carried out by Dr Yugo Tsuchiya. The synthesis of 38 was carried
out by Ms Trang Tran and this material was provided for the synthesis of 117, 118 and 154. The synthesis of
119 was also carried out by Ms Trang Tran.
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Figure 4.1 – Phosphonate analogues used in the development of non-hydrolysable diphosphoinositol
polyphosphate analogues.146,147

Figure 4.2 – Phosphonate analogues of substrate phospholipids that target the bacterial acyltransferase PIsY. 148
R = variety of lipophillic chains.

Sulfur-based
Grimes et al.148 also considered the use of the sulfamoyl group as a potential phosphate isostere (Figure
4.3) as sulfur-based analogues are also an excellent bioisostere for phosphate groups. This is due to the
similar tetrahedral shape shared with both sulfamoyl groups and phosphate groups.143

Figure 4.3 – Examples of phosphate isostere based on sulfamoyl moiety to target the bacterial acyltranseferase
PIsY.148

This sulfamoyl moiety has been frequently in the literature as a pyrophosphate group isostere. It has
also been used by Khaled et al.149 in the development of sugar-nucleotide analogues to target
glycosyltransferases (Figure 4.4) and by Erixon et al.150,151 as triazole-based mimics of thiamine
pyrophosphate to inhibit pyruvate decarboxylase (Figure 4.5).
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Figure 4.4 – Sugar-nucleotide analogues developed to target glycosyltransferases by Khaled et al.149. R = sugar
group.

Figure 4.5 – Triazole-based analogues of thiamine pyrophosphate, containing the sulfamoyl isostere to target
pyruvate decarboxylase, developed by Erixon et al.150,151

Carboxylate-based
The third class of potential phosphate isosteres are those based on the carboxylate group as these have
improved cell permeability when compared to the phosphate group.145 However, they do not share the
same tetrahedral shape as in phosphate groups.143 An example of the carboxylate based isosteres are the
dicarbonyl analogues employed by Erixon et al.150,151 in the development of novel triazole-based
analogues of thiamine pyrophosphate (shown in Figure 4.6) to target pyruvate decarboxylase.

Figure 4.6 – Examples of pyrophosphate isosteres based on the dicarbonyl moiety for use in the development of
thiamine pyrophosphate mimics.150,151

Heterocyclic-based
The final class of phosphate or pyrophosphate isostere is based on heterocycles and these are potentially
very useful due to their drug-likeness. The review published by Elliot et al.143 summarised various
different heterocycles used as phosphate mimics, including those based upon the thiazolidinone moiety
and the dihydrofuran-2,4-dione moiety. Additionally, the triazole moiety has also been established as
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a pyrophosphate group mimic. Chen et al.152 described the use of triazole-linked inhibitors of inosine
monophosphate dehydrogenase based upon adenine nucleotides (as shown in Figure 4.7).

Figure 4.7 – Examples of triazole analogues used as pyrophosphate mimics in the synthesis of inhibitors of inosine
monophosphate.152

4.1.2 Design of Series 2 Analogues
The second series designed to find a more “drug-like” analogue of CoA was based on replacing the
pyrophosphate group in CoA with different literature mimics. These structures would have a conserved
adenosine head group and pantothenamide tail (see Figure 4.8).

Figure 4.8 – Basic structure of Series 2 compounds. The pyrophosphate group in these compounds will be replaced
by a known mimic whilst the adenosine head group and pantothenamide tail is conserved.

Despite the extensive literature, there is no clear “gold standard” pyrophosphate mimic and therefore it
was proposed to synthesise the following three compounds (117 to 119), using either the sulfamoyl
linker (117), dicarbonyl linker (118) or triazole linker (119) due to their proposed ease of assembly.
These linkages would also eventually allow libraries of these compounds, with varying
nucleoside/pantothenamide groups, to be assembled. The synthesis of these two analogues, 117 and
119, will be discussed in further detail for the remainder of this Chapter.
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Figure 4.9 – Structure of compounds 117 – 119 chosen for synthesis with comparison to original hit compound,
CoA.

Once a preferred pyrophosphate mimic has been selected, further analogues will be designed to
investigate addition of groups to the 3’ OH of the adenosine ribose and the addition of alternative tail
moieties to investigate the SAR around the tail region, including switching the terminal –CH3 to an –
SH group (as in CoA). Both these additions are predicted to be important for both potency and
selectivity towards Aurora A.
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4.2 Synthesis of Sulfamoyl Analogues
4.2.1 Sulfamoyl Analogue Docking

Prior to synthesis, the suitability of the sulfamoyl linker had to be evaluated using molecular modelling.
For this, 117 was docked into the modified PDB file of the active kinase using GOLD. Overall, the
docking results of analogue 117 highlight that the compound favours the binding mode with the
possibility of the tail interacting with Cys290, instead of the tail extending towards the back pocket of
the binding site. This is highlighted in Figures 4.10 to 4.12 where the highest ranking CHEMPLP
GOLD score result is shown. Figure 4.10 shows the surface model and Figures 4.11 and 4.12 highlight
the potential hydrogen bonding interactions between 117 and Aurora A.

Figure 4.10 – Surface model of the lowest energy conformation of 117 in the Aurora A binding site. This was
docked using GOLD into the PDB file corresponding to the active form of the kinase. This figure highlights the
surface model for the kinase and the dotted spheres surrounding 117 in the binding site highlight how well the
compound is filling the binding site.
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Hinge Region

Cys290
3’ OH

Thr217

Glu260/Asn261
Figure 4.11 – Lowest energy conformation of 117 in the Aurora A binding site. This was docked using GOLD
into the PDB file corresponding to the active form of the kinase. This figure highlights the potential hydrogen
bonding between the linker moiety and Glu260/Asn261. It is worth noting that the 3’OH (highlighted in the green
circle) is too far away to pick up an interaction with Thr217.

Hinge Region

Cys290

Thr217
Glu260/Asn261
Figure 4.12 – Lowest energy conformation of 117 in the Aurora A binding site, highlighting the potential hydrogen
bonding interactions. This was docked using GOLD into the PDB file corresponding to the active form of the
kinase. This figure highlights the potential hydrogen bonding between the adenine head group and the hinge
region and the potential to pick up an interaction with Cys290 should an appropriate tail be used.

From the docking results, it is clear that this compound binds as expected into the Aurora A binding
site. The surface model, shown in Figure 4.10, highlights that the analogue appears to be around the
correct length to fit the binding site and the addition of the dotted space-filling representation of 117
highlights that the analogue fits the binding site well. The required hydrogen bonding between the
Ala213 in the hinge region of the kinase and the adenine of 117 can be seen in Figure 4.12. There is
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also potential interactions between the new sulfamoyl linker and either Glu260/Asn261 (as shown in
Figure 4.11).

Figures 4.11 and 4.12 also highlight the close proximity of the terminal propyl group in the tail region
to the cysteine residue and the potential to pick up an interaction between them both. This interaction
is believed to be an important requirement for potency and selectivity towards Aurora A and this could
be exploited in this structure by switching the terminal CH3 group to an SH group (as in CoA). It is also
worth noting that the addition of an extra moiety to the 3’ OH on this analogue is required to pick up
an interaction with Thr217 to improve the selectivity towards Aurora A. However, in the first instance,
it was envisaged that compound 117 would be synthesised without the addition of these groups to
improve the selectivity towards Aurora A.

4.2.2 Sulfamoyl Analogue Synthesis

For the synthesis of the sulfamoyl analogue (117) it was proposed to use the conditions developed by
Khaled et al.149 who generate sulfamoyl linked compounds in one-pot using chlorosulfonyl isocyanate.
Prior to this step, however, the adenosine starting material would need to be fully protected. The
pantothenamide tail 38 would be used without protection in this step.

The protection of the adenosine starting material (120) was carried out as shown in Scheme 4.1 using
commonly used nucleotide protecting groups from the literature.153,154

Scheme 4.1 – Protection of adenosine starting material. Conditions: (i) pTsOH, acetone, RT, 18 h, 54%; (ii) a)
5.0 eq. TMSCl, pyridine, RT, 30 min before 1.3 eq. benzoyl chloride, RT, 3.5 h; b) NH3 (aq), RT, 1 h, 77% over
both steps.

This protection added the acetonide protecting group first to adenosine before protecting the exocyclic
amine of the adenine ring with a benzoyl protecting group. Both steps were carried out in good yield
and provided 122 for coupling to the pantothenamide tail. Once the coupling is complete, both
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protecting groups can easily be removed; the acetonide protecting group is removed using acidic
conditions and the benzoyl protecting group is removed using basic conditions.

Once the protected adenosine 122 was in hand, it was ready to couple to the pantothenamide tail 38
using the conditions supplied by Khaled et al.149 as shown in Scheme 4.2.

Scheme 4.2 – Synthesis of sulfamoyl analogue 123. Conditions: (i) 1.0 eq. 38, 1.1 eq. chlorosulfonylisocyanate,
CH2Cl2, -35 °C, 2 h then 1.0 eq. 122, 2.5 eq. pyridine, RT, 20 h, no product isolated. Reaction carried out with
and without molecular sieves.

Unfortunately, this initial reaction did not work and none of the desired product 123 was isolated. This
was proposed to be due to the presence of moisture in the reaction and either the weak nucleophilicity
of the pantothenamide tail 38 or its decomposition under the reaction conditions as, in every reaction
attempted, the intermediate 124 (as shown in Figure 4.13) was observed in the crude LCMS.
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Figure 4.13 – Formation of possible by-products 124 and 125, if water is present in chlorosulfonyl
isocyanate reaction.

As one of the main problems with this reaction was believed to be due to the pantothenamide tail failing
to react, it was proposed to carry out further test reactions with a test substrate first as this would allow
us to solve the issues in the reaction without wasting the precious pantothenamide tail (38). The test
substrate chosen was 2,2-dimethylpropan-1-ol as, if successful, it would provide a useful analogue for
testing. Scheme 4.3 shows the reaction attempted with the test substrate, 2,2-dimethylpropan-1-ol.
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Scheme 4.3 – Synthesis of sulfamoyl analogue 126. Conditions: (i) 1.0 eq. 2,2-dimethylpropan-1-ol, 1.1 eq.
chlorosulfonyl isocyanate, CH2Cl2, - 35 °C, 2 h then 1.0 eq. 122, 2.5 eq. pyridine, RT, 20 h, no product isolated.
Reaction carried out with and without molecular sieves.

This reaction was carried out using flame-dried glassware, dry solvents and either in the presence of or
without molecular sieves and, unfortunately, also failed to yield any product. As the intermediate 124
was commonly observed in the reaction, indicating the preferential attack of 122 to the isocyanate rather
than the sulfonyl chloride, the order of addition of the reagents was also switched with the
chlorosulfonyl isocyanate being added to 122 first, before adding the protected adenosine to give 127
(as in Scheme 4.4). This also failed to yield any product.

Scheme 4.4 – Synthesis of sulfamoyl analogue 127. Conditions: (i) 1.1 eq. chlorosulfonyl isocyanate, CH2Cl2, 35 °C, 2 h then 1.0 eq. 2,2-dimethylpropan-1-ol, 2.5 eq. pyridine, RT, 20 h, no product isolated. Reaction carried
out with and without molecular sieves.

Following the difficulties with the one-pot reaction, it was proposed to carry out the chemistry via a
two-step reaction (as shown in Figure 4.14), making use of the intermediate 125. This chemistry has
been carried out in the literature and would give the modified sulfamoyl linker shown in structure
128.148,155
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Figure 4.14 – Alternative route towards the synthesis of the sulfamoyl analogues. Conditions required for each
step were a) base and b) amide coupling conditions.148,155

Unfortunately, to make use of this chemistry, the pantothenamide tail would need to be modified in
order to give the acid group required for the sulfonamide chemistry (instead of the hydroxyl group
currently present). Therefore, in the first instance it was proposed to replicate the conditions used by
Tuck et al.155 to synthesise the truncated sulfamoyl analogues 129 and 130.

Figure 4.15 – Structure of compounds 129 and 130.

Tuck et al.155 synthesised analogues 129 and 130 as potential inhibitors of pantothenate synthetase - an
enzyme required for the ATP-dependant condensation of D-pantoate and β-alanine to form
pantothenate. These analogues (129 and 130) were prepared using the activated N-hydroxysuccinimide
ester of N-boc-L-tert-leucine or the ketoacid which could be reacted with the protected
adenosinesulfamate 121 under basic conditions to give the resulting sulfamoyl product.155 This could
then be deprotected under acidic conditions to remove the acetonide protecting group (as shown in
Scheme 4.5 for the leucine-based analogue 129). It is worth noting that for the synthesis of these
analogues, the exocyclic amino group of the adenosine has been previously shown to be less reactive
than the sulfonyl amino group and therefore did not need to be protected.156
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Scheme 4.5 – Synthetic route for the synthesis of truncated sulfamoyl analogues used by Tuck et al.155. Conditions:
(i) N-hydroxysuccinimide, DME, DCE, 0 °C, 15 h; (ii) DBU, CH2Cl2, RT, 16 h; (iii) TFA, H2O, RT, 16 h.

However, prior to the use of this synthetic route, the protected adenosinesulfamate 133 would need to
be synthesised according to the route shown in Scheme 4.6. This route reacts the previously synthesised
acetonide protected adenosine 121 with sulfamyl chloride (136), prepared from the reaction of
chlorosulfonyl isocyanate with water.

Scheme 4.6 – Synthesis of protected adenosinesulfamate 133 used by Tuck et al.155. Conditions: (i) H2O, MeCN,
RT, 30 min; (ii) 2.0 eq. DBU, CH2Cl2, RT, 16 h.

The synthesis of 133 failed to yield any product using the literature conditions. It is proposed the
reaction failed due to polymerisation of the sulfamoyl chloride intermediate (136), believed to have
polymerised due to the high temperatures required to remove the water from the reaction mixture under
vacuum. Next, removal of water by lyophilisation was considered. However, the priorities in the project
changed and there was insufficient time left to attempt this.
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4.3 Synthesis of Dicarbonyl Analogues
4.3.1 Dicarbonyl Analogue Docking

As with the sulfamoyl analogues, the suitability of the dicarbonyl linker was evaluated using molecular
modelling prior to synthesis. For this, 118 was docked into the modified PDB file of the active kinase
using GOLD. Due to the flexibility of the tail, the docking results for the binding of 128 to Aurora A
showed that two binding modes are possible, either with the tail region extending towards the back
pocket of Aurora A or with the potential interaction with Cys290. Figure 4.16 highlights the surface
models for the two possible binding modes of 118.

a)

b)

Figure 4.16 – Docking results for the binding of 118 to Aurora A, highlighting the two possible tail binding modes:
a) highlights the binding of the tail into the back pocket of the kinase and b) highlights the binding of the tail to
the solvent front of the kinase where it is possible to pick up an interaction with Cys290.

Figure 4.17 shows the highest CHEMPLP GOLD score result and highlights the potential hydrogen
bonding between 118 and the kinase for the head group and linker parts of the molecule. Although, the
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result in Figure 4.17 is shown for the binding mode where the tail extends into the back pocket, these
interactions were consistent throughout all the results.

Hinge Region
3’ OH

Thr217

Cys290
Glu260/Asn261

Figure 4.17 – Lowest energy conformation of 118 in the Aurora A binding site. This figure highlights the potential
hydrogen bonding between the adenine of 118 and the hinge region of the kinase and the interactions between the
linker moiety and Glu260/Asn261. It is worth noting that the 3’OH (highlighted in the green circle) is too far
away to pick up an interaction with Thr217.

Again, as with the sulfamoyl analogue, the required hydrogen bonding between the Ala213 in the hinge
region of the kinase and the adenine of 118 can be seen in Figure 4.17. There is also potential
interactions between one of the carbonyl groups in the linker and either Glu260/Asn261. Again, it is
also apparent that the 3’OH is too far away to pick up an interaction with Thr217 to improve selectivity
towards Aurora A.

Overall, the docking results of analogue 118 suggest that the compound does bind as you would
expected with regards to the head group portion of the molecule, however, it does not have a particular
preference towards either of the two potential tail binding modes. It is possible that with the addition
of a suitable group to the terminal region of the tail, the preferred binding mode with interaction with
Cys290 could be achieved. However, as with the sulfamoyl analogue, it was envisaged that the simplest
structure 118 would be synthesised in the first instance.
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4.3.2 Dicarbonyl Analogue Synthesis

For the synthesis of the dicarbonyl analogue 118, two different routes can be envisaged as summarised
by the retrosynthesis shown in Figure 4.18. These routes can either add the dicarbonyl linker to the
pantothenamide tail (38) first and then to adenosine or vice versa.

Figure 4.18 – Reterosynthesis for the design of a synthetic route towards the synthesis of dicarbonyl analogue
118.

For the synthesis of 118, approach 1 was applied as the synthesis of pantothenamide tail 38 was difficult
to scale and only limited quantities were available. Also, if further analogues were to be synthesised
exploring the tail region, it was logical to add the modifications at the final stages of the synthesis. For
the synthesis of 118, it was proposed to use the acetonide protecting group, applied previously, for the
protection of adenosine. The exocyclic adenine amino group did not need to be protected as it is
unreactive and many literature examples of esterifications with this substrate left the amino group
unprotected.157,158
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Before carrying out the synthesis of 118, the protected linker building block needed to be synthesised.
For this, the linker needed to be protected with an orthogonal protecting group to the acid-labile
acetonide group and therefore, it was proposed to use the benzyl ester protecting group, removed by
hydrogenation. The synthesis of the protected linker 137 is shown in Scheme 4.7 using literature
conditions where Meldrum’s acid was ring-opened with benzyl alcohol.159

Scheme 4.7 – Synthesis of protected linker 137. Conditions: (i) 1.1 eq. benzyl alcohol, toluene, reflux, 4 h, 71%.

The route shown in Scheme 4.8, was used for the synthesis of 118. This route uses the linker precursor
137, the protected adenosine 121 and the pantothenamide tail 38. Esterification155,157 between the
protected adenosine 121 and the protected linker 137 was followed by the removal of the benzyl ester
protecting group using hydrogenation to give the free acid 139. For the pantothenamide tail coupling, a
brief investigation into different coupling conditions was carried out (as shown in Table 4.1) and the
best conditions were found using EDC as the coupling agent.
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Scheme 4.8 – Synthesis of 118. Conditions (i) 2.0 eq. 137, 25 mol% DMAP, 1.3 eq. DCC, CH2Cl2, RT, 19 h,
52%; (ii) 10 mol% Pd/C, MeOH, RT, 6 h, 68%; (iii) 1.0 eq. 38, 1.2 eq. EDC, 1.2 eq. DMAP, CH2Cl2, RT, 68 h,
14%; (iv) TFA, H2O, RT, 1 h, no product isolated.

Experiment

Esterification conditions

No.

Product observed by

Isolated Yield of

LCMS?

140 (%)

1

DCC, DMAP, CH2Cl2



-

2

HOAt, PyAOP, DIPEA, DMF



0

3

DCC, DMAP, THF



0

4

EDC, DMAP, CH2Cl2



25

5

PPh3, DEAD, THF



-

6

HOAt, PyAOP, DIPEA, CH2Cl2



0

Table 4.1 – Investigation into esterification conditions for the coupling of 139 with pantothenamide tail 38
shown in Scheme 4.8.
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This route worked well for the synthesis of the penultimate product 140 and each step resulted in
reasonable yield. The scale-up of the esterification between 139 and 38 using the optimised conditions
resulted in a lower yield of product 140, however, there was sufficient material to carry out the acetonide
deprotection. Unfortunately, the acetonide deprotection using TFA resulted in none of the desired
product 118 being isolated. This was due to the decomposition of the pantothenamide tail moiety under
acidic conditions. Therefore, an investigation into alternative acetonide deprotection conditions was
carried out.

For the investigation into alternative acetonide deprotection conditions, the reaction shown in Scheme
4.9 was carried out using the intermediate 122 (prepared previously) as a mock substrate to establish
which conditions would work before applying to the intermediate 140. The attempted deprotection
conditions are summarised in Table 4.2.

Scheme 4.9 – Mock acetonide deprotection used to investigate milder conditions for the deprotection of 122.
Conditions: (i) shown in Table 4.2.

Experiment No.

Deprotection Conditions

Product observed by NMR?

1

HCl, Dioxane160



2

Dowex® 50WX8, MeOH161



3

PPTS, MeOH162



4

I2, MeOH163



Table 4.2 – Investigation into alternative conditions for the acetonide deprotection of 122 as shown in Scheme
4.9. Reaction products were observed by crude NMR following the appropriate work-up.

Pleasingly, it was apparent that it may be possible to carry out the acetonide deprotection using the
DOWEX® resin as the desired product 141 was observed following deprotection of the mock substrate
122. Unfortunately, when applied to the intermediate 140, no product was isolated. It was therefore
proposed than an alternative protection group would be required to protect the 2’/3’ positions of
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adenosine. This alternative protecting group used could not be acid labile and must be orthogonal to
the protecting group used on the linker (as illustrated in Figure 4.19).

Figure 4.19 – Summary of the factors taken into account in the design of orthogonal protecting groups for the
synthesis of 118.

As a solution to this problem encountered with the acetonide protecting group, four different ideas were
proposed. These are illustrated in Table 4.3 and use a combination of different protecting groups. For
approach 1, this switches the P1 group to a benzylidene acetal which is removed using transfer
hydrogenation conditions.164 For this, the linker protecting group needed to be switched to a
trichloroethyl ester group, removed with zinc. For approaches 2-4, silyl protecting groups were
considered for P1 and they retained the benzyl ester protecting group used previously. The silyl
protecting groups can easily be removed with TBAF.165

Approach No. P1 Diol Protecting Group P2 Acid Protecting Group
1

Benzylidene acetal

Trichloroethyl ester

2

Trimethylsilyl

Benzyl Ester

3

Di-tert-butyl silyl

Benzyl Ester

4

Tetraisopropyldisilyl

Benzyl Ester

Table 4.3 – Proposed approaches to the protecting group problem encountered in the synthesis of 118.

For the first approach considered, the trichloroethyl ester protected linker (142) was synthesised, using
similar literature conditions to the synthesis of 137 where Meldrum’s acid was ring-opened with the
appropriate alcohol.166 This worked in reasonable yield and the conditions are shown in Scheme 4.10.
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Scheme 4.10 – Synthesis of protected linker 142. Conditions: (i) 1.1 eq. 2,2,2-trichloroethanol, toluene, reflux,
5 h, 42%.

Following the synthesis of the protected linker 142, the protected adenosine was synthesised according
to literature conditions developed by Redwan et al.167 and the two precursors were coupled together
using the esterification conditions used previously in Scheme 4.8 to give 138. The trichloroethyl ester
could then be removed using zinc. This synthetic route is shown in Scheme 4.11.

Scheme 4.11 – Route for the synthesis of 118 using the benzylidene acetal protecting group. Conditions: (i) 5.0 eq.
ZnCl2, benzaldehyde, RT, 65 h, 66%; (ii) 2.0 eq. 142, 25 mol% DMAP, 1.3 eq. DCC, CH2Cl2, RT, 18 h, 92%;
(iii) 36 eq. zinc dust, 1M NH4OAc (aq), THF, RT, 20 h, no product isolated.

Unfortunately, the deprotection of the trichloroethyl ester group failed to yield the desired product 145.
This was due to the decomposition of the product back to the precursor 143 by loss of the malonate
group under the reaction conditions. Therefore, it was proposed to focus on the other three alternative
approaches, using different silyl protecting groups, in the synthesis of 118. These solutions all take
advantage of the previously prepared benzyl protected linker 137 and started from the intermediate,
156, resulting from the acetonide deprotection of 138 with TFA (as shown in Scheme 4.12).155 This
intermediate was used as it can be difficult to selectively add each silyl protecting group to adenosine
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first at the 2’ and 3’ positions (the 3’ and 5’ positions are favoured) and by using an already “protected”
intermediate, the time required to evaluate each solution could be reduced.

Scheme 4.12 – Synthesis of the intermediate 146, required for the synthesis of the silyl protected analogues.
Conditions: (i) TFA, H2O, RT, 4 h, 80%.

First, it was proposed to use a trimethylsilyl (TMS) protecting group – a notoriously labile group under
wet conditions. For this route (shown in Scheme 4.13), it was hoped that the TMS group would stay in
place during both the hydrogenation to remove the benzyl ester and the coupling of the pantothenamide
tail and fall off during the aqueous work-up of the coupling reaction.

Scheme 4.13 – Synthesis of 118 using TMS-protected adenosine. Conditions: (i) 2.5 eq. TMSCl, 3.0 eq. NEt3,
CH2Cl2, RT, 16 h, 56%; (ii) 10 mol% Pd/C, MeOH, RT, 6 h, 98% of 149.

As could be predicted, the TMS group was labile under the hydrogenation conditions and therefore
resulted in the failure to isolate 148, preventing the esterification with the pantothenamide tail 38 from
being carried out. The hydrogenation reaction could be repeated using a polar, aprotic solvent, such as
ethyl acetate, instead of methanol which is capable of removing the TMS group, however, this was not
attempted at this time. Fortunately, the hydrogenation resulted in a good yield of 149 (shown in Figure
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4.20) which could be submitted for biological testing to investigate the effect of the head group alone
on Aurora A.

Figure 4.20 – Structure of compound 149.

Next, it was proposed to use the di-tert-butyl silyl protecting group. The synthesis of the silyl protected
intermediate 150 is shown in Scheme 4.14, using di-tert-butylsilylditriflate (DTBS).168

Scheme 4.14 – Synthesis of DTBS-protected adenosine 150. Conditions: (i) 1.1 eq. DTBS triflate, 3.0 eq. pyridine,
CH2Cl2, RT, 24 h, no product isolated.

Unfortunately, this reaction was low-yielding and difficult to purify and hence resulted in the failure to
isolate any clean 150. This reaction was proposed to have failed due to the large steric bulk, from both
the triflate group and the tert-butyl groups, surrounding the silicon atom, preventing the reaction from
occurring. This could be solved by using either di-tert-butyldichlorosilane to add the protecting group
or using the diisopropyl analogue of the protecting group. This was not attempted at this point, as
luckily, the fourth protecting group combination proved to be successful.

For the final protecting group combination, the tetraisopropyldisilyl (TIPDS) protecting group was used
to protect the 2’/3’ positions of adenosine alongside the benzyl ester protected linker. This protecting
group combination proved to be most successful and resulted in the isolation of 118 (Scheme 4.15).
The previously prepared intermediate 146 was protected with the TIPDS group using literature
conditions169 before removing the benzyl protecting group by hydrogenation. Once deprotected, the
resulting acid 152 was then coupled to the pantothenamide tail 38 using the conditions developed
previously in moderate yield before removing the silyl protecting group. Due to the concern of the
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strong basicity of the F- ion from TBAF causing unwanted side reactions,170,171 ammonium fluoride was
successfully applied to the silyl deprotection instead.172

Scheme 4.15 – Synthesis of 118 using the TIPDS protecting group. Conditions: (i) 1.1 eq. TIPDSCl2, pyridine,
RT, 18 h, 45% (ii) 10 mol% Pd/C, MeOH, RT, 5 h, 71%; (iii) 1.0 eq. 38, 1.2 eq. EDC, 1.2 eq. DMAP, RT, 20 h,
25%; (iv) 8.5 eq. NH4F, MeOH, RT, 1.5 h, 42%.

This synthetic route illustrated successfully gave 118 which could be submitted for biological testing
against Aurora A kinase. As a route was now in place for the synthesis of the dicarbonyl analogues, it
was proposed to make the amino equivalent 154 as well.

Figure 4.21 – Structure of compound 154.
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This was synthesised using an analogous route as used for the synthesis of the ester equivalent 118,
starting from the synthesis of the acetonide protected adenosine 121 before converting the 5’-OH to an
-NH2 group, using conditions developed by Yao et al.160 This step occurs via a Mitsunobu reaction to
add the phthalimide group before treating with hydrazine. Once 155 is synthesised the route follows
the same procedure as for 118 with addition of the benzyl protected linker 137 and the subsequent
removal of the acetonide protecting group. Next, the addition of the silyl protecting group occurs via
different conditions developed by Kim et al.173 which result in a better yield of 158 when compared to
the initial conditions used by Sierzchala et al.169 Before deprotecting the benzyl ester using
hydrogenation conditions. Then, 159 can be coupled to the pantothenamide tail before removing the
silyl protecting group using ammonium fluoride to give the desired product 154. Scheme 4.16 shows
the full synthesis of 154, starting from the acetonide protected adenosine 121.
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Scheme 4.16 – Synthesis of 154. Conditions: (i) 1.1 eq. phthalimide, 1.1 eq. PPh3, 1.1 eq. DIAD, THF, RT, 5 h
then 5.0 eq. hydrazine hydrate, EtOH, reflux, 16 h, 44% over two steps; (ii) 2.0 eq. 137, 1.3 eq. DCC, 25 mol%
DMAP, CH2Cl2, RT, 21 h, 78%; (iii) TFA, H2O, RT, 3 h, 90%; (iv) 1.2 eq. TIPDSCl2, 2.5 eq. imidazole, 25 mol%
DMAP, DMF, RT, 17 h, 61% (v) 10 mol% Pd/C, MeOH, RT, 3 h, 95%; (vi) 1.0 eq. 38, 1.2 eq. EDC, 1.2 eq.
DMAP, RT, 18 h, 14%; (vii) 8.5 eq. NH4F, MeOH, RT, 1.5 h, 75%.

This synthetic route for the preparation of 154 resulted in sufficient material to be submitted for
biological testing against Aurora A.

As the intermediate 149 was also being submitted, the

hydrogenation of 157 was carried out as in Scheme 4.17 to give 161 which was also submitted for
testing.
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Scheme 4.17 – Synthesis of 161. Conditions: (i) 10 mol% Pd/C, MeOH, RT, 5 h, 98%.

4.3.3 Biological Testing of Initial Dicarbonyl Analogues

The two full length analogues 118 and 154 and their corresponding head group analogues, 149 and 161
respectively, were tested against Aurora A by Dr Yugo Tsuchiya and the results are shown in Table 4.4.
The IC50 values were measured in a radioactive filter-binding assay.

Compound

Aurora A Activity
(IC50, mM)

149

0.42

118

1.3

161

0.91

154

1.1

Table 4.4 – IC50 values for analogues 118, 149, 154 and 161 against Aurora A.80 For this assay, CoA was used as
a control and values are represented as the mean of at least two independent determinations and are within ± 30%.

Disappointingly, these compounds both show limited activity towards Aurora A kinase. This is
proposed to be due to a number of reasons, including the use of the wrong length of linker and the lack
of both 3’ phosphate group on adenosine and the terminal –SH of the pantetheine tail; two important
moieties required for potency and selectivity towards Aurora A. Therefore, the design of further
analogues based on the dicarbonyl series would address each of these reasons.

Despite this limited activity, there is a two-fold improvement in activity when the ester head group (as
in analogue 149) when compared to the amino equivalent (as in 161). Due to this, and the shorter
synthetic route required to synthesise the ester analogues, all further dicarbonyl analogues were
designed using the ester linkage instead of the amine.
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4.3.4 Addition of 3’ Phosphate Group to Improve Selectivity

Following the disappointing biological testing results for 118 and 154, one of the ways proposed to
improve this potency was in the addition of the 3’ phosphate group as the interaction of this group with
Thr217 in the kinase is believed to an important feature required for selectivity towards Aurora A.

Figure 4.22 – Structure of compound 162.

This feature can be highlighted by looking at the docking of prospective compound 162 in the Aurora
A binding site. This docking was carried out as before using GOLD with the modified PDB file of the
active kinase. Figure 4.23 shows the result with the highest CHEMPLP GOLD Score ranking as a dotted
space-filling model in the surface model of the kinase and Figure 4.24 highlights a comparison between
118 and 162 in the ATP binding site of Aurora A.

Figure 4.23 – Docking results for the binding of 162 to Aurora A.

a)

b)
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a)

b)

Thr217

Thr217

Figure 4.24 – Comparison of the docking results for the binding of 118 and 162 to Aurora A. This figure compares
the binding of each compound to the ATP binding site with a) showing analogue 118 and b) showing analogue
162 with the addition of the 3’ phosphate group and highlighting the possibility of interaction with Thr217. The
3’ OH is highlighted with the green circle in both pictures.

As is clear from Figure 4.23, this analogue binds in a very similar manner to 118 with the adenine sitting
at the hinge region of the kinase and the flexible tail sitting in the front pocket. However, by comparing
the binding modes for both 118 and 162 (as shown in Figure 4.24), it is clear that the addition of the 3’
phosphate group to this analogue is necessary to pick up the required interaction with Thr217. It was
therefore proposed to add this 3’ phosphate group to 118 enzymatically using dephospho-Coenzyme A
kinase.
Dephospho-Coenzyme A kinase (DPCK) catalyses the selective phosphorylation of the 3’-OH of
dpCoA to form CoA (as shown in Figure 4.25).70 It is the final step in the biosynthetic pathway for the
synthesis of CoA and requires both magnesium and ATP.

Figure 4.25 – Phosphorylation of dephospho-CoA to form CoA catalysed by dephospho-CoA kinase.70

It was proposed that our dicarbonyl analogues (118 and 154), with a structural similarity to dephosphoCoA, would be accepted by DPCK and phosphorylated at the 3’-OH position. The incubation of each
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analogue with DPCK was carried out by Dr Yugo Tsuchiya at either pH 7.5 (Tris buffered saline (TBS))
or pH 7.7 (ammonium bicarbonate buffer (AmBiC)), with or without magnesium chloride. Following
incubation, the reaction progress was then monitored by myself by both analytical HPLC and LCMS to
determine whether phosphorylation had occurred. The conditions for each reaction are shown in Table
4.5, with each individual reaction being incubated for 1 h at 37 °C. The activity of the DPCK was
assessed by incubating with dephospho-CoA as a control.

Reaction No. Dicarbonyl Analogue MgCl2 present?

Buffer

1

118



TBS

2

118



TBS

3

154



TBS

4

154



TBS

5

118



AmBic

6

118



AmBic

7

154



AmBic

8

154



AmBic

Table 4.5 – Experimental conditions used for the phosphorylation of 118 and 154, catalysed by dephospho-CoA
kinase. Each reaction also contained ATP and DPCK. TBS refers to Tris buffered saline at pH 7.5 and AmBic
refers to ammonium bicarbonate buffer at pH 7.7. 80

Unfortunately, the analysis by analytical HPLC and LCMS showed that none of these reactions yielded
any phosphorylated product following incubation with the enzyme. The analysis also failed to show the
consumption of any ATP or a new peak resulting in the formation of ADP and therefore, it is likely that
the two dicarbonyl analogues are not accepted by the DPCK enzyme.

4.3.5 Optimisation of the Synthesis of Protected Adenosine 165

Prior to the synthesis of further analogues, the synthetic route used to make these dicarbonyl analogues
needed to be optimised. In particular, it was necessary to add the silyl protecting group first to the
adenosine, rather than using the acetonide protecting group first and then switching protecting groups
halfway through the synthesis.
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The addition of the silyl protecting group first to adenosine was envisaged to be problematic due to the
preference of the silyl protecting group to selectively add 3’/5’ to the adenosine ribose, instead of 2’/3’
as required. To combat this problem, two different routes were explored, either to add the silyl
protection group via a two-step route or a three-step route. The two-step route would use acidic
conditions to isomerise the 3’/5’ protected adenosine to the 2’/3’ protected adenosine, whereas the
three-step route would selectively add a 4,4-dimethoxytrityl protecting group to the 5’ position of
adenosine ribose before adding the silyl protecting group. The trityl protecting group can then be
removed with acetic acid.174

First, it was proposed to carry out the reaction as a two-step reaction route where the silyl protecting
group has first been added to the 3’/5’ positions of the adenosine ribose before isomerisation occurs
under acidic conditions to give the desired 2’/3’ protected adenosine 165. Before test isomerisation
reactions could be carried out, two sets of literature conditions were evaluated to add the silyl protecting
group to the 3’/5’ positions (as shown in Schemes 4.18 and 4.19).173,175

Scheme 4.18 – Silyl protection of adenosine to give 164. Conditions: (i) 1.1 eq. TIPDSCl2, pyridine, RT, 16 h,
69%.

Scheme 4.19 – Silyl protection of adenosine to give 164. Conditions: (i) 1.2 eq. TIPDSCl2, 2.5 eq. imidazole,
25 mol% DMAP, DMF, RT, 17 h, 85%.

The second set of conditions, developed by Kim et al.,173 resulted in a greater yield of the protected
adenosine 164 when compared to the conditions developed by Kumar et al.175 and was therefore used
for the synthesis of further batches of 164. Next, the isomerisation (shown in Scheme 4.20) was
investigated by carrying out some of the literature conditions as shown in Table 4.6.
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Scheme 4.20 – Isomerisation of silyl protected adenosine intermediate 164 to give desired product 165.
Conditions are illustrated in Table 4.6.

Experiment No.

Conditions

175 isolated?

1

TMSOTf, DCE, 0 °C, 3 h176



2

pTsOH, DCE, RT, 16 h176



3

MsOH, DCE, RT, 16 h177



Table 4.6 – Conditions attempted for the isomerisation of silyl protected adenosine intermediate 164 to give
desired product 165, as shown in Scheme 4.20.

Unfortunately, none of the literature conditions yielded any of the desired isomerisation product 165
and therefore, it was proposed to explore alternative isomerisation conditions.
Additionally, it has been proposed that isomerisation to the 2’/3’ positions can occur when the silyl
protection has been carried out in DMF.178 A previous set of reaction conditions, developed by Kim et
al.173, using a combination of imidazole and DMAP in DMF did not yield the preferred isomer 165
(shown in Scheme 4.19). However, a further series of experiments using DMF as the solvent were
carried out as shown in Table 4.7 (reaction shown in Scheme 4.21). For these reactions, it was proposed
that the silyl protecting group would initially add 3’/5’ (as in 164) and then isomerise to give the desired
product 165.
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Scheme 4.21 – Silyl protection of adenosine to give 165. Conditions are shown in Table 4.7.

Experiment
No.

2’/3’ Protection 3’/5’ Protection

Conditions

(165)

(164)

1

DMF, RT, 16 h





2

Pyridine, DMF, RT, 16 h





3

Imidazole, DMF, RT, 16 h





Table 4.7 – Conditions attempted for silyl protection of adenosine to give 165, as shown in Scheme 4.21. Each
reaction used 1.1 eq. TIPSCl2. The formation of either isomer (165 or 164) was analysed by crude NMR.

The use of DMF also failed to yield any of the isomerisation product 165 and, instead, only 164 (the
3’/5’ protected analogue) was observed in the crude NMR. As no further potential isomerisation
conditions had been found, it was proposed to pursue the three-step route towards the synthesis of 165
instead. This route, although a step longer, would provide 165 in a reliable fashion by the use of an
orthogonal protecting group to first protect the 5’OH of the adenosine ribose.
For the three step synthesis route, it was proposed to first protect the 5’OH of adenosine with the 4,4dimethoxytrityl protecting group before adding the silyl protecting group selectively to the 2’/3’
positions of the adenosine ribose. The trityl protecting group could then be selectively removed by the
use of 80% acetic acid.179 This synthetic route is shown in Scheme 4.22.
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Scheme 4.22 – Three step route towards the silyl protection of adenosine. Conditions: (i) 1.1 eq. 4,4dimethoxytrityl chloride, 2.0 eq. NEt3, 25 mol% DMAP, pyridine, RT, 20 h, 34%; (ii) 1.2 eq. TIPDSCl 2, 2.5 eq.
imidazole, 25 mol% DMAP, DMF, RT, 17 h, 61%; (iii) 80% AcOH, RT, 4 h, 74%.

This route worked well for the synthesis of 165, despite the low yield for the initial 4,4-dimethoxytrityl
group protection, previously improved to 34% yield following the addition of NEt 3 and DMAP to the
reaction as used by Matulic-Adamic et al.180 Both the silyl protection (using the previously discussed
conditions) and the trityl group removal worked in good yield.

Before this route could be used for the synthesis of further dicarbonyl analogues, the esterification
between 165 and the protected linker 137 using the previous conditions, was carried out to ensure this
route worked. This is shown in Scheme 4.23.

Scheme 4.23 – Esterification between 165 and protected linker 137 to give 151. Conditions: (i) 2.0 eq. 137, 1.3 eq.
DCC, 25 mol% DMAP, CH2Cl2, RT, 18 h, 90%.
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Luckily, the esterification worked well and gave an excellent yield of 151. Therefore, all further
dicarbonyl analogues would be synthesised via this route, using the three-step approach to the silyl
protected adenosine 165.

4.3.6 Finding the Optimum Linker Length

Once the optimisation was completed, it was next proposed to investigate the length of the dicarbonyl
linker used in order to improve the potency of this series of compounds. For this, two analogues 168
and 169 would be synthesised with the addition of either one or two carbons between the two carbonyl
groups in the linker.

Figure 4.26 – Structure of compounds 168 and 169.

These analogues would be synthesised according to the previously discussed route (in Schemes 4.15
and 4.22) starting from the silyl-protected adenosine 165. However, before this route could be
employed, the protected linkers and the pantothenamide tail 38 were synthesised. The benzyl protected
linkers 171 and 173 were synthesised according to literature conditions181 by the ring-opening of
succinic anhydride and glutaric anhydride with benzyl alcohol as shown in Schemes 4.24 and 4.25
respectively.

Scheme 4.24 – Synthesis of protected linker 171. Conditions: (i) 1.1 eq. benzyl alcohol, 1.1 eq. NEt3, CH2Cl2, RT,
16 h, 63%.
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Scheme 4.25 – Synthesis of protected linker 173. Conditions: (i) 1.1 eq. benzyl alcohol, 1.1 eq. NEt3, CH2Cl2, RT,
16 h, 61%.

Synthesis of the pantothenamide tail 38 was carried out according to the conditions developed by Ms
Trang Tran as illustrated in Scheme 4.26.86 This route starts from the sodium salt of pantothenic acid
(174) which is washed down an Amberlite® IR120 resin to give the free acid (175) which is coupled to
propylamine using DPPA as the coupling agent as used by Virga et al.76

Scheme 4.26 – Synthesis of pantothenate tail 38. Conditions: (i) Amberlite® IR120, MeOH, quantitative yield; (ii)
1.5 eq. DPPA, 2.1 eq. NEt3, DMF, 0 °C, 30 min; (iii) 1.6 eq. propylamine, RT, 18 h, 47%.

Once the two protected linkers and the pantothenamide tail 38 were in hand, the two full length
analogues (168 and 169) were synthesised as shown in Schemes 4.27 and 4.28, using the route
previously discussed starting from the esterification between the silyl protected adenosine 165 and the
corresponding protected linker 171 or 173. Following the esterification, the benzyl protecting group
was removed using hydrogenation conditions before coupling with the pantothenamide tail 38 and
removal of the silyl protecting group.
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Scheme 4.27 - Synthesis of 168. Conditions: (i) 2.0 eq. 171, 1.3 eq. DCC, 25 mol% DMAP, CH 2Cl2, RT, 16 h,
85%; (ii) 10 mol% Pd/C, MeOH, RT, 5 h, 97%; (iii) 1.0 eq. 38, 1.2 eq. EDC, 1.2 eq. DMAP, RT, 18 h; (iv) 8.5 eq.
NH4F, MeOH, RT, 1.5 h, 1% over two steps.
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Scheme 4.28 - Synthesis of 169. Conditions: (i) 2.0 eq. 173, 1.3 eq. DCC, 25 mol% DMAP, CH 2Cl2, RT, 16 h,
34%; (ii) 10 mol% Pd/C, MeOH, RT, 3 h, 97%; (iii) 1.0 eq. 38, 1.2 eq. EDC, 1.2 eq. DMAP, RT, 18 h; (iv) 8.5 eq.
NH4F, MeOH, RT, 1.5 h, 3% over two steps.

Most of the steps in these synthetic routes worked well and gave good yields of the corresponding
products. However, problems were encountered with the coupling of either 177 or 180 to the
pantothenamide tail 38 using EDC, with the resulting product being difficult to purify. Fortunately,
there was sufficient crude material isolated to remove the silyl group using ammonium fluoride. This
reaction step simplified the purification of the product and gave 168 and 169 for submission for
biological testing against Aurora A to investigate the preferred dicarbonyl linker length.

4.3.7 Biological Testing of the Dicarbonyl Analogues 168 and 169

The two additional analogues 168 and 169 with increasing linker length were tested against Aurora A
by Dr Yugo Tsuchiya and the results are shown in Table 4.8. The IC50 values were measured in a
radioactive filter-binding assay.
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Aurora A Activity

Compound

(IC50, µM)

168

497

169

542

Table 4.8 – IC50 values for analogues 168 and 169 against Aurora A.80 For this assay, CoA was used as a control
and values are represented as the mean of at least two independent determinations and are within ± 30%.

Pleasingly, a two-fold improvement in activity towards Aurora A has been seen for these two analogues
with longer linker lengths when compared to the initial dicarbonyl analogue, 118. Unfortunately, the
docking results for these compounds are very similar to those obtained for 118 and do not explain the
increase in potency. For both analogues, due to the flexibility of the tail and the linker, there is no clear
preference to either binding mode available for the tail.

Disappointingly, a kinase inhibitor with a comparable activity to CoA has yet to be synthesised.
Therefore, it was next proposed to further investigate the important features of the tail region required
to improve the potency of the analogues, in particular, switching the terminal CH3 in the tail region
back to an SH (as found in CoA). For this, analogues using the linker 171, would be synthesised.

4.4 Investigation into the SAR of tail region
4.4.1 Design of Additional Dicarbonyl Analogues

As mentioned previously, it was next proposed to synthesise a small group of analogues to start to
investigate the SAR around the tail region, as well as hopefully improving the potency towards Aurora
A. In the first instance, analogues with varying tail lengths would be synthesised and the carbonyl linker
with the best activity (as in 168) would be used. Figure 4.27 highlights how the three analogues were
chosen by fragmenting the tail of 168 at different points.
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Figure 4.27 – Points of fragmentation of 168 to give the three additional analogues for synthesis.

At this point, it was also proposed to synthesise an analogue (184) with the exact tail from CoA (rather
than the modified tail as used previously), with a terminal SH group instead of a CH 3 as the potential
interaction between this terminal –SH and residues within the active site of the kinase, potentially
Cys290, were proposed to be important for activity (discussed previously in Section 1.4.3).

Figure 4.28 – Structure of compound 184.

4.4.2 Optimisation of the Synthesis Route

Prior to the synthesis of further analogues, it was proposed to optimise the synthetic route further by
carrying out a brief investigation into alternative esterification conditions for the coupling of the tail to
the linker moiety. This was required to be carried out at this point due to the limited availability of

- 168 -

large quantities of some of the new tail precursors and the difficulty purifying this step in the synthesis
of analogues 168 and 169.

For the optimisation of the esterification, the coupling between 177 and the truncated pantothenamide
tail 185 was used as a test reaction (as shown in Scheme 4.29). This was chosen as 185 was the easiest
pantothenamide tail to synthesise (synthesis discussed in Section 4.4.4) and this intermediate would be
required in the synthesis of truncated analogue 182. The investigation looked into the use of different
coupling regents as well as the use of a hydroxysuccinimide ester (187) – an activated ester that can be
isolated and purified before addition of the pantothenamide tail (synthesis shown in Scheme 4.30).155
The optimisation carried out is illustrated in Table 4.9.

Scheme 4.29 – Test esterification reaction between 177 and pantothenamide tail 185 used for the optimisation.
Conditions are shown in Table 4.9.

Scheme 4.30 – Synthesis of activated hydroxysuccinimide ester 187. Conditions: (i) 2.0 eq. Nhydroxysuccinimide, 1.4 eq. DCC, CH2Cl2, RT, 16 h, 89%.
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Experiment No.

Starting
Material

Conditions

Yield of 186 (%)

1

177

EDC, DMAP, CH2Cl2

23

2

177

Isobutylchloroformate, NEt3, CH2Cl2182

No Product

3

177

DIC, DMAP, CH2Cl2

39

4

187

DBU, CH2Cl2155

No Product

5

187

NaH, CH2Cl2

7

6

187

DIC, DMAP, CH2Cl2

16

Table 4.9 – Optimisation of esterification reaction. Test reactions either started from the acid 177 or the
hydroxysuccinimide ester 187. Each reaction was stirred for 16 h at RT and contained 1.1 eq. of the
pantothenamide tail 185.

It is apparent from the results that the use of the activated hydroxysuccinimide ester 187 did not improve
the isolated yield of 186 and instead, the best conditions (Experiment No. 3 in Table 4.9) were found
using DIC – an alternative coupling agent. These improved conditions were applied to the synthesis of
the four remaining analogues (181 – 184) and the synthetic routes will now be discussed in detail.

4.4.3 Synthesis of 181

181 is the shortest analogue for synthesis in this series and it was made according to the route described
in Scheme 4.31, starting from the coupling of 177 (prepared previously in Scheme 4.27) to 2,2dimethyl-1-propanol, applying the optimised conditions using the coupling agent DIC, before removing
the silyl protecting group with ammonium fluoride. This provided 181 in a good yield and it was
submitted for biological testing against Aurora A.
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Scheme 4.31 – Synthesis of truncated analogue 181. Conditions: (i) 1.5 eq. 2,2-dimethyl-1-propanol, 1.5 eq. DIC,
25 mol% DMAP, CH2Cl2, RT, 20 h, 66%; (ii) 8.5 eq. NH4F, MeOH, RT, 1.5 h, 59%.

4.4.4 Synthesis of 182

For the synthesis of 182, the truncated pantothenamide tail 185 was synthesised first by using literature
conditions developed by Sledz et al.183 to ring-open D-pantolactone with N-methylamine before
coupling to 177 using the conditions described previously. Finally, deprotection of the silyl protecting
group using ammonium fluoride gave 182 in good yield. The synthetic route is illustrated in Scheme
4.32 and provided 182 in sufficient quantities for biological testing.
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Scheme 4.32 – Synthesis of truncated analogue 182. Conditions: (i) 1.3 eq. N-methylamine (aq), MeOH, RT, 3 h,
97%; (ii) 1.5 eq. DIC, 25 mol% DMAP, CH2Cl2, RT, 20 h, 46%; (iii) 8.5 eq. NH4F, MeOH, RT, 1.5 h, 34%.

4.4.5 Synthesis of 183

Before 183 could be synthesised, the truncated tail 191 was to be made. Initially, it was proposed to
synthesise this according to the procedure used for the synthesis of pantothenamide 38, starting from
the sodium salt of pantothenic acid (174) (as shown in Scheme 4.26). Disappointingly, this did not result
in any product following the coupling of the free acid 175 to methylamine with DPPA. Therefore, it
was proposed to synthesise 191 via the route shown in Scheme 4.33, starting from the Boc-protection
of β-alanine. The resulting product was then coupled to N-methylamine using isobutylchloroformate
before removal of the Boc protecting group with TFA.184,185 This was then used to ring open Dpantolactone using basic conditions to give 191.186
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Scheme 4.33 – Synthesis of pantothenate tail 191. Conditions: (i) di-tert-butyl dicarbonate, NaOH (aq), RT, 18 h,
43%; (ii) 1.2 eq. isobutylchloroformate, 2.0 eq. NEt3, THF, 0 °C, 1 h; (iii) 2.5 eq. N-methylamine, RT, 16 h, 85%;
(iv) TFA, CH2Cl2, RT, 4 h, quantitative yield; (v) D-pantolactone (9), NEt3, MeOH, reflux, 20 h, 34%.

This route provided 191 in moderate yield. Unfortunately, the ring-opening of D-pantolactone with
195 resulted in a low yield due to difficulties in isolating the clean product from column
chromatography.

Next, the analogue 183 was synthesised according to the previously described route (shown in Scheme
4.34), starting from the coupling of the newly synthesised truncated tail 191 to 177.

Scheme 4.34 – Synthesis of truncated analogue 183. Conditions: (i) 1.5 eq. DIC, 25 mol% DMAP, CH 2Cl2, RT,
20 h; (ii) 8.5 eq. NH4F, MeOH, RT, 1.5 h, 18% over two steps.

Unfortunately, problems were encountered again with the purification of the coupling step ((i) from
Scheme 4.34) of 177 to the truncated tail 191 and therefore it was submitted crude for deprotection by
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ammonium fluoride. Nevertheless, following a simpler purification, this deprotection step provided 183
in sufficient quantity for biological testing against Aurora A.

4.4.6 Synthesis of 184
The final analogue to be synthesised was 184 containing the terminal –SH, thought to be required for
potency and selectivity against Aurora A. For the synthesis of this analogue, it was proposed to add Dpantethine (197, the oxidised dimer of pantothenic acid) to 177 using the coupling conditions developed
previously before removing the silyl protecting group and cleaving the disulfide bond with TCEP.
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Scheme 4.35 – Synthesis of -SH analogue 184. Conditions: (i) 2.5 eq. DIC, 1.0 eq. DMAP, THF, RT, 20 h, gave
a mixture of 198 and 199; (ii) 8.5 eq. NH4F, MeOH, RT, 1.5 h, 4% over two steps; (iii) 10.0 eq. TCEP, H 2O,
MeCN, RT, 1 h, 78%.
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Again, difficulties were encountered with the purification of the coupling reaction between 177 and Dpantethine (step (i) in Scheme 4.35) and in this case, a mixture of the singly reacted product 198 and
the doubly reacted product 199 was isolated. This mixture was treated with ammonium fluoride to
remove the silyl protecting group and the purification of this step allowed the two products to be
separated. Following deprotection, the disulfide bond in 200 was reduced using TCEP to successfully
yield 184 in good yield. The presence of the free –SH of 184 was confirmed by testing with Ellman’s
Reagent and 184 was submitted for testing, along with analogues 181 to 183, against Aurora A kinase.

4.4.7 Biological Testing of 181 - 184

The four analogues 181 - 184 were tested against Aurora A by Dr Yugo Tsuchiya and the results are
shown in Table 4.10. The IC50 values were measured in a radioactive filter-binding assay.

Compound

Aurora A Activity
(IC50, µM)

181

430

182

1300

183

1400

184

83

Table 4.10 – IC50 values for analogues 181 - 184 against Aurora A.80 For this assay, CoA was used as a control
and values are represented as the mean of at least two independent determinations and are within ± 30%.

Two main observations surrounding the SAR of the tail region can be established from the testing of
these compounds; the terminal –SH group is essential for activity and without the terminal SH, shorter
analogues are preferred.

The first observation is key to understanding the important interactions between CoA and the kinase as,
clearly, the –SH provides a crucial interaction with a residue in the kinase. Previously, it was discussed
that the flexible tail of CoA can either bind by extending out towards a back pocket in the kinase active
site or it could form an interaction with the Cys290 residue. As the analogue, 184, supported the theory
that the –SH is crucial for activity, it was proposed to investigate whether this was due to a covalent
interaction by running the activity assay with or without DTT present. The corresponding IC 50 curves
for this experiment are shown in Figure 4.29.
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Aurora Kinase A Activity (%)

- DTT
+DTT

Log[compound(nM)]
Figure 4.29 – IC50 curves for the activity of 184 against Aurora Kinase A, with or without DTT present. The IC50
value for DTT present is 731 µM and the IC50 value for no DTT present is 117 µM.80

This data establishes that the inhibition of Aurora A by 184 is DTT dependent and a loss of activity is
observed when DTT is included in the assay. However, this data does not explicitly indicate which
potential binding mode is preferred and further work, either by mass spectrometry or X-ray
crystallography, is required to confirm this. Initial work has been started on the synthesis of CoA
analogues with the ability to covalently bind to the enzyme in order to find the possible location of
pantetheine tail interactions and this will be discussed further in Chapter 5.
The second observation from the data is that, in the absence of a terminal –SH group, the smallest
truncated tail structure (compound 181) is the most active analogue. This data can be supported by
looking at the docking of this compound into the Aurora A binding site and comparing the result to the
binding of the other truncated structures 182 and 183 as shown by the comparison in Figure 4.30. This
docking was carried out as with previously using the modified PDB file of the active form of the kinase
in GOLD.
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a)

b)

c)

Figure 4.30 – Comparison of the docking of three tested analogues: a) 181, b) 182 and c) 183.

As can be seen with Figure 4.30, the smallest structure 181 fits perfectly in the binding site between the
hinge region and the activation loop (as shown in part a)) and therefore has good activity towards the
kinase whereas, for the longer analogues, they both primarily extend towards the back pocket of the
kinase and lose activity.
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4.5 Conclusions
In conclusion, considerable progress towards the synthesis of Series 2 compounds has been made and
a number of dicarbonyl analogues, investigating both the desired linker length and the SAR around the
tail region, have been made, with 184 showing considerable improvement in activity due to the addition
of a terminal –SH moiety.

Unfortunately, the synthesis of sulfamoyl analogues did not provide an analogue for testing due to
difficulties encountered with the one-pot synthesis using chlorosulfonyl isocyanate.

Significant optimisation of the route used in the synthesis of the dicarbonyl analogues was carried out
by investigating the appropriate 2’/3’ adenosine ribose protecting group to use and then optimisation of
its selective addition to adenosine as well as investigation into appropriate esterification conditions to
use for the addition of the tail moiety. There is now a route in place for the rapid synthesis of further
dicarbonyl analogues to further investigate the SAR around the tail region of CoA and the possibility
of a covalent linkage to the enzyme.

- 179 -

Chapter 5 – Synthesis of Series 3 Analoguesv
5.1 Introduction to Series 3 Analogues
5.1.1 Introduction to Affinity Labelling

A major objective within chemical and biological research is to determine the molecular interactions
leading to a biological process and essential to this is identifying the structural characteristics of the
components involved.187,188 For example, if an X-ray crystal structure is unavailable, it is possible to
determine the amino acids within the active site important for the binding of a substrate to the enzyme,
and affinity-labelling is one of the approaches used to acquire this information.187 It is proposed to use
this method of affinity-labelling in order to determine the location of CoA, in particular the pantetheine
tail, within the Aurora A binding site.
Affinity-labelling is a chemical modification of active site residues via general and specific residues.187
One of the ways to do this is by creating a covalent bond between a nucleophilic residue within the
active site of the enzyme and a modified substrate for the enzyme.187 This modified substrate must
contain an appropriate reactive functional group that can either react selectively with a particular residue
or can be activated once it is within the active site.188 The latter is usually achieved by the use of
photoaffinity labels that are “inert” until activated by UV light.189 Once the covalently labelled enzyme
is obtained, it can be analysed by a variety of methods including fragmentation analysis by mass
spectrometry.189

5.1.2 Photoaffinity Labelling

Photoaffinity labelling is a commonly used tool in drug discovery, for example to identify binding sites
of substrates within proteins.190 This tool uses modified substrates that can covalently bind to a target,
following activation by UV light.190,191 These substrates contain groups that are activated at a specific
wavelength of a light and have a high, indiscriminate reactivity once activated. 187 There are a number
of different photoreactive groups available for use in photoaffinity labelling, that can be split into three
main types: benzophenones, arylazides and diazirines.187,189,190

v

The biological analysis of analogues 201 and 202 was carried out by Dr Yugo Tsuchiya. Molecular modelling
of 201, 202 and 203 was carried out by Ms Trang Tran.
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Benzophenones
Once irradiated, benzophenones generate a diradical capable of abstracting hydrogen atoms from
virtually any site (as shown in Figure 5.1) and activation occurs at long wavelengths, meaning there is
less of a risk of damaging the biomolecules.189,190 However, a long irradiation time is required for
activation which may result in non-specific binding.189 Also, the benzophenone group is bulkier than
the other popular photoaffinity groups and therefore may mean the modification disrupts the features
of the ligand that are essential for biological activity.192 This problem can be minimised by the use of
a smaller photoaffinity group like the diazirines.192

Figure 5.1 – Photoactivation of benzophenone to generate a diradical.190

Diazirines
Currently, diazirines are the most commonly used photoaffinity group.190 Aryldiazirines are activated
by long wavelengths of light to give a reactive carbene (as shown in Figure 5.2), with a short half-life
meaning it rapidly inserts into the nearest C-C, C-H or X-H (with X=heteroatom) bond.192 However,
their short half-life can result in low photoaffinity labelling yields as they can easily be quenched with
water (although this could also be an advantage as it minimises unspecific labelling).192 Diazirines have
good chemical stability at room temperature, against nucleophiles and under both acidic and basic
conditions.192,193

Figure 5.2 – Photoactivation of phenyldiazirine to generate a carbene. 190

Diazirine-based photoaffinity labels have been used in the literature to target kinases. 192 Kaneda et
al.194 developed the GTP-based photoactive derivative shown in Figure 5.3 as a GTP-binding probe and
performed experiments on H-Ras – part of a family of GTPases. It contains the trifluoromethyl
aryldiazirine moiety, favoured due to its increased stability.190

Figure 5.3 – GTP-based photoactive derivative developed by Kaneda et al.194
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Arylazides
Arylazides, in particular phenyl azide, have been used frequently as photoaffinity labels due to their
commercial availability and ease of synthesis – they can be easily added to substrates via the use of
azidobenzoic acid and other similar substrates.190 Arylazides are photoactivated to give reactive
nitrenes that can insert non-specifically into C-C, C-H or X-H (with X=heteroatom) bonds.191
Unfortunately, there are many problems associated with the use of phenylazides, including the shorter
wavelength required for activation as this may damage the biological system and the poor reactivity of
nitrenes when compared to carbenes which can result in low yields of the labelled product.190,192 Also,
thiols such as DTT or mercaptoethanol have been known to reduce azides to the corresponding amine.189

Figure 5.4 – Photoactivation of phenyl azide to generate a nitrene. 190

Arylazides are known in the literature as photoaffinity groups used to modify CoA. The 4-azidobenzoyl
CoA (201), shown below, was first synthesised by Lau et al.195 as an active site-directed reagent for
glycine N-acyltransferase and has since been used to label other enzymes that accept CoA as a substrate
including pyruvate carboxylase, transcarboxylase and citrate lysate.196–199 It easily synthesised by
reacting the activated N-hydroxysuccinimide ester of 4-azidobenzoic acid with CoA.195

Figure 5.5 – Structure of photoaffinity labelled CoA analogue, 201.

5.1.3 Specific Labelling of Cysteine residues

One of the main problems using a photoaffinity label is their lack of specificity towards a particular
amino acid residue. In our case, it has been proposed that the CoA is forming an interaction with a
cysteine residue (possibly Cys290) within the Aurora A active site and therefore, it was also of interest
to investigate analogues that will selectively interact with cysteine residues.

There are many ways of modifying cysteine known within the literature and these are summarised in
Figure 5.6.188,191,200,201
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Figure 5.6 – Examples of ways to modify cysteine residues, including alkylation and acylation reactions. 188

Iodoacetamide was one of the first reagents used for the direct alkylation of cysteine, for example it was
first used in 1935 for the modification of cysteines in keratin.202 It reacts with a cysteine residue to give
a thioether via an alkylation reaction (as shown in Figure 5.7).191 It is most commonly used in peptide
mapping by mass spectrometry.203

Figure 5.7 – Iodoacetamide alkylation of cysteine residues.191

Of the many different cysteine modifications available, the most popular is the use of the maleimide
moiety due to its good commercial availability and ease of synthesis.200 It irreversibly reacts with a
cysteine residue via a Michael-type reaction (as shown in Figure 5.8).201
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Figure 5.8 – Irreversible maleimide addition to cysteine residues via a Michael-type reaction.191

These two modifications described have been used in the literature as means to chemically add labelling
groups to CoA by reacting with the terminal –SH moiety (as shown in Figure 5.9).72 However, these
groups have never been added to the terminus of CoA for reactions with cysteine residues within an
enzyme active site.

Figure 5.9 – Examples of methods to chemically modify the terminus of CoA by the addition of labelling
groups using either a maleimide or iodoacetamide moiety.

Generally, for the synthesis of analogues of CoA, a biochemical approach is used, taking advantage of
the enzymes found in the biosynthetic pathway of CoA.70,72

Worthington et al.204 applied the

biochemical approach to the synthesis of CoA derivatives used in the enzymatic transfer of the modified
phosphopantethine tail to acyl carrier proteins.

These derivatives contain either an epoxide or

chloroacrylate group (shown in Figure 5.10), capable of trapping the cysteine present in the active site
of ketosynthases.

Figure 5.10 – Examples of modified CoA derivatives with groups present to selectively react with cysteine
residues, synthesised by Worthington et al.204
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5.1.4 Design of Analogues

The aim of the Series 3 analogues was to build on the results obtained from Series 2 analogues, in
particular compound 184 with the terminal –SH moiety, and investigate further the location of the
pantetheine tail within the Aurora A active site. These analogues would have the conserved CoA
structure with groups attached to the terminus of the pantetheine tail of CoA with the ability to
covalently attach to the enzyme. The general structure of Series 3 analogues is shown in Figure 5.11.

Figure 5.11 – General structure for Series 3 compounds. These will have a conserved CoA structure with an
additional group to react with residues in the Aurora A active site.

For all of the structures chosen for synthesis, providing they react with a residue within Aurora A kinase
to form a covalent bond, their location can be determined by mass spectrometry and thus, further details
regarding the location of CoA within the active site can be established.
The first analogue (201) chosen for synthesis contains the azidobenzoic acid moiety – a photolabile
group that decomposes under UV light to form a reactive nitrene which can insert into any residue.
This structure was chosen for synthesis as it is a known compound, synthesised first by Lau et al.195
and, although it is not selective for a particular amino acid, it could provide valuable insights into the
location of CoA in the binding site.

Figure 5.12 – Structure of photoaffinity labelled CoA analogue, 201

Additionally, it was proposed to synthesise compounds 202 and 203 containing either a terminal
iodoacetamide moiety or a terminal maleimide moiety as these groups are selective for cysteine
residues. However, the synthesis of these structures is not known in the literature.
- 185 -

Figure 5.13 – Structure of affinity labelled CoA analogues, 202 and 203.

Each of the designed compounds (201 – 203) were docked into the Aurora A binding site using GOLD
and their binding mode within the active site of the enzyme assessed before synthesis.86
Disappointingly, none of the three structures docked well into the binding site of Aurora A. Only the
iodoacetamide analogue 202 appeared to fit the binding site, with 201 and 203 being too long.
Therefore, the iodoacetamide analogue 202 was chosen for synthesis, along with 4-azidobenzoyl CoA
analogue (201) as despite the disappointing docking result, it is easy to make via a known procedure.

5.2 Synthesis of Series 3 Analogues
5.2.1 Synthesis of 4-azidobenzoyl CoA (201)

As previously mentioned, 4-azidobenzoyl CoA (201) has been synthesised previously by a number of
different groups as an active site-directed reagent for enzymes that accept CoA as a substrate.195–199 The
synthesis of 201 was carried out according to the conditions developed by Lau et al.195 as shown in
Schemes 5.1.

First, 4-azidobenzoic acid (205) was synthesised from 4-aminobenzoic acid via a diazotisation reaction
before forming the activated N-hydroxysuccinimide ester 206 for coupling with CoA under basic
conditions.195,205,206

- 186 -

Scheme 5.1 – Synthetic route used for the synthesis of 201. Conditions: (i) 1.5 eq. NaNO2, 4M H2SO4, H2O, 0 °C,
10 min, then 1.5 eq. NaN3, H2O, RT, 1.5 h, 57%; (ii) 1.1 eq. N-hydroxysuccinimide, 1.6 eq. DIC, EtOAc, RT,
18 h, >99%; (iii) CoA, 1M KHCO3, H2O, acetone, RT, 4 h, 58%

This route gave 201 in good yield for incubation with Aurora A kinase.

5.2.2 Synthesis of Iodoacetamide CoA Analogue 202

As previously mentioned, compounds of this type have never been synthesised before and generally,
analogues of CoA with groups added to the terminus are synthesised biochemically, by making use of
enzymes found in the biosynthetic pathway of CoA.70,72

A close analogue of 202 synthesised chemically in the literature is chloroacetyl CoA (208), synthesised
by Yu et al.207 as a substrate for the preparation of N-acyltransferase inhibitors. The synthetic route is
shown in Scheme 5.2.

Scheme 5.2 – Synthesis of chloroacetyl CoA described by Yu et al.207 Conditions: (i) 3.0 eq. chloroacetic
anhydride, 5.0 eq. NEt3, DMF, RT, 50 min.

The main problem that could be encountered with the synthesis of 202 is whether attack by the terminal
–SH of CoA occurs at the carbonyl to give the desired thioester (202) or the CH2I to give the thioether
208 (Figure 5.14).
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Figure 5.14 – Two possible products isolated from the synthesis of 202 following attack at either reactive centre
by CoA.

As the anhydride of iodoacetic acid would be used, it is predicted that reaction will occur at the activated
carbonyl moiety to give the desired thioester 202, nevertheless, before carrying out the synthesis of 202,
test reactions were carried out on the protected cysteine (209) shown below in Scheme 5.3. The test
reactions, summarised in Table 5.1, reacted the protected cysteine 209 with iodoacetic anhydride under
neutral and basic conditions before analysing the results by LCMS for the presence of either 210 or 211.

Scheme 5.3 – Test reaction, carried out on the protected cysteine 209, used for the addition of iodoacetic anhydride
to a free thiol. Conditions are illustrated in Table 5.1.

Experiment No.

Base

1
2

Compound seen on LCMS?
210

211

-





1M KHCO3 (aq)196,208





Table 5.1 – Test reactions used for the addition of iodoacetic anhydride to protected cysteine 209 (as shown in
Scheme 5.3). Conditions used 1.1 eq. of iodoacetic anhydride in 1:1 mixture of H2O:acetone and the reactions
were stirred at RT for 4 h, until the disappearance of 209 was seen by staining with Ellman’s reagent.

From the results obtained from the two test reactions, it is clear from the LCMS analysis that the desired
product 211 was only obtained using the neutral conditions and that basic conditions were resulting in
the formation of the undesired 210 exclusively. The neutral conditions developed were applied for the
synthesis of 202 (as shown by Scheme 5.4).
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Scheme 5.4 – Synthetic route used for the synthesis of 202. Conditions: (i) 1.5 eq. iodoacetic anhydride, H2O,
acetone, RT, 8 h, 5%.

This reaction successfully yielded 202 in sufficient quantities for initial biological testing reactions.
Unfortunately, a very low yield is obtained due to the formation of other products, including 208, and
further optimisation of this synthetic route is required. There was insufficient time remaining on the
PhD to complete this, however, it is proposed that the conditions described by Yu et al.207 used to
synthesise chloroacetyl CoA, may also work for the synthesis of 202.

5.2.3 Biological Testing Results

Prior to submission for fragmentation analysis by mass spectrometry, Western blot analysis was carried
out to ensure that 201 and 202 both labelled Aurora Kinase A. For 201, the compound was incubated

AKA + 201

AKA

with Aurora A before being activated by UV light and analysed by Western Blot.

Anti-CoA WB

Ponceau

Figure 5.15 – Western Blot data for the incubation of 201 with Aurora A. This sample was activated with UV
light prior to analysis.80

The data shown in Figure 5.15 confirms that 201 has successfully labelled Aurora kinase A. This was
then submitted for fragmentation using a nucleotide pyrophosphatase that is specific for CoA that
cleaves the analogue as shown in Figure 5.16 to give the phosphopantothenine tail analogue that can be
detected by mass spectrometry, if attached to the enzyme.
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Figure 5.16 – Fragmentation of the 201-Aurora A Kinase complex by a nucleotide pyrophosphatase specific for
CoA. Fragments were submitted for analysis by mass spectrometry.

The fragmented sample was submitted for analysis at the MRC Laboratory of Molecular Biology,
Cambridge. Unfortunately, no fragmentation products could be detected by mass spectrometry.

The successful labelling of Aurora kinase A with 202 was also confirmed by Western Blot and as there
was insufficient material for fragmentation analysis, the location of 202 within the binding site was also
confirmed by Western Blot by the addition of ATP to the incubation mixture. The location of 202 can
be determined by this method as, if the binding of 202 is inhibited by ATP, it is likely it is binding to
the active site of the enzyme (potentially through the cysteine residue present within the activation
loop), instead of at any available cysteine within the enzyme. The results from this are shown in Figure
5.17.
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203 (µM)
ATP (mM)
Anti-CoA

203 bound to AKA

AKA

[ATP]

Figure 5.17 – Anti-CoA Western Blot for the incubation of 202 with Aurora Kinase A (AKA) with ATP.80

The Western Blot shown in Figure 5.17 confirmed that 202 has successfully labelled Aurora Kinase A
due to the ATP competitive inhibition observed. The data indicates that the interaction of Aurora Kinase
A with 202 can be prevented by ATP and therefore, suggests that the formation of the covalent bond
between Aurora Kinase A and 202 is facilitated by the binding of 202 into the ATP binding site.

5.3 Conclusions
In conclusion, two analogues of CoA with affinity groups attached were synthesised and submitted for
biological testing in attempt to determine the location of the pantetheine tail of CoA within the Aurora
A binding site.

The 4-azidobenzoyl CoA analogue (201) was successfully synthesised in good yield using the
conditions developed by Lau et al.195 and submitted for biological testing. The initial results obtained
for this analogue indicate that is it successfully labelling Aurora A, however, no labelled fragments
could be detected following fragmentation analysis by mass spectrometry.

The synthesis of the iodoacetamide analogue (202) using iodoacetic anhydride, although successful,
was very low yielding and would require further optimisation. Luckily, there was sufficient quantity
isolated for initial biological testing which indicates that it is successfully labelling Aurora A. No
further experiments have been carried out at this stage on this analogue
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Chapter 6 – Conclusions and Future Work
In conclusion, significant progress has been made on the design of analogues of CoA with improved
drug likeness by investigating the synthesis of three different compound series. Each series investigated
different components of CoA, either the heteroaromatic head group, the pyrophosphate linker or the
pantetheine tail, in order to determine those features necessary for good activity and selectivity against
Aurora A.

Unfortunately, the work towards the synthesis of analogues from Series 1 did not progress as well as
hoped, due to both difficulties encountered during the synthesis of analogues and problems encountered
with the original docking model used, and failed to result in the isolation of an analogue of CoA with
good inhibitory activity. Synthetic difficulties were encountered in the isolation of the “correct”
regioisomer of the aminopyrazole moiety, following addition through the exocyclic amine of
aminopyrazole 5. Considerable work was carried out to solve this and success was starting to be
achieved, but not completed, by modifying the route used for the synthesis of VX680 itself.

As part of the work carried out towards Series 1, a Design of Experiment (DoE) optimisation was carried
out to improve the yield and selectivity of a key reaction step, from the adapted VX680 synthetic route,
to form the desired regioisomer, 111. It was discovered that, by removing the additive NaI and base
from the reaction as well as changing the reaction solvent to dipropyl ether, the overall reaction yield
could be improved from 19 to 57%. The DoE software predicted that the reaction yield could be
improved further by investigating solvents with similar properties to dipropyl ether. Additional work
would then be required to complete the adapted synthetic route required for the isolation of the “correct”
regioisomeric products.

The selectivity and potency of analogues in Series 1 was also investigated by the addition of groups to
the heteroaromatic head group. The synthesis of 48, following the switch of the GABA linker to a
glutamic acid linker, resulted in a good improvement in potency towards Aurora A and new analogues
were designed (for example 69) to combine this result with the addition of a N-methylpiperazine moiety,
found to also increase potency. Further work would be required to finish the synthesis and apply these
results to analogues with the desired regiochemistry of the aminopyrazole moiety.

So far, Series 2 compounds have shown the most promise towards the development of a more drug-like
analogue of CoA and a variety of analogues investigating both the ideal dicarbonyl linker length and
the SAR around the pantetheine tail region have been synthesised, following the development of a
reliable synthetic route.
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To date, the “best” compound synthesised is 184. This analogue has improved drug likeness when
compared to the parent molecule: the molecular weight has been reduced and the charged
pyrophosphate group has been replaced with a neutral dicarbonyl linker, allowing improved cell
permeability. Additionally, 184 shows an improvement in activity when compared to the previously
synthesised analogues, following the addition of the –SH moiety to the tail. This suggests that a potential
interaction between the terminal –SH (also present in CoA) and Aurora A is important for activity. It is
speculated that this interaction is a disulfide bond formed between the terminal –SH of CoA and the
–SH of the cysteine residue contained in the activation loop, however, further experiments are required
to confirm this (this includes those discussed in Chapter 5). One possible experiment that could be
carried to determine whether a covalent reaction has occurred is to measure the activity of the inhibitor
in the kinase assay at different time points. Irreversible inhibitors bind to the enzyme in a timedependent fashion and the potency of the inhibitor is defined by two parameters; the affinity of the noncovalent binding of the compound to the substrate and the subsequent rate of the covalent reaction.209
Therefore, measuring the IC50 values in the kinase assay at different time points should give different
values for a covalent inhibitor (depending on how much of the inhibitor has reacted with the substrate).
Additional to this, it is also possible to assess the kinetics of binding to the enzyme and the formation
of the covalent bond by measuring the observed rate at different inhibitor concentrations.209
Unfortunately, it was not possible to enzymatically add the 3’ phosphate group to the dicarbonyl
structures, 118 and 154, in order to improve the selectivity of the analogues towards Aurora A by
picking up an interaction with Thr217. Therefore, it has been proposed to chemically add a phosphate
group mimic to this position (for example as in 212, shown in Figure 6.1, based on the most potent
analogue to date, 184) and it is hoped that the addition of a group at this position would improve both
the potency and activity of this series of analogues. It may also be possible to repeat the enzyme
experiments, to add a phosphate group, on structures containing the terminal –SH moiety (as in 184),
as this group may be required for recognition by the DPCK enzyme.

Figure 6.1 – Structure of compound 212.

It has been suggested, during the course of this research, that the interaction with the terminal –SH of
CoA and the enzyme active site is crucial for activity and selectivity towards Aurora A kinase.
Therefore, the final series of analogues started to investigate the synthesis of CoA analogues with
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groups attached to the terminal –SH of CoA, with the potential to form a covalent bond with residues
within the active site, in order to determine the location of the pantetheine tail during binding of CoA
to the enzyme. Analogues 201 and 202, with either azidobenzoic acid or iodoacetamide groups
attached, were successful synthesised and preliminary data indicated that both these analogues are
binding to the Aurora A active site. Unfortunately, the exact location of the pantetheine tail is yet to be
determined by fragmentation analysis using mass spectrometry. However, it may be possible to
synthesise additional analogues of CoA (for example 203 containing a maleimide group) to further
investigate this.

Further results from the Series 2 analogues indicated that the shortest pantothenamide tail analogue,
181, shows better Aurora A activity when compared to its longer counterparts (182 and 183) and this
can be supported by the docking shown in Figure 4.30 in Chapter 4. Therefore, it is hypothesised that,
by using the docking of 181 as a guide, that other potential dicarbonyl analogues could be designed
based around 181 taking advantage of both the shorter tail length and the possibility of interactions with
the cysteine residue present within the activation loop. These analogues would have a lower molecular
weight and improved drug likeness when compared to CoA. This is highlighted in Figure 6.2 showing
the docking of 181 and the possibility to extend towards a cysteine residue.

Hinge Region
Distance of ~5Å between
Cys290 and tail

Cys290
Thr217

Figure 6.2 – Docking of 181 in the Aurora A active site. This figure highlights the possibility of extending the
tail when designing further analogues.

Figure 6.2 highlights the possibility to extend the length of 181 by the addition of a group with the
potential to interact with a cysteine residue within the active site (potentially Cys290). A summary of
potential analogues to test this theory and explore the interactions within this region further are shown
in Figure 6.3 and they either contain a terminal –SH group or a maleimide – a group known to covalently
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attach to thiols. This work could also be combined with the synthesis of sulfamoyl linker analogues
(for example, as in 129 synthesised previously by Tuck et al155 and discussed in Section 4.2.2) to create
a series of lower molecular weight analogues that retain the features necessary to become selective
Aurora A kinase inhibitors.

Figure 6.3 – A summary of potential analogues for synthesis to improve the potency of 181 by the addition of a
group to covalently attach to cysteine residues.

Further to this proposed truncated series, it is proposed to design additional CoA analogues by
combining components from of each of the three series, this will lead to a CoA analogue with improved
drug likeness, potency and selectivity towards Aurora A. These analogues designed will have the
VX680 head group, proven to have good activity against Aurora A, a pyrophosphate mimic (for
example the dicarbonyl) and a pantothenamide tail containing a group capable of forming interactions
with the cysteine residue within the activation loop. The design consideration for such analogues is
shown below in Figure 6.4.
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Figure 6.4 – Design of new series of CoA analogues.

This design of future analogues of CoA would require considerable work as a suitable pantothenamide
tail length, linker length and pyrophosphate mimic length needs to be determined in order to maximise
interactions with the ATP binding site. Additionally, the synthesis of the heteroaromatic head groups
needs to be established by potentially making use of the previous results gathered in the DoE
optimisation. It may also be worth investigating the addition of groups either to the small linker or the
dicarbonyl pyrophosphate mimic to pick up an interaction with Thr217 – a residue unique to Aurora A
and believed to be important in obtaining selectivity. Finally, an appropriate group needs to be added
to the terminus of the analogue to potentially form a covalent interaction with the previously discussed
cysteine residue within the activation loop and to deliver selective inhibition of Aurora A.
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Chapter 7 – Experimental
7.1 Materials and Methods
All reagents were either purchased from Sigma-Aldrich Co. Ltd., Alfa Aesar or Acros Organics unless
otherwise stated, and used without further purification. All reagents were of commercial quality and
used as received and all solvents purchased anhydrous in Sureseal bottles from Sigma-Aldrich Co. Ltd.
Dry THF and CH2Cl2 were dried over anhydrous alumina columns210 with moisture levels typically
below 15 ppm by Karl Fischer titration. Pet. Ether refers to petroleum ether fractions boiling between
40 and 60 °C. All water used was either distilled using an Elga Purelab Option R7 water purifier or
used directly from a bottle of HPLC-grade water. All reactions were carried out in closed systems under
Argon.

Thin layer chromatography (TLC) was performed on aluminium backed Sigma-Aldrich TLC plates
with F254 fluorescent indicator. Developed plates were air dried and analysed under a UV light or by
staining with the appropriate indicator. Most compounds were visible using permanganate stain. If this
did not work, ninhydrin was used to stain compounds containing amines, bromocresol for carboxylic
acids and Ellman’s reagent (5,5'-dithiobis-(2-nitrobenzoic acid)) for thiols. Normal phase flash column
chromatography was carried out using silica gel (43-60 µm) supplied by Merck. Reverse phase flash
column chromatography was carried out using C18 silica gel (40-63 µm) supplied by Sigma-Aldrich Co.
Ltd.

LRMS refers to low resolution mass spectrometry and HRMS refers to high resolution mass
spectrometry. LRMS was performed on a Waters Acquity uPLC SQD using HPLC grade water and
acetonitrile (both with 0.1% formic acid) as the solvents. Electron ionisation (EI) and chemical
ionisation (CI) massed were determined using Thermo Finnigan MAT900 XP instrumentation.
Electrospray ionisation (ESI) accurate mass was determined using Waters LCT Premier XE
instrumentation. Infrared spectra were recorded using a Perkin Elmer 100 FT-IR spectrometer and
adsorption maxima are reported in wavenumbers (cm-1). Optical rotations were recorded using a Perkin
Elmer 343 polarimeter and specific rotations are reported in 10-1 deg cm2 g-1 and concentrations (c) are
reported as 10 mg ml-1. Melting points were recorded on a Gallenkamp Hot Stage apparatus and are
uncorrected.

Microwave reactions were performed on a Personal Chemistry Smith Creator Microwave Assisted
Organic Synthesizer, maximum power 300 W.
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NMR (1H and 13C) was performed on 300, 500 and 600 MHz AMX Bruker Spectrometers (as stated).
The chemical shifts (δ) were given in units of ppm relative to tetramethylsilane (TMS), where δ(TMS) =
0 ppm. Data processing was carried out using the TOPSPIN 2 NMR program (Bruker UK Ltd). For 1H
NMR, the multiplicity used for assignment is indicated by the following abbreviations: Ar = aromatic,
s = singlet, d = doublet, t = triplet, q = quadruplet, qn = quintet, m = multiplet, br = broad, br d = broad
doublet, tt = triplet of triplets, qt = quadruplet of triplets, qd = quartet of doublets, dqn = doublet of
quintets and the coupling constants (J) were measured in Hertz (Hz). 13C NMR have been assigned
using DEPT, HSQC and HMBC NMR as performed on 500 and 600 MHz AMX Bruker Spectrometers.
Deuterated chloroform (CDCl3), dimethylsulfoxide (d6-DMSO), deuterium oxide (D2O) and methanol
(CD3OD) were used as solvents (as stated) for all NMR analysis.

Preparative HPLC was performed on a Dionex 580 HPLC system with PDA-100 photodiode array
detector, P580 pump and a model ASI-100 automated sample injector. A Phenomenex Onyx C18 100
x 10 mm column was used. Elutions were monitored at 254 nm and 280 nm and carried out according
to either of the following gradients. Gradient 1: 0 – 25% of acetonitrile/water (0.1% TFA), flow rate
6.0 mL min-1; Gradient 2: 5 – 65% of acetonitrile/water (0.1% TFA), flow rate 2.0 mL min-1; Gradient
3: 0 – 98% of acetonitrile/water (0.1% TFA), flow rate 2.0 mL min-1. Chromatograms were analysed
using Chromeleon Software version 2.0.

Analytical HPLC was performed on a Hewlett Packard Series 1100 HPLC system and an ACE HPLC
Column C18 4.6 x 150 mm was used. Elutions were monitors at 254 nm and carried out according to
the following gradient: 2 – 50% of acetonitrile/water (0.1% TFA), flow rate 1.0 mL min-1

7.2 Series 1 Experimental Data
2-(5-Amino-3-methyl-1H-pyrazol-1-yl)pyrimidin-4-amine (13)

To a solution of DavePhos (91.0 mg, 0.23 mmol), tris(dibenzylideneacetone)dipalladium (70.0 mg,
0.08 mmol) and Cs2CO3 (3.52 g, 11.0 mmol) in dioxane (30 mL) was added 3-amino-5-methylpyrazole
(2.25 g, 23.0 mmol) followed by 4-amino-2-chloropyrimidine (1.00 g, 7.70 mmol) and the reaction
refluxed at 110 °C for 18 h. The reaction mixture was cooled to RT and concentrated in vacuo.
Purification by flash column chromatography (Gradient: 0 - 4% MeOH/CH2Cl2) gave 13 (165 mg, 13%)
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as an off-white solid; mp 207 – 211°C; Rf 0.25 (10% MeOH/CH2Cl2); IR νmax (solid) 3380 (NH), 3150
(NH) and 1590 (C=C) cm-1; 1H NMR (600 MHz, CD3OD) δ 8.02 (1H, d, J = 5.9 Hz, H6), 6.27 (1H, d,
J = 5.9 Hz, H5), 5.66 (1H, s, H10) and 2.57 (3H, s, H12); 13C NMR (150 MHz, CD3OD) δ 166.1 (C4),
158.2 (C2), 157.4 (C11), 156.6 (C6), 144.9 (C9), 102.3 (C5), 100.2 (C10) and 15.6 (C12); LRMS (ES+):
m/z 191.0 [M+H]+; HRMS calc’d for C8H11N6 expected 191.1045, found 191.1046.

4-(5-Amino-3-methyl-1H-pyrazol-1-yl)pyrimidin-2-amine (14)

To a solution of DavePhos (91.0 mg, 0.23 mmol), tris(dibenzylideneacetone)dipalladium (71.0 mg,
0.08 mmol) and Cs2CO3 (3.52 g, 11.0 mmol) in dioxane (30 mL) was added 3-amino-5-methylpyrazole
(2.25 g, 23.0 mmol) followed by 2-amino-4-chloropyrimidine (1.00 g, 7.70 mmol) and the reaction
refluxed at 110 °C for 18 h. The reaction mixture was cooled to RT and concentrated in vacuo.
Purification by flash column chromatography (Gradient: 50 – 70 % EtOAc/toluene) gave 14 (177 mg,
14%) as an off-white solid; mp 190 – 193 °C; Rf 0.48 (10% MeOH/CH2Cl2); IR νmax (solid) 3390 (NH),
3140 (NH) and 1560 (C=C) cm-1; 1H NMR δ (600 MHz, CD3OD) 8.15 (1H, d, J = 5.9 Hz, H6), 6.94
(1H, d, J = 5.9 Hz, H5), 5.30 (1H, s, H10) and 2.14 (3H, s, H12); 13C NMR (150 MHz, CD3OD) δ 163.7
(C2), 162.0 (C4), 159.8 (C6), 154.5 (C9), 153.0 (C11), 98.9 (C5), 90.0 (C10) and 13.8 (C12); LRMS
(ES+): m/z 191.0 [M+H]+; HRMS calc’d for C8H11N6 expected 191.1045, found 191.1045.
tert-Butyl 4-aminobutanoate (16) 211

Three routes were investigated towards the synthesis of 16:
Route 1:
tert-Butyl acetate (52 mL) was added to a stirring solution of 4-aminobutyric acid (5.00 g, 43.0 mmol)
and 70 % perchloric acid (8 mL). The reaction was left to stir at RT for 16 h. The reaction mixture was
cooled in an ice bath for 15 min before H2O (100 mL) and EtOAc (100 mL) were added and separated.
The aqueous layer was then adjusted to pH 10 using 10M NaOH solution before extracting with EtOAc
(3 x 100 mL). The combined organic layers were dried (MgSO4), filtered and concentrated in vacuo to
give 16 (700 mg, 11%) as a colourless oil.
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Route 2:
To ester 18 (8.00 g, 28.0 mmol) and Pd/C (10 wt%, 813 mg, 7.00 mmol) was added MeOH (100 mL)
before evacuating and filling the flask with hydrogen. The reaction was stirred at RT under a hydrogen
atmosphere for 1.5 h before filtering through Celite®. The filtrate was concentrated in vacuo to give
16 (2.30 g, 52%) as a colourless oil.
Route 3:
Piperidine (14 mL) was added dropwise to a solution of carbamate 20 (1.80 g, 4.70 mmol) in DMF (20
mL) and the reaction stirred at RT for 2 h. The reaction mixture was concentrated in vacuo. Purification
using flash column chromatography (Gradient: 5% then 20% MeOH/CH2Cl2) gave 16 (290 mg, 40%)
as a colourless oil.
Analytical Data
Rf 0.08 (10% MeOH/CH2Cl2); 1H NMR (500 MHz, CD3OD) δ 2.87 (2H, t, J = 7.5 Hz, H2), 2.34 (2H,
t, J = 7.5 Hz, H4), 1.83 (2H, qn, J = 7.5 Hz, H3) and 1.45 (9H, s, H8); 13C NMR (125 MHz, CD3OD) δ
173.8 (C5), 81.9 (C7), 40.6 (C2), 33.2 (C4), 28.9 (C8) and 25.4 (C3); LRMS (ES+): m/z 160.0 [M+H]+.
The data is in good agreement with the literature values.211
4-(3-Phenylprop-1-en-2-ylamino)butanoic acid (17)211

A solution of 4-aminobutyric acid (5.20 g, 51.0 mmol) in 2M NaOH solution (25 mL) was cooled to
0 ⁰C and treated with benzyl chloroformate (8.20 mL, 56.0 mmol) while the pH was maintained at
pH 10 by addition of 2M NaOH solution. After 15 min, the reaction was allowed to stir at RT for 4 h.
After extraction with Et2O (2 x 50 mL), the pH of the aqueous layer was adjusted to pH 1.5 using 6M
HCl solution. The product was then extracted using EtOAc (3 x 50 mL). The combined organic layer
was washed with brine (100 mL), dried (MgSO4), filtered and concentrated in vacuo to give 17 (7.70 g,
70%) as an off-white solid; mp 63 - 65 °C (lit.211 60 – 62 °C); Rf 0.76 (10% MeOH/CH2Cl2); 1H NMR
(600 MHz, CDCl3) δ 7.38 – 7.31 (5H, m, Ar), 5.10 (2H, s, H3), 3.25 (2H, q, J = 7.0 Hz, H7), 2.39 (2H,
t, J = 7.0 Hz, H9) and 1.83 (2H, qn, J = 7.0 Hz, H8); 13C NMR (150 MHz, CDCl3) δ 178.7 (C10), 157.9
(C5), 136.5 (C2), 128.5 (Ar, overlapping signals), 67.3 (C3), 40.9 (C7), 31.2 (C9) and 25.0 (C8). LRMS
(CI+) 238.0 [M+H]+. The data is in good agreement with the literature values.211
tert-Butyl 4-(3-phenylprop-1-en-2-ylamino)butanoate (18)101
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To a solution of acid 17 (7.70 g, 35.0 mmol) in CH2Cl2 (60 mL) was added t-BuOH (11.0 mL,
120.0 mmol) and DMAP (480 mg, 4.00 mmol) before the solution was cooled to 0 ⁰C. DCC (10.7 g,
52.0 mmol) was then added and the reaction stirred at 0 ⁰C for 1 h. The reaction was then stirred at RT
for 8 h. The insoluble dicyclohexylurea was removed by filtration and washed with EtOAc (70 mL).
The filtrate was washed with 1M HCl solution (50 mL), brine (50 mL), 10 % NaHCO3 solution (50 mL),
brine (50 mL), dried (MgSO4), filtered and concentrated in vacuo. Purification by flash column
chromatography (Gradient: 15 – 25 % EtOAc/pet. ether) gave 18 (6.88 g, 71%) as a colourless oil which
becomes an off-white solid when stored in the freezer; Rf 0.85 (50% EtOAc/pet. ether); 1H NMR
(600 MHz, CDCl3) δ 7.36 - 7.29 (5H, m, Ar), 5.08 (2H, s, H3), 3.22 (2H, q, J = 7.0 Hz, H7), 2.56 (2H,
t, J = 7.0 Hz, H9), 1.78 (2H, qn, J = 7.0 Hz, H8) and 1.43 (9H, s, H13); 13C NMR (150 MHz, CDCl3) δ
172.7 (C10), 156.5 (C5), 136.7 (C2), 128.5 (Ar, overlapping signals), 80.6 (C12), 66.9 (C3), 40.6 (C7),
32.8 (C9), 28.1 (C13) and 25.3 (C8). LRMS (CI+) 294.0 [M+H]+. The data is in good agreement with
the literature values.101
4-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)butanoic acid (19)212

4-Aminobutyric acid (1.00 g, 9.71 mmol) in 10% K2CO3 solution (25 mL) was cooled to 0 °C before a
solution of FMOC-OSu (3.90 g, 11.6 mmol) in dioxane (25 mL) was added dropwise. The reaction
allowed to warm to RT over 16 h. The reaction was diluted with H2O (25 mL) and the dioxane was
removed in vacuo. The aqueous solution was washed with Et2O (1 x 50 mL) before being acidified to
pH 2-3 with 2M HCl solution. The resulting white precipitate was filtered and dried to give 19 (1.30 g,
41%); Rf 0.78 (10% MeOH/CH2Cl2); mp 155 – 157 °C; 1H NMR (600 MHz, d6-DMSO) δ 12.08 (1H,
br, OH), 7.89 (2H, d, J = 7.5 Hz, H2), 7.69 (2H, d, J = 7.5 Hz, H5), 7.41 (2H, t, J = 7.5 Hz, H3), 7.37 –
7.30 (2H, m, H4), 4.29 (2H, d, J = 7.2 Hz, H8), 4.23 – 4.18 (1H, m, H7), 2.99 (2H, t, J = 7.0 Hz, H12),
2.21 (2H, t, J = 7.0 Hz, H14) and 1.61 (2H, qn, J = 7.0 Hz, H13); 13C NMR (150 MHz, d6 - DMSO) δ
174.2 (C15), 156.2 (C10), 143.9 (C6), 140.7 (C1), 127.6 (C3), 127.1 (C4), 125.2 (C5), 120.2 (C2), 65.2
(C8), 46.8 (C7), 40.1 (C12), 30.9 (C14) and 24.8 (C13); LRMS (ES+) 347.9 [M+Na]+. The data is in
good agreement with the literature values.212
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tert-Butyl 4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)butanoate (20)102

To a stirred solution of acid 19 (3.00 g, 9.23 mmol) and t-BuOH (2.64 mL, 27.7 mmol) in CH2Cl2
(140 mL) was added DMAP (112 mg, 0.92 mmol) and the reaction was cooled to 0 °C in an ice bath.
DCC (2.20 g, 11.1 mmol) was then added portionwise and the reaction allowed to warm to RT over
16 h. The insoluble dicyclohexylurea was removed by filtration, washed with CH2Cl2 and the filtrate
concentrated in vacuo. Purification using flash column chromatography (Gradient: 0 – 15% EtOAc/pet.
ether) gave 20 (1.84 g, 53%) as a colourless oil; Rf 0.80 (50% EtOAc/pet. ether); 1H NMR (600 MHz,
CDCl3) δ 7.77 (2H, d, J = 7.2 Hz, H2), 7.59 (2H, d, J = 7.2 Hz, H5), 7.40 (2H, t, J = 7.2 Hz, H3), 7.32
(2H, t, J = 7.2 Hz, H4), 4.93 (1H, br, NH), 4.40 (2H, d, J = 6.8 Hz, H8), 4.18 – 4.23 (1H, m, H7), 3.24
(2H, t, J = 6.7 Hz, H12), 2.27 (2H, t, J = 6.7 Hz, H14), 1.81 (2H, qn, J = 6.7 Hz, H13) and 1.46 (9H, s,
H18); 13C NMR (150 MHz, CDCl3) δ 172.8 (C15), 156.5 (C10), 144.1 (C6), 141.4 (C1), 127.9 (C3),
127.1 (C4), 125.2 (C5), 120.1 (C2), 80.7 (C17), 66.7 (C8), 47.4 (C7), 40.6 (C12), 32.9 (C14), 28.2
(C18) and 25.5 (C13); LRMS (ES+) 382.1 [M+H]+. The data is in good agreement with the literature
values.102

tert-Butyl 4-(2-chloropyrimidin-4-ylamino)butanoate (21)

A solution of 2,4-dichloropyrimidine (1.00 g, 6.75 mmol), amine 16 (1.59 g, 10 mmol) and DIPEA
(1.70 mL, 10.0 mmol) in t-BuOH (10 mL) was refluxed at 100 °C for 4 h before cooling to RT and
concentrating in vacuo. Purification by flash column chromatography (Gradient: 30% EtOAc/pet. ether)
gave 21 (1.10 g, 60%) as a white solid; mp 65 - 67 °C; Rf 0.42 (50% EtOAc/pet. ether); IR νmax (solid)
3270 (NH), 3060 - 2970 (CH), 1720 (C=O) and 1600 (C=C) cm-1; 1H NMR (600 MHz, CD3OD) δ 7.80
(1H, d, J = 6.4 Hz, H6), 6.38 (1H, d, J = 6.4 Hz, H5), 3.41 (2H, t, J = 7.0 Hz, H8), 2.30 (2H, t, J =
7.0 Hz, H10), 1.85 (2H, qn, J = 7.0 Hz, H9) and 1.44 (9H, s, H14); 13C NMR (150 MHz, CD3OD) δ
174.4 (C11), 165.3 (C4), 161.6 (C2), 155.5 (C6), 105.9 (C5), 81.6 (C13), 42.1 (C8), 33.7 (C10), 28.3
(C14) and 25.6 (C9); LRMS (ES+): m/z 272.0 [M(35Cl)+H]+ and 274.0 [M(37Cl)+H]+; HRMS calc’d for
C12H18N3O2Cl expected 271.1082, found 271.1074.
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tert-Butyl 4-((2-(5-amino-3-methyl-1H-pyrazol-1-yl)pyrimidin-4-yl)amino)butanoate (23)

Two routes were used towards the synthesis of 23:
Route 1:
To a solution of DavePhos (82.5 mg, 0.21 mmol), tris(dibenzylideneacetone)dipalladium (64.0 mg,
0.07 mmol) and Cs2CO3 (1.59 g, 4.90 mmol) in dioxane (18 mL) was added 3-amino-5-methylpyrazole
(540 mg, 5.50 mmol) followed by aryl chloride 21 (1.00 g, 3.70 mmol) and the reaction refluxed at
110 °C for 18 h. The reaction was cooled to RT and concentrated in vacuo. Purification by flash
chromatography (Gradient: 0 – 2% MeOH/CH2Cl2) gave 23 (245 mg, 20%) as a brown oil.
Route 2:
To a solution of sodium hydride (60% dispersion in mineral oil, 93 mg, 2.33 mmol) in CH2Cl2 (7 mL)
was added 3-amino-5-methylpyrazole (228 mg, 2.33 mmol) in CH2Cl2 (6 mL) dropwise and stirred at
RT for 5 min before aryl sulfone 30 (670 mg, 2.13 mmol) in CH2Cl2 (4 mL) was added dropwise. The
reaction was stirred at RT for 4 h. The reaction was quenched by the dropwise addition of H2O (10 mL)
and the layers separated. The organic layer was dried (MgSO4), filtered and concentrated in vacuo.
Purification using flash column chromatography (Gradient: 0 – 2% MeOH/CH2Cl2) gave 23 (456 mg,
65%) as a colourless oil.
Analytical Data:
Rf 0.20 (5% MeOH/CH2Cl2); IR νmax (solution in CH2Cl2) 3400 (NH), 3270 (NH), 3150 - 2980 (CH),
1720 (C=O) and 1600 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 8.10 (1H, d, J = 4.8 Hz, H6), 6.13
(1H, d, J = 4.8 Hz, H5), 5.86 (2H, br, NH2), 5.55 (1H, br, NH), 5.30 (1H, s, H10), 3.30 (2H, br, H15),
2.31 (2H, t, J = 6.6 Hz, H17) 2.21 (3H, s, H12), 1.87 (2H, qn, J = 6.6 Hz, H16) and 1.43 (9H, s, H21);
C NMR (150 MHz, CDCl3) δ 176.0 (C18), 163.2 (C4), 157.7 (C2), 156.2 (C6), 151.8 (C9), 149.8

13

(C11), 97.6 (C5), 90.4 (C10), 80.9 (C20), 46.9 (C15), 33.6 (C17), 28.1 (C21), 24.4 (C16) and 14.6
(C12); LRMS (ES+): m/z 333.06 [M+H]+; HRMS calc’d for C16H24O2N6 expected 332.1955, found
332.1958.
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4-((2-(5-Amino-3-methyl-1H-pyrazol-1-yl)pyrimidin-4-yl)amino)butanoic acid (24)

To a solution of ester 23 (230 mg, 0.70 mmol) in CH2Cl2 (7 mL) was added TFA (7 mL) and the reaction
stirred at RT for 3 h. The reaction mixture was concentrated in vacuo. Purification by flash column
chromatography (Gradient: 0 – 15% MeOH/CH2Cl2) gave 24 (75 mg, 39%) as a colourless oil; Rf 0.6
(15% MeOH/CH2Cl2/drop of TFA); IR νmax (oil) 3390 (NH), 3320 (NH), 2950 - 2840 (CH), 2500 (OH),
1680 (C=O) and 1620 (C=C) cm-1; 1H NMR (600 MHz, CD3OD) δ 7.94 (1H, d, J = 5.0 Hz, H6), 6.30
(1H, d, J = 5.0 Hz, H5), 3.31 (2H, br, H15), 2.39 (2H, t, J = 6.0 Hz, H17), 2.31 (3H, s, H12) and 1.97
(2H, br, H16); 13C NMR (150 MHz, CD3OD) δ 177.9 (C18), 164.2 (C4), 157.0 (C2), 154.3 (C6), 154.0
(C11), 152.5 (C9), 103.5 (C5), 91.1 (C10), 42.2 (C15), 32.7 (C17), 25.4 (C16) and 13.6 (C12); H10 is
not visible in the 1H NMR due to tautomerisation; LRMS (ES+): m/z 277.1 [M+H]+; HRMS calc’d for
C12H17O2N6 expected 277.1413, found 277.1422.
(dba)Pd((R)-BINAP) (25) 105

To an oven dried flask which was then placed under vacuum and flushed several times with argon was
added Pd2(dba)3 (50.0 mg, 0.055 mmol) in dry benzene (5.5 mL) and (R)-BINAP (68.4 mg, 0.11 mmol).
The resulting purple solution was stirred at RT for 2.5 h. The resulting dark orange solution was filtered
through Celite® and washed with toluene. The filtrate was concentrated in vacuo. The resulting oily
residue was dissolved in Et2O (5 mL). The orange precipitate, formed over 3 h, was collected and
washed with Et2O giving 25 (53 mg, 98%) as an orange solid; 1H NMR (300 MHz, CDCl3) δ 6.08 –
7.92 (m); 31P NMR (121 MHz, CDCl3) δ 37.8 (br). The data is in good agreement with the literature
values.105
2-(Methylthio)pyrimidin-4-ol (32)213

2-Thiouracil (10.00 g, 78.0 mmol) was added to NaOH (6.24 g, 156 mmol) in H2O (55 mL). The
reaction was cooled to 0 °C in an ice bath before MeI (7.30 mL, 117 mmol) was added dropwise and
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the reaction stirred at RT for 16 h. The reaction mixture was cooled in an ice bath before acidifying
with glacial acetic acid. A precipitate appeared which was filtered, washed with H2O and dried to give
32 (8.32 g, 75%) as an off-white solid; Rf 0.45 (5% MeOH/CH2Cl2); mp 192 - 194 °C (lit.214 189 –
190 °C); 1H NMR (600 MHz, d6-DMSO) δ 12.68 (1H, br, OH), 7.86 (1H, d, J = 4.0 Hz, H6), 6.09 (1H,
d, J = 4.0 Hz, H5) and 2.47 (3H, s, H8); 13C NMR (150 MHz, d6 - DMSO) δ 163.4 (C2), 162.9 (C4),
153.7 (C6), 109.9 (C5) and 12.9 (C8); LRMS (ES+) 142.9 [M+H]+. The data is in good agreement with
the literature values.213
4-Chloro-2-(methylthio)pyrimidine (33)213

To POCl3 (30 mL) under argon was added phenol 32 (7.00 g, 49.3 mmol) and the reaction heated at
80 °C for 5 h. The reaction was cooled to RT and quenched by carefully adding to warm H2O (500 mL)
before being extracted with CH2Cl2 (3 x 500 mL). The organic layer was washed with 10% K2CO3
solution (750 mL), dried (MgSO4) and concentrated in vacuo to give 33 (5.70 g, 70%) as a colourless
oil; Rf 0.71 (5% MeOH/CH2Cl2); 1H NMR (600 MHz, CDCl3) δ 8.37 (1H, d, J = 5.1 Hz, H6), 6.99 (1H,
d, J = 5.1 Hz, H5) and 2.55 (3H, s, H8); 13C NMR (150 MHz, CDCl3) δ 174.1 (C2), 161.1 (C4), 158.1
(C6), 116.5 (C5) and 14.4 (C8); LRMS (ES+) 160.9 [M(35Cl)+H]+ and 162.9 [M(37Cl)+H]+. The data is
in good agreement with the literature values.213
4-Chloro-2-(methylsulfonyl)pyrimidine (30)215

A solution of MCPBA (4.85 g, 28.1 mmol) in CH2Cl2 (20 mL) was cooled to 0 °C before thioether 33
(1.50 g, 9.83 mmol) in CH2Cl2 (20 mL) was added dropwise. The reaction was allowed to warm to RT
for 16 h. A white precipitate appeared which was filtered and washed with cold CH2Cl2 (50 mL). The
filtrate was washed with 10% K2CO3 solution (50 mL), dried (MgSO4), filtered and concentrated in
vacuo. Purification by flash column chromatography (Gradient: 20% then 50% EtOAc/pet. ether) gave
30 (1.48 mg, 83%) as an off-white solid; Rf 0.26 (50% EtOAc/pet. ether); mp 86 - 87 °C (lit.215 88 –
89 °C); 1H NMR (600 MHz, CDCl3) δ 8.82 (1H, d, J = 5.3 Hz, H6), 7.6 (1H, d, J = 5.3 Hz, H5) and
3.38 (3H, s, H8); 13C NMR (150 MHz, CDCl3) δ 166.3 (C2), 163.6 (C4), 159.5 (C6), 124.8 (C5) and
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39.3 (C8); LRMS (ES+) 192.9 [M(35Cl)+H]+ and 194.9 [M(37Cl)+H]+. The data is in good agreement
with the literature values.215

tert-Butyl 4-((2-(methylsulfonyl)pyrimidin-4-yl)amino)butanoate (34)

A solution of aryl chloride 30 (810 mg, 4.24 mmol), amine 16 (1.10 g, 6.36 mmol), K2CO3 (1.23 g,
8.90 mmol) in MeCN (36 mL) was heated at 35 °C for 18 h. The reaction mixture was then cooled to
RT and concentrated in vacuo. Purification using flash column chromatography (Gradient: 20% then
50% then 80% EtOAc/pet. ether) gave 34 (670 mg, 50%) as a colourless oil; Rf 0.39 (80% EtOAc/pet.
ether); IR νmax (solution in CH2Cl2) 3460 (NH), 3030 - 2950 (CH), 1720 (C=O), 1600 (C=C) and 1320
(S=O) cm-1; 1H NMR (600 MHz, CDCl3) δ 8.23 (1H, br, H6), 6.49 (1H, br, H5), 6.07 (1H, br, NH),
3.51 – 3.45 (2H, m, H10), 3.25 (3H, s, H8), 2.32 (2H, t, J = 7.0 Hz, H12), 1.89 (2H, qn, J = 7.0 Hz,
H11) and 1.42 (9H, s, H16); 13C NMR (150 MHz, CDCl3) δ 173.3 (C13), 165.6 (C4), 162.8 (C2), 154.5
(C6), 108.6 (C5), 81.1 (C15), 40.9 (C10), 38.9 (C8), 32.3 (C12), 28.2 (C11) and 24.6 (C16); LRMS
(CI+) 316.1 [M]+; HRMS calc’d for C13H22O4N3S expected 316.1325, found 316.1331.

tert-Butyl 4-((4-chloropyrimidin-2-yl)amino)butanoate (35)

Purification using flash column chromatography (Gradient: 20% EtOAc/pet. ether) gave 35 (183 mg,
16%) as a colourless oil; Rf 0.73 (80% EtOAc/pet. ether); IR νmax (solution in CH2Cl2) 3330 (NH), 3010
- 2920 (CH), 1710 (C=O) and 1600 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 8.11 (1H, br, H6), 6.53
(1H, d, J = 5.0 Hz, H5), 5.70 (1H, br, NH), 3.44 (2H, q, J = 7.0 Hz, H8), 2.29 (2H, t, J = 7.0 Hz, H10),
1.88 (2H, qn, J = 7.0 Hz, H9) and 1.43 (9H, s, H14); 13C NMR (150 MHz, CDCl3) δ 172.7 (C11), 162.4
(C2), 161.7 (C4), 159.1 (C6), 110.0 (C5), 80.7 (C13), 40.8 (C8), 32.9 (C10), 28.5 (C14) and 25.0 (C9);
LRMS (ES+) 272.0 [M(35Cl)+H]+ and 274.0 [M(37Cl)+H]+; HRMS calc’d for C12H19O2N3Cl expected
272.1166, found 272.1183.
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tert-Butyl

4-((2-(3-methyl-5-(((2,2,2-trichloroethoxy)carbonyl)amino)-1H-pyrazol-1-yl)pyrimidin-4-

yl)amino)butanoate (43)

A solution of aryl amine 23 (270 mg, 0.81 mmol) and NaOH (49 mg, 1.22 mmol) in a mixture of H2O
(2 mL) and EtOAc (4 mL) was stirred at 0 ºC for 30 min before 2,2,2-trichloroethylchloroformate
(168 µL, 1.12 mmol) was added dropwise. After a further 30 min at 0 ºC, the reaction was allowed to
return to RT and stirred for a further 90 min. The reaction was diluted with H2O (10 mL) and EtOAc
(10 mL) and the layers separated. The aqueous layer was extracted with EtOAc (3 x 10 mL). The
combined organics were washed with brine (20 mL), dried (MgSO4), filtered and concentrated in vacuo.
Purification using flash column chromatography (Gradient: 0 – 2 % MeOH/CH2Cl2) gave 43 (310 mg,
75%) as a colourless oil; Rf 0.58 (10% MeOH/CH2Cl2); IR νmax (solution in CH2Cl2) 3150 (NH), 2980
- 2920 (CH), 1750 (C=O) and 1610 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 11.82 (1H, br, NH),
8.11 (1H, br, H6), 6.47 (1H, s, H10), 6.20 (1H, br, H5), 6.16 (1H, br, NH), 4.82 (2H, s, H16), 3.50 –
3.30 (2H, m, H20), 2.34 (2H, br, H22), 2.30 (3H, s, H12), 1.92 (2H, br, H21) and 1.41 (9H, s, H26); 13C
NMR (150 MHz, CDCl3) δ 172.1 (C23), 161.9 (C4), 157.2 (C2), 155.6 (C6), 152.0 (C9), 150.2 (C14),
140.3 (C11), 103.1 (C5), 97.5 (C10), 95.2 (C17), 80.1 (C25), 74.9 (C16), 41.5 (C20), 32.3 (C22), 28.2
(C26), 24.3 (C21) and 14.6 (C12); LRMS (ES+) 507.1 [M(3x35Cl)+H]+, 509.1 [M(2x35Cl)+H]+, 511.1
[M(1x35Cl)+H]+ and 513.1 [M(3x37Cl)+H]+; HRMS calc’d for C19H26O4N6Cl3 expected 507.1081,
found 507.1078.

4-((2-(3-Methyl-5-(((2,2,2-trichloroethoxy)carbonyl)amino)-1H-pyrazol-1-yl)pyrimidin-4yl)amino)butanoic acid (44)

To a solution of ester 43 (150 mg, 0.29 mmol) in CH2Cl2 (2 mL) was added TFA (2 mL) before stirring
at RT for 3 h. The reaction mixture was then concentrated in vacuo. Purification using flash column
chromatography (Gradient: 0 – 5% MeOH/CH2Cl2) gave 44 (119 mg, 91%) as a colourless oil; Rf 0.23
(10% MeOH/CH2Cl2); IR νmax (oil) 3270 (NH), 3250 (NH), 2960 - 2890 (CH), 1750 (C=O), 1660 (C=O)
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and 1620 (C=C) cm-1; 1H NMR (600 MHz, CD3OD) δ 7.97 (1H, d, J = 6.5 Hz, H6), 6.52 (1H, s, H10),
6.46 (1H, d, J = 6.5 Hz, H5), 4.96 (2H, s, H16), 3.55 (2H, t, J = 7.5 Hz, H20), 2.45 (2H, t, J = 7.5 Hz,
H22), 2.30 (3H, s, H12) and 2.02 (2H, qn, J = 7.5 Hz, H21); 13C NMR (150 MHz, CD3OD) δ 176.7
(C23), 163.9 (C4), 155.6 (C2), 154.5 (C9), 151.3 (C14), 150.7 (C6), 142.0 (C11), 104.5 (C5), 98.1
(C10), 95.5 (C17), 76.7 (C16), 41.9 (C20), 32.0 (C22), 25.1 (C21) and 14.2 (C12); LRMS (ES+) 451.0
[M(3x35Cl)+H]+, 453.0 [M(2x35Cl)+H]+, 455.0 [M(1x35Cl)+H]+ and 457.0 [M(3x37Cl)+H]+; HRMS
calc’d for C15H18O4N6Cl3 expected 451.0455, found 451.0450.

(R)-3-Hydroxy-2,2-dimethyl-4-oxo-4-((3-oxo-3-(propylamino)propyl)amino)butyl 3-(4-((2-(3-methyl5-(((2,2,2-trichloroethyoxy)carbonyl)amino)-1H-pyrazol-1-yl)pyrimidin-4yl)amino)butanamido)cyclohexane-1-carboxylate (45)

To a solution of acid 44 (78 mg, 0.17 mmol) in DMF (2 mL) was added HOAt (42 mg, 0.31 mmol)
and PyAOP (325 mg, 0.62 mmol) at 0 ºC was added amine 4 (100 mg, 0.26 mmol) in DMF (2 mL) and
then DIPEA (136 µL, 0.78 mmol). The reaction was then stirred at RT for 44 h. The reaction mixture
was concentrated in vacuo. Purification using flash column chromatography (Gradient: 2 – 7.5%
MeOH/CH2Cl2) gave 45 (30 mg, 22%) as a colourless gum; Rf 0.29 (15% MeOH/CH2Cl2); [α]D20 +1.9
(c 0.1, MeOH); IR νmax (solid) 3300 (NH and OH), 2930 - 2850 (CH), 1730 (C=O), 1640 (C=O) and
1620 (C=C) cm-1; 1H NMR (600 MHz, CD3OD) δ 7.99 (1H, d, J = 6.0 Hz, H6), 6.47 (1H, s, H10), 6.35
(1H, d, J = 6.0 Hz, H5), 4.94 (2H, s, H16), 4.02 (1H, t, J = 10.5 Hz, H33), 3.92 – 3.85 (2H, m, H33 and
H36), 3.64 (1H, br, H25), 3.53 – 3.41 (4H, m, H20 and H39), 3.11 (2H, t, J = 7.5 Hz, H43), 2.41 (3H,
t, J = 7.0 Hz, H27 and H40), 2.32 – 2.26 (5H, m, H12 and H22), 2.12 – 2.06 (1H, m, H26), 2.01 – 1.91
(3H, m, H21 and H28), 1.86 – 1.79 (2H, m, H29 and H30), 1.53 – 1.46 (2H, m, H44), 1.37 – 1.35 (1H,
m, H29), 1.30 – 1.23 (2H, m, H26 and H28), 1.15 – 1.08 (1H, m, H30), 0.97 (3H, s, H35), 0.93 (3H, s,
H35) and 0.91 (3H, t, J = 7.5 Hz, H45); 13C NMR (150 MHz, CD3OD) δ 176.4 (C31), 175.4 (C37),
174.5 (C23), 173.6 (C41), 164.0 (C4), 158.1 (C2), 155.2 (C6), 152.7 (C9), 151.4 (C14), 141.7 (C11),
104.7 (C5), 97.2 (C10), 96.7 (C17), 75.8 (C16 and C36), 71.2 (C33), 49.1 (C25), 43.7 (C27), 42.2
(C43), 41.5 (C20), 39.4 (C34), 36.4 (C39 and C40), 36.0 (C26), 34.5 (C22), 33.0 (C30), 29.5 (C28),
26.3 (C21), 25.3 (C29), 23.6 (C44), 21.7 (C35), 20.8 (C35), 14.1 (C12) and 11.7 (C45); LRMS (ES+)
818.0 [M(3x35Cl)+H]+, 820.0 [M(2x35Cl)+H]+, 822.0 [M(1x35Cl)+H]+ and 824.0 [M(3x37Cl)+H]+;
HRMS calc’d for C34H51O8N9Cl3 expected 818.2926, and found 818.3028.
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(R)-3-Hydroxy-2,2-dimethyl-4-oxo-4((3-oxo-3-(propylamino)propyl)amino)butyl 3-(4-((2-(5-amino-3methyl-1H-pyrazol-1-yl)pyrimidin-4-yl)amino)butanamido)cylcohexane-1-carboxylate (42)

To a solution of aryl amine 45 (25 mg, 0.03 mmol) in THF (1.5 mL) was added zinc dust (70 mg,
1.08 mmol) and then aqueous ammonium acetate solution (250 µL, 1 M). The reaction was stirred
vigorously at RT for 24 h. The reaction mixture was filtered, washed with THF and the filtrate
concentrated in vacuo. Purification using preparative HPLC (gradient 1, rt 14 min) gave 42 (15 mg,
78%) as an off-white solid; Rf 0.19 (1% TFA in 10% MeOH/CH2Cl2); mp 103 - 105 °C; [α]D20 +7.1 (c
0.5, MeOH); IR νmax (solid) 3280 (NH and OH), 2980 - 2810 (CH), 1710 (C=O), 1640 (C=O) and 1610
(C=C) cm-1; 1H NMR (600 MHz, CD3OD) δ 7.96 (1H, d, J = 6.0 Hz, H6), 6.45 (1H, d, J = 6.0 Hz, H5),
4.05 – 4.00 (1H, m, H28), 3.93 – 3.88 (1H, m, H28), 3.87 – 3.84 (1H, m, H31), 3.74 – 3.67 (1H, m,
H20), 3.52 – 3.36 (4H, m, H15 and H34), 3.11 (2H, t, J = 7.0 Hz, H38), 2.48 – 2.44 (1H, m, H22), 2.41
(2H, t, J = 7.0 Hz, H35), 2.35 (3H, s, H12), 2.32 – 2.27 (2H, m, H17), 2.15 – 2.10 (1H, m, H21), 2.00
– 1.93 (3H, m, H16 and H23), 1.89 – 1.83 (2H, m, H24 and H25), 1.54 – 1.47 (2H, m, H39), 1.46 –
1.37 (1H, m, H24), 1.34 – 1.23 (2H, m, H21 and H23), 1.21 – 1.11 (1H, m, H25), 0.96 (3H, s, H30),
0.94 (3H, s, H30) and 0.91 (3H, t, J = 7.0 Hz, H40); 13C NMR (150 MHz, CD3OD) δ 176.4 (C26), 175.4
(C32), 174.2 (C18), 173.6 (C36), 164.4 (C4), 153.8 (C2), 153.2 (C9), 152.8 (C11), 149.7 (C6), 104.7
(C5), 91.7 (C10), 75.9 (C31), 71.2 (C28), 49.6 (C20), 43.7 (C22), 42.2 (C38), 41.6 (C15), 39.4 (C29),
36.4 (C34), 36.4 (C35), 36.0 (C21), 33.6 (C17), 33.0 (C25), 29.5 (C23), 25.6 (C16), 25.3 (C24), 23.6
(C39), 21.6 (C30), 20.8 (C30), 12.5 (C12) and 11.7 (C40); H10 is not visible in the 1H NMR due to
tautomerisation; LRMS (ES+) 645.4 [M+H]+; HRMS calc’d for C31H50O6N9 expected 644.3884, found
644.3878.

(R)-Di-tert-butyl 2-(2-chloropyrimidin-4-ylamino)pentanedioate (51)
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A solution of 2,4-dichloropyrimidine (170 mg, 1.15 mmol), (R)-di-tert-butyl 2-aminopentanedioate
(510 mg, 1.72 mmol) and DIPEA (300 µL, 1.72 mmol) in t-BuOH (4.0 mL) was refluxed at 100 °C for
4 h before cooling to RT and concentrating in vacuo. Purification by flash column chromatography
(Gradient:10 – 30% EtOAc/pet. ether) gave 51 (294 mg, 72%) as a white solid; Rf 0.33 (50% EtOAc/pet.
ether); mp 91 – 93 °C; [α]D20 +59.6 (c 0.3, MeOH); IR νmax (solid) 3320 (NH), 2980 - 2940 (CH), 1730
(C=O), 1710 (C=O) and 1600 (C=C) cm-1; 1H NMR (600 MHz, CD3OD) δ 7.91 (1H, d, J = 5.6 Hz, H6),
6.53 (1H, d, J = 5.6 Hz, H5), 4.45 (1H, br, H8), 2.39 (2H, t, J = 7.4 Hz, H14), 2.18 - 2.12 (1H, m, H13),
1.99 – 1.93 (1H, m H13), 1.47 (9H, s, H18) and 1.45 (9H, s, H12); 13C NMR (150 MHz, CD3OD) δ
173.9 (C15), 172.9 (C9), 165.1 (C4), 161.3 (C2), 156.2 (C6), 105.9 (C5), 82.4 (C11 or C17), 81.9 (C11
or C17), 54.9 (C8), 32.6 (C13), 28.3 (C12 or C18), 28.2 (C12 or C18) and 27.8 (C14); LRMS (ES +):
m/z 372.1 [M(35Cl)+H]+ and 374.1 [M(37Cl)+H]+; HRMS calc’d for C17H27O4N3Cl expected 372.1690,
found 372.1694.

Di-tert-butyl (2-(5-amino-3-methyl-1H-pyrazol-1-yl)pyrimidin-4-yl)-D-glutamate (52)

To a solution of DavePhos (23.6 mg, 0.06 mmol) and tris(dibenzylideneacetone)dipalladium (19.2 mg,
0.02 mmol) and Cs2CO3 (319 mg, 0.98 mmol) in dioxane (8 mL) was added aryl chloride 51 (260 mg,
0.70 mmol) and 3-amino-5-methylpyrazole (135 mg, 1.39 mmol). The reaction was refluxed at 110 ⁰C
for 18 h before cooling to RT and concentrating in vacuo. Purification by flash column chromatography
(Gradient: 0 – 5% MeOH/CH2Cl2) gave 51 (18 mg, 3%) as a colourless gum; Rf 0.60 (10%
MeOH/CH2Cl2); IR νmax (solid) 3260 (NH), 3160 (NH), 2980 – 2880 (CH), 1730 (C=O) and 1610
(C=C) cm-1; 1H NMR (600 MHz, CD3OD) δ 8.06 (1H, br, H6), 6.39 (1H, br, H5), 5.34 (1H, s, H10),
4.56 (1H, br, H14), 2.42 (2H, dt, J = 7.3 and 2.7 Hz, H20), 2.18 – 2.12 (4H, m, H12 and H19), 2.05 –
1.97 (1H, m, H19), 1.44 (9H, s, H18) and 1.43 (9H, s, H24); 13C NMR (150 MHz, CD3OD) δ 173.6
(C15 and C21), 164.3 (C4), 158.4 (C2), 155.9 (C6), 153.0 (C11), 152.0 (C9), 103.6 (C5), 90.1 (C10),
81.9 (C17 and C23), 55.1 (C14), 32.8 (C20), 28.3 (C18 and C24), 28.0 (C19) and 13.9 (C12); LRMS
(ES+): m/z 433.2 [M+H]+; HRMS calc’d for C21H33O4N6 expected 433.2563, found 433.2556.
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(2-(5-Amino-3-methyl-1H-pyrazol-1-yl)pyrimidin-4-yl)-D-glutamic acid (48)

To a solution of ester 52 (17.0 mg, 0.04 mmol) in CH2Cl2 (1 mL) was added TFA (1 mL) and the
reaction stirred at RT for 5 h. The reaction mixture was concentrated in vacuo to give 48 (14 mg, >99%,
~80% purity by NMR) as the TFA salt as a brown gum; Rf 0.06 (10% MeOH/ CH2Cl2); IR νmax (solid)
3230 (NH), 3150 (NH), 2980 – 2860 (CH), 2540 (OH), 1720 (C=O) and 1630 (C=C) cm-1; 1H NMR
(600 MHz, D2O) δ 7.99 (1H, br, H6), 6.57 (1H, br, H5), 4.59 (1H, br, H14), 2.59 (2H, t, J = 7.3 Hz,
H18) and 2.33 – 2.16 (5H, m, H12 and H17);

13

C NMR (150 MHz, D2O) δ 177.6 (C19), 176.2 (C15),

163.3 (C4), 154.2 (C11), 152.0 (C2), 151.9 (C9), 148.7 (C6), 104.2 (C5), 92.2 (C10), 55.4 (C14), 30.6
(C18), 26.4 (C17) and 12.5 (C12); H10 is not visible in the 1H NMR due to tautomerisation; LRMS
(ES+): m/z 321.0 [M+H]+; HRMS calc’d for C13H17O4N6 expected 321.1311, found 321.1313.
1-(2-Chloropyrimidin-4-yl)-3-methyl-1H-pyrazol-5-amine (53) 109

A solution of 2,4-dichloropyrimidine (1.00 g, 6.80 mmol), 3-amino-5-methylpyrazole (720 mg,
7.40 mmol), DIPEA (1.29 mL, 7.40 mmol) in t-BuOH (10 mL) was heated at 100 ⁰C for 18 h before
cooling to RT and concentrating in vacuo. Purification by flash column chromatography (Gradient: 50
– 80% EtOAc/pet. ether) gave 53 (390 mg, 28%) as an off-white solid; mp >300 °C decomposed; Rf
0.44 (5% MeOH/CH2Cl2); 1H NMR (600 MHz, CD3OD) δ 8.65 (1H, d, J = 5.6 Hz, H6), 7.34 (1H, d, J
= 5.6 Hz, H5), 5.37 (1H, s, H10) and 2.17 (3H, s, H12); 13C NMR (150 MHz, CD3OD) δ 163.2 (C4),
160.8 (C6), 158.4 (C5), 155.0 (C9), 152.8 (C11), 118.2 (C2), 90.2 (C10), 13.9 (C12); LRMS (ES+): m/z
209.9 [M(35Cl)+H]+ and 211.9 [M(37Cl)+H]+. The data is in good agreement with the literature values.109
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Di-tert-butyl (4-(5-amino-3-methyl-1H-pyrazol-1-yl)pyrimidin-2-yl)-L-glutamate (55)

To a solution of aryl chloride 53 (80.0 mg, 0.38 mmol) in DMF (2 mL) was added (S)-di-tert-butyl 2aminopentanedioate (240 mg, 0.81 mmol) and DIPEA (140 µL, 0.8 mmol). The reaction was refluxed
at 120 ⁰C for 18 h before cooling to RT and concentrating in vacuo. Purification by column
chromatography (Gradient: 0 – 3% MeOH/CH2Cl2) gave 55 (64 mg, 30%, ~80% purity by NMR) as
an off-white solid; Rf 0.50 (10% MeOH/CH2Cl2); mp 96 – 98 °C; [α]D20 -75.4 (c 0.3, MeOH); IR νmax
(solid) 3440 (NH), 3280 (NH), 2980 - 2930 (CH), 1730 (C=O) and 1610 (C=C) cm-1; 1H NMR
(600 MHz, CD3OD) δ 8.05 (1H, d, J = 5.0 Hz, H6), 6.41 (1H, d, J = 5.0 Hz, H5), 5.34 (1H, s, H10),
4.48 (1H, br, H14), 2.42 (2H, t, J = 7.1 Hz, H20), 2.18 – 2.12 (4H, m, H12 and H19), 2.06 – 1.97 (1H,
m, H19) and 1.43 (18H, s, H18 and H24); 13C NMR (150 MHz, CD3OD) δ 173.6 (C15 and C21), 164.2
(C2), 158.5 (C4), 155.9 (C6), 153.5 (C11), 152.2 (C9), 103.5 (C5), 90.1 (C10), 82.0 (C17 and C23),
55.3 (C14), 32.6 (C20), 28.3 (C18 and C24), 27.9 (C19) and 14.0 (C12);

LRMS (ES+): m/z 433.2

[M+H]+; HRMS calc’d for C21H33O4N6 expected 433.2563, found 433.2544.

(4-(5-Amino-3-methyl-1H-pyrazol-1-yl)pyrimidin-2-yl)-L-glutamic acid (49)

To a solution of ester 55 (53.0 mg, 0.12 mmol) in CH2Cl2 (3 mL) was added TFA (3 mL) and the
reaction stirred at RT for 5 h. The reaction mixture was concentrated in vacuo. The product was washed
with EtOAc and filtered to give 49 (17 mg, 45%, ~80% purity by NMR) as the TFA salt as a brown
gum; Rf 0.06 (10% MeOH/CH2Cl2); [α]D20 -15.0 (c 0.3, MeOH); IR νmax (solid) 3300 (NH), 3220 (NH),
2980 – 2860 (CH), 2530 (OH), 1720 (C=O) and 1600 (C=C) cm-1; 1H NMR (600 MHz, D2O) δ 7.95
(1H, br, H6), 6.51 (1H, br, H5), 4.27 (1H, br, H14), 2.51 (2H, br, H18), 2.27 – 2.18 (4H, m, H12 and

- 212 -

H17) and 2.15 – 2.08 (1H, m, H17); 13C NMR (150 MHz, D2O) δ 179.4 (C19), 178.8 (C15), 163.4 (C2),
155.6 (C10), 151.8 (C4 and C9), 146.3 (C6), 103.7 (C5), 91.5 (C10), 57.8 (C14), 32.3 (C17), 27.3 (C18)
and 13.1 (C12); H10 is not visible in the 1H NMR due to tautomerisation; LRMS (ES+): m/z 321.0
[M+H]+; HRMS calc’d for C13H17O4N6 expected 321.1311, found 321.1306.
(S)-5-(Allyloxy)-2-amino-5-oxopentanoic acid hydrochloride (60) 116

To a solution of L-glutamic acid (2.00 g, 14.0 mmol) in allyl alcohol (50 mL) at 0 °C was added TMSCl
(4.2 mL). The reaction was stirred at 0 °C for 20 min and then allowed to warm to RT for a further
20 h. Ice cold Et2O (140 mL) was added and a white precipitate was formed. The solution was stirred
for a further 1 h to obtain more precipitate. The resulting white precipitate was filtered and washed
with ice cold Et2O to give 60 (1.3 g, 42%) as a white solid; Rf 0.17 (10% MeOH/CH2Cl2); mp 120 –
123 °C (lit.115 131 – 132 °C for (R)-enantiomer); [α]D20 +23.1 (c 1.0, MeOH); 1H NMR (500 MHz, d6DMSO) δ 8.49 (2H, br, NH2), 5.95 – 5.85 (1H, m, H10), 5.29 (1H, dq, J = 17.3 and 1.4 Hz, H11), 5.20
(1H, dq, J = 10.5 and 1.4 Hz, H11), 4.55 (2H, dt, J = 5.5 and 1.4 Hz, H9), 3.90 (1H, t, J = 6.4 Hz, H2),
2.64 – 2.57 (1H, m, H5), 2.54 – 2.46 (1H, m, H5) and 2.12 – 1.99 (2H, m, H6); 13C NMR (125 MHz,
d6-DMSO) δ 171.4 (C3), 170.5 (C7), 132.6 (C10), 117.8 (C11), 64.6 (C9), 51.1 (C2), 29.2 (C6) and
25.1 (C5); LRMS (EI+) 187.9 [M-Cl]+. The data is in good agreement with the literature values.116
(S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-5-(allyloxy)-5-oxopentanoic acid (61) 116

To a suspension of amine 60 (500 mg, 2.24 mmol) and K2CO3 (524 mg, 3.80 mmol) in H2O (15 mL)
was added a solution of FMOC-OSu (830 mg, 2.46 mmol) in dioxane (15 mL) dropwise. The reaction
was stirred at RT for 16 h. The reaction solution was diluted with H2O and the dioxane removed in
vacuo. The aqueous layer was then washed with Et2O (2 x 10 mL) before being acidified to pH 2-3 with
1M HCl solution and extracting with CH2Cl2 (3 x 10 mL). The combined organic layers were dried
(MgSO4), filtered and concentrated in vacuo to leave 61 (1.05 g, 99%) as an off-white solid; Rf 0.25
(10% MeOH/ CH2Cl2); mp 110 – 112 °C (lit.115 113 – 114 °C for (R)-enantiomer); [α]D20 -8.5 (c 1.0,
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MeOH); 1H NMR (600 MHz, CDCl3) δ 7.76 (2H, d, J = 7.5 Hz, H2), 7.61 – 7.56 (2H, m, H5), 7.39 (2H,
t, J = 7.5 Hz, H3), 7.31 (2H, t, J = 7.5 Hz, H4), 5.93 – 5.86 (1H, m, H20), 5.31 (1H, d, J = 17.3 Hz,
H21), 5.23 (1H, d, J = 10.5 Hz, H21), 4.58 (2H, d, J = 5.3 Hz, H19), 4.46 – 4.37 (3H, m, H8 and H12),
4.21 (1H, t, J = 6.8 Hz, H7), 2.55 – 2.42 (2H, m, H16), 2.33 – 2.26 (1H, m, H15) and 2.10 – 2.02 (1H,
m, H15); 13C NMR (150 MHz, CDCl3) δ 175.6 (C13), 172.8 (C17), 156.3 (C10), 143.9 (C1), 141.4
(C6), 131.9 (C20), 127.9 (C3), 127.2 (C4), 125.2 (C5), 120.1 (C2), 118.8 (C21), 67.6 (C8), 65.7 (C19),
53.6 (C12), 47.2 (C7), 30.4 (C16) and 27.3 (C15); LRMS (EI+) 432.1 [M+Na]+. The data is in good
agreement with the literature values.116

(S)-5-Allyl 1-methyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)pentanedioate (62)

To a solution of acid 61 (700 mg, 1.71 mmol) in CH2Cl2 (5 mL) and MeOH (5 mL) was added DMAP
(20.7 mg, 0.17 mmol) before the reaction was cooled to 0 °C and DCC (450 mg, 2.22 mmol) was added
portionwise. The reaction was stirred at RT for 18 h. The reaction mixture was concentrated in vacuo
and then redissolved in EtOAc (30 mL). The insoluble dicyclohexylurea was removed by filtration,
washed with EtOAc and the filtrate concentrated in vacuo. Purification by flash column
chromatography (Gradient: 10 – 20% EtOAc/pet. ether) gave 62 (280 mg, 39%) as an off-white solid;
Rf 0.40 (30% EtOAc/pet. ether); mp 74 - 75 °C (lit.115 84 – 85 °C for (R)-enantiomer); [α]D20 +11.0 (c
0.7, MeOH); IR νmax (solid) 3320 (NH), 3070 – 2850 (CH), 1730 (C=O), 1690 (C=O) and 1630 (C=C)
cm-1; 1H NMR (600 MHz, CDCl3) δ 7.76 (2H, d, J = 7.5 Hz, H2), 7.62 – 7.58 (2H, m, H5), 7.42 – 7.38
(2H, m, H3), 7.35 – 7.30 (2H, m, H4), 5.95 – 5.87 (1H, m, H21), 5.31 (1H, dq, J = 17.1 and 1.3 Hz,
H22), 5.24 (1H, dq, J = 10.5 and 1.3 Hz, H22), 4.58 (2H, d, J = 5.6 Hz, H20), 4.45 – 4.37 (3H, m, H8
and H12), 4.22 (1H, t, J = 7.0 Hz, H7), 3.76 (3H, s, H15), 2.51 – 2.37 (2H, m, H17), 2.28 – 2.20 (1H,
m, H16) and 2.06 – 1.99 (1H, m, H16); 13C NMR (150 MHz, CDCl3) δ 172.5 (C13), 172.4 (C18), 156.0
(C10), 143.9 (C1), 141.4 (C6), 132.0 (C21), 127.8 (C3), 127.2 (C4), 125.2 (C5), 120.1 (C2), 118.6
(C22), 67.2 (C8), 65.6 (C20), 53.4 (C12), 51.9 (C15), 47.3 (C7), 30.2 (C17) and 27.6 (C16); LRMS
(CI+) 424.0 [M+H]+; HRMS calc’d for C24H26O6N expected 424.1760, found 424.1750.
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(S)-5-Allyl 1-methyl 2-aminopentanedioate (57)

To a solution of carbamate 62 (250 mg, 0.59 mmol) in DMF (1.2 mL) was added piperidine (0.8 mL)
dropwise and the reaction stirred at RT for 1 h. The reaction solution was concentrated in vacuo.
Purification by flash column chromatography (Gradient: 60% EtOAc/pet. ether) gave 57 (96 mg, 81%)
as a colourless oil; Rf 0.50 (100% EtOAc); [α]D20 +8.2 (c 0.2, MeOH); IR νmax (solution in CH2Cl2)
3330 (NH), 3280 (NH), 2960 – 2840 (CH), 1730 (C=O) and 1680 (C=C) cm-1; 1H NMR (600 MHz,
CDCl3) δ 5.95 – 5.87 (1H, m, H11), 5.32 (1H, dq, J = 17.3 and 1.5 Hz, H12), 5.23 (1H, dq, J = 10.5
and 1.5 Hz, H12), 4.58 (2H, d, J = 6.0 Hz, H10), 3.73 (3H, s, H5), 3.51 – 3.46 (1H, m, H2), 2.52 – 2.48
(2H, m, H7), 2.13 – 2.06 (1H, m, H6) and 1.89 – 1.81 (1H, m, H6); 13C NMR (150 MHz, CDCl3) δ
176.1 (C3), 172.9 (C8), 132,2 (C11), 118.4 (C12), 65.3 (C10), 55.2 (C2), 51.8 (C5), 30.6 (C7) and 28.2
(C6). Unable to get mass spectrometry data for this compound.
(R)-5-(Allyloxy)-2-amino-5-oxopentanoic acid hydrochloride (64) 115

To a solution of D-glutamic acid (2.50 g, 17.0 mmol) in allyl alcohol (60 mL) at 0 °C was added TMSCl
(5.1 mL). The reaction was stirred at 0 °C for 20 min and then allowed to warm to RT for a further
20 h. Ice cold Et2O (170 mL) was added and a white precipitate was formed. The solution was stirred
for a further 1 h to obtain more precipitate. The resulting white precipitate was filtered and washed
with ice cold Et2O to give 64 (1.9 g, 49%) as a white solid; Rf 0.17 (10% MeOH/CH2Cl2); mp 119 –
122 °C (lit.115 131 – 132 °C); [α]D20 -23.3 (c 0.7, MeOH) (lit.115 [α]D -22.1 (c 1.1, MeOH)); 1H NMR
(500 MHz, d6-DMSO) δ 8.45 (2H, br, NH2), 5.95 – 5.85 (1H, m, H10), 5.29 (1H, dq, J = 17.3 and 1.4
Hz, H11), 5.21 (1H, dq, J = 10.5 and 1.4 Hz, H11), 4.55 (2H, dt, J = 5.5 and 1.4 Hz, H9), 3.90 (1H, br,
H2), 2.65 – 2.56 (1H, m, H5), 2.54 – 2.45 (1H, m, H5) and 2.12 – 1.98 (2H, m, H6); 13C NMR (125
MHz, d6-DMSO) δ 171.4 (C3), 170.5 (C7), 132.6 (C10), 117.8 (C11), 64.6 (C9), 51.2 (C2), 29.2 (C6)
and 25.2 (C5); LRMS (EI+) 187.9 [M-Cl]+. The data is in agreement with literature values.115
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(R)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-5-(allyloxy)-5-oxopentanoic acid (65)115

To a suspension of amine 64 (1.90 g, 8.52 mmol) and K2CO3 (1.99 g, 14.4 mmol) in H2O (55 mL) was
added a solution of FMOC-OSu (3.16 g, 9.37 mmol) in dioxane (55 mL) dropwise. The reaction was
stirred at RT for 16 h. The reaction solution was diluted with H2O and the dioxane removed in vacuo.
The aqueous layer was then washed with Et2O (2 x 40 mL) before being acidified to pH 2-3 with 1M
HCl solution and extracting with CH2Cl2 (3 x 40 mL). The combined organic layers were dried
(MgSO4), filtered and concentrated in vacuo to leave 65 (3.89 g, >99%) as an off-white solid; Rf 0.25
(10% MeOH/CH2Cl2); mp 108 – 110 °C (lit.115 113 – 114 °C); [α]D20 +5.8 (c 0.5, MeOH) (lit.115 [α]D
+30.4 (c 1.3, MeOH)); 1H NMR (600 MHz, CDCl3) δ 7.76 (2H, d, J = 7.5 Hz, H2), 7.61 – 7.56 (2H,
m, H5), 7.39 (2H, t, J = 7.5 Hz, H3), 7.31 (2H, t, J = 7.5 Hz, H4), 5.94 – 5.86 (1H, m, H20), 5.31 (1H,
d, J = 15.9 Hz, H21), 5.23 (1H, d, J = 10.2 Hz, H21), 4.59 (2H, d, J = 5.6 Hz, H19), 4.46 – 4.36 (3H,
m, H8 and H12), 4.22 (1H, t, J = 6.8 Hz, H7), 2.57 – 2.43 (2H, m, H16), 2.33 – 2.25 (1H, m, H15) and
2.10 – 2.03 (1H, m, H15); 13C NMR (150 MHz, CDCl3) δ 175.7 (C13), 172.9 (C17), 156.3 (C10), 143.9
(C1), 141.4 (C6), 131.9 (C20), 127.9 (C3), 127.2 (C4), 125.2 (C5), 120.1 (C2), 118.8 (C21), 67.6 (C8),
66.0 (C19), 53.6 (C12), 47.2 (C7), 30.4 (C16) and 27.3 (C15); LRMS (EI+) 432.0 [M+Na]+. The data
is in good agreement with the literature values.115
(R)-5-Allyl 1-methyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)pentanedioate (66)115

To a solution of acid 65 (3.70 g, 9.05 mmol) in CH2Cl2 (27 mL) and MeOH (27 mL) was added DMAP
(110 mg, 0.91 mmol) before the reaction was cooled to 0 °C and DCC (2.47 g, 12.0 mmol) was added
portionwise. The reaction was stirred at RT for 18 h. The reaction mixture was concentrated in vacuo
and then redissolved in EtOAc (30 mL). The insoluble dicyclohexylurea was removed by filtration,
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washed with EtOAc and the filtrate concentrated in vacuo. Purification by flash column
chromatography (Gradient: 10 – 20% EtOAc/pet. ether) gave 66 (2.60 g, 68%) as an off-white solid; Rf
0.40 (30% EtOAc/pet. ether); mp 68 – 70 °C (lit.115 84 – 85 °C); [α]D20 +11.0 (c 0.9, MeOH) (lit.115
[α]D20 +22.14 (c 0.56, MeOH)); 1H NMR (600 MHz, CDCl3) δ 7.76 (2H, d, J = 7.5 Hz, H2), 7.62 – 7.57
(2H, m, H5), 7.42 – 7.38 (2H, m, H3), 7.34 – 7.29 (2H, m, H4), 5.95 – 5.87 (1H, m, H21), 5.31 (1H,
dq, J = 17.1 and 1.3 Hz, H22), 5.24 (1H, dq, J = 10.5 and 1.3 Hz, H22), 4.58 (2H, d, J = 5.6 Hz, H20),
4.45 – 4.36 (3H, m, H8 and H12), 4.22 (1H, t, J = 7.0 Hz, H7), 3.76 (3H, s, H15), 2.51 – 2.37 (2H, m,
H17), 2.28 – 2.21 (1H, m, H16) and 2.05 – 1.98 (1H, m, H16); 13C NMR (150 MHz, CDCl3) δ 172.6
(C13), 172.5 (C18), 156.1 (C10), 143.9 (C1), 141.4 (C6), 132.1 (C21), 127.8 (C3), 127.2 (C4), 125.2
(C5), 120.1 (C2), 118.6 (C22), 67.2 (C8), 65.6 (C20), 53.4 (C12), 51.9 (C15), 47.3 (C7), 30.2 (C17)
and 27.7 (C16); LRMS (EI+) 446.1 [M+Na]+. The data is in good agreement with the literature
values.115

(R)-5-Allyl 1-methyl 2-aminopentanedioate (58)

To a solution of carbamate 66 (2.50 g, 5.90 mmol) in DMF (12 mL) was added piperidine (8 mL)
dropwise and the reaction stirred at RT for 1 h. The reaction solution was concentrated in vacuo.
Purification by flash column chromatography (Gradient: 60% EtOAc/pet. ether) gave 58 (670 mg, 56%)
as a colourless oil; Rf 0.50 (100% EtOAc); [α]D20 -5.8 (c 0.8, MeOH); IR νmax (solution in CH2Cl2) 3300,
(NH), 3260 (NH), 2950 – 2840 (CH), 1740 (C=O) and 1680 (C=C) cm-1; 1H NMR (600 MHz, CDCl3)
δ 5.94 – 5.87 (1H, m, H11), 5.31 (1H, dq, J = 17.1 and 1.3 Hz, H12), 5.22 (1H, dq, J = 10.5 and 1.3
Hz, H12), 4.57 (2H, d, J = 6.0 Hz, H10), 3.71 (3H, s, H5), 3.50 – 3.46 (1H, m, H2), 2.51 – 2.46 (2H,
m, H7), 2.12 – 2.05 (1H, m, H6) and 1.88 – 1.80 (1H, m, H6); 13C NMR (150 MHz, CDCl3) δ 176.1
(C3), 172.9 (C8), 132.2 (C11), 118.4 (C12), 65.3 (C10), 55.3 (C2), 51.8 (C5), 30.6 (C7) and 28.2 (C6).
Unable to get mass spectrometry data for this compound.
(S)-Diethyl 2-aminopentanedioate (70)216

To a solution of L-glutamic acid (1.00 g, 6.80 mmol) in EtOH (7 mL) at 0 °C was added SOCl2
(1.10 mL, 14.9 mmol) dropwise. The reaction was stirred at RT for 16 h. The reaction solution was
concentrated in vacuo. The resulting crude residue was dissolved in sat. NaHCO3 solution (10 mL) and
extracted with CH2Cl2 (3 x 10 mL). The combined organic layers were washed with H2O (10 mL),
brine (10 mL), dried (MgSO4), filtered and concentrated in vacuo to give 70 (1.20 g, 87%) as a
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colourless oil; Rf 0.45 (5% MeOH/CH2Cl2); [α]D20 -4.6 (c 0.6, MeOH); IR νmax (solution in CH2Cl2)
3290 (NH2), 2903 – 2860 (CH), 1730 (C=O) and 1680 (C=O) cm-1; 1H NMR (500 MHz, CDCl3) δ 4.19
– 4.10 (4H, m, H5 and H11), 3.46 – 3.41 (1H, m, H2), 2.44 (2H, t, J = 7.5 Hz, H8), 2.10 – 2.03 (1H, m,
H7), 1.86 – 1.79 (1H, m, H7), 1.47 (2H, br, NH2) and 1.28 – 1.23 (6H, m, H6 and H12); 13C NMR (125
MHz, CDCl3) δ 175.7 (C9), 173.2 (C3), 61.1 (C11), 60.5 (C5), 53.8 (C2), 30.7 (C8), 29.8 (C7), 14.2
(C6 and C12). The data is in good agreement with the literature values.216
(R)-Diethyl 2-aminopentanedioate (71)216

To a solution of D-glutamic acid (1.00 g, 6.80 mmol) in EtOH (7 mL) at 0 °C was added SOCl2 (1.1 mL,
14.9 mmol) dropwise. The reaction was stirred at RT for 16 h. The reaction solution was concentrated
in vacuo. The resulting crude residue was dissolved in sat. NaHCO3 solution (10 mL) and extracted
with CH2Cl2 (3 x 10 mL). The combined organic layers were washed with H2O (10 mL), brine (10
mL), dried (MgSO4), filtered and concentrated in vacuo to give 71 (1.10 g, 80%) as a colourless oil; Rf
0.45 (5% MeOH/CH2Cl2); [α]D20 +1.4 (c 0.3, MeOH); IR νmax (solution in CH2Cl2) 3320 (NH2), 2980
– 2860 (CH), 1730 (C=O) and 1680 (C=O) cm-1; 1H NMR (500 MHz, CDCl3) δ 4.19 – 4.09 (4H, m, H5
and H11), 3.46 – 3.42 (1H, m, H2), 2.44 (2H, t, J = 7.5 Hz, H8), 2.10 – 2.02 (1H, m, H7), 1.86 – 1.78
(1H, m, H7), 1.46 (2H, br, NH2) and 1.28 – 1.22 (6H, m, H6 and H12); 13C NMR (125 MHz, CDCl3) δ
175.7 (C9), 173.2 (C3), 61.1 (C11), 60.5 (C5), 53.9 (C2), 30.7 (C8), 29.8 (C7), 14.3 (C6 and C12);
LRMS (ES+): m/z 204.0 [M+H]+; HRMS calc’d for C9H18O4N expected 204.1236, found 204.1245. The
data is in good agreement with the literature values for (S)-enantiomer.216

(S)-Diethyl 2-((2,6-dichloropyrimidin-4-yl)amino)pentanedioate (73)

To a solution of 2,4,6-trichloropyrimidine (680 µL, 5.90 mmol) and NEt3 (860 µL, 6.49 mmol) in EtOH
(9 mL) was added amine 70 (1.19 g, 5.90 mmol) in EtOH (9 mL) dropwise. The reaction was stirred at
RT for 16 h. The reaction solution was concentrated in vacuo. Purification by flash column
chromatography (Gradient: 5 – 20% EtOAc/pet. ether) gave 73 (1.19 g, 58%) as a colourless oil; Rf
0.35 (30% EtOAc/pet. ether); [α]D20 -40.0 (c 0.6, MeOH); IR νmax (solution in CH2Cl2) 3340 (NH),
3150 – 2940 (CH), 1730 (C=O) and 1570 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 6.38 (1H, s, H5),
6.09 (1H, d, J = 6.1 Hz, NH), 4.80 (1H, br, H8), 4.29 – 4.19 (2H, m, H17), 4.16 – 4.10 (2H, m, H11),
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2.49 – 2.37 (2H, m, H14), 2.28 (1H, br, H13), 2.14 – 2.07 (1H, m, H13), 1.30 (3H, t, J = 7.2 Hz, H18)
and 1.25 (3H, t, J = 7.2 Hz, H12); 13C NMR (150 MHz, CDCl3) δ 173.3 (C9), 171.3 (C15), 163.4 (C4),
160.2 (C2), 159.6 (C6), 103.1 (C5), 62.2 (C17), 60.5 (C11), 53.4 (C8), 30.3 (C14), 27.0 (C13) and 14.3
(C12 and C18); LRMS (EI+) 349.0 [M(2x35Cl)]+, 351.0 [M(1x35Cl)]+ and 353.0 [M(2x37Cl)]+; HRMS
calc’d for C13H17O4N3Cl2 expected 349.0596, found 349.0593.

(S)-Diethyl 2-((4,6-dichloropyrimidin-2-yl)amino)pentanedioate (76)

Purification by flash column chromatography (Gradient: 5 – 20% EtOAc/pet. ether) gave 76 (392 mg,
23%) as a colourless oil; Rf 0.35 (30% EtOAc/pet. ether); [α]D20 -40.0 (c 0.6, MeOH); IR νmax (solution
in CH2Cl2) 3340 (NH), 3120 – 2930 (CH) and 1730 (C=O) cm-1; 1H NMR (600 MHz, CDCl3) δ 6.66
(1H, s, H5), 6.01 (1H, d, J = 7.5 Hz, NH), 4.75 – 4.68 (1H, m, H8), 4.28 – 4.18 (2H, m, H11), 4.16 –
4.10 (2H, m, H17), 2.48 – 2.28 (3H, m, H13 and H14), 2.12 – 2.1042 (1H, m, H13) and 1.31 – 1.23
(6H, m, H12 and H18); 13C NMR (150 MHz, CDCl3) δ 173.1 (C15), 172.8 (C9), 162.1 (C4 or C6),
162.0 (C4 or C6), 156.7 (C2), 110.3 (C5), 61.9 (C11), 60.9 (C17), 53.7 (C8), 30.2 (C14), 27.3 (C13)
and 14.3 (C12 and C18); LRMS (CI+) 350.0 [M(2x35Cl)+H]+, 352.0 [M(1x35Cl)+H]+ and 354.0
[M(2x37Cl)+H]+; HRMS calc’d for C13H18O4N3Cl2 expected 350.0674, found 349.0662.

(R)-Diethyl 2-((2,6-dichloropyrimidin-4-yl)amino)pentanedioate (77)

To a solution of 2,4,6-trichloropyrimidine (550 µL, 4.90 mmol) and NEt3 (720 µL, 5.39 mmol) in EtOH
(7 mL) was added amine 71 (1.00 g, 4.90 mmol) in EtOH (7 mL) dropwise. The reaction was stirred at
RT for 16 h. The reaction solution was concentrated in vacuo. Purification by flash column
chromatography (Gradient: 5 – 20% EtOAc/pet. ether) gave 77 (930 mg, 55%) as a colourless oil; Rf
0.35 (30% EtOAc/pet. ether); [α]D20 +43.4 (c 0.8, MeOH); IR νmax (solution in CH2Cl2) 3340 (NH),
3150 – 2940 (CH), 1730 (C=O) and 1570 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 6.38 (1H, s, H5),
6.10 (1H, d, J = 6.1 Hz, NH), 4.80 (1H, br, H8), 4.29 – 4.19 (2H, m, H17), 4.17 – 4.10 (2H, m, H11),
2.49 – 2.37 (2H, m, H14), 2.29 (1H, br, H13), 2.14 – 2.07 (1H, m, H13), 1.30 (3H, t, J = 7.2 Hz, H18)
and 1.25 (3H, t, J = 7.2 Hz, H12); 13C NMR (150 MHz, CDCl3) δ 173.3 (C9), 171.3 (C15), 163.4 (C4),
160.2 (C2), 159.5 (C6), 103.1 (C5), 62.2 (C17), 60.5 (C11), 53.5 (C8), 30.3 (C14), 27.0 (C13) and 14.3
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(C12 and C18); LRMS (EI+) 349.0 [M(2x35Cl)]+, 351.0 [M(1x35Cl)]+ and 353.0 [M(2x37Cl)]+; HRMS
calc’d for C13H17O4N3Cl2 expected 349.0596, found 349.0594.

(S)-Diethyl 2-((2-chloro-6-(4-methylpiperazin-1-yl)pyrimidin-4-yl)amino)pentanedioate (74)

To a solution of aryl chloride 73 (1.20 g, 3.45 mmol) in 1-BuOH (12 mL) was added DIPEA (4.20 mL,
24.0 mmol) and N-methylpiperazine (690 µL, 6.21 mmol). The reaction was heated at reflux for 3 h
before cooling to RT and then reducing in vacuo. Purification by flash column chromatography
(Gradient: 2 – 4% MeOH/CH2Cl2) gave 74 (990 mg, 69%) as a colourless oil; Rf 0.45 (10%
MeOH/CH2Cl2); [α]D20 -34.7 (c 0.8, MeOH); IR νmax (solution in CH2Cl2) 3360 (NH), 2940– 2800 (CH),
1730 (C=O) and 1580 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 5.75 (1H, s, H5), 5.31 (1H, d, J =
7.2 Hz, NH), 4.60 (1H, br, H8), 4.19 (2H, q, J = 7.0 Hz, H17), 4.13 (2H, q, J = 7.0 Hz, H11), 3.75 (4H,
br, H20), 2.49 – 2.35 (6H, m, H14 and H21), 2.31 (3H, s, H23), 2.27 – 2.20 (1H, m, H13), 2.11 – 2.04
(1H, m, H13) and 1.29 – 1.22 (6H, m, H12 and H18); 13C NMR (150 MHz, CDCl3) δ 173.2 (C9), 172.6
(C15), 162.8 (C4), 160.9 (C6), 159.5 (C2), 93.1 (C5), 61.6 (C17), 60.9 (C11), 55.6 (C8), 54.8 (C21),
46.4 (C23), 43.7 (C20), 30.6 (C14), 27.2 (C13) and 14.2 (C12 and C18); LRMS (EI+) 413.0 [M(35Cl)]+
and 415.0 [M(37Cl)]+; HRMS calc’d for C18H28O4N5Cl expected 413.1830, found 413.1822.

(R)-Diethyl 2-((2-chloro-6-(4-methylpiperazin-1-yl)pyrimidin-4-yl)amino)pentanedioate (78)

To a solution of aryl chloride 77 (520 mg, 1.49 mmol) in 1-BuOH (5 mL) was added DIPEA (1.80 mL,
11.0 mmol) and N-methylpiperazine (300 µL, 2.68 mmol). The reaction was heated at reflux for 3 h
before cooling to RT and then reducing in vacuo. Purification by flash column chromatography
(Gradient: 2 – 4% MeOH/CH2Cl2) gave 78 (420 mg, 68%) as a colourless oil; Rf 0.45 (10%
MeOH/CH2Cl2); [α]D20 +40.5 (c 0.7, MeOH); IR νmax (solution in CH2Cl2) 3360 (NH), 2940 – 2800
(CH), 1730 (C=O) and 1580 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 5.74 (1H, s, H5), 5.34 (1H, d,
J = 7.2 Hz, NH), 4.59 (1H, br, H8), 4.19 (2H, q, J = 7.0 Hz, H17), 4.12 (2H, q, J = 7.0 Hz, H11), 3.74
(4H, br, H20), 2.49 – 2.35 (6H, m, H14 and H21), 2.31 (3H, s, H23), 2.27 – 2.19 (1H, m, H13), 2.10 –
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2.04 (1H, m, H13) and 1.28 – 1.22 (6H, m, H12 and H18); 13C NMR (150 MHz, CDCl3) δ 173.2 (C9),
172.6 (C15), 162.8 (C4), 160.9 (C6), 159.6 (C2), 93.1 (C5), 61.6 (C17), 60.9 (C11), 55.0 (C8), 54.8
(C21), 46.3 (C23), 43.7 (C20), 30.6 (C14), 27.2 (C13), 14.3 (C12 and C18); LRMS (EI+) 413.0
[M(35Cl)]+ and 415.0 [M(37Cl)]+; HRMS calc’d for C18H28O4N5Cl expected 413.1830, found 413.1818.
2-(Methylthio)pyrimidine-4,6-diol (84)217

2-Thiobarbituric acid (69.4 mmol) was added to NaOH (5.55 g, 0.14 mol) in H2O (100 mL) and the
reaction was cooled to 0 ºC before MeI (6.48 mL, 0.10 mol) was added dropwise and the reaction
allowed to return to RT for 16 h. The reaction mixture was cooled in an ice bath before acidifying with
glacial acetic acid. A precipitate appeared which was filtered, washed with H2O and dried to give 84
(8.70 g, 79%) as an off-white solid; Rf 0.27 (10% MeOH/CH2Cl2); mp >350 °C (lit.218 >350 °C); 1H
NMR (600 MHz, d6-DMSO) δ 11.79 (2H, br, OH), 5.12 (1H, s, H5) and 2.45 (3H, s, H8); 13C NMR
(150 MHz, d6 - DMSO) δ 167.19 (C4 and C6), 163.5 (C2), 85.29 (C5) and 12.6 (C8); HRMS calc’d for
C5H7O2N2S expected 159.0228, found 159.0225. The data is in good agreement with the literature
values.217
4,6-Dichloro-2-(methylthio)pyrimidine (85)219

To POCl3 (32 mL) under argon was added phenol 84 (8.60 g, 54.4 mmol) and the reaction heated at
80 °C for 5 h. The reaction was cooled to RT and quenched by carefully adding to warm H2O (500 mL)
before being extracted with CH2Cl2 (3 x 500 mL). The organic layer was washed with 10% K2CO3
solution (500 mL), dried (MgSO4) and concentrated in vacuo to give 85 (7.98 g, 76%) as a colourless
oil; Rf 0.87 (50% EtOAc/pet. ether); 1H NMR (600 MHz, CDCl3) δ 7.03 (1H, s, H5) and 2.57 (3H, s,
H8); 13C NMR (150 MHz, CDCl3) δ 174.6 (C2), 161.7 (C4 and C6), 115.9 (C5) and 14.6 (C8); HRMS
calc’d for C5H4N2(35Cl)2S expected 194.9550, found 194.9551. The data is in good agreement with the
literature values.219
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4,6-Dichloro-2-(methylsulfonyl)pyrimidine (27)220

A solution of MCPBA (13.4 g, 77.4 mmol) in CH2Cl2 (150 mL) was cooled to 0 °C before thioether 85
(5.00 g, 25.8 mmol) in CH2Cl2 (150 mL) was added dropwise. The reaction was allowed to warm to RT
for 16 h. A white precipitate appeared which was filtered and washed with cold CH2Cl2 (100 mL). The
filtrate was washed with 10% K2CO3 solution (250 mL), dried (MgSO4), filtered and concentrated in
vacuo. Purification by flash column chromatography (Gradient: 5 - 20% EtOAc/pet. ether) gave 27
(4.48 g, 77%) as an off-white solid; Rf 0.65 (50% EtOAc/pet. ether); mp 123 – 124 °C (lit.220 132 –
133 °C); 1H NMR (600 MHz, CDCl3) δ 7.63 (1H, s, H5) and 3.37 (3H, s, H8); 13C NMR (150 MHz,
CDCl3) δ 166.5 (C2), 163.9 (C4 and C6), 125.8 (C5) and 39.3 (C8); HRMS calc’d for C5H5ON2(35Cl)2S
expected 226.9449, found 226.9445. The data is in good agreement with the literature values.220

4,6-Dichloro-N-(3-methyl-1H-pyrazol-5-yl)pyrimidin-2-amine (28)

To a solution of sodium hydride (60% dispersion in mineral oil, 117 mg, 2.92 mmol) in CH2Cl2 (9 mL)
at -78 °C was added 3-amino-5-methylpyrazole (286 mg, 2.92 mmol) in CH2Cl2 (3 mL) and then aryl
chloride 27 (600 mg, 2.65 mmol) in CH2Cl2 (3 mL). The reaction was stirred at -78 °C for 3 h and then
allowed to warm to RT over 1 h. The reaction solution was concentrated in vacuo. Purification by flash
column chromatography (Gradient: 0 - 30 % EtOAc/pet. ether) gave 28 (250 mg, 40%) as an off-white
solid; Rf 0.71 (100% EtOAc); mp 214 – 216 °C; IR νmax (solid) 3450 (NH), 3300 (NH), 3120 – 2930
(CH) and 1550 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 7.13 (1H, s, H5), 5.67 (2H, br, NH2), 5.36
(1H, s, H10) and 2.24 (3H, s, H12);

C NMR (150 MHz, CDCl3) δ 162.6 (C4 or C6), 162.5 (C4 or
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C6), 156.6 (C2), 154.8 (C9), 150.1 (C11), 116.2 (C5), 90.9 (C10) and 14.6 (C12); LRMS (CI) 244.02
[M+H]+; HRMS calc’d for C8H8N5Cl2 expected 244.0151, found 244.0141.
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1-(4,6-dichloropyrimidin-2-yl)-5-methyl-1H-pyrazol-3-amine (86)

Purification by flash column chromatography (Gradient: 0 - 30 % EtOAc/pet. ether) gave 86 (63 mg,
10%) as an off-white solid; Rf 0.46 (100% EtOAc); mp 169 – 171 °C; IR νmax (solid) 3170 (NH2), 3080
- 2960 (CH) and 1600 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 7.04 (1H, s, H5), 5.71 (1H, s, H10),
4.25 (2H, br, NH2) and 2.61 (3H, s, H13);

C NMR (150 MHz, CDCl3) δ 162.5 (C4 and C6), 156.9
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(C9), 156.1 (C2), 145.3 (C11), 115.6 (C5), 102.2 (C10) and 16.2 (C13); LRMS (CI) 244.0
[M(2x35Cl)+H]+, 246.0 [M(1x35Cl)+H]+ and 248.0 [M(2x37Cl)+H]+; HRMS calc’d for C8H8N5Cl2
expected 244.0151, found 244.0141.
Methyl-4-aminobutanoate221

To a cooled solution of 4-aminobutyric acid (2.50 g, 24.2 mmol) in MeOH (36 mL) was added SOCl2
(2.63 mL, 36.3 mmol) dropwise. The reaction was stirred at RT for 16 h. The reaction solution was
concentrated in vacuo to give the desired product (3.40 g, 93%) as an off-white solid; Rf 0.72 (15%
MeOH/CH2Cl2); mp 102 – 104 °C (lit.221 105 – 107 °C); 1H NMR (500 MHz, d6-DMSO) δ 8.19 (3H,
br, H1), 3.58 (3H, s, H7), 2.76 (2H, t, J = 7.5 Hz, H2), 2.42 (2H, t, J = 7.5 Hz, H4) and 1.80 (2H, qn, J
= 7.5 Hz, H3); 13C NMR (125 MHz, d6-DMSO) δ 172.6 (C5), 51.4 (C7), 38.9 (C2), 30.2 (C4) and 22.4
(C3); LRMS (EI+) 117.9 [M+H]+. The data is in good agreement with the literature values.221

Methyl 4-((2-(methylsulfonyl)pyrimidin-4-yl)amino)butanoate (89)

A solution of aryl chloride 27 (50 mg, 0.26 mmol), methyl-4-aminobutanoate (44 mg, 0.28 mmol),
K2CO3 (75 mg, 0.55 mmol) in MeCN (1.5 mL) was heated at 35 °C for 18 h. The reaction mixture was
cooled to RT and concentrated in vacuo. Purification using flash column chromatography (Gradient:
50% and then 80% EtOAc/pet. ether) gave 89 (51 mg, 72%) as a colourless oil; Rf 0.46 (80% EtOAc/pet.
ether); IR νmax (solution in CH2Cl2) 3280 (NH), 3020 - 2870 (CH), 1727 (C=O), 1600 (C=C) and 1350
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(S=O) cm-1; 1H NMR (600 MHz, CDCl3) δ 8.20 (1H, br, H6), 6.50 (1H, br, H5), 5.98 (1H, br, NH),
3.67 (3H, s, H15), 3.55 (2H, br, H10), 3.26 (3H, s, 8), 2.43 (2H, t, J = 7.0 Hz, H12) and 1.95 (2H, qn, J
= 7.0 Hz, H11); 13C NMR (150 MHz, CDCl3) δ 174.2 (C13), 165.6 (C2), 162.8 (C4), 154.6 (C6), 108.6
(C5), 52.0 (C15), 40.7 (C10), 38.9 (C8), 31.1 (C12) and 23.9 (C11); LRMS (CI+) 273.04 [M]+; HRMS
calc’d for C10H15O4N3S expected 273.0778, found 273.0777.
tert-Butyl 5-amino-3-methyl-1H-pyrazole-1-carboxylate (92)126

A solution of sodium hydride (60% dispersion in mineral oil, 979 mg, 24.5 mmol) in DMF (13 mL)
was cooled to 0 ºC before a solution of 3-amino-5-methylpyrazole (2.00 g, 20.4 mmol) in DMF (13 mL)
was added dropwise and the resulting mixture stirred at RT for 30 min. Di-tert-butyl dicarbonate
(5.34 g, 24.5 mmol) was then added dropwise in DMF (13 mL) and the resulting mixture stirred at RT
for 2 h. The mixture was poured into sat. NH4Cl solution (100 mL) and extracted with EtOAc (5 x
100 mL). The combined organic layers were dried (MgSO4), filtered and concentrated in vacuo.
Purification using flash column chromatography (Gradient: 10 - 60% EtOAc/pet. ether) gave 92
(857 mg, 21 %) as a colourless gum; Rf 0.51 (80% EtOAc/pet. ether); 1H NMR (600 MHz, CDCl3) δ
5.28 (2H, br, NH2), 5.22 (1H, s, H4), 2.15 (3H, s, H10) and 1.63 (9H, s, H9); 13C NMR (150 MHz,
CDCl3) δ 153.4 (C3), 150.9 (C6), 150.7 (C5), 89.5 (C4), 85.1 (C8), 28.2 (C9) and 14.6 (C10); HRMS
calc’d for C9H16O2N3 expected 198.1243, found 198.1221. The data is in good agreement with the
literature values.126

tert-Butyl 3-amino-5-methyl-1H-pyrazole-1-carboxylate (93)

Purification using flash column chromatography (Gradient: 10 - 60% EtOAc/pet. ether) gave 93
(872 mg, 22 %) as an off-white solid; Rf 0.23 (80% EtOAc/pet. ether); mp 109 – 111 °C; IR νmax (solid)
3410 (NH), 3340 (NH), 3020 - 2890 (CH), 1725 (C=O) and 1600 (C=C) cm-1; 1H NMR (600 MHz,
CDCl3) δ 5.58 (1H, s, H4), 3.38 (2H, br, NH2), 2.42 (3H, s, H10) and 1.59 (9H, s, H9); 13C NMR (150
MHz, CDCl3) δ 155.5 (C5), 149.1 (C6), 145.4 (C3), 100.6 (C4), 84.2 (C8), 28.3 (C9) and 15.1 (C10);
HRMS calc’d for C9H16O2N3 expected 198.1243, found 198.1253.
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2,2,2-Trichloroethyl 5-amino-3-methyl-1H-pyrazole-1-carboxylate (97)

A solution of 3-amino-5-methylpyrazole (1.00 g, 10.2 mmol) and NaOH (448 mg, 11.2 mmol) in a
mixture of EtOAc (35 mL) and H2O (20 mL) was stirred at 0 ºC for 30 min before 2,2,2trichloroethylchloroformate (1.40 mL, 10.2 mmol) was added dropwise. The reaction was stirred at
0 ºC for a further 3 h. The reaction was diluted with H2O (50 mL) and EtOAc (50 mL) and the layers
separated. The aqueous layer was extracted with EtOAc (3 x 50 mL). The combined organic layers
were washed with brine (50 mL), dried (MgSO4), filtered and concentrated in vacuo. Purification using
flash column chromatography (Gradient: 5 - 30% EtOAc/pet. ether) gave 97 (1.36 g, 49 %) as an offwhite solid; Rf 0.77 (100% EtOAc); mp 146 – 148 °C; IR νmax (solid) 3430 (NH2), 3110 - 2980 (CH),
1730 (C=O) and 1610 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 5.29 (1H, s, H4), 5.26 (1H, br, NH2),
5.04 (2H, s, H8) and 2.19 (3H, s, H11); 13C NMR (150 MHz, CDCl3) δ 155.3 (C3), 150.9 (C5), 150.2
(C6), 94.4 (C9), 89.9 (C4) 75.4 (C8) and 14.6 (C11); HRMS calc’d for C7H9O2N3Cl3 expected
271.9760, found 271.9767.

2,2,2-Trichloroethyl 3-amino-5-methyl-1H-pyrazole-1-carboxylate (98)

Purification using flash column chromatography (Gradient: 5 - 30% EtOAc/pet. ether) gave 98
(383 mg, 14%) as an off-white solid; Rf 0.60 (100% EtOAc); mp 142 – 144 °C; IR νmax (solid) 3460
(NH), 3300 (NH), 3010 - 2880 (CH), 1750 (C=O) and 1620 (C=C) cm-1; 1H NMR (600 MHz, CDCl3)
δ 5.69 (1H, s, H4), 4.99 (2H, s, H8), 4.14 (2H, br, NH2) and 2.50 (3H, s, H11); 13C NMR (150 MHz,
CDCl3) δ 157.0 (C5), 148.9 (C6), 145.9 (C3), 102.5 (C4), 95.2 (C9), 74.6 (C8) and 14.9 (C11); HRMS
calc’d for C7H9O2N3(35Cl)3 expected 271.9760, found 271.9759.
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Allyl 5-amino-3-methyl-1H-pyrazole-1-carboxylate (99)

To a solution of 3-amino-5-methylpyrazole (500 mg, 5.15 mmol) in dioxane (40 mL) was added
NaHCO3 (1.73 g, 20.6 mmol) in H2O (40 mL). The reaction was cooled to 0 ºC before allyl
chloroformate (596 µL, 5.66 mmol) was added dropwise. The reaction was stirred at RT for 16 h. The
reaction was diluted with CH2Cl2 (20 mL) and separated. The organic layer was washed with sat.
NaHCO3 solution (20 mL), brine (20 mL), dried (MgSO4), filtered and concentrated in vacuo.
Purification using flash column chromatography (Gradient: 10 - 50% EtOAc/pet. ether) gave 99
(289 mg, 32 %) as an off-white solid; Rf 0.59 (70% EtOAc/pet. ether); mp 133 – 135 °C; IR νmax (solid)
3460 (NH), 3280 (C=CH), 2950 - 2890 (CH), 1730 (C=O) and 1620 (C=C) cm-1; 1H NMR (600 MHz,
CDCl3) δ 6.07 – 6.00 (1H, m, H9), 5.42 (1H, dq, J = 11.0 and 1.5 Hz, H10), 5.31 (1H, dq, J = 11.0 and
1.5 Hz, H10), 5.29 (2H, br, NH2), 5.24 (1H, s, H4), 4.87 (2H, dt, J = 3.0 and 1.0 Hz, H8) and 2.16 (3H,
s, H11); 13C NMR (150 MHz, CDCl3) δ 154.3 (C5), 151.7 (C3), 150.9 (C6), 131.3 (C9), 120.3 (C10),
89.4 (C4), 68.6 (C8) and 14.4 (C11); HRMS calc’d for C8H12O2N3 expected 182.0930, found 182.0927.

3-Methyl-N-trityl-1H-pyrazol-5-amine (104)

To a solution of 3-amino-5-methylpyrazole (1.00 g, 10.2 mmol) in CH2Cl2 (50 mL) was added NEt3
(2.70 mL, 20.6 mmol) followed by the portionwise addition of trityl chloride (3.12 g, 11.2 mmol). The
reaction was stirred at RT for 18 h. The reaction mixture was washed with 5% citric acid solution
(50 mL). The organic layer was dried (MgSO4), filtered and concentrated in vacuo. Purification by
flash column chromatography (Gradient: 10 - 50% EtOAc/pet. ether) gave 104 (2.28 g, 66%) as an offwhite solid; Rf 0.84 (80% EtOAc/pet. ether); mp 212 – 215 °C; IR νmax (solid) 3420 (NH), 3300 (NH),
3020 - 2930 (CH) and 1570 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 7.41 – 7.37 (6H, m, H10), 7.28
– 7.23 (6H, m, H11), 7.21 – 7.17 (3H, m, H12), 5.35 (1H, br, NH), 4.75 (1H, s, H4) and 1.96 (3H, s,
H6); 13C NMR (150 MHz, CDCl3) δ 155.3 (C5), 145.9 (C9), 140.0 (C3), 129.2 (C10), 127.9 (C11),
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126.8 (C12), 94.2 (C4), 71.3 (C8) and 11.7 (C6); HRMS calc’d for C23H22N3 expected 340.1814, found
340.1823.

1-(4,6-Dichloropyrimidin-2-yl)-3-methyl-N-trityl-1H-pyrazol-5-amine (105)

To a solution of amine 104 (246 mg, 0.73 mmol) in CH2Cl2 (3.5 mL) was added DIPEA (127 µL,
0.73 mmol) and the reaction stirred at RT for 10 min before aryl sulfone 27 (150 mg, 0.66 mmol) was
added portionwise. The reaction was stirred at RT for 18 h. The reaction mixture was washed with
brine (5 mL), dried (MgSO4), filtered and concentrated in vacuo. Purification by flash column
chromatography (Gradient: 0 – 20 % EtOAc/pet. ether) gave 105 (20 mg, 6%) as a colourless oil; Rf
0.54 (40% EtOAc/pet. ether); IR νmax (solution in CH2Cl2) 3150 (NH), 2980 - 2920 (CH) and 1610
(C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 9.22 (1H, s, NH), 7.36 – 7.23 (15H, m, H16 – H18), 7.11
(1H, s, H5), 4.36 (1H, s, H10) and 2.03 (3H, s, H12); 13C NMR (150 MHz, CDCl3) δ 162.5 (C2), 156.8
(C4 and C6), 154.7 (C9), 150.8 (C11), 144.6 (C15), 129.1 (C16), 128.2 (C17), 12.7 (C18), 115.8 (C5),
92.3 (C10), 72.1 (C14) and 14.6 (C12); LRMS (ES+) 486.1 [M(2x35Cl)+H]+, 488.1 [M(1x35Cl)+H]+
and 490.1 [M(2x37Cl)+H]+; HRMS calc’d for C26H23N3Cl2 expected 486.1252, found 486.1258.

1-Allyl-3-methyl-N-trityl-1H-pyrazol-5-amine (106)

A solution of sodium hydride (60% dispersion in mineral oil, 65 mg, 1.62 mmol) in DMF (2 mL) was
cooled to 0 ºC before a solution of amine 104 (500 mg, 1.47 mmol) in DMF (3 mL) was added dropwise.
Once H2 evolution had ceased, allyl bromide (153 µL, 1.76 mmol) was added dropwise and the reaction
warmed to RT over 5 h. The reaction mixture was poured into H2O (100 mL) and extracted with EtOAc
(3 x 100 mL). The combined organic layers were dried (MgSO4), filtered and concentrated in vacuo.
Purification using flash column chromatography (Gradient: 5 – 20% EtOAc/pet. ether) gave 106
(135 mg, 20%) as a colourless oil; Rf 0.56 (50% EtOAc/pet. ether); IR νmax (solution in CH2Cl2) 3330
(NH), 3050 (C=CH), 2990 - 2920 (CH) and 1550 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 7.43 –
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7.39 (6H, m, H10), 7.27 – 7.23 (6H, m, H11), 7.20 – 7.17 (3H, m, H12), 5.85 – 5.78 (1H, m, H14), 5.13
(1H, br, NH), 5.06 (1H, dq, J = 10.3 and 1.5 Hz, H15), 4.69 (1H, s, H4), 4.65 (1H, dq, J = 17.1 and
1.5 Hz, H15), 4.37 (2H, dt, J = 4.7 and 1.5 Hz, H13) and 1.94 (3H, s, H6); 13C NMR (150 MHz, CDCl3)
δ 154.6 (C5), 146.0 (C9), 138.7 (C3), 133.6 (C14), 129.1 (C10), 127.8 (C11), 126.7 (C12), 116.3 (C15);
95.3 (C4), 71.3 (C8), 50.1 (C13) and 11.1 (C6); LRMS (ES+) 380.2 [M+H]+; HRMS calc’d for
C26H26N3 expected 380.2127, found 380.2110.

1-Allyl-5-methyl-N-trityl-1H-pyrazol-3-amine (106)

Purification using flash column chromatography (Gradient: 5 – 20% EtOAc/pet. ether) gave 106
(280 mg, 42%) as a colourless oil; Rf 0.36 (50% EtOAc/Pet. Ether); IR νmax (solution in CH2Cl2) 3350
(NH), 3060 (C=CH), 2990 - 2920 (CH) and 1550 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 7.31 –
7.21 (15H, m, H10 – H12), 5.96 – 5.89 (1H, m, H14), 5.21 (1H, dq, J = 10.2 and 1.5 Hz, H15), 5.07
(1H, dq, J = 17.1 and 1.5 Hz, H15), 4.66 (1H, br, NH), 4.57 (1H, s, H4), 4.51 (2H, dt, J = 5.4 and 1.5
Hz, H13) and 1.97 (3H, s, H6); 13C NMR (150 MHz, CDCl3) δ 146.7 (C3), 145.5 (C5), 144.8 (C9),
133.5 (C14), 129.6 (C10), 128.7 (C11), 127.2 (C12), 117.7 (C15), 95.3 (C4), 71.5 (C8), 50.6 (C13) and
11.2 (C6); LRMS (ES+) 380.21 [M+H]+; HRMS calc’d for C26H26N3 expected 380.2127, found
380.2108.

7.3 Design of Experiment Experimental
7.3.1 DoE Compound Data

N-(3-Methyl-1H-pyrazol-5-yl)-2-(methylthio)pyrimidin-4-amine (111)

Route 1 (thermal conditions before optimisation):
To a solution of aryl chloride 33 (4.00 g, 25.0 mmol) and 3-amino-5-methylpyrazole (2.45 g,
25.0 mmol) in DMF (75 mL) was added DIPEA (5.23 mL, 30.0 mmol) and sodium iodide (4.50 g,
30.0 mmol). The reaction was heated at 85 ºC for 88 h. The reaction mixture was cooled to RT before
diluting with EtOAc (250 mL) and washing with H2O (3 x 250 mL). The combined aqueous layers
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were extracted with EtOAc (2 x 250 mL). The combined organic layers were dried (MgSO4), filtered
and concentrated in vacuo. Purification by flash column chromatography (Gradient: 10 – 75%
EtOAc/pet. ether) gave 111 (995 mg, 18% yield) as an off-white solid.
Route 2 (microwave conditions before optimisation):
A mixture of aryl chloride 33 (100 mg, 0.63 mmol), 3-amino-5-methylpyrazole (61.7 mg, 0.63 mmol),
DIPEA (132 µL, 0.76 mmol) and sodium iodide (114 mg, 0.76 mmol) in DMF (2 mL) was heated in a
microwave at 180 ºC for 2 h. The reaction mixture was cooled to RT before diluting with EtOAc
(10 mL) and washing with H2O (3 x 10 mL). The combined aqueous layers were extracted with EtOAc
(2 x 10 mL). The combined organic layers were dried (MgSO4), filtered and concentrated in vacuo.
Purification by flash column chromatography (Gradient: 10 – 75% EtOAc/pet. ether) gave 111
(26.6 mg, 19% yield) as an off-white solid.
Route 3 (microwave conditions after optimisation):
A solution of aryl chloride 33 (400 mg, 2.50 mmol) and 3-amino-5-methylpyrazole (485 mg, 5.00
mmol) in dipropyl ether (5 mL) was heated in a microwave at 140 ºC for 2 h. The reaction mixture was
concentrated in vacuo. Purification by flash column chromatography (Gradient: 10 – 75% EtOAc/pet.
ether) gave 111 (314 mg, 57%) as an off-white solid.
Analytical Data:
Rf 0.25 (80% EtOAc/pet. ether); mp 207 – 210 ºC; IR νmax (solid) 3280 (NH), 3160 (NH), 3100 - 2920
(CH) and 1570 (C=C) cm-1; 1H NMR (600 MHz, CD3OD) δ 7.98 (1H, d, J = 5.6 Hz, H6); 6.69 (1H, br,
H5), 6.23 (1H, br, H13), 2.52 (3H, s, H8) and 2.28 (3H, s, H15); 13C NMR (150 MHz, CD3OD) δ 172.9
(C2), 161.4 (C4), 156.1 (C6), 149.4 (C14), 141.3 (C12), 102.4 (C5), 97.7 (C13), 14.1 (C8) and 10.9
(C15); HRMS calc’d for C9H12N5S expected 222.0813, found 222.0802.

5-Methyl-1-(2-(methylthio)pyrimidin-4-yl)-1H-pyrazol-3-amine (114)

Rf 0.65 (80% EtOAc/pet. ether); mp 116 - 119 ºC; IR νmax (solid) 3350 (NH), 3290 (NH), 2990 - 2920
(CH) and 1600 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 8.44 (1H, d, J = 5.7 Hz, H6), 7.50 (1H, d, J
= 5.7 Hz, H5), 5.84 (2H, br, NH2), 5.33 (1H, s, H12), 2.57 (3H, s, H8) and 2.20 (3H, s, H15); 13C NMR
(150 MHz, CDCl3) δ 171.4 (C2), 159.6 (C4), 158.1 (C6), 153.6 (C11), 150.1 (C13), 104.7 (C5), 90.5
(C12), 14.3 (C8) and 14.1 (C15); HRMS calc’d for C9H12N5S expected 222.0813, found 222.0815.
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3-Methyl-1-(2-(methylthio)pyrimidin-4-yl)-1H-pyrazole-5-amine (115)

Rf 0.55 (80% EtOAc/pet. ether); mp 102 – 103 ºC; IR νmax (solid) 3260 (NH), 3140 (NH), 2990 - 2900
(CH) and 1610 (C=C) cm-1; 1H NMR (600 MHz, d6-DMSO) δ 8.43 (1H, d, J = 5.6 Hz, H6), 7.27 (1H,
d, J = 5.6 Hz, H5), 5.72 (1H, s, H12), 5.44 (2H, br, NH2) and 2.63 (3H, s, H14). H8 signal under DMSO
solvent peak.13C NMR (150 MHz, d6-DMSO) δ 170.8 (C2), 158.2 (C6), 157.4 (C4), 157.3 (C11), 142.7
(C13), 104.3 (C5), 101.8 (C12), 15.9 (C14) and 13.8 (C8); LRMS (ES+) 222.2 [M+H]+; HRMS calc’d
for C9H12N5S expected 222.0813, found 222.0810.

2-(Methylthio)pyrimidin-4-amine (116)

A solution of aryl chloride 33 (100 mg, 0.63 mmol) and dimethylamine solution (2M in THF, 1.5 mL,
3.15 mmol) in THF (3 mL) was heated in a microwave at 70 °C for 10 min. The reaction mixture was
concentrate in vacuo. Purification using flash column chromatography (Gradient: 0 – 40% EtOAc/pet.
ether) gave 116 (56 mg, 53%) as a colourless oil; Rf 0.70 (80% EtOAc/pet. ether); IR νmax (oil) 3010 2920 (CH) and 1570 (C=C) cm-1; 1H NMR (500 MHz, CDCl3) δ 7.99 (1H, d, J = 6.0 Hz, H6), 6.11 (1H,
d, J = 6.0 Hz, H5), 3.10 (6H, br, H10) and 2.51 (3H, s, H8); 13C NMR (100 MHz, CDCl3) δ 171.06
(C2), 161.51 (C4), 155.3 (C6), 98.3 (C5), 37.0 (C10) and 14.2 (C8); HRMS calc’d for C7H12N3S
expected 170.0752, found 170.0755.
7.3.2 Initial Optimisation – DoE run 1

The experimental design was produced using MODDE 10 software as a Resolution IV design consisting
of 16 experiments plus three centre points as shown in Table 7.1. 1H NMR was used to determine the
yields of all reaction products, 111 and 114 – 116, and the percentage of recovered starting material.
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General Experimental Procedure and Analysis Method

Stock solutions of aryl chloride 33 (1.26 M) and 3-amino-5-methylpyrazole (1.87 M) in DMF and 1,3,5trimethoxybenzene (0.092 M) in CD3OD were prepared.

A mixture of aryl chloride 33 (500 µL, 0.63 mmol), 3-amino-5-methylpyrazole (5), DIPEA and sodium
iodide in DMF was heated in the microwave at the stated temperature for 2 h. The reaction mixture was
cooled to RT before concentrating in vacuo. The crude reaction residue was dissolved in CD3OD
(1 mL) and an aliquot (200 µL) removed. For NMR analysis, the reaction mixture aliquot was mixed
with 1,3,5-trimethoxybenzene solution (500 µL). Conditions and quantities for each reaction are
illustrated in Table 7.1 below. The results of this DoE run are shown in Table 3.3 in Chapter 3.
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Experiment

5

5

NaI

NaI

NaI

DIPEA DIPEA

No.

eq.

(mL)

eq.

(mmol)

(mg)

eq.

(mL)

1

1.25

0.42

1.05

0.66

99.0

3

0.33

2

0.5

0.17

2

1.26

189.0

1

3

0.5

0.17

2

1.26

189.0

4

0.5

0.17

0.1

0.06

5

2

0.67

2

6

0.5

0.17

7

2

8

Total
DMF

DMF Temp
(mL)

(°C)

3.5

2.58

160

0.11

2

1.33

120

5

0.55

5

4.33

120

9.0

1

0.11

5

4.33

120

1.26

189.0

1

0.11

5

3.83

120

0.1

0.06

9.0

5

0.55

5

4.33

200

0.67

0.1

0.06

9.0

1

0.11

5

3.83

200

2

0.67

2

1.26

189.0

5

0.55

2

0.83

120

9

0.5

0.17

2

1.26

189.0

1

0.11

5

4.33

200

10

2

0.67

2

1.26

189.0

5

0.55

5

3.83

200

11

2

0.67

0.1

0.06

9.0

5

0.55

2

0.83

200

12

0.5

0.17

2

1.26

189.0

5

0.55

2

1.33

200

13

1.25

0.42

1.05

0.66

99.0

3

0.33

3.5

2.58

160

14

0.5

0.17

0.1

0.06

9.0

1

0.11

2

1.33

200

15

2

0.67

0.1

0.06

9.0

5

0.55

5

3.83

120

16

0.5

0.17

0.1

0.06

9.0

5

0.55

2

1.33

120

17

1.25

0.42

1.05

0.66

99.0

3

0.33

3.5

2.58

160

18

2

0.67

2

1.26

189.0

1

0.11

2

0.83

200

19

2

0.67

0.1

0.06

9.0

1

0.11

2

0.83

120

(mL)

Table 7.1 – Table showing the condition and quantities required for the first set of DOE experiments.

The general procedure above was used for the experiments required to verify the conditions predicted
by the DoE software. Quantities of reagents and experimental conditions are shown in Table 7.2 below.
The results of this DoE run are shown in Table 3.6 in Chapter 3.
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Experiment

DIPEA

DIPEA

DMF

Temperature

Time

(mmol)

(µL)

(mL)

(°C)

(h)

122.0

3.15

549.0

2

120

2

1.26

122.0

3.15

549.0

2

120

3

3

1.26

122.0

3.15

549.0

2

120

4

4

1.26

122.0

-

-

2

120

2

5 (mmol)

5 (mg)

1

1.26

2

No.

Table 7.2 – Table showing the conditions and quantities required to verify the results obtained from the first set
of DoE results.

7.3.3 Solvent Screen – DoE run 2

The experimental design was produced using MODDE 10 software as a Resolution IV design consisting
of 8 experiments plus three centre points as shown in Table 7.3. 1H NMR was used to determine the
yields of all reaction products, 111 and 114 – 116, and the percentage of recovered starting material.

General Experimental Procedure and Analysis Method

Stock solution of 1,3,5-trimethoxybenzene (0.28 M) in CH3OH was prepared.

A mixture of aryl chloride 43 and 3-amino-5-methylpyrazole (5) in solvent stated was heated in the
microwave at the stated time and temperature. The reaction mixture was cooled to RT before
concentrating in vacuo. The crude reaction residue was dissolved in MeOH until all the residue was in
solution and 1,3,5-trimethoxybenzene (500 µL) added. An aliquot was removed, concentrated in vacuo
and then dissolved in CD3OD for NMR analysis. Conditions and quantities for each reaction are
illustrated in Table 7.3 below. The results of this DoE run are shown in Table 3.8 in Chapter 3.
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Experiment
No.

Solvent

Temp.

Conc.

Volume

33

33

5

5

(°C)

(M)

(mL)

(mmol)

(mg)

(mmol)

(mg)

1

PrCN

120

0.3

2

0.60

96.0

1.20

116.6

2

CPME

140

0.1

2

0.20

32.0

0.40

38.9

3

Pr2O

140

0.5

2

1.00

160.0

2.00

194.3

4

1-BuOH

140

0.1

2

0.20

32.0

0.40

38.9

5

1-BuOH

100

0.5

2

1.00

160.0

2.00

194.3

6

Pr2O

100

0.1

2

0.20

32.0

0.40

38.9

7

DMA

140

0.5

2

1.00

160.0

2.00

194.3

8

CPME

100

0.5

2

1.00

160.0

2.00

194.3

9

PrCN

120

0.3

2

0.60

96.0

1.20

116.6

10

PrCN

120

0.3

2

0.60

96.0

1.20

116.6

11

DMA

100

0.1

2

0.20

32.0

0.40

38.9

Table 7.3 – Table showing the condition and quantities required for the solvent screen experiments.

7.4 Series 2 Experimental Data
((3aS,4S,6S,6aS)-6-(6-Amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4yl)methanol (121)154

To a solution of adenosine (6.00 g, 22.5 mmol) in acetone (55 mL) at 0 °C was added pTsOH (42.8 g,
225 mmol) portionwise. The reaction was stirred at RT for 18 h. The reaction was cooled in an ice bath
before sat. NaHCO3 solution (~500 mL) was added to the reaction until pH 8-9 was reached. The
acetone was removed in vacuo. The aqueous layer was extracted with EtOAc (3 x 200 mL). The
combined organic layers were dried (Na2SO4), filtered and concentrated in vacuo to leave 121 (3.71 g,
54%) as an off-white solid; Rf 0.22 (10% MeOH/CH2Cl2); mp 213 – 215 ºC (lit.222 220 ºC); [α]D20 -67.3
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(c 0.5, H2O) (lit.222 [α]D -65.0 (c 1, H2O); 1H NMR (600 MHz, CD3OD) δ 8.33 (1H, s, H2), 8.19 (1H, s,
H8), 6.15 (1H, d, J = 3.8 Hz, H1'), 5.28 (1H, dd, J = 6.0 and 3.4 Hz, H2'), 5.04 (1H, dd, J = 6.0 and 2.3
Hz, H3'), 4.39 – 4.36 (1H, m, H4'), 3.81 – 3.69 (2H, m, H5'), 1.61 (3H, s, H9') and 1.38 (3H, s, H9');
C NMR (150 MHz, CD3OD) δ 157.5 (C6), 153.8 (C8), 150.0 (C4), 141.7 (C2), 120.7 (C5), 115.2

13

(C8'), 92.9 (C1'), 88.1 (C4'), 85.3 (C2'), 83.0 (C3'), 63.6 (C5'), 27.6 (C9') and 25.5 (C9'); HRMS calc’d
for C13H18N5O4 expected 308.1359, found 308.1535. The data is in good agreement with the literature
values.154

N-(9-((3aS,4S,6S,6aS)-6-(Hydroxymethyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9Hpurin-6-yl)benzamide (122)153

To a solution of protected adenosine 121 (1.80 g, 5.86 mmol) in pyridine (30 mL) was added TMSCl
(3.7 mL, 29.3 mmol). The solution was stirred at RT for 30 min before benzoyl chloride (885 µL,
7.62 mmol) was added dropwise and the reaction stirred at RT for 3.5 h. After this time, the reaction
mixture was cooled to 0 °C and diluted with H2O (6 mL). After 10 min, aqueous ammonia solution
(12 mL) was added and the reaction stirred at RT for a further 45 min before concentrating in vacuo.
Purification by flash column chromatography (Gradient: 0 – 5% MeOH/CH2Cl2) gave 122 (1.85 g,
77%) as an off-white solid; Rf 0.53 (10% MeOH/CH2Cl2); mp 137 - 138 ºC (lit.223 144 – 146 ºC); [α]D20
-48.3 (c 0.5, MeOH); 1H NMR (600 MHz, d6-DMSO) δ 11.24 (1H, br, NH), 8.77 (1H, s, H8), 8.68 (1H,
s, H2), 8.05 (2H, d, J = 7.5 Hz, H13), 7.65 (1H, t, J = 7.5 Hz, H15), 7.56 (2H, t, J = 7.5 Hz, H14), 6.27
(1H, d, J = 2.6 Hz, H1'), 8.45 – 8.43 (1H, m, H2'), 5.17 (1H, br, OH), 5.02 – 4.99 (1H, m, H3'), 4.29 –
4.27 (1H, m, H4'), 3.60 – 3.52 (2H, m, H5'), 1.56 (3H, s, H9') and 1.35 (3H, s, H9'); 13C NMR (150
MHz, d6-DMSO) δ 165.8 (C11), 151.8 (C4 and C5), 150.5 (C8), 143.2 (C2), 133.3 (C12), 132.5 (C15),
128.5 (C13 and C14), 125.8 (C6), 113.1 (C8'), 89.8 (C1'), 86.9 (C4'), 83.5 (C2'), 81.4 (C3'), 61.5 (C5'),
27.1 (C9') and 25.2 (C9'); HRMS calc’d for C20H22N5O5 expected 412.1621, found 412.1603. The data
is in good agreement with the literature values.153
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((3aS,4S,6S,6aS)-6-(6-Benzamido-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4yl)methyl (((R)-3-hydroxy-2,2-dimethyl-4-oxo-4-((3-oxo-3(propylamino)propyl)amino)butoxy)carbonyl)sulfamate (123)

A solution of 38 (62 mg, 0.24 mmol) in CH2Cl2 (1.5 mL) with 4 Å molecular sieves was stirred under
argon for 20 min before cooling to -35 °C and chlorosulfonylisocyanate (21 µL, 0.24 mmol) was added.
The reaction mixture was stirred at -35 °C for 2 h and then at -10 °C for 1 h. A solution of 122 (100 mg,
0.24 mmol) and pyridine (48 µL, 0.60 mmol) in CH2Cl2 (2 mL) was then added dropwise to the reaction
before the reaction was stirred at RT for 20 h. No desired product 123 was isolated from the reaction.
Crude LCMS analysis indicated the formation of 124. LRMS (ES+) 455.4 [M+H]+ for 124. This
reaction was also run without molecular sieves present.

((3aS,4S,6S,6aS)-6-(6-Benzamido-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4yl)methyl ((neopentyloxy)carbonyl)sulfamate (126)

A solution of 2,2-dimethyl-1-propanol (22 mg, 0.24 mmol) in CH2Cl2 (1.5 mL) with 4 Å molecular
sieves was stirred under argon for 20 min before cooling to -35 °C and chlorosulfonylisocyanate (21 µL,
0.24 mmol) was added. The reaction mixture was stirred at -35 °C for 2 h and then at -10 °C for 1 h.
A solution of 122 (100 mg, 0.24) and pyridine (48 µL, 0.60 mmol) in CH2Cl2 (2 mL) was then added
dropwise to the reaction before the reaction was stirred at RT for 20 h. No desired product 126 was
isolated from the reaction. Crude LCMS analysis indicated the formation of 124. LRMS (ES+) 455.3
[M+H]+ for 124. This reaction was also run without molecular sieves present.
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Neopentyl ((((3aS,4S,6S,6aS)-6-(6-benzamido-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4d][1,3]dioxol-4-yl)methoxy)carbonyl)sulfamate (127)

A solution of 122 (100 mg, 0.24) in CH2Cl2 (1.5 mL) with 4 Å molecular sieves was stirred under argon
for 20 min before cooling to -35 °C and chlorosulfonylisocyanate (21 µL, 0.24 mmol) was added. The
reaction mixture was stirred at -35 °C for 2 h and then at -10 °C for 1 h. A solution of 2,2-dimethyl-1propanol (22 mg, 0.24 mmol) and pyridine (48 µL, 0.60 mmol) in CH2Cl2 (2 mL) was then added
dropwise to the reaction before the reaction was stirred at RT for 20 h. No desired product 127 was
isolated from the reaction. Crude LCMS analysis indicated the formation 124. LRMS (ES+) 455.4
[M+H]+ for 124. This reaction was also run without molecular sieves present.

((3aS,4S,6S,6aS)-6-(6-Amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4yl)methyl sulfamate (133)155

To an ice-cooled solution of chlorosulfonylisocyanate (1 mL, 11.3 mmol) in MeCN (11 mL) was added
H2O (225 µL) dropwise. The mixture was warmed to RT and stirred for 30 min. The solution was
concentrated in vacuo by azeotroping with toluene (10 mL) to give chlorosulfanoylamine (1.37 g) as a
white powder. To a solution of protected adenosine 121 (1.00 g, 3.30 mmol) and DBU (1.00 mL,
6.68 mmol) in CH2Cl2 (10 mL per mmol) was added chlorosulfanoylamine (1.37 g) in CH2Cl2 (5 mL)
dropwise over 5 min. The solution was stirred at RT for 16 h. The reaction was concentrated in vacuo.
Purification using flash column chromatography (5% then 8% MeOH/CH2Cl2) gave no desired product
133.
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3-(Benzyloxy)-3-oxopropanoic acid (137)159

A solution of 2,2-dimethyl-1,3-dioxane-4,6-dione (5.00 g, 34.7 mmol) and benzyl alcohol (3.95 mL,
38.2 mmol) in toluene (24 mL) was refluxed for 4 h. The reaction mixture was cooled to RT and
concentrated in vacuo. Purification by flash column chromatography (Gradient: 0 – 5% MeOH/CH2Cl2)
gave 137 (4.76 g, 71%) as a colourless oil; Rf 0.24 (1% MeOH/CH2Cl2); 1H NMR (600 MHz, CDCl3)
δ 9.57 (1H, br, OH), 7.41 – 7.33 (5H, m, Ar), 5.21 (2H, s, H6) and 3.49 (2H, s, H3);13C NMR (150
MHz, CDCl3) δ 171.8 (C2), 166.7 (C4), 140.5 (C7), 128.6 (Ar, overlapping signals), 67.8 (C6) and 41.1
(C3); HRMS calc’d for C10H10O4 expected 194.0579, found 194.0576. The data is in good agreement
with the literature values.159

((3aS,4S,6S,6aS)-6-(6-Amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4yl)methyl benzyl malonate (138)

To a solution of acid 137 (3.79 g, 19.5 mmol) and protected adenosine 121 (3.00 g, 9.77 mmol) in
CH2Cl2 (30 mL) was added DCC (2.54 g, 12.7 mmol) and DMAP (297 mg, 2.44 mmol). The reaction
was stirred at RT for 19 h. The insoluble dicyclohexylurea was removed by filtration, washed with
CH2Cl2 and the filtrate concentrated in vacuo. Purification using flash column chromatography
(Gradient: 2 – 3% MeOH/CH2Cl2) gave 138 (2.47 g, 52%) as a colourless gum; Rf 0.51 (5%
MeOH/CH2Cl2); [α]D20 -21.2 (c 0.7, MeOH); IR νmax (solution in CH2Cl2) 3320 (NH2), 3060 - 2930
(CH), 1730 (C=O) and 1600 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 8.32 (1H, s, H2), 7.89 (1H, s,
H8), 7.37 – 7.28 (5H, m, Ar), 6.27 (2H, br, NH2), 6.10 (1H, s, H1'), 5.42 (1H, d, J = 6.4 Hz, H2'), 5.15
(1H, d, J = 12.0 Hz, H11'), 5.13 (1H, d, J = 12.0 Hz, H11'), 5.04 (1H, dd, J = 6.4 and 3.4 Hz, H3'), 4.50
– 4.29 (3H, m, H4'and H5'), 3.41 (1H, d, J = 10.0 Hz, H8'), 3.38 (1H, d, J = 10.0 Hz, H8'), 1.60 (3H, s,
H16') and 1.38 (3H, s, H16'); 13C NMR (150 MHz, CDCl3) δ 166.3 (C7' or C9'), 166.0 (C7' or C9'),
155.9 (C6), 153.3 (C2), 149.3 (C4), 139.8 (C8), 135.2 (C12'), 128.5 (Ar, overlapping signals), 120.3
(C5), 102.7 (C15'), 90.9 (C1'), 84.8 (C4'), 84.3 (C2'), 81.6 (C3'), 67.5 (C11'), 64.9 (C5'), 41.3 (C8'), 27.3
(C16') and 25.5 (C16'); HRMS calc’d for C23H26N5O7 expected 484.1832, found 484.1861.
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3-(((3aS,4S,6s,6aS)-6-(6-Amino-9H-purin-9-yl)-2,3-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4yl_methyloxy)-3-oxopropanoic acid (139)

To adenosine analogue 138 (1.20 g, 2.52 mmol) and Pd/C (10 wt%, 67 mg, 0.63 mmol) was added
MeOH (20 mL) before evacuating and filling the flask with hydrogen. The reaction was stirred at RT
under a hydrogen atmosphere for 6 h. The reaction mixture was filtered through Celite®, washed with
MeOH and the filtrate concentrated in vacuo to give 139 (850 mg, 86%) as an off-white solid; Rf 0.32
(10% MeOH/CH2Cl2); mp 131 – 133 °C; [α]D20 -34.1 (c 0.3, MeOH); IR νmax (solid) 3330 (NH), 3280
(NH), 3190 (OH), 3040 - 2940 (CH), 1690 (C=O), 1650 (C=O) and 1580 (C=C) cm-1; 1H NMR
(600 MHz, d6-DMSO) δ 8.30 (1H, s, H8), 8.17 (1H, s, H2), 7.38 (2H, br, NH2), 6.19 (1H, s, H1'), 5.44
(1H, d, J = 5.3 Hz, H2'), 5.05 (1H, d, J = 3.0 Hz, H3'), 4.37 (1H, br, H4'), 4.33 – 4.18 (2H, m, H5'),
3.37 (2H, apparent s, H8'), 1.54 (3H, s, H13') and 1.32 (3H, s, H13'); 13C NMR (150 MHz, d6-DMSO)
δ 168.0 (C9'), 166.7 (C7'), 156.1 (C6), 152.8 (C2), 148.8 (C4), 139.8 (C8), 119.1 (C5), 113.5 (C12'),
89.0 (C1'), 83.4 (C4'), 83.1 (C2'), 81.0 (C3'), 64.4 (C5'), 41.3 (C8'), 27.0 (C13') and 25.2 (C13'); LRMS
(ES+) 394.3 [M+H]+; HRMS calc’d for C16H20N5O7 expected 394.1363, found 394.1361.

((3aS,4S,6S,6aS)-6-(6-Amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4yl)methyl ((R)-3-hydroxy-2,2-dimethyl-4-oxo-4-((3-oxo-3-(propylamino)propyl)amino)butyl) malonate
(140)

To a solution of acid 139 (470 mg, 1.19 mmol) and alcohol 38 (300 mg, 1.19 mmol) in CH2Cl2 (24 mL)
at 0 °C was added EDC (275 mg, 1.43 mmol) and DMAP (175 mg, 1.43 mmol). The reaction was
stirred at RT for 68 h. The reaction mixture was washed with 5% citric acid solution (25 mL), then
brine (25 mL), dried (MgSO4), filtered and concentrated in vacuo. Purification using flash column
chromatography (Gradient: 3 – 10% MeOH/CH2Cl2) gave 140 (109 mg, 14%) as a colourless oil; Rf
- 239 -

0.53 (5% MeOH/CH2Cl2); [α]D20 -6.4 (c 0.3, MeOH); IR νmax (solution in CH2Cl2) 3450 (NH), 3320
(NH), 3120 (OH), 2960 - 2930 (CH), 1730 (C=O), 1640 (C=O) and 1600 (C=C) cm-1; 1H NMR
(600 MHz, CDCl3) δ 8.31 (1H, s, H2), 7.98 (1H, s, H8), 7.60 (1H, t, J = 6.0 Hz, NH), 6.39 (2H, br,
NH2), 6.23 (1H, t, J = 5.6 Hz, NH), 6.17 (1H, s, H1'), 5.41 (1H, d, J = 6.0 Hz, H2'), 5.02 (1H, dd, J =
6.0 and 3.2 Hz, H3'), 4.51 (1H, d, J = 3.8 Hz, H4'), 4.40 – 4.33 (2H, m, H5'), 4.19 (1H, d, J = 10.5 Hz,
H11'), 3.96 (1H, s, H14'), 3.88 (1H, d, J = 10.5 Hz, H11'), 3.60 – 3.47 (2H, m, H17'), 3.37 (2H, apparent
s, H8'), 3.20 – 3.12 (2H, m, H21'), 2.47 – 2.37 (2H, m, H18'), 1.60 (3H, s, H26'), 1.51 – 1.43 (2H, m,
H22'), 1.38 (3H, s, H26'), 1.00 (3H, s, H13') and 0.90 – 0.84 (6H, m, H13' and H23');
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C NMR

(150 MHz, CDCl3) δ 172.8 (C15'), 171.5 (C19'), 166.4 (C7' or C9'), 166.3 (C7' or C9'), 155.7 (C6),
153.4 (C2), 149.2 (C4), 139.5 (C8), 119.8 (C5), 114.7 (C25'), 91.0 (C1'), 85.1 (C4'), 84.6 (C2'), 81.1
(C3'), 74.2 (C14'), 71.6 (C11'), 64.8 (C5'), 41.4 (C8'), 41.2 (C21'), 38.5 (C12'), 35.8 (C18'), 35.4 (C17'),
27.2 (C26'), 25.5 (C26'), 22.8 (C22'), 21.4 (C13'), 19.6 (C13') and 11.5 (C23'); HRMS calc’d for
C28H42N7O10 expected 636.2993, found 636.2995.
3-Oxo-3-(2,2,2-trichloroethoxy)propanoic acid (142)224

A solution of 2,2-dimethyl-1,3-dioxane-4,6-dione (5.00 g, 34.7 mmol) and 2,2,2-trichloroethanol
(3.66 mL, 38.2 mmol) in toluene (25 mL) was heated at reflux for 5 h. The reaction mixture was cooled
to RT and concentrated in vacuo. Purification using flash column chromatography (Gradient: 100%
CH2Cl2) gave 142 (3.43 g, 42%) as a colourless oil; Rf 0.50 (100% CH2Cl2);

1

H NMR (600 MHz,

CDCl3) δ 11.2 (1H, br, OH), 4.82 (2H, s, H6) and 3.61 (2H, s, H3); 13C NMR (150 MHz, CDCl3) δ
171.9 (C2), 164.7 (C4), 94.3 (C7), 74.7 (C6) and 40.8 (C3); HRMS calc’d for C5H5O4(35Cl)3Na expected
256.9151, found 256.9141. The data is in good agreement with the literature values.224

((3aS,4S,6S,6aS)-6-(6-Amino-9H-purin-9-yl)-2-phenyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methanol
(143)225
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Adenosine (3.00 g, 11.2 mmol) and anhydrous zinc chloride (7.63g, 56.0 mmol) was suspended in
benzaldehyde (90 mL) and the reaction stirred at RT for 65 h. Most of the benzaldehyde was removed
in vacuo by azeotroping with toluene before the resulting brown residue was suspended in EtOAc
(50 mL) and washed with sat. NaHCO3 solution (50 mL). The aqueous layer was extracted with EtOAc
(3 x 50 mL). The combined organic layers were washed with H2O (100 mL), dried (MgSO4), filtered
and concentrated in vacuo. Purification using flash column chromatography (Gradient: 0%, 2% then
4% MeOH/CH2Cl2) gave 143 (2.62 g, 66%) as an off-white solid; Rf 0.36 (5% MeOH/CH2Cl2); mp 197
- 200 °C; 1H NMR (600 MHz, CDCl3) δ 8.39 (2H, s, H8), 8.17 (2H, s, H2), 7.62 – 7.36 (12H, m, Ar
and NH2), 6.30 (2H, dd, J = 7.2 and 2.6 Hz, H1'), 6.25 (1H, s, H8'), 6.03 (1H, s, H6), 5.54 – 5.48 (2H,
m, H2'), 5.29 (1H, t, J = 5.5 Hz, OH), 5.18 (1H, t, J = 5.5 Hz, OH), 5.12 – 5.07 (2H, m, H3'), 4.38 (1H,
br, H4'), 4.30 (1H, q, J = 4.5 Hz, H4') and 3.66 – 3.52 (4H, m, H5'); 13C NMR (150 MHz, CDCl3) δ
156.2 (C6), 152.7 (C2), 149.0 (C4), 139.9 (C8), 136.2 (C9'), 129.8 (C10'), 128.5 (C10'), 127.0 (C10'),
119.1 (C5), 106.6 (C8'), 103.0 (C8'), 89.5 (C1'), 88.0 (C1'), 86.3 (C4'), 84.5 (C4'), 83.8 (C2'), 83.0 (C2'),
82.8 (C3'), 80.7 (C3') and 61.6 (C5'); HRMS calc’d for C17H18O4N5 expected 356.1359, found 356.1351.
Note: Data for 143 given as a mixture of diastereoisomers. The data is in good agreement with the
literature values.225

((3aS,4S,6S,6aS)-6-(6-Amino-9H-purin-9-yl)-2-phenyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl
(2,2,2-trichloroethyl) malonate (144)

To a solution of protected adenosine 143 (2.00 g, 5.63 mmol) and acid 142 (2.63 g, 11.26 mmol) in
CH2Cl2 (20 mL) at 0 °C was added DCC (1.46 g, 7.32 mmol) and DMAP (171 mg, 1.41 mmol). The
reaction was stirred at RT for 18 h. The insoluble dicyclohexylurea was removed by filtration, washed
with CH2Cl2 and the filtrate concentrated in vacuo. Purification using flash column chromatography
(Gradient: 50 - 100% EtOAc/pet. ether) gave 144 (2.95 g, 92%) as an off-white solid; Rf 0.32 (10%
EtOAc); mp 79 - 81 °C; IR νmax (solid) 3320 (NH), 3150 (NH), 2980 – 2940 (CH), 1740 (C=O) and
1600 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 8.37 (1H, s, H2), 8.35 (1H, s, H2), 7.91 (1H, s, H8),
7.90 (1H, s, H8), 7.57 – 7.40 (10H, m, Ar), 6.24 (1H, d, J = 1.9 Hz, H1'), 6.20 – 6.19 (2H, m, H1' and
H15'), 6.05 (1H, s, H15'), 5.83 (4H, br, NH2), 5.71 (1H, dd, J = 6.7 and 1.9 Hz, H2'), 5.59 (1H, dd, J =
6.4 and 2.1 Hz, H2'), 5.35 (1H, dd, J = 6.4 and 3.8 Hz, H3'), 5.26 (1H, dd, J = 6.7 and 3.2 Hz, H3'), 4.78
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(1H, d, J = 11.5 Hz, H11'), 4.75 (1H, d, J = 11.5 Hz, H11'), 4.69 – 4.65 (1H, m, H4'), 4.60 – 4.48 (3H,
m, H4' and H5'), 4.44 – 4.35 (2H, m, H5'), 3.53 (2H, apparent s, H8') and 3.51 (2H, apparent s, H8');
C NMR (150 MHz, CDCl3) δ 165.3 (C7'), 164.9 (C9'), 155.8 (C6), 153.4 (C2), 149.3 (C4), 140.3 (C8),
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140.1 (C8), 135.6 (C16'), 135.5 (C16'), 128.7 (C17’), 126.9 (C17'), 120.5 (C5), 108.0 (C15'), 104.8
(C15'), 94.4 (C12'), 90.5 (C1'), 84.9 (C2'), 84.8 (C4'), 83.7 (C2'), 82.9 (C4'), 82.6 (C3'), 81.9 (C3'), 74.6
(C11'), 65.2 (C5'), 65.1 (C5') and 40.9 (C8'); LRMS (ES+) 572.2 [M(3x35Cl)+H]+, 574.1
[M(2x35Cl)+H]+ and 576.1 [M(1x35Cl)+H]+; HRMS calc’d for C22H21O7N5Cl3 expected 572.0507,
found 572.0518. Note: Data for 144 given as a mixture of diastereoisomers.

((2S,3R,4S,5S)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methylbenzyl malonate
(146)

To a suspension of adenosine analogue 138 (3.90 g, 8.07 mmol) in H2O (120 mL) at 0 °C was added
TFA (30 mL). The solution was stirred at 0 °C for 30 min before stirring at RT for 4 h. The reaction
mixture was then concentrated in vacuo. Purification using flash column chromatography (Gradient:
2%, 5% then 7.5% MeOH/CH2Cl2) gave 146 (2.86 g, 80%) as an off-white solid; Rf 0.37 (10%
MeOH/CH2Cl2); mp 131 – 133 °C; [α]D20 -40.5 (c 0.4, MeOH); IR νmax (solid) 3320 (NH), 3280 (NH),
3120 (OH), 3050 - 2980 (CH), 1680 (C=O) and 1600 (C=C) cm-1; 1H NMR (600 MHz, CD3OD) δ 8.34
(1H, s, H8), 8.27 (1H, s, H2), 7.38 – 7.24 (5H, m, Ar), 6.03 (1H, d, J = 4.9 Hz, H1'), 5.14 (2H, apparent
s, H11'), 4.66 (1H, t, J = 4.9 Hz, H2'), 4.44 (2H, dd, J = 4.0 Hz, 2.5 Hz, H5'), 4.33 (1H, t, J = 4.9 Hz,
H3') and 4.27 (1H, q, J = 4.5 Hz, H4'); 13C NMR (150 MHz, CD3OD) δ 168.0 (C7' or C9'), 167.9 (C7'
or C9'), 155.1 (C6), 150.4 (C2), 142.3 (C8), 136.9 (C4), 129.5 (Ar, overlapping signals), 120.5 (C5),
90.3 (C1'), 83.6 (C4'), 75.3 (C2'), 71.6 (C3'), 68.2 (C11'), 65.5 (C5') and 41.66 (C8'); HRMS calc’d for
C20H22N5O7 expected 444.1519, found 444.1509. Note: C8' signal is not seen in 1H NMR as it is
exchangeable with NMR solvent.
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((2S,3S,4S,5S)-5-(6-Amino-9H-purin-9-yl)-3,4-bis((trimethylsilyl)oxy)tetrahydrofuran-2-yl)methyl
benzyl malonate (147)

To a solution of adenosine diol 146 (800 mg, 1.80 mmol) and NEt3 (750 µL, 5.40 mmol) in CH2Cl2
(9 mL) at 0 °C was added TMSCl (570 µL, 4.50 mmol) dropwise. The reaction was stirred at RT for
16 h. The reaction mixture was filtered, washed with Et2O and the filtrate was concentrated in vacuo.
Purification using flash column chromatography (Gradient: 50% then then 80% EtOAc/pet. ether) gave
147 (590 mg, 56%) as an off-white solid; Rf 0.57 (100% EtOAc); mp 103 – 105 °C; [α]D20 -29.6 (c 0.2,
MeOH); IR νmax (solid) 3280 (NH), 3140 (NH), 2950 - 2900 (CH), 1730 (C=O), 1680 (C=O) and 1600
(C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 8.34 (1H, s, H2), 7.96 (1H, s, H8), 7.36 – 7.30 (5H, m, Ar),
6.02 (2H, br, NH2), 5.90 (1H, d, J = 4.1 Hz, H1'), 5.18 (2H, apparent s, H11'), 4.96 (1H, t, J = 4.5 Hz,
H2'), 4.54 (1H, d, J = 3.8 Hz, H5'), 4.42 – 4.35 (2H, m, H3' and H5'), 4.29 (1H, q, J = 4.0 Hz, H4'), 3.48
(2H, apparent s, H8'), 0.16 (9H, s, H16') and 0.01 (9H, s, H16'); 13C NMR (150 MHz, CDCl3) δ 166.2
(C7' and C9'), 155.7 (C6), 153.0 (C2), 149.7 (C4), 140.2 (C8), 135.2 (C12'), 128.6 (Ar, overlapping
signals), 120.6 (C5), 89.8 (C1'), 81.9 (C4'), 74.2 (C2'), 71.7 (C3'), 67.5 (C11'), 64.3 (C5'), 41.4 (C8')
and 0.26 (C16'); LRMS (ES+) 588.3 [M+H]+, 516.3 [M-Si(CH3)3]+ and 445.2 [M-Si(CH3)3-Si(CH3)3]+;
HRMS calc’d for C26H38N5O7Si expected 588.2310, found 588.2308

3-(((2S,3R,4S,5S)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methoxy)-3oxopropanoic acid (149)

To adenosine diol 147 (550 mg, 0.94 mmol) and Pd/C (10 wt%, 25 mg, 0.23 mmol) was added MeOH
(3 mL) before evacuating and filling the flask with hydrogen. The reaction was stirred at RT under a
hydrogen atmosphere for 5 h. The reaction mixture was filtered through Celite ®, washed with MeOH
and the filtrate concentrated in vacuo. The resulting white solid was triturated in Et2O to give 149
(290 mg, 87%) as an off-white solid; Rf 0.60 (10% MeOH/CH2Cl2); mp 148 - 150 °C; [α]D20 -33.3 (c
0.7, MeOH); IR νmax (solid) 3310 (NH), 3220 (NH), 3120 (OH), 2980 - 2950 (CH), 1740 (C=O), 1690
- 243 -

(C=O) and 1600 (C=C) cm-1; 1H NMR (600 MHz, d6-DMSO) δ 8.34 (1H, s, H8), 8.15 (1H, s, H2), 7.32
(2H, br, NH2), 5.91 (1H, d, J = 5.3 Hz, H1'), 4.64 (1H, t, J = 5.3 Hz, H2'), 4.36 (1H, dd, J = 12.0 and
3.8 Hz, H5'), 4.25 – 4.20 (2H, m, H3' and H5'), 4.11 – 4.07 (1H, m, H4') and 3.35 (2H, apparent s, H8');
C NMR (150 MHz, d6-DMSO) δ 168.2 (C9'), 167.3 (C7'), 156.1 (C6), 152.7 (C2), 149.4 (C4), 139.8
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(C8), 119.2 (C5), 87.7 (C1'), 81.6 (C4'), 72.9 (C2'), 70.7 (C3'), 64.0 (C5') and 42.1 (C8'); LRMS (ES+)
354.17 [M+H]+; HRMS calc’d for C13H16O7N5 expected 354.1050, found 354.1037.

((5aS,6S,8S,8aS)-8-(6-Amino-9H-purin-9-yl)-2,2,4,4-tetraisopropyltetrahydrofuro[3,4f][1,3,5,2,4]trioxadisilepin-6-yl)methyl benzyl malonate (151)

Route 1:
To adenosine diol 146 (2.20 g, 4.96 mmol) in anhydrous pyridine (27 mL) was added 1,3-dichloro1,1,3,3-triisopropylsiloxane (1.75 mL, 5.46 mmol). The reaction was stirred at RT for 18 h. The
reaction mixture was concentrated in vacuo.

Purification using flash column chromatography

(Gradient: 0 - 3% MeOH/CH2Cl2) gave 151 (1.55 g, 45%) as an off-white solid.
Route 2:
To a solution of alcohol 165 (650 mg, 1.28 mmol) and acid 137 (497 mg, 2.56 mmol) in CH2Cl2 (8 mL)
was added DCC (333 mg, 1.66 mmol) and DMAP (39 mg, 0.32 mmol). The reaction was stirred at RT
for 18 h. The insoluble dicyclohexylurea was removed by filtration, washed with CH2Cl2 and the filtrate
concentrated in vacuo.

Purification using flash column chromatography (Gradient: 0 – 3%

MeOH/CH2Cl2) gave 151 (790 mg, 90%) as an off-white solid.
Analytical Data:
Rf 0.73 (10% MeOH/CH2Cl2); mp 132 – 135 °C; [α]D20 -19.5 (c 0.6, MeOH); IR νmax (solid) 3280 (NH),
3150 (NH), 2940 - 2870 (CH), 1740 (C=O) 1690 (C=O) and 1570 (C=C) cm-1; 1H NMR (600 MHz,
CDCl3) δ 8.32 (1H, s, H2), 7.98 (1H, s, H8), 7.36 – 7.29 (5H, m, Ar), 5.99 (1H, d, J = 3.4 Hz, H1'), 5.91
(2H, br, NH2), 5.17 (2H, apparent s, H11'), 5.09 (1H, dd, J = 4.9 and 3.4 Hz, H2'), 4.72 (1H, dd, J = 6.4
and 4.9 Hz, H3'), 4.53 (1H, dd, J = 12.0 and 3.2 Hz, H5'), 4.41 (1H, dd, J = 12.0 and 5.2 Hz, H5'), 4.33
(1H, ddd, J = 6.4, 5.2 and 3.2 Hz, H4'), 3.46 (2H, apparent s, H8') and 1.10 – 0.99 (28H, m, H16' and
H17'); 13C NMR (150 MHz, CDCl3) δ 166.2 (C7' and C9'), 155.7 (C6), 153.2 (C2), 149.6 (C4), 140.2
(C8), 135.2 (C12'), 128.6 (Ar, overlapping signals), 120.5 (C5), 90.6 (C1'), 81.7 (C4'), 75.7 (C2'), 72.6
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(C3'), 67.5 (C11'), 64.6 (C5'), 41.4 (C8'), 17.4 (C17') and 13.5 (C16'); LRMS (ES+) 686.4 [M+H]+;
HRMS calc’d for C32H48O8N5Si2 expected 686.3041, found 686.3073.

3-(((5aS,6S,8S,8aS)-8-(6-Amino-9H-purin-9-yl)-2,2,4,4-tetraisopropyltetrahydrofuro[3,4f][1,3,5,2,4]trioxadisilepin-6-yl)methoxy)-3-oxopropanoic acid (152)

To protected adenosine analogue 151 (1.40 g, 2.04 mmol) and Pd/C (10 wt%, 55 mg, 0.51 mmol) was
added MeOH (5 mL) before evacuating and filling the flask with hydrogen. The reaction was stirred at
RT under a hydrogen atmosphere for 5 h. The reaction mixture was filtered through Celite ®, washed
with MeOH and the filtrate concentrated in vacuo to give 152 (860 mg, 71%) as an off-white solid; Rf
0.13 (8% MeOH/CH2Cl2); mp 159 - 161 °C; [α]D20 -17.5 (c 0.2, MeOH); IR νmax (solid) 3320 (NH),
3280 (NH), 3170 (OH), 2940 - 2870 (CH), 1750 (C=O), 1670 (C=O) and 1620 (C=C) cm-1; 1H NMR
(600 MHz, d6-DMSO) δ 12.91 (1H, br, OH), 8.38 (1H, s, H8), 8.14 (1H, s, H2), 7.36 (1H, br, NH 2),
6.00 (1H, d, J = 5.2 Hz, H1'), 5.17 (1H, t, J = 5.2 Hz, H2'), 4.74 (1H, t, J = 4.7 Hz, H3'), 4.39 (1H, dd,
J = 11.9 and 4.8 Hz, H5'), 4.28 (1H, dd, J = 11.9 and 5.6 Hz, H5'), 4.19 (1H, q, J = 4.8 Hz, H4'), 3.40
(2H, apparent s, H8') and 1.09 – 0.92 (28 H, m, H13' and H14'); 13C NMR (150 MHz, d6-DMSO) δ
167.9 (C9'), 166.8 (C7'), 156.2 (C6), 152.8 (C2), 149.3 (C4), 139.7 (C8), 119.1 (C5), 81.7 (C1'), 81.7
(C4'), 74.8 (C2'), 72.3 (C3'), 63.9 (C5'), 41.4 (C8'), 17.2 (C17') and 12.5 (C16'); LRMS (ES+) 596.4
[M+H]+; HRMS calc’d for C25H42O8N5Si2 expected 596.2572, found 596.2566

((5aS,6S,8S,8aS)-8-(6-Amino-9H-purin-9-yl)-2,2,4,4-tetraisopropyltetrahydrofuro[3,4f][1,3,5,2,4]trioxadisilepin-6-yl)methyl ((R)-3-hydroxy-2,2-dimethyl-4-oxo-4-((3-oxo-3(propylamino)propyl)amino)butyl) malonate (153)
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To a solution of acid 152 (700 mg, 1.17 mmol) and alcohol 38 (337 mg, 1.30 mmol) in CH2Cl2 (30 mL)
at 0 °C was added EDC (271 mg, 1.42 mmol) and DMAP (173 mg, 1.42 mmol). The reaction was
stirred at RT for 16 h. The reaction mixture was diluted with CH2Cl2 (20 mL) and washed with 5%
citric acid solution (40 mL), then sat. NaHCO3 solution (40 mL). The organic layer was dried (MgSO4),
filtered and concentrated in vacuo. Purification using flash column chromatography (Gradient: 2%, 5%
then 7.5% MeOH/CH2Cl2) gave 153 (240 mg, 25%) as an off-white solid; Rf 0.28 (10%
MeOH/CH2Cl2); mp 84 - 86 °C; [α]D20 +2.4 (c 0.2, MeOH); IR νmax (solid) 3310 (NH), 3280 (NH), 2940
- 2860 (CH), 1730 (C=O), 1640 (C=O) and 1600 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 8.30 (1H,
s, H2), 8.09 (1H, s, H8), 7.52 (1H, t, J = 6.0 Hz, NH), 6.75 (1H, d, J = 4.5 Hz, OH), 6.07 (2H, br, NH2),
6.04 (1H, s, H1'). 5.73 (1H, t, J = 5.6 Hz, NH), 4.97 (1H, d, J = 3.7 Hz, H2'), 4.64 (1H, dd, J = 12.4 and
2.3 Hz, H5'), 4.49 – 4.42 (2H, H3' and H5'), 4.40 – 4.35 (2H, m, H4' and H11'), 4.15 (1H, d, J = 4.9 Hz,
H14'), 3.84 (1H, d, J = 10.9 Hz, H11'), 3.67 – 3.59 (1H, m, H17'), 3.56 – 3.49 (1H, m, H17'), 3.48 (2H,
apparent s, H8'), 3.29 – 3.16 (2H, m H21'), 2.51 – 2.37 (2H, m, H18'), 1.74 – 1.56 (2H, m, H22') and
1.17 – 0.89 (37H, m, H13', H23', H26' and H27'); 13C NMR (150 MHz, CDCl3) δ 172.5 (C15'), 171.4
(C19'), 166.7 (C9'), 166.0 (C7'), 155.3 (C6), 153.5 (C2), 149.0 (C4), 138.4 (C8), 119.6 (C5), 91.0 (C1'),
81.1 (C4'), 76.3 (C2'), 73.8 (C14'), 71.8 (C11'), 71.5 (C3'), 63.0 (C5'), 41.4 (C8'), 41.3 (C21'), 38.5
(C12'), 35.6 (C17'), 35.2 (C18'), 22.9 (C22'), 21.9 (C13'), 18.9 (C13'), 14.5 (C27'), 13.7 (C26') and 13.0
(C23'); LRMS (ES+) 838.5 [M+H]+; HRMS calc’d for C37H64O11N7Si2 expected 838.4202, found
838.4238.

((2S,3R,4S,5S)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl ((R)-3-hydroxy2,2-dimethyl-4-oxo-4-((3-oxo-3-(propylamino)propyl)amino)butyl) malonate (118)

To a solution of protected CoA analogue 153 (70.0 mg, 0.08 mmol) in MeOH (2 mL) was added
ammonium fluoride (25 mg, 0.68 mmol) and the reaction was stirred at RT for 1.5 h. The reaction
mixture was concentrated in vacuo. Purification using flash column chromatography (Gradient: 5%,
10% then 12.5% MeOH/CH2Cl2) gave 118 (20 mg, 42%) as a colourless oil; Rf 0.40 (15%
MeOH/CH2Cl2); mp 96 - 98 °C; [α]D20 +54.5 (c 0.1, MeOH); IR νmax (oil) 3320 (NH), 3280 (NH), 3080
(OH), 2960 - 2880 (CH), 1730 (C=O), 1640 (C=O) and 1570 (C=C) cm-1; 1H NMR (600 MHz, CD3OD)
δ 8.28 (1H, s, H8), 8.21 (1H, s, H2), 6.02 (1H, d, J = 4.5 Hz, H1'), 4.72 (1H, t, J = 4.5 Hz, H2'), 4.45
(2H, dd, J = 14.5 and 4.0 Hz, H5'), 4.39 (1H, t, J = 5.0 Hz, H3'), 4.29 – 4.26 (1H, m, H4'), 4.11 (1H,
d, J = 10.5 Hz, H11'), 3.95 (1H, d, J = 10.5 Hz, H11'), 3.86 (1H, s, H14'), 3.50 – 3.39 (2H, m, H17'),
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3.10 (2H, t, J = 6.5 Hz, H21'), 2.40 (2H, t, J = 6.8 Hz, H18'), 1.54 – 1.45 (2H, m, H22'), 0.95 (3H, s,
H13') and 0.92 – 0.88 (6H, m, H13' and H23'); 13C NMR (150 MHz, CD3OD) δ 175.3 (C15'), 173.6
(C19'), 168.2 (C9'), 168.0 (C7'), 157.6 (C6), 153.4 (C2), 150.6 (C4), 142.0 (C8), 121.0 (5), 90.1 (C1'),
83.4 (C4'), 79.3 (C14'), 75.7 (C2'), 72.7 (C11'), 71.7 (C3'), 65.9 (C5'), 42.4 (C21'), 41.6 (C8'), 39.6
(C12'), 36.4 (C17' and C18'), 23.6 (C22'), 20.7 (C13'), 20.6 (C13') and 11.7 (C23'); LRMS (ES+) 598.4
[M+H]+; HRMS calc’d for C25H38N7O10 expected 596.2680, found 596.2684. Note: C8' signal is not
seen in 1H NMR as it is exchangeable with NMR solvent.

9-((3aS,4S,6S,6aS)-6-(Aminomethyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9H-purin-6amine (155)226

To a solution of protected adenosine 121 (8.00 g, 26.1 mmol) and phthalimide (4.22 g, 28.7 mmol) in
THF (45 mL) was added triphenylphosphine (7.53 g, 28.7 mmol), followed by DIAD (5.65 mL,
28.7 mmol) and the reaction was stirred at RT for 5 h. The resulting white solid was filtered, washed
with cold Et2O and dried. The crude product and hydrazine hydrate (4.06 mL, 130 mmol) were refluxed
in EtOH (50 mL) for 16 h. The resulting white solid was filtered, washed with EtOH and the filtrate
concentrated in vacuo to give 155 (3.51 g, 44%, 80% purity) as an off-white solid; Rf 0.24 (5%
MeOH/CH2Cl2); mp 190 – 193 °C (lit.226 206 – 208 °C); [α]D20 -23.5 (c 0.7, MeOH) (lit.226 -35.8 (c 1,
MeOH)); 1H NMR (600 MHz, CD3OD) δ 8.27 (1H, s, H8), 8.20 (1H, s, H2), 6.15 (1H, d, J = 2.6 Hz,
H1'), 5.46 (1H, dd, J = 6.2 and 2.8 Hz, H2'), 5.02 (1H, dd, J = 6.2 and 3.2 Hz, H3'), 4.28 – 4.22 (1H, m,
H4'), 2.94 (2H, d, J = 6.0 Hz, H5'), 1.59 (3H, s, H10') and 1.37 (3H, s, H10'); 13C NMR (150 MHz,
CD3OD) δ 157.4 (C6), 154.0 (C2), 150.2 (C4), 142.0 (C8), 120.7 (C5), 115.7 (C9'), 91.7 (C1'), 88.0
(C4'), 84.9 (C2'), 83.2 (C3'), 44.4 (C5'), 27.5 (C10') and 25.6 (C10'); HRMS calc’d for C13H19N6O3
expected 307.1519, found 307.1517. The data is in good agreement with the literature values.226
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Benzyl 3-((((3aS,4S,6S,6aS)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4d][1,3]dioxol-4-yl)methyl)amino)-3-oxopropanoate (156)

To a solution of amine 155 (3.50 g, 11.4 mmol) and acid 137 (4.42 g, 22.8 mmol) in CH2Cl2 (35 mL)
was added DCC (2.96 g, 14.8 mmol) and DMAP (347 mg, 2.85 mmol). The reaction was stirred at RT
for 21 h. The insoluble dicyclohexylurea was removed by filtration, washed with CH2Cl2 and the filtrate
concentrated in vacuo.

Purification using flash column chromatography (Gradient: 0 – 3%

MeOH/CH2Cl2) gave 156 (4.26 g, 78%) as a white gum; Rf 0.63 (10% MeOH/CH2Cl2); mp 77 – 79 °C;
[α]D20 -68.2 (c 0.5, MeOH); IR νmax (solution in CH2Cl2) 3320 (NH), 3180 (NH), 3060 - 2920 (CH),
1730 (C=O), 1640 (C=O) and 1590 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 8.70 (1H, d, J = 7.9 Hz,
NH), 8.26 (1H, s, H2), 7.85 (1H, s, H8), 7.28 – 7.20 (5H, m, H13'), 6.12 (2H, br, NH2), 5.8 (1H, d, J =
4.9 Hz, H1'), 5.19 (1H, dd, J = 6.0 and 4.9 Hz, H2'), 5.13 (1H, d, J = 12.5 Hz, H11'), 5.10 (1H, d, J =
12.5 Hz, H11'), 4.89 (1H, dd, J = 6.0 and 2.0 Hz, H3'), 4.49 (1H, q, J = 2.0 Hz, H4'), 4.17 (1H, ddd, J
= 14.4, 8.8 and 2.5 Hz, H5'), 3.48 (2H, apparent s, H8'), 3.29 (1H, dt, J = 14.4 and 2.5 Hz, H5'), 1.62
(3H, s, H16') and 1.36 (3H, d, H16'); 13C NMR (150 MHz, CDCl3) δ 168.4 (C9'), 166.0 (C7'), 156.1
(C6), 152.6 (C8), 148.8 (C4), 140.6 (C2), 135.2 (C12'), 128.6 (Ar, overlapping signals), 121.2 (C5),
114.8 (C15'), 92.8 (C1'), 83.7 (C4'), 82.4 (C2'), 81.7 (C3'), 67.4 (C11'), 42.9 (C8'), 41.4 (C5'), 27.6
(C16') and 25.3 (C16'); HRMS calc’d for C23H19N6O6 expected 483.1992, found 483.1992.

Benzyl 3-((((2S,3R,4S,5S)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2yl)methyl)amino)-3-oxopropanoate (157)

To a cooled suspension of protected adenosine analogue 156 (4.20 g, 8.71 mmol) in H2O (130 mL) was
added TFA (33 mL) and the reaction stirred at 0 °C for 30 min before warming to RT for 3 h. The
reaction mixture was then concentrated in vacuo. Purification using flash column chromatography
(Gradient: 2%, 5% then 7.5% MeOH/CH2Cl2) gave 157 (3.47 g, 90%) as an off-white solid; Rf 0.39
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(10% MeOH/CH2Cl2); mp 113 – 116 °C; [α]D20 -55.2 (c 0.5, MeOH); IR νmax (solid) 3350 (NH), 3290
(NH), 3100 (OH), 3070 - 2900 (CH), 1710 (C=O), 1650 (C=O) and 1580 (C=C) cm-1; 1H NMR
(600 MHz, d6-DMSO) δ 8.51 (1H, s, H8), 8.45 (1H, t, J = 5.8 Hz, NH), 8.33 (1H, s, H2), 8.20 (2H, br,
NH2), 7.37 – 7.29 (5H, m, Ar), 5.90 (1H, d, J = 6.0 Hz, H1'), 5.51 (2H, br, OH), 5.11 (2H, apparent s,
H11'), 4.64 (1H, t, J = 6.0 Hz, H2'), 4.09 (1H, t, J = 4.7 Hz, H3'), 3.97 (1H, dt, J = 5.8 and 4.7 Hz, H4'),
3.50 – 3.38 (2H, m, H5') and 3.35 (2H, apparent s, H8'); 13C NMR (150 MHz, d6-DMSO) δ 167.8 (C9'),
165.4 (C7'), 153.9 (C6), 149.7 (C4), 148.9 (C2), 141.3 (C8), 135.9 (C12'), 128.4 (Ar), 128.0 (Ar), 127.8
(Ar), 119.2 (C5), 87.7 (C1'), 83.5 (C4'), 73.0 (C2'), 71.2 (C3'), 65.9 (C11'), 42.4 (C8') and 41.2 (C5');
LRMS (ES+) 443.3 [M+H]+; HRMS calc’d for C20H23O6N6 expected 443.1679, found 443.1672.

Benzyl 3-((((5aS,6S,8S,8aS)-8-(6-amino-9H-purin-9-yl)-2,2,4,4-tetraisopropyltetrahydrofuro[3,4f][1,3,5,2,4]trioxadisilepin-6-yl)methyl)amino)-3-oxopropanoate (158)

Route 1:
To adenosine diol 157 (2.80 g, 6.33 mmol) in anhydrous pyridine (32 mL) was added 1,3-dichloro1,1,3,3-triisopropyldisiloxane (2.22 mL, 6.96 mmol). The reaction was stirred at RT for 16 h. The
reaction was concentrated in vacuo. The resulting residue was dissolved in CH2Cl2 (100 mL) and H2O
(100 mL) and separated. The organic layer was dried (MgSO4), filtered and concentrated in vacuo.
Purification using flash column chromatography (Gradient: 50%, 80% then 100% EtOAc/Pet. Ether)
gave 158 (850 mg, 20%) as an off-white solid.
Route 2:
To adenosine diol 157 (350 mg, 0.79 mmol) in anhydrous DMF (3 mL) was added imidazole (135 mg,
1.98 mmol) and DMAP (24 mg, 0.20 mmol).

Then, 1,3-dichloro-1,1,3,3-triisopropyldisiloxane

(303 µL, 0.95 mmol) was added dropwise. The reaction was stirred at RT for 17 h. The reaction was
concentrated in vacuo. The resulting residue was dissolved in CH2Cl2 (10 mL) and washed with sat.
NaHCO3 solution (10 mL). The aqueous layer was extracted with CH2Cl2 (2 x 10 mL). The combined
organics washed with brine (10 mL), dried (MgSO4), filtered and concentrated in vacuo. Purification
using flash column chromatography (Gradient: 0 – 3% MeOH in CH2Cl2) gave 158 (330 mg, 61%) as
an off-white solid.
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Analytical Data
Rf 0.62 (10% MeOH/CH2Cl2); mp 66 - 68 °C; [α]D20 -81.3 (c 0.2, MeOH); IR νmax (solid) 3290 (NH),
3210 (NH), 2950 - 2870 (CH), 1740 (C=O), 1640 (C=O) and 1580 (C=C) cm-1; 1H NMR (600 MHz,
CDCl3) δ 8.72 (1H, d, J = 6.8 Hz, NH), 8.33 (1H, s, H2), 7.89 (1H, s, H8), 7.38 – 7.29 (5H, m, Ar), 5.96
(2H, br, NH2), 5.79 (1H, d, J = 7.0 Hz, H1'), 5.16 (2H, apparent s, H11'), 5.03 (1H, dd, J = 7.0 and 5.0
Hz, H2'), 4.53 (1H, dd, J = 5.0 and 2.3 Hz, H3'), 4.37 (1H, q, J = 3.0 Hz, H4'), 4.14 (1H, ddd, J = 14.5,
8.8 and 3.0 Hz, H5'), 3.47 (1H, d, J = 15.0 Hz, H8'), 3.40 (1H, d, J = 15.0 Hz, H8'), 3.31 (1H, dt, J =
14.3 and 3.0 Hz, H5') and 1.13 – 0.87 (28H, m, H16' and H17'); 13C NMR (150 MHz, CDCl3) δ 168.0
(C9'), 165.6 (C7'), 155.8 (C6), 152.5 (C2), 149.2 (C4), 141.1 (C8), 135.3 (C12'), 128.6 (Ar, overlapping
signals), 121.3 (C5), 90.9 (C1'), 85.8 (C4'), 75.4 (C2'), 73.6 (C3'), 67.4 (C11'), 47.8 (C8'), 41.3 (C5'),
17.5 (C17') and 13.2 (C16'); LRMS (ES+) 685.5 [M+H]+; HRMS calc’d for C32H49O7N6Si2 expected
685.3201, found 685.3226.

3-((((5aS,6S,8S,8aS)-8-(6-Amino-9H-purin-9-yl)-2,2,4,4-tetraisopropyltetrahydrofuro[3,4f][1,3,5,2,4]trioxadisilepin-6-yl)methyl)amino)-3-oxopropanoic acid (159)

To protected adenosine analogue 158 (800 mg, 1.17 mmol) and Pd/C (10 wt%, 31 mg, 0.29 mmol) was
added MeOH (3 mL) before evacuating and filling the flask with hydrogen. The reaction was stirred at
RT under a hydrogen atmosphere for 3 h. The reaction mixture was filtered through Celite ®, washed
with MeOH and the filtrate concentrated in vacuo to give 159 (666 mg, 95%) as an off-white solid; Rf
0.10 (5% MeOH/CH2Cl2); mp 129 - 131 °C; [α]D20 -108.6 (c 0.2, MeOH); IR νmax (solid) 3280 (NH),
3210 (NH), 3070 (OH), 2950 - 2870 (CH), 1700 (C=O), 1660 (C=O) and 1580 (C=C) cm-1; 1H NMR
(600 MHz, d6-DMSO) δ 8.66 (1H, br, NH), 8.46 (1H, s, H8), 8.16 (1H, s, H2), 7.37 (2H, br, NH2), 5.94
(1H, d, J = 6.4 Hz, H1'), 5.15 (1H, dd, J = 6.4 and 4.9 Hz, H2'), 4.59 (1H, dd, J = 5.0 and 3.2 Hz, H3'),
4.05 (1H, dt, J = 5.0 and 3.0 Hz, H4') 3.50 – 3.40 (2H, m, H5'), 3.34 (1H, br, OH), 3.11 (2H, apparent
s, H8') and 1.13 – 0.83 (28H, m, H13' and H14'); 13C NMR (150 MHz, d6-DMSO) δ 169.5 (C9'), 166.8
(C7'), 156.2 (C6), 152.7 (C2), 149.4 (C4), 140.1 (C8), 119.3 (C5), 87.2 (C1'), 83.9 (C4'), 74.7 (C2'),
73.1 (C3'), 42.9 (C8'), 41.0 (C5'), 17.3 (C14') and 13.2 (C13'); LRMS (ES+) 595.4 [M+H]+; HRMS
calc’d for C25H43O7N6Si2 expected 595.2732, found 595.2723.
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(R)-3-Hydroxy-2,2-dimethyl-4-oxo-4-((3-oxo-3-(propylamino)propyl)amino)butyl 3((((5aS,6S,8S,8aS)-8-(6-amino-9H-purin-9-yl)-2,2,4,4-tetraisopropyltetrahydrofuro[3,4f][1,3,5,2,4]trioxadisilepin-6-yl)methyl)amino)-3-oxopropanoate (160)

To a solution of acid 159 (270 mg, 0.45 mmol) and alcohol 38 (140 mg, 0.54 mmol) in CH2Cl2 (13 mL)
at 0 °C was added EDC (104 mg, 0.54 mmol) and DMAP (66 mg, 0.54 mmol). The reaction was stirred
at RT for 18 h. The reaction mixture was diluted with CH2Cl2 (10 mL) and washed with 5% citric acid
solution (10 mL), then sat. NaHCO3 solution (10 mL). The organic layer was dried (MgSO4), filtered
and concentrated in vacuo. Purification using flash column chromatography (Gradient: 2%, 5% then
7.5% MeOH/CH2Cl2) gave 160 (51 mg, 14%) as an off-white solid; Rf 0.59 (10% MeOH/CH2Cl2); mp
106 - 107 °C; [α]D20 -41.5 (c 0.1, MeOH); IR νmax (solid) 3320 (NH), 3210 (NH), 3080 (OH), 2950 2870 (CH), 1740 (C=O), 1640 (C=O) and 1590 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 8.97 (1H,
d, J = 8.2 Hz, NH), 8.31 (1H, s, H2), 7.90 (1H, d, H8), 7.59 (1H, t, J = 5.8 Hz, NH), 6.40 (2H, br, NH2),
6.09 (1H, br, NH), 5.80 (1H, d, J = 6.6 Hz, H1'), 4.98 (1H, dd, J = 6.6 and 5.1 Hz, H2'), 4.48 (1H, dd,
J = 5.1 and 2.5 Hz, H3'), 4.37 (1H, q, J = 2.5 Hz, H4'), 4.26 (1H, d, J = 10.6 Hz, H11'), 4.14 (1H, ddd,
J = 14.4, 9.1 and 2.5 Hz, H5'), 4.02 (1H, s, H14'), 3.77 (1H, d, J = 10.6 Hz, H11'), 3.68 – 3.60 (1H, m,
H17'), 3.54 – 3.37 (3H, m, H8' and H17'), 3.29 (1H, dt, J = 14.4 and 2.5 Hz, H5'), 3.21 – 3.13 (2H, m,
H21'), 2.51 – 2.39 (2H, m, H18'), 1.53 – 1.45 (2H, m, H22') and 1.12 – 0.86 (37H, m, H13', H23', H26'
and H27'); 13C NMR (150 MHz, CDCl3) δ 173.1 (C15'), 171.4 (C19'), 168.0 (C9'), 166.1 (C7'), 156.7
(C6), 152.4 (C2), 148.9 (C4), 140.8 (C8), 121.1 (C5), 91.0 (C1'), 85.6 (C4'), 75.6 (C2'), 74.3 (C14'),
73.5 (C3'), 71.8 (C11'), 42.6 (C8'), 41.5 (C21'), 41.1 (C5'), 38.3 (C12'), 36.1 (C18'), 35.5 (C17'), 22.8
(C22'), 21.8 (C13'), 19.7 (C13'), 17.5 (C27'), 12.9 (C26') and 11.5 (C23'); LRMS (ES+) 837.5 [M+H]+;
HRMS calc’d for C37H65O10N8Si2 expected 837.4362, found 837.4365.
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(R)-3-Hydroxy-2,2-dimethyl-4-oxo-4-((3-oxo-3-(propylamino)propyl)amino)butyl 3-((((2S,3R,4S,5S)5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl)amino)-3-oxopropanoate (154)

To a solution of protected CoA analogue 160 (35.0 mg, 0.04 mmol) in MeOH (1 mL) was added
ammonium fluoride (13 mg, 0.36 mmol) and the reaction was stirred at RT for 1.5 h. The reaction
mixture was concentrated in vacuo. Purification using flash column chromatography (Gradient: 5%,
10% then 15% MeOH/CH2Cl2) gave 154 (8 mg, 75%) as a colourless oil; Rf 0.16 (15% MeOH/CH2Cl2);
mp 101 – 103 °C; [α]D20 -38.5 (c 0.1, MeOH); IR νmax (oil) 3310 (NH), 3280 (NH), 3180 (OH), 2960 2870 (CH), 1730 (C=O), 1640 (C=O) and 1600 (C=C) cm-1; 1H NMR (600 MHz, CD3OD) δ 8.26 (1H,
s, H8), 8.25 (1H, s, H2), 5.92 (1H, d, J = 6.2 Hz, H1'), 4.80 (1H, t, J = 6.2 Hz, H2'), 4.25 – 4.18 (2H,
m, H3' and H4'), 4.08 (1H, d, J = 10.6 Hz, H11'), 3.94 (1H, d, J = 10.6 Hz, H11'), 3.86 – 3.81 (2H, m,
H5' and H14'), 3.49 – 3.39 (3H, m, H5' and H17'), 3.35 (2H, apparent s, H8'), 3.12 – 3.08 (2H, m, H21'),
2.42 (2H, t, J = 6.7 Hz, H18'), 1.53 – 1.45 (2H, m, H22'), 0.96 (3H, s, H13'), 0.93 (3H, s, H13') and
0.90 (3H, t, J = 7.4 Hz, H23'); 13C NMR (150 MHz, CD3OD) δ 176.1 (C15'), 175.3 (C19'), 169.4 (C9'),
168.8 (C7'), 157.5 (C6), 153.8 (C2), 150.4 (C4), 142.2 (C8), 121.1 (C5), 90.8 (C1'), 85.5 (C4'), 77.2
(C14'), 75.7 (C2'), 74.5 (C3'), 72.8 (C11'), 49.5 (C8'), 42.5 (C5'), 42.4 (C21'), 39.5 (C12'), 36.9 (C17'
and C18'), 23.6 (C22'), 21.6 (C13'), 21.4 (C13') and 11.7 (C23'); LRMS (ES+) 595.4 [M+H]+; HRMS
calc’d for C25H39N8O9 expected 595.2840, found 595.2857.

3-((((2S,3R,4S,5S)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl)amino)-3oxopropanoic acid (161)

To protected adenosine diol 157 (100 mg, 0.23 mmol) and Pd/C (10 wt%, 6 mg, 0.25 mmol) was added
MeOH (2.5 mL) before evacuating and filling the flask with hydrogen. The reaction was stirred at RT
under a hydrogen atmosphere for 5 h. The reaction mixture was filtered through Celite®, washed with
MeOH and the filtrate concentrated in vacuo to give 161 (80 mg, 98%) as an off-white solid; Rf 0.20
(20% MeOH/CH2Cl2); mp 105 - 108 °C; [α]D20 -71.4 (c 0.2, MeOH); IR νmax (solid) 3290 (NH), 3260
(NH), 3210 (OH), 3180 (OH), 2960 - 2900 (CH), 1630 (C=O) and 1570 (C=C) cm-1; 1H NMR
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(600 MHz, CD3OD) δ 8.49 (1H, s, H2), 8.40 (1H, s, H8), 6.02 (1H, d, J = 5.7 Hz, H1'), 4.74 (1H, t, J
= 5.7 Hz, H2'), 4.27 (1H, dd, J = 5.1 and 4.1 Hz, H3'), 4.19 – 4.14 (1H, m, H4'), 3.72 (1H, dd, J = 14.2
and 5.6 Hz, H5') and 3.56 (1H, dd, J = 14.2 and 4.3 Hz, H5'); 13C NMR (150 MHz, CD3OD) δ 171.5
(C9'), 169.4 (C7'), 152.3 (C6), 150.1 (C4), 146.8 (C8), 144.2 (C2), 120.8 (C5), 90.5 (C1'), 85.4 (C4'),
75.2 (C2'), 72.6 (C3'), 49.5 (C8') and 42.5 (C5'); LRMS (ES+) 353.2 [M+H]+; HRMS calc’d for
C13H17N6O6 expected 353.1210, found 353.1199. Note: C8' signal is not seen in 1H NMR as it is
exchangeable with NMR solvent.

(6aS,8S,9S,9aR)-8-(6-Amino-9H-purin-9-yl)-2,2,4,4-tetraisopropyltetrahydro-6H-furo[3,2f][1,3,5,2,4]trioxadisilocin-9-ol (164)227

Route 1:
To adenosine (500 mg, 1.87 mmol) in anhydrous pyridine (9 mL) was added 1,3-dichloro-1,1,3,3triisopropyldisiloxane (658 µL, 2.06 mmol). The reaction was stirred at RT for 16 h. The reaction was
concentrated in vacuo. The resulting residue was dissolved in CH2Cl2 (10 mL) and H2O (10 mL) and
separated. The organic layer was dried (MgSO4), filtered and concentrated in vacuo. Purification using
flash column chromatography (Gradient: 2% then 5% MeOH/CH2Cl2) gave 164 (650 mg, 69%) as an
off-white solid.
Route 2:
To adenosine (500 mg, 1.87 mmol) in anhydrous DMF (7 mL) was added imidazole (318 mg,
4.68 mmol) and DMAP (48 mg, 0.37 mmol).

Then, 1,3-dichloro-1,1,3,3-triisopropyldisiloxane

(717 µL, 2.24 mmol) was added dropwise. The reaction was stirred at RT for 17 h. The reaction was
concentrated in vacuo. The resulting residue was dissolved in CH2Cl2 (10 mL) and washed with sat.
NaHCO3 solution (10 mL). The aqueous layer was extracted with CH2Cl2 (2 x 10 mL). The combined
organics washed with brine (10 mL), dried (MgSO4), filtered and concentrated in vacuo. Purification
using flash column chromatography (Gradient: 1 – 4% MeOH/CH2Cl2) gave 164 (804 mg, 85%) as an
off-white solid.
Analytical Data
Rf 0.53 (5% MeOH/CH2Cl2); mp 88 - 90 °C (lit.228 98 – 99 °C); [α]D20 -44.4 (c 0.6, MeOH); 1H NMR
(600 MHz, CDCl3) δ 8.29 (1H, s, H2), 7.98 (1H, s, H8), 5.99 (1H, s, H1'), 5.88 (2H, br, NH2), 5.08 (1H,
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dd, J = 7.7 and 5.5 Hz, H3'), 4.59 (1H, d, J = 5.5 Hz, H2'), 4.17 – 4.10 (2H, m, H4' and H5'), 4.07 –
4.01 (1H, m, H5'), 3.60 (1H, s, OH) and 1.17 – 0.99 (28H, m, H8' and H9'); 13C NMR (150 MHz, CDCl3)
δ 155.6 (C6), 153.2 (C2), 149.3 (C4), 139.6 (C8), 120.5 (C5), 89.8 (C1'), 82.2 (C4'), 75.2 (C2'), 70.8
(C3'), 61.7 (C5'), 17.4 (C9') and 12.9 (C8'); HRMS calc’d for C22H40O5N5Si2 expected 510.2568, found
510.2545. The data is good agreement with the literature values.227

(2S,3S,4R,5S)-2-(6-Amino-9H-purin-9-yl)-5-((bis(4methoxyphenyl)(phenyl)methoxy)methyl)tetrahydrofuran-3,4-diol (166)229

To a solution of adenosine (12.0 g, 44.9 mmol) in pyridine (90 mL) at RT was added NEt3 (12.5 mL,
89.8 mmol) and DMAP (1.35 g, 11.2 mmol). Then 4,4’-dimethoxytrityl chloride (16.7 g, 49.4 mmol)
in pyridine (65 mL) was added dropwise. The reaction was stirred at RT for 20 h. The reaction mixture
was concentrated in vacuo. The crude residue was dissolved in CH2Cl2 (500 mL) and then washed with
H2O (500 mL) and brine (500 mL). The organic layer was dried (MgSO4), filtered and concentrated in
vacuo. Purification using flash column chromatography (Gradient: 2%, 4% then 7% MeOH/CH2Cl2)
gave 166 (8.75 g, 34%) as an off-white solid; Rf 0.16 (5% MeOH/CH2Cl2); mp 132 - 134 °C (lit.230 142
– 144 °C); [α]D20 -11.6 (c 0.4, MeOH); 1H NMR (600 MHz, d6-DMSO) δ 8.26 (1H, s, H8), 8.10 (1H,
s, H2), 7.38 – 7.33 (2H, m, H15'), 7.30 (2H, br, NH2), 7.27 – 7.18 (7H, m, H9' and H15'), 6.85 – 6.79
(4H, m, H10'), 5.92 (1H, d, J = 4.6 Hz, H1'), 5.55 (1H, br, OH), 5.21 (1H, br, OH), 4.73 – 4.68 (1H, m,
H2'), 4.34 – 4.29 (1H, m, H3'), 4.08 – 4.04 (1H, m, H4'), 3.72 (6H, s, H13') and 3.24 – 3.16 (2H, m,
H5'); 13C NMR (150 MHz, d6-DMSO) δ 158.1 (C11'), 156.1 (C6), 152.6 (C2), 149.3 (C4), 144.9 (C8),
139.7 (C14'), 135.6 (C8'), 129.7 (C9'), 127.8 (C15'), 127.7 (C15'), 126.7 (C15'), 119.2 (C5), 113.1
(C10'), 87.9 (C1'), 85.5 (C7'), 82.9 (C4'), 73.0 (C2'), 70.6 (C3'), 63.7 (C5') and 55.0 (C13'); HRMS
calc’d for C31H32O6N5 expected 570.2353, found 570.2338. The data is in good agreement with the
literature values.229
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9-((5aS,6S,8S,8aS)-8-((Bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-2,2,4,4tetraisopropyltetrahydrofuro[3,4-f][1,3,5,2,4]trioxadisilepin-6-yl)-9H-purin-6-amine (167)

To protected adenosine 166 (8.70 g, 15.3 mmol) in anhydrous DMF (60 mL) was added imidazole
(2.60 g, 38.3 mmol) and DMAP (466 mg, 3.83 mmol).

Then, 1,3-dichloro-1,1,3,3-

triisopropyldisiloxane (5.87 mL, 18.3 mmol) was added dropwise. The reaction was stirred at RT for
17 h. The reaction was concentrated in vacuo. The resulting residue was dissolved in CH2Cl2 (400 mL)
and washed with sat. NaHCO3 solution (400 mL). The aqueous layer was extracted with CH2Cl2 (2 x
300 mL).

The combined organics washed with brine (400 mL), dried (MgSO4), filtered and

concentrated in vacuo. Purification using flash column chromatography (Gradient: 0 – 2% MeOH in
CH2Cl2) gave 167 (7.58 g, 61%) as an off-white solid; Rf 0.36 (5% MeOH/CH2Cl2); mp 67 - 69 °C;
[α]D20 -11.2 (c 0.6, MeOH); IR νmax (solid) 3330 (NH), 3280 (NH), 2950 - 2870 (CH) and 1580 (C=C)
cm-1; 1H NMR (600 MHz, CDCl3) δ 8.31 (1H, s, H2), 8.11 (1H, s, H8), 7.47 – 7.41 (2H, m, H15'), 7.36
– 7.31 (4H, m, H9'), 7.29 – 7.16 (3H, m, H15'), 6.83 – 6.78 (4H, m H10'). 6.10 (2H, br, NH2), 6.06
(1H, d, J = 4.7 Hz, H1'), 5.11 (1H, d, J = 4.7 Hz, H2'), 4.78 (1H, t, J = 4.7 Hz, H3'), 4.29 – 4.25 (1H,
m, H4'), 3.78 (6H, s, H13'), 3.50 (1H, dd, J = 10.7 and 3.4 Hz, H5'), 3.33 (1H, dd, J = 10.7 and 3.4 Hz,
H5') and 1.13 – 0.92 (28H, m, H18' and H19'); 13C NMR (150 MHz, CDCl3) δ 158.7 (C11'), 155.7 (C6),
153.2 (C2), 150.0 (C4), 144.8 (C14'), 139.3 (C8), 135.9 (C8'), 130.1 (C9'), 128.3 (C15'), 128.2 (C15'),
127.0 (C15'), 120.3 (C5), 113.5 (C10'), 89.0 (C1'), 86.6 (C7'), 84.3 (C4'), 76.2 (C2'), 73.2 (C3'), 63.3
(C5'), 55.3 (C13'), 17.2 (C19') and 13.7 (C18'); LRMS (ES+) 812.6 [M+H]+; HRMS calc’d for
C43H58O7N5Si2 expected 812.3875, found 812.3900.
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((5aS,6S,8S,8aS)-8-(6-Amino-9H-purin-9-yl)-2,2,4,4-tetraisopropyltetrahydrofuro[3,4f][1,3,5,2,4]trioxadisilepin-6-yl)methanol (165)176

Failed Isomerisation Reaction 1:
To a solution of 164 (100 mg, 0.19 mmol) in DCE (3 mL) at 0 °C was added TMSOTf (103 µL,
0.57 mmol) in DCE (100 µL). The reaction was stirred at 0 °C for 3 h. The reaction was diluted with
CH2Cl2 (5 mL) before 10% NaHCO3 solution (10 mL) was added and the suspension stirred at 0 °C for
5 min. The resulting layers were separated. The organic layers was washed with H2O, dried (MgSO4),
filtered and concentrated in vacuo. . Purification using flash column chromatography (Gradient: 0 –
4% MeOH/CH2Cl2) failed to isolated 165.
Failed Isomerisation Reaction 2:
To a solution of 164 (100 mg, 0.19 mmol) in DCE (3 mL) as 0 °C was added pTsOH (40 mg,
0.21 mmol). The reaction was stirred at RT for 16 h. The reaction was neutralised by the addition of
sat. NaHCO3 solution before being diluted with CH2Cl2 (5 mL). The resulting layers were separated
before the organic layer was dried (MgSO4), filtered and concentrated in vacuo. Crude NMR data for
this reaction indicated decomposition of the reaction mixture.
Failed Isomerisation Reaction 3:
To a solution of 164 (100 mg, 0.19 mmol) in DCE (3 mL) as 0 °C was added MsOH (14 µL, 0.21 mmol).
The reaction was stirred at RT for 16 h. The reaction was neutralised by the addition of sat. NaHCO3
solution before being diluted with CH2Cl2 (5 mL). The resulting layers were separated before the
organic layer was dried (MgSO4), filtered and concentrated in vacuo. Crude NMR data for this reaction
indicated decomposition of the reaction mixture.
Failed Isomerisation Reaction 4:
To a solution of adenosine (50 mg, 0.19 mmol) in DMF (1 mL) was added 1,3-dichloro-1,1,3,3triisopropyldisiloxane (73 µL, 0.23 mmol) dropwise. The reaction was stirred at RT for 16 h. Crude
NMR data for this reaction indicated the formation of 164.
Failed Isomerisation Reaction 5:
To a solution of adenosine (50 mg, 0.19 mmol) in DMF (1 mL) was added pyridine (38 µL, 0.48 mmol).
Then, 1,3-dichloro-1,1,3,3-triisopropyldisiloxane (73 µL, 0.23 mmol) was added dropwise and the
reaction was stirred at RT for 16 h. Crude NMR data for this reaction indicated the formation of 164.
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Failed Isomerisation Reaction 6:
To a solution of adenosine (50 mg, 0.19 mmol) in DMF (1 mL) was added imidazole (33 mg,
0.48 mmol). Then, 1,3-dichloro-1,1,3,3-triisopropyldisiloxane (73 µL, 0.23 mmol) was added dropwise
and the reaction was stirred at RT for 16 h. Crude NMR data for this reaction indicated the formation
of 164.
Successful Route
A solution of protected adenosine 167 (7.58 g, 9.34 mmol) in 80% acetic acid (140 mL) was stirred at
RT for 4 h. The reaction mixture was diluted with H2O, cooled to 0 °C and taken to pH 8-9 with 2M
NaOH solution. The aqueous solution was extracted with CH2Cl2 (2 x 500 mL). The combined organic
layers were dried (MgSO4), filtered and concentrated in vacuo. Purification using flash column
chromatography (Gradient: 0 – 3% MeOH/CH2Cl2) gave 165 (3.50 mg, 74%) as an off-white solid.
Analytical Data
Rf 0.71 (10% MeOH/CH2Cl2); mp 217 - 219 °C; [α]D20 -94.1 (c 0.1, MeOH); 1H NMR (600 MHz,
CDCl3) δ 8.32 (1H, s, H2), 7.83 (1H, s, H8), 6.60 (1H, br, OH), 5.94 (2H, br, NH2), 5.79 (1H, d, J = 7.7
Hz, H1'), 5.14 (1H, dd, J = 7.7 and 4.7 Hz, H2'), 4.68 (1H, d, J = 4.7 Hz, H3'), 4.34 (1H, d, J = 1.3 Hz,
H4'), 3.97 (1H, dd, J = 13.0 and 1.3 Hz, H5'), 3.74 – 3.67 (1H, m, H5') and 1.15 – 0.90 (28H, m, H9'
and H10'); 13C NMR (150 MHz, CDCl3) δ 156.0 (C6), 152.5 (C2), 148.7 (C4), 141.0 (C8), 121.4 (C5),
92.0 (C1'), 89.3 (C4'), 76.1 (C2'), 73.3 (C3'), 63.3 (C5'), 17.3 (C10') and 13.4 (C9'); HRMS calc’d for
C22H40O5N5Si2 expected 510.2568, found 510.2564. The data is in good agreement with the literature
values.176
4-(Benzyloxy)-4-oxobutanoic acid (171)231

To a solution of succinic anhydride (5.00 g, 49.9 mmol) in CH2Cl2 (25 mL) was added benzyl alcohol
(5.68 mL, 59.3 mmol) and cooled to 0 °C. Then, NEt3 (8.27 mL, 59.3 mmol) and DMAP (91 mg,
0.75 mmol) were added at 0 °C and the reaction stirred at RT for 16 h. The solution was concentrated
in vacuo. The residue was dissolved in Et2O (100 mL) and washed with sat. NaHCO3 solution (3 x
50 mL). The combined aqueous layers were acidified with 1M HCl solution to pH 2 before extracting
with Et2O (200 mL). The organic layer was washed with brine (200 mL), dried (MgSO4), filtered and
concentrated in vacuo to give 171 (6.50 g, 63%) as a colourless oil; Rf 0.68 (10% MeOH/CH2Cl2); 1H
NMR (600 MHz, CDCl3) δ 9.99 (1H, br, OH), 7.44 – 7.26 (5H, m, Ar), 5.17 (2H, s, H7) and 2.76 – 2.65
(4H, m, H3 and H4); 13C NMR (150 MHz, CDCl3) δ 178.4 (C2), 172.3 (C5), 135.6 (C8), 128.8 (Ar),
128.7 (Ar), 128.5 (Ar), 66.6 (C7) and 29.1 (C3 and C4); HRMS calc’d for C11H13O4 expected 209.0814,
found 209.0816. The data is in good agreement with the literature values.231
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5-(Benzyloxy)-5-oxopentanoic acid (173)181

To a solution of glutaric anhydride (5.00 g, 43.8 mmol) in CH2Cl2 (65 mL) was added benzyl alcohol
(4.98 mL, 48.2 mmol) and cooled to 0 °C. Then, NEt3 (6.70 mL, 48.2 mmol) and DMAP (80 mg,
0.65 mmol) were added at 0 °C and the reaction stirred at RT for 16 h. The solution was concentrated
in vacuo. The residue was dissolved in Et2O (100 mL) and washed with sat. NaHCO3 solution (3 x
50 mL). The combined aqueous layers were acidified with 1M HCl solution to pH 2 before extracting
with Et2O (200 mL). The organic layer was washed with brine (200 mL), dried (MgSO4), filtered and
concentrated in vacuo to give 173 (5.98 g, 61%) as a colourless oil; Rf 0.74 (10% MeOH/CH2Cl2); 1H
NMR (600 MHz, CDCl3) δ 9.59 (1H, br, OH), 7.41 – 7.31 (5H, m, Ar), 5.13 (2H, s, H8), 2.50 – 2.40
(4H, m, H3 and H5) and 2.02 – 1.94 (2H, m, H4); 13C NMR (150 MHz, CDCl3) δ 179.2 (C2), 173.2
(C6), 136.2 (C9), 128.7 (Ar), 128.6 (Ar), 128.5 (Ar), 66.5 (C8), 33.4 (C5), 33.3 (C3) and 20.0 (C4);
HRMS calc’d for C12H15O4 expected 223.0970, found 223.0975. The data is in good agreement with
the literature values.181
(R)-3-(2,4-Dihydroxy-3,3-dimethylbutanamido)propanoic acid (175)232

Sodium pantothenate (3.00 g, 12.4 mmol) in MeOH (20 mL) was washed through Amberlite® IR120
resin (2.5 g per mmol). The free acid was eluted with methanol (~1L). The elutions were concentrated
in vacuo to give 175 (3.05 g, quantitative) as a colourless oil; Rf 0.36 (10% MeOH/CH2Cl2); [α]D20
+24.3 (c 1.6, MeOH) (lit.232 +82.4 (c 1.3, MeOH)); 1H NMR (600 MHz, d6-DMSO) δ 12.03 (1H, br,
OH), 7.71 (1H, t, J = 5.9 Hz, NH), 5.41 (1H, br, OH), 4.49 (1H, br, OH), 3.69 (1H, s, H5), 3.36 – 3.19
(3H, m, H2 and H8), 3.18 – 3.14 (1H, m, H2), 2.38 (2H, td, J = 6.9 and 1.8 Hz, H9), 0.79 (3H, s, H4)
and 0.77 (3H, s, H4); 13C NMR (150 MHz, d6-DMSO) δ 173.1 (C6), 173.0 (C10), 74.9 (C5), 68.0 (C2),
51.4 (C3), 34.3 (C8), 33.9 (C9), 20.9 (C4) and 20.3 (C4); HRMS calc’d for C9H18O5N expected
220.1185, found 220.1189. The data is in good agreement with the literature values. 232

(R)-2,4-Dihydroxy-3,3-dimethyl-N-(3-oxo-3-(propylamino)propyl)butanamide (38)76

To pantothenic acid 175 (2.80 g, 12.8 mmol) in anhydrous DMF (13 mL) at 0 °C was added DPPA
(4.14 mL, 19.2 mmol), then NEt3 (3.75 mL, 26.9 mmol). The solution was stirred at 0 °C for 20 min
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before propylamine (1.68 mL, 20.5 mmol) was added dropwise. The reaction was stirred at RT for 18 h.
The reaction was concentrated in vacuo. DMF was azeotroped using toluene. Purification using flash
column chromatography (Gradient: 0 - 8% MeOH/CH2Cl2) gave 38 (2.65 g, 79%) as a colourless oil;
Rf 0.49 (10% MeOH/CH2Cl2); [α]D20 +68.5 (c 0.5, MeOH); 1H NMR (600 MHz, CDCl3) δ 7.47 (1H, t,
J = 6.0 Hz, NH), 6.17 (1H, br, NH), 4.00 (1H, s, H5), 3.62 – 3.50 (2H, m, H8), 3.49 (2H, s, H2), 3.22 –
3.16 (2H, m, H12), 2.44 (2H, t, J = 6.0 Hz, H9), 1.55 – 1.46 (2H, m, H13), 1.00 (3H, s, H4) and 0.94 –
0.89 (6H, m, H4 and H14); 13C NMR (150 MHz, CDCl3) δ 173.8 (C6), 171.6 (C10), 77.6 (C5), 71.1
(C2), 41.5 (C12), 39.6 (C3), 35.9 (C9), 35.4 (C8), 23.6 (C13), 21.6 (C4), 20.6 (C4) and 11.5 (C14);
HRMS calc’d for C12H25O4N4 expected 261.1814, found 261.1811. The data is in good agreement with
the literature values.76

((5aS,6S,8S,8aS)-8-(6-Amino-9H-purin-9-yl)-2,2,4,4-tetraisopropyltetrahydrofuro[3,4f][1,3,5,2,4]trioxadisilepin-6-yl)methyl benzyl succinate (176)

To a solution of alcohol 165 (2.49 g, 4.89 mmol) and protected succinic acid 171 (1.22 g, 5.87 mmol)
in CH2Cl2 (40 mL) was added DCC (1.27 g, 6.36 mmol) and DMAP (149 mg, 1.22 mmol). The reaction
was stirred at RT for 16 h. The insoluble dicyclohexylurea was removed by filtration, washed with
CH2Cl2. The organic filtrate was washed with sat. NaHCO3 solution (3 x 100 mL), brine (150 mL),
dried (MgSO4), filtered and concentrated in vacuo. Purification using flash column chromatography
(Gradient: 0 - 2% MeOH/CH2Cl2) gave 176 (2.91 g, 85%) as an off-white solid; Rf 0.54 (5%
MeOH/CH2Cl2); mp 135 - 137 °C; [α]D20 -18.6 (c 0.4, MeOH); IR νmax (solid) 3300 (NH), 3150 (NH),
2950 - 2870 (CH), 1740 (C=O) and 1600 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 8.32 (1H, s, H2),
8.00 (1H, s, H8), 7.38 – 7.29 (5H, m, Ar), 5.99 (1H, d, J = 3.2, H1'), 5.88 (2H, br, NH2), 5.13 (2H, s,
H12'), 5.09 (1H, dd, J = 4.8 and 3.2 Hz, H2'), 4.70 (1H, dd, J = 6.1 and 4.8 Hz, H3'), 4.51 – 4.46 (1H,
m, H5'), 4.36 – 4.31 (2H, m, H4' and H5'), 2.72 – 2.64 (4H, m, H8' and H9') and 1.11 – 0.97 (28H, m,
H17' and H18'); 13C NMR (150 MHz, CDCl3) δ 172.1 (C7' and C10'), 155.5 (C6), 152.9 (C2), 149.6
(C4), 139.7 (C8), 135.8 (C13'), 128.5 (Ar, overlapping signals), 120.5 (C5), 90.5 (C1'), 81.8 (C4'), 75.8
(C2'), 72.7 (C3'), 66.8 (C12'), 63.9 (C5'), 29.1 (C8'), 29.0 (C9'), 17.3 (C18') and 13.6 (C17'); LRMS
(ES+) 700.6 [M+H]+; HRMS calc’d for C33H50O8N5Si2 expected 700.3198, found 700.3188.
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4-(((5aS,6S,8S,8aS)-8-(6-Amino-9H-purin-9-yl)-2,2,4,4-tetraisopropyltetrahydrofuro[3,4f][1,3,5,2,4]trioxadisilepin-6-yl)methoxy)-4-oxobutanoic acid (177)

To protected adenosine analogue 176 (1.50 g, 2.15 mmol) and Pd/C (10 wt%, 57 mg, 0.54 mmol) was
added MeOH (32 mL) before evacuating and filling the flask with hydrogen. The reaction was stirred
at RT under a hydrogen atmosphere for 5 h. The reaction mixture was filtered through Celite®, washed
with MeOH and the filtrate concentrated in vacuo to give 177 (1.28 g, 97%) as an off-white solid; Rf
0.21 (8% MeOH/CH2Cl2); mp 126 - 129 °C; [α]D20 -22.7 (c 0.2, MeOH); IR νmax (solid) 3330 (NH),
3280 (NH), 3190 (OH), 2950 - 2870 (CH), 1740 (C=O), 1710 (C=O) and 1610 (C=C) cm-1; 1H NMR
(600 MHz, CD3OD) δ 8.32 (1H, s, H8), 8.19 (1H, s, H2), 6.05 (1H, d, J = 4.5 Hz, H1'), 5.20 (1H, t, J =
4.5 Hz, H2'), 4.76 (1H, t, J = 5.2 Hz, H3'), 4.47 – 4.35 (2H, m, H5'), 4.32 – 4.27 (1H, m, H4'), 3.32 –
3.29 (4H, m, H8' and H9') and 2.63 – 2.56 (28H, m, H14' and H15'); 13C NMR (150 MHz, CD3OD) δ
176.0 (C10'), 173.9 (C7'), 157.3 (C6), 153.9 (C2), 150.6 (C4), 141.9 (C8), 120.6 (C5), 90.6 (C1'), 83.9
(C4'), 77.7 (C2'), 73.8 (C3'), 64.3 (C5'), 30.1 (C8'), 30.0 (C9'), 17.9 (C15') and 14.6 (C14'); LRMS
(ES+) 610.5 [M+H]+; HRMS calc’d for C26H44N5O8Si2 expected 610.2728, found 610.2730.

((2S,3R,4S,5S)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl ((R)-3-hydroxy2,2-dimethyl-4-oxo-4-((3-oxo-3-(propylamino)propyl)amino)butyl) succinate (178)

To a solution of acid 177 (480 mg, 0.79 mmol) and alcohol 38 (410 mg, 1.58 mmol) in CH2Cl2 (20 mL)
at 0 °C was added EDC (181 mg, 0.95 mmol) and DMAP (116 mg, 0.95 mmol). The reaction was
stirred at RT for 18 h. The reaction was diluted with CH2Cl2 (10 mL) and washed with 5% citric acid
solution (20 mL), sat. NaHCO3 solution (20 mL), dried (MgSO4), filtered and concentrated in vacuo to
give crude intermediate 178 (25 mg, 5%, 70% purity) as a colourless oil which was used without further
purification. The crude oil was dissolved in MeOH (7 mL) before ammonium fluoride (8 mg,
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0.22 mmol) was added and the reaction stirred at RT for 90 min. The reaction mixture was concentrated
in vacuo. Purification using flash column chromatography (Gradient: 5, 10 then 14% MeOH/CH2Cl2)
gave 168 (4.9 mg, 1% over two steps) as a colourless oil; Rf 0.63 (15% MeOH/CH2Cl2); [α]D20 -3.8 (c
0.3, MeOH); IR νmax (oil) 3320 (NH), 3250 (NH), 3150 (OH), 2960 - 2880 (CH), 1730 (C=O), 1640
(C=O) and 1570 (C=C) cm-1; 1H NMR (600 MHz, CD3OD) δ 8.29 (1H, s, H8), 8.21 (1H, s, H2), 6.01
(1H, d, J = 4.6 Hz, H1'), 4.74 (1H, t, J = 4.6 Hz, H2'), 4.44 – 4.35 (3H, m, H3' and H5'), 4.27 – 4.24
(1H, m, H4'), 4.03 (1H, d, J = 10.5, H12'), 3.89 (1H, d, J = 10.5 Hz, H12'), 3.86 (1H, s, H15'), 3.51 –
3.39 (2H, m, H18'), 3.13 - 3.08 (2H, m, H22'), 2.66 - 2.64 (4H, m, H8' and H9'), 2.43 – 2.38 (2H, m,
H19'), 1.53 – 1.45 (2H, m, H23'), 0.96 (3H, s, H14') and 0.93 – 0.89 (6H, m, H14' and H24'); 13C NMR
(150 MHz, CD3OD) δ 175.4 (C16'), 173.9 (C7'), 173.8 (C10'), 173.6 (C20'), 157.3 (C6), 153.9 (C2),
150.6 (C4), 141.3 (C8), 120.5 (C5), 90.3 (C1'), 83.5 (C4'), 75.8 (C2'), 75.2 (C3'), 71.7 (C12'), 71.5
(C15'), 65.1 (C5'), 42.3 (C22'), 39.3 (C13'), 36.4 (C18' and C19'), 30.3 (C8' and C9'), 23.5 (C23'), 21.6
(C14'), 20.9 (C14') and 11.7 (C24'); LRMS (ES+) 610.5 [M+H]+; HRMS calc’d for C26H40N7O10
expected 610.2837, found 610.2830

((5aS,6S,8S,8aS)-8-(6-Amino-9H-purin-9-yl)-2,2,4,4-tetraisopropyltetrahydrofuro[3,4f][1,3,5,2,4]trioxadisilepin-6-yl)methyl benzyl glutarate (179)

To a solution of alcohol 165 (1.00 g, 1.96 mmol) and protected glutaric acid 173 (870 mg, 3.92 mmol)
in CH2Cl2 (15 mL) was added DCC (510 mg, 2.55 mmol) and DMAP (60 mg, 0.49 mmol). The reaction
was stirred at RT for 16 h. The insoluble dicyclohexylurea was removed by filtration, washed with
CH2Cl2. The organic filtrate was washed with sat. NaHCO3 solution (3 x 20 mL), brine (20 mL), dried
(MgSO4), filtered and concentrated in vacuo.

Purification using flash column chromatography

(Gradient: 0 - 2% MeOH/CH2Cl2) gave 179 (480 mg, 34%) as an off-white solid; Rf 0.54 (5%
MeOH/CH2Cl2); mp 111 - 113 °C; [α]D20 -24.2 (c 0.1, MeOH); IR νmax (solid) 3310 (NH), 3180 (NH),
2940 - 2870 (CH), 1740 (C=O) and 1600 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 8.30 (1H, s, H2),
7.97 (1H, s, H8), 7.39 -7.29 (5H, m, Ar), 6.01 – 5.97 (3H, m, NH2 and H1'), 5.11 (2H, s, H13'), 5.09
(1H, dd, J = 4.7 and 3.3 Hz, H2'), 4.69 (1H, dd, J = 6.4 and 4.7 Hz, H3'), 4.48 – 4.44 (1H, m, H5'), 4.34
– 4.29 (2H, m, H4' and H5'), 2.44 – 2.38 (4H, m, H8' and H10'), 1.96 (2H, qn, J = 7.4 Hz, H9') and 1.10
– 1.00 (28H, m, H18' and H19'); 13C NMR (150 MHz, CDCl3) δ 172.7 (C7' and C11'), 155.6 (C6), 152.9
- 261 -

(C2), 149.6 (C4), 139.8 (C8), 136.0 (C14'), 128.7 (Ar), 128.6 (Ar), 128.5 (Ar), 120.4 (C5), 90.5 (C1'),
81.8 (C4'), 75.7 (C2'), 72.7 (C3'), 66.4 (C13'), 63.7 (C5'), 33.6 (C8'), 33.5 (C10'), 20.2 (C9'), 17.3 (C19')
and 13.4 (C18'); LRMS (ES+) 714.5 [M+H]+; HRMS calc’d for C34H52O8N5Si2 expected 714.3354,
found 714.3351.

5-(((5aS,6S,8S,8aS)-8-(6-Amino-9H-purin-9-yl)-2,2,4,4-tetraisopropyltetrahydrofuro[3,4f][1,3,5,2,4]trioxadisilepin-6-yl)methoxy)-5-oxopentanoic acid (180)

To protected adenosine analogue 179 (450 mg, 0.63 mmol) and Pd/C (10 wt%, 17 mg, 0.16 mmol) was
added MeOH (10 mL) before evacuating and filling the flask with hydrogen. The reaction was stirred
at RT under a hydrogen atmosphere for 3 h. The reaction mixture was filtered through Celite®, washed
with MeOH and the filtrate concentrated in vacuo to give 180 (387 mg, 97%) as an off-white solid; Rf
0.31 (10% MeOH/CH2Cl2); mp 137 - 138 °C; [α]D20 -17.6 (c 0.2, MeOH); IR νmax (solid) 3320 (NH),
3280 (NH), 3150 (OH), 2950 - 2860 (CH), 1740 (C=O), 1700 (C=O) and 1610 (C=C) cm-1; 1H NMR
(600 MHz, CD3OD) δ 8.29 (1H, s, H8), 8.19 (1H, s, H2), 6.04 (1H, d, J = 4.4 Hz, H1'), 5.26 (1H, t, J =
4.7 Hz, H2'), 4.78 (1H, t, J = 5.1 Hz, H3'), 4.45 – 4.32 (2H, m, H5'), 4.29 (1H, q, J = 4.4 Hz, H4'), 2.40
– 2.28 (4H, m, H8' and H10'), 1.89 – 1.81 (2H, m, H9') and 1.17 – 0.89 (28H, m, H15' and H16'); 13C
NMR (150 MHz, CD3OD) δ 177.0 (C11'), 174.2 (C7'), 157.4 (C6), 153.9 (C2), 150.6 (C4), 141.6 (C8),
120.6 (C5), 90.7 (C1'), 83.7 (C4'), 76.8 (C2'), 74.0 (C3'), 64.1 (C5'), 34.1 (C8'), 34.0 (C10'), 21.4 (C9'),
17.6 (C16') and 14.7 (C15'); LRMS (ES+) 624.6 [M+H]+; HRMS calc’d for C28H42N5O8Si2 expected
624.2881, found 624.2908.
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((2S,3R,4S,5S)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl ((R)-3-hydroxy2,2-dimethyl-4-oxo-4-((3-oxo-3-(propylamino)propyl)amino)butyl) glutarate (169)

To a solution of acid 180 (350 mg, 0.56 mmol) and alcohol 38 (175 mg, 0.67 mmol) in CH2Cl2 (17 mL)
at 0 °C was added EDC (128 mg, 0.67 mmol) and DMAP (82 mg, 0.67 mmol). The reaction was stirred
at RT for 18 h. The reaction was diluted with CH2Cl2 (10 mL) and washed with 5% citric acid solution
(20 mL), sat. NaHCO3 solution (20 mL), dried (MgSO4), filtered and concentrated in vacuo to give
crude intermediate 181 (65 mg, 13%, 60% purity) as a colourless oil which was used without further
purification. The crude oil was dissolved in MeOH (20 mL) before ammonium fluoride (23 mg,
0.64 mmol) was added and the reaction stirred at RT for 90 min. The reaction mixture was concentrated
in vacuo. Purification using flash column chromatography (Gradient: 5, 10 then 14% MeOH/CH2Cl2)
gave 169 (17 mg, 3% over two steps) as a colourless gum; Rf 0.31 (15% MeOH/CH2Cl2); [α]D20 -0.7 (c
0.8, MeOH); IR νmax (solid) 3340 (NH), 3260 (NH), 3090 (OH), 2970 - 2880 (CH), 1720 (C=O), 1650
(C=O) and 1590 (C=C) cm-1; 1H NMR (600 MHz, CD3OD) δ 8.27 (1H, s, H8), 8.20 (1H, s, H2), 6.01
(1H, d, J = 4.4 Hz, H1'), 4.75 (1H, t, J = 4.8 Hz, H2'), 4.43 – 4.35 (3H, m, H3' and H5'), 4.27 – 4.23
(1H, m, H4'), 4.02 (1H, d, J = 9.5 Hz, H13'), 3.90 (1H, d, J = 9.5 Hz, H13'), 3.86 (1H, s, H16'), 3.51 –
3.39 (2H, m, H19'), 3.12 – 3.08 (2H, m, H23'), 2.50 – 2.35 (6H, m, H8', H10' and H20'), 1.92 – 1.85
(2H, m, H9'), 1.53 – 1.45 (2H, m, H24'), 0.96 (3H, s, H15') and 0.94 – 0.88 (6H, m, H15' and H25'); 13C
NMR (150 MHz, CD3OD) δ 175.4 (C17'), 174.6 (C11'), 173.9 (C7'), 173.5 (C21'), 157.3 (C6), 153.9
(C2), 150.6 (C4), 141.2 (C8), 120.6 (C5), 90.4 (C1'), 83.4 (C4'), 75.8 (C16'), 75.1 (C2'), 71.8 (C3'), 71.3
(C13'), 64.8 (C5'), 42.3 (C23'), 39.4 (C14'), 36.8 (C19' and C20'), 33.8 (C8' and C10'), 23.6 (C24'), 21.6
(C9'), 21.1 (C15'), 20.8 (C15') and 11.8 (C25'); LRMS (ES+) 624.6 [M+H]+; HRMS calc’d for
C27H42N7O10 expected 624.2993, found 624.3005.
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((5aS,6S,8S,8aS)-8-(6-Amino-9H-purin-9-yl)-2,2,4,4-tetraisopropyltetrahydrofuro[3,4f][1,3,5,2,4]trioxadisilepin-6-yl)methyl (2,5-dioxopyrrolidin-1-yl) succinate (187)

To acid 177 (70 mg, 0.11 mmol) and N-hydroxysuccinimide (25 mg, 0.22 mmol) in CH2Cl2 (1 mL) at
0 °C was added DCC (31 mg, 0.15 mmol). The reaction was stirred at RT for 16 h. The insoluble
dicyclohexylurea was removed by filtration, washed with CH2Cl2 and the filtrate concentrated in vacuo.
The resulting white solid was washed with Et2O and dried to give 187 (69 mg, 89%, 80% purity by
NMR) as an off-white solid; Rf 0.30 (5% MeOH/CH2Cl2); 1H NMR (600 MHz, CDCl3) δ 8.31 (1H, s,
H2), 7.96 (1H, s, H8), 5.96 (3H, br, NH2 and H1'), 5.15 (1H, dd, J = 4.7 and 3.3 Hz, H2'), 4.70 (1H, dd,
J = 6.3 and 4.7 Hz, H3'), 4.55 – 4.49 (1H, m, H5'), 4.37 – 4.29 (2H, m, H4' and H5'), 2.96 – 2.91 (2H,
m, H9'), 2.83 (4H, br, H14'), 2.77 – 2.72 (2H, m, H8') and 1.12 – 0.98 (28H, m, H17' and H18'); 13C
NMR (150 MHz, CDCl3) δ 170.9 (C7'), 169.7 (C13'), 168.4 (C10'), 155.5 (C6), 153.7 (C2), 149.5 (C4),
139.9 (C8), 120.4 (C5), 90.6 (C1'), 81.8 (C4'), 75.5 (C2'), 72.7 (C3'), 66.0 (C5'), 29.8 (C9'), 26.3 (C8'),
25.6 (C14'), 17.3 (C18') and 13.4 (C17'); HRMS calc’d for C30H47N6O10Si2 expected 707.2892, found
707.2897. This was used crude, without any further purification, in the next step.

((5aS,6S,8S,8aS)-8-(6-Amino-9H-purin-9-yl)-2,2,4,4-tetraisopropyltetrahydrofuro[3,4f][1,3,5,2,4]trioxadisilepin-6-yl)methyl neopentyl succinate (188)

To a solution of acid 177 (330 mg, 0.54 mmol) in CH2Cl2 (10 mL) at 0 °C was added DIC (125 µL,
0.81 mmol) and DMAP (17 mg, 0.14 mmol). The reaction was stirred at 0 °C for 10 min before 2,2dimethyl-1-propanol (71 mg, 0.81 mmol) in CH2Cl2 (5 mL) was added dropwise. The reaction was
stirred at RT for 20 h.

The insoluble material was filtered and washed with CH2Cl2. The organic
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filtrate was washed with 5% citric acid solution (30 mL), then sat. NaHCO3 solution (30 mL), dried
(MgSO4), filtered and concentrated in vacuo.

Purification using flash column chromatography

(Gradient: 1 – 4% MeOH/CH2Cl2) gave 188 (243 mg, 66%) as an off-white solid; Rf 0.31 (8%
MeOH/CH2Cl2); mp 113 - 115 °C; [α]D20 -17.5 (c 0.2, MeOH); IR νmax (solid) 3340 (NH), 3180 (NH),
2950 - 2870 (CH), 1740 (C=O) and 1610 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 8.31 (1H, s, H2),
8.00 (1H, s, H8), 5.99 (1H, d, J = 3.3 Hz, H1'), 5.90 (2H, br, NH2), 5.08 (1H, dd, J = 4.7 and 3.3 Hz,
H2'), 4.69 (1H, t, J = 4.7 Hz, H3'), 4.50 – 4.46 (1H, m, H5'), 4.35 – 4.31 (2H, m, H4' and H5'), 3.77
(2H, apparent s, H12'), 2.67 – 2.65 (4H, m, H8' and H9'), 1.09 – 1.01 (28H, m, H17' and H18') and 0.91
(9H, s, H14'); 13C NMR (150 MHz, CDCl3) δ 172.3 (C7' and C10'), 155.4 (C6), 152.7 (C2), 149.6 (C4),
139.7 (C8), 120.5 (C5), 90.4 (C1'), 81.8 (C4'), 75.8 (C12'), 74.3 (C2'). 72.7 (C3'), 63.9 (C5'), 31.4 (C8'
and C9'), 29.1 (C13'), 26.5 (C14'), 17.3 (C18') and 13.2 (C17'); LRMS (ES+) 680.6 [M+H]+; HRMS
calc’d for C31H54O8N5Si2 expected 679.3427, found 679.34269.

((2S,3R,4S,5S)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl neopentyl
succinate (181)

To a solution of protected CoA analogue 188 (80.0 mg, 0.12 mmol) in MeOH (3 mL) was added
ammonium fluoride (37 mg, 1.02 mmol). The reaction was stirred at RT for 1.5 h. The reaction was
concentrated in vacuo. Purification using flash column chromatography (Gradient: 3, 5 then 7%
MeOH/CH2Cl2) gave 181 (31 mg, 59%) as a colourless oil; Rf 0.45 (10% MeOH/CH2Cl2); mp 75 –
77 °C; [α]D20 -5.8 (c 0.4, MeOH); IR νmax (oil) 3330 (NH), 3270 (NH), 3130 (OH), 2960 - 2910 (CH),
1730 (C=O), 1650 (C=O) and 1610 (C=C) cm-1; 1H NMR (600 MHz, CD3OD) δ 8.28 (1H, s, H8), 8.20
(1H, s, H2), 6.01 (1H, d, J = 4.5 Hz, H1'), 4.74 (1H, t, J = 4.9 Hz, H2'), 4.44 – 4.33 (3H, m, H3' and
H5'), 4.27 – 4.23 (1H, m, H4'), 3.76 (1H, d, J = 10.5 Hz, H12'), 3.73 (1H, d, J = 10.5 Hz, H12'), 3.32 –
3.29 (4H, m, H8' and H9') and 2.65 (9H, s, H14'); 13C NMR (150 MHz, CD3OD) δ 174.0 (C10'), 173.8
(C7'), 157.3 (C6), 153.9 (C2), 150.6 (C4), 141.3 (C8), 120.5 (C5), 90.3 (C1'), 83.5 (C4'), 75.1 (C12'),
75.0 (C2'), 71.8 (C3'), 65.1 (C5'), 32.1 (C13'), 29.9 (C8' and C9') and 26.7 (C14'); LRMS (ES+) 438.5
[M+H]+; HRMS calc’d for C19H28N8O7 expected 438.1983, found 438.1982.
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(R)-2,4-Dihydroxy-N-3,3-trimethylbutanamide (185)183

To a solution of D-pantolactone (2.00 g, 15.3 mmol) in MeOH (6 mL) was added N-methylamine (40%
aqueous solution, 1.6 mL, 20.6 mmol). The reaction was stirred at RT for 3 h. The reaction was
concentrated in vacuo to give 185 (2.40, 97%) as a colourless oil; Rf 0.45 (5% MeOH/CH2Cl2); [α]D20
+49.6 (c 1.0, MeOH); 1H NMR (600 MHz, CDCl3) δ 7.04 (1H, d, J = 4.5 Hz, NH), 4.73 (1H, br, OH),
4.00 (1H, s, H5), 3.50 – 3.43 (2H, m, H2), 2.81 (3H, d, J = 4.5 Hz, H8), 0.96 (3H, s, H4) and 0.89 (3H,
s, H4); 13C NMR (150 MHz, CDCl3) δ 177.8 (C6), 75.8 (C5), 71.1 (C2), 39.4 (C3), 25.4 (C8), 21.2 (C4)
and 20.5 (C4); HRMS calc’d for C7H16NO3 expected 162.1130, found 162.1133. The data is in good
agreement with the literature values.183

((5aS,6S,8S,8aS)-8-(6-Amino-9H-purin-9-yl)-2,2,4,4-tetraisopropyltetrahydrofuro[3,4f][1,3,5,2,4]trioxadisilepin-6-yl)methyl ((R)-3-hydroxy-2,2-dimethyl-4-(methylamino)-4-oxobutyl)
succinate (190)

To a solution of acid 177 (310 mg, 0.51 mmol) in CH2Cl2 (10 mL) at 0 °C was added DIC (120 µL,
0.77 mmol) and DMAP (16 mg, 0.13 mmol). The reaction was stirred at 0 °C for 10 min before alcohol
185 (123 mg, 0.77 mmol) in CH2Cl2 (5 mL) was added dropwise. The reaction was stirred at RT for
20 h. The insoluble material was filtered and washed with CH2Cl2. The organic filtrate was washed
with 5% citric acid solution (30 mL), then sat. NaHCO3 solution (30 mL), dried (MgSO4), filtered and
concentrated in vacuo.

Purification using flash column chromatography (Gradient: 1 – 5%

MeOH/CH2Cl2) gave 190 (175 mg, 46%) as an off-white solid; Rf 0.51 (10% MeOH/CH2Cl2); mp 109
- 111 °C; [α]D20 -8.8 (c 0.1, MeOH); IR νmax (solid) 3330 (NH), 3290 (NH), 3180 (OH), 2940 - 2870
(CH), 1730 (C=O), 1640 (C=O) and 1600 (C=C) cm-1; 1H NMR (600 MHz, CDCl3) δ 8.29 (1H, s, H2),
8.09 (1H, s, H8), 6.81 (1H, d, J = 5.0 Hz, NH), 6.13 (2H, br, NH2), 6.02 (1H, d, J = 2.6 Hz, H1'), 5.06
(1H, dd, J = 4.7 and 2.6 Hz, H2'), 4.70 (1H, dd, J = 6.8 and 4.7 Hz, H3'), 4.56 – 4.50 (1H, m, H5'), 4.36
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– 4.28 (2H, m, H4' and H5'), 4.23 (1H, d, J = 10.8 Hz, H12'), 4.05 (1H, s, H15'), 3.84 (1H, d, J = 10.8
Hz, H12'), 2.83 (3H, d, J = 5.0 Hz, H18'), 2.63 – 2.58 (4H, m, H8' and H9'), 1.10 – 1.04 (31H, m, H14',
H21' and H22') and 0.93 (3H, s, H14'); 13C NMR (150 MHz, CDCl3) δ 173.2 (C16'), 172.7 (C10'), 172.2
(C7'), 155.2 (C6), 152.6 (C2), 149.4 (C4), 139.8 (C8), 120.0 (C5), 90.6 (C1'), 81.7 (C4'), 76.2 (C2'),
74.4 (C15'), 72.2 (C3'), 71.0 (C12'), 63.0 (C5'), 38.7 (C13'), 29.5 (C8' and C9'), 25.8 (C18'), 21.5 (C14'),
19.9 (C14'), 17.5 (C22') and 13.6 (C21'); LRMS (ES+) 753.7 [M+H]+; HRMS calc’d for C33H57O10N6Si2
expected 753.3675, found 753.3679.

((2S,3R,4S,5S)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl ((R)-3-hydroxy2,2-dimethyl-4-(methylamino)-4-oxobutyl) succinate (182)

To a solution of protected CoA analogue 190 (60.0 mg, 0.08 mmol) in MeOH (2 mL) was added
ammonium fluoride (25 mg, 0.68 mmol) and the reaction was stirred at RT for 1.5 h. The reaction
mixture was concentrated in vacuo. Purification using flash column chromatography (Gradient: 5%
then 10% MeOH/CH2Cl2) gave 182 (14 mg, 34%) as a colourless oil; Rf 0.17 (10% MeOH/CH2Cl2);
mp 86 – 88 °C; [α]D20 -1.8 (c 0.9, MeOH); IR νmax (solution in CH2Cl2) 3360 (NH), 3240 (NH), 3090
(OH), 2980 - 2860 (CH), 1740 (C=O), 1650 (C=O) and 1600 (C=C) cm-1; 1H NMR (600 MHz, CD3OD)
δ 8.29 (1H, s, H8), 8.20 (1H, s, H2), 6.02 (1H, d, J = 4.5 Hz, H1'), 4.74 (1H, t, J = 4.9 Hz, H2'), 4.55 –
4.35 (3H, m, H3' and H5'), 4.27 – 4.23 (1H, m, H4'), 4.03 (1H, d, J = 10.6 Hz, H12'), 3.90 (1H, d, J =
10.6 Hz, H12'), 3.86 (1H, s, H15'), 2.74 (3H, s, H18'), 2.66 – 2.63 (4H, m, H8' and H9'), 0.96 (3H, s,
H14') and 0.92 (3H, s, H14'); 13C NMR (150 MHz, CD3OD) δ 176.1 (C10'), 173.9 (C16'), 173.8 (C7'),
157.3 (C6), 153.9 (C2), 150.6 (C4), 141.2 (C8), 120.5 (C5), 90.3 (C1'), 83.5 (C4'), 76.0 (C15'), 75.2
(C2'), 71.8 (C3'), 71.4 (C12'), 65.1 (C5'), 39.3 (C13'), 29.9 (C8' and C9'), 25.8 (C18'), 21.5 (C14') and
20.8 (C14'); LRMS (ES+) 511.5 [M+H]+; HRMS calc’d for C27H31N6O9 expected 511.2147, found
511.2146.

3-((tert-Butoxycarbonyl)amino)propanoic acid (193)233
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To a solution of β-alanine (5.00 g, 56.2 mmol) in 1M NaOH (28 mL) and THF (56 mL) at 0 °C was
added di-tert-butyldicarbonate (12.3 g, 56.2 mmol). The reaction was stirred at RT for 18 h. The THF
was removed in vacuo. The resulting aqueous solution was washed with Et2O (50 mL) before the
solution was acidified to pH 2 with 6M HCl solution. The aqueous solution was then extracted with
Et2O (3 x 50 mL). The combined organics were washed with brine (100 mL), dried (MgSO4), filtered
and concentrated in vacuo to give 193 (4.58 g, 43%) as an off-white solid; Rf 0.34 (10%
MeOH/CH2Cl2); mp 60 – 62 °C (lit.233 71 – 72 °C); 1H NMR (600 MHz, CDCl3) δ 9.53 (1H, br, OH),
5.14 (1H, br, NH), 3.44 – 3.28 (2H, m, H4), 2.60 – 2.43 (2H, m, H3) and 1.42 (9H, s, H9); 13C NMR
(150 MHz, CDCl3) δ 177.6 (C2), 157.7 (C6), 81.3 (C8), 36.0 (C4), 34.6 (C3) and 27.6 (C9); HRMS
calc’d for C8H15O4NNa expected 212.0897, found 212.0895. The data is in good agreement with the
literature values.233

tert-Butyl (3-(methylamino)-3-oxopropyl)carbamate (194)

To a solution of acid 193 (2.50 g, 13.2 mmol) in THF (26 mL) at 0 °C was added NEt3 (3.68 mL,
26.4 mmol) and then isobutylchloroformate (2.05 mL, 15.8 mmol) dropwise. The reaction was stirred
at 0 °C for 1 h before N-methylamine (2M in THF, 16.5 mL) was added dropwise. The reaction was
stirred at RT for 16 h. The resulting precipitate was filtered, washed with THF and the filtrate
concentrated in vacuo. Purification using flash column chromatography (Gradient: 0, 2 then 5%
MeOH/CH2Cl2) gave 194 (2.26 g, 85%) as an off-white solid; Rf 0.33 (5% MeOH/CH2Cl2); mp 106 –
107 °C; IR νmax (solid) 3350 (NH), 3300 (NH), 2980 - 2930 (CH), 1710 (C=O) and 1690 (C=O) cm-1;
H NMR (600 MHz, CDCl3) δ 6.09 (1H, br, NH), 5.26 (1H, br, NH), 3.38 (2H, t, J = 5.9 Hz, H5), 2.78

1

(3H, d, J = 4.8 Hz, H1), 2.38 (2H, d, J = 5.9 Hz, H4) and 1.41 (9H, s, H10); 13C NMR (150 MHz,
CDCl3) δ 172.2 (C3), 156.3 (C7), 79.5 (C9), 36.7 (C5), 36.3 (C4), 29.1 (C10) and 26.5 (C1); LRMS
(ES+) 203.3 [M+H]+; HRMS calc’d for C9H18O3N2Na expected 225.1215, found 212.1214.

(R)-2,4-Dihydroxy-3,3-dimethyl-N-(3-(methylamino)-3-oxopropyl)butanamide (191)

To Boc protected 194 (2.11 g, 10.4 mmol) in CH2Cl2 (80 mL) was added TFA (20 mL). The reaction
was stirred at RT for 4 h. The reaction was concentrated in vacuo to give 195 (3.50 g, quantitative) as
the TFA salt which was used without any further purification. The crude oil was dissolved in MeOH
(60 mL) to which was added NEt3 (12 mL). The solution was heated at reflux for 90 min before Dpantolactone (1.40 g, 10.8 mmol) was added. The reaction was heated at reflux for 20 h. The reaction
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mixture was concentrated in vacuo. Purification using flash column chromatography (Gradient: 0, 2, 4
and 6% MeOH/CH2Cl2) gave the NEt3 salt of 191 (835 mg, 34% over two steps) as a colourless oil; Rf
0.36 (10% MeOH/CH2Cl2); [α]D20 +12.0 (c 0.3, MeOH); IR νmax (oil) 3300 (NH), 3250 (NH), 3080
(OH), 2950 - 2870 (CH), 1740 (C=O) and 1640 (C=O) cm-1; 1H NMR (600 MHz, CD3OD) δ 3.89 (1H,
s, H5), 3.54 – 3.41 (3H, m, H2 and H8), 3.38 (1H, d, J = 11.0 Hz, H2), 2.71 (3H, s, H12), 2.41 (2H, t,
J = 6.7 Hz, H9), 0.91 (3H, s, H4) and 0.90 (3H, s, H4); 13C NMR (150 MHz, CD3OD) δ 176.1 (C6),
174.3 (C10), 77.3 (C5), 70.3 (C2), 40.3 (C3), 36.4 (C8 and C9), 26.5 (C12), 21.3 (C4) and 20.9 (C4);
LRMS (ES+) 233.3 [M+H]+; HRS calc’d for C10H21N2O4 expected 233.1496, found 233.1495.

((2S,3R,4S,5S)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl ((R)-3-hydroxy2,2-dimethyl-4-((3-(methylamino)-3-oxopropyl)amino)-4-oxobutyl) succinate (183)

To a solution of acid 177 (300 mg, 0.43 mmol) in CH2Cl2 (9 mL) at 0 °C was added DIC (100 µL,
0.65 mmol) and DMAP (13 mg, 0.11mmol). The reaction was stirred at 0 °C for 10 min before alcohol
191 (200 mg, 0.86 mmol) in CH2Cl2 (5 mL) was added dropwise. The reaction was stirred at RT for
20 h. The resulting precipitate was filtered and washed with CH2Cl2. The organic filtrate was washed
with 5% citric acid solution (20 mL), then sat. NaHCO3 solution (20 mL), dried (MgSO4), filtered and
concentrated in vacuo.

Purification using flash column chromatography (Gradient: 1 – 10%

MeOH/CH2Cl2) gave the crude intermediate 196 (182 mg, 46%, 75% purity) as a colourless oil which
was used without further purification. The crude oil (85 mg) was dissolved in MeOH (20 mL) before
ammonium fluoride (31 mg, 0.85 mmol) was added and the reaction stirred at RT for 1 h. The reaction
mixture was concentrated in vacuo. Purification using flash column chromatography (Gradient: 10, 12
then 15% MeOH/CH2Cl2) gave 183 (22 mg, 18% over two steps) as a colourless gum; Rf 0.36 (15%
MeOH/CH2Cl2); [α]D20 -1.5 (c 0.9, MeOH); IR νmax (solid) 3340 (NH), 3290 (NH), 3100 (OH), 2980 2920 (CH), 1730 (C=O), 1690 (C=O) and 1550 (C=C) cm-1; 1H NMR (600 MHz, CD3OD) δ 8.50 (1H,
s, H8), 8.41 (1H, s, H2), 6.08 (1H, d, J = 4.5 Hz, H1'), 4.74 (1H, t, J = 4.8 Hz, H2'), 4.42 – 4.34 (3H,
m, H3' and H5'), 4.30 – 4.27 (1H, m, H4'), 4.02 (1H, d, J = 10.6 Hz, H12'), 3.88 (1H, d, J = 10.6 Hz,
H12'), 3.84 (1H, s, H15'), 3.52 – 3.39 (2H, m, H18'), 2.70 – 2.68 (4H, m, H8' and H9'), 2.65 (3H, s,
H22'), 2.41 (2H, t, J = 6.6 Hz, H19'), 0.95 (3H, s, H14') and 0.92 (3H, s, H14');

13

C NMR (150 MHz,

CD3OD) δ 175.4 (C10'), 174.0 (C7'), 173.9 (C16'), 173.8 (C20'), 152.3 (C6), 150.0 (C4), 145.9 (C2),
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143.9 (C8), 120.7 (C5), 90.7 (C1'), 83.9 (C4'), 75.9 (C15'), 75.5 (C2'), 71.7 (C3'), 71.5 (C12'), 64.9
(C5'), 39.5 (C13'), 36.4 (C18' and C19'), 29.9 (C8' and C9'), 26.4 (C22'), 21.5 (C14') and 20.8 (C14');
LRMS (ES+) 582.5 [M+H]+; HRMS calc’d for C24H36N7O10 expected 582.2518, found 582.2516.

(10R,29R)-1-((2R,3S,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-10,29dihydroxy-9,9,30,30-tetramethyl-3,6,11,15,24,28-hexaoxo-2,7-dioxa-19,20-dithia-12,16,23,27tetraazahentriacontan-31-yl (((2S,3R,4S,5S)-5-(6-amino-9H-purin-9-yl)-3,4dihydroxytetrahydrofuran-2-yl)methyl) succinate (200)

To a solution of acid 177 (700 mg, 1.15 mmol) in THF (50 mL) at 0 °C was added DIC (180 µL,
1.15 mmol) and DMAP (56 mg, 0.46 mmol). The reaction was stirred at 0 °C for 10 min before Dpantethine (255 mg, 0.46 mmol) in THF (25 mL) was added dropwise. The reaction was stirred at RT
for 20 h. The reaction was concentrated in vacuo. The resulting residue was dissolved in CH2Cl2
(40 mL) and washed with 5% citric acid solution (40 mL), sat. NaHCO3 solution (40 mL), dried
(MgSO4), filtered and concentrated in vacuo.

Purification using flash column chromatography

(Gradient: 1 – 10% MeOH/CH2Cl2) gave the crude mixture (130 mg, mixture of singly and doubly
added products, 198 and 199) as a colourless oil which was used without further purification. The crude
oil was dissolved in MeOH (18 mL) before ammonium fluoride (28 mg, 0.77 mmol) was added and the
reaction stirred at RT for 75 min. The reaction mixture was concentrated in vacuo. Purification using
flash column chromatography (Gradient: 10, 15 then 20% MeOH/CH2Cl2) gave 200 (25 mg, 4% over
two steps) as a colourless oil; Rf 0.23 (15% MeOH/CH2Cl2); [α]D20 -0.3 (c 1.2, MeOH); IR νmax (oil)
3340 (NH), 3220 (NH), 3080 (OH), 2960 - 2930 (CH), 1790 (C=O), 1730 (C=O), 1640 (C=O) and 1600
(C=C) cm-1; 1H NMR (600 MHz, CD3OD) δ 8.29 (1H, s, H8), 8.20 (1H, s, H2), 6.02 (1H, d, J = 4.5 Hz,
H1'), 4.74 (1H, t, J = 5.0 Hz, H2'), 4.44 – 4.35 (3H, m, H3' and H5'), 4.28 - 4.24 (1H, m, H4'), 4.03 (1H,
d, J = 10.5 Hz, H12'), 3.88 (1H, d, J = 10.5 Hz, H12'), 3.86 (1H, s, H15'), 3.50 – 3.44 (4H, m, H18' and
H22'), 2.81 – 2.75 (2H, m, H23'), 2.66 – 2.63 (4H, m, H8' and H9’), 2.46 – 2.40 (2H, m, H19'), 0.95
(3H, s, H14') and 0.92 (3H, s, H14'); 13C NMR (150 MHz, CD3OD) δ 175.5 (C10'), 174.0 (C7'), 173.9
(C16'), 173.8 (C20'), 157.6 (C6), 153.9 (C2), 150.6 (C4), 141.3 (C8), 120.5 (C5), 90.3 (C1'), 83.4 (C4'),
75.9 (C15'), 75.2 (C2'), 71.8 (C3'), 71.5 (C12'), 65.2 (C5'), 39.6 (C22'), 39.3 (C13'), 38.4 (C23'), 36.8
(C18' and C19'), 30.7 (C8' and C9'), 21.7 (C14') and 20.8 (C14'); LRMS (ES+) 627.5 [(0.5M)+H]+;
HRMS calc’d for C50H73N14O20S2 expected 1253.4561, found 1253.4565.
- 270 -

((2S,3R,4S,5S)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl ((R)-3-hydroxy4-((3-((2-mercaptoethyl)amino)-3-oxopropyl)amino)-2,2-dimethyl-4-oxobutyl) succinate (184)

To disulphide 200 (15 mg, 0.012 mmol) in H2O:MeCN (60:40, 1 mL) was added TCEP (35 mg,
0.12 mmol). The reaction was stirred at RT for 1 h. The reaction mixture was concentrated in vacuo.
Purification using preparative HPLC (gradient 2, rt 10 min) gave 184 (15 mg, 78 %) as a colourless
gum; Rf 0.48 (15% MeOH/CH2Cl2); [α]D20 -2.5 (c 0.6, MeOH); IR νmax (oil) 3310 (NH), 3290 (NH),
3110 (OH), 2940 - 2880 (CH), 1730 (C=O), 1690 (C=O) and 1550 (C=C) cm-1; 1H NMR (600 MHz,
CD3OD) δ 8.49 (1H, s, H8), 8.40 (1H, s, H2), 6.08 (1H, d, J = 4.6 Hz, H1'), 4.74 (1H, t, J = 4.9 Hz,
H2'), 4.42 – 4.35 (3H, m, H3' and H5'), 4.30 – 4.27 (1H, m, H4'), 4.01 (1H, d, J = 10.5 Hz, H12'), 3.89
(1H, d, J = 10.5 Hz, H12'), 3.85 (1H, s, H15'), 3.52 – 3.39 (2H, m, H18'), 3.33 – 3.28 (2H, m, H22'),
2.66 – 2.63 (2H, m, H8' and H9'), 2.60 – 2.55 (2H, m, H23'), 2.45 – 2.41 (2H, m, H19'), 0.96 (3H, s,
H14') and 0.93 (3H, s, H14'); 13C NMR (150 MHz, CD3OD) δ 175.4 (C7'), 174.0 (C10'), 173.9 (C16'),
173.8 (C20'), 152.4 (C6), 150.0 (C5), 146.1 (C2), 143.9 (C8), 120.7 (C4), 90.7 (C1'), 83.9 (C4'), 76.0
(C13'), 75.5 (C2'), 71.7 (C3'), 71.5 (C12'), 65.9 (C5'), 43.9 (C22'), 39.3 (C13'), 36.4 (C18' and C19'),
29.9 (C8' and C9'), 24.5 (C23'), 21.6 (C14') and 20.8 (C14'); LRMS (ES+) 628.5 [M+H]+; HRMS calc’d
for C25H38N10O7S expected 627.2395, found 627.2394.

7.5 Series 3 Experimental Data
4-Azidobenzoic acid (205)234

4-Aminobenzoic acid (200 mg, 1.45 mmol) was suspended in 4M H2SO4 solution (7 mL) at 0 °C before
NaNO2 (150 mg, 2.18 mmol) in H2O (2 mL) was added. The reaction was stirred at 0 °C for 10 min
before NaN3 (142 mg, 2.18 mmol) in H2O (2 mL) was added dropwise. The reaction was stirred at RT
for 90 min. The resulting white solid was filtered, washed with cold H2O and dried to give 205 (138 mg,
57%) as an off-white solid; Rf 0.58 (50% EtOAc/pet. ether); mp 173 - 175 °C (lit.195 180 - 181 °C); IR
νmax (solid) 3350 (OH), 3050 - 3010 (CH), 2100 (N3), 1670 (C=O) and 1600 (C=C) cm-1; 1H NMR
(600 MHz, d6-DMSO) δ 12.99 (1H, br, OH), 7.96 (2H, d, J = 9.0 Hz, H4) and 7.22 (2H, d, J = 9.0 Hz,
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H3); 13C NMR (150 MHz, d6-DMSO) δ 166.6 (C6), 144.0 (C2), 131.3 (C4), 127.3 (C5) and 119.2 (C3).
The data is in good agreement with the literature values.234
2,5-Dioxopyrrolidin-1-yl 4-azidobenzoate (206)235

To acid 205 (50 mg, 0.31 mmol) in EtOAc (4 mL) was added DCC (99 mg, 0.50 mmol) and then Nhydroxysuccinimide (39 mg, 0.34 mmol) and the reaction was stirred at RT for 18 h. The insoluble
dicyclohexylurea was removed by filtration, washed with EtOAc and the filtrate concentrated in vacuo.
The resulting white solid was dissolved in hot MeOH, filtered (while still hot) and the filtrate
concentrated in vacuo to give 206 (120 mg, quantitative yield, 75% purity) as an off-white solid which
was used without further purification in the next step; Rf 0.59 (50% EtOAc/pet. ether); IR νmax (solid)
2930 - 2850 (CH), 2110 (N3), 1760 (C=O), 1720 (C=O) and 1600 (C=C) cm-1; 1H NMR (600 MHz, d6DMSO) δ 8.11 (2H, d, J = 8.8 Hz, H4), 7.37 (2H, d, J = 8.8 Hz, H3) and 2.89 (4H, br, H10); 13C NMR
(150 MHz, d6-DMSO) δ 170.4 (C6), 161.1 (C9), 146.9 (C2), 132.1 (C4), 120.5 (C5), 120.2 (C3) and
25.3 (C10). The data is in good agreement with the literature values.235

S-(2-(3-((2R)-4-(((((((2S,3R,4S,5S)-5-(6-Amino-9H-purin-9-yl)-4-hydroxy-3(phosphonooxy)tetrahydrofuran-2-yl)methoxy)(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)oxy)-2hydroxy-3,3-dimethylbutanamido)propanamido)ethyl) 4-azidobenzothioate (201)

To CoA (trilithium salt, 13 mg, 0.017 mmol) in H2O (1 mL) was added 1M KHCO3 solution (0.1 mL)
followed by activated ester 206 (5.0 mg, 0.019 mmol) in acetone (1 mL). The reaction was stirred at
RT for 4 h before the mixture was concentrated in vacuo. Purification using reverse phase flash column
chromatography (Gradient: 20% MeOH/H2O) gave 201 (9.0 mg, 58%) as an off-white solid; Rf 0.52
(20% MeOH/H2O); IR νmax (solid) 3210 (NH and OH), 2980 - 2930 (CH), 2120 (N3), 1640 (C=O) and
1590 (C=C) cm-1; 1H NMR (600 MHz, D2O) δ 8.48 (1H, s, H8), 8.11 (1H, s, H2), 7.80 (2H, d, J = 4.8
Hz, H26'), 7.04 (2H, d, J = 4.8 Hz, H27'), 6.08 (1H, d, J = 6.0 Hz, H1'), 4.78 – 4.74 (2H, m, H2' and
H3'), 4.61 – 4.57 (1H, m, H4'), 4.28 – 4.23 (2H, m, H5'), 4.05 (1H, s, H14'), 3.87 (1H, dd, J = 11.0 and
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6.0 Hz, H11'), 3.58 (1H, dd, J = 11.0 and 6.0 Hz, H11'), 3.50 – 3.43 (4H, m, H17' and H21'), 3.20 (2H,
t, J = 5.0 Hz, H22'), 2.49 – 2.44 (2H, m, H18'), 0.93 (3H, s, H13') and 0.78 (3H, s, H13'); 13C NMR
(150 MHz, D2O) δ 193.9 (C24'), 175.5 (C15'), 174.7 (C19'), 156.0 (C6), 153.2 (C2), 149.7 (C4), 146.2
(C25'), 140.2 (C8), 132.9 (C28'), 129.4 (C26'), 119.5 (C27'), 119.1 (C5), 87.2 (C1'), 84.7 (C4'), 75.3
(C2'), 74.8 (C14'), 74.3 (C3'), 72.5 (C11'), 66.5 (C5'), 39.3 (C21'), 39.0 (C12'), 36.1 (C17' and C18'),
28.9 (C22'), 21.6 (C13') and 18.9 (C13'); HRMS calc’d for C28H40N10O17P3S expected 913.1506, found
913.1508.

S-(2-(3-((2R)-4-(((((((2S,3R,4S,5S)-5-(6-Amino-9H-purin-9-yl)-4-hydroxy-3(phosphonooxy)tetrahydrofuran-2-yl)methoxy)(hydroxy)phosphoryl)oxy)(hydroxy)phosphoryl)oxy)-2hydroxy-3,3-dimethylbutanamido)propanamido)ethyl) 2-iodoethanethioate (202)

To CoA (trilithium salt, 15 mg, 0.019 mmol) in H2O (1.5 mL) was added iodoacetic acid anhydride
(10 mg, 0.029 mmol) in acetone (1 mL). The reaction was stirred at RT for 8 h before concentrating in
vacuo. Purification using preparative HPLC (gradient 3, rt 8.5 min) gave 202 (0.9 mg, 5 %, 80% purity)
as an off-white solid; 1H NMR (600 MHz, CD3OD) δ 8.69 (1H, s, H8), 8.46 (1H, s, H2), 6.23 (1H, d, J
= 6.0 Hz, H1'), 4.67 – 4.64 (1H, m, H3'), 4.39 – 4.28 (3H, m, H4' and H5'), 4.05 (2H, s, H25'), 3.94 –
3.89 (1H, m, H11'), 3.73 (1H, s, H14'), 3.70 – 3.65 (1H, m, H11'), 3.52 – 3.42 (4H, m, H17' and H21'),
2.79 – 2.75 (2H, m, H22'), 2.52 – 2.48 (2H, m, H18'), 0.98 (3H, s, H13') and 0.86 (3H, s, H13'); Note:
H2' under D2O solvent peak; LRMS (ES-) 931.3 [M-3H]3-.
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Appendix I – Additional Molecular Modelling Data
I.1 Conditions for Autodock Vina modelling
Autodock Vina92 was used for the initial in silico docking of compounds into the PDB file, 2DWB46,
corresponding to published crystal structure data on Aurora A. All heteroatoms (H2O, SO4 and AMP
molecules) were removed from the PDB file, which was converted into .pdbqt format using AutoDock
Tools (ADT) with the addition of polar hydrogen’s and Kollman charges. AutoDock Vina requires the
enzyme.pdbqt, ligand.pdbqt and configuration.txt files. ADT was used to generate the ligand.pdbqt file
from a .pdb or .mol2 input which was subjected to no initial energy minimisations.

Since only interaction with the binding site was required, a grid focusing upon the localisation of the
binding site was set up with the following coordinates: x 10.720, y 69.451, z 67.684. The size of the
grid box used is as follows: x (30 Å), y (38 Å), z (34 Å). These coordinates were used in the
configuration text file and a value of 8 was used for the exhaustiveness. The resulting docking file is
exported by Autodock Vina as a .pdbqt file which can be viewed with PyMOL236.

I.2 Docking figures from Autodock Vina docking of 46 and 47
Figures I.1 to I.8 illustrate the docking results obtained from docking the four prospective glutamic acid
based analogues (46 and 47) into the Aurora A binding site using Autodock Vina. For each analogue, a
picture is given of the space filled model and a figure highlighting any possible hydrogen bonds.

Figure I.1 – Space-filling model of the lowest energy conformation of 46(R) in the Aurora A binding site.
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Hinge Region

Thr217
Figure I.2 – Lowest energy conformation of 46(R) in the Aurora A binding site, highlighting the main possibilities
for hydrogen bonding (indicated by the dashed lines, bond lengths are given in Å). Note the possible hydrogen
bonding to both the hinge region and Thr217.

Figure I.3 – Space-filling model of the lowest energy conformation of 47(R) in the Aurora A binding site.
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Hinge Region

Thr217

Figure I.4 – Lowest energy conformation of 47(R) in the Aurora A binding site, highlighting the main possibilities
for hydrogen bonding (indicated by the dashed lines, bond lengths are given in Å). Note the possible hydrogen
bonding to the hinge region.

Figure I.5 – Space-filling model of the lowest energy conformation of 46(S) in the Aurora A binding site.
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Hinge Region

Thr217
Figure I.6 – Lowest energy conformation of 46(S) in the Aurora A binding site, highlighting the main possibilities
for hydrogen bonding (indicated by the dashed lines, bond lengths are given in Å). Note the possible hydrogen
bonding to the hinge region.

Figure I.7 – Space-filling model of the lowest energy conformation of 47(S) in the Aurora A binding site.
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Hinge Region

Thr217
Figure I.8 – Lowest energy conformation of 47(S) in the Aurora A binding site, highlighting the main possibilities
for hydrogen bonding (indicated by the dashed lines, bond lengths are given in Å). Note the possible hydrogen
bonding to both the hinge region and Thr217.

I.3 Conditions for GOLD modelling
GOLD (Genetic Optimisation for Ligand Docking) is a genetic algorithm for docking flexible ligands
into protein biding sites, developed by the Cambridge Crystallographic Data Centre. 84 It was used for
the in silico docking of compounds into PDB files corresponding to published crystallographic data on
Aurora A. The PDB files used for the docking were either 2DWB46 or the modified PDB file, 1OL748,
of active, phosphorylated human Aurora kinase A which was altered by our collaborator Ms Trang
Tran, using MOE85 to include the cysteine residue Cys290, present in the activation loop of Aurora A
kinase.86 All heteroatoms (H2O and ligands) were removed from the PDB file and all polar hydrogens
added. Ligand files were generated using MOE and used as .mol2 files. Each ligand structure was
energy minimised using MOE prior to use in the GOLD docking.

Since only interaction with the binding site was required, the existing ligand within the binding site was
used (either AMP or ADP) to define the binding site and the default 10 genetic algorithm runs were
run. The scoring function CHEMPLP237 was used to rank each of the resulting poses. The solutions
are then exported as a .mol2 file which can be viewed with PyMOL.
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I.4 Additional docking figures from the GOLD docking of 46 and 47
Figures I.9 to I.10 illustrate the docking results obtained from docking the two glutamic acid based
analogues (46(R) and 47(R)) into the Aurora A binding site of the modified PDB file, generated by Ms
Trang Tran, using GOLD. For each analogue, a picture is given of how the compound binds into the
binding site with the possible hydrogen bonds to the hinge region or Thr217 shown.

Hinge Region

Thr217
Figure I.9 – Lowest energy conformation of 46(R) in the Aurora A binding site, highlighting the main possibilities
for hydrogen bonding (indicated by the dashed lines, bond lengths are given in Å). Note the possible hydrogen
bonding to both the hinge region and Thr217.
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Hinge Region

Thr217
Figure I.10 – Lowest energy conformation of 47(R) in the Aurora A binding site, highlighting the main
possibilities for hydrogen bonding (indicated by the dashed lines, bond lengths are given in Å). Note the possible
hydrogen bonding to both the hinge region and Thr217.

I.5 Additional docking figures for 1
Figures I.11 and I.12 illustrate the docking results obtained from docking compound 1 into the Aurora
A binding site using GOLD and the PDB file 2DWB46. This was in attempt to replicate the docking
carried out by Dr Lalitha Guruprasad, discussed previously in Sections 2.1 and 2.5. Figure I.11 shows
the result containing the “best” CHEMPLP GOLD score and Figure I.12 shows the comparison of the
top 3 results. In both Figures, the results show that compound 1 does not have a clear binding mode and
is not fitting the binding site as predicted previously.
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Hinge Region

Thr217

Figure I.11 – The lowest energy conformation of 1 in the Aurora A binding site. This was docked using GOLD
into the PDB 2DWB.

Hinge Region

Thr217

Figure I.12 – Three lowest energy conformations of 1 in the Aurora A binding site. This was docked using GOLD
into the PDB 2DWB.
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Appendix II – X-ray Crystal Structure Data
II.1 Single X-ray Diffraction Data for 28
Single X-ray diffraction data was collected using an Agilent SuperNova (Dual Source) single crystal
X-ray diffractometer equipped with an Atlas CCD Detector. The data was collected at 150 K (28) using
CuKα radiation (λ = 1.54184 Å). The data was collected and processed using the CrysAlisPro
program.238 Using Olex2239, the structure was solved with the ShelXS240 structure solution program
using Direct Methods and refined with the ShelXL240 refinement package using Least Squares
minimisation. Crystallographic and refinement parameters for crystal structure 28 are given in Table
II.1

II.2 Single X-ray Diffraction Data for 114 and 115
Single X-ray diffraction data was collected using an Agilent SuperNova (Dual Source) single
crystal X-ray diffractometer equipped with an Atlas CCD Detector. The data was collected at
150 K (114) and 200 K (115) using CuKα radiation (λ = 1.54184 Å). The data was collected and
processed using the CrysAlisPro program.238 Empirical absorption correction was performed
using spherical harmonics implemented in the SCALE3 ABSPACK scaling algorithm. Structure
solution

and

refinement

were

accomplished

using

SHELXS-97

and

SHELXL-97,

respectively.240 The structure was solved by direct methods. All non-hydrogen atoms were
refined anisotropically, while hydrogen atoms associated with carbon and nitrogen atoms were
refined isotropically. Crystallographic and refinement parameters for crystal structures 114 and
115 are given in Table II.1. More supplementary crystallographic information can be obtained
from

the

Cambridge

Crystallographic

Data

www.ccdc.cam.ac.uk/conts/retrieving.html (CCDC 1423524 and 1423525).
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Centre

via

Compound
empirical formula
Mr / g mol-1
T/K
crystal system
space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
V / Å3
Z
ρcalc / g cm-3
μ / mm-1
F(000)
crystal size / mm3
X-ray radiation
index ranges
no. of reflections
measured
no. independent
reflections
Rint [I ≥ 2σ(I)]
goodness-of-fit on F2
final R1 values [I ≥
2σ(I)]
final wR(F2) values [I ≥
2σ(I)]
final R1 values [all data]
final wR(F2) values [all
data]
largest diff. peak/hole /
e Å-3
CCDC deposition
number

28
C8H8Cl2N5
245.09
150.00(10)
monoclinic
P21/n
7.6087(2)
12.0371(3)
11.3587(3)
90
106.760(3)
90
996.11(5)
4
1.634
5.650
500.0
0.7 × 0.7 × 0.1
CuKα (λ = 1.5418
Å)
-9 ≤ h ≤ 8
-14 ≤ k ≤ 9
-13 ≤ l ≤ 13

114
C9H11N5S
299.32
150.00(10)
monoclinic
P21/c
7.54390(10)
23.3450(4)
5.85840(10)
90
96.946(2)
90
1024.16(3)
4
1.435
2.598
464
0.21 × 0.14 × 0.05
CuKα (λ = 1.5418
Å)
-8 ≤ h ≤ 8
-27 ≤ k ≤ 27
-6 ≤ l ≤ 6

115
C9H11N5S
299.32
200.00(10)
orthorhombic
Pca21
21.0057(3)
4.06460(10)
12.0663(2)
90
90
90
1030.22(3)
4
1.427
2.582
464
0.35 × 0.17 × 0.06
CuKα (λ = 1.5418
Å)
-26 ≤ h ≤ 26
-4 ≤ k ≤ 4
-14 ≤ l ≤ 14

3016

14217

13406

1880

1797

2040

0.0329
1.034

0.0353
1.046

0.0300
1.063

0.0639

0.0314

0.0261

0.1766

0.0843

0.0674

0.0654

0.0339

0.0272

0.1795

0.0875

0.0684

0.84/ -0.63

0.204 / -0.252

0.141 / -0.188

-

1423525

1423524

Table II.1 – Crystallographic and refinement parameters for 28, 114 and 115.
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