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Abstract

Malaria is one of the most prevalent causes of death in low income countries and considerable effort

has been made to combat this disease. Current frontline treatments involve the use of artemisinin

combination therapies, but there are increasing reports of the development of resistance to these

drugs. Since 2011, the Todd group has applied the principles of open science to the discovery of

new antimalarial medicines in the Open Source Malaria consortium. All aspects of the work are

publicly available with experimental results and biological data shared in real-time.

This thesis describes the design and synthesis of novel triazolopyrazine-based compounds for the

fourth series of OSM. The in vitro biological evaluation of these compounds against P. falciparum

is presented, along with key studies on the mechanism of action and hERG activity.

OSM SERIES 4
TRIAZOLOPYRAZINE (“TP”) SERIES
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Chapter 1 provides a general background on malaria and outlines those antimalarial medicines

that have been used in the past, those that are currently being used and those being developed

for the future. The concept of conducting open science is discussed with respect to open data

screens and OSM.

Investigation into a set of compounds determined by the OSM consortium to be high value targets

for further development, named the Frontrunners, is described in Chapter 2. These targets were

resynthesised in order to obtain a more complete dataset including measurements on in vitro P.

falciparum potency, solubility, metabolic stability and mechanism of action. The results indicated

beneficial structure activity relationships for the series including a 4-OCHF2 substituted phenyl

ring in the northeast position, a fluorinated phenyl ring in the northwest position and benzylic

substitution with alcohol or amine moieties.

Chapter 3 describes the design, synthesis and in vitro biological evaluation of several novel Series

4 compounds that probe unexplored areas of SAR. Substitution at the northwest position with

a thiol led to the isolation of an unexpected tele-substitution product. This phenomenon is

currently under investigation but it has been seen to occur among amines, alcohols and diols as

well. Replacement of the ether linker (with sulfoxide, sulfone or triazoles) was poorly tolerated
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while benzylic substitution (with alkylamines, ketones or alcohols) was generally beneficial.

The replacement of the phenyl rings in the Series 4 compounds was conducted in Chapter 4 via

the use of phenyl bioisosteres as a means to improve series solubility and metabolic stability.

The northwest position was highly tolerant to non-aromatic and non-planar replacements such as

cubane and adamantane. Conversely, saturated heterocycles were poorly tolerated suggesting a

degree of rigidity must be present. Surprisingly, the use of carborane as a phenyl bioisostere led

to significantly improved in vitro potency. While the cubane and carborane analogues were found

to possess poorer physicochemical and metabolic properties when compared to the parent phenyl

compound, the BCP analogue showed significantly improved metabolic properties.

Chapter 5 outlines the validation of the Series 4 mechanism of action. A range of compounds

synthesised throughout this thesis was evaluated for activity against PfATP4 in the Kirk lab at

the Australian National University. Based on the results, there is a high level of confidence that

the Series 4 triazolopyrazines act via the inhibition of the malaria parasites ability to regulate its

intracellular sodium concentration. This target has been implicated for a number of structurally

diverse compounds currently in development. A predictive modelling competition was run to help

design future compounds for the series as well as novel compounds which target PfATP4.

A key safety parameter, hERG activity, was investigated after some sub-optimal values had been

observed for the series, as described in Chapter 6. The design and synthesis of a key compound

possessing a carboxylic acid moiety was conducted as a means of reducing unwanted hERG activity.

The desired reduction in hERG binding and improvements to solubility and metabolic stability

were seen upon incorporation of the carboxylic acid, however this resulted in reduction to in

vitro activity. In an attempt to improve upon the in vitro potency, a series of phenyl substituted

analogues were synthesised. Unfortunately, these compounds were found to be less active.

Finally, in Chapter 7 is discussed the idea of crowdsourcing chemical synthesis and the incorpo-

ration of OSM into an undergraduate laboratory class at The University of Sydney run by Dr.

Alice Motion. To act as a demonstrator for the class from 2016 to 2018 required a number of

roles to be taken. These included the design of synthetic targets for the students, supervision and

mentoring throughout the course and assessment of the students performance and reports from

the class.

Overall, these studies contribute to the progression of a Series 4 compound as the first “born open”

molecule to progress towards a late lead and, hopefully, as the first such molecule to move into a

Phase I trial in the near future.
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1. Introduction

1.1 Malaria

Malaria is among the top ten leading causes of death in low income countries, and has been

said to affect nearly half of the world’s population (Figure 1.1). [1] The most recent report from

the World Health Organization (WHO) in 2017 estimates that there are 219 million cases of

malaria in 90 countries, with patients in Africa making up the majority of these (∼90%). [2] This

level of infection resulted in 435,000 deaths that year, or 1190 per day, mostly young children.

Encouragingly, between 2000 and 2015, the global incidence rate of malaria has decreased by about

37% and the mortality rate has decreased by about 60%. In terms of disability-adjusted life years

(DALYs), which gives an indication of the overall burden of a disease, between 2006 and 2016

malaria has shown a decrease of ∼27% in the number of DALYs, going from the 7th to the 13th

leading cause of all DALYs. [3] While these numbers demonstrate the success of efforts worldwide

to combat malaria, there is always the danger of becoming complacent with current treatments.

Indeed, there have been a number of reports in the last few years showing that these improvements

are slowly plateauing, with resistance emerging to our best treatments and medications. [4,5]

Figure 1.1: Geographical distribution of malaria in 2017. Adapted from the WHO World Malaria
Report 2018. [2]

There are over 250 species of the Plasmodium parasite that have been found to infect a large

range of hosts including mammals, reptiles and birds. Human malaria can be classified into three

categories and is known to be caused by five species of the parasite. [6] Asymptomatic malaria can

be caused by all five species and refers to when a patient has been infected but shows no symptoms.

Uncomplicated malaria may also be caused by all species with non-specific symptoms (fever, chills,

headache, nausea, etc.) showing 7–10 days after infection. Severe malaria is typically caused by P.

falciparum, but may be caused by P. vivax or P. knowlesi, with more serious symptoms including
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CHAPTER 1 – Introduction

severe anaemia, pulmonary complications and hypoglycaemia. This type of malaria is associated

with hyperparasitemia and carries an increased mortality rate.

The most widespread species is P. falciparum which mostly affects tropical and subtropical regions

in Africa and can also cause severe malaria. The next most widespread, P. vivax , is predominantly

found in Asia and Latin America, but can also be found in parts of Africa and is the most common

cause of recurring malaria. P. ovale is mostly found in West Africa and the western Pacific islands.

It is much less widespread than the former two species and much less dangerous. P. malariae

can be found worldwide and may cause long-lasting, chronic infections but this species is also less

dangerous. P. knowlesi was originally only found to infect long-tailed and pig-tailed macaque

monkeys, but was reported in 1965 to have infected humans. [7] It is now known to be a significant

cause of zoonotic malaria which infects humans in southeast Asia.

With P. falciparum being so prevalent, a large number of drugs (in use and in development) have

been made to target this species. The current frontline treatments for P. falciparum malaria are

artemisinin-based combination therapies (ACTs), however, as previously mentioned, reports of

resistance are slowly emerging and these highlight the need for the discovery and development

of new antimalarial drugs. A priority in combating the rapid generation of resistance is the

exploitation of newly-discovered mechanisms of action (see Chapter 5).

1.2 Life Cycle of the Plasmodium Parasite

The life cycle of the malaria parasite is long and complicated, existing across both mosquito

and human hosts (Figure 1.2). It can, most broadly, be divided into two stages; the asexual

stage and the sexual stage. The asexual stage takes place within the human host and can be

further subdivided into two cycles; the exo-erythrocytic cycle which occurs in the liver, and the

erythrocytic cycle which occurs in the blood. The sexual stage takes place in the Anopheles

mosquito and is known as the sporogonic cycle .

The cycle begins when an infected female Anopheles mosquito bites a human and transmits the

Plasmodium parasite . Sporozoites are injected and make their way towards the liver. What

follows are two cycles of asexual reproduction. The exo-erythrocytic cycle begins once the parasite

infects the liver cells , where the sporozoites begin to multiply and divide into schizonts . The

schizonts then erupt, releasing thousands of merozoites , which concludes the liver stage.

The erythrocytic cycle begins when these merozoites make their way into the blood stream and

proceed to infect red blood cells (RBCs). Following this, the merozoites develop into trophozoites

(commonly known as the ring stage of the parasite). These further mature, and form erythrocytic
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Figure 1.2: Life cycle of the Plasmodium parasite. This complex life cycle occurs across both
human (blue pathway) and mosquito (red pathway) hosts. Adapted from the Centers for Disease Control
and Prevention (CDC). [8]

schizonts which lead to new merozoites in the same manner as in the liver stage. At this point,

the RBCs erupt and further RBCs are infected with the newly formed merozoites, repeating this

cycle . Typical symptoms of malaria begin to appear during this phase including fever, chills,

headache, muscle aches and tiredness.

This stage also forms the divergence point from which new sporozoites are eventually created and

more humans are infected. Following the introduction of merozoites into the blood stream and

the formation of ring stage trophozoites, the parasites may diverge to a path of sexual repro-

duction. These trophozoites develop into male and female gametocytes . While the male and

female gametocytes are non-pathogenic, it is these that are ingested when a new female Anophe-

les mosquitoes takes a blood meal from the infected human . Once inside the mosquito, the

sporogonic cycle begins. The microgametes (male) enter the macrogametes (female) allowing

for the division and fertilisation of the gamete nuclei which form zygotes. These zygotes develop

into elongated ookinetes which penetrate the midgut wall of the mosquito and become oocysts

. Thousands of new sporozoites are released when the growing oocyst bursts , allowing them

to make their way to the salivary glands of the mosquito. The infected mosquito will then inject

the parasite into another human during a blood meal to begin the cycle anew .

It is notable that for P. vivax and P. ovale, the sporozoites may stay dormant in the liver stage

(known as hypnozoites) anywhere from weeks to years. Relapses may occur when the hypnozoites
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reactivate, releasing merozoites and beginning the cycle again.

1.3 Antimalarial Medicines

Even though the malaria parasite has been in existence for thousands of years, effective antimalar-

ial medicines have only been around since the 1800s. The majority of these past and present drugs

fall into four main structural classes of compounds: artemisinin derivatives, 4-aminoquinolines, 8-

aminoquinolines and amino alcohols (Figure 1.3). Additionally, other drugs such as antifolates and

antibiotics have been repurposed from their original use after having been shown to be efficacious

as antimalarials.
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Figure 1.3: Main classes of the common antimalarial drugs used in the past and present.
These broadly fit into artemisinin derivatives, 4-aminoquinolines, 8-aminoquinolines and amino alcohols.

Many new antimalarial medicines currently in development (vide infra) show structural classes

unlike those above. This is typically a consequence of their being targeted towards new mechanisms

of action.
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1.3.1 Past Antimalarial Drugs

Since the isolation and first use of purified quinine in 1820, a number of other natural and synthetic

compounds have been developed. However, as time has passed, strains of the parasite have begun

to show signs of resistance towards these drugs, rendering them less effective. Accordingly, their

use has ceased or is restricted to particular situations. The following table summaries a number

of these historic antimalarial compounds (Table 1.1).

Table 1.1: List of past antimalarial drugs. Summary of well known antimalarials discovered between
1820 and the 1980s.

Compound Description

O

N

HO

H

N

Quinine

First isolated from the bark of the cinchona tree in 1820, quinine has

been one of the most effective treatments for malaria to date. [9]

Resistance was first reported in the 1980s [10] and as of 2006 quinine is

no longer used as a frontline treatment.

NCl

O

NH

N

Mepacrine

Mepacrine (a.k.a quinacrine) was predominantly used throughout the

Second World War as a prophylactic, sold under the trade name

Atabrine. [11] It is no longer used due to the high chance of undesirable

side effects such as toxic psychosis. [12]

NH

N

N

Cl

Chloroquine

During the 1940s, chloroquine (CQ) was used to treat all forms of

malaria with few side effects. [13] Resistance to CQ was first reported in

the 1950s and over the years many strains of malaria have developed

resistance. Indeed, CQ-resistant strains (e.g. K1, 7GB, W2 and Dd2)

of the malaria parasite are now used in potency evaluation assays as a

way of showing desirable efficacy. [14]

N

HO
H
HN

F

F F
F

F

F

Mefloquine

Mefloquine was developed in the 1970s by the United States Army [15]

and is still used today. Originally introduced for the treatment of

chloroquine-resistant malaria, it has been used as both a curative and a

prophylactic drug. Resistance was first reported in 1986. [16] It is

thought that the structurally related quinoline drugs (such as quinine,

mepacrine, chloroquine and mefloquine) act through the disruption of
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haemoglobin digestion in the blood stage of the parasite. [17]. These

drugs are commonly used in combination with a complementary drug

(e.g. mefloquine and artesunate, sold as ArtequinTM) to reduce the

chance of resistance development to the quinoline family of compounds.

Mefloquine is commonly sold in its racemic form under the brand name

Lariam R©, however it is no longer widely used due to the central

nervous system toxicity that has been suggested to affect a large

number of its users. [18]

Cl

Cl

F

F F

OH

N

Halofantrine

Developed between the 1960s and 1970s by the Walter Reed Army

Institute of Research, [19] halofantrine was initially used for treatment

against all forms of the Plasmodium parasite. Its use has diminished

over time due to a number of undesirable side effects, such as the

potential for high levels of cardiotoxicity. It is only used as a curative

drug and not for prophylaxis due to the high toxicity risks and its

unreliable pharmacological properties. Halofantrine is still used today,

under the brand name HalfanTM, but only in cases where patients are

known to be free of heart disease and where infection is due to severe

and resistant forms of malaria. [20]

1.3.2 Current Antimalarial Drugs

Since 1977, the WHO has published a list of medications that have been deemed to be essential for

basic health care systems. [21] This so-called Model List of Essential Medicines (MLEM), contains

the most safe, efficacious and cost-effective medicines for a large range of conditions. In terms

of antimalarials, there are currently listed 14 medicines for curative (10) and prophylactic (4)

treatment, with formulations as either single compounds or as combinations (Figure 1.4). As

described previously, quinine, chloroquine and mefloquine are still used today and are all on the

MLEM. Specifically, quinine is used for the treatment of severe malaria in cases where artemisinins

are not available, chloroquine is used for the treatment of P. vivax in regions where resistance has

not developed and mefloquine is only used in combination with artesunate. Of all these medicines,

perhaps the most effective are the artemisinin-based combination therapies (ACTs) which use an

artemisinin derivative (short-acting) in combination with one or more complementary compounds

(long-acting and possessing different mechanisms of action).
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The following table summaries the antimalarial compounds that are widely used today (Table 1.2).

Information regarding their discovery, mechanism of action (MoA) and use are provided.

Table 1.2: List of current antimalarial drugs. Summary of the antimalarials widely used today.

Compound Description

O

O

O
H

O
O

H

H

Artemisinin
& its derivatives

Artemisinin was first isolated in 1971 by Tu Youyou from the

plant Artemisia annua, a herb that has commonly been used in

Chinese traditional medicine. [22] Due to the great positive impact

of artemisinin in combating malaria, Youyou was jointly awarded

the Nobel Prize in Physiology or Medicine in 2015 for “her

discoveries concerning a novel therapy against malaria”. [23]

Artemisinin has been shown to be efficacious against all

multi-drug resistant forms of P. falciparum. The most common

derivatives of artemisinin are artemether, artesunate and

arteether. These semi-synthetic derivatives are prodrugs which

are transformed to the active metabolite, dihydroartemisinin.

The use of artemisinins has been integral in the fight against

malaria with ACTs making up the majority of modern day

treatments. [24] Although slow to develop, the first report of

resistance to artemisinin was in western Cambodia in 2008. [25]

Ten years later, in February of 2018, a report was published

identifying more than 30 independent cases of artemisinin

resistance in southeast Asia, specifically with resistance to the

dihydroartemisinin–piperaquine combination therapy. [26]

N N N
H

Cl
NH2NH2

Proguanil

HO

Cl

O

O

Atovaquone

Proguanil was first reported in 1945 as one of the first antifolate

antimalarial drugs, [27] while atovaquone was first reported in 1991

for the treatment of protozoan infections. [28] The combination of

these, commonly sold as MalaroneTM, has been marketed by

GlaxoSmithKline (GSK) since the early 2000s, and has proven to

be a very effective antimalarial due to the synergistic effect of the

two components. This is, in large part, due to the compounds’

different MoAs. Atovaquone acts as a cytochrome bc1 complex

inhibitor which blocks mitochondrial electron transport. [29]

Proguanil (when used alone) acts as a dihydrofolate reductase

(DHFR) inhibitor through its metabolite, cycloguanil (CG) which
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disrupts deoxythymidylate synthesis. When used in combination

with atovaquone, however, proguanil does not act as a DHFR

inhibitor but has instead been shown to reduce the concentration

of atovaquone required for treatment. [30] Generic

atovaquone/proguanil is still available for the treatment of

chloroquine-resistant malaria.

N O

HN
NH2

O

O

F

F
F

Tafenoquine

First discovered in 1978 at the Walter Reed Army Institute of

Research, tafenoquine (TQ) was recently approved by the United

States Food and Drug Administration for use as the first new

single-dose treatment of P. vivax malaria in over 60 years. [31] TQ

is thought to be a prodrug which is metabolised to the active

TQ-quinone, however the MoA is not well understood. [32] It is

currently sold under the brand name KrintafelTM.

N

N

N

N

N

N

Cl

Cl

Piperaquine

Piperaquine was developed in the 1960s as part of the Chinese

National Malaria Elimination Programme. [33] Initially used

throughout China as a replacement for chloroquine, resistance led

to its diminished use as a monotherapy. While the MoA of

piperaquine is not completely understood, studies have suggested

that it acts by accumulating in the digestive vacuole and

inhibiting haem detoxification through the binding of

haem-containing species. [24,34] These days, piperaquine is used as

a partner drug with dihydroartemisinin (commonly sold under

the trade name Eurartesim R©).

N

N

NH2H2N

Cl

Pyrimethamine

N

N NH

O

O

SO

O

NH2

Sulfadoxine

Pyrimethamine (PYR) was developed in the early 1950s by

Gertrude Elion and George Hitchings and is now sold under the

trade name DaraprimTM. [35] The development of pyrimethamine

was a part of the efforts that won Elion, Hitchings and Black the

joint Nobel Prize in Physiology or Medicine in 1988 for “their

discoveries of important principles for drug treatment”. [36]

Sulfadoxine was developed in the early 1960s. [37] It is no longer

used as a preventative drug due to high levels of resistance. The

combination of pyrimethamine and sulfadoxine was approved for

use for the treatment of malaria in 1981 and is now commonly

sold under the trade name Fansidar R©. Both drugs are known to
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target the parasite folate biosynthesis pathway. [38]

Pyrimethamine inhibits dihydrofolate reductase, while

sulfadoxine inhibits dihydropteroate synthetase.

NCl

HN

N O

OH

N

N

Pyronaridine

Pyronaridine was first synthesised in the 1970s at the Institute of

Chinese Parasitic Disease. [39,40] It has been found to be efficacious

against chloroquine-resistant strains and has been in use for over

40 years, sold under the trade name Pyramax R© (in combination

with artesunate). Like lumefantrine, pyronaridine has been found

to act through the inhibition of β-haematin formation. [41]

NCl

NH

HO

N

Amodiaquine

Amodiaquine was first synthesised in 1948. [42] It is mainly used

for the treatment of uncomplicated P. falciparum malaria when

used in combination with artesunate and is commonly sold under

the trade name Camoquine R© or CoarsucamTM. [43] Similar to

chloroquine, amodiaquine’s MoA is thought to involve

complexation with haem and inhibition of haemozoin

formation. [44]

N
OH

Cl

Cl

Cl

Lumefantrine

Lumefantrine (a.k.a. benflumetol) was first synthesised in 1976 as

part of the Chinese antimalarial research effort “Project 523”

which also resulted in the discovery of artemisinin. [45] It is

currently sold under the trade name Coartem R©. The exact MoA

of lumefantrine is unknown, however studies suggest that it

inhibits nucleic acid and protein synthesis through the inhibition

of β-haematin formation by complexation with haemin. [44]

Lumefantrine is currently used only in combination with

artemether.

1.3.3 Future Antimalarial Drugs

At the forefront of antimalarial research and development is the Medicines for Malaria Venture

(MMV). Founded in 1999, MMV has been supporting a large number of projects from universities

and pharmaceutical companies with the goal of discovering and implementing new medicines to

combat the ever increasing drug-resistant strains of the Plasmodium parasite. Collaborations

with MMV occur at multiple stages of the antimalarial pipeline (Figure 1.5), ranging from the

beginnings of drug discovery and development to the various preclinincal and clinical stages, and
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finally through to the commercialisation of new antimalarial drugs.

Figure 1.5: Snapshot of the projects supported by MMV at the later stages of the drug
discovery pipeline. Adapted from the MMV-supported projects webpage. [46]

The potential for these compounds to act as new antimalarials is judged by a number of re-

quirements: novel modes of action with no cross-resistance to current drugs; single-dose cures

(artesunate and chloroquine are unable to do this); activity against both the asexual blood stages

that cause disease and the gametocytes responsible for transmission; compounds that prevent in-

fection (chemoprotective agents); and compounds that clear Plasmodium vivax hypnozoites from

the liver (anti-relapse agents). [47,48]

Over the past few years, a number of reviews have been published evaluating the potential future

of antimalarial drugs. Of note: triple-antimalarial drug combinations were examined in 2014; [49] a

review on the numerous strategies currently used in antimalarial drug discovery was published in

early 2017; [50] and an in-depth primer on all aspects of malaria was published in late 2017. [51] In

early 2018, two reviews were published highlighting the discovery and development of a number

of new antimalarial drug candidates. [52,53]
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New antimalarial compounds can be discovered not only through traditional methods (e.g. high-

throughput screening followed by lead optimisation) but also by exploiting existing drugs. For

instance, a new treatment may be found through the exploration of new combinations and for-

mulations of current antimalarials. This may help overcome issues with resistance to a particular

component or may assist in the delivery of the drug allowing it to be more effective. Alternatively,

existing drugs used for other purposes may be found efficacious against malaria and subsequently

be repurposed as a new antimalarial treatment. This can be advantageous since these compounds

may have already shown good biological properties (e.g. an acceptable safety profile) and may

also reveal novel MoAs. Examples include those shown in the left panel of Figure 1.6.
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Figure 1.6: New antimalarial compounds in development as a result of drug repurposing and
candidates that have reported no significant progress in the last two years. Original indications
for the drugs are shown in parentheses. Many of these repurposed drugs are already in Phase II trials as
new potential antimalarials. Those compounds showing no recent progress may have encountered issues
during preclinical or early clinical studies.

• Methylene blue, a drug traditionally used for the treatment of methemoglobinemia. Last

completed Phase II trials in 2017 (NCT02851108) as a combination with primaquine.

• Fosmidomycin, an antibiotic. Most recently in Phase II trials in 2015 (NCT02198807) as

a combination with piperaquine.

• Rosiglitazone, an antidiabetic drug. Currently in clinical trials as an adjunctive therapy

for severe malaria (NCT02694874).

• Imatinib, a cancer therapy drug. Currently in Phase II trials (NCT03697668) as a triple

combination with dihydroartemisinin-piperaquine.
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• Sevuparin, a drug for the treatment of sickle cell disease. Last in Phase I/II trials in 2014

(NCT01442168) as a combination with atovaquone-proguanil.

The seven compounds in the right panel of Figure 1.6 were discovered and developed with the

hope of progressing into clinical trials as potential new antimalarial candidates. However, over

the past two years, progress in the development of these compounds has slowed, making the fate

of these drug candidates less clear.

• Developed at the Liverpool School of Tropical Medicine in 2009, GSK369796 (a.k.a N-tert

butyl isoquine) was designed as an alternative to amodiaquine. [54,55] It completed preclinical

studies, [56] and was last in Phase I trials in 2008 (NCT00675064).

• MK4815 was developed in 2012 at Merck but is still in preclinical studies due to safety

issues. [57]

• CDRI 97/78 is a fast-acting novel trioxane antimalarial first synthesised in 2001 by a team

at the Council of Scientific and Industrial Research in India. [58] Having passed all preclinical

studies, it was last seen to have completed first-in-human Phase I trials in 2014. [59]

• The chiral 8-aminoquinoline derivative, NPC1161B was developed at the University of

Mississippi and was still in preclinical studies in 2014. [60–63]

• Artemisone is a second-generation semi-synthetic artemisinin derivative developed at the

Hong Kong University of Science and Technology, that has previously been shown to be as

efficacious as artesunate, with minimal neuro- and cytotoxicity and a comparably low cost

of production. [64–68] It was withdrawn from Phase II/III trials in 2010 (NCT00936767).

• The bisthiazolium salt, SAR97276, was discovered and developed by Sanofi in 2005, [69]

however further investigation was terminated in 2012 after Phase II trials (NCT01445938).

• AQ-13 is a chloroquine derivative that was first described in 1946. [70] While only differing to

CQ in the amine side-chain, this difference has been linked to its increased efficacy against

CQ-resistant strains. [71] It has a MoA and pharmacokinetic properties similar to that of

CQ. [72,73] AQ-13 last completed Phase II trials at the end of 2017 (NCT01614964), [74]

however there has been no mention of any following active trials so the ongoing status of

this compound is unclear.

The compounds in the remainder of this section are currently still actively being pursued. Key

biological data for each compound will be shown in a graphical summary, along with a description

of the key physical and biological properties identified during the hit to lead campaigns.

13



CHAPTER 1 – Introduction

1.3.3.1 Preclinical

Once a lead compound has been identified, optimisation of the structure can begin. This largely

involves investigation into the structure activity relationship (SAR) of the drug, optimising for

properties such as potency (both in vitro and in vivo), solubility and metabolic stability. The

candidate must also be assessed for any possible toxicity (e.g. dosing, cytotoxicity/genotoxicity

levels, etc.).

– M5717

Mechanism of Action
PfeEF2 Inhibition

Pf M/F Gametes
1.8 nM / 1.2 nM

Bioavailability
84% (rat)

CLint HLM
≤1.1 mL/min/kg

Pf Blood
1 nM (3D7)

Py / Pb Liver
0.97 nM / 1.65 nM

Solubility (pH 6.5)
216 µM

logD (pH 7.4)
2.5

Half-life
18 h (rat)

in vivo ED90
0.1-0.3 mg/kg

N

N

O

O
H
N

N

F

M5717

M5717 was developed in 2015 by a team led

by the Drug Discovery Unit (DDU) in Dundee

and was shown to have potent activity against

multiple stages of the Plasmodium parasite via

a novel mechanism of action. [75,76]

Initial phenotypic screening of the Dundee pro-

tein kinase scaffold library against the 3D7 multi-drug-resistant P. falciparum strain identified a

compound (M1, Figure 1.7) that possessed high potency against the parasite, albeit with poor

physicochemical properties. Optimisation of this structure (via M2 andM3) led to improvements

across the board (M5717).
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N

O
H
N
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F

N

N

O

O
H
N

N

F

N N

M1

0.12 µM
39 µM

5.3 mL/min/g

M2

0.35 µM
36 µM

8.6 mL/min/g

M3

0.70 µM
180 µM

3.4 mL/min/g

M5717

0.001 µM
216 µM

< 0.9 mL/min/g

EC50 (3D7)
Solubility (pH 6.5)

CLint MLM

Figure 1.7: Key stages in the hit to lead pathway of M5717. Initial replacement of Br for F,
replacement of pyridine with ethylpyrrolidine, and addition of a morpholine fragment led to the optimised
compound M5717.

In addition to the nanomolar activity against the 3D7 strain, M5717 has shown almost equal

potency against a number of other drug-resistant strains (K1, W2, 7G8, TM90C2A, D6 and

V1/S) as well as similar potencies across multiple life cycle stages (liver schizonts, gametocytes

and ookinetes). M5717 was found to be as effective as current antimalarial drugs (chloroquine,

mefloquine, artemether, dihydroartemisinin and artesunate) when evaluated in the in vivo P.

berghei mouse model for single-dose efficacy showing >99% reduction in parasitemia at doses of 4

× 30 mg/kg p.o. q.d. and an ED90 of 0.1-0.3 mg/kg. Due to its novel MoA (Pf eEF2 inhibition,

see Chapter 5) and its ability to clear blood stage parasites completely, M5717 satisfies the
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requirements to be a long duration partner and could be used as part of a combination therapy

with a fast-acting compound. [77] Additionally, it has shown the ability to act as a transmission-

blocking drug (stage IV–V) and also to be effective for chemoprotection. In late 2017, M5717

was cleared for progression from development to Phase I clinical trials for volunteers in Australia

(NCT03261401).

– MMV253

Mechanism of Action
PfATP4 Inhibition

Pf Gametes
1 nM

Bioavailability
80% (rat)

CLint HLM
3.8 mL/min/kg

Pf Blood
9 nM (NF54)

Pb Liver
>10 µM

Solubility (pH 6.5)
>1000 µM

logD (pH 7.4)
4

Half-life
14-16 h (rat)

in vivo ED90
13.5 mg/kg

N

N
N

N HN N
N

N
H

MMV253

N
F

Identified by AstraZeneca in 2015, MMV253

is a novel triaminopyrimidine (TAP) that

has shown good in vitro potency and in

vivo efficacy, and acts through another novel

MoA. [78]

High-throughput screening of 500,000 com-

pounds from AstraZeneca’s library against blood stage P. falciparum resulted in the identification

of a promising series of TAPs. The initial hit (Figure 1.8) suffered from hERG inhibition and

poor solubility which, through lead optimisation, was improved upon to give a compound that

possessed high potency and desirable pharmacokinetic properties (MMV253).
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N
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N N

N
H

M′1

150 nM
10 µM
10 µM

M′2

600 nM
830 µM
25 µM

M′3

25 nM
>1000 µM

30 µM

Figure 1.8: Key stages in the hit to lead pathway of MMV253. Initial replacement of ethylbenzene
on M′1 with 2-methylpyridine resulted in lower hERG affinity and improved solubility. Substitution of the
pyrrolidine in M′2 with an imidazole containing an amine spacer further improved solubility and greatly
improved the potency. Addition of an N -methyl group and a cyclopropane moiety led to the optimised
compound MMV253.

When screened against numerous mutant resistant strains with various mechanisms of resistance,

MMV253 showed no spontaneous reduction in potency, which can be attributed to its novel

MoA of P-type Na+–ATPase transporter (PfATP4) inhibition (see Chapter 5). Good in vitro-in

vivo correlation (IVIVC) was shown with a predicted human half-life of ∼36 hours (which is long

compared to another fast-killing drug, artemisinin, which has a human half-life of 1 hour). As

of late 2016, the pharmaceutical company Cadila Healthcare owns the license for the compound

series and is now doing further lead development in order to progress the drug through preclinical

trials. [79]
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– UCT943

Mechanism of Action
PfPI(4)K Inhibition

Pf Gametes Early/Late
134 nM / 66 nM

Bioavailability
98% (rat)

CLint RLM
10.3 mL/min/kg

Pf Blood
5.4 nM (NF54)

Pb Liver
0.92 nM

Solubility (pH 6.5)
163 µM

logD (pH 7.4)
2.5

Half-life
5.3 h (rat)

in vivo ED90
0.25 mg/kg

UCT943

N

N
H2N

N

O

NH

F

F

F

Discovered in 2016 by a team at the University

of Cape Town, South Africa, UCT943 is a key

compound in a novel class of 2-aminopyrazine

antimalarials that has shown single dose cura-

tive ability in vivo and the potential to be a

clinical candidate. [80]

The original 3,5-diaryl-2-aminopyridine series was identified from a high-throughput screen of

∼36,600 compounds from the commercially available SoftFocus kinase library. [81] The initial hit

(U1, Figure 1.9) showed good in vitro potency against the drug-sensitive NF54 strain (IC50 =

49 nM) but suffered from poor solubility and high metabolic clearance. The issues with poor

in vivo stability were addressed by replacing the labile hydroxy and methoxy groups with a

single trifluoromethyl group (U2). While this change did result in an improvement in metabolic

clearance, the solubility of the compound was significantly reduced. Replacement of the mesyl

group with a piperazine carboxamide group (U3) and introduction of another nitrogen atom into

the pyridine ring led to the lead compound (UCT943). [82,83]
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U2

19 nM
<1.6 µg/mL

<7 µL/min/mg

U3

9.4 nM
25-50 µg/mL
14 µL/min/mg

UCT943

5.4 nM
67.5 µg/mL

10.3 µL/min/mg (rat)

IC50 (NF54)
Solubility (H2O)

CLint HLM
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6.3-12.5 µg/mL
17 µL/min/mg
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H2N
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Figure 1.9: Key stages in the hit to lead pathway of UCT943. Initial change of the phenyl
substituents with a single trifluoromethyl group led to greater in vivo stability. Introduction of piperazine
amide instead of methylsulfonyl and a pyrazine instead of a pyridine led to the improved solubility and
potency of the optimised compound. Interestingly, introduction of a nitrogen atom in the red circle resulted
in complete inactivity in vivo.

UCT943 has shown curative ability at doses of 4 × 10 mg/kg and has an ED90 of 1 mg/kg in

the P. berghei mouse model. Interestingly, another closely related molecule (with a nitrogen atom

instead of a carbon atom in the red circle of UCT943) was evaluated during the SAR study and

displayed similar in vitro activity (IC50 = 9.1 nM) and solubility (198 µM) however, it showed a

complete lack of in vivo activity with a <40% reduction in parasitemia using a comparable dosage.

UCT943 is potent across multiple parasite life stages of both P. falciparum and P. vivax . Its

target is the P. falciparum phosphatidylinositol-4-OH kinase (Pf PI(4)K), which has also been

implicated as the target for MMV048 (vide infra). [84] UCT943 was originally in development

to be a back-up to MMV048, however, due to preclinical toxicity, UCT943 has since been
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withdrawn.

– AN13762

Mechanism of Action
Unknown

Pf Gametes
n/a

Bioavailability
101%

CLint HLM
4.07 mL/min/kg

Pf Blood
43 nM (3D7)

Py Liver
n/a

Solubility (pH 6.5)
0.30 mg/mL

logD (pH 7.4)
0.47

Half-life
6.8 h (mice)

in vivo ED90
0.85 mg/kg

AN13762

B
O

OH

N

N

O

N

HO O

From a drug discovery campaign run at Ana-

cor Pharmaceuticals, beginning in 2010 with

a novel class of benzoxaborole antimalarial

compounds, [85] lead compound AN13762 was

identified in 2017. Key properties include ex-

cellent in vitro and in vivo activity, efficacy against multiple strains of the parasite and the ability

to perform as a fast-acting drug. [86]

The initial hit compound, AN3661 (A1, Figure 1.10), which possessed 26 nM in vitro potency

against the 3D7 strain, was identified by screening a library of boron-containing compounds (pre-

viously shown to have selective activity against fungi, bacteria, parasites and inflammation) in a P.

falciparum whole cell assay. Further SAR studies resulted in compound A2, in which the alkylcar-

boxylic acid chain was transposed and replaced by a substituted pyrazine ether moiety. While the

potency was improved from the hit compound, it suffered from high metabolic clearance. [87] This

was addressed by replacing the ester with an amide (A3), improving the metabolic stability and

bioavailability, but this time reducing the potency. The lead compound AN13762 was identified

by modification of the primary amide to a cyclic tertiary amide, and by introduction of a methyl

group on the benzoxaborole, resulting in improved potency and metabolic stability. [86]
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1.13

208 mL/min/kg

A3
350 nM

0.23
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Figure 1.10: Key stages in the hit to lead pathway of AN13762. Initial replacement of the
carboxylic acid chain with a pyrazine, and subsequent switch of the ester to a substituted amide helped
to improve in vivo stability and bioavailability leading to the optimised compound.

AN13762 has been shown to be equipotent across a wide range of drug resistant strains and

has displayed in vivo clearance rates similar to artesunate. There is no inherent genotoxicity (as

shown in Ames assays and in vivo rat micronucleus studies) or cytotoxicity (at concentrations up

to 100 µM in human cell lines). [86] The precise mechanism of action for AN13762 is currently

unknown, however initial MoA studies on AN3661 have identified the P. falciparum cleavage and

polyadenylation specificity factor 3 (PfCPSF3) as a potential target. [88] AN13762 has proceeded

into the preclinical phase, with first-in-human studies planned for 2019.
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– SC83288

Mechanism of Action
Unknown

Pf Gametes (I-III)
199 nM

Bioavailability (i.v.)
100%

CLint HLM
303 µL/min/kg

Pf Blood
10 nM (Dd2)

Liver Stage
n/a

Solubility (pH 6.5)
940 µg/mL

logD (pH 7.4)
n/a

Half-life (i.v.)
0.87 h (rat)

in vivo ED90
84 nM (free plasma)

N

N
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H
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O O

S
H2N

O

O

SC83288

Developed in 2017 by a team at Heidel-

berg University, SC83288 is an amicarbalide

derivative that possesses a novel chemotype for

current antimalarials, may have a potentially

new MoA and has shown the ability to be a

fast-acting drug for the intravenous treatment

of severe malaria. [89]

An in silico screen of a library of small molecule compounds for their ability to dock into P.

falciparum lactate dehydrogenase led to the identification of amicarbalide (S1, Figure 1.11), which

was found to be highly potent (IC50 = 10 nM) against the Dd2 strain. [90] In order to overcome

a potential DNA binding effect, an amidine group was replaced with a sulfonamide linker leading

to S2, which possessed better solubility and improved metabolic stability. Further modification

of the other amidine group with a substituted piperazine ring (S3) led to improved potency and

aqueous solubility, but the compound suffered from poor permeability. Ultimately, replacement

of the butyl chain with an acetyl group led to the highly potent lead compound SC83288.
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Figure 1.11: Key compounds in the discovery of SC83288. Initial modification of one amidino
group with a sulfonamide linker (S2) resulted in improved solubility. Further modification of the remaining
amidine group with substituted piperazine moieties ultimately led to the optimised compound with good
solubility, permeability and high potency.

SC83288 has been shown to be potent against a number of drug-resistant strains at IC50 values

<20 nM and is also efficacious against early stage (I-III) gametocytes (IC50 = 199 nM) but not

against late stage (IV and V) gametocytes. It has an excellent safety profile, with no cytotoxicity,

genotoxicity or hERG binding. In the P. vinckei rodent malaria model, SC83288 was able to

fully cure the infection at a dose of 4 × 20 mg/kg i.p. q.d. with no resurgence of infection. It is

however, completely inactive against P. berghei . While the exact MoA of SC83288 is unknown,

the generation of resistant clones has identified PfATP6 as a possibly relevant target. However,

it has been shown that SC83288 does not directly inhibit this target suggesting PfATP6 may

have a less direct role in the mechanism of action. Additionally, the P. falciparum multi-drug

resistance transporter 2 (PfMDR2) has been identified as a possible mechanism of resistance for
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SC83288, which would facilitate the clearance of the drug from the parasite. SC83288 has been

evaluated alongside artemisinins, showing no cross-resistance and highlighting its potential as an

alternative to artesunate for the treatment of severe malaria when combined with a slow-acting

partner drug. [91]

– DM1157

Mechanism of Action
Haemozoin Inhibition

Sexual Stage
n/a

Bioavailability
n/a

CLint HLM
<115 uL/min/mg

Pf Blood
1.6 nM (Dd2)

Liver Stage
n/a

Solubility (pH 6.5)
n/a

logD (pH 7.4)
n/a

Half-life
n/a

in vivo ED90 (Py)
2.6 mg/kg

NCl

HN

N

NH

N N

DM1157

Discovered in 2010 by a team at Portland

State University and further developed by De-

signMedix, DM1157 is part of a class of

compounds known as “reversed chloroquines”

(RCQs), designed to overcome chloroquine-

resistant and chloroquine-sensitive strains of the malaria parasite. The compound has been shown

to be efficacious in vitro and in vivo. [92]

CQ resistance is known to be linked to the P. falciparum chloroquine resistance transporter

(PfCRT): mutations to this target facilitate the expulsion of CQ from the parasite. A class of

molecules has been identified, so-called “reversal agents”, that can inhibit PfCRT, thus slowing the

export of CQ from the parasite. By combining the chloroquinoline core of CQ (D1, Figure 1.12)

with the known reversal agent, imipramine, the first RCQ (D2) was designed, but this molecule

suffered from poor bioavailability and metabolic stability. [93] Subsequent SAR studies resulted in

the substitution of the imipramine motif with a 1-(2,2-diphenylethyl)piperazine moiety which led

to a compound (D3) that was more stable to metabolic cleavage, but suffered from a high cLogP.

In order to overcome this, the two phenyl groups were replaced with pyridines and the piperazine

replaced with an aminopiperadine resulting in the lead compound, DM1157 that possessed a

lower cLogP value (3.6) while still maintaining high potency against both CQ-resistant (Dd2 =

1.6 nM) and CQ-sensitive strains (D6 = 0.9 nM) when compared to CQ (cLogP = 5.1, Dd2 =

102 nM, D6 = 6.9 nM).
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D1 (CQ)
102 nM

12000 nM
5.1

D2
5.3 nM
700 nM

8.9

DM1157
1.6 nM

6500 nM
3.6

IC50 (Dd2)
Cytotoxicity (mouse spleen lymphocytes)

cLogP
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23000 nM
6.4
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Figure 1.12: Key compounds in the discovery of DM1157. Initial combination of the reversal
agent, imipramine, with the CQ core resulted in the potent RCQ compound D2. Subsequent replacement
of the reversal agent with 1-(2,2-diphenylethyl)piperazine (D3), and further modification with pyridine
rings led to improved potency and cLogP values for the optimised compound.
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In a P. berghei rodent model, DM1157 showed good efficacy both orally and subcutaneously.

Most notably, a >99.9% reduction in parasitemia was seen at an oral dose of 4 × 30 mg/kg with

2 of 3 mice cured 30 days postinfection. DM1157 has also been evaluated against P. falciparum

and P. vivax multi-drug resistant field isolates in Indonesia and was found to be 3-fold more potent

than CQ in both species. [94] CQ is known to bind to haem and inhibit β-haemozoin formation.

DM1157 (and other RCQ compounds) have been shown also to act in this manner, but with

much higher levels of inhibition of β-haemozoin both in vitro and in vivo. DM1157 is currently

in Phase I trials to evaluate its safety and pharmacokinetics in humans (NCT03490162).

1.3.3.2 Translational

Upon the completion of preclinical trials, the drug will have either passed or failed the required

safety standards and pharmacokinetic profiling. For a compound that has passed these require-

ments, trials may then be conducted in human volunteers in order to show its efficacy as a potential

treatment.

– P218

Mechanism of Action
PfDHFR Inhibition

Pf Quad. Mutant
56 nM (V1/S)

Bioavailability
46% (rat)

CLint HLM
n/a

Pf DHFR
0.54 nM

Pf Wild-Type
4.6 nM (TM4)

Solubility (pH 6.5)
n/a

logD (pH 7.4)
n/a

Half-life
7.3 h (rat)

in vivo ED90 (Pf)
1 mg/kg

P218

N

N

NH2

H2N

O O

HO O P218, discovered by BIOTEC Thailand in

2012, is an antifolate antimalarial drug bear-

ing resemblance to the 2,4-diaminopyrimidine

core structure of PYR, and is highly selective

for the P. falciparum dihydrofolate reductase

(PfDHFR). [95]

Unlike the typical high-throughput screening that is used for the identification of hit compounds

in medicinal chemistry, P218 was identified through careful examination of the cocrystal struc-

tures of known PfDHFR inhibitors and their protein targets. It was initially observed that

2,4-diaminopyrimidines acted as antagonists to folic acid, leading to the discovery and develop-

ment of methotrexate (MTX) as an antitumor drug (Figure 1.13). By examining the binding

interactions with DHFR, the structure of P65 was identified. Over 200 compounds (not described

in the original report) were designed and synthesised after further examination of potential inter-

actions with amino acid residues, with the optimised structure of P218 being identified as the

best compound.
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Figure 1.13: Key compounds in the discovery of P218. The key 2,4-diaminopyrimidine core
highlighted in red can be found in a number of DHFR inhibitors.

The 2,4-diaminopyrimidine scaffold of P218 has been found to bind deep in the active site of

PfDHFR in both wild-type and mutant strains. This, along with the hydrogen bonding interaction

of the carboxylate group with an Arg residue at the opposite end of the active site results in tighter

binding and a longer residence time when compared to PYR. Since P218 is contained almost

entirely within the dihydrofolate binding site, the strength of the binding should be strong enough

to overcome any amino acid mutations, thus minimising the chance of drug-resistant mutations

to arise. The novel two-step mechanism of action for binding to PfDHFR (see Chapter 5) allows

P218 to overcome resistance that has emerged from the use of pyrimethamine. P218 has also

shown high selectivity to the binding of malarial over human DHFR, which translates into reduced

toxicity. In vivo studies have shown P218 to be highly efficacious against P. falciparum and P.

chabaudi in mice with ED90 values of 1 mg/kg and 0.75 mg/kg respectively. In the in vitro and

in vivo potency assays that were run, P218 was found to be more potent than PYR in all cases.

Along with its high potency and good safety profile, P218 has the potential to be a replacement

for PYR combination with CG in areas where PfDHFR resistance has emerged. P218 has

currently completed Phase I trials (NCT02885506).

– (+)-SJ733

Mechanism of Action
PfATP4 Inhibition

Pb Transmission
5 mg/kg

Bioavailability
>65% (rat)

CLint HLM
28 mL/min/kg

Pf Blood
36 nM (3D7)

Liver Stage
n/a

Solubility (pH 6.5)
63800 µM

logD (pH 7.4)
3.1

Half-life
8 h (rat)

in vivo ED90
1.9 mg/kg (mouse)

(+)-SJ733

N

N

O

H
N

O
F

CN
F

FF

In a campaign originating from a partner-

ship between St Jude Children’s Research Hos-

pital and Rutgers University in 2010, (+)-

SJ733 was identified as a novel tetrahydroiso-

quinolone carboxanilide that possessed excel-

lent in vivo antimalarial activity. [96]

A high-throughput phenotypic screen of>300,000 compounds against the P. falciparum 3D7 strain

revealed a number of bioactive scaffold types, one of which was the tetrahydroisoquinolone car-

boxanilide compound (S′1, Figure 1.14) possessing an in vitro EC50 of 53 nM. Further metabolic

studies using mouse liver microsomes (MLM) revealed the susceptibility of the methoxy group

to metabolism by demethylation. This was overcome by replacing the aniline substituents with
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fluoro and cyano groups (S′2), with an added effect of twofold increase in potency. Another sus-

pected metabolic hotspot, the thiophene group, was replaced with a pyridyl group (S′3) leading

to improved solubility and maintenance of the potency. A further increase in solubility was seen

when the last metabolically vulnerable isobutyl group was replaced with a trifluoromethyl moiety

giving the lead compound (+)-SJ733. It was notable that the (+)-(3S,4S ) enantiomer was found

to be significantly more potent (EC50 = 36 nM) than the corresponding (–)-(3R,4R) enantiomer

(EC50 = 587 nM). [97]
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1.6 µM
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25 nM

 54.6 µM
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EC50 (3D7)
Solubility (H2O)

S′1
53 nM
1.8 µM

(+)-SJ733
36 nM

63.8 µM

F

FF

Figure 1.14: Key stages in the hit to lead pathway of (+)-SJ733. Poor metabolic stability of
the hit compound was addressed by replacement of the chloro and methoxy groups with cyano and fluoro
groups respectively. Further in vivo stability and solubility improvements were made by changing the
thiophene to a pyridine. Finally, the gem-dimethyl group was substituted with a trifluoromethyl group to
eliminate possible metabolic oxidation.

(+)-SJ733 was found able to cure malaria at doses of 4 × 100 mg/kg in the P. berghei mouse

model with an ED90 of 1.9 mg/kg. Its transmission blocking potential was shown in infected mice

with an ED50 of 5 mg/kg. There is no cytotoxicity and, when compared to the currently used

antimalarials such as artesunate, chloroquine, and pyrimethamine, it has been found to be more

potent in vivo. [98] The mechanism of action of (+)-SJ733 has been shown to be through the

inhibition of PfATP4 (see Chapter 5). This target has been implicated as the MoA for a number

of other structurally diverse compounds. [99] The compound is currently in the recruiting stage of

first-in-human study trials (NCT02661373).

– ACT-451840

Mechanism of Action
Unknown

Pf Gametes
5.9 nM

Bioavailability
44% (rat)

CLint HLM
2.4 L/h/kg

Pf Blood
0.4 nM (NF54)

Liver Stage
n/a

Solubility (pH 6.5)
n/a

logD (pH 7.4)
n/a

Half-life
34 h (human)

in vivo ED90
3.7 mg/kg

N

O

O

N

NN

NO

NC

ACT-451840

Developed in 2016 through a collaboration

between Actelion Pharmaceuticals and the

Swiss Tropical and Public Health Institute

(STPHI), ACT-451840 is an N -substituted

phenylalanine-based compound that has shown

potential to be a fast-acting drug with a long

half-life and efficacy against multiple stages of

the P. falciparum parasite. [100]
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The hit compound (A′1, Figure 1.15) was identified in an erythrocyte-based phenotypic screen of

∼5,000 compounds and showed an IC50 of 3.8 nM against the K1 strain (chloroquine-resistant)

of P. falciparum. The methods used in this project for the development of the hit compound

were unique as two different media (10% bovine serum albumin and 50% human serum) were

used in parallel to optimise the potency. Experiments using the latter media allowed for the early

identification of potential problems with protein binding. The stereogenic centre of the amino

acid residue was found to be critical for its antimalarial activity, with the (S )-isomer showing

more than 10-fold higher activity compared to the non-natural (R)-isomer. Replacement of the

n-pentyl chain with an acylpiperazine group (A′2) led to an improvement in the physicochemical

properties of the compound. The trifluoromethyl group was replaced with a tert-butyl group

(A′3) to give a more potent compound, particularly in the presence of human serum proteins.

Finally, a 4-cyano moiety was installed on the southern pendant phenyl ring giving the highly

potent (IC50 = 0.4 nM) lead candidate ACT-451840.

IC50 (K1 alb)
 IC50 (NF54 alb/ser)
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0.4/6.7 nM

14 nM
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A′1

3.8 nM
n/a
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Figure 1.15: Key stages in the hit to lead pathway of ACT-451840. Initial change of the n-
pentyl group to an acylpiperazine (A′2) helped to improve the physicochemical properties. Subsequent
introduction of a tert-butyl in place of the trifluoromethyl (A′3) and a cyano group on the southern phenyl
ring resulted in the optimised compound.

Interestingly, all of the compounds that were made during this campaign were found to be sig-

nificantly less active against P. berghei than the human parasite, which is notable since many of

the antimalarial drugs currently in development show similar potencies in both rodent and hu-

man parasites. Because of this, it was crucial to use a humanised P. falciparum severe combined

immunodeficiency (SCID) mouse model for in vivo studies. ACT-451840 showed the ability to

cure malaria at doses of 3 × 300 mg/kg in the P. berghei mouse model, with an ED90 of 13 mg/kg

and an ED90 of 3.7 mg/kg in the P. falciparum SCID mouse model. Experiments in vivo revealed

the importance of the delivery media for ACT-451840 with a 60 mg dose in corn oil proving as

effective as a 100 mg dose in a mixture of Tween-EtOH/water = 10:90. ACT-451840 has shown

efficacy against multiple life cycle stages of both P. falciparum and P. vivax . [101] While the MoA

is suspected to be novel, it is currently unknown. ACT-451840 last completed first-in-human

studies in 2014 (NCT02223871) [102] and is currently awaiting a decision to proceed further.
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1.3.3.3 Product Development

– OZ439

Mechanism of Action
Oxidative Stress

Pf Exflagellation
>65% inhibition

Bioavailability
76% (rat)

CLint HLM
68 µL/min/kg

Pf Blood
3.2 nM (NF54)

Py Liver
<3 µM

Solubility (pH 6.5)
<1.6 µg/mL

logD (pH 7.4)
5.4

Half-life
46-60 h (human)

in vivo ED90
2 mg/kg

OZ439

O

N

O

OO

O

A 2011 partnership between Monash Univer-

sity, the University of Nebraska and the STPHI

led to the discovery of OZ439, a synthetic tri-

oxolane that possessed fast-acting curative and

transmission-blocking ability, and was active

against artemisinin-resistant parasites. [103]

OZ439 (a.k.a. Artefenomel) emerged from the lead optimisation campaign of the pre-existing

trioxolane OZ277 (O1, Figure 1.16, a.k.a. Arterolane), which was discovered in 2004. [104,105]

In these previous studies, it was shown that the adamantane-peroxide moiety was essential for

antimalarial activity, so the studies towards OZ439 were focused on the eastern portion of the

molecule. [106–108] Analogues resulting from variation to this area were found to have largely similar

in vitro potencies. The curative ability of the original lead compound OZ277 (mean survival 11

days, 0 of 5 mice cured) was improved upon by replacing the amide linker with a phenyl ether

linker (O2), resulting in an improvement to exposure and single-dose curative efficacy (mean

survival >30 days, 5 of 5 mice cured with a single dose of 30 mg/kg 1 day after infection). Further

improvement to the exposure was attempted by replacing the alkylamine chain with a terminal

piperazine moiety (O3), however this led to a significant reduction in the curative efficacy (mean

survival 17 days, 0 of 5 mice cured). This was recovered by using a morpholine moiety instead

(mean survival of >30 days, with 5 of 5 mice cured), giving the new lead compound OZ439. [109]

It is notable that, as no clear correlations were found between in vitro and in vivo activity

or physiochemical properties and exposure, this lead compound possessed a significantly lower

solubility and slightly lower potency than OZ277.
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O

OZ439
3.2 nM

<1.6 µg/mL
68 µL/min/mg

O1 (OZ277)
1.8 nM

>100 µg/mL
8 µL/min/mg

OO

O
O

H2N
O2

1.7 nM
50-100 µg/mL
<7 µL/min/mg

O3
2.3 nM

>100 µg/mL
<7 µL/min/mg

O
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O

OO

O
O

N

NH

OO

O

IC50 (NF54)
Solubility (H2O)

CLint HLM

NH2

Figure 1.16: Key stages in the hit to lead pathway of OZ439. Initial replacement of the amide linker
with a phenyl ether linker resulted in improved exposure while maintaining potency (O2). The exposure
was further improved by changing the alkylamine chain to a piperazine ring (O3). Final replacement of
the piperazine ring with a morpholine unit led to the optimised compound OZ439, which possessed better
curative efficacy in vivo.

Unlike other peroxide-containing antimalarials, like artemisinin, OZ439 was found to be curative

at a single dose of 20 mg/kg in the P. berghei mouse model and possessed prophylactic activity

superior to mefloquine when applied as a 30 mg/kg dose 24 hours prior to malaria infection. When
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administered at a dose of 100 mg/kg 96 hours before infection, OZ439 showed full chemopro-

tection. Minor signs of toxicity were seen when administered in a rat model in 5 × 300 mg/kg

doses with 3 days interval. In comparison, the same dosage of O2 resulted in the death of 9 of 12

animals. [109] OZ439 shows a significantly longer half-life in humans (∼46-62 hours) than OZ277

(3 hours). [110–112] Similar to other peroxide-containing antimalarials, the precise MoA for OZ439

has yet to be discovered but it is believed that oxidative stress plays a major role. [113,114] First-in-

human study results for OZ439 were published in 2013 [115] and the molecule has since progressed

into Phase IIb clinical trials with planned completion in 2019 (NCT02497612). [116]

– KAF156

Mechanism of Action
Unknown

Pf Gametes
50 nM

Bioavailability
74% (mice)

CLint HLM
49.2 mL/min/kg

Pf Blood
10 nM (3D7)

Py Liver
2 nM

Solubility (pH 1-6.8)
>20 mg/mL (2H3PO4)

logD (pH 6.8)
3.06

Half-life
44.1 h (human)

in vivo ED90
0.9 mg/kg

KAF156

N

N

N

O

H2N

NH

F

F

Identified in 2008 by Novartis and The Scripps

Research Institute, KAF156 is a second-

generation imidazolopiperazine antimalarial

that potentially possesses a novel MoA and

performs as a fast-acting drug. [117]

The hit compound (K1, Figure 1.17) was iden-

tified in from a high-throughput screen of 1.7 million compounds in a P. falciparum prolifera-

tion assay. The metabolically labile positions were addressed by replacing the benzodioxole and

phenyl fragments with 4-fluorobenzene groups (K2). Introduction of a gem-dimethyl group on

the piperazine ring gave the lead compound KAF156, which had a twofold improvement in po-

tency. [118,119] Interestingly, an increase in in vitro potency (EC50 = 5 nM) was seen with the

removal of the glycine residue on the piperazine ring, however this came with an associated low-

ering of parasitemia reduction, indicating the importance of this amino acid residue for in vivo

efficacy. [118]
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>175 µM

 n/a
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20 nM
n/a
n/a
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10 nM
 n/a
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Figure 1.17: Key stages in the hit to lead pathway of KAF156. Potential metabolic stability
issues were addressed through fluorine bioisosteres giving K2. Introduction of a dimethyl group on the
piperazine ring resulted in increased potency and led to the optimised compound.

A single 10 mg/kg oral dose of KAF156 administered 2 hours before intravenous infection with

P. berghei sporozoites resulted in full protection in the causal prophylactic rodent malaria model.

It has also shown transmission blocking ability in the P. berghei mouse model. The MoA for
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KAF156 is currently unknown but through the culturing of resistant strains mutations have

been identified in three genes: P. falciparum Cyclic Amine Resistance Locus (PfCARL) and the

UDP-galactose and Acetyl-CoA transporters. [120]. KAF156 is currently in Phase IIb clinical

trials, administered in combination with Lumefantrine (NCT03167242).

– KAE609

KAE609

N
H

NH

N
H

Cl
F

Cl O

Mechanism of Action
PfATP4 Inhibition

Pf Gametes
Some activity*

Bioavailability
100% (rat)

CLint HLM
8.67 mL/min/kg

Pf Blood
0.7 nM (3D7)

Pc Liver
n/a

Solubility (pH 6.5)
39 µg/mL

logD (pH 7.4)
4.6

Half-life
27.7 h (rat)

in vivo ED90
5.3 mg/kg

KAE609/Cipargamin/NITD609 was dis-

covered by a partnership between Novartis, the

STPHI and the Wellcome Trust. [121,122]

A high-throughput P. falciparum proliferation

assay identified a racemic spiroazepineindole

compound (K′1, Figure 1.18) which possessed

moderate potency against K1 and NF54 strains, as well as potent in vivo efficacy. Confirmation

of the hit result by resynthesis of K′1 resulted in the isolation of a ∼9:1 diastereomeric ratio

favouring the (1R,3S ) and (1S,3R) pair of enantiomers. Chiral separation of this major pair iden-

tified the (1R,3S ) enantiomer K′2 as being >250-fold more potent than the (1S,3R) enantiomer.

Reduction of the ring size (K′3) facilitated a diastereoselective Pictet–Spengler reaction, which

ultimately led to the production of highly potent spiroindolone KAE609.
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K′1

90 nM
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K′2

20 nM
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K′3

9 nM
1.51 µM

KAE609
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5.42 µM

Figure 1.18: Key stages in the hit to lead pathway of KAE609. Resolution of the initial racemic
hit (K′1) gave the significantly more potent stereoisomer (K′2). Reducing the ring size further increased
the potency and final halogenation of the indole ring led to the optimised compound KAE609.

KAE609 is equipotent against drug-resistant strains and was found to be as effective as arte-

sunate against P. falciparum and P. vivax isolates. [123] It shows a good safety profile, with low

cytotoxicity, cardiotoxicity and mutagenic activity, and is able to clear parasitemia rapidly in

adults with uncomplicated P. falciparum or P. vivax malaria at a dose of 30 mg/day for 3 days.

KAE609 displays low clearance from the body, has a long half-life and excellent bioavailability.

KAE609 is one of the key novel compounds that has been found to act through inhibition of

PfATP4 (see Chapter 5). Along with a number of other structurally distinct compounds that

are also thought to inhibit PfATP4 as their MoA, KAE609 has shown great promise as an new

antimalarial candidate and is currently in Phase IIb trials (NCT03334747).
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– DSM265

Mechanism of Action
PfDHODH Inhibition

Pf Gametes
>0.42 µg/mL

Bioavailability
57-66% (rat)

CLint HLM
<0.005 mL/min/kg

Pf Blood
46 nM (3D7)

Pf Liver
0.0057 µg/mL

Solubility (pH 6.5)
30-60 µM

logD (pH 7.4)
3.6

Half-life
86-118 h (rat)

in vivo ED90
8.1 mg/kg

DSM265
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DSM265 was discovered through a collaboration be-

tween the University of Texas Southwestern, the Uni-

versity of Washington and Monash University. [124]

Identified in a high-throughput screen of P. falciparum

dihydroorotate dehydrogenase (PfDHODH)-based en-

zyme activity, the selective inhibitorD′1 was found (Fig-

ure 1.19). The compound showed high potency but was rapidly metabolised and was inactive in

vivo. Substitution of the naphthyl ring with a trifluoromethylphenyl group led to a metaboli-

cally stable analogue (D′2). Examination of the bound crystal structures of D′1 and D′2 with

PfDHODH identified key residue interactions which eventually led to the installation of a di-

fluoroethyl group (D′3) which significantly improved the potency and solubility. Final replace-

ment of the trifluoromethyl group with a pentafluorosulfur group led to the optimised compound

DSM265.
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D′2

340 nM
21-43 µM
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D′3

10 nM
70-140 µM

<5 µL/min/mg
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46 nM
30-60 µM

<5 µL/min/mg

F
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Figure 1.19: Key stages in the hit to lead pathway of DSM265. Replacement of the second phenyl
ring in the naphthyl group with a trifluoromethyl group improved solubility. Addition of a 1,1-difluoroethyl
group significantly increased the potency and final replacement of the trifluoromethyl group in D′2 with
a pentafluorosulfur moiety led to the optimised compound DSM265.

DSM265 has been shown to be a highly selective inhibitor of malarial DHODH and is potent

against both blood and liver stages of P. falciparum and also drug-resistant parasite isolates. It

has an excellent safety profile (provides therapeutic concentrations after 8 days of a single oral

dose, tolerated in repeat-doses, non-mutagenic, inactive against human enzymes/receptors) and

has a very low clearance rate and a long half-life in humans. [125] DSM265 has completed Phase

IIa trials in Peru in patients with P. falciparum or P. vivax (NCT02123290) and also completed

a controlled human malaria infection study in combination with OZ439 (NCT02389348).

27



CHAPTER 1 – Introduction

– MMV048

Mechanism of Action
PfPI(4)K Inhibition

Pf Gametes (IV/V)
285 nM

Bioavailability
51% (rat)

CLint HLM
1.1 mL/min/kg

Pf Blood
25 nM (K1), 28 nM (NF54)

Pc sch/hyp
Liver

64 nM / 61 nM

Solubility (pH 6.5)
6.3-12.5 µg/mL

logD (pH 7.4)
2.6

Half-life
8.5 h (rat)

in vivo ED90
1.7 mg/kg

MMV048
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Identified in 2012 by the same team at the Uni-

versity of Cape Town, South Africa in the cam-

paign that resulted in UCT943 (vide supra),

MMV048 emerged as another 3,5-diaryl-2-

aminopyridine compound that possessed good

prophylactic activity against P. cynomolgi in

vivo with the potential to act as a transmission-blocking drug. [81]

While the initial hit (M′′1, Figure 1.20) showed potent in vitro activity against the drug-sensitive

NF54 strain of P. falciparum (IC50 = 49 nM), it suffered from poor solubility and high metabolic

clearance. The poor stability was addressed by replacing the metabolically labile 3-methoxy-

4-hydroxyphenyl moiety with a methoxypyridyl ring giving the more stable compound M′′2.

Further improvement to the potency and metabolic stability was seen when the methoxy group

was replaced by a trifluoromethyl group, giving the lead compound MMV048.
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17 µL/min/mg
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121 µg/mL
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Figure 1.20: Key stages in the hit to lead pathway of MMV048. Initial replacement of the 3-
methoxy-4-hydroxyphenyl moiety helped to improve in vivo stability and solubility. Further replacement
of the methoxy group with a trifluoromethyl group improved potency and metabolic stability leading to
the optimised compound.

A 99.3% reduction in parasitemia was seen in the P. berghei mouse model at a single dose of

30 mg/kg and an ED90 of 1.7 mg/kg with no signs of parasites after 30 days, highlighting the

potential of MMV048 to act as a single dose treatment. The target of MMV048 is Pf PI(4)K,

which was recently revealed as a new MoA for antimalarial drugs (see Chapter 5). [84] MMV048

is currently in Phase IIa clinical trials in Ethiopia.

As can be seen from these examples of antimalarial medicines currently in development, the

pipeline for malaria is well represented, something that is not the case for many other tropical

diseases. Nevertheless, the continual threat of developing resistance to frontline treatments and

the high levels of attrition in drug development mean that there can be no complacency, and a

focus on the discovery of promising candidates must be maintained.
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1.4 Open Science

While not a new concept, open science has recently seen considerable growth, and also been

the topic of debate amongst scientists around the world. The idea that research conducted in

university laboratories and big pharmaceutical companies should be available for everyone to see

goes against the more traditional model of research. As we move to a more digital world, it is

becoming easier and easier to share our research online.

Open science has been sub-classified into six categories: [126,127]

1. Open Educational Resources: The use of free and open materials for education and

university teaching.

2. Open Access: Publishing of data in a way that makes it accessible to everyone.

3. Open Peer Review: Peer review carried out in a transparent and traceable manner.

4. Open Methodology: Documenting methods and procedures openly.

5. Open Source Technologies: The use of open source software and hardware to conduct

research.

6. Open Data: Making all research data publicly available.

A number of benefits can come from working in an open manner. Of the categories above,

numbers 4, 5 and 6 are most applicable to research. By applying open methodology, not only are

the successful experiments documented, but the unsuccessful ones are as well. This more easily

allows for the replication of experiments and eliminates unnecessary duplication. By using open

source technologies, the outputs are no longer restricted to academic institutions, making it easier

for anyone to take part. Finally, by making all research data publicly available, more meaningful

discussions can be had with input from people that would otherwise not have contributed and it

becomes easier for others to re-use data to address their own scientific questions.

A 2014 article in Research Policy gave an excellent overview of the use of open science across a

range of different fields. [128] A prominent example of this in the field of biochemistry is that of

Foldit, a game developed and released in 2008 at the University of Washington in a collaboration

between the Center for Game Science and the Department of Biochemistry. This program was

designed to extend the functionality of the protein structure prediction program Rosetta@home

by allowing non-scientist users to interact with the protein structure solving process, comple-

menting the computational methods. Since the release of this program, over 240,000 players have

registered. The utility of Foldit was demonstrated in 2010 when players used the program to

predict protein structures that were able to match or even improve upon computed solutions. [129]
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A major breakthrough came in 2011 when Foldit players were able to solve the crystal structure

of the Mason-Pfizer monkey virus retroviral protease in under two weeks. This had been an un-

solved scientific problem for 15 years. [130] Most recently, in 2012, players successfully redesigned

an enzyme used to catalyse the Diels-Alder reaction by remodelling the active site amino acid

loops to increase ligand contact and stabilising this new transition state. A number of these new

proteins were then synthesised, with the leading enzyme showing an increase in activity of over

eighteen times the original. [131]

While the application of open science principles has been prevalent in fields such as biology,

astronomy and mathematics for some time, its application to the field of chemistry has been

limited. [132] One notable exception is the Structural Genomics Consortium (SGC) Open Science

Probe Project. [133,134] This initiative is conducted in collaboration with a number of pharmaceu-

tical companies including Pfizer and Bayer, and makes, not only a large range of chemical probes

available for researchers to use, but also all the probe-associated data and control compounds as

well. The combined list of SGC [135] and donated [136] chemical probes currently tallies over 100

compounds.

1.5 Open Data Screens

The discovery of novel classes of compounds that are biologically relevant is one of the most

important stages in any drug discovery project. This typically consists of a phenotypic screen of

a library (usually in-house) of thousands of compounds to achieve the desired phenotype (usually

the killing of a pathogen). The resulting hits are then analysed for the most promising compounds

that can be further developed.

The classical method for phenotypic screening involves the identification of potent, non-target-

specific compounds, with determination of potential targets done thereafter. This is known as

phenotypic drug discovery. [137] Alternatively, compounds may first be screened against a particular

biological target with any compounds found to be active against this target evaluated for potency.

This is known as target-based drug discovery. [138]

One of the first big-name pharmaceutical companies to establish an open data screen was GSK. In

2010, they released into the public domain structures of 13,500 compounds with antiplasmodium

activity against P. falciparum. [139] This was done in an effort to encourage researchers to further

develop new treatments for malaria by giving them the starting points for lead discovery. In

this same year, St. Jude Children’s Research Hospital [96] (∼1,500 compounds) and Novartis [140]

(∼5,700 compounds) released their own lists of potential antimalarial drug leads.
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Between 2011 and 2015, MMV assembled and distributed a set of compounds, named the Malaria

Box, containing 400 samples that had confirmed antiplasmodium activity, free of charge to re-

searchers around the world. [141] The aim was to give researchers an incentive to develop the

compounds as new potential antimalarial candidates, with the condition that any research data

resulting from these compounds be placed in the public domain. [142,143] In 2015, MMV followed

up with a new box of 400 compounds named the Pathogen Box [144] targeting a range of tropical

diseases such as tuberculosis, malaria and toxoplasmosis. Again, researchers have taken this box

of compounds and found starting points for new drugs. [145,146] Most recently in 2019, MMV have

released their latest box of compounds, called the Pandemic Response Box. [147] This time, the

400 compounds contained in the box were chosen as potential candidates with confirmed activity

as antibacterial, antiviral or antifungal compounds.

The latest open data screen to be released to the public was in late 2018, when a list of 631

compounds with activity against the liver stage of the parasite was put into the public domain. [148]

With all these examples demonstrating the power of putting research data into the public domain

and the results that can follow, it is hoped that this trend will continue with even more public

and private sector groups taking part in releasing data for wider benefit.

1.6 Open Source Malaria

The Open Source Malaria (OSM) project was founded in 2011 (originally named Open Source

Drug Discovery for Malaria) by Matthew Todd at The University of Sydney, with the idea of

applying the open science principles described above to the discovery of new medicines for the

treatment of malaria. [149,150] By working on a drug discovery project in this manner, the secrecy

that is traditionally associated with drug discovery is intentionally circumvented. It was envisaged

that this would translate to a more efficient route to the identification of lead compounds, as a

result of more potential collaborations and wider input from the scientific community. Most

importantly, the unnecessary duplication and competition of different laboratories to publish the

same experimental data (something that occurs regularly in academic research) can be avoided

with the sharing of data in real-time.

At the inception of OSM, six rules were created that underlined the project as a whole. As such,

anyone wanting to be a part of the OSM consortium must adhere to the following:

1. All data are open and all ideas are shared

2. Anyone can take part at any level

3. There will be no patents
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4. Suggestions are the best form of criticism

5. Public discussion is much more valuable than private email

6. An open project is bigger than, and is not owned by, any given lab

This, in essence, boils down to the use of four key platforms which underpin the project (Fig-

ure 1.21). The Open Source Malaria website aggregates information and activity for the project

(A). GitHub is a place where collaborators can ask and discuss questions relating to recent activ-

ity in the project ranging from chemical synthesis to biology (B). Social media such as Twitter

allows for a much broader audience to engage and be involved with the project (C). Finally,

experiments and results are available publicly online and updated in real-time in an electronic

laboratory notebook (D).

A B

C D

Figure 1.21: Four key platforms for the OSM project. (A) The OSM website aggregates project
information; [150] (B) OSM GitHub for discussion of project aspects; [151] (C) OSM Twitter for sharing
with and reaching out to collaborators around the world; [152] (D) Electronic Laboratory Notebooks for all
experimental information. [153]

To date, OSM has investigated four series of compounds based around the structures shown in

Figure 1.22. Work done on Series 1 was published in 2016. [154] Work on Series 2 began in 2012,

but as it transpired that another research group was working on the same series, [155] this was no

longer pursued so as to not duplicate this work. Progress on Series 3 was recently restarted in

2017 after a brief hiatus, and Series 4 has been the most active series and is the focus of this

thesis.
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Figure 1.22: The Open Source Malaria compound series and their active years. While work
on Series 1 and 2 have concluded, Series 3 and 4 are currently active.

1.7 The Series 4 Triazolopyrazines

Research on Series 4 first began in late 2013 when the Medicines for Malaria Venture announced

that a new class of potential antimalarials would be released to the public to allow researchers

from around the world to further optimise and develop the series. [156] A team led by Matthew

Todd at The University of Sydney took on this challenge to try to explore and improve upon the

data as the fourth series of the OSM consortium.

1.7.1 Surrounding Chemical Space

The triazolopyrazine motif is part of a larger family of fused 5,6-nitrogen heterocycles. Other

members of this family include bicyclic systems in which there are fewer, or transposed, nitrogen

atoms. Some of these related structures have even been shown to possess antimalarial activity

(Figure 1.23).
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Figure 1.23: Structurally related bicyclic systems with antimalarial activity. Compounds with
triazolopyridazine and imidazopyrazine cores have high potency against malaria. Compounds from both
classes have been shown to act through phosphatidylinositol 4-kinase inhibition.

The triazolopyridazine compound CID7118230 was reported to have a potency of 2.9 nM as an

inhibitor for P. falciparum apicoplast development in a study conducted by the National Clinical

Guideline Centre. [157] Additionally, a number of structurally related compounds, including the

ones below, have been shown to act though the inhibition of Pf PI(4)K. [84] KAI715 is one such

compound that is highly potent against the P. falciparum blood stage (3.9 nM) and P. yoelii

liver schizonts (9 nM). [84,158] The imidazopyrazine KAI407 was developed at Novartis and has
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been shown to be efficacious against P. cynomolgi hypnozoites (0.69 µM) and developing liver

stages (0.64 µM), and possesses an activity profile similar to primaquine. [159] The prophylactic

ability of this compound has been demonstrated with a single dose of 100 mg/kg able to prevent

blood stage parasitemia in mice. Furthermore, it is potent against the P. falciparum blood stage

(34.6 nM) and P. yoelii liver schizonts (156 nM). [84] The related compound, KDU691, shows P.

falciparum blood stage activity (29.9 nM), prophylactic activity (protection at doses of 7.5 mg/kg

or greater), gametocyte activity (220 nM) and oocyst activity (316 nM). [84] In addition, it shows

potency against P. yoelii liver schizonts and P. cynomolgi liver hypnozoites (36 nM and 196 nM

respectively). While not active against the regular ring stage of the parasite, KDU691 has been

shown to be highly potent against dihydroartemisinin-pretreated ring stage parasites. [160]

It is noted that the MoA of the Series 4 triazolopyrazines appears to differ from that of the

structurally similar traizolopyridazines and imidazopyrazines mentioned above. This was validated

via experiments with a known PfATP4 inhibitor (a spiroindolone analogous to KAE609) which

was evaluated against PI(4)K mutants, and showed no cross-resistance. This strongly suggests

different MoAs between these structural classes of compounds. [84,161]

1.7.2 Inheriting the Data

Originating from a high-throughput screen of 160,000 compounds performed at Pfizer in collabo-

ration with MMV, the triazolopyrazine series emerged as a class of compounds showing potential

for further development. The series was then passed on to the contract research organisation

(CRO) TGS Lifesciences for further optimisation. Compounds in this series were shown to pos-

sess good potency (down to 16 nM) and had no significant toxicity concerns. One compound,

MMV639565, was shown to possess high potency (38 nM) and no cross-resistance with the

K1 (multidrug-resistant) strain of the parasite (Figure 1.24). Additionally, this compound was

evaluated in vivo showing rapid parasite clearance (ED90 = 6.3 mg/kg).

in vitro data
– EC50 (Pf 3D7) = 38 nM

– No cross-resistance with K1 strain
– HLM CLint = 16 µM/min/mg
– RLM CLint = 70 µM/min/mg

– IC50 (Dofetilide binding) = 23.8 µM

Cl

F

N
N

N
N

O

F

MMV639565

in vivo data
– Rat PK (i.v.) = 0.5 mg/kg
– Rat PK (p.o.) = 3 mg/kg

– CL = 44 mL/min/kg
– Vss = 0.9 L/kg
– T1/2 = 0.6 h
– Oral F = 16%

Figure 1.24: Key biological data for MMV639565. Both in vitro and in vivo data were obtained
for this compound.
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While this series showed promise, there were still concerns with high clearance/low metabolic

stability, particularly in rat liver microsomes (RLM). In an attempt to address the issues with

poor metabolic stability, a total of 118 compounds were made by the CRO to probe all aspects

of the triazolopyrazine core, however, none of these compounds achieved the desired clearance

parameters.

Among the documents from MMV for the series was a list of experimental procedures, and 1H

NMR data for select intermediates, used for the synthesis of a model triazolopyrazine compound

MMV670652 (Figure 1.25). [162] Beginning with 2,6-dichloropyrazine 1, displacement with hy-

drazine monohydrate gave the hydrazine 2. Acid catalysed condensation with an aldehyde gave

the hydrazone 3, which was cyclised with PhI(OAc)2 to give the triazolopyrazine core 4. The

northwest side chain was prepared from 3,4-difluorobenzaldehyde 5, first by reaction with TM-

SCN and TBACN to give the nitrile 6. Hydrolysis with 50% H2SO4 gave the acid 7, which was

esterified in MeOH to give 8. The benzylic difluoromethoxy substituent was installed using Freon

gas to give intermediate 9, which was then reduced with LiAlH4 giving the alcohol 10. Finally,

NaH mediated nucleophilic displacement of the chlorine atom from the TP core with 10 led to

the desired MMV670652. Many of these steps are still used by the OSM project to synthesise

new triazolopyrazine compounds.
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Figure 1.25: Original report from the CRO documenting the synthesis of MMV670652.
Synthesis of the core 4 was achieved in three steps from the commercially available 2,6-dichloropyrazine
1. The alcohol nucleophile 10 was accessed in five steps.
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Another key piece of inherited data was information regarding the possible mechanism of action

for the triazolopyrazines. This came in the form of five compounds which had been evaluated in

an ion regulation assay run by Kiaran Kirk and co-workers at the Australian National University

(ANU). This assay tested for the inhibition of the P. falciparum P-type ATPase transporter,

which modulates the intracellular Na+ of the parasite. [99,163] The data showed good correlation,

revealing that compounds that were active in vitro also showed inhibition of PfATP4 and vice

versa (Figure 1.26). Further work on this MoA has since been performed and is discussed in

Chapter 5.
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Figure 1.26: Five inherited compounds evaluated for mechanism of action. Though the study
was on a limited number of compounds, good correlation between in vitro activity and PfATP4 inhibition
was seen.

1.7.3 OSM and Onwards

After inheriting the triazolopyrazine series, the OSM consortium began to synthesise more com-

pounds in an attempt to optimise the series. The combined Series 4 dataset has been summarised

in a structure activity relationship (SAR) diagram (Figure 1.27). It was found that modification

of the pyrazine and triazole rings by removal or transposition of the nitrogens led to reduced po-

tency, as did dearomatisation of the core. The use of an ether linker on the pyrazine ring gave the

best potencies, and the pendant aromatic ring itself was seen to be quite sensitive to modification,

with a chain length of two methylene units found to be ideal. Attempts to block the α-carbon

on the pyrazine ring as a means to prevent aldehyde oxidase metabolism led to reduced potency.

Finally, transposition of the pyrazine substituent to the adjacent carbon lowered the potency as

well. While a number of potent compounds have been made, none have possessed the desired

RLM stability (example data shown in Figure 1.24). Such optimisation in liver microsomes is

important since drugs can be prone to elimination via metabolism in the liver. Multiple species

are often used for this process to better understand the inter-species differences. For example rats

are often used as the species for pharmacokinetics measurements.
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Figure 1.27: Summary of the SAR of the Series 4 triazolopyrazines. The combined data show
a many areas of the core structure that are sensitive to modification.

Most broadly, Series 4 can be divided into two sub-classes of compounds: those with an ether

linker as the northwest pyrazine substituent, and those with an amide linker. The synthetic routes

to access the core triazolopyrazine structures have been well established (as described above) and

subsequently optimised by past contributors to the OSM project. [164,165] In particular, the reaction

conditions for two key steps have been modified from the route originally developed by the CRO

(Figure 1.28). Rather than performing the condensation step using catalytic AcOH in CH3CN,

this transformation could effectively be performed by simply stirring the reactants in EtOH. The

final nucleophilic displacement step was also altered to be performed using an excess of KOH and

catalytic 18-crown-6. While the typical yields between the different reaction conditions for the

condensation step are essentially equivalent, the large increase in yield with the final displacement

step (from 5% to 50–70%) demonstrates the amount of optimisation that was achieved.
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Figure 1.28: General synthetic scheme for the ether triazolopyrazines. The process involves
displacement of a chlorine atom from 2,6-dichloropyrazine with hydrazine, condensation with an aromatic
aldehyde, oxidative cyclisation using phenyliodine diacetate and subsequent displacement of the remaining
chlorine atom with an appropriate nucleophile. Selected intermediates may be carried through without
further purification.

The route towards the amide-linked compounds was established by Mr Thomas MacDonald during

an undergraduate Honours project at The University of Sydney and is performed in a similar

manner. [166] Initial amide coupling mediated by propylphosphonic anhydride (T3P) and N,N -

diisopropylethylamine (DIPEA) afforded the precursor which could then be taken through the

same steps as the ether analogues to give the final amide compounds (Figure 1.29).
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Figure 1.29: General synthetic scheme for the amide triazolopyrazines. The process involves
propylphosphonic anhydride (T3P) mediated amide formation through coupling of 6-chloropyrazine-2-
carboxylic acid and a desired amine, displacement of the chlorine atom with hydrazine, condensation with
an aromatic aldehyde and subsequent oxidative cyclisation using PhI(OAc)2. Select intermediates may be
carried through without further purification.

To reduce repetition of the steps above in the schemes throughout the remainder of this thesis,

unless otherwise described, the full synthetic route towards the cyclised cores for the Series 4 ether-

linked compounds will be abbreviated by showing only the corresponding final core analogues. The

cLogP values for the compounds in this thesis were calculated using DataWarrior. [167]

1.8 Project Aims

With the Series 1 project having successfully demonstrated what can be achieved by working on

an open science model, [154] the approach was applied to the much larger Series 4 triazolopyrazines.

While the inherited set of compounds from Pfizer provided solid groundwork for the project, the

associated data given were not enough to substantiate the inherited findings. As a result, it was

necessary to resynthesise key compounds in order to validate the conclusions about this series. In

addition, optimisation of the solubility and metabolic stability of the compounds must be done in

order to identify a so-called late lead compound that satisfies the MMV criteria. [168] For example

an in vitro potency of <10 nM against and an aqueous solubility of ≥100 µM.

The first aim of the project was to synthesise a range of compounds to explore key areas of

SAR (Figure 1.30). Variation of the ether linker would probe of the tolerance of this area of the

SAR. Functionalisation of the benzylic position with amines and alcohols will be explored, in the

hope that it would aid in modulating the potency and solubility of the compounds as well as

blocking this potential metabolic hotspot. Finally, further to the standard methods of improving

solubility (e.g. installation of alcohol or amine groups), solubility improvements for the series

will be pursued via the replacement of the northwest and northeast phenyl rings, specifically
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through the use of non-planar and non-aromatic derivatives to impart increased deplanarisation

and reduced aromaticity.
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EXPLORATION OF

BENZYLIC POSITION

Figure 1.30: SAR investigation for Series 4. Modification of the ether linker, functionalisation of
the benzylic position and replacement of the northwest and northeast phenyl rings will be carried out to
establish more SAR for the series.

The second aim for the project involved investigating key biological aspects of the series (Fig-

ure 1.31). Validation of the MoA will be attempted through the synthesis of a number of important

compounds (the Frontrunners), as well as a number of novel Series 4 compounds. Additionally,

improvement of a key safety parameter, hERG binding (an ion channel responsible for regulating

the electrical activity of the heart), will be investigated for the series by synthesising a number of

compounds designed to minimise such binding.

N

N

N

N

K
+

K
+

hERG ACTIVITYMECHANISM OF ACTION
SERIES 4

TRIAZOLOPYRAZINE

Figure 1.31: Biological investigations for Series 4. Compounds will be designed and synthesised to
probe the MoA and potential hERG activity for the series.

The final aim was to increase the crowdsourced synthesis aspect of the OSM project by developing

a medicinal chemistry research module for a first year undergraduate laboratory course, the Special

Studies Program (SSP) at The University of Sydney (Figure 1.32). This would involve the design

and selection of target compounds for previously unexplored areas of SAR, guiding and supervising

undergraduate students as they complete the synthesis of these targets, and the purification and

characterisation of the final compounds. The challenges associated with educating and assessing

undergraduate research work performed in the open will be discussed.
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Figure 1.32: Development of OSM as an open source project through crowdsourced synthesis.
Students in the first year undergraduate chemistry laboratory at The University of Sydney will assist in
synthesising new compounds for the series.

All of these aims are underpinned by the over-arching goal of identifying a lead compound with

enhanced efficacy against malaria, and progressing it through to preclinical trials. Realising this

goal would not only mean a new potential antimalarial drug, but also be the first molecule to

reach the preclinical stage through a completely open source approach. A summary of the overall

screening cascade appears in Figure 1.33.

Evaluation of 
compounds for in vitro 

potency
(University of Dundee)

Synthesis of ~20 
novel compounds

Evaluation of key 
compounds for 

physicochemical data
(Monash University)

In vivo 
mouse 
studies

Redesign of 
compounds involving 
the OSM community

OSM SERIES 4 

SCREENING 

CASCADE

Figure 1.33: Screening cascade for the development of novel OSM Series 4 compounds.
This process involves the design, synthesis and evaluation of novel Series 4 compounds with the goal of
identifying a lead candidate that satisfies the MMV late lead criteria and progression into in vivo studies.
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2. The Frontrunners Campaign

This chapter covers the (re)synthesis and further evaluation of a set of compounds that has been

identified by the OSM consortium as containing the most promising targets for further exploration.

Some aspects of chemistry will be discussed in more detail in subsequent chapters. The in vitro

biological evaluation of these compounds is discussed, as well as the evaluation of the compounds’

metabolic and physicochemical properties. All data relevant to the mechanism of action will be

presented in Chapter 5.

2.1 Background

In 2016, with the series having been active for three years and with many potent compounds

identified, a directed effort was made to obtain a range of missing biological data for a number

of the most promising compounds. This set, named “the Frontrunners”, originally consisted of

twelve compounds 11–22 all with in vitro potency data (predominantly active), but with varying

levels of other biological data, such as solubility and metabolic stability (Figure 2.1). [169] Two

of these Frontrunners were inherited along with their in vivo potency data and had been shown

to be efficacious at killing the malaria parasite in a mouse model of malaria, though had yet to

be evaluated for mechanism of action. Other compounds had been shown to have high potency

but were lacking any metabolic or physicochemical information. An additional six compounds

were included in the Frontrunners list for other reasons. The inherited compound 23 was found

to be very potent in vitro (24 nM) so this compound and the regular phenyl derivative 24 were

included for further evaluation. Four weakly active compounds (25–28) were chosen to act as

negative controls in subsequent biological evaluations. With so many promising compounds, it

was necessary to obtain this missing information to narrow down the list of potential lead candi-

dates and also to generate a unified set of data for eventual publication, allowing for an accurate

comparison between molecules. However, many of these compounds were not available and needed

to be synthesised first. Of these compounds, just under two thirds were inherited and had not

been synthesised by the OSM project, therefore it was important to remake these compounds to

validate the original results. The remaining compounds were synthesised by previous students

and were remade to replenish the exhausted stocks.
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Figure 2.1: The original set of eighteen Frontrunner compounds chosen for resynthesis and
further biological evaluation. All compounds possessed in vitro potencies, but only a handful of
compounds had been evaluated in other assays for data such as solubility, metabolic stability and influence
on ion regulation (with potential relevance to mechanism of action).
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When assessing the synthetic requirements needed to obtain these compounds, a number of ob-

servations were made which led to changes to the Frontrunners list.

• Compounds 14 and 18 contain a stereogenic centre at the benzylic position. The synthesis

of these two compounds could be achieved through enantioselective methods or by resolution

of the racemates, however the additional effort required to make these derivatives as single

enantiomers at this stage was thought to be large versus the benefit to be gained from data

specifically on the enantioenriched compounds. Therefore, the racemic versions (29 and 30

respectively) of both compounds were made instead. While the change from enantiopure

to racemic could have an associated decrease in potency, the differences in solubility and

metabolic stability between the enantiomers and the racemic compounds should not be

significant. If however, these physicochemical properties associated with the compounds

were found to be optimal for the series, then further efforts could be made toward the

synthesis of the enantiopure derivatives.

• Another inherited compound, 17, possessed a benzylic difluoromethoxy substituent and was

one of the most potent (17 nM) compounds for Series 4. The original synthetic route used

by the CRO prior to the inheritance of the series by the OSM project involved installing the

difluoromethoxy substituent on the benzylic position by reaction of the benzylic hydroxy

group with NaH and Freon gas. However, due to restrictions on the use of this reagent

in Australia an alternate route would be needed. As a result, a number of attempts were

made by Dr. Alice Motion to synthesise this compound with alternative methods based on

a literature reaction for the difluoromethylation of phenols using trimethylsilyl 2,2-difluoro-

2-(fluorosulfonyl)acetate or 2,2-difluoro-2-(fluorosulfonyl)acetic acid, NaH and CsF. [170] An

initial reaction indicated consumption of the methyl ester starting material and a possible

trace of product, however increasing reaction times led to a recovery of only starting material.

A suggestion was made by Joie Garfunkle (Merck) for the use of CuI instead of CsF but

this resulted in no reaction proceeding to give the desired product and again, recovery

of starting material. [170] Based on these known synthetic difficulties, this compound was

ultimately removed from the Frontrunners list in favour of the synthesis of the other benzyl-

substituted compounds.

• Another compound that was eventually replaced was the isoindoline 22. Several different

routes were used when attempting to make this compound (vide infra) but all of them

were unsuccessful. While this compound was not made, the amide version 31 (known to be

inactive) was made en route and evaluated in its place.
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• Finally, when comparing the benzylic primary alcohol compounds 23 and 24, it was decided

that only the latter phenyl version was to be pursued. This was due to the greater availability

of the required phenyl-based starting materials versus the difluorophenyl reagents.

With all these considerations in mind, the Frontrunners list was revised to include a total of

sixteen compounds (Figure 2.2).
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Figure 2.2: The final set of 16 Frontrunner compounds chosen for resynthesis and further
biological evaluation. †good activity; ¶in vivo active; Nnegative control. Compounds with numbers in
green were synthesised by the author. Compounds with numbers in red were synthesised by Dr. Alice
Motion. Compounds with numbers in blue were previously synthesised by Thomas MacDonald. [166]

To make these synthesis efforts as streamlined and efficient as possible, they were conducted as

a joint effort between the author and Dr. Alice Motion (postdoctoral researcher for the group

during the time of this campaign). For completeness, the synthesis of all Frontrunner compounds

will be described, however, as this was a combined effort, the colour of the compound numbers

will indicate the person who did the majority of the synthesis towards the said compound and

there will be a greater focus on the work carried out by the author.

2.2 Synthesis

Details regarding the synthesis of the Frontrunners will be outlined below. In certain cases, more

detailed information will be provided in subsequent chapters.
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2.2.1 Simple Ethers and Amides

The synthesis of the simple ether- (no benzylic substitution) and amide-linked Frontrunners was

easily achieved by following the now-standard triazolopyrazine synthesis protocols outlined in

Chapter 1 (Figure 2.3). Briefly, the TP cores for the simple ether compounds were made using

the standard three steps (hydrazine displacement, condensation, cyclisation), with the appropri-

ate commercially available aldehyde used in the condensation step. Final coupling with either

2-phenylethanol or 2-(3,4-difluorophenyl)ethanol gave compounds 11–13. Such coupling reac-

tions generally gave yields between 40 and 80% and were typically performed on a 250 mg scale.

Similarly, the amide-linked compounds were prepared following the standard reaction conditions

(amide coupling, hydrazine displacement, condensation, cyclisation) to give compounds 19–21

and 31. The amides 26–28 were previously synthesised in this way by Thomas MacDonald;

since enough samples of these compounds remained in storage, they were not resynthesised but

their identity and purity were confirmed prior to sending them for further biological evalua-

tions. [166]
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2.2.2 The Isoindoline

The inherited isoindoline compound 22 came with a reported potency of 0.11 µM while the

corresponding amide derivative 31 had been found to be inactive at >10 µM. It was initially

thought that the amine-linked compound could be accessible through a simple reduction of the

amide as synthesised above (Figure 2.4). When this was attempted for the first time, standard

reduction conditions using LiAlH4 in Et2O failed to provide the desired product even at elevated

temperatures with no reaction taking place. Switching the solvent to THF had no effect on

improving the reaction. An alternate procedure for the reduction of amides to amines involving

activation by Tf2O and reduction using NaBH4 was also tried, [171] and while there was apparent

consumption of the starting material according to analysis of the crude mixture by TLC, attempted

purification of this mixture led to no desired product being isolated. Analysis of the crude product

from these reduction reactions by mass spectrometry indicated a major peak at 434.13 m/z. The

peak corresponds to the sodium adduct of the amide starting material 31 with four additional

hydrogen atoms present, possibly suggesting that the pyrazine ring of the core is more susceptible

to reduction than the amide group.
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Figure 2.4: Attempted direct reduction of the isoindoline amide. None of the reduction conditions
appeared to give the desired amine product; rather it is suspected that the reduction occurred on the
pyrazine ring itself.

Having had no luck with direct reduction of the amide, a lengthier approach was taken with the

aim of installing the isoindoline chain prior to constructing the complete TP core (Figure 2.5).

This could in theory be accomplished by mesylation of an appropriate pyrazine alcohol, with

subsequent displacement of the mesylate with isoindoline. Following this, the core could then

be constructed using standard conditions. The required pyrazine alcohol 33 could be accessed

from the commercially available 6-chloropyrazine-2-carboxylic acid 32, which is also the starting

material used for the synthesis of the Series 4 amide compounds. Unfortunately, reduction of

this carboxylic acid with LiAlH4 to give 33 was again unsuccessful. It was thought possible

that the reduction would proceed more readily on the ester analogue of the starting material,

and so esterification of the carboxylic acid with 32% HCl in MeOH was carried out to give the

methyl ester 34 in good yield. Subsequent reduction using NaBH4 in H2O gave the desired
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alcohol precursor 33 in 35% yield. Mesylation of the alcohol with MsCl in the presence of Et3N

to give 35, and immediate displacement of the mesylate with isoindoline gave the product 36.

This material was subjected to the hydrazine displacement conditions, however no reaction took

place. An alternative route was attempted involving reduction of the amide precursor 37 (from

the first step in the synthesis of 31) using LiAlH4. Analysis by TLC indicated consumption of

the starting material, but again no hydrazine reaction occurred and the starting material was

recovered. This result is contrary to the reduction reaction on the final amide compound 31,

which did not proceed, suggesting that the electronics of the TP core allow for the reduction of

the aromatic system in a way that does not happen with the isolated pyrazine ring. Due to these

synthetic difficulties and the time constraints to have the Frontrunners evaluated together, the

isoindoline compound 22 was not pursued further.
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Figure 2.5: Attempted alternative synthesis of the inherited isoindoline compound. Reduction
of the starting material used in the standard amide coupling reaction, followed by mesylation and displace-
ment with isoindoline gave the desired intermediate, as did reduction of the isoindoline amide precursor
37. Unfortunately, neither of these proceeded to give any hydrazine displacement product.

2.2.3 Benzylic Alcohol Substitution

The ether compounds containing benzylic substituents could be synthesised using the standard

approach of nucleophilic displacement from the chlorinated TP core, but several of the required

nucleophiles needed additional synthesis from commercially available materials. Compounds 15

and 29, bearing the 3,4-difluorophenyl ring, were accessed through the same pathway, diverging

at a key intermediate. Compounds 16, 24 and 25, bearing a regular phenyl ring, were accessed

through an alternative route based on availability of starting materials. The synthesis of 24 will

be described in Chapter 6 and approaches to 16 and 25 will be described in Chapter 3.
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The route towards compound 29, the methyl ether, was adapted from the route used by the CRO

to obtain the nucleophile coupling partner for 17, described above, and performed by Dr. Alice

Motion. Starting from 3,4-difluorobenzaldehyde 5, a ZnCl2-promoted cyanation using TMSCN

gave the TMS-protected α-hydroxy nitrile derivative 6 (Figure 2.6). Hydrolysis of the nitrile and

concurrent deprotection of the TMS group using 50% H2SO4 led to the α-hydroxy carboxylic acid

7, which was then esterified in MeOH to give the methyl ester 8. The benzylic methoxy group

was then installed by methylation of the hydroxy moiety using MeI and Ag2O (39), and the ester

reduced with LiAlH4 to furnish the desired nucleophile 40. Using this same route, the coupling

partner for 15 could also be made. Diverging the synthesis at compound 8, THP protection of

the hydroxy group (to give 41) and reduction of the ester gave the corresponding nucleophile 42.

Coupling of both nucleophiles with the appropriate TP cores, and THP deprotection (using the

method described in Chapter 3) in the case of 43, led to the desired Frontrunners 29 and 15

respectively.
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Figure 2.6: Synthetic route towards Frontrunner compounds 29 and 15 as performed by Dr.
Alice Motion. Cyanation of 5, hydrolysis of the nitrile and esterification gave the common intermediate
8. Diverging from this, methylation or protection of the hydroxy group and ester reduction gave the
desired nucleophiles. Coupling to the TP cores (and deprotection for 43) gave the final compounds.
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2.2.4 Benzylic Amine Substitution

Having synthesised building block 8 en route to the previous benzylic hydroxy compounds, it was

thought that this key intermediate could again act as a point of divergence for the synthesis of

the benzylic dimethylamine compound 30.

In a similar manner to that used for the attempted synthesis of the isoindoline compound (vide

supra), mesylation of the hydroxy group in 8 and subsequent displacement with dimethylamine

was thought be an efficient route towards the desired benzylic amine coupling partner (Figure 2.7).

In practice, the mesylation proceeded smoothly when analysed by TLC to give 45, which was

immediately subjected to displacement with dimethylamine, however the crude reaction mixture

only showed signs of the starting material and not of the desired product 46. While this method

was unsuccessful, another possibility for converting the benzylic hydroxy group to an amine would

be through a Mitsunobu reaction, using DIAD and PPh3. When this was attempted, the alcohol

starting material was consumed as indicated by TLC, however, no reaction took place when

subjecting this material to the following reduction reaction using LiAlH4 in Et2O. Replacing the

solvent with THF and heating the reaction to reflux also gave no reduced product 47 and only

the starting material remained.
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Figure 2.7: Initial attempts to synthesise the nucleophile required for Frontrunner compound
30. Mesylation of 8 proceeded to give the corresponding mesylate, however no amine displacement took
place. A Mitsunobu reaction consumed the alcohol starting material, however no reduction occurred in
the subsequent reaction.

Encouraged by the success of the Mitsunobu reaction on the benzylic alcohol intermediate, it

was hoped that this could be applied on the already synthesised Frontrunner compound 15 to

access the benzylic amine directly (Figure 2.8). After several days under the reaction conditions,

analysis of the reaction mixture by TLC indicated the presence of a new spot, but the reaction

had not proceeded to completion. Additional amine and Mitsunobu reagents were added and

the reaction was stopped after five days. Multiple issues were encountered during purification

due the presence of the Mitsunobu reaction by-product, Ph3PO. Initial purification by column

chromatography carried through significant amounts of Ph3PO with the desired product. Eluting

at a slower gradient resulted in an improvement in the separation between Ph3PO and 15 but

this was not enough to isolate the product pure. One common way of removing this phosphine
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oxide by-product is by recrystallisation in Et2O. While this worked to an extent, there were

still amounts remaining even after multiple recrystallisations. A final attempt to purify this

material using preparative TLC managed to separate the majority of the Ph3PO, however at this

stage, only small amounts of the desired product remained which still contained trace amounts of

Ph3PO.
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Figure 2.8: Attempted Mitsunobu reaction from Frontrunner 15. While this method worked,
isolation proved difficult due to the presence of the Ph3PO by-product.

Another route that was attempted employed the Strecker reaction. While this reaction still makes

use of the highly toxic TMSCN reagent, it would provide a much more efficient route to the

intermediate should it work. Beginning with the same 3,4-difluorobenzaldehyde starting material

5 as for the benzylic methoxy and hydroxy compounds above, Strecker reaction with NHMe2

and TMSCN in MeOH gave the α-aminonitrile 48 in 96% yield (Figure 2.9). Unfortunately, a

number of difficulties were encountered when trying to obtain the amino acid. Hydrolysis of the

nitrile with 32% HCl in MeOH did not lead to the methyl ester 46 and only the starting material

was recovered. Instead, only when using a 6 M HCl solution, was the amino acid 49 successfully

synthesised, in 67% yield. Surprisingly, when this acid was subjected to reduction conditions using

LiAlH4 only a trace amount of possible product was seen by 1H NMR spectroscopy. As a last

attempt to use the nitrile intermediate, it was thought that reduction of the nitrile in 48 to the

corresponding aldehyde 50 would allow the following reduction to the alcohol to proceed more

readily. A typical reaction of this type uses DIBAL-H to convert the nitrile to the imine, which

is then hydrolysed in situ to give the desired aldehyde. Performing this reaction on 48 led to

consumption of the starting material but nothing resembling the product was able to be identified

by 1H NMR spectroscopy of the crude material.
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Figure 2.9: Attempted synthesis of the dimethylamine building block through a Strecker
reaction. Synthesis of the α-aminonitrile and the corresponding amino acid were successful, but the
respective hydrolysis and reduction reactions on these compounds failed.

Having no success in synthesising the dimethylamine compound, it was thought appropriate to

reach out to the members of the OSM consortium for advice. A quick literature search provided

one method for the double nucleophilic N -alkylation of α-oxime-esters with Grignard reagents, but

this method was surprisingly reported not to proceed when using MeMgBr (A, Figure 2.10). [172]

So, upon presenting these synthetic difficulties to the OSM community, a number of suggestions

were returned for possible alternative routes to access this intermediate. [173] The oxime could

be accessed from the corresponding carbonyl compound (via oxidation of 8 with MnO2
[174]),

which could potentially be used for a reductive amination reaction using NaBH(OAc)3. [175] One

suggestion was based upon a method for the direct coupling of α-carbonyls with amines using

catalytic CuBr2 (B). [176] Another suggestion was based on a Hartwig-α-arylation reaction using

[Pd(PtBu3)2] and K3PO4 (C). [177] But perhaps the most attractive suggestion was from A/Prof.

Chase Smith from the Massachusetts College of Pharmacy and Health Sciences. This route,

starting from ethyl 2-(3,4-difluorophenyl)acetate, involved bromination of the benzylic position,

displacement by an amine, then reduction to the alcohol either directly or via the acid (D). The

major benefit to all three of these routes is the elimination of the need to use the highly toxic

reagent, TMSCN. In addition, these routes would provide a much more step efficient way to reach

the desired nucleophile. Based on the potential versatility of the benzylic bromine intermediate

in route D, this was the route chosen for further investigation.
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Figure 2.10: Suggestions for an improved route towards the benzylic amine coupling partner.
A number of routes were proposed by the OSM community to overcome the previous synthetic difficulties.

While the ethyl 2-(3,4-difluorophenyl)acetate starting material for the bromination was not readily

attainable, the corresponding 2-(3,4-difluorophenyl)acetic acid 51 was commercially available and

inexpensive. The ethyl ester was easily accessed by esterification with p-TsOH in EtOH to give

52 (Figure 2.11). Benzylic bromination was achieved through the use of NBS and catalytic HBr

solution affording the benzylic bromine intermediate 53. This bromination was carried out in

CCl4, however due to the environmental concerns with this solvent it was eventually replaced with

α, α, α-trifluorotoluene, giving the brominated product in only slightly lower yields. Displacement

of the bromine under basic conditions proceeded smoothly to give the benzylic dimethylamine

intermediate 54. Finally, reduction to 47 and coupling to the TP core 44 led to the desired

benzylic dimethylamine Frontrunner 30.
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2.3 Biological Evaluation: in vitro Potency

With all the Frontrunners successfully synthesised, they were sent to the University of Dundee

Drug Discovery Unit (DDU) for re-evaluation of their activity against P. falciparum (Table 2.1).

It should be noted that the NF54 strain was used for obtaining the potency values for the inherited

compounds and those evaluated in the assay at Syngene. The Frontrunners, on the other hand,

were all evaluated at Dundee against the 3D7 strain of the malaria parasite. The results may be

compared. Both strains are commonly used for in vitro evaluations and are very similar, however

the original NF54 strain is sensitive to all known drugs, while the 3D7 strain is a clone of the

NF54 strain and is known to produce fewer gametocytes in in vitro cultures. [178]

Table 2.1: in vitro potency values of the Frontrunner compounds against P. falciparum.
aNF54 strain. b3D7 strain. cPotency values are an average of ≥2 repeats. dPotency of enantiopure
compound 14. ePotency of enantiopure compound 18.

Entry Compound Inherited
EC50 (µM)a

Syngene
IC50 (µM)a

Dundee
IC50 (µM)b,c

1 11 – 0.06 0.17
2 12 0.04 – 0.14
3 13 0.26 – 0.52
4 25 – 3.57 4.87
5 29 0.04d – 0.15
6 15 0.12 – 0.07
7 16 – 0.26 0.36
8 24 – 0.07 0.13
9 30 0.04e – 0.19
10 31 >10 – >10
11 19 5 – 9.79
12 20 0.19 – 0.40
13 21 0.14 – 0.45
14 26 >5 – 4.19
15 27 – 0.70 1.00
16 28 – 0.39 0.97

The previously obtained in vitro potency data was seen to correlate fairly well with the results

from the re-evaluation, indicating that the active compounds were indeed active, and vice versa.

Most cases showed a slight decrease in activity, with the sole exception of 15 which showed an

almost doubling of its potency (Entry 6).

2.4 Biological Evaluation: Metabolic & Physicochemical Properties

While the Frontrunner compounds were being re-evaluated for their in vitro potencies they were

also sent to the Charman lab at Monash University for evaluation of their metabolic and physic-

ochemical properties (Table 2.2). The physicochemical properties that were measured were the
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kinetic solubilities at pH 6.5 and the distribution coefficient (LogD) at pH 7.4. In contrast to ther-

modynamic solubility, which may aid in determining in vivo formulations and is typically done

in the later stages of drug development, kinetic solubility measurements are high-throughput,

use relatively small amounts of compound and typically done in the earlier stages of drug dis-

covery. The metabolic stability data included in vitro clearance and half-life measurements in

both human and mouse liver microsomes (HLM and MLM respectively). It is noted that mouse

microsomal clearance is perhaps less relevant to eventual progression of these compounds as a rat

model is typically employed for in vivo PK studies. This is due to a number of factors including

greater ease of handling, higher tolerance to blood volume loss, larger sample size and genetic

characteristics that closely resemble humans. [179] In order to be consistent with inherited data,

and for publication purposes, MLM was measured for these compounds. In addition to this, the

hepatic extraction ratio (EH) was calculated for both humans and mice, which allowed for the

clearance of each compound to be classified as either low (<0.3), intermediate (0.3–0.7) or high

(0.7–0.95).

Table 2.2: Metabolic and physicochemical properties of the Frontrunner compounds. HLM:
human liver microsomes. MLM: mouse liver microsomes. Sol.: aqueous solubility (µg/mL). CLint: in vitro
intrinsic clearance (mL/min/kg). T1/2: half-life (min). EH: hepatic extraction ratio. Data acquired by
the Charman Laboratory at the Centre for Drug Candidate Optimisation, Monash University.

Entry Compound cLogP LogD
(pH 7.4)

Sol.
(pH 6.5)

HLM
(CLint/T1/2)

MLM
(CLint/T1/2)

EH
(H/M)

1 11 3.6 3.8 6.3 - 12.5 94/18 319/5 0.79/0.87
2 12 3.8 3.8 3.1 - 6.3 33/53 193/9 0.57/0.81
3 13 3.1 3.4 3.1 - 6.3 71/24 132/13 0.74/0.74
4 25 1.8 2.5 50 - 100 25/50 117/15 0.58/0.72
5 29 2.4 3.4 12.5 - 25 47/37 159/11 0.65/0.77
6 15 2.3 3.1 12.5 - 25 38/45 170/10 0.60/0.79
7 16 2.1 2.9 25 - 50 7/246 278/6 0.22/0.86
8 24 2.7 2.8 12.5 - 25 49/35 361/5 0.66/0.89
9 30 2.5 3.5 6.3 - 12.5 264/7 478/4 0.91/0.91
10 31 1.6 2.8 12.5 - 25 89/19 417/4 0.78/0.90
11 19 2.8 3.1 1.6 - 3.1 11/164 15/115 0.30/0.24
12 20 2.9 3.1 3.1 - 6.3 47/37 91/19 0.65/0.66
13 21 2.1 2.7 6.3 - 12.5 18/95 24/73 0.42/0.34
14 26 3.2 3.1 12.5 - 25 114/15 166/10 0.82/0.78
15 27 2.9 3.1 3.1 - 6.3 90/19 160/11 0.78/0.77
16 28 3.2 3.1 3.1 - 6.3 201/9 360/5 0.89/0.89

For the most part, the calculated cLogP values were a good estimate for the experimental LogD

which assists with future compound design. In terms of metabolic stability and solubility, the

simple ether compounds 11, 12 and 13 generally had high clearance in both human and mouse

liver microsomes, as well as relatively low solubilities (Entries 1–3).
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The introduction of benzylic alcohol groups generally led to significant improvements in the solu-

bility of the compounds. The best solubilities among the Frontrunners were seen with the benzylic

hydroxy compounds 16 and 25 (Entries 7 and 10), both of which exhibited improvements to clear-

ance in HLM compared to the unsubstituted derivatives, though whether this arises from benzylic

blocking or improved solubility is not clear from these data. The 3,4-difluorophenyl derivative 15

performed slightly worse for solubility and metabolic stability (Entry 6). The benzylic methoxy

and benzylic primary alcohol compounds 24 and 29 respectively, both performed slightly worse

with lower solubility and moderate clearance (Entries 4 and 9). While the benzylic dimethylamine

compound 30 had moderate solubility, its clearance was very high and its half-life correspondingly

short (Entry 8).

The amide compound 19 showed excellent clearance properties with a long half-life and low

clearance in both humans and mice, but the solubility was very poor (Entry 11). As one of

the compounds which already possessed inherited human microsomal data, it could be seen that

these new values (CLint/T1/2 = 11/164) were in accordance with the previous data (CLint/T1/2

= 8.6/115). All other amide compounds 20, 21, 26, 27, 28 and 31 had relatively high clearance

profiles and low solubilities (Entries 5 and 12–16).

From this information, a number of general trends can be seen:

• Solubility for the 3,4-difluorophenyl analogues is poorer than for the regular phenyl ana-

logues, but they are typically more potent in vitro.

• Excellent solubility is seen with benzylic hydroxy substitution

• The lowest clearance was also seen with the benzylic hydroxy substitution

• Amide compounds are generally worse than the ether compounds with lower solubilities and

higher clearances

• Clearance in MLM are generally high throughout, although this parameter is not as crucial

as HLM clearance.

2.5 Concluding Remarks

The synthesis of all the Frontrunner compounds was successfully completed through various routes.

The compounds were all re-evaluated for in vitro potency, and showed results consistent with

the inherited and previously obtained data. Evaluation of the metabolic and physicochemical

properties of the Frontrunners revealed varying levels of stability and solubility. These results

provide an excellent framework for the future of the Series 4 triazolopyrazines. By identifying a
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number of desirable and undesirable aspects that contribute to the key biological properties, a

more concerted effort can be made for development and identification of a lead Series 4 compound

with these aspects in mind.

For examples where a direct comparison could be made, compounds possessing a northwest pen-

dant 3,4-difluorophenyl ring were more potent than the corresponding pendant phenyl ring com-

pounds. While there is an associated reduction in solubility and increase in metabolic clear-

ance with the fluorinated compounds, in future Series 4 compounds (where possible) the 3,4-

difluorophenyl ring should be used.

Compounds containing the trifluoromethylpyridine group as the northeast triazole substituent

were less potent than the related compounds containing a 4-Cl or 4-OCHF2 substituted phenyl

ring. As a result, in favour of the latter TP cores, the trifluoromethylpyridine TP core was no

longer to used for future Series 4 compounds.

The introduction of benzylic substitution to the ether-linked compounds had a very positive effect.

The potency of these compounds was maintained or improved compared to those with no benzylic

substitution. More importantly, the solubility was greatly increased and the metabolic clearance

lowered. These results suggest that designing future Series 4 compounds with the aim of improving

solubility may be an effective way to improve metabolic clearance as well.

The further development of amide-linked compounds as Series 4 leads will be minimised in favour

of the ether-linked compounds, not only due to the lower potency of the amides but also the lower

solubility and higher metabolic clearance that is generally seen. Additionally, amide compounds

have also exhibited poor hERG properties (discussed in Chapter 6).

Overall, the benzylic hydroxy compound 16 was seen to possess the best properties with good

potency, excellent solubility and low metabolic clearance. These results warranted further explo-

ration into benzylic substitutions for future Series 4 compounds, as will be discussed as part of

the following chapter.
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3. Novel Series 4 Compounds

This chapter covers the design and synthesis of a range of compounds with the aim of probing areas

of SAR that have yet to be explored or remain incomplete. The in vitro biological evaluation of

each series of novel compounds against P. falciparum is discussed at the end of each section.

3.1 Ether Chain Length

Even with an inherited dataset consisting of over 100 compounds, there were still obvious gaps in

the SAR that needed addressing. For instance, it was stated in the inherited summary document

that an ether chain length of two methylene groups was optimal between the heterocyclic core

and the northwest pendant phenyl ring (Figure 3.1). While this may have been the case, the

compounds required to prove this statement were, surprisingly, absent. Since this part of the

molecule is such an integral aspect of the series, it was important to validate this conclusion with

the appropriate compounds.
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Figure 3.1: The inherited summary document stated that an ether chain length of two
methylene units was ideal. Surprisingly, the compounds required to prove this were absent from this
document.

3.1.1 Synthesis of the Ether-Linked Triazolopyrazines with Varying Chain Length

Before varying the ether linker length, it was essential to decide on a fixed structure for the rest

of the analogues to be synthesised. Based on the existing SAR around the northeast triazole

substituent, para-substituted phenyl rings were ideal for the best activity. The two most com-

mon of these were the 4-CN and 4-OCHF2 substituents. While a number of potent compounds

possessed the 4-CN, it had been seen that the solubility of these compounds was comparatively

poor. As such, for all investigations into the variation of the northwest position, the 4-OCHF2

substituent was used on the northeast phenyl ring. With a robust, three step synthesis of the TP

core already established, multi-gram amounts of this core could be made (Figure 3.2), allowing

more time to be focused on the synthesis of the more complicated northwest building blocks. The

first hydrazine displacement step could be done with as much as 42 g of the 2,6-dichloropyrazine

57



CHAPTER 3 – Novel Series 4 Compounds

starting material 1, giving high yields of 2 between 80 and 95%. The subsequent condensation

step was performed with up to 9.25 g of the hydrazine 2 in yields of around 80%. The final

cyclisation step was successfully completed with up to 17 g of the hydrazone 55 giving the core

44 in yields also around 80%. With a large amount of the core in hand, the appropriate commer-

cially available phenyl alcohols bearing ether chain lengths from zero to three methylene groups

were attached to the northwest position using the standard nucleophilic displacement method,

affording the desired compounds 56, 57, 58 and 59 in yields between 38 and 83%. In addition to

these four compounds, a side chain bearing an extra ether oxygen was made using commercially

available 2-phenoxyethanol to give 60 in 47% yield.
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Figure 3.2: Synthesis of varied ether chain length compounds. Multi-gram synthesis of the core
44, followed by coupling with the appropriate phenyl alcohol gave the desired compounds in moderate
yields.

3.1.2 Biological Evaluation

Upon evaluation of these compounds for antiplasmodium activity, it was clear that the separation

of the phenyl ring from the TP core was indeed important for maintaining potency (Table 3.1).

Ether chain lengths of more than or less than two methylene units led to a decrease in activity, with

no activity seen with the compound containing the phenol side chain (Entries 1–4). Attempts to

bridge the longer carbon chain of 59 with an additional ether group (60) also resulted in reduction

in potency (Entry 5). With the validation of this essential piece of SAR complete, the development
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of more varied linkers of this length could be targeted.

Table 3.1: IC50 potency values of varied ether chain length compounds against P. falciparum.
An ether chain length of two methylene units was found to be ideal.

Entry Compound cLogP IC50 (µM)

1 56 2.8 >25
2 57 2.7 2.24
3 58 3.2 0.25
4 59 3.6 1.32
5 60 2.7 1.21

3.2 The Thioether Series

Another aspect of the inherited dataset that appeared to be missing was whether or not a thioether

linker was tolerated. In order to fill in this missing information, during Joanna Ubels’ 2014 Honours

year at The University of Sydney, [165] a Series 4 compound was synthesised in which the ether

linker was replaced by a thioether linker (61, Figure 3.3). This compound was subsequently

evaluated for its efficacy by GSK in a rapid “single shot” (rather than a dose-response) assay,

returning a 22% inhibition in their P. falciparum whole cell assay conducted at 2 µM. Compounds

with inhibition less than 50% were classified as inactive and no IC50 value was obtained. By

comparison, the corresponding ether-linked compound 62 was found to be quite potent at 0.534

µM.
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Figure 3.3: Series 4 thioether compound synthesised by Joanna Ubels. This thioether was found
to be inactive against P. falciparum when compared to the corresponding ether compound.

With only one data point showing the thioether linker was detrimental to potency, it was felt

necessary to validate this with another compound. In favour of improved solubility, and for better

comparison with other data obtained for the series, the nitrile group in 61 was replaced with the

4-OCHF2 group as previously synthesised (vide supra). The thioether series was further expanded

upon with oxidised derivatives, specifically the sulfoxide and sulfone variants, with the hope of

gaining further SAR data.
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3.2.1 Synthesis of the Thioether-Based Triazolopyrazines

Thioether compounds with one and two methylene unit chain lengths were easily synthesised using

the commercially available phenyl mercaptans and the TP core 44 to give 63 and 64 in moderate

to low yields respectively (Figure 3.4). With these compounds in hand, it was thought that direct

oxidation would allow quick access to the sulfoxide and sulfone derivatives. Oxidations to sulfones

are typically carried out using reagents such as m-CPBA, 30% H2O2 and KMnO4, while sulfoxides

usually require milder oxidants like NaIO4 which allow for only partial oxidation of the sulfide. [180]

Initial attempts to oxidise 63 and 64 to the sulfoxide or sulfone using KMnO4 or 30% H2O2 were

unsuccessful with no reaction proceeding and only starting material being recovered. Reaction

attempts involving increased time and/or equivalents of oxidant were also ineffective at producing

the desired oxidation products.
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Figure 3.4: Synthesis of thioether compounds and unsuccessful direct oxidation to the sulfox-
ide and sulfone. Synthesis of the initial thioether compounds was successfully carried out. Attempts at
direction oxidation to the sulfoxide and sulfone were unsuccessful using common oxidants such as KMnO4
and H2O2.

It was suspected that the electronics of the fully formed triazolopyrazine core was not suitable for

the oxidation to proceed so an alternative approach was pursued, by which the sulfoxide or sulfone

would be appended to the pyrazine at an earlier stage of the synthesis. A survey of the litera-

ture highlighted a number of examples of the oxidation of thio-substituted pyrazine compounds.

Of note, as part of a 1971 paper by Cheeseman and Godwin, they discussed displacements using

sodium benzyl sulfide on 2,6-dichloropyrazine to give either the mono- or di-substituted benzylthio-

pyrazines, of which the characterisation of these compounds involved oxidation to the correspond-

ing sulfones (to avoid the pungent smell of the thioether compounds). [181] A high-yielding method

for obtaining the sulfoxide precursor was reported by Golchoubian and Hosseinpoor that used

a combination of 30% hydrogen peroxide and glacial acetic acid. [182] This method was demon-

strated with a number of phenyl- and alkyl-based symmetric and asymmetric sulfides providing

the corresponding sulfoxides with complete conversion and excellent yields (90–99%).

While the original paper performed this initial thiol coupling step using benzene as the solvent,
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this was replaced with the similar but non-carcinogenic solvent, toluene. Indeed, a large scale

displacement reaction using 2,6-dichloropyrazine and phenylmethanethiol in the presence of NaH

was performed to afford the thioether intermediate 65 (Figure 3.5); using 2-phenylethanethiol al-

lowed access to intermediate 66. Due to the pungent odour of these intermediates, their handling

was kept to a minimum, with half the material going into the oxidation to the sulfoxide and the

remainder into the oxidation to the sulfone. Encouragingly, the oxidation of 65 and 66 proceeded

to give the corresponding sulfoxides (67 and 68 respectively) using the literature method, albeit

in low yields. In comparison with the high yields seen in the paper when using substrates pre-

dominantly bearing phenyl rings, it is possible that in this case, the electron deficient pyrazine

ring contributed to the reduced yields. The remaining amounts of thioether intermediates were

oxidised to the sulfones using KMnO4 and glacial acetic acid to give the corresponding one- and

two-carbon sulfones (69 and 70 respectively), again in low yields. In this case, the reduced yields

were likely due to exclusion of the decolourisation step which involved the use of sulfur dioxide

gas. All four precursors were subjected to the standard core forming conditions to give the desired

final compounds 71, 72, 73 and 74 in moderate yields over the three steps.
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3.2.2 Biological Evaluation: Part 1

Following the synthesis of the thioether series of compounds, they were sent to Syngene for screen-

ing in the whole cell assay against P. falciparum (Table 3.2). The thioether compounds 63 and

64 were both inactive which validated the previously obtained result (Entries 1 and 2). Unfor-

tunately, oxidation of the thioether linker had no effect on improving potency with all oxidised

compounds showing inactivity (Entries 3–6).

Table 3.2: IC50 potency values of the thioether series of compounds against P. falciparum.
All regular and oxidised thioether compounds were found to be inactive.

Entry Compound cLogP IC50 (µM)

1 63 3.1 >10
2 64 3.5 >10
3 71 2.1 >2.5
4 72 2.6 >10
5 73 1.6 >10
6 74 2.1 >10

While these results indeed validated the original data, it still remained surprising that 64 was

found to be completely inactive when the corresponding ether compound 58 was potent. The

small differences in the properties between oxygen and sulfur were not expected to have made

such a drastic impact on the potency.

Upon further investigation, inconsistencies were noticed between the 1H NMR spectra of the three

thioether compounds 61, 63 and 64 (Figure 3.6). While the number of peaks and the integration

ratios were correct for all three compounds, a key distinction in the spectra for 61 (blue trace)

and 64 (green trace) was the apparent absence of a characteristic pyrazine signal, typically seen

in Series 4 compounds at ∼9.25 ppm. It is known that this signal corresponds to the proton

Hb on the pyrazine ring, and the absence of this signal would suggest that the thioether side

chain had in fact been installed in this position rather than the desired one. Interestingly, out of

these thioethers, only one compound, 63 (red trace) showed this expected signal at this position,

suggesting this particular compound was the correct 5-substituted product.
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61 (blue trace)

63 (red trace)

64 (green trace)

Figure 3.6: Differences in the NMR spectra of thioether compounds 61, 63 and 64. The
absence of the characteristic pyrazine proton at ∼9.25 ppm in the top and bottom spectra suggest different
substitution products than expected.

3.2.3 Abnormal Substitution Products

Delving into the literature provided a possible answer to the identity of compounds 61 and 64.

While nucleophilic aromatic substitution (ipso-substitution) is a process in which a nucleophile

displaces a leaving group on an aromatic system, resulting in the nucleophile being bonded to that

carbon, alternative substitution patterns may also be possible. For example, in aryne chemistry

it is possible for the nucleophile to end up bonded to the carbon adjacent to the leaving group,

so-called cine-substitution. In less common cases, the nucleophile may even be situated more than

one atom away from the leaving group, so-called tele-substitution (A, Figure 3.7). In our case,

the thioether linker appears to be situated three atoms away from the leaving group, constituting

a case of tele-substitution.

Since the inception of this term in 1977, [183] there have only been a few reviews specifically

addressing cine- and tele-substitution reactions, [184–186] and of the latter tele-substitution, a rel-

atively small number have been observed or directly investigated on triazolopyrazine systems.

The first mention of this occurring in such a system was in 1974 by Verček and co-workers (B,

Figure 3.7). [187] In an effort to investigate the reactivity patterns of the s-triazolo[1,5-a]pyrazine

system, 5-bromination and subsequent displacement of the halide with a variety of nucleophiles

was found to lead to unexpected products. In particular, the use of certain nucleophiles re-

sulted in the isolation of 8-substituted products instead of the expected 5-substituted products.

Further reactivity experiments indicated that isomerisation (Dimroth rearrangement) of the bi-

cyclic system was not the mechanism for the formation of these abnormal substitution products.

A few years later, as part of an investigation into new transformations for imidazo[1,2-a]- and

s-triazolo[4,3-a]pyrazine systems, these cores were similarly brominated and the products of nu-

cleophilic displacement analysed. [183] Much like before, the 5-halo triazolopyrazine systems were
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Figure 3.7: Possible substitution patterns on the Series 4 core. (A) Ipso-, cine- and tele-
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observed to give not only the expected 5-substituted displacement product, but in some cases

products of 8-substitution too. A mechanism for the tele-substitution was proposed by Bradač

and co-workers (C, Figure 3.7) involving nucleophilic attack at the 8-position of the heterocyclic

core (red pathway), a process that takes place competitively to the normal addition-elimination

pathway (blue pathway). [183] It is noted that this proposed tele-substitution mechanism is not

correct, as elimination of the bromine should leave the triazolopyrazine ring uncharged, which is

not the case. A more reasonable mechanism is suggested, where the bromine elimination occurs

in a subsequent step on the neutral triazolopyrazine core (green pathway).

Isolation of these supposed tele-substitution products from our thiol coupling reactions would

therefore explain the discrepancies between the associated 1H NMR spectra. If this is in fact

correct, then the distinguishing feature in the 1H NMR spectrum of an 8-substitution product

would be the disappearance of the pyrazine 8-H signal at ∼9.25 ppm. Additionally, the two
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pyrazine protons at the 5- and 6-positions would appear as doublets due to adjacent coupling.

Based on these hypotheses it could be deduced that, while 63 was in fact the correct 5-substituted

product, 61 and 64 were actually the 8-substituted products.

3.2.4 Synthesis of the tele-Substituted Thioether Triazolopyrazines

In light of this information, the thiol coupling experiments in Figure 3.4 were repeated with

extra care taken to isolate all reaction products (A, Figure 3.8). Indeed, when monitoring both

reactions, it was clear by TLC that there were two apparent reaction products (B, Figure 3.8).

The 5-substituted products typically appear below (more polar) the spot for the TP core in the

regular alcohol coupling reactions (first lane of the TLC plate). It is clear that another product,

the 8-substituted compound, appears much higher up the plate (less polar). Interestingly, at first

glance, in the reaction with phenylmethanethiol (third lane of the plate), there appears to be

more of the 5-substituted product 63 than the 8-substituted product 75, however in the reaction

with 2-phenylethanethiol (fourth lane of the plate), there appears to be more of the 8-substituted

product 76 than the 5-substituted product 64. Upon completion of the reactions, both were

purified by automated flash chromatography and encouragingly, both substituted products from

the two reactions were successfully isolated (C, Figure 3.8). Again, comparison of the 1H NMR

spectra for all four compounds confirmed that 61 and 64 were originally misassigned as the

5-substituted products (D, Figure 3.8).

While the combined yield from each reaction was around 92–93%, the ratio of the 5- and 8-

substitution products was seen to vary depending on the alkyl chain length of the thiol nucle-

ophile. Interestingly, when phenylmethylthiol was used, formation of the 5-substituted product

was favoured fivefold. Conversely, when 2-phenylethanethiol was used, the ratios were more even

but there was still a preference for the formation of the 8-substituted product. It is possible that

nucleophilicity has an influence on whether or not tele-substitution occurs, with it more likely to

happen with stronger nucleophiles such as sulfides and amines.
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NMR spectra. (A) Both 5- and 8-substituted product were isolated from the repeat experiment. (B)
TLC in 50% EtOAc in hexanes. Lane 1: TP core 44, Lane 2: co-spot, Lane 3: reaction giving 63, Lane
4: reaction giving 64. (C) Biotage Isolera purification traces for both reactions. (D) 1H NMR spectra of
the four isolated substitution products from both reactions.
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3.2.5 Biological Evaluation: Part 2

All four newly synthesised thioether compounds were subsequently sent for potency evaluation

(Table 3.3). The now correctly identified, 5-substituted thioether compound 64, returned a po-

tency value of 1.05 µM (Entry 3). Even though this compound was still less potent that its ether

counterpart 58 (IC50 = 0.25 µM), this result was much more in line with what was expected in

terms of activity difference between an oxygen and sulfur replacement. The other 5-substituted

thioether 63 (correctly identified previously) was confirmed to be non-potent (Entry 1). Interest-

ingly, the 8-substituted thioether 75 was found to be weakly active while the longer chain variant

76 was completely inactive (Entries 2 and 4).

Table 3.3: IC50 potency values of the thioether isomers against P. falciparum. The now
correctly identified 5-substituted thioether 64 was shown to be moderately active, while the other isomer
was not. The shorter chain thioethers were much less active.

Entry Compound cLogP IC50 (µM)

1 63 3.1 >25
2 75 3.1 5.62
3 64 3.5 1.05
4 76 3.5 >25

These results not only confirmed the suspicions about the original thioether compound, but also

served as a way of cross-checking previous data from the series. Had these compounds not been

made, it is possible that these discoveries would have gone unnoticed, leaving incorrect information

in the Series 4 SAR. It should be noted that tele-substitution products have also been identified for

a set of previously synthesised amine-linked compounds. Having been originally classified as the

5-substituted products, closer inspection of the 1H NMR spectra again reveal the absence of the

pyrazine signal at ∼9.25 ppm. In addition, TLC images show product spots higher than that of the

core, again suggesting an 8-substituted product instead. Other members of the Series 4 consortium

are now working towards the synthesis of the actual 5-substituted amine products.

3.3 The Triazole Linker Series

When looking at the types of northwest linkers in the existing SAR, it was noticed that three

analogous compounds with an amide, alkyl and ether linker between the pyrazine and phenyl ring

all had very similar potencies (Figure 3.9). Based on this observation, it was thought that the type

of linker may not be an important determinant of potency. Upon posing the question of possible

alternative linkers to the OSM community, a number of suggestions were made including a ketone,

reversed amide, sulfone and sulfoxide linkers (vide supra). [188] A triazole linker was suggested; it

is known in medicinal chemistry that triazoles can act as suitable substitutes for amide groups.
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The triazole linker was selected as the next synthetic target.
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Figure 3.9: Three Series 4 compounds with different linkers showing similar biological activ-
ities. This would suggest that the type of linker group is not important for activity.

Triazoles are well known motifs in medicinal chemistry appearing in all manner of biologically

relevant compounds. [189] Interestingly, of the two possible triazole isomers, the 1,2,4-triazole motif

is much more common than the 1,2,3-triazole among the list of U.S. FDA approved drugs. [190]

The synthesis of both isomers has been well studied over the years, with a range of methods

allowing access to a variety of substituted triazoles. There are many methods for the formation

of 1,2,4-triazoles, but perhaps the most common involve the cyclisation of hydrazones, hydrazides

and hydrazines. [191] On the other hand, 1,2,3-triazoles are, more often than not, prepared by

the copper(I)-catalysed alkyne-azide cycloaddition (CuAAC) reaction, or as it is more commonly

known, the “click” reaction. [192] In keeping with the orientation of the amide group, a C -linked

triazole (i.e. a triazole carbon attached to the pyrazine ring) was targeted and for ease of synthesis,

the 1,2,3-triazole isomer was chosen.

3.3.1 Synthesis of the Triazole-Linked Triazolopyrazine

In order to append the triazole group as the northwest linker, an alkyne would have to be installed

at the 5-position of the TP core. This would then facilitate a simple click reaction with phenyl

azide. The most convenient way to access the desired alkyne precursor would be through direct

transformation of the chlorine in the TP core 44 to an alkyne. A substructure reaction search

of a simpler transformation, 2-ethynylpyrazine from 2-chloropyrazine revealed a number of con-

ditions to effect this transformation. In particular, Bosch and co-workers reported the synthesis

of 2-ethynylpyrazine via palladium catalysed coupling of 2-chloropyrazine with TMS acetylene,

followed by base deprotection of the TMS group (Figure 3.10). [193]
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Figure 3.10: Synthesis of alkynylpyrazine through Pd catalysed TMS addition followed by
deprotection with K2CO3 as reported by Bosch and co-workers. Displacement of the chlorine
from the pyrazine ring to give the TMS protected alkyne, followed by deprotection would lead to the
desired alkyne substituted pyrazine.

Initial attempts at this reaction using 44 were unsuccessful, with no reaction seen and only starting

material recovered (Figure 3.11). Increasing the reaction temperature and/or the amounts of

copper and palladium catalysts also provided no conversion to the desired product. It was thought

that the triazolopyrazine core was negatively impacting the reaction, perhaps by poisoning of the

palladium catalyst. Since the literature reported the use of 2-chloropyrazine as the reactant, the

closest relevant analogue 2,6-dichloropyrazine 1 was thought to be more suitable for the reaction

conditions. The only potential issue with this reactant would be the possibility of reaction with

both chlorines, leading to a bis-alkyne substituted pyrazine. Nevertheless, when subjecting this

to the reaction conditions the desired product was again not formed, with the 1H NMR spectra

indicating only starting materials present.

N

N

N

N

O
F

F

Cl

N

N

N

N

O
F

F

N

N

N

N
Cl

Cl

Cl

1

44

Figure 3.11: Attempts at the displacement of the chlorine with an alkyne using the lit-
erature methods were unsuccessful. Reactions with both the completed TP core 44 and the 2,6-
dichloropyrazine starting material 1 were tried.

With no success in synthesising the alkyne core, efforts were then made towards the alternative

N -linked triazole (i.e. a triazole nitrogen attached to the pyrazine ring). While the connectivity

of this triazole would more closely resemble a reversed amide linker, the dimensions of the linker

would remain the same. The N -linked compound would require an azide group at the 5-position of

the TP core. This transformation was easily accomplished on 44 by displacement of the chlorine

atom with NaN3 in DMF to give the corresponding azido-TP core 77 in good yield (Figure 3.12).

The subsequent click reaction was then attempted using 10 mol% sodium ascorbate and 1 mol%

CuSO4 catalyst in a mixture of CH2Cl2:H2O with phenyl acetylene, but no conversion was seen

when the crude mixture was analysed by TLC and 1H NMR spectroscopy. Switching the reaction
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solvent to a mixture of THF:H2O and increasing the copper and ascorbate loadings (first to 5 mol%

copper/10 mol% ascorbate, then to 40 mol% copper/80 mol% ascorbate) also did not improve the

reaction. Upon increasing the loadings to 140 mol% copper/280 mol% ascorbate however, a small

amount of the desired click product 78 was successfully isolated. While optimisation of this

reaction could be done to obtain higher yields of the product, the amount isolated was enough

for evaluation of its biological activity, which if found potent, the optimisation could then be

undertaken.
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Figure 3.12: Synthesis of the N -linked triazole compound. Displacement of the chlorine atom
with an azide, and subsequent click reaction led to the desired compound.

3.3.2 Biological Evaluation: Part 1

Interestingly, when the N -linked triazole 78 was evaluated for antiplasmodium activity, it was

found to have an IC50 of >10 µM (Figure 3.13). This seemed surprising as the analogous amide

compoundMMV669543 was found to be potent. It is possible that the flexibility of the northwest

side chain is important for maintaining potency, and that by installing a rigid triazole linker, this

flexibility is greatly reduced, translating to the loss in activity. With this in mind, it was thought

that the activity could be regained by reincorporating an ether linker between the pyrazine ring

and the triazole group, which would in turn bring back some associated flexibility.

N

N

N

N

O

F

F

N
N

N

N

N

N

N

O

F

F

O

O

O

N

NN

F

F

N

N

N

N

O

F

F

HN O

F

F

N

N

N

N

58 MMV669543 78 ??
0.25 µM 0.28 µM >10 µM

Figure 3.13: The triazole-linked compound had an IC50 of >10 µM. While the triazole linker
was inactive, it was thought a combination of an ether and the triazole could regain potency.
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3.3.3 Synthesis of the Ether-Triazole-Linked Triazolopyrazines

In order to reincorporate the ether linker into the side chain, the appropriate nucleophile containing

an aromatic substituent on one side of the triazole and an alcohol substituent on the other, was

required. Once again, this opened up the question for the orientation of the triazole group.

Synthesis of the C -linked triazole (i.e. a triazole carbon connected to the ether linker) would

require an azido alcohol coupling partner, the simplest being azidomethanol which would be

synthesised in situ from acidic formaldehyde and NaN3. Alternatively, the N -linked triazole (i.e.

a triazole nitrogen connected to the ether linker) would require an alkyne alcohol coupling partner,

the simplest and most readily available being propargyl alcohol. Based on this, the latter N -linked

triazole was chosen for simplicity of reagents and methods. The other coupling partner for this

click reaction would be an aryl azide derivative. Such aryl azides may be easily synthesised with a

number of methods, for instance by halide displacement or by transformation of an amine. In terms

of target compounds, the phenyl and benzyl derivatives were synthesised (Figure 3.14).
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Figure 3.14: Synthesis of ether-triazole linker compounds. Click reaction with an aryl azide and
propargyl alcohol gave the corresponding ether-triazole nucleophiles, which could then be coupled to the
TP core.

The phenyl derivative was synthesised from aniline as the starting reagent. This was transformed

to the corresponding azide 79 using NaNO2 and NaN3 in 50% aqueous acetic acid. Following

work-up of the reaction mixture, the crude product was used in the subsequent click reaction with

propargyl alcohol to give the corresponding triazole coupling partner 81. The benzyl derivative

was synthesised from benzyl chloride as the starting reagent. Displacement of the chlorine with

NaN3 in DMF afforded the corresponding azide 80 which, again, was used without further purifi-

cation in the following click reaction to give the triazole coupling partner 82. With both triazole

alcohols in hand, they were readily coupled to the TP core 44 to give compounds 83 and 84 in
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good yields.

While the above compounds were successfully synthesised, attempts to synthesise the pyridine

variant were overall unsuccessful (Figure 3.15). Initially, it was unclear whether formation of

the azide from 2-chloropyridine using NaN3 in DMF had occurred, however, when subjecting this

crude material to the following click reaction, no desired product was formed suggesting the initial

reaction was unsuccessful. By subjecting 2-chloropyridine to the first step in forming the Series 4

core, the corresponding hydrazine compound could be made. Then using the conditions described

above, the azide could be accessed. Indeed, formation of 2-hydrazinylpyridine and 2-azidopyridne

proceeded smoothly, however, when subjecting this azide to click reaction conditions, no formation

of the desired product was observed. This derivative was not pursued further as it was deemed

no longer desirable.
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Figure 3.15: Attempted synthesis of the pyridine variant of the ether-triazole-linked com-
pound. Pyridine azides accessed through different methods did not give the desired click product.

3.3.4 Biological Evaluation: Part 2

Much like the initial triazole compound 78, the two ether-triazole compounds were also found to

be inactive (Table 3.4). Even though a degree of flexibility was reintroduced into the compound,

this did not appear to help. It may be the case that the combined triazole and aromatic ring

moieties are too bulky for binding in the active site of the enzyme. Nevertheless, it appears that

triazoles are not well tolerated within the Series 4 triazolopyrazines and the extra chain length

is probably detrimental to the potency (as seen with the less potent compound 59 possessing a

three methylene unit ether chain).

Table 3.4: IC50 potency values of the ether-triazole-linked compounds against P. falciparum.
All three compounds were found to be inactive.

Entry Compound cLogP IC50 (µM)

1 83 1.6 >10
2 84 1.8 >10
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3.4 Benzylic Substitution

Drug metabolism is an important aspect of biologically relevant compounds, having direct impact

on the efficacy of a drug and influencing factors such as half-life. A number of functional groups

are well known to be particularly vulnerable to metabolic change, [194] including benzylic, allylic

and phenyl ring positions vulnerable to oxidation, nitrogen-containing heterocycles vulnerable to

N -oxidation or N -demethylation and ester or amide hydrolysis. Such processes typically translate

to the reduced efficacy of a drug, with it being cleared from the system too quickly for it to have

the desired effect. A common way to reduce the impact of these metabolically labile positions

is to install additional functionality so as to inhibit these enzymatic reactions. For example,

benzylic oxidation can often be prevented by installing an additional functional group such as a

halogen at this position and phenyl oxidation can be slowed by substituting a hydrogen atom for

a fluorine atom which results in a more stable molecule via a stronger bond strength and electron

withdrawing effects.

With high rates of metabolism already posing an issue for Series 4 compounds, it was important

to explore methods to block these metabolic hotspots, in particular the benzylic position. The

inherited dataset already contained a number of compounds with substitutions at this position

(Table 3.5). These ranged from primary, secondary and tertiary amines 85–89, fluorines 90–91

and alcohols 23–93. Perhaps the most interesting trend seen within this set of compounds was

that within the benzylic amines. While all primary and tertiary amines were active, secondary

amines were completely inactive. In order to investigate further this trend and to expand the

SAR surrounding the benzylic position, a number of new compounds were designed and synthe-

sised.

Table 3.5: Compounds from the inherited dataset containing benzylic substitutions. †Entries
shown as single enantiomers in the inherited data, however there is no evidence of whether the samples
were enantioenriched.

N

N

N

N

O

F

F

O

R

X
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Entry Compound X R MMV Number EC50 (µM)

1 85 H

NH2

MMV688899 2.00
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2 86 H

H
N

MMV688898 >10

3† 87 F

NH2

MMV671651 0.28

4† 88 F

H
N

MMV670763 >10

5† 18 F
N

MMV670437 0.04

6 89 F
N

O

MMV671647 0.61

7 90 F

F

MMV672936 0.07

8 91 F

F

MMV672727 0.12

9 23 F

OH

MMV670947 0.02

10 92 F

OH

MMV672723 0.10

11 93 F

O

MMV670438 0.48

3.4.1 Synthesis of the Benzylic Ketone-Based Triazolopyrazines

As a means to access the benzylic amines readily, it was thought that a Series 4 compound with a

benzylic ketone would enable a highly efficient and direct route via a simple reductive amination

reaction. This would eliminate the need to synthesise the individual precursors required for

each benzylic amine, effectively providing a late-stage functionalisation approach. To access this

ketone intermediate, the appropriate northwest building block would need to be synthesised. A

patent was identified describing the required transformation. [195] An additional attractiveness of

this report was the use of a 3,4-difluorophenyl derivative as the starting material: the desired

precursor could be accessed from the corresponding acetophenone 94, via the dimethyl acetal 95

giving the 2-hydroxyacetophenone 96 in 66% yield over the two steps (Figure 3.16).

The initial precursor 94 was not readily available, so it was first synthesised by the oxidation

of 1-(3,4-difluorophenyl)ethan-1-ol with iodic acid in the presence of catalytic TEMPO to give

3’,4’-difluoroacetophenone 94 in good yield following literature procedures (A, Figure 3.18). [196]

Subsequently, the α-position was oxidised using PhI(OAc)2 affording the α-hydroxy dimethyl
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Figure 3.16: Potential synthetic route towards the benzylic ketone coupling partner. Two
step method from 3,4-difluoroacetophenone involving α-oxidation and hydrolysis to the desired precursor.

acetal 95, which after conversion of the ketal to the ketone gave the desired α-hydroxy ketone

precursor 96 in moderate yield. Unfortunately, upon reaction of 96 with the TP core 44, no

coupling product 97 was produced. Interestingly, the only isolated material (10%) was identified

to be the TP core 44 in which the chlorine had been replaced by a hydrogen atom (B, Figure 3.18,

blue trace). The origins of this surprising product, arising from a formal reduction of the TP core,

were not pursued further. The majority of the material was likely to have been decomposition

products as evident by baseline material on TLC. It was also suspected that, to some extent,

96 could intermolecularly react with itself, potentially consuming the nucleophile faster than it

would be able to react with the TP core. The suspicion that having the benzylic ketone already

present in the nucleophile coupling partner was detrimental to the reaction led to the diemethyl

acetal 95 being used as the coupling partner instead. Encouragingly, this reaction did lead to the

corresponding coupled product 98 in good yield. Subjecting 98 to the same ketone deprotection

conditions successfully gave the benzylic ketone compound 97 in 27% yield or an overall yield of

13%.
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Figure 3.18: Synthesis of the benzylic dimethyl acetal and benzylic ketone compounds.
(A) The benzylic ketone coupling partner was accessed in three steps from 1-(3,4-difluorophenyl)ethanol,
however the coupling was unsuccessful. Coupling of the protected precursor and subsequent deprotection
to the ketone was, however, successful. Final yield in brackets is the overall yield of the longest linear
sequence starting from the core synthesis. (B) Reduced TP core (blue trace) isolated from the attempted
coupling of 96 with 44 (red trace).

With both the benzylic ketone and the dimethyl acetal compounds successfully made, it was

appropriate to complete this set through the synthesis of a cyclic acetal, namely the benzylic

1,3-dioxolane 100 (Figure 3.19). This was accomplished by protection of the ketone in 96 using

ethylene glycol in refluxing PhMe with an acid catalyst giving the 1,3-dioxolane nucleophile 99 in

excellent yield. Coupling of this with the TP core 44 gave the final benzylic 1,3-dioxolane product

100 in 7% yield. The relatively low yield was due to in part to the reaction not proceeding to

completion, as well as to the multiple purifications required to isolated the pure compound.
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Figure 3.19: Synthesis of the benzylic 1,3-dioxolane compound. Protection of the ketone in 96
using ethylene glycol, and subsequent coupling with the TP core led to the benzylic cyclic acetal derivative.

There is an obvious alternative route to the benzylic ketone compound, via direct oxidation of

the corresponding benzylic hydroxy compound 16 (a Frontrunner compound previously described

in Chapter 2). The route requires the initial synthesis of the benzylic hydroxy compound, and as

the requisite nucleophile precursor would contain two hydroxy groups, the benzylic alcohol would
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need protection to prevent unwanted side reactions. Various options exist for the protection of

alcohols including through the use of esters, ethers (methyl/benzyl/silyl) and acetals. Performing a

structure search of the desired nucleophile with the different protecting groups showed a number of

possible routes. Beginning with styrene oxide, epoxide ring opening can be achieved with a number

of reagents leading to the methyl, benzyl, TMS and acetyl protected alcohols (A, Figure 3.20).

The downside to this method is the possibility of the epoxide being opened from both positions,

giving a mixture of regioisomers. Silyl and acetyl protection can be achieved by starting from 1-

phenylethane-1,2-diol (B). Again there is the possibility of unwanted protection of both hydroxy

groups. While these protecting groups may be effective in other cases, the sensitivity of the acetyl

and silyl protecting groups to basic conditions, such as the ones required for coupling with the

TP core, favoured other possibilities. Another potential protecting group is that derived from

tetrahydropyran (THP). This strategy could be pursued starting from 2-hydroxyacetophenone,

but would first require protection of the primary alcohol with another protecting group, reduction

of the ketone, protection of the resulting secondary alcohol group and finally deprotection of the

primary alcohol (C). The downside to this route is the number of steps required to obtain the

desired nucleophile. An alternative route to this intermediate begins from mandelic acid and

involves esterification, protection of the alcohol and reduction of the ester to give the desired

alcohol (D). After consideration of all the methods, route D was seen as the most attractive and

straightforward option and the one that was ultimately pursued. Due to the availability of the

corresponding starting materials, the plain des-fluoro phenyl variant was used as the basis for the

following synthesis.
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Figure 3.20: Possible methods for the synthesis of the protected nucleophile coupling partner.
(A) Ether, silyl and ester protection from styrene oxide. (B) Silyl and ester protection from 1-phenylethane-
1,2-diol. (C) Acetal protection from 2-hydroxyacetophenone. (D) Acetal protection from mandelic acid.
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Starting from racemic mandelic acid, esterification using EtOH and catalytic p-TsOH gave the

corresponding ethyl ester 101 in excellent yield (Figure 3.21). THP protection of the hydroxy

group was achieved using 3,4-dihydro-2H -pyran and p-TsOH in CH2Cl2 to give the protected

alcohol 102 in moderate yield. Reduction of the ester group using LiAlH4 in THF led to the desired

alcohol nucleophile 103 in good yield. This was then coupled with the TP core 44 to give the

protected benzylic alcohol intermediate 104, which was immediately deprotected without further

purification. Initial attempts at deprotection using a 4 M HCl solution in dioxane were ultimately

unsuccessful. While there was apparent disappearance of starting material by TLC, the crude

product contained too many unidentified products to isolate any desired product 16. Searching

for alternative deprotection conditions identified a procedure for the deprotection of THP ethers

and 1-ethoxyethyl ethers using copper(II) chloride dihydrate. [197] Encouragingly, when subjecting

104 to this reaction conditions, clear conversion to the deprotected product was seen by TLC and

the desired product could be isolated in good yield. Oxidation of the benzylic alcohol was then

achieved using manganese(IV) oxide giving the highest yield of the benzlic ketone product 105

as 37%, even with upwards of fifty equivalents of MnO2. Although this demonstrated that the

benzylic ketone could be accessed through other methods, the initial route shown in Figure 3.18

was more favourable in terms of the number of synthetic steps required and overall yield of the

final compounds.
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Figure 3.21: Alternative synthesis of the benzylic ketone compound. This alternative route
first involves the synthesis of the benzylic hydroxy compound, with subsequent oxidation. Final yield in
brackets is the overall yield of the longest linear sequence starting from the core synthesis.
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In addition to obtaining Frontrunner compound 16 via this route, the THP-protected alcohol

103 was also used for the synthesis of Frontrunner compound 25 (Figure 3.22). Nucleophilic

displacement with TP core 106 (synthesised by Dr. Alice Motion) gave the coupled product in

55% yield. This was then deprotected to give the desired Frontrunner 25 in 88% yield.
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Figure 3.22: Synthesis of Frontrunner compound 25. The THP-protected alcohol 103 used for the
benzylic ketone compound was also used to access another Frontrunner compound.

3.4.2 Biological Evaluation: Part 1

Before the synthesis of the benzylic amine derivatives, the above benzylic ketone-based compounds

were first evaluated for potential antiplasmodium activity (Table 3.6). Both benzylic ketone

compounds 97 and 105 were found to be quite potent, and much like in other examples, the latter

3,4-difluorophenyl derivative was more potent than the phenyl counterpart, in this case around

1.6 times more potent (Entries 1 and 5). Interestingly, both protected ketone compounds 98 and

100 were more potent than the benzylic ketone compound itself, with the most notable being the

former dimethyl acetal, which was more than 5 times more potent than the unprotected ketone

97 (Entries 2 and 3). The similar activities seen across the benzylic ketone-based compounds are

likely due to the ketones being, to some extent, in equilibrium with the acetal forms in the target

environment.

Table 3.6: IC50 potency values of the benzylic ketone derivatives against P. falciparum. All
benzylic ketone and benzylic acetal derivatives showed good activity.

Entry Compound cLogP IC50 (µM)

1 97 2.5 0.83
2 98 3.0 0.16
3 100 2.7 0.67
4 16 2.1 0.36
5 105 2.3 1.37

3.4.3 Synthesis of the Benzylic Amine-Based Triazolopyrazines

After having successfully synthesised the benzylic ketone compounds, attempts were made to

access the benzylic amines through reductive amination. To investigate the potency trends seen
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among the various amine derivatives, analogues containing longer alkyl amines were made. Based

on the inherited data in Table 3.5, a trend appeared to be consistent across both racemic and

(reportedly) enantiopure benzylic amines, with the primary and tertiary amines showing good

potency and the secondary amines being completely inactive. To simplify the synthetic efforts,

the racemic versions of all analogues were pursued.

As a larger amount of the benzylic ketone compound 105 was available from the previous syntheses

(compared to the 3,4-difluorophenyl derivative 97), this was used for the subsequent reductive

amination reactions. Attempts were made with dimethylamine, diethylamine and morpholine

using NaBH(OAc)3, however no benzylic amine products were detected (Figure 3.23). Rather,

only reduction of the ketone to the alcohol was seen (i.e. 105 to 16). Increasing the reaction

time to allow for imine formation prior to the addition of the borohydride was ineffective, as

was increasing the amount of acid to compensate for possible protonation of the triazolopyrazine

ring.

N

N

N
N

O

F

F

O

NRR’

N

N

N
N

O

F

F

O

O
NaBH(OAc)3

AcOH

DCE, rt

N

N

N
N

O

F

F

O

OH

NHRR’

105 16

Figure 3.23: Attempted reductive amination on the benzylic ketone compound 105. Reductive
amination using dimethylamine, diethylamine and morpholine were unsuccessful, with only reduction to
the alcohol 16 observed.

To scope out alternatives to the direct reductive amination, routes involving the synthesis of the

benzylic amine intermediate prior to nucleophilic coupling with the core were investigated. In

searching for another possible method to access these amine precursors, one was found that used

Mg(ClO4)2 as a catalyst for the ring opening of epoxides with amines. [198] As mentioned for the

analogous epoxide ring opening for protected alcohols, an obvious drawback to this method is the

likely generation of a mixture of regioisomers, however it was thought that following the coupling

step with the TP core, the desired product could be easily separated. Indeed, the ring opening of

styrene oxide with diethylamine and morpholine under these conditions led to a mixture of ring-

opened products, which were then coupled to the TP core 44 as crude mixtures (Figure 3.24).

Unfortunately, in the case of the diethylamine derivative, while the reaction proceeded to give

the desired product, isolation of this product proved troublesome, even after multiple attempts

at purification. Fortunately, while the morpholine derivative also gave a mixture of products, the

desired compound 108 was successfully isolated, with none of the other possible coupling product
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detected or isolated.
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Figure 3.24: Synthesis of the benzylic morpholine compound. Epoxide ring opening gave a
mixture of products, which when coupled to the TP core 44 allowed for the desired product to be isolated.

Concurrently, efforts were being made towards the synthesis of the Frontrunner compounds, in

particular the benzylic dimethylamine Frontrunner compound 30. Difficulties in making this com-

pound led to consultation with the OSM community, and a revised route was found (see Chapter

2) which was ultimately applied to the synthesis of the remaining benzylic amine derivatives (Fig-

ure 3.25). Using the α-bromo ester 53, NHEtMe and NHEt2 were used to give the corresponding

amines 109 and 110 respectively in good yields. These were then reduced to the required alcohol

nucleophiles (111 and 112), and coupled to the TP core 44 to give the final compounds 113 and

114 respectively in moderate yields.
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Figure 3.25: Synthesis of the longer alkyl chain benzylic amine derivatives. Using the route
established during the Frontrunners campaign, the ethylmethylamine and diethylamine derivatives were
made.
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3.4.4 Biological Evaluation: Part 2

A number of interesting trends were seen upon the evaluation of these benzylic amine compounds

for antiplasmodium activity (Table 3.7). Similar to other cases of phenyl versus 3,4-difluorophenyl,

the morpholine compound 108 (Entry 1) was slightly less potent (∼2.5 times) than the previously

inherited analogue 89 bearing the 3,4-difluorophenyl ring (Entry 6, Table 3.5).

Given the strong influence of the amine substitution pattern on the potency previously seen,

it was expected that the ethylmethylamine derivative 113 would be inactive and that potency

would be regained with the diethylamine derivative 114. Instead, weak activity was seen with

the ethylmethylamine 113 and complete inactivity was seen with the diethylamine 114 (Entries

3 and 4). Perhaps even more surprising, was the drastic loss in potency when going from the

dimethylamine 30 to the ethylmethylamine substituent (Entries 2 and 3). Such a change in

potency seemed surprising considering other larger benzylic substitutions such as morpholine and

1,3-dioxolane were quite well tolerated.

Table 3.7: IC50 potency values of the benzylic amine compounds against P. falciparum. The
increased alkyl chain length of the benzylic amines led to a large reduction in activity.

Entry Compound cLogP IC50 (µM)

1 108 2.3 1.58
2 30 2.5 0.19
3 113 2.9 8.85
4 114 3.3 >10

It is clear that the benzylic position is sensitive to the nature of the substituent. While bulkier

cyclic substituents are tolerated, alkyl chains longer than one methyl group are not. Considering

the compounds synthesised here, along with the Frontrunners containing benzylic groups, there

is still a clear preference for benzylic alcohol substitution over other functionality.

3.5 The Phenylalaninol Ether

Prior to the completion of her Honours year in 2014, Joanna Ubels began work on the synthesis

of a Series 4 compound bearing a phenylalaninol ether side chain. The compound was originally

proposed in order to investigate further the influence of ether chain length on bioactivity. Her

attempted synthesis involved the coupling of (R)-2-amino-3-phenylpropan-1-ol with the 4-Cl TP

core (Figure 3.26). [199] While this reaction appeared to have gone to completion by TLC analysis,

upon purification and isolation of the major fractions, neither the starting material nor product

were seen. It is possible that in this case, substitution by the amino alcohol is outcompeted by

substitution with KOH. Unfortunately, due to time constrains, no further attempts were made to

synthesise this compound.
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Figure 3.26: Previously attempted synthesis of the phenylalaninol ether compound. Direct
coupling of phenylalaninol was unsuccessful.

Following this, in mid-2017, Griffith University joined the OSM consortium. [200] In an under-

graduate class led by Dr. Mark Coster, the students were tasked with synthesising new Series

4 compounds for the project, including previously-attempted, but also novel, compounds. One

student was assigned the synthesis of the aforementioned phenylalaninol compound. [201] The plan

to tackle this synthesis was to use the Boc protected phenylalaninol in the coupling step to pre-

vent any unwanted reactions. At the conclusion of the semester, the student had synthesised the

4-OCHF2 TP core, and had attempted a model coupling reaction with 2-phenylethanol. How-

ever, not enough time remained to purify or characterise the reaction products, or to perform this

coupling with the Boc protected phenylalaninol.

3.5.1 Synthesis of the Phenylalaninol Ether-Linked Triazolopyrazines

With a clear route to the desired compound having been laid out by the previous attempts, it

remained only to complete this relatively straightforward synthesis (Figure 3.27). Both the (R)-

and (S )-enantiomers of phenylalaninol are readily available and were mono-Boc protected under

standard conditions with Boc2O in CH2Cl2 to give the corresponding compounds 115 and 116 in

good to excellent yields. The coupling of these Boc-protected nucleophiles with the TP core 44

proceeded smoothly to give coupled products 117 and 118 in moderate yields. Final deprotection

of the Boc groups under acidic conditions gave the desired (R)- and (S )-enantiomers 119 and 120

respectively.
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Figure 3.27: Synthesis of the (R)- and (S)-phenylalaninol compounds. Boc protection of the
phenylalaninol prior to coupling allowed the reaction to proceed smoothly giving the desired products.
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Since these reactions were performed using enantiopure starting materials, attempts were made

to determine the e.e. of the final products using chiral HPLC. In a sample containing a mixture

of the two enantiomeric products 119 and 120, two closely eluting peaks were seen when running

a gradient of 0–1% IPA in hexanes for 30 minutes, however attempts at further resolution were

unsuccessful. Surprisingly, performing the same gradient on each of the products separately

resulted in the same peak shape being seen revealing the compounds had racemised. To determine

the extent of this, the intermediates 117 and 118 and the Boc protected amino alcohols 115 and

116 were examined by chiral HPLC as well. Two closely eluting peaks were seen with all four

samples indicating that they had all racemised. These results suggest that the racemisation

occurred during the initial Boc protection step. Due to time constraints, this was not pursued

further.

3.5.2 Biological Evaluation

The evaluation of these compounds was performed prior to the chiral HPLC experiments described

above. Interestingly, these amine-containing compounds showed far less potency than the regular

three methylene unit ether compound 59, which had a potency of 1.32 µM (Table 3.8). The

two enantiomers showed differences in potency. While they were all essentially inactive, in the

case of the (R)-enantiomer, the Boc-protected analogue 117 was more potent than the free amine

119 (Entries 1 and 3). The opposite was true for the (S )-enantiomer, with the Boc-protected

compound 118 being less potent than the weakly active free amine 120. These results highlight

the importance of the stereogenic centre on the potency of the final compound. Should a lead

Series 4 compound be identified that contains a stereogenic centre, it will be important to either

resolve, or separately synthesise, the enantiomers to discover whether there is a eutomer.

Table 3.8: IC50 potency values of the phenylalaninol enantiomers against P. falciparum. The
(S )-enantiomer was more active than the corresponding (R)-enantiomer, but all compounds were relatively
non-potent.

Entry Compound cLogP IC50 (µM)

Reference 59 3.6 1.32

1 117 3.9 8.6
2 118 3.9 10
3 119 2.2 17
4 120 2.2 2.3
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3.6 Miscellaneous Compounds

An additional small set of novel compounds was synthesised, mainly as a result of inputs from

the OSM community.

3.6.1 Northeast Phenyl Ring Substitution

The inherited data suggested that a 4-substituted (either CN, Cl or OCHF2) phenyl ring as the

northeast substituent was ideal for activity, however the compounds confirming this conclusion

were absent from the dataset. The obvious missing compounds included one with no northeast

substituent and one with a plain phenyl substituent. Synthesis of the core without any northeast

substituent required an alternative method to the standard core forming reactions (Figure 3.28).

Cyclisation of the hydrazine intermediate 2 with HC(OEt)3 led to the desired core 121 in 44%

yield. Nucleophilic displacement of the chlorine atom with 2-(3,4-difluorophenyl)ethanol gave

the final compound 122 in moderate yield. The northeast phenyl substituted core was synthe-

sised using benzaldehyde during the condensation step to give 123, which was then cyclised to

124 and finally coupled with 2-(3,4-difluorophenyl)ethanol to give 125 in low yield. Another

compound suggested by the OSM community was the 4-SF5 core. This moiety is known to be

an effective replacement for CF3 and OCF3 groups. [202] This was again synthesised by using

4-(pentafluorosulfanyl)benzaldehyde in the condensation step to give 126, cyclised to 127 and

coupled with 2-phenylethanol to give the final compound 128 in 83% yield.
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Figure 3.28: Synthesis of Series 4 compounds with varying northeast substitutions. Com-
pounds with no triazole substitution, phenyl substitution and 4-SF5 phenyl substitution were synthesised
to confirm the importance of this substituent.
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Indeed, the northeast phenyl ring was important for maintaining potency (Table 3.9). With no

substituent in this position, complete inactivity was seen (Entry 1). Installing a bare phenyl ring

led to a recovery of potency (Entry 2), but the best activity was seen with the 4-substituted

phenyl rings. A 4-SF5 substitution led to a large increase in potency (Entry 3). While the cLogP

of this compound is quite high, it is noted that the same calculation performed by ChemDraw

Professional 17.1 returns a cLogP of 3.7 showing the SF5 group is not well tolerated in these

calculations. By comparison, the model Series 4 compound 58 possessing a 4-OCHF2 substituent

still showed the best activity. These results validate the use of a 4-substituted phenyl rings in the

northeast position, in particular the 4-OCHF2 core.

Table 3.9: IC50 potency values of the northeast substituted compounds against P. falciparum.
The northeast phenyl ring is important for potency, with 4-substitution being ideal.

Entry Compound cLogP IC50 (µM)

Reference 58 3.2 0.25

1 122 1.5 >10
2 125 3.2 2.15
3 128 8.1 0.48

3.6.2 Northwest Methoxyphenyl Substitution

Another suggestion by the OSM community was for the evaluation of a Series 4 compound with an

electron donating group on the northwest phenyl ring. Such a compound was surprisingly absent

from the SAR. A methoxy substituted ring would be ideal for this purpose, and luckily the 3-

and 4-substituted methoxyphenethyl alcohols were readily available for coupling. The nucleophilic

substitution of these alcohols with the TP core 44 gave the respective final compounds 129 and

130 in moderate yields (Figure 3.29).
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Figure 3.29: Synthesis of the methoxy substituted compounds. These two compounds were easily
synthesised by coupling of the commercially available alcohols with the TP core 44.

Interestingly, the 3-OMe isomer 129 was highly potent, even more than the bare phenyl compound

58. The 4-OMe isomer 130 was less potent but still showed good activity. While both compounds
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were potent, methoxyphenyl moieties are not always the best functionality to have in a drug as

the methoxy group is prone to metabolism by O-demethylation leading to undesired clearance of

the drug. [203]

Table 3.10: IC50 potency values of the northwest methoxyphenyl compounds against P.
falciparum. Both isomers were potent but were not pursued further due to the metabolic lability of the
methoxyphenyl moiety.

Entry Compound cLogP IC50 (µM)

Reference 58 3.2 0.25

1 129 3.1 0.14
2 130 3.1 0.93

3.6.3 Northwest Hydroxy Transposition

With the highly potent benzylic hydroxy compound 16 synthesised as part of the Frontrunners,

it was thought possible that transposition of this benzylic carbon and hydroxy group onto the

phenyl ring might be beneficial for activity and solubility. Such a transposition would require

a symmetric diol nucleophile, which could potentially be coupled with the TP core without the

protection of one alcohol group. Should the coupling of this unprotected diol proceed smoothly

to give desired product (and not the doubly coupled product), future coupling reactions involving

diol nucleophiles may be conducted without the requirement of alcohol protection.

The required diol could be synthesised following literature procedures through the reduction of

terephthaldehyde with NaBH4 giving 1,4-phenylenedimethanol 131 in 33% yield (Figure 3.30). [204]

Direct coupling of this unprotected diol to the TP core 44 using coupling conditions slightly

different from the standard conditions led to the desired product in 15% yield after two successive

purifications. Even though a low yield was seen with this reaction, the coupling of the unprotected

diol did proceed and no doubly coupled product was observed.
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Figure 3.30: Synthesis of the transposed hydroxy compound. The coupling of the unprotected
diol proceeded to give the desired product, albeit in low yield.
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Unfortunately, the transposition of the alcohol to the phenyl ring led to a complete loss in potency

when compared to the untransposed compound 16 (Figure 3.31). Additionally, this transposition

was seen to negatively impact the potency when compared to the corresponding bare phenyl

compound 57.
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Figure 3.31: The transposed alcohol compound had an IC50 of >10 µM. There was a complete
loss in potency when compared to the untransposed compound.

3.7 Concluding Remarks

A wide range of novel compounds was successfully synthesised and evaluated for their in vitro

potencies, contributing to the larger set of existing SAR data for the Series 4 triazolopyrazines

(Figure 3.32).
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Figure 3.32: Summary of the SAR for compounds in this chapter. Colour coding: <1.0 µM =
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While the inherited dataset for this series suggested an ether chain length of two methylene groups

was optimal between the heterocyclic core and the northwest pendant phenyl ring, the specific
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compounds to prove this relationship were absent from the dataset. This was confirmed through

the synthesis of the relevant compounds, showing that this separation of the phenyl from the core

was indeed important to maintain potency. The importance of the 4-substituted northeast phenyl

ring was confirmed in a similar manner.

A series of thioether-based compounds was made, revealing a misassignment in a previously syn-

thesised analogue. As a result, two substitution products were isolated and characterised, thereby

correcting the original data but also revealing the possibility of unexpected side products in the

standard nucleophilic displacement reaction.

Attempts to substitute or incorporate a triazole moiety in the northwest side chain led to a

complete loss in potency. While triazoles have been know to be effective mimics for amide groups,

in our case this was not seen to help. It is possible the reduced freedom of movement of the

side chain (in the case of 78) and increased bulkiness (in the case of 83 and 84) led to this

inactivity.

A series of compounds with benzylic ketone, acetal and amine substitutions were made through

various routes, revealing a number of potent Series 4 compounds. The benzylic ketone compounds

(including the acetals) were relatively well tolerated, with the majority of potencies below 1 µM.

The longer alkyl amines were poorly tolerated, the best being the benzylic dimethylamine.

A select number of compounds from this chapter were further evaluated for mechanism of action,

and will be discussed in Chapter 5. The following chapter will cover the synthesis and evaluation

of further novel compounds based specifically around the replacement of the northwest pendant

phenyl and northeast phenyl rings with non-aromatic moieties.
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4. Series 4 Phenyl Bioisosteres

This chapter covers further investigations into the SAR of Series 4, focusing on the design and

synthesis of a range of compounds based around replacements of the pendant phenyl rings. The

in vitro biological evaluation of these compounds against P. falciparum is discussed at the end of

each section. Select compounds were used to generate late-stage biofunctionalised products using

liver microsomes, which were also evaluated for in vitro activity.

4.1 Background

Phenyl rings are ubiquitous in medicinal chemistry, appearing in all manner of biologically relevant

molecules. Yet phenyl groups may not always be the optimal motif to use. They are relatively

non-polar and are involved in π-π stacking interactions that can contribute to low aqueous solu-

bility. Luckily, in medicinal chemistry, there are several well known strategies for addressing these

concerns. [205,206] Perhaps the most common is to append charged or polar groups such as alco-

hol or amine moieties. Such changes will typically reduce the hydrophobicity of the compound,

but may often dramatically impact the potency of the compound and therefore may not always

be desired. Similar effects may be seen by using heterocyclic ring replacements (e.g. pyridyl in

place of phenyl), but this again may alter the potency of the desired compound. [207] Alternatively,

modifications can be made to alter the crystalline stability of the compound by either removing

aromaticity or changing the geometry or topology of the compound. For example, replacement of

a phenyl ring by an aliphatic group (linear, cyclic or caged) will eliminate π-π stacking interactions

and may help improve aqueous solubility. These latter replacements have the added advantage of

introducing further options for chemical derivatisation that may not be accessible with a phenyl

ring. Again, however, there is the caveat that these changes can heavily influence the binding

interactions between a drug and its target. Some of these strategies for improving solubility have

already been applied to the Series 4 compounds, mainly focused around the introduction of alco-

hol and amine functional groups. One area that has not been extensively investigated is reducing

the extent of the aromaticity of the series. Replacing the phenyl rings with moieties that are

not aromatic will result in decreased aromaticity and π-π stacking, which should translate to

improved solubility and, it is hoped, better metabolic clearance properties. Before incorporat-

ing these changes, the types of suitable phenyl ring replacements (known commonly as phenyl

bioisosteres) must be considered.
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The concept of an isostere was originally formulated by Irving Langmuir in 1919, stating that if

compounds having the same number of atoms have also the same total number of electrons, the

electrons may arrange themselves in the same manner. [208] Harris Friedman then introduced the

term “bioisostere” in 1950, which redefined the original term as “compounds or groups that possess

near-equal molecular shapes and volumes, approximately the same distribution of electrons, and

which exhibit similar physical properties”. [209] By making a bioisosteric change in a compound,

a number of properties may be altered including toxicity, solubility, metabolic stability or po-

tency. As such, these changes can constitute an extremely useful strategy in medicinal chemistry

programs for optimising certain physical and biological properties in a compound. [210–214]

Bioisosteres may be grouped into two categories: classical and non-classical (Figure 4.1). A

classical bioisostere follows the previously mentioned definition in which the change made results

in a structurally similar compound. Common examples include the exchange of hydrogen with

deuterium, carbon with silicon or phenyl with pyridine. Perhaps the most useful of these for

medicinal chemists is the exchange of hydrogen with fluorine. This substitution is most effective

for blocking metabolically labile sites due the the higher strength of the C–F bond versus the C–H

bond. It is often easy to purchase the required fluorinated starting materials and the synthetic

chemistry remains largely unchanged. Perhaps as a result, it is estimated that ∼20–25% of drugs

on the market contain a fluorine atom. [215] The second category, non-classical bioisosteres, differ in

that the resulting compounds may contain a group that is structurally distinct from the original

compound (typically containing different atoms or more substantial steric/electronic changes).

In many cases, the use of a non-classical bioisostere results from hypotheses derived from target

binding studies. Examples include the exchange of a halogen with a CF3/CN group or a carboxylic

acid with a tetrazole.

CLASSICAL NON-CLASSICAL

H F

H D

N
OH NH2

CH2 O

C Si OH

O

N

N

NHN

Cl CN

OH

O
O

N
H

S
CF3
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Figure 4.1: Examples of classical and non-classical bioisosteric changes. All are commonly used
strategies in medicinal chemistry for optimising certain biological properties.

While classical phenyl ring bioisosteres focus on the introduction of heteroatoms, this change does

not significantly affect the overall aromaticity of the compound. The focus in the present work

therefore was on the use of non-classical bioisosteres, with motifs ranging from simple changes
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involving saturated heterocycles, to less common changes involving cubanes and carboranes. In a

typical planning context, performing cLogP calculations on a molecule is a good way to approx-

imate the potential solubility of a compound. As will be seen, performing these calculations on

the phenyl bioisosteric motifs discussed below resulted in inconsistencies across different software

platforms, limiting the usefulness of this calculated parameter.

4.2 Simple Non-Planar Derivatives

Saturated heterocyclic rings can be found in a large number of the small molecule drugs approved

by the FDA. The most common of these systems are nitrogen containing heterocycles such as

piperidine and piperazine. [216,217] With so many successful drugs already exploiting these hetero-

cycles, it was felt appropriate to incorporate them into the Series 4 compounds as replacements

for either the northwest or northeast phenyl rings as a deplanarisation strategy (Figure 4.2).
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58
IC50 = 0.25 µM

Figure 4.2: Replacement of the northwest or northeast aromatic rings with a saturated
heterocycle (X,Y = N/C/O). This should improve the aqueous solubility through increased H-bonding
capabilities and deplanarisation.

4.2.1 Synthesis of the Northwest Saturated Heterocycle Series 4 Bioisosteres

A variety of alcohols (2-cyclopropylethanol, 2-[2-oxa-6-azaspiro[3.3]heptan-6-yl]ethan-1-ol, 1-(2-

hydroxyethyl)pyrrolidine, 1-(2-hydroxyethyl)piperidine and 4-(2-hydroxyethyl)morpholine) were

proposed as coupling partners with TP core 44 and gave the corresponding final compounds 133–

138 in moderate yields (Figure 4.3). A majority of the required saturated heterocycle alcohol

precursors were readily available with no further modification of the material required. In the

case of the oxetane compound 134, the required nucleophile was obtained from the lithium salt

of 2-(oxetan-3-yl)acetic acid. This was first converted to the free acid by treatment with 32%

HCl and extraction with EtOAc, then reduced to give the alcohol nucleophile which was finally

coupled to 44 to give the desired Series 4 compound.
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Figure 4.3: Deplanarisation of the northwest phenyl ring using simple saturated heterocyclic
alcohols. Varying the alcohol nucleophile for nucleophilic displacement with TP core 44 gave the desired
compounds in moderate yields. ¶Alternative reaction conditions were used: t-BuOK (1.2 equiv.), 1,4-
dioxane (55 mM), rt, overnight.

The synthesis of a piperazine containing analogue (141) was attempted, however, while direct

coupling of 1-(2-hydroxyethyl)piperazine led to consumption of the TP core 44 as indicated by

TLC, no desired product was identified or isolated (Figure 4.4). It is possible that the presence of

the free amine resulted in unwanted side-reactions which consumed the TP core. To overcome this,

the free amine was protected using Boc2O to give the N -Boc protected compound 139 in moderate

yield. This was coupled to the TP core 44 to give 140 which, following acidic deprotection of the

amine, gave the desired compound 141 in excellent yield.
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Figure 4.4: Synthesis of the northwest piperazine analogue. Direct coupling with the piperazine
alcohol was unsuccessful. When the free amine was N -Boc protected before coupling the desired product
could be formed.
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4.2.2 Synthesis of “the Nemesis”

The Series 4 compound named “the Nemesis” was originally proposed as a means to investigate

deplanarisation of the northeast phenyl ring. [188] Dr. Alice Motion first attempted its synthesis,

however difficulties were encountered with purifications at multiple steps during the synthesis

resulting in the compound not being isolated (and giving rise to the compound’s nickname). A

year later, a class led by Robert Broadrup at Haverford College in Pennsylvania joined the OSM

project and were tasked with synthesising Series 4 compounds, one of which was the Nemesis. [218]

While it appeared from mass spectrometry analysis that the students were able to synthesise the

Nemesis, there was not a sufficient amount of the product for further analysis and, due to time

constraints, no more attempts were made to obtain the compound. [219,220]
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Figure 4.5: Key steps in the synthesis of the Nemesis. (A) Synthesis of the Nemesis TP core. (B)
Synthesis of the alcohol side chain. (C) Nucleophilic displacement. (D) THP/Boc deprotection.

Ultimately, the Nemesis was synthesised as part of the phenyl bioisosteres investigation (Fig-

ure 4.6). Condensation reaction with 1-Boc-3-piperidinecarboxaldehyde and hydrazine 2 gave the

hydrazone 142 in 66% yield. Cyclisation led to TP core 143, on which nucleophilic displace-

ment was performed with alcohol 103 (synthesised in Chapter 3) to give the protected Nemesis

compound 144 in 32% yield. Rather than performing the deprotection step using THP depro-

tection conditions (HCl in dioxane), since this reaction had provided mixtures with analogous

compounds, it was thought that Boc deprotection conditions (TFA in CH2Cl2) would be cleaner

and suitable to deprotect both groups at the same time. When the deprotection was performed in

this latter way the Nemesis 145 was obtained in 66% yield. Having some of the Nemesis TP core

143 remaining, it was also coupled with 2-(3,4-difluorophenyl)ethanol to give the protected com-

pound 146. Deprotection afforded the difluorophenyl derivative of the Nemesis (147) in excellent

yield.
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Figure 4.6: Synthesis of the Nemesis. Synthesis of the N -Boc protected TP core followed by coupling
with the alcohol nucleophile synthesised for the benzylic ketone compound in Chapter 3 led to the Nemesis.
A difluorophenyl derivative was also synthesised with leftover TP core.

4.2.3 Synthesis of the Northeast Saturated Heterocycle Series 4 Bioisosteres

The same process as above was used for the incorporation of the remaining saturated heterocycles

as a replacement of the northeast phenyl ring (Figure 4.7). The following compounds were intended

for synthesis by the undergraduate Special Studies Program (SSP) lab course, however due to

complications with their synthesised products (discussed in Chapter 7), the compounds were

synthesised here separately. Condensation reactions were performed with hydrazine 2 and the

commercially available aldehydes with oxygen heterocycles (tetrahydrofuran and tetrahydropyran)

and N -Boc protected nitrogen heterocycles (pyrrolidine and piperidine) giving the corresponding

hydrazones. These were then cyclised to give the respective TP cores, which after coupling with

2-phenylethanol gave the final compounds 148, 149, 150 and 151 in good yields. Compounds

150 and 151 were deprotected under acidic conditions to give the free amine products 152 and

153 respectively.
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Figure 4.7: Deplanarisation of the northeast phenyl ring using simple saturated heterocyclic
aldehydes. Varying the aldehyde in the initial condensation step, followed by cyclisation and nucleophilic
displacement with 2-phenylethanol gave the desired compounds.

4.2.4 Biological Evaluation

By comparison with the northwest phenyl compound 58 (IC50 = 0.25 µM), it could be seen that

replacement of this phenyl ring with saturated heterocycles led to a significant loss in activity

(Table 4.1). The only notable compound was the cyclopropyl analogue 133 which was found to

be very weakly active (Entry 1).

Table 4.1: IC50 potency values of northwest saturated heterocycle analogues against P.
falciparum. All northwest replacements were found to result in inactive compounds.

Entry Compound cLogP IC50 (µM)

Reference 58 3.2 0.25

1 133 2.5 3.03
2 134 1.7 >10
3 135 0.9 >10
4 136 1.8 >10
5 137 2.1 >10
6 138 1.0 >10
7 140 2.5 >10
8 141 0.8 >10
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Similarly, all northeast saturated heterocycle analogues were found to be inactive in vitro (Ta-

ble 4.2).

Table 4.2: IC50 potency values of northeast saturated heterocycle analogues against P. fal-
ciparum. All northeast replacements were found to result in inactive compounds.

Entry Compound cLogP IC50 (µM)

Reference 58 3.2 0.25

1 148 1.9 >25
2 149 2.2 >25
3 150 3.4 >25
4 151 3.7 14.5
5 152 1.7 >25
6 153 2.1 >25

The inactivity seen with all saturated heterocyclic replacements could suggest that the rigidity of

the phenyl ring is important to maintaining biological activity. With this in mind, a more closely

related phenyl bioisostere, cubane, was investigated. Such a structure would keep the desired

deplanarisation but reintroduce a degree of rigidity to the side-chain that would, it was hoped,

lead to a more active compound.

4.3 Cubanes

First synthesised in 1964 by Eaton and Cole, [221] cubane is a synthetic hydrocarbon compound

belonging to the class of prismanes. The original synthesis began with 2-cyclopentenone and

required 12 steps to obtain the unfunctionalised cubane framework, in low yield (A, Figure 4.8).

Six years later, Chapman and co-workers improved upon this with a lower yielding, but much

shorter, 5 step synthesis providing the more versatile, dimethyl 1,4-cubanedicarboxylate (B). [222]

Most recently in 2013, Tsanaktsidis and co-workers developed a multigram synthesis, yielding

the dimethyl dicarboxylate in ca. 20% overall yield over 8 steps (C). [223] Nowadays, although

expensive, the methyl dicarboxylate is commercially available from many suppliers. The pre-

installed ester functionality allows for a large range of chemical transformations, providing cubane

building blocks that can be incorporated into compounds used in areas such as medicinal and

polymer chemistry. [224,225]
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Figure 4.8: The synthesis of cubane and its dimethyl dicarboxylate derivative have been
improved upon over the years resulting in a shorter and higher yielding synthesis. (A) Eaton
and Cole; 1964. (B) Chapman and co-workers; 1970. (C) Tsanaktsidis and co-workers; 2013.

The size and volume of cubane is said to mimic the size and rotation volume of a phenyl ring

(102 Å3), and therefore may act as a suitable phenyl bioisostere. [226] Accordingly, several bio-

logically active molecules were studied for their ability to tolerate a cubane replacement, exam-

ining changes in activity, solubility, metabolism, stability and tractability. [227] Five compounds

were evaluated including those with chemotherapeutic (Vorinostat), anaesthetic (Benzocaine) and

neotropic (Leteprinim) applications (Figure 4.9). It was found that four of the five showed equiv-

alent or improved potency when the phenyl ring was replaced with a cubane. In these four cases,

the slight increase in measured logP with the cubane replacements (largest difference of ∼0.5)

did not have a significant impact on compound solubility. However, in the one case that led to

decreased potency, a much larger increase in measured logP (∼1.4) was seen for the cubane ana-

logues that translated to a large reduction in solubility. This was attributed to the unsubstituted

nature of the cubane in the relevant analogues (of benzyl benzoate).
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Figure 4.9: Validation of cubane as a bioisostere for phenyl. Bioisosteric replacement of phenyl
rings in known bioactive compounds with cubanes generally gave similar or higher potencies when compared
to their phenyl counterparts.
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4.3.1 Synthesis of the Northwest Cubane Series 4 Bioisosteres

With solubility and metabolic stability being known issues throughout Series 4, based on the

report above, it was thought that replacing the phenyl rings in the Series 4 compounds with cubane

could lead to improvements in these areas through deplanarisation and dearomatisation. [228] The

Williams group at the University of Queensland generously synthesised and sent samples of cubane

building blocks (2-cubylpropan-1-ol, 3-cubylethan-1-ol and 4-iodocubane-1-carboxylic acid) for

incorporation as the northwest and northeast substituents (Figure 4.10).

OH
OH

OH

O

I

Figure 4.10: Cubanes donated by Professor Craig Williams. The cubane building blocks
2-cubylpropan-1-ol, 3-cubylethan-1-ol and 4-iodocubane-1-carboxylic acid were kindly provided by the
Williams group for incorporation in new Series 4 compounds.

Accordingly, both cubane alcohols were readily reacted with TP core 44 under the standard

nucleophilic displacement conditions to give the final compounds 154 and 155 in moderate yields

(Figure 4.11).
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Figure 4.11: Synthesis of the northwest cubane analogues. Nucleophilic displacement using the
two cubane alcohols of different chain lengths gave the corresponding final products 154 and 155.

4.3.2 Synthesis of the Northeast Cubane Series 4 Bioisosteres

In order to incorporate the cubane into the northeast position of a Series 4 compound, the provided

carboxylic acid had to first be converted into an aldehyde. The Priefer group previously reported

the synthesis of various iodocubane derivatives, detailing the desired conversion of iodocubane

carboxylic acid into iodocubane aldehyde. [229] By following these methods, the carboxylic acid

was reduced to the corresponding primary alcohol 156 using borane dimethylsulfide complex.

Subsequent Swern oxidation afforded the aldehyde 157 in good yield (Figure 4.12).
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Figure 4.12: Conversion of the provided cubane carboxylic acid to the desired cubane alde-
hyde. Following literature methods, the carboxylic acid was first reduced to the primary alcohol, then
oxidised to the aldehyde to give the desired precursor for the following condensation reaction.

The aldehyde 157 was then used to obtain the ether- and amide-linked analogues (Figure 4.13).

The ether-linked compound was obtained through condensation of 157 with hydrazine 2 giving

the hydrazone 158, which was then cyclised to 159 in good yield. Final nucleophilic displacement

with 2-(3,4-difluorophenyl)ethan-1-ol led to the desired ether-linked compound 160 in moderate

yield. The amide-linked compound was obtained using the amide intermediate for 21 synthesised

by Dr. Alice Motion during the Frontrunners campaign (see Chapter 2). Condensation of 157

with this hydrazine gave intermediate 161, which was cyclised to give the final amide-linked

compound 162 in moderate yield.
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Figure 4.13: Routes used to synthesise the ether- and amide-linked northeast cubane com-
pounds. Synthesis of the cubane aldehyde 157 allowed access to the ether- and amide-linked compounds.

The cubane precursor had been provided with a 4-iodo substituent, so before any valid compar-

isons could be made the corresponding northeast 4-iodo substituted phenyl analogue needed to

be synthesised. It was decided that, of the two northeast cubane compounds synthesised above,
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only the phenyl analogue of the ether-linked compound would be made (Figure 4.14). Follow-

ing literature procedures, 4-bromobenzaldehyde was converted to 4-iodobenzaldehyde 163 under

Finkelstein reaction conditions in 21% yield. [230] The aldehyde 163 was condensed with hydrazine

2 and cyclised to give the iodophenyl TP core 164 in 79% yield. Nucleophilic displacement with

2-(3,4-difluorophenyl)ethan-1-ol gave the final compound 165 in 61% yield.
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Figure 4.14: Synthesis of the northeast iodophenyl compound. Finkelstein reaction of 4-
bromobenzaldehyde gave 4-iodobenzaldehyde 163 which was then condensed with hydrazine 2, cyclised
and coupled with 2-(3,4-difluorophenyl)ethan-1-ol to give the northeast 4-iodo substituted phenyl com-
pound 165.

4.3.3 Biological Evaluation

Evaluation of the Series 4 cubane bioisostere compounds revealed a number of interesting results

(Table 4.3). Unlike the saturated hetereocycle replacements above (which were all inactive), re-

placement of the northwest phenyl ring with a cubane possessing a two (154) or three (155)

methylene unit ether chain (Entries 1 and 2 respectively) led to only a slight decrease in activity

when compared to the corresponding two (58) and three (59) methylene unit ether chain phenyl

analogues. Conversely, replacement of the northeast phenyl ring with cubane resulted in a com-

plete loss in activity in both the ether- (160) and amide-linked (162) compounds (Entries 3 and

4 respectively). By comparison, the related northeast 4-iodo substituted phenyl compound 165

was active (Entry 5).
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Table 4.3: IC50 potency values of northeast and northwest cubane analogues against P.
falciparum. Replacement of the northwest phenyl ring with cubane was well tolerated, while replacement
of the northeast phenyl ring was not.

Entry Compound cLogP IC50 (µM)

Reference 58 3.2 0.25
59 3.6 1.32

1 154 2.5 0.37
2 155 3.0 2.00
3 160 3.0 >10
4 162 1.7 >10
5 165 3.6 0.35

These results, along with those for the saturated heterocycle replacements, demonstrated the low

tolerability for deplanarisation of the northeast phenyl ring. Conversely, it appears that depla-

narisation is tolerated in the northwest position provided that a degree of rigidity is maintained.

The remaining bioisosteres explored were therefore other hydrocarbon cage replacements in the

northwest position.

4.4 Adamantanes

Pre-dating the first synthesis of cubane by just over 20 years, adamantane was first made in 1941

by Vladimir Prelog in 5 steps starting from Meerwein’s ester, giving a yield of ca. 0.16% (A,

Figure 4.15). [231] The synthesis was refined a number of times, with each refinement reducing the

step count and improving the yield, [232] ultimately resulting in a near-quantitative synthesis of

adamantane by Olah and co-workers which utilised sonication and a superacid catalyst (C). [233]

These days, adamantane is widely available from commercial suppliers costing as little as $1/g,

with many simple derivatives at similar prices.
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Figure 4.15: The synthesis of adamantane has been improved upon over the years resulting
in a significantly shorter and near-quantitative synthesis. (A) Prelog and Seiwerth; 1941. (B) von
R. Schleyer; 1957. (C) Olah and co-workers; 1986.

102



CHAPTER 4 – Series 4 Phenyl Bioisosteres

Due to the unique structural, chemical and physical properties of adamantane, the incorporation of

the motif into biologically relevant compounds may result in a number of changes to the absorption,

distribution, metabolism or excretion (ADME) properties of the molecule. For example, in specific

cases, the high hydrophobicity of the resulting compound may allow for favourable binding to an

enzyme hydrophobic site allowing the compound to act as an inhibitor. Additionally, due to the

high rigidity and cage size (6.36 Å H–H distance) of the adamantane scaffold, it may be used as a

framework to organise the conformation of other functional groups. [234] As a result, adamantane

has seen use in a wide range of biologically relevant molecules. For instance, originally developed

by researchers at Pfizer as a phenyl based β2-adrenoreceptor agonist, [235] the adamantyl-derived

analogue was found to perform as well as the phenyl based lead compound (A, Figure 4.16). [236]

In another case, several adamantane containing N -hydroxypropenamides were identified to have

activity against histone deacetylase and be able to reverse the resistance of cisplatin in non-

small cell lung cancer cell lines (B). [237] Importantly, the adamantyl derivative showed improved

inhibitory activity and a lower resistance index (ratio of the IC50 in resistant cells to the IC50 in

parental cells) when compared to belinostat and cisplatin. Adamantane has even found its way

into antimalarials with OZ439 (described in Chapter 1) currently in development as a potential

new medicine (C). [103]
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Figure 4.16: Examples of the use of adamantane as a phenyl bioisostere. Adamantane has also
been incorporated into a potential antimalarial drug, OZ439.

4.4.1 Synthesis of the Northwest Adamantane Series 4 Bioisosteres

Due to the ease of accessibility of prefunctionalised adamantane precursors, incorporating it as a

northwest phenyl bioisostere was a matter of finding the desired adamantane alcohol nucleophile.

For this purpose, adamantane alcohols with one and two methylene unit chains were used for

the nucleophilic displacement. Both alcohols were readily reacted with TP core 44 to give the

corresponding adamantane bioisostere compounds 167 and 168 in good yields (Figure 4.17).
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Figure 4.17: Synthesis of the Series 4 northwest adamantane compounds. Direct nucleophilic
displacement with the commercially available adamantane alcohols with TP core 44 gave the desired final
compounds.

4.4.2 Biological Evaluation

When compared to the phenyl compounds with one (57) and two (58) methylene unit ether

chains, the adamantane analogues (167 and 168) were less potent but still showed weak activity

(Entries 1 and 2) Table 4.4.

Table 4.4: IC50 potency values of northwest adamantane analogues against P. falciparum.
The adamantane replacements were less well tolerated than the cubane derivatives.

Entry Compound cLogP IC50 (µM)

Reference 57 2.7 2.24
58 3.2 0.25

1 167 3.6 4.80
2 168 4.1 2.15

4.5 Bicyclo[1.1.1]pentanes

Bicyclo[1.1.1]pentane (BCP) is a bridged bicyclic hydrocarbon compound that was first reported

in 1964 by Wiberg and co-workers as part of a ring closure reaction of 3-bromocyclobutane-1-

methyl bromide with sodium. [238,239] The reaction mixture was purified by gas chromatography

and gave three main products: a mixture of hydrocarbons, a saturated hydrocarbon and 1,4-

pentadiene. The saturated hydrocarbon was identified to be BCP by 1H NMR spectroscopy and

mass spectrometry. A review published in 2000 details the work carried out in this field since this

time. [240]

Nowadays, BCP is commonly synthesised as a prefunctionalised derivative from 1,1-dibromo-

2,2-bis(chloromethyl)cyclopropane via [1.1.1]propellane (Figure 4.18). Due to the volatile nature

of the propellane intermediate, it is often prepared fresh and kept in solution. Common BCP

derivatives from this route include bis-acids (R = R′ = CO2H), [241] bis-esters (R = R′ = CO2Me)

and half-acids (R = CO2H, R′ = CO2Me).
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R

R'MeLi
BrBr

Cl

Cl

Figure 4.18: Common synthetic route to access functionalised bicyclo[1.1.1]pentanes. This
proceeds via [1.1.1]propellane.

In a similar manner to cubane, the BCP motif has recently found use as a non-classical phenyl

ring bioisostere. [242] While the size of the BCP motif is smaller than that of benzene and cubane

(vide supra), its use as an effective phenyl bioisostere has been demonstrated in a number of cases.

The phenyl ring in a γ-secretase inhibitor currently in development was replaced with the BCP

motif resulting in a compound with not only equipotent enzyme inhibition, but also improved

passive permeability, aqueous solubility and oral absorption characteristics (A, Figure 4.19). [243]

In another case, a BCP replacement in a LpPLA2 inhibitor resulted in maintenance of potency

while improving the compound’s physicochemical properties (B). [244] BCP has also been used to

synthesise an analogue of resveratrol that showed in vivo pharmacokinetic properties superior to

the parent compound (C). [245] The improvements to the biological properties of the compounds

in these examples suggested the use of the BCP motif may be advantageous for Series 4.

HO

OH

OH

HO

OH

OH

F

S N

N

O

N

O

N

F3C

F

S N

N

O

N

O

N

F3C

Cl

S
N

O

O

CF3

NH2

O

F
N

O
N

Cl

S
N

O

O

CF3

NH2

O

N
O

N

↑ RRCK permeability
↑ solubility
↓ ElogD
↑ Cmax, AUC (mice)

A B C

~ potency
↑ physicochemical
    profile

↑ in vivo PK profile
↑ metabolic stability

BMS-708,163 Darapladib Resveratrol

BCP derivatives

Figure 4.19: Examples of the use of BCP as a phenyl bioisostere. Replacements of phenyl rings
with BCP have been shown to improve a range of biological properties while maintaining potency.
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4.5.1 Synthesis of the Northwest BCP Series 4 Bioisosteres

Initial attempts at synthesising the Series 4 BCP bioisostere revolved around a report by Kokhan

and co-workers that incorporated the BCP motif into a monofluorinated aliphatic label for 19F

NMR peptide studies (Figure 4.20). [246] A number of intermediates in this synthesis were attrac-

tive, the most notable being the N -Boc protected amino acid (orange box), which after reduction

would yield the desired alcohol for coupling to the TP core. As it is not a necessity to have an

enantiopure amine in the final building block, it could be envisioned that a Strecker reaction from

the aldehyde intermediate would give the racemic amino acid in fewer steps.
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Figure 4.20: Reported route by Kokhan and co-workers for the synthesis of the BCP con-
taining amino acid.

The first attempt to synthesise the [1.1.1]propellane intermediate followed a procedure outlined

on Organic Syntheses in which MeLi was added dropwise to a solution of cyclopropane 169 in

n-pentane at –78 ◦C (Figure 4.21). An ethereal solution of the propellane 170 was isolated

by short-path vacuum distillation with the receiving flask cooled in liquid N2. [247] Analysis of

the 1H NMR spectrum of the product showed only a trace amount of the desired propellane

170. Slightly modified reaction conditions were tried, only using Et2O and with higher reaction

temperatures, [248] however no product could be identified by 1H NMR spectroscopy. A final

attempt followed procedures reported by Bunker and co-workers, [249] employing MeLi–LiBr as an

alternative to MeLi. Encouragingly, this procedure resulted in isolation of the desired propellane
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170 in 64% yield as judged by 1H NMR spectroscopy. Apart from the residual Et2O and pentane,

the six equivalent protons from 170 exhibited a singlet at 2.04 ppm with the MeBr by-product

appearing at 2.64 ppm. Rather than follow the same steps outlined above, it was found that the

BCP aldehyde could be accessed in a more direct route via the BCP nitrile 171. [250] This would

again be a way of shortening the above synthesis to the desired alcohol nucleophile. The nitrile

forming reaction was attempted on 170 but the 1H NMR spectrum of the crude material was

complicated by many signals and no desired product could be identified. While this reaction was

unsuccessful, another opportunity emerged to access these BCP derivatives.

BrBr

Cl

Cl

MeLi-LiBr

pentane/Et2O, −50 to 0 oC

TsCN
Fe(acac)2

PhSiH3

MeLi

pentane/Et2O, −78 to 0 oC

MeLi

Et2O, −40 oC to rt
CN

HO

DIBAL-H

CH2Cl2, −10 oC

then HCl

169 170, 64% 171

Figure 4.21: Attempted synthesis of the BCP aldehyde building block. The [1.1.1]propellane
intermediate 170 was successfully synthesised but the following nitrile addition was unsuccessful.

Having seen the publication by Pfizer on γ-secretase inhibitors above, the corresponding author

on the paper was contacted for information regarding BCP building blocks. Encouragingly, a

number of BCP intermediates were suggested which could be obtained from Pfizer’s Compound

Transfer Program (CTP). This program allows researchers from around the world to request

compounds from the Pfizer library for use in their own research free of charge. Ultimately, three

of these were requested through the CTP for investigation within Series 4 and were kindly supplied

(Figure 4.22).
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PF-70740460 PF-06231780 PF-06258068

Figure 4.22: Three bicyclo[1.1.1]pentane building blocks obtained through Pfizer’s Com-
pound Transfer Program. 50 mg of the difluoromethyl-BCP and 1 g each of the half-acid and bis-acid
were obtained through the CTP.

A number of transformations are known for the half-acid and bis-acid BCPs such as those shown

in Figure 4.23. These include homologations, decarboxylations and reductions. From the perspec-

tive of desirable Series 4 derivatives, the most attractive of these building blocks would be the

transformation of the half-acid PF-06231780 to the mono-acid and the transformation of the
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bis-acid PF-06231780 to the fluoro-acid, since these would provide the most direct comparisons

to existing Series 4 phenyl-containing analogues.
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Figure 4.23: Some of the known transformations on half-acid and bis-acid BCPs. The acid
containing products are the most useful for applications in Series 4.

Beginning with the half-acid PF-06231780, the carboxylic acid was converted to the acid chloride

172 in 94% yield using oxalyl chloride (Figure 4.24). [251] The original procedure reported by

Dell and Tsanaktsidis for the Barton decarboxylation of 172 involved the use of benzene as a

solvent. [252] As a safer alternative, toluene was used and the reaction successfully gave the mono-

acid 173 in 27% yield. Unfortunately, due to time constraints and the small amount of material

obtained from the reaction, no further transformations could be accomplished.
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Figure 4.24: Conversion of the half-acid PF-06231780 to the mono-acid BCP. Synthesis of
the acid chloride, followed by decarboxylation gave the desired mono-acid 173 in low yield. Not enough
material was obtained for further transformations.

The following attempts to incorporate the BCP motif were made using the bis-acidPF-06258068.

By following literature procedures for the silver-catalysed decarboxylative fluorination of the BCP

bis-acid, [253] the fluoro-acid 174 was obtained in 41% yield (Figure 4.25). Homologation of the

carboxylic acid was tried by following a patent procedure which utilised the Arndt-Eistert reac-

tion. [254] The acid chloride was generated in situ from 174 using oxalyl chloride, then immediately

reacted with TMS-diazomethane to form the diazoketone 175. It was unclear by 1H NMR spec-

troscopy whether the desired product had been successfully made, and due to the small scale of
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these reactions, it was decided to carry this material through to the subsequent step. The fol-

lowing Wolff rearrangement was performed with catalytic silver benzoate to generate the ketene

and in water to form the acid. It was, again, unclear whether or not the acid had been formed

and ultimately, due to time constraints, these Series 4 BCP bioisostere compounds were no longer

pursued.
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CH2Cl2, 0 oC to rt
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sonication, rt
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PhCO2Ag

PF-06258068 174, 41% 175 176

Figure 4.25: Conversion of the bis-acid PF-06258068 to the fluoro-acid BCP and attempted
homologation. The fluoro-acid 174 was successfully made, however the homologation via an Arndt-
Eistert reaction was ultimately unsuccessful.

Encouragingly, while there was only a small amount of the difluoromethyl-BCP (PF-07040460)

that could be provided, the desired target compound was successfully synthesised from this ma-

terial. The carboxylic acid was first reduced to the corresponding alcohol 177 in good yield

(Figure 4.26). Nucleophilic displacement with this on the TP core 44 gave the desired final com-

pound 178 in 27% yield. This BCP analogue would therefore act as a mimic for the corresponding

northwest benzylic ether compound 57.
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Figure 4.26: Synthesis of the difluoromethyl-BCP analogue. Reduction of the carboxylic acid,
followed by nucleophilic displacement with TP core 44 gave the desired final compound.

Overall, the exploration of BCP as a phenyl bioisostere for Series 4 was met with a number of chal-

lenges. Many of the BCP building blocks did not contain UV active moieties or contained acidic

groups. As a result, the monitoring and purification of these intermediates was less straightfor-

ward. Furthermore, a number of the reactions gave complex NMR spectra that provided limited

information to determine the success of the reaction. Finally, the mass yields of these syntheses

were relatively low. In some cases, rather that attempt to purify these complex mixtures, they

were carried forward as crude materials. This ultimately led to even more complex mixtures than
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desired.

4.5.2 Biological Evaluation

The successfully synthesised Series 4 BCP derivative 178 was evaluated for in vitro potency in

comparison with the benzylic ether compound 57. Both compounds exhibited similar potencies,

however the BCP derivative was slightly less active (Entry 1) than the benzylic ether compound

which had an IC50 of 2.24 µM (Table 4.5). It is notable that a majority of the cases which

utilise the BCP motif as a phenyl bioisostere, such as the ones described in Figure 4.19, see

improvements to the pharmacokinetic properties rather than to the in vitro activity (vide infra).

Additionally, having demonstrated that compounds containing one methylene unit ether chains

typically have lower potencies than those containing two methylene units, it could be envisioned

that a BCP analogue with a two methylene unit ether chain would posses a more desirable

potency. Unfortunately, due to time constraints and synthetic difficulties, such a compound was

not obtained, yet it remains a clear target for further investigation.

Table 4.5: IC50 potency value of the northwest BCP analogue against P. falciparum. The
potency observed was approximately equivalent to the phenyl-substituted comparator.

Entry Compound cLogP IC50 (µM)

Reference 57 2.7 2.24

1 178 2.4 2.63

4.6 Other Hydrocarbon Cages

There are a large number of other hydrocarbon cages that are available for purchase or that can

be accessed through synthesis. A selection of these were pursued in this study.

4.6.1 Synthesis of Northwest Miscellaneous Hydrocarbon Cage Series 4 Bioisosteres

A brief inspection of the Sigma-Aldrich catalogue for alcohol building blocks with hydrocarbon

cages revealed three readily available compounds for potential nucleophilic displacement, namely:

(1R)-(–)-nopol, (1R)-(–)-myrtenol and 5-norbornene-2-methanol (as a mixture of endo and exo

isomers). Coupling of the nopol and norbornene alcohols with the TP core 44 proceeded smoothly

to give the corresponding compounds 179 and 180 in good yields (Figure 4.27). In the case of

the myrtenol alcohol, the desired product 181 was not obtained under either the standard or

alternative reaction conditions, with the 1H NMR spectrum of the reaction mixtures indicating

only starting materials.
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Figure 4.27: Incorporation of miscellaneous hydrocarbon cages. Nucleophilic displacement pro-
ceeded with all but the myrtenol alcohol. ¶Additional conditions: t-BuOK (1.2 equiv.), 1,4-dioxane, rt.

Coupling of the myrtenol alcohol to the hydrazine (2) and hydrazone (55) precursors of the TP

core 44 was tried, however these were also unsuccessful (Figure 4.28). No further attempts were

made to obtain the product due to the similarity of the cage to the nopol derivative 179 and the

less desirable one methylene unit ether chain length.
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Figure 4.28: Attempted coupling of the myrtenol alcohol with the hydrazine and hydrazone
precursors to the TP core 44. Both reactions were unsuccessful with only starting materials recovered.

4.6.2 Synthesis of Northwest Bird-Cage Series 4 Bioisostere

The final unique hydrocarbon cage for incorporation into Series 4 emerged after discussion with the

Kassiou group at The University of Sydney. Pentacyclo[6.3.0.02,6.03,10.05,9]undecane (also know

as D3-trishomocubane) is one of a number of C11H14 trishomocubane isomers, closely related to

adamanatane, that possess a relatively large cage size (5.5 Å H–H distance), high lipophilicity and

conformational rigidity. [255] D3-Trishomocubane was first synthesised in 1970 by Underwood and

Ramamoorthy in a seven step process involving a Diels-Alder reaction with benzoquinone and

cyclopentadiene, followed by cyclisation to the diketone upon irradiation with light, reduction

to the diol, conversion to the dibromide, debromination to the diene, bromination and finally

reduction to give D3-trishomocubane (Figure 4.29). [256,257] Although less widely studied than

adamantane, D3-trishomocubane derivatives have been incorporated into biologically relevant

compounds, including a treatment for Parkinson’s disease and a compound with activity against

dopamine receptors. [255,258]
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Figure 4.29: The Underwood and Ramamoorthy synthesis of D3-trishomocubane. Initial
formation of the Diels-Alder adduct, cyclisation by irradiation to the diketone, reduction and conversion
to the dibromide, followed by HBr elimination using Zn, bromination and subsequent reduction gave a
mix of the diene and the desired product, which could be separated on AgNO3 doped silica.

Incorporation of the trishomocubane structure into a Series 4 compound revolved around the

synthesis of the analogous pentacyclo[5.4.0.02,6.03,10.05,9]undecane derivative (also known as C S-

trishomocubane, referred throughout as the “bird-cage”) shown in Figure 4.30. The monoketone

182 (provided by the Kassiou group and synthesised from Cookson’s diketone) was condensed with

Meldrum’s acid following literature procedures to give compound 183. [259] The alkene was reduced

with NaBH4 to give 184, then converted to the carboxylic acid 185 and finally reduced to give

the desired bird-cage alcohol intermediate 186 in 30% yield over the four steps. Final nucleophilic

displacement on TP core 44 with 186 gave the final compound 187 in 31% yield.
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Figure 4.30: Synthesis of the northwest bird-cage derivative. Condensation of the monoketone
with Meldrum’s acid, reduction and decarboxylation gave the carboxylic acid 185, which was further
reduced and coupled with TP core 44 to give the final compound 187.

4.6.3 Biological Evaluation

When evaluated for in vitro potency, these miscellaneous hydrocarbon cage isosteres were relatively

well tolerated with higher activity seen with these analogues than the adamantane analogues but

lower activity than the cubane analogues (Table 4.6). The norbornene-containing compound 180

112



CHAPTER 4 – Series 4 Phenyl Bioisosteres

was the most potent of the set, which was interesting considering it possessed the less desirable

one methylene unit ether chain (Entry 2). It is possible that this higher activity is influenced by

the presence of both endo and exo isomers, which is unique to this compound.

Table 4.6: IC50 potency values of northwest miscellaneous hydrocarbon cage analogues
against P. falciparum. All three hydrocarbon cage derivatives were relatively well tolerated.

Entry Compound cLogP IC50 (µM)

Reference 57 2.7 2.24
58 3.2 0.25

1 179 3.9 1.28
2 180 3.1 0.49
3 187 3.5 1.08

4.7 Carboranes

Carboranes are class of compounds consisting of a cluster of boron, carbon and hydrogen atoms

arranged in a polyhedron. Ortho-carborane was first synthesised in 1963 by two groups indepen-

dently in the United States [260,261] and is commonly prepared first by the reaction of decaborane

(B10H14) and a weak Lewis acid (L = CH3CN, RSR, R3N) to generate in situ a Lewis acid de-

caborane (B10H12L2), which is then reacted with acetylene to form o-carborane (Figure 4.31).

Varying the acetylene allows for a wide range of substituted carboranyl derivatives to be synthe-

sised. From o-carborane, the meta- and para-isomers can be generated by thermal isomerisation

(meta at 420 ◦C; para at 600 ◦C). It is notable that while o- and m-carborane are available from

chemical suppliers at a reasonable prices, the equipment required to obtain the p-isomer is far less

common. As a result, obtaining this isomer can be quite expensive.

H HB10H14 + L B10H12L2 +
420 oC 600 oC

= BH

= C/CH

= BH

= C/CHortho meta para

Figure 4.31: Route for the synthesis of ortho-carborane and its isomers. In situ generation of
a Lewis acid decaborane, followed by reaction with acetylene gives o-carborane, the m- and p-isomers of
which can be obtained by thermal isomerisation.

Due to the much larger size of carborane (vide infra) compared to a phenyl ring, it is perhaps less

immediately obvious to medicinal chemists to use carborane as a phenyl bioisostere. [226,262,263]

These carborane isomers are typically used in either the closed form, with all carbon and boron

vertices (known as closo-carborane), or as the open form, with one boron vertex removed (known

as nido-carborane). A prominent example of the application of a carborane bioisostere is that

of the closo-carborane variant of tamoxifen (Figure 4.32). [264] The resulting carboranyl deriva-
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tive showed high activity as an antiestrogen agent and was even found to be more stable than

tamoxifen to decomposition. Another example is that of asborin, an ortho-carboranyl derivative

of aspirin. [265] Interestingly in this case, the pharmacological profile of the resulting carboranyl

derivative was changed drastically. Instead of acting as a selective cyclooxygenase (COX) en-

zyme inhibitor (like aspirin), asborin was instead found to be a potent inhibitor of the unrelated

aldo/keto 1A1 reductase family. [266] In a similar manner to these closed forms, the open form

has also shown potential as a phenyl replacement both in a carborane variant of tamoxifen [267]

and trimethoprim. [268] In this latter case, the nido derivative was found to be less toxic than

the closo derivative, however it also performed worse as a boron neutron capture therapy agent

with poorer tumour retention and lower selectivity ratios for boron distribution in tumour versus

normal tissues.
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Figure 4.32: Examples of the use of carborane as a phenyl bioisostere. Replacement of a phenyl
ring in known biologically relevant compounds with closed (closo) and open (nido) forms of carborane.

A key consideration for the use of carborane as a phenyl bioisostere is the choice of which isomer to

use. The differences in the dipole moments of the carbon atoms in each isomer have an influence

on the polarity and hydrophobicity of the compound (A, Figure 4.33). [269] In one case, a series

of carborane-containing indomethacin derivatives was synthesised and evaluated for the ability

to inhibit COX. It was found that the derivative containing the o-carborane was active against

COX-2, while the other two carborane isomers were inactive when evaluated in a radioactivity

assay (B). [270] Conversely, carborane isomers were incorporated into small molecule inhibitors

of nicotinamide phosphoribosyltransferase (Nampt) with the results indicating similar potencies

across multiple cancer cell lines (C). [271]
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Figure 4.33: The effect of carborane isomerism on biological activity. (A) Each carborane isomer
has unique hydrophobicity and polarity properties due to the difference in dipole moments of the carbon
atoms. (B) Comparison of the carborane-containing indomethacin derivative showed only the o-carborane
compound was active. (C) The carborane-containing Nampt inhibitors showed roughly similar potencies
against three cancer cell lines (A549, DLD1 and T47D) across the three isomers.

4.7.1 Synthesis of the Series 4 Carborane Analogues

Following discussion with the Rendina group at The University of Sydney, samples of o-, m- and

p-carborane were kindly provided for investigation as Series 4 phenyl bioisosteres. Following the

procedure outlined by Li and co-workers, [272] o-carborane was lithiated using n-BuLi, with subse-

quent ring opening of oxetane by the organolithium intermediate, affording the o-carboranylethyl

alcohol 188 in 66% yield (Figure 4.34). The m-carboranylethyl alcohol 189 was obtained in the

same manner from m-carborane to give the corresponding alcohol in 23% yield. In the case of

p-carborane, an alternative approach had to be taken, involving a benzyl protected alcohol, as

there was a higher chance for the chain to be substituted at both carbons due to the more uniform

distribution of electron density. [273] Following literature procedures, [274] p-carborane was lithiated

and reacted with benzyl 2-bromoethyl ether to give the benzyl protected alcohol 190 in 47% yield.

The subsequent literature benzyl deprotection method used hydrogen gas as a reagent but due

to the inaccessibility of a hydrogen cylinder, an alternative procedure was used. One method

reported by Mandal and McMurray used Et3SiH and catalytic Pd–C to generate H2 in situ to

effect the hydrogenation. [275] This was applied to the deprotection of 190 which afforded the de-

sired p-carboranylethyl alcohol 191 in 67% yield. With all three carborane alcohols in hand, each

was coupled with TP core 44 to give the corresponding products 192, 193 and 194 in low to

moderate yields. Additionally, a small amount of the o-carborane product 192 was converted to

its nido-form in a process reported by Yoo and co-workers, [276] by reaction with CsF in refluxing

EtOH to give the caesium salt of the nido-carborane 195 in 65% yield.
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Figure 4.34: Synthesis of the northeast carborane compounds. The carborane alcohols, synthe-
sised via the lithiated intermediates, were coupled with TP core 44 to give the final compounds. A small
amount of compound 192 was converted to the nido-form as well.

4.7.2 Biological Evaluation

Striking results were seen when the carborane-containing analogues were evaluated for in vitro

potency (Table 4.7). The o- and m-carborane (192 and 193 respectively) showed potencies

greater than not only all the previous phenyl bioisostere derivatives, but more importantly the

parent phenyl compound 58 (Entries 1 and 2). A significant drop in potency was seen between

the m- and p-carborane isomers (193 and 194 respectively, Entries 2 and 3), however the general

trend seen in potency was a decrease from o- to m- to p-carborane. It is thought that this trend

is related to the difference in polarity and hydrophobicity of the three carborane isomers (vide

supra). It appears that the more hydrophobic and less polar the carborane isomer is, the less

potent the final compound. While it has been shown that the nido-form can act as a phenyl

bioisostere, in our case, the nido-form 195 was shown to be less efficacious than the closo-form

192, with the potency decreasing significantly (Entry 4). It is assumed that the removal of a

carborane vertex, and thus breaking of the cage structure, results in a poorer phenyl ring mimic

and reduced potency.
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Table 4.7: IC50 potency values of northwest carborane analogues against P. falciparum.
Unexpectedly, the closo-carborane analogues 192 and 193 were more potent than the parent phenyl
compound, while the p-carborane isomer and the nido-carborane analogue were less potent. ∗cLogP
values were calculated using ChemDraw Professional.

Entry Compound cLogP IC50 (µM)

Reference 58 3.2 0.25

1 192 4.0∗ 0.05
2 193 -2.2∗ 0.12
3 194 -2.3∗ 2.00
4 195 -1.3∗ 2.29

The unexpectedly high potency seen with the carborane compounds prompted evaluation of cy-

totoxicity to ensure that the potency was not a result of generic toxicity. Such measurements

showed that 192 and 195 were not cytotoxic at >10 µM in HepG2 cells.

4.8 Metabolic & Physicochemical Properties of Select Phenyl Bioisosteres

Having completed the set of Series 4 phenyl bioisostere analogues, select compounds (cubane 154,

BCP 178 and carborane 192) were evaluated to determine the effect that phenyl replacement

had on solubility and metabolic stability (Table 4.8). The reference compound used was 58,

which possessed a phenyl ring in the northwest position. The physicochemical properties that

were measured were the kinetic solubilities at pH 6.5 and the distribution coefficient (LogD) at

pH 7.4. The metabolic stability data included in vitro clearance and half-life measurements in

both human and mouse liver microsomes (HLM and MLM respectively). In addition to this, the

hepatic extraction ratio (EH) was calculated for both humans and mice, which allowed for the

clearance of each compound to be classified as either low (<0.3), intermediate (0.3–0.7) or high

(0.7–0.95).

Table 4.8: Metabolic and physicochemical properties of select Series 4 phenyl bioisostere
compounds. HLM: human liver microsomes. MLM: mouse liver microsomes. Sol.: aqueous solubility
(µg/mL). CLint: in vitro intrinsic clearance (mL/min/kg). T1/2: half-life (min). EH: hepatic extraction
ratio. Data acquired by the Charman Laboratory at the Centre for Drug Candidate Optimisation, Monash
University. ∗cLogP value was calculated using ChemDraw Professional.

Entry Compound cLogP LogD
(pH 7.4)

Sol.
(pH 6.5)

HLM
(CLint/T1/2)

MLM
(CLint/T1/2)

EH
(H/M)

1 58 3.2 3.7 6.3 - 12.5 66/26 262/7 0.72/0.85
2 154 2.5 4.3 <1.6 197/9 573/3 0.89/0.92
3 178 2.4 3.6 6.3 - 12.5 9/190 26/66 0.27/0.36
4 192 4.0∗ 4.4 <1.6 249/7 >866/<2 0.91/>0.94

The effects on metabolic and physicochemical properties as a result of phenyl replacement by

cubane have been mixed in the literature. While a number of cases have reported improvements
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to solubility following cubane substitutions, [277] the case for metabolic stability is less consistent.

There have been reports of increased [227] and decreased [278] metabolic stability as a result of phenyl

replacement with cubane. In this case, when Series 4 cubane compound 154 was evaluated for its

metabolic and physicochemical properties, it was seen to perform poorer than the parent phenyl

compound 58. The solubility at pH 6.5 was surprisingly low (<1.6 µg/mL) when compared to

58 (6.3 - 12.5 µg/mL), with an accompanying high clearance and short half-life in human liver

microsomes (HLM) and mouse liver microsomes (MLM). When this compound was evaluated in rat

cryopreserved hepatocytes (RCH), it showed an intermediate degradation rate, with low clearance

and a short half-life. Similar results were seen with carborane compound 192. It is possible

the presence of the unsubstituted cubane is causing this reduction in pharmacokinetic properties

when compared to the phenyl counterpart (in a similar manner to that shown above). While not

done here, the synthesis of a substituted cubane analogue could lead to an improvement in these

values. Encouragingly, the positive effect of the BCP bioisostere was demonstrated with the BCP

analogue 178 which exhibited significant improvements to the pharmacokinetic properties. While

the solubilities were seen to be within the same range for both compounds, the BCP analogue

demonstrated a lower clearance and longer half-life in both HLM and MLM. Additionally, 178 was

evaluated against RLM with similar improvements seen (CLint/T1/2/EH = 11/152/0.23).

It is highly suspected that clearance of the parent compound 58 occurs via benzylic oxidation, and

that the removal of this phenyl ring was thought to slow this clearance (due to the absence of the

benzylic position). With regards to the cubane analogue 154, these results would suggest that the

incorporation of cubane in place of phenyl has led to the shifting of the metabolic hotspot onto the

cubane itself (vide infra), with the cubane now becoming the metabolic liability. This appears in

contrast to the idea that cubane derivatives are more metabolically stable than phenyl rings due to

the increased s-character caused by the strong (bond dissociation energy = 427 ± 17 kJ/mol) [279]

and hindered tertiary C–H bonds making it less prone to metabolism by hydroxylation. It is clear

in our case that such replacement did not lead to an improvement in metabolic stability.

4.9 Late-Stage Biofunctionalisation

An opportunity arose to have a number of Series 4 compounds evaluated in a late-stage biofunc-

tionalisation experiment run at Pfizer by the laboratory of Scott Obach. [280] This process would

allow for metabolites to be synthesised and isolated using liver microsomes as a way of probing

sites of metabolic vulnerability.
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The cubane and norbornene compounds (154 and 180 respectively) were sent for evaluation in

this assay. Liver microsomes were used to generate metabolites of each compound, the major

product of which was isolated, characterised and sent for potency evaluation against the parasite

3D7 strain (Figure 4.35). [281]
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Figure 4.35: Late-stage biofunctionalisation performed on compounds 154 and 180. Hydrox-
ylated metabolites 196 and 197 were obtained from 154 while epoxide metabolites 198 and 199 were
obtained from 180. Hydrolysis led to mixtures of the epoxides and the cis- and/or trans-diols.

In the case of cubane compound 154, metabolism appeared to occur on the cubane cage itself

(suggested by 1H NMR spectroscopy and mass spectrometry; data were acquired by the Pfizer

team and shared with the author immediately before submission. It may be seen in the NMR

spectra that the methylene units of the linker chain are intact, strongly suggesting the oxidation

has occurred on the cubane and not the linker.), with two hydroxylated derivatives 196 and

197 being identified. It is interesting to note that in an analogous case where metabolites were

generated for a compound containing a phenyl ring, [280,281] hydroxylation did not occur on the

phenyl ring but instead occurred at the benzylic position, as expected; i.e. the metabolites for the

cubane derivatives are different to those for the analogous phenyl compounds. This is surprising,

as cubane derivatives are thought to be quite metabolically stable, however in our system we

are seeing the opposite of this, with preferential hydroxylation of the benzylic position in the

phenyl case but apparently no benzylic hydroxylation in the case of cubane. In the case of the

norbornene compound 180, oxidation of the norbornene alkene resulted in two stereoisomeric

epoxide derivatives, 198 and 199, which were identified by NMR spectroscopy (1D and 2D)

and HRMS. Interestingly, both epoxides were observed by NMR spectroscopy to slowly react

with water resulting in hydrolysis to the corresponding cis- and/or trans-dihydrodiols, creating

a mixture of epoxide and diol products. Attempts were made to push the conversion to the

dihydrodiol products (using D2O and DCO2D) however no further conversion was seen. The

potency of these compounds, as mixtures, was obtained before more efforts were made to separate

the individual components.
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All four biosynthesised products were evaluated for potency (198 and 199 as mixtures of epoxide

and diol in ratios that were not elucidated) and all were found to be inactive (Table 4.9).

Table 4.9: IC50 potency values of the late-stage biofunctionalisation products of 154 and 180
against P. falciparum. All metabolites were found to be inactive. Potencies in parentheses refer to the
assay run at 10 fold dilution from the original compound concentration.

Entry Compound cLogP IC50 (µM)

Reference 154 2.5 0.37
180 3.1 0.49

1 196 1.7 >1
2 197 1.7 >3.3 (>1.1)
3 198 1.8 >9.8 (>0.98)
4 199 1.8 >11 (>1.1)

4.10 Size Comparison of Phenyl Biosisosteres

One aspect that is often discussed when using phenyl bioisosteres is how closely the structural

dimensions of the replacing structure matches that of a phenyl ring. For instance, in a paper

investigating the use of cubane as a phenyl bioisostere, [227] it is stated that the C–C distance

across the diagonal of cubane (2.72 Å) is similar to the C–C distance across a benzene ring (2.79

Å). In another example on the use of BCP as a phenyl bioisostere, [243] a comparison is made of

the same benzene C–C distance (2.8 Å) with the bridgehead C–C distance of a para-substituted

BCP (1.7 Å). As a final case, in a review on carboranes as pharmacophores, [226] the van der Waals

volumes of benzene (79 Å3 stationary or 102 Å3 rotating), adamantane (136 Å3) and carborane

isomers (141–148 Å3) are compared.

It is clear that the information provided by these sources is fragmented and no one reference

provides all the desired calculations. The best way to address this would be to gather deposited

crystal structure files that contain the desired phenyl bioisosteres, and use a single program to

analyse and calculate the structural dimensions. A more direct comparison could then be made

between the different bioisosteres.

Many crystal structure viewing programs such as Mercury and PLATON allow for the calcula-

tion of bond lengths but few provide an intuitive way to calculate structural volumes. One such

program which allows for the calculation of bond lengths, surface areas and volumes of structures

all in one software package is UCSF Chimera. This, along with crystal structure files obtained

from The Cambridge Crystallographic Data Centre (CCDC), were used to calculate the structural

dimensions of the described phenyl bioisosteres (Figure 4.36). In cases where the crystal struc-

ture file contained multiple substructures, the desired structure could be isolated by deleting the
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unwanted atoms prior to performing the area and volume calculations.
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o-Carborane
(TOKGIJ) 3.23∗ 5.26 135

127
(148 [226])

m-Carborane
(TOKGOP) 3.20∗ 5.12 134
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Figure 4.36: Structural information of select phenyl bioisosteres calculated using UCSF
Chimera. C–C and H–H distances are indicated in purple and orange respectively. Where they exist,
literature values are shown in parentheses. Surface areas and volumes were calculated using a model of
the solvent-excluded molecular surface with hydrogen atoms included. R = terminal alkyne. †Alkyne C–C
atom distance. ¶Surface area and volume calculated without alkyne substituents. ∗C–B distance.

It can be seen that among the literature reports, there is noticeable variation between the quoted

values. For the most part, the atom distances are relatively consistent with those calculated using

UCSF Chimera. When comparing the surface area and volume calculations, there is approximately

a 10–15% increase with the literature values. More importantly, by using X-ray crystallography

data in a single program to perform these calculations, more reliable comparisons can be made.

It is noted that the BCP dimensions are an approximation and are expected to be smaller than

stated. Nevertheless, it is surprising how well certain phenyl bioisosteres work when they are
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incorporated into actual compounds given the sometimes significant differences in dimensions

compared to a phenyl ring.

4.11 Concluding Remarks

A wide range of compounds was synthesised with the aim of probing the tolerability for bioisos-

teric replacement of the phenyl rings in the Series 4 compounds, with subsequent evaluation for

biological activity (Figure 4.37).

N

N

N

N

O

O

F

F

NORTHEAST

BIOISOSTERES

NORTHWEST

BIOISOSTERES

OO

O

O

N

O

O

N

O

N

O

N

O

O

N

HN

O

N

N

O

O

N

N

N

N

O

NH

OH

*

H
NN

O
O

N O

O

NH

I

OO

**

I

O O

F F

O O O O

SATURATED

DERIVATIVES

HYDROCARBON CAGE

DERIVATIVES

CARBORANYL

DERIVATIVES

THE

NEMESIS

SATURATED

DERIVATIVES

HYDROCARBON CAGE

DERIVATIVES

= BH

= C/CH

OOO

Cs

H

O

Figure 4.37: Summary of the SAR for compounds in this chapter. Colour coding: <1.0 µM =
green, 1.0–2.5 µM = orange, >2.5 µM = red. ∗Compound has northwest 3,4-difluorophenyl ring instead.

A low tolerance was seen with all saturated heterocycle replacements in both the northwest and

northeast positions, with all compounds being inactive. This was similarly the case with the

northeast cubane replacements, suggesting a low tolerability for deplanarisation in the northeast

position. Conversely, the northwest cubane replacements were well tolerated, with only a slight loss

in potency when compared to the phenyl analogue. This would suggest that, while deplanarisation

is tolerated in the northwest position, there must be a degree of rigidity within the structure to

maintain potency. This was confirmed with replacements of the northwest phenyl ring with rigid

hydrocarbon cages such as adamantane, BCP, nopol, norbornene and the bird-cage, all of which

showed weak activity.
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As a final point of investigation, carborane was evaluated for its ability to act as a phenyl

bioisostere. Not only was the carborane replacement surprisingly well tolerated, it was the only

case from the compounds described in this chapter in where the replacement resulted in an increase

in potency when compared to the parent phenyl compound. This high potency was confirmed not

to be a result of inherent cytotoxicity. As a general trend, the potency of the carborane isomers

was a decrease from o- to m- to p-carborane. This appears to be in line with the increasing

hydrophobicity and decreasing polarity across the isomers.

The cubane and carborane and BCP compounds (154, 178 and 192 respectively) were evaluated

for their metabolic and physicochemical properties to determine whether these replacements led

to an improvement in these properties when compared to the parent phenyl compound. Surpris-

ingly, the analogues containing cubane and carborane replacements, designed to deplanarise the

structure and remove benzylic metabolic hotspots, exhibited significant decreases in solubility and

metabolic stability. Conversely, the BCP replacement led to a notable increase in these param-

eters when compared to the parent phenyl compound, with a much lower clearance and longer

half-life in human, mouse and rat liver microsomes. The data acquired for the BCP compound

178 makes the analogous structure, containing a further methylene spacer in the linker, a high

priority target for further investigation since it would be expected to have greater activity and

improved solubility and clearance parameters.

The cubane and norbornene compounds (154 and 180 respectively) were used to generate late-

stage biofunctionalised metabolites using liver microsomes. Hydroxylation was seen to occur on

the cubane cage itself which is in contrast to the corresponding phenyl compound, where oxidation

occurs at the benzylic position. The norbornene compound produced two stereoisomeric epoxide

compounds, both of which were seen to convert, to an extent, to the cis- and/or trans-dihydrodiols.

All four metabolites were found to be inactive in vitro.

A more unified comparison of the structural dimensions of the phenyl bioisosteres discussed

throughout this chapter was performed using UCSF Chimera. Using deposited crystal struc-

ture files from the CCDC, the calculated properties allowed for more direct comparisons between

the different structures.

The following chapter will cover the evaluation of select compounds from Chapters 2, 3 and 4 to

validate the mechanism of action for the Series 4 triazolopyrazines.
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5. The Mechanism of Action of Series 4

This chapter covers the mechanism of action studies performed on the Series 4 triazolopyrazines. A

brief survey of other novel mechanisms of action for antimalarials in development will be presented,

followed by a discussion of the validation of the Series 4 mechanism of action, involving the protein

target PfATP4.

5.1 Background

The mode/mechanism of action (MoA) may be defined as the interaction that a drug makes with

its biological target in order to produce its pharmacological effect. Determination of the MoA of

a potential drug candidate is a key step in any medicinal chemistry program as this may help

guide optimisation of lead compounds or even influence the design of future target molecules. A

number of methods exist for the determination of the MoA of new drugs. [285] Direct biochemical

methods involve attaching chemical labels to drug molecules which allow them to be traced to

their targets. Microscopy methods may be used to view the phenotypic changes that a drug cre-

ates when binding to a target. [286] Computational methods allow targets to be predicted based

on pattern recognition with known reference compounds or genetic perturbations. [287] The use

of omics-based methods has increased in recent years with the advent of CRISPR techniques

and metabolomics approaches. [288,289] The recent development of in vitro evolution and whole

genome analysis (IVIEWGA), which uses genome-based target discovery methods on compounds

identified from the more conventional phenotypic screens, allows for even more drugs to be dis-

covered. [290]

In the case of the malaria parasite, resistance to frontline antimalarial drugs is an ever present

problem. As a result, the discovery and exploitation of novel MoAs has become a priority. Perhaps

the most prominent example is that of artemisinin. First isolated in 1971 from the plant Artemisia

annua, [22] artemisinin has been one of the most efficacious treatments for malaria for over 40 years.

Resistance has been slow to develop, in part due to the use of artemisinin combination therapies

(ACTs) where a fast-acting artemisinin derivative is combined with a complementary slow-acting

drug from another class of compounds (examples include those described in Chapter 1). While the

use of combination medicines helps, more reports of resistance to ACTs are emerging, highlighting

the need to find new medicines.

The MoA of many of the most prominent antimalarials has been well studied. [291–293] For instance,
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the structurally related quinoline drugs (such as quinine, mepacrine, chloroquine and mefloquine)

have all been thought to act through the inhibition of haem detoxification. [17,44] More recently

however, studies have shown that quinine and mefloquine bind to P. falciparum purine nucleoside

phosphorylase (Pf PNP) in low nanomolar concentrations, suggesting this MoA plays a key role

in their theraputic effect. [294] Still, there are certain antimalarial compounds that are used today

for which the MoA is not precisely known. The MoA of artemisinin and its derivatives has been

widely debated for many years with no clear conclusion. [295] The most generally accepted theory

is that free radicals are generated through the activation of artemisinin by haem. These free rad-

icals subsequently damage the proteins that are required for parasite survival. [296,297] Additional

studies have emerged that identify other possible targets for artemisinins such as P. falciparum

ATP6 (Ca2+ transporter) inhibition, [298] P. falciparum phosphatidylinositol-3-kinase (Pf PI3K)

inhibition, [299] and the up-regulation of the unfolded protein response (UPR) pathways associ-

ated with parasite development. [300] Similarly, the MoA for piperaquine is not precisely known

with research suggesting links to the generation of reactive oxygen species and the interference of

electron transport within the parasite. [301,302]

5.2 Mechanisms of Action that Overcome Current Resistant Parasites

It is evident that developing new antimalarials based on the structures and MoAs of our ex-

isting treatments is not the most reliable strategy for combating the development of resistance.

In order for future antimalarials to be most effective, they must not only show potent activity

against the parasite, but also act through novel MoA pathways. By doing this, the chance of re-

sistance emerging is minimised, thereby prolonging the use of the drug. Many of the compounds

in Figure 1.5 have been identified as being highly efficacious against the malaria parasite with

good safety profiles, physicochemical and pharmacokinetic properties. Most importantly, many

of these compounds have been shown to act through novel MoAs, those of which are described in

Table 5.1. [303]

Table 5.1: Novel MoAs of antimalarial drugs currently in development. A brief description of
the MoA and an example compound for the target are given.

Target Description of MoA
Example

Compound

Pf eEF2

The translational elongation factor 2 (eEF2) is one

of the essential elongation factors responsible for the

GTP-dependent translocation of the ribosome

N

N

O

O
H
N

N

F

M5717 [75]
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along mRNA. Also required for eukaryotic protein

synthesis.

PfATP4

(P-type

Na+–

ATPase)

The Na+–ATPase transporter is responsible for the

regulation of increasing Na+ concentration within

the parasite.

N
H

NH

N
H

Cl
F

Cl O

KAE609 [121]

PfATP4

(V-type

H+–ATPase)

The H+–ATPase transporter is responsible for the

regulation of decreasing H+ concentration within

the parasite.

N

N
N

N HN N

N

NH

N

F

MMV253 [78]

PfPI(4)K

Phosphatidylinositol 4-kinase (PI(4)K) is a

eukaryotic enzyme responsible for the

phosphorylation of lipids which allows the

regulation of intracellular signalling and trafficking.

N

N

F3C

H2N S

O

O

MMV048 [84]

PfDHODH

Dihydroorotate dehydrogenase (DHODH) is an

enzyme responsible for the biosynthetic oxidation of

dihydroorotate (DHO) to ultimately generate

pyrimidines, which are essential metabolites for

parasitic replication in the human erythrocyte.

N

N

N

N

HN

S
F

F
F

F
F

F

F

DSM265 [124]

PfDHFR

Dihydrofolate reductase (DHFR) is an enzyme

responsible for the catalytic recycling of folates,

which is essential for a high parasitic replication

rate.

N

N

NH2

H2N

O O

HO O

P218 [95]

Pf cPheRS

Cytosolic phenylalanyl-tRNA synthetase (cPheRS)

is an enzyme involved in the synthesis of parasite

proteins N

N

O

HN

O

H

HO

BRD3444 [304]
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PfCPSF3

The cleavage and polyadenylation specificity factor

subunit 3 (CPSF3) is implicated in the cleavage of

mRNA precursors prior to polyadenylation

O

B

OH

HO O

AN3661 [88]

PfCYTbc1

Cytochrome bc1 (CYTbc1) is an enzyme complex

that transfers electrons from ubiquinol to

cytochrome c and is a key component of the

parasite respiratory chain

OH

S

N

S

BTZ [305]

5.3 P. falciparum ATP4 Inhibiton

The most relevant of the above MoAs for the Series 4 triazolopyrazines is PfATP4 inhibition. An

essential feature of the P. falciparum parasite is its ability to regulate its internal Na+ and H+

concentrations. An influx of Na+ is regulated by using a P-type ATPase transporter (PfATP4)

to shuttle Na+ out of the cell, [306] while an analogous V-type ATPase transporter shuttles H+

out of the cell to maintain an intracellular pH of ∼7.3 (A, Figure 5.1). [307] Thus, disruption to

these processes through the inhibition of the corresponding transporter will lead to the death of

the parasite.

Figure 5.1: P. falciparum ATPase transporters (PfATP4) regulate Na+ and H+ through P-
and V-type ATPases respectively. (A) Inhibition of PfATP4 leads to an increase in Na+ concentration
and a concomitant decrease in H+ concentration. (Figure licence CC BY-NC-ND from N.J. Spillman &
K. Kirk, 2015. [99]) (B) Representative compounds from a number of the structurally diverse chemotypes
that have been shown to target PfATP4.

In 2014, the Kirk group at the Australian National University, utilised their assay for PfATP4 and

screened the 400 compounds contained in the MMV Malaria Box, with a total of 28 compounds
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being identified as inhibitors of PfATP4. [306] A striking observation from these results was the

number of structurally diverse chemotypes that appeared to have the same molecular target (B,

Figure 5.1). How such structural diversity of inhibitors against a single target can be possible

is currently unclear as the structure of the PfATP4 protein has not yet been determined by

X-ray crystallography, but a homology model has been developed using the closest mammalian

homolog (sarco/endoplasmic reticulum Ca2+-ATPase) to aid with this. [98] A standout from these

chemotypes is the spiroindolone class of compounds, specifically KAE609, the discovery and hit

to lead campaign of which is described in Chapter 1. This is perhaps the most promising of the

PfATP4 inhibitors, having progressed into Phase IIb clinical trials. In order to determine the

potential for KAE609 to cause drug resistance, resistant parasites were generated against a clone

of the multidrug-resistant Dd2 strain. [121] Mutations were found in pfatp4, however the level of

resistance was determined to be relatively low (about 4 times less potent) and it was confirmed

that this resistance was specific to the spiroindolone class of compounds.

5.4 The Series 4 Triazolopyrazines Target PfATP4

When the series was first inherited in 2013, five of these inherited compounds were evaluated

for their ability to act as inhibitors in the Kirk ion regulation assay as a means of identifying

the MoA. The results revealed a good correlation between in vitro parasite-killing activity and

disturbance of ion regulation (Figure 5.2). These results suggested that PfATP4 could be the

molecular target for Series 4.
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Figure 5.2: Set of five inherited compounds evaluated in the PfATP4 assay in 2013. Good
correlation was seen between in vitro potency and ion regulation activity.

To probe this observation further, seven more inherited compounds were evaluated in 2014 (Fig-

ure 5.3). Encouragingly, excellent correlation was again seen between in vitro potency and ion

regulation activity for this new set of compounds, supporting the previous results.
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Figure 5.3: Set of seven inherited compounds evaluated in the PfATP4 assay. Again, good
correlation was seen between in vitro potency and ion regulation activity.

Examination of the structural features among these two datasets showed that all twelve compounds

possessed the same 4-OCHF2 substituent on the northeast phenyl ring. Seven of the compounds

contained an amide linker in the northwest position, with the remainder containing ethyl, amine

or alkyl linkers. It is notable that none of these compounds possessed the two methylene unit

chain ether linker, a key feature of many of the most potent Series 4 compounds.

5.5 Performing the PfATP4 Assay

A perfect opportunity to prove MoA further arose during the 2016 Frontrunners campaign (de-

scribed in Chapter 2), which allowed these, and other newly synthesised compounds, to be eval-

uated for ion regulation ability. This time, following the synthesis of the compounds, rather than

sending them for evaluation in the assay, they were taken by the author to the Kirk lab to perform

the assay. All compounds were evaluated for both Na+ and H+ regulation.

5.5.1 Assay for Na+ regulation

In order to evaluate the compounds for potential Na+ ion regulation activity, 1 mM stock solutions

in DMSO of each had to be made. The compounds were subsequently evaluated at concentra-

tions of 1 µM and 5 µM. Positive (KAE609) and negative (DMSO) controls were used throughout

the assay. To assay the intracellular Na+ concentration ([Na+]i), trophozoite-stage P. falciparum

parasites were loaded with Na+-binding benzofuran isophthalate (SBFI) dye which enabled the

change in sodium ion concentration within the parasite to be monitored by fluorescence spec-
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troscopy. Two excitation wavelengths are used to measure the ([Na+]i). At 340 nm excitation,

the dye is very sensitive to the ion concentration and at 380 nm the dye is near the isosbestic

point (the wavelength at which the absorbance is at equilibrium and remains constant). The ratio

of the fluorescence intensities from both wavelengths (340/380 nm) can therefore be used as an

indicator of [Na+]i over time (Figure 5.4).

KAE609

12
154
11
27
19
DMSO

Figure 5.4: Representative graph of [Na+]i over time for five test compounds compared with
positive (KAE609) and negative (DMSO) controls. An increase in intracellular Na+ concentration
is consistent with inhibition of PfATP4.

For the positive control KAE609, the intracellular Na+ concentration is seen to increase over time,

consistent with inhibition of PfATP4. For the negative control DMSO, there is no change to the

intracellular Na+ concentration. Compounds 11, 12 and 154 show an increase in [Na+]i similar

to the positive control, consistent with the high in vitro potencies of these compounds (0.14, 0.37

and 0.17 µM respectively). Compound 27 shows a moderate increase in [Na+]i which is consistent

with the lower activity (1.00 µM). Compound 19 shows no increase in [Na+]i which is consistent

with the compound being inactive (9.79 µM).

5.5.2 Assay for H+ regulation

As the change in [Na+]i is related to the change in intracellular H+ concentration (i.e. pHi) in the

parasite, the above results were validated by performing the analogous H+ ion regulation assay.

Each compound was tested at a concentration of 1 µM, with the exception of select compounds

which showed a notable difference in [Na+]i when evaluated at 1 µM and 5 µM in the Na+ ion

regulation assay above. These were tested at a concentration of 5 µM instead. Positive (KAE609)
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and negative (DMSO) controls were also used throughout the assay. This time, the parasites

were loaded with 2’,7’-bis(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF) dye which enabled

the change in pHi within the parasite to be monitored by fluorescence spectroscopy. Following the

plateauing of the change in fluorescence caused by the test compound, an aliquot of concanamycin

A was added and a rapid decrease in fluorescence was observed. In a similar manner to the Na+

assay, two excitation wavelengths were used. At 490 nm, the measured fluorescence is pH sensitive

whereas at 440 nm the fluorescence is pH insensitive. The ratio of the fluorescence intensities

(490/440 nm) gives an indication of the pHi over time (Figure 5.5).

DMSO

20

KAE609

162

12

Figure 5.5: Representative graph of pHi over time for three test compounds compared with
positive (KAE609) and negative (DMSO) controls. A decrease in intracellular H+ concentration
is consistent with inhibition of PfATP4.

The black triangles ( ) indicate the time at which the compound of interest was added to the

cuvette. An increase in pHi following this time point (as for the KAE609 control and compounds

12 and 20) indicates inhibition of the P-type transporter as the intracellular H+ concentration

decreases and the cell becomes more basic. This is consistent with the higher potencies for these

two compounds (0.40 µM and 0.14 µM respectively). No increase in intracellular H+ following

this time point corresponds to no inhibition of PfATP4 (as for the DMSO control and compound

162). This is consistent with the low potency of this compound (>10 µM). The grey triangles ( )

indicate the time at which concanamycin A was added to the cuvette. As concanamycin A is a

known V-type H+-ATPase inhibitor, following this time point, the pHi should be seen to rapidly

decrease as the intracellular environment becomes more acidic. This effect is more pronounced in

cases where there is no inhibition of the Na+-ATPase.
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Since the information obtained from the Na+ and H+ regulation assays led to the same conclusion

(i.e. inhibition of the P-type Na+-ATPase can be identified by either an increase in [Na+]i or an

increase in pH), for simplicity the results discussed below refer to those obtained from the Na+

regulation assay alone.

5.5.3 Further Validation of the MoA

All but one of the Frontrunner compounds showed the expected correlation between in vitro

potency and ion regulation activity (Figure 5.6). The outlier compound 13 was shown to be quite

potent in vitro (0.52 µM) but was found to be inactive in the ion regulation assay.
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Figure 5.6: Evaluation of the Frontrunner compounds for PfATP4 activity. The majority of
the results indicated good correlation between in vitro and ion regulation activity. †Outlier compound
that did not show the expected correlation.
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At the same time that the Frontrunners were being investigated, a set of compounds that were

synthesised as part of Chapters 3 and 4 were evaluated for MoA as well (Figure 5.7). This more di-

verse range of compounds included a tele-substituted thioether 76, oxidised thioethers 72 and 74,

ether-triazole-linked compounds 83, 84 and 200 and northwest and northeast cubane bioisosteres

154, 155, 160 and 162. Excellent correlation was seen among these compounds.
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Figure 5.7: Evaluation of novel Series 4 compounds for PfATP4 activity. These results provide
further evidence for PfATP4 as the Series 4 MoA.

Considering these combined results of compounds from 2013 to 2016, there is a high level of

confidence that PfATP4 is the molecular target of the Series 4 triazolopyrazines, which adds to

the already diverse range of chemotypes that have been found to target this protein. The potential

of cross-resistance for Series 4 compounds was examined by the Kirk lab using three spiroindolone-
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resistant parasites with known mutations in pfatp4. [308] It was found that the Series 4 compounds

had reduced efficacy against all three resistant strains of PfATP4 compared to the parent Dd2

strain in a similar manner to KAE609, indicating cross-resistance with the spiroindolones. These

results suggest the common mechanism of action, PfATP4, between these two structurally distinct

classes of compounds. Even though some lead compounds from these chemotypes have progressed

into clinical trials, this does not significantly impact the importance of Series 4 for this target.

It remains the case that no molecule targeting PfATP4 has been approved for human use and,

depending on the nature/extent of cross-resistance, should resistance develop for one of these lead

compounds, it is possible that compounds from other classes will continue to be efficacious against

PfATP4.

5.6 Establishing a Predictive Model for Series 4 P. falciparum Activity

Having gathered more data to support PfATP4 as the MoA for the Series 4 triazolopyrazines, it

was thought appropriate to begin to develop a predictive model for in vitro activity to aid in the

design of future Series 4 compounds, essentially to minimise the likelihood of spending resources

on the synthesis of inactive Series 4 compounds. An initial attempt to develop a pharmacophore

model was conducted by Dr. Murray Robertson in 2015 using known PfATP4 active and inactive

compounds from the MMV Malaria Box. [309,310] Unfortunately, this model was unsuccessful, with

the predictions correlating poorly with experimental potency results. It was suggested that this

was due to overlapping binding sites and compound chirality not being taken into account.

In 2016, as a means to obtain a more predictive model for Series 4, a competition was established

to better utilise the expertise of the OSM community. [311] This time, a more substantial list of

active and inactive compounds was provided as a test set for the models (Test Set A: OSM Series

1 and 4 compounds, Test Set B: The Frontrunner compounds, Test Set C: Novel compounds

synthesised in Chapters 3 and 4). There were ultimately six entrants and each created models

based on different approaches (Table 5.2).

Table 5.2: Entrants and models created for the 2016 predictive modelling competition. De-
scriptions of the models were provided by each entrant. [312]

Entrant Description of Model

Vito

Spadavecchio

Created a library of common transformations as seen in the

CHEMBL database of compounds (chembl_22_1), which amounted

to ∼1.67 million compounds. After all of the SMIRKS/SMARTS

patterns were extracted for all of the transformations, I was able to
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enumerate a new library of compounds based off of a lead Series 4

compound MMV669844. Next, this library was then applied to my

MLP potency prediction algorithm; here, I used ’modelB.csv’; as my

model, with the notable exception that all compounds in test set ’B’

were labelled ’A’, and thus included in on the training. The new

compound potencies were then predicted; all compounds with

submicromolar potency (e.g. pIC50 < 0) were then selected, and

filtered for compounds with certain properties.

Ho Leung Ng

Tried to predict a binding site and the best fitting ligands: Used

Cresset Forge to generate conformers and align with docking model

of highly potent compounds, MMV670947, bound to homology

model of PfATPase, pose #5, as described in my other notebook.

That pose was used as the “Reference” for Forge. 3D alignments are

generated with training set composed of Series 4 compounds,

excluding those marked as Test Sets B and C, and those with log

potency ≤5. The low potency compounds were excluded because

assays did not provide precise values, only marking them “< 5”, for

example. Test Set C was used as the “Prediction Set” by Forge.

Giovanni

Cincilla

Developed several PfATP4 Ion Regulation Activity classification

models using different strategies for modeling set sampling, different

machine learning methods and different descriptors. Submitted the

best performing one with which we achieved good general results:

balanced accuracy (for actives) = 0.77, sensitivity (for actives) =

0.833, AUC (for actives) = 0.810.

James

McCulloch

The final model is a meta classifier which uses the probability maps

of upstream classifiers to produce an optimal composite

classification. Each predictive model based on fingerprints or

another SMILE based description vector such as DRAGON brings a

certain amount of predictive power to the task of assessing likely

molecular activity against PfATP4. The meta classifier combines

the predictive power of each model in an optimal way to produce a

more predictive composite model. It does this by taking as it’s input

the probability maps (the outputs) of other classifiers.
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Davy Guan

A semi-supervised machine learning paradigm adapted from the

machine learning algorithms implemented in the DeepChem project

was used to construct QSAR models from both the labelled and

unlabelled datasets. All molecules were featurised by either Graph

convolutional techniques or with 1024 Bit ECFP4 descriptors. A

80/10/10 train, test, internal validation was used to split the

Training dataset for model construction and internal validation

before testing on the external validation dataset.

Jonathan Silva

Gradient boosting model (using xgboost) to predict actives and

nonactives for the PfATP4 ion regulation assay. Data sampled to

include only those in the vicinity of OSM S4 compounds.

Each model was evaluated for its ability to predict the activities of compounds against PfATP4

from a test set from the MMV Pathogen Box. These compounds had been evaluated by the Kirk

lab, but the results were under embargo at the time. [313] The entrants were then provided with the

molecular identifiers (e.g. SMILES strings) and asked to rank the compounds from most to least

active. A panel of four judges (Prof. Matthew Todd, Dr. Alice Motion, Dr. Murray Robertson

and Prof. Alexander Tropsha) then compared the top twenty predicted compounds from each

model with the experimental results obtained from the Kirk lab to determine the winners of the

competition. The end result was a tie for first place between the models developed by James

McCulloch and Ho Leung Ng. Both were able to correctly predict two active compounds within

their top twenty rankings and one active compound just outside the top twenty. [314]

Even though the resulting models from this initial round were not highly predictive, the success of

the competition was demonstrated by eliciting six new solutions from the community, with each

entrant using different approaches. Importantly, they all worked in an open manner and all data

was shared. [312] Based on this, it was decided that a second round of the competition would be

launched in 2019. With the publishing of the Kirk Pathogen Box results, this dataset could now

be used for the improvement and development of new models, in addition to the existing OSM

dataset. These new models could then be used to aid the synthetic design of Series 4 compounds,

as well as screen libraries of commercially available compounds in order to identify new chemical

scaffolds. This second round will be funded by a 2019 grant that will enable companies specialising

in AI and machine learning methods to take part. These inputs were not available during the first

round of the competition so the resulting models should provide new and interesting results when

compared to those arising from the more traditional modelling methods from round one.
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5.7 Concluding Remarks

The Frontrunner compounds were evaluated for ion regulation activity in order to validate the

inherited results which suggested this to be the MoA for the Series 4 triazolopyrazines. Encourag-

ingly, excellent correlation was seen between the in vitro potencies of the Frontrunner compounds

and their ability to disrupt ion regulation. A more diverse set of compounds synthesised in Chap-

ters 3 and 4 was also evaluated in this assay with the results also showing excellent correlation.

Based on these combined data points, there is a high level of confidence that the MoA for Series

4 is through PfATP4 inhibition, adding to the already varied chemotypes that have been found

against this target.

In order to design future Series 4 compounds more effectively, a competition was launched in 2016

with the goal of developing predictive models for in vitro activity. While the models from this first

competition were found to perform better than the initial attempt made by Murray Robertson in

2015, they were still not highly predictive. A follow-up competition was planned to be launched in

2019, leveraging an expanded dataset of compounds which would be used to develop new models

and improve the existing ones.
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6. hERG Studies

This chapter covers the hERG studies performed on the Series 4 triazolopyrazines. The existing

hERG dataset on Series 4 was examined with subsequent investigations made for how to reduce

the hERG binding. With these ideas in mind, a series of compounds designed to minimise this

binding were synthesised. The in vitro biological evaluation of these compounds is discussed, as

well as the evaluation of hERG, metabolic and physicochemical properties.

6.1 hERG

The human ether-à-go-go related gene (hERG) codes for the Kv11.1 protein, which is a subunit of

a potassium ion channel. There is often ambiguity with the nomenclature associated with these

ion channels, but in most contexts the gene itself is commonly referred to as hERG (or KCNH2

according to newer nomenclature), while the protein is referred to as hERG (or Kv11.1 according

to newer nomenclature). [315] Nevertheless, this is one of the key ion channel proteins responsible

for regulating the electrical activity of the heart through the efflux of K+ ions from the heart

muscle cells. This efflux of ions creates a change in voltage across the cell membrane (know as the

cardiac action potential) which can be recorded and visualised as an electrocardiogram (ECG).

The peaks and troughs, signified by letters P to T, represent the depolarisation and repolarisation

of the cardiac action potential. The P wave represents the depolarisation of the atria, while

the QRS complex and T wave respectively represent the depolarisation and repolarisation of the

ventricles. The major risk associated with inhibition of this channel (either by mutation or by

drug interaction) is the increased risk of irregular heartbeats, most commonly torsades de pointes

(a specific form of polymorphic ventricular tachycardia), which can ultimately lead to cardiac

arrest and sudden death. When viewed on an ECG, these irregular heartbeats are signified by

the prolongation of the QT interval (Figure 6.1), which is a measure of the time taken for the

depolarisation and repolarisation of the ventricles of the lower heart chambers, and is known

as long QT syndrome (LQTS). [316] The increased time for repolarisation is mainly caused by

inhibition of the rapid delayed rectified potassium current (IK) which exports K+ from the cells.

A number of key reviews on this area have been published in recent years. [317–320]
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Figure 6.1: Electrocardiogram showing the prolongation of the QT interval as a result of
hERG inhibition. This results in irregular heartbeats which can lead to cardiac arrest.

It is noteworthy that some drugs that were not designed for the treatment of arrhythmia have

been found to block hERG, leading to QT prolongation. A prominent example is that of terfe-

nadine. This antihistamine drug was first brought to market in 1982, but after cases of deaths

as a result of taking terfenadine, it was found that it was blocking the hERG channel. As a

result, it was subsequently withdrawn from commercial availability in 1997 (Figure 6.2). [321,322]

Interestingly, the carboxylate derivative fexofenadine, which was first marketed in 1996, was found

to not block hERG channels in vitro [323] but an isolated case was reported in 1999 where a pa-

tient taking the drug exhibited QT prolongation. A subsequent study indicated, however, that

the QT prolongation was not due to interactions between fexofenadine and the hERG channels.

Other examples of marketed dugs that saw withdrawals due to cases of hERG related cardiac

issues include sertindole (antipsychotic) [324], cisapride (gastrointestinal prokinetic agent) [325] and

astemizole (antihistaminic) [326], withdrawn in 1998, 2002 and 2003 respectively. Due to these

concerns, and their associated expense, high-throughput screens have been developed to identify

these potential problems at an earlier stage in the development process. [327]
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Figure 6.2: Drugs brought to market that were later found to inhibit the hERG ion channel.
Due to these safety concerns the drugs were withdrawn from market.
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For many years, the structure of the hERG channel remained unknown due to the difficulties

associated with crystallising the complex structure. More recently however, Wang and MacKinnon

were able to utilise cryo-electron microscopy to obtain a near-atomic resolution structure of the

hERG channel (Figure 6.3). [328] The development of this technique was awarded the 2017 Nobel

Prize in Chemistry. [329]

A B

Figure 6.3: Open pore cryo-EM structure determined by Wang and MacKinnon [328] and
reported by Helliwell and co-workers. [330] (A) Top-down view of the arrangement of subunits in the
hERG tetramer. (B) Side-view of the pore domain. Figure license CC BY from Helliwell and co-workers,
2018.

6.2 Strategies to Reduce hERG Binding

With so many cases of hERG related withdrawals of already marketed drugs, the determination

of potential hERG binding activity has become a crucial step in the preclinical stage of drug

development. Studies have been conducted to better predict activity, with the following motifs

identified to be common among hERG binders: [331]

• A positively ionisable, basic amine (pKa >7.3)

• A hydrophobic or lipophilic structure (cLogP >3.7)

• The absence of negatively ionisable groups

• The absence of oxygen H-bond acceptors

Other chemical motifs, such as 1-(furan-2-carbonyl)piperazine, diarylthioether, arylchloride and

sulfonamide have also been associated with hERG binding activity (Figure 6.4). [332,333]
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Figure 6.4: Additional substructures that have been suggested to cause hERG binding. These
include common motifs such as tertiary amines, amidines, arylchlorides and sulfonamides.

With these features in mind, a number of general molecular features have been put forward that

are said to decrease hERG binding activity (reducing the basicity of the amine, reducing the

lipophilicity of the structure, introducing an acid moiety or introducing oxygen-centered H-bond

acceptors). [334,335] The first three of these methods are described below. The hERG values are

given as the negative log of the IC50 value in molar (pIC50). It should be noted that hERG

assays can provide different results based on the protocols used, and direct comparisons may not

always be accurate. Methods are being developed to enable better comparisons between hERG

assays. [336]

6.2.1 Reducing pKa

Studies have suggested that hERG activity may be brought about by π–cation interactions be-

tween basic amines, common in many hERG blockers, and the aromatic residues within the hERG

channel. [337,338] As these amines are typically protonated at physiological pH, reducing the pKa of

the amine would in turn lower the degree of π–cation interactions that can take place (Figure 6.5).

While working on a series of 5-HT2A antagonists, Fletcher and co-workers exploited pKa to reduce

hERG binding for their compounds. [339] While the introduction of a ketone at the β-position of the

amine in 201a led to a reduction of the pKa and the hERG activity (201b), it was unfortunately

found that this change led to degradation of the compound in polar solvents. In another example,

where a series of potent indolylindazoylmaleimide-base protein kinase C-β (PKC-β) inhibitors

was found to have hERG activity, it was identified that the basic tertiary alkylamine (in 202a,

essential for maintaining a high potency) was also responsible for the unwanted hERG affinity.

Replacing this with a less basic morpholine moiety (202b) led to a compound with slightly less

potent activity against the parent target, but a significantly reduced hERG affinity. In addition

to these π–cation interactions, the related π–π and CH–π interactions have also been implicated

in hERG binding. [340]
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Figure 6.5: The strategy of reducing the pKa of basic nitrogen atoms. Literature examples
where modulating the pKa led to decreased hERG affinity.

6.2.2 Reducing logP

Changing a compound’s lipophilicity is a common method in medicinal chemistry for modulating

key biological properties such as solubility and metabolic stability. It has been shown that this

change can affect the hERG activity of the compound as well (Figure 6.6). When investigating

a series of indolylquinolinone-based vascular endothelial growth factor receptor 2 (VEGFR-2) in-

hibitors, Fraley and co-workers encountered issues with hERG activity with their compounds. [341]

Reducing lipophilicity by replacing the phenylether side-chain in 203a (cLogP 3.47) with a piper-

azine amide group to give 203b (cLogP 2.06) led to a reduction in hERG activity. In another

example from Fletcher and co-workers, investigations into a series of 5-HT2A antagonists, the

hERG activity was minimised by reducing the cLogP of their compounds. [339] In one case from

this study, replacement of the chlorine atom in 204a with a primary carboxamide (204b) reduced

the lipophilicity and the hERG binding activity. The reduction in hERG activity from decreasing

lipophilicity is said to be a result of the destabilisation of the interactions within a lipophilic

ligand binding site in the hERG protein. [337,342] Modification of the logP may be considered as

an extension to modification of the pKa as reducing the basicity often alters the polarity of a

compound too.
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Figure 6.6: Reduction of compound lipophilicity (cLogP). Literature examples where modulating
the cLogP led to decreased hERG affinity. This may be linked to changes to the pKa as well.
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6.2.3 Introducing Zwitterions/Acid Moieties

A compound’s ability to create interactions within the hERG binding site can be prevented by

inhibiting its ability to access this site in the first place, which can be achieved by limiting its

membrane permeability through the introduction of zwitterionic moieties. As many drugs contain

at least one nitrogen atom, a zwitterion can be formed by incorporating a carboxylic acid into

the structure (Figure 6.7). As mentioned above, while terfenadine (205a) has been found to be

a potent hERG blocker its carboxylate (and main metabolite), fexofenadine (205b), has been

shown to have significantly reduced hERG affinity. [343] Introduction of a carboxylic acid to a

human β-tryptase inhibitor (206a) led to a reduction of hERG activity (206b), [344] though with

an accompanying large decrease in potency towards human β-tryptase. In another example, the

dipeptidyl peptidase IV (DPPIV) inhibitor 207a exhibited a 16-fold reduction in hERG activity

when a carboxylic acid was introduced (207b), though this came at a cost to oral bioavailability

(F ). [345] Clearly then, while this strategy has been demonstrated to be effective in reducing

hERG binding, the presence of an acid moiety may impact the overall potency of the compound

or cause a reduction in oral bioavailability. A detailed investigation into the impact of introducing

a carboxylic acid has been performed by Zhu and co-workers. [346] Additionally, a 2013 review

analysed the ChEMBL database for hERG content and found that of the seven cases in which there

was a transformation from H → CO2H, all either reduced, or had no impact on, hERG binding.

It was also noted that carboxylic acid-containing drugs were relatively uncommon. [347]
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Figure 6.7: Incorporation of a carboxylic acid group. Literature examples of suppression of hERG
binding affinity upon the inclusion of a carboxylic acid moiety.
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6.3 Series 4 hERG Data

When the series was first inherited, two compounds (MMV669844 andMMV670944) had been

evaluated for hERG activity (Figure 6.8). [348] The hERG pIC50 values are classified as low (<5.00),

moderate (5.00–5.20) or high (>5.20). While both compounds showed good potencies in vitro,

they were found to have relatively high hERG affinity that prompted further investigation.
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Figure 6.8: Two inherited compounds which had associated hERG data. Both were found to
have undesirable hERG affinity.

A number of additional compounds were subsequently evaluated for hERG activity to determine

whether this was an issue for the series as a whole (Figure 6.9). [349] Encouragingly, many of the

compounds showed a much weaker hERG affinity.
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Figure 6.9: A further set of six compounds evaluated for hERG activity. These compounds
were found to have weaker hERG affinity than the original two compounds.
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Based on the differences among the ether-linked compounds above, it appears that the hERG

activity seen with MMV669844 could be attributed to the benzylic methoxy group. For the

amide-linked compounds, it can be seen that changes to the pendant phenyl group have an influ-

ence on the hERG binding. It is likely that the presence of the pyridine nitrogen inMMV670944

results in more π-cation interactions which translate to increased hERG binding. The strong

hERG affinity seen with MMV675719 could be explained by the increased lipophilicity from

the two CF3 groups. Similarly, for MMV675718, the additional methyl group (compared to

MMV669542) increases the lipophilicity and hERG activity as well.

Three additional compounds that were synthesised in Chapter 3 (phenylalaninol compound 119)

and Chapter 4 (cubane and carborane compounds 154 and 192) were evaluated for hERG ac-

tivity in the hERG assay (Figure 6.10). All three compounds exhibited relatively strong hERG

affinity.
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Figure 6.10: Three compounds synthesised throughout this thesis were evaluated. All were
found to have relatively strong hERG affinity.

It is noted that while the hERG assays used to evaluate these different sets of Series 4 compounds

did not use the exact same protocols, the values obtained give a rough indication of the activity

which can be compared. Having seen such varied hERG data for Series 4, a targeted effort to

minimise hERG binding was pursued with the strategies described above in mind.

6.4 The hERG Evador

In considering the three main methods to reduce hERG affinity, attempting to alter the pKa

of the nitrogens in the triazolopyrazine core was thought not to be a desirable strategy as it is

known for the series as a whole that modifications to the triazolopyrazine core lead to a loss in

in vitro potency. Similarly, the more general strategy of modifying the cLogP of the compound

has been broadly explored as part of SAR studies and such changes (e.g. introducing OH or NH2

groups) tend to impact dramatically the potency of the resulting compounds. Therefore, it was
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decided to pursue the more focused strategy of introducing a zwitterionic species, specifically at

the benzylic position of compound 58 to give compound 208 (Figure 6.11). In addition to the

potential reduction in hERG activity, installing the carboxylic acid moiety at this position (rather

than on the pendant phenyl ring) would have the additional benefit of blocking this metabolically

labile site as well as increasing the overall solubility. This compound was named the “hERG

Evador”. [350,351] The synthesis of this compound would be based around the racemate, with the

possibility of the two enantiomers being separated should the hERG Evador show potent in vitro

activity.
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Figure 6.11: Introduction of a carboxylic acid into a Series 4 compound to minimise hERG
binding. The ideal place of installation was thought to be at the benzylic position.

6.4.1 Synthesis of the “hERG Evador”

Initial studies towards the synthesis of the hERG Evador were conducted by students at Haverford

College (Pennsylvania, USA) under the supervision of Robert Broadrup. [351,352] It was thought

that the molecule could be readily synthesised by direct coupling of the commercially available

tropic acid with TP core 44 (Figure 6.12). Interestingly, when this was performed, rather than

isolating the desired compound 208, a significant amount of an unknown by-product was isolated.

This product, 209, was later identified to be the result of displacement of the chlorine atom on

the TP core with a hydroxy group (possibly due to intramolecular cyclisation of tropic acid). [353]

Unfortunately, due to time constraints, the students were unable to pursue this further.

N

N

N

N

O

F

F

Cl

OH

N

N

N

N

O

F

F

O

+

O

OH

OH
NaH

THF, rt to reflux

O

N

N

N

N

O

F

F

OH

+

Tropic
Acid 44 208, 0% 209, 47%

Figure 6.12: Direct nucleophilic displacement with tropic acid performed by students at
Haverford College. While the desired product was not synthesised, a significant amount of the hydroxy
displaced compound 209 was isolated.
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It was thought that the issues with the coupling reaction could be avoided by protecting tropic

acid’s carboxylic acid as an ester, and converting it back to the acid after the coupling step.

Accordingly, tropic acid was protected by esterification to give methyl ester 210 (Figure 6.13).

Coupling was then attempted with TP core 44, but no desired product was seen. The only isolated

product (other than recovered starting materials) was identified to be the TP core in which the

chlorine atom had been displaced by a methoxy group (211). This is likely to have resulted from

hydrolysis of the ester under the basic reaction conditions and subsequent displacement of the

chlorine atom by the methanol by-product.
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Figure 6.13: Attempted coupling of esterified tropic acid. The desired product was not seen, but
a small amount of methoxy displacement product 211 was isolated.

With these results in mind, it was envisioned that the benzylic carboxylic acid could be accessed

through a lengthier route via oxidation of a compound possessing a benzylic primary alcohol

(in fact, Frontrunner compound 24, Figure 6.14). The nucleophilic coupling partner for this

compound could be accessed in a manner analogous to that used for the synthesis of the benzylic

ketone compound 105 (described in Chapter 3, Figure 3.21), but with tropic acid as the starting

material. To demonstrate this route, tropic acid was first esterified in EtOH to give the ethyl

ester 212 in excellent yield (Figure 6.14). The primary alcohol was protected with a THP group

(213) and the ester reduced with LiAlH4 to give the desired alcohol nucleophile 214 in 22% yield.

This was then coupled with TP core 44 to give the protected intermediate 215 in good yield.

Finally, the THP group was removed with copper chloride to afford the benzylic primary alcohol

compound 24 in good yield.
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Figure 6.14: Synthesis of the benzylic primary alcohol compound 24 en route to the hERG
Evador 208. The desired nucleophile was synthesised in three steps from tropic acid. Coupling with TP
core 44 and THP deprotection gave the desired product. Final yield in brackets is the overall yield of the
worst longest linear sequence starting from the nucleophile synthesis.

While this route provided the desired benzylic alcohol precursor compound 24 in 8% overall

yield, it was thought that this compound could be obtained in a more step efficient manner,

namely by direct coupling of the unprotected diol 216 with the TP core 44 (Figure 6.15). This

would eliminate the steps required for protection and deprotection of the benzylic alcohol group.

As such, reduction of the commercially available diethyl phenylmalonate with LiAlH4 gave 2-

phenylpropane-1,3-diol (216) in moderate yield. While coupling under KOH conditions proceeded

to give the desired product, the yield was only 3% after two purifications of the final product

by column chromatography. Approximately 46% of the crude material from this final reaction

was identified to be a mixture of starting materials. It was later found that performing the same

coupling reaction under t-BuOK conditions led to an improvement in overall yield (15%), however

there was still a ∼40% mixture of starting materials remaining. It is evident from these reactions

that, even though the direct coupling of the unprotected diol does give the desired product in a

more step efficient manner, both reactions are still far from optimal.
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Figure 6.15: Alternative synthesis of the benzylic primary alcohol compound 24. Reduction
of diethyl phenylmalonate, followed by direct coupling of the unprotected diol proceeded, albeit in lower
yields. Final yield in brackets is the overall yield of the longest linear sequence starting from the core
synthesis.

Nevertheless, with this alcohol intermediate in hand, attempts to oxidise the alcohol to the car-

boxylic acid were made. A survey of the literature for oxidations on analogous systems revealed

a number of possible reaction conditions. A 1991 paper detailing the improved synthesis of 5-

methylpyrazine-2-carboxylic acid described the transformation of 5-methylpyrazine-2-methanol

to 5-methylpyrazine-2-carboxylic acid using potassium permanaganate (A, Figure 6.16). [354] Sim-

ilarly, the transformation of 2-pyridine propanol to 3-(pyridin-2-yl)propanoic acid has been shown

to proceed under similar conditions. [355] Other methods have utilised CrO3 as a mixture with

either H5IO6 (B) [356] or H2SO4 (C) [357,358].
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Figure 6.16: Literature examples for the oxidation of alcohols to carboxylic acids in systems
containing a nitrogen heterocycle. Such oxidations can be performed with aqueous KMnO4 solutions
(A) or mixtures of CrO3 with H5IO6 (B) or H2SO4 (C).

149



CHAPTER 6 – hERG Studies

The oxidation of alcohol 24 to acid 208 was initially performed using the two KMnO4 conditions

shown above. Both procedures appeared to give the desired oxidised product as indicated by TLC,

however isolation of the pure product was overall unsuccessful (Figure 6.17). As an alternative

procedure, the oxidation was performed with a mixture of CrO3 and H2SO4 (commonly known as

the Jones oxidation). This time, the desired product was successfully isolated in 25% yield after

two purifications by column chromatography.
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Figure 6.17: Synthesis of the hERG Evador. Oxidation of the benzylic primary alcohol with
CrO3/H2SO4 afforded the desired product in 25% yield.

6.5 Biological Evaluation: Part 1

With the hERG Evador 208 successfully synthesised, it and its two closely related analogues,

58 (without any benzylic substituent) and 24 (with a benzylic primary alcohol), were evalu-

ated for in vitro potency, hERG binding activity and metabolic and physicochemical properties

(Figure 6.18).
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Figure 6.18: in vitro IC50, hERG pIC50 values and metabolic and physicochemical properties
of the hERG Evador and related compounds. HLM: human liver microsomes. MLM: mouse liver
microsomes. Sol.: aqueous solubility (µg/mL). CLint: in vitro intrinsic clearance (mL/min/kg). T1/2:
half-life (min). EH: hepatic extraction ratio
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Encouragingly, when compared to 58 (pIC50 of 5.13), introduction of the carboxylic acid moiety

(208) resulted in the desired reduction in hERG affinity (pIC50 of <5.00). This result appears

to be consistent with the evidence that introduction of a carboxylic acid group helps to suppress

hERG binding. In addition to this, the compound possessing a benzylic primary alcohol (24) also

showed a significant reduction in hERG activity (pIC50 of 4.68) compared to 58. Based on the rules

described above, this decreased binding can be rationalised by the reduced lipophilicity/cLogP

caused by the introduction of the alcohol moiety. Unfortunately, the hERG Evador was found to

be significantly less potent in vitro (IC50 of 3.88 µM) than the comparison compounds 24 and

58.

The carboxylic acid containing compound 208 showed excellent solubility at 25 - 50 µg/mL. It

also possessed very low clearance and long half-life values equally across human and mouse liver

microsomes. The benzylic primary alcohol compound 24 showed good solubility, however its

clearance and long half-life was found to be comparably worse. In rat hepatocytes, the hERG

Evador was also found to have low clearance (2 µL/min/106 cells) and a long half-life (224 min),

compared to 24 which had a moderate clearance (13 µL/min/106 cells) and shorter half-life (29

min).

6.6 Synthesis of Substituted Phenyl Derivatives

Having demonstrated the significant improvement to hERG binding following the installation of a

benzylic carboxylic acid group, and having discovered the excellent metabolic parameters for the

hERG Evador, attempts were made to improve upon the in vitro potency. The obvious method

to achieve this would be by making derivatives of the hERG Evador with substitutions on the

northwest pendant phenyl ring. Even though the direct coupling of the diol to the TP core

was shown to give the desired product in low yields, the phenyl substituted building blocks for

this coupling could be accessed more readily and could be used in a slightly more step efficient

synthesis (rather than synthesising the mono-protected diols for each analogue). For this reason,

the synthesis involving coupling with the unprotected diol was used. While the unsubstituted

2-phenylpropane-1,3-diol is commercially available, derivatives with phenyl substitutions are less

so. In order to investigate the phenyl substitution effect on potency, a robust route towards phenyl

substituted 2-phenylpropane-1,3-diol derivatives had to be found. These diols could in theory be

accessed via reduction of the corresponding diethyl phenylmalonate (vide supra), which could in

turn be synthesised according to literature methods. Initial investigations were based around the

3,4-difluorophenyl derivative. One method for synthesising substituted diethyl phenylmalonate

derivatives was described by Hennessy and Buchwald and involved a copper-catalysed arylation
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of diethyl malonate and an aryl iodide. [359] Following this procedure, this reaction was performed

with 1,2-difluoro-4-iodobenzene as the coupling partner (A, Figure 6.19).
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Figure 6.19: Synthesis of 2-(3,4-difluorophenyl)propane-1,3-diol via the diethyl malonate.
(A) Initial attempt using copper-catalysed arylation of diethyl malonate and an aryl iodide to give the
product 217. ∗Product co-eluted with a significant amount of diethyl malonate. (B) Revised route gave
greatly improved yields for the phenylmalonate ester in two simple steps.

While this reaction proceeded to give the desired coupling product 217 in 43% yield, the excess

diethylmalonate starting material that was used was found to co-elute with the desired product

during the purifications. Analysis of the 1H NMR spectra of this mixture revealed that only 17% of

the crude material was the desired product, with the remaining 83% being diethyl malonate. Even

though it was possible to carry this mixture on to the following reduction step, this would have been

relatively inefficient due to the larger amount of LiAlH4 needed to reduce both 217 and the excess

diethyl malonate. An alternative approach for the synthesis of diethyl phenylmalonate derivatives

was found in a paper reporting the synthesis of 5,6,7,8-tetrahydro[1,2,4]triazolo[4,3-a]pyridine

derivatives as γ-secretase modulators. [360] The step of interest involved the ethyl carboxylation

of the α-position of ethyl 2-phenylacetate to give the diethyl phenylmalonate. These ethyl esters

could be easily accessed via esterification of the corresponding 2-phenylacetic acid derivatives,

many of which are commercially available. Beginning with 2-(3,4-difluorophenyl)acetic acid, es-

terification in EtOH gave the ethyl ester 52 in 87% yield (B, Figure 6.19). This was reacted with

diethyl carbonate and NaH to form the diethyl phenylmalonate 217 in excellent yield. The two

ester groups were reduced with LiAlH4 to give the desired diol 218 in 27% yield.

Unfortunately, due to the small scale of these test reactions, not enough of the diol was avail-

able for coupling to the TP core, however, with this optimised route, a variety of other phenyl

substituted diethyl phenylmalonate derivates were synthesised (Figure 6.20). Each 2-phenylacetic
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acid derivative was esterified in EtOH to give the corresponding ethyl esters in ca. 93% yield.

Subsequent ethyl carboxylation of the α-position afforded the diethyl phenylmalonate derivatives

in ca. 76% yield.
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Figure 6.20: Synthesis of phenyl substituted derivatives of the hERG Evador. Good yields
were seen with the improved route to the substituted diols, however very low yields were seen with the
subsequent displacement step. ∗The tele-substitution product was also isolated (vide infra).

While the LiAlH4 reduction step in Figure 6.19 provided the desired diol, it was thought the

yield could be improved by using an alternative method. In a paper reporting the kilogram-

scale synthesis of fingolimod, the authors performed an analogous reduction of a homologated

diethyl phenylmalonate using NaBH4 and CaCl2 to give the corresponding diol in ∼90% yield. [361]

Encouragingly, applying these reduction conditions led to the desired diols in improved yields (ca.

43%). The final nucleophilic displacement step was performed using the KOH conditions (prior

to the observation of improved yields when performed under t-BuOK conditions) to give the diol

coupled products in low average yields of 6–7%.

Of the ten target compounds, six were isolated in high enough yields for biological evaluation.

The remaining four were only isolated in trace amounts and were not evaluated for in vitro
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potency. It was noted that in two cases, products of tele-substitution were identified and isolated

(Figure 6.21).
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Figure 6.21: Two tele-substitution products identified from the diol coupling reactions above.
Both were isolated in low yields.

Due to the low yields for these reactions, enough product was obtained from only one diol cou-

pling (221) to carry out the subsequent oxidation step (Figure 6.22). Jones oxidation conditions

provided the desired 2,4,6-trifluorophenyl derivative 231 of the hERG Evador in 25% yield.
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Figure 6.22: Oxidation of the 2,4,6-trifluorophenyl derivative of the hERG Evador. Jones
oxidation gave the corresponding carboxylic acid product in 25% yield.

Having obtained a hERG Evador derivative possessing a phenyl ring with electron withdrawing

groups, it was thought desirable to evaluate an analogue with electron donating substituents on

the phenyl ring. Unfortunately, not enough of the methoxy substituted diol products above were

obtained. Luckily, a 4-OMe substituted dimethyl phenylmalonate building block was found to

be commercially available. This was reduced using NaBH4 conditions to give the corresponding

diol 232 in 54% yield (Figure 6.23). Coupling to the TP core 44 was performed using t-BuOK

conditions to give the product 233 in 21% yield. This compound was then oxidised to give the

4-OMe analogue of the hERG Evador 234 in 23% yield.
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Figure 6.23: Synthesis of the hERG Evador derivative with an electron donating substituent
on the pendant phenyl ring. Use of the t-BuOK conditions for the diol coupling step gave the product
in improved yields.

Even though not all of the diol coupled derivatives in Figure 6.21 were synthesised in the desired

amounts for biological evaluation, the ones that were made provided valuable SAR for this area.

More importantly, two hERG Evador derivatives, with electron withdrawing and donating sub-

stituents on the pendant phenyl ring were made and were able to be tested for any improvements

to P. falciparum activity.

6.7 Biological Evaluation: Part 2

Each of the benzylic primary alcohol and hERG Evador analogues were subsequently evaluated for

in vitro activity (Table 6.1). In comparison with the parent benzylic primary alcohol compound

24, the phenyl substituted analogues showed a range of activities, all of which were <1 µM. In

these cases, both electron withdrawing groups (EWGs) and electron donating groups (EDGs)

were well tolerated with the 3-CF3 analogue (224) found to be the most potent of the set (Entry

6). Unsurprisingly, the tele-substitution product 230 was inactive (Entry 12). Unfortunately, not

only were both hERG Evador analogues (231 and 235) inactive, but they were significantly less

potent than the parent compound 208 (Entries 13 and 15). The addition of electron withdrawing

or donating groups on the phenyl ring was seen to be detrimental to the activity, with EWGs

more so. Nevertheless, it appears that phenyl substitution has a noticeable effect on the resulting

potency of the hERG Evador analogue. It remains possible that the more potent derivatives found

among the benzylic primary alcohol compounds (e.g. with 3-OMe and 3-CF3 substituents) may

provide better activity.
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Table 6.1: IC50 potency values of the phenyl substituted benzylic primary alcohol analogues
against P. falciparum. Potency was generally maintained among the benzylic primary alcohol deriva-
tives. EWGs and EDGs were not well tolerated in the hERG Evador analogues with a significant loss in
activity. N.D.: not determined.

Entry Compound cLogP IC50 (µM)

Reference 24 2.7 0.13
208 2.3 3.88

1 219 2.8 0.16
2 220 2.8 N.D.
3 221 3.0 0.89
4 222 3.0 0.19
5 223 3.6 N.D.
6 224 3.5 0.09
7 225 4.4 N.D.
8 226 2.6 0.30
9 227 2.6 0.12
10 228 3.8 N.D.
11 229 2.8 N.D.
12 230 3.0 9.69
13 231 2.6 >25
14 233 2.6 0.72
15 234 2.2 9.94

6.8 Concluding Remarks

The hERG binding affinity of a number of inherited Series 4 compounds has been found to be

variable. In order to alleviate these concerns, a compound was designed based around examples

in the literature which showed formation of a zwitterionic compound (i.e. incorporation of a

carboxylic acid moiety) could lead to reduced hERG affinity. This Series 4 compound, named the

“hERG Evador”, possessing a benzylic carboxylic acid moiety, was synthesised via oxidation of the

benzylic primary alcohol in Frontrunner compound 24. Upon evaluation of its hERG affinity, a

significant reduction was found when compared to the corresponding compound without benzylic

substitution (58). While the hERG Evador also possessed excellent solubility, low clearance and

a long half-life, this unfortunately came at the cost of a large loss in in vitro potency.

In an attempt to improve the potency, a number of phenyl substituted analogues of Frontrunner 24

were synthesised, with the aim of oxidising these to the corresponding carboxylic acids. Low yields

were seen with the unoptimised diol coupling step, however a majority of the coupled products

were isolated in sufficient yield to be evaluated for potency. The potency was generally maintained

with the phenyl substituted benzylic alcohol analogues with the most potent compound having

3-CF3 substitution (0.09 µM). Two hERG Evador derivatives were synthesised, one with electron

withdrawing substituents (231) and one with an electron donating substituent (234) on the

pendant phenyl ring. Unfortunately, both analogues led to a significant decrease in activity.
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7. Open Source Malaria in the Undergraduate Laboratory

This chapter begins with an overview of the idea of crowdsourcing scientific research, and how

openness can be utilised in synergy with this approach. The application of crowdsourced synthesis

to the OSM project will be discussed with respect to its incorporation into a module for the first

year Special Studies Program (SSP) in the School of Chemistry at The University of Sydney. For

each year of the SSP course, the choice of target compounds, student syntheses and biological

evaluation are discussed.

7.1 Crowdsourcing Chemical Synthesis

Crowdsourcing aims to involve the public in real research projects as a means of generating

data and accelerating the research. Websites such as SciStarter, [362] citizenscience [363] and zooni-

verse [364] provide an easy way for the public to search for projects in which to participate. [132]

While this idea has been applied to many areas of science including biology, physics and environ-

mental science, its application to chemical synthesis has been less widespread. When considering

the differences between openness and crowdsourcing, a key feature of an open source science

project is the idea that anybody can contribute, no matter their scientific background. However,

there is no guarantee that people will participate in the project.

The Distributed Drug Discovery (D3) program, created by Dr. William Scott at the Indiana Uni-

versity Purdue University Indianapolis in 2005 is one example of crowdsourced chemistry. [365–367]

Scott’s idea was to develop a low-cost strategy for the discovery of new drugs for neglected dis-

eases by applying a distributed problem approach across the three key stages of drug discovery.

For the first stage of identifying new candidates for further development, D3 have reached out to

computational chemists around the world as a means to more effectively identify hit compounds

to pursue. The second key stage involves the synthesis of the identified candidate compounds.

For this step, D3 utilised undergraduate and graduate students in universities around the world

to synthesise candidates. [368,369] The students involved in this process not only learn the tech-

niques of synthetic chemistry, but also contribute to real research projects. The application of

crowdsourcing to the final key stage (biological evaluation) is currently ongoing, but the goal is

for biologists to develop simple and inexpensive assays that allow the students to become involved

in the final stages of hit to lead drug discovery.

In 2008, while working on a way to convert sunlight into renewable hydrogen fuel via the pho-
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toelectrolysis of water, Bruce Parkinson from the University of Wyoming applied crowdsourcing

as a way to discover new semiconducting metal oxide catalysts for this process. He developed a

simple combinatorial chemistry kit made with an inkjet printer, laser pointer and LEGO, naming

it the Solar Hydrogen Activity Research Kit (SHArK). This kit allowed university and high school

students to easily produce and test potential catalysts. [370] The first hit from the project emerged

in 2014 when an undergraduate student from Gonzaga University discovered a promising p-type

semiconductor which was further developed by the Parkinson group. [371]

In another example, the Drugs for Neglected Diseases initiative (DNDi) launched the Open Syn-

thesis Network (OSN) in 2015, a project aimed at involving masters and undergraduate students

from universities around the world in drug research for neglected diseases. [372] There are currently

18 participating universities contributing to this project, from areas including India, the UK and

the US, working to synthesise compounds that target visceral leishmaniasis and Chagas disease.

Any compounds found to be efficacious against these diseases through this process will be devel-

oped further by DNDi with the ultimate goal of producing new medicines. However, at this stage,

the OSN is not a publicly open crowdsourcing project. While all members of the network are able

to share and see all the data that has, and is currently being generated, members of the public

cannot access this information.

It is notable that many examples of crowdsourced chemistry are not completely open: while anyone

can participate in these projects, not everyone can see all that is happening within the project and

as a consequence, there is a higher chance for unnecessary duplication. One solution to combining

openness and crowdsourcing is to incorporate these approaches into an educational course such

as a university lab class. Open source projects provide a perfect platform for this purpose, as

everyone can see what else is happening within the project, and duplication is minimised. There

are a number of benefits to crowdsourcing research projects like the ones described above. With

more people working on synthesising molecules, more compounds can be identified and further

developed, with the potential to greatly speed up this discovery and optimisation processes. These

projects also benefit the universities involved, allowing students to take part in real research

projects rather than resynthesising known targets that ultimately have no application beyond the

learning gained in making them. However, for such a project to be incorporated into a university

course, a number of considerations must be made, including how students would be assessed, and

how to avoid plagiarism. Additionally, it is probable that the progress made by inexperienced

undergraduate students will be lower than that of an individual postgrad, postdoc or CRO worker

in the same period of time.
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7.2 Open Source Malaria in an Undergraduate Laboratory

Dr. Alice Motion used these ideas to create a new crowdsourced undergraduate laboratory

course at The University of Sydney in 2015, for students enrolled in the Special Studies Pro-

gram (SSP). [373] The SSP is designed for high-achieving students in their first year of university,

and this laboratory course enabled them to undertake more research-style experiments (in contrast

to the standard experiments done in the regular first year course, in which the outcome is already

known, or at least readily anticipated). The structure of this lab allows students to learn new

experimental techniques at a much earlier stage in their degree and get more hands on experience

with the uncertainties of scientific research.

Having worked in the OSM project for a number of years, Alice saw this as an opportunity to

apply crowdsourcing to the project by tasking the students with the synthesis of novel antimalarial

compounds for Series 4. The simplicity and robustness of the synthetic route to the TP core make

it suitable for undergraduates to perform, and allows them to learn important techniques such as

TLC analysis of reaction mixtures and NMR spectroscopy. The target compounds chosen for the

SSP class focussed on simple Series 4 analogues that explored missing SAR using commercially

available reagents; these were feasible because the essential features of the synthesis had been

worked out for previous analogues (Figure 7.1). Each year, the class of 50–60 students was

divided into four groups and under the guidance of a postgraduate demonstrator, each group was

tasked with synthesising an assigned compound over four lab sessions of three hours each. As

a demonstrator to this course between 2016 and 2018, I collaborated with Dr. Motion on the

selection of suitable target compounds, design of synthetic routes, and purification of student

products, and was lead demonstrator for this component of the class.

Figure 7.1: Overall aim of the SSP student OSM projects. Beginning from commercial reagents,
students would synthesise Series 4 analogues with variation in the northeast (R) and northwest (OR′)
positions to explore SAR ( ). Under the guidance of a demonstrator, TLC and NMR would be conducted
throughout ( ), with the final compounds purified in the research lab and sent for biological evaluation
( ).
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Compounds were designed to explore the northeast and northwest moieties (Figure 7.2). Each

week, the SSP students carried out one step of the synthesis, beginning from the hydrazine 2

which was provided from the research lab (due to the lengthy reaction conditions and hazardous

reagents required for its synthesis). The students would then set up the subsequent reaction and

monitor its progress by TLC throughout the session. When the reaction was determined to be

complete, a work-up was performed and the crude product isolated for the following week. Al-

though learning the techniques of column chromatography is key for any drug discovery project,

the time frame of the course did not allow for the students to purify their own final compounds.

Rather, the students would learn about the theory of column chromatography, while the crude

final products made by the undergraduate students were purified in the research lab at the end of

the route, and sent for biological evaluation. Once bioassay results were obtained, students would

be notified of the in vitro potencies of their compounds and discuss these with their demonstra-

tors. Throughout this process, the students would use the hydrazone intermediate to learn about

recrystallisation and NMR techniques. In addition, the structure of this course allows the stu-

dents to interact with demonstrators and academics directly to discuss aspects of the research

being conducted, such as reaction mechanisms and the impact of open source research, and for

their work to be openly available to comment from the wider community. At the conclusion of

the OSM module, the undergraduate students summarised and presented their findings in a video

or poster presentation.
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Figure 7.2: Outline of the synthetic route used by the students to synthesise new Series 4
compounds. The initial starting material was provided, with the aldehyde (RCHO) or alcohol (R′OH)
varied based on the need to explore a particular area of SAR.

7.3 Class of 2015

The first class of students to undertake this course explored an aspect that was, surprisingly,

missing from the inherited data: the effect that the position of substitution on the northeast

phenyl ring has on potency against P. falciparum (Figure 7.3). [373]
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Figure 7.3: The majority of the inherited compounds incorporated a 4-OCHF2 group on
the northeast phenyl ring. A small number had either 4-Cl or 4-CN groups. The reason for these
substitution patterns was not clear.

All of the inherited compounds with phenyl rings in the northeast position were either unsubsti-

tuted, or substituted only at the 4-position with OCFH2, Cl or CN groups. No 2- or 3-substituted

compounds were present in the dataset. To investigate this further, students were tasked with

synthesising derivatives with varying chloro-substitution, due to the relative affordability and

availability of the required chlorobenzaldehyde isomers. Accordingly, students carried out the

condensation step using either benzaldehyde or one of its 2-, 3- and 4-chloro derivatives to give

the corresponding hydrazone intermediates. Cyclisation of these crude products led to the cor-

responding TP cores. Finally, nucleophilic displacement of chloride from the respective TP cores

using 2-phenylethanol gave the final compounds 236–239 (Figure 7.4). The final crude mixtures

were purified in the research lab and sent for bioactivity evaluation.
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Figure 7.4: Series 4 compounds synthesised with the SSP class of 2015. Compounds with
monochlorinated northeast phenyl rings were successfully synthesised by the students, with a bare phenyl
ring compound prepared as a control.

It was found that the substitution position of the halide on the northeast phenyl ring was very

important to activity (Table 7.1). When compared to the control compound with a bare phenyl

ring 236, substitution at the 2- and 3-positions (237 and 238 respectively) led to a decrease in

potency (Entries 1–3). However, when the chlorine atom was attached at the 4-position (239),
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significantly higher potency was seen than for the phenyl control 236 (Entry 4).

Table 7.1: IC50 potency values of northeast chlorophenyl isomers against P. falciparum. The
chlorine substitution position greatly influences the potency, with 4-substitution ideal.

Entry Compound cLogP IC50 (µM)

1 236 3.0 1.60
2 237 3.6 >5
3 238 3.6 >2.5
4 239 3.6 0.057

As these compounds were the first examples of analogues with alternative substitution pattens

on the northeast phenyl ring, they provided the OSM project with valuable SAR data, which not

only validated the use of 4-substitution in the inherited compounds, but also provided a rationale

for further investigations into substitution patterns on this ring.

7.4 Class of 2016

The following year, with the 2016 class of students we sought to build upon the previous year’s

results by investigating further halide substitution effects on the northeast phenyl ring. [374] Hav-

ing created a highly potent compound in 239, which possessed a 4-substituted phenyl ring, we

wondered whether it was the presence of substituents at the 2- and 3-positions or the absence of

a 4-chloro substituent that was the cause of the inactivity. Two aspects were explored: firstly,

replacement of the chlorine with fluorine, and secondly, how additional substitution (as well as a

4-chloro group) would impact the potency. A set of four new aldehydes was chosen, each with ei-

ther a fluorine or chlorine at the 4-position, and three of which possessing an additional fluorine or

chlorine at the 2- or 3-position. By following the synthetic route carried out in the previous year,

condensation of 2 with the relevant disubstituted chlorobenzaldehydes (2,4- or 3,4-dichloro) or flu-

orinated benzaldehydes (4-fluoro or 3,4-difluoro) gave the corresponding hydrazones, which were

cyclised to give the respective TP cores. Following nucleophilic displacement with 2-phenylethanol,

the desired crude final products 240–243 were obtained (Figure 7.5), purified and sent for potency

evaluation.
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Figure 7.5: Series 4 compounds synthesised with the SSP class of 2016. Building on the 2015
results, compounds with chlorinated and fluorinated northeast phenyl rings were successfully synthesised
by the students.

While all four compounds showed similar submicromolar activity, none were found to improve

upon the lead 4-chloro compound from the 2015 set (Table 7.2). However, compared with the

inactive 2- and 3-substituted compounds (237 and 238), addition of a halide at the 4-position

led to a recovery of activity (Entries 6, 7 and 9). Activity was maintained when replacing the

chlorine at the 4-position with a fluorine (Entry 3).

Table 7.2: IC50 potency values of northeast chlorophenyl and fluorophenyl isomers against
P. falciparum. These results confirmed the importance of substitution in the 4-position for maintaining
activity, but showed that additional halogen substitution elsewhere on the ring was tolerated as well.

Entry Compound cLogP IC50 (µM)

1 240 4.2 0.26
2 241 4.2 0.71
3 242 3.1 0.37
4 243 3.2 0.58

The combined results from the 2015 and 2016 crowdsourcing experiments confirmed the impor-

tance of substitution at the 4-position, and validated the continued use of northeast phenyl rings

with substituents at this position.

7.5 Class of 2017

Following the success of the previous two years’ investigations of the importance of substitution on

the northeast phenyl ring, we shifted the focus for the class of 2017, choosing target compounds to

extend the work being carried out on phenyl bioisosteres described in Chapter 4. [375] This year, the

students would aim to make, not four, but eight compounds. Two TP cores would be made based

on the most potent compounds from the previous years (4-chloro compound 239 and 2,4-dichloro

compound 241), with the northwest phenyl ring to be varied using one of four hydrocarbon cages

(adamantane, nopol, norbornene and myrtenol). Each demonstrator group began by synthesising

the two TP cores, first by condensation of 4-chloro and 2,4-dichloro substituted benzaldehyde with

2, followed by cyclisation to form the respective triazolopyrazines. Groups were then assigned a
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hydrocarbon cage to perform the final nucleophilic displacement with each of their two cores,

leading to compounds 244–251 (Figure 7.6).
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Figure 7.6: Series 4 compounds synthesised with the SSP class of 2017. The scope was ex-
panded in 2017, with eight target compounds based upon replacement of the northwest phenyl ring with
hydrocarbon cages.

While compounds 244–249 were made successfully, unexpectedly for the students and their

demonstrators, displacement reactions performed using the myrtenol nucleophile (to give com-

pounds 250 and 251) were unsuccessful, with no reaction seen by TLC, using either TP core.

The 1H NMR spectra of the crude material from these reactions indicated only starting materials

present. Additional investigations were performed in the research lab (see Chapter 4) but were

ultimately inconclusive. As a result, these two compounds were not pursued any further.

Upon evaluation of the 2017 compounds for potency, it was found that a majority were inactive

(Table 7.3). As a general trend, compounds with 2,4-dichloro substitution on the northeast phenyl

ring (Entries 2, 4 and 6) were less potent than those with the simpler 4-chloro substitution (Entries

1, 3 and 5). The nopol derivative 246 was moderately active but still less so than the corresponding

northwest phenyl analogue 239. Norbornene compound 248, which was obtained as a mixture of

endo and exo isomers, was the most potent of this set (Entry 5).
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Table 7.3: IC50 potency values of northwest hydrocarbon cage compounds against P. fal-
ciparum. These hydrocarbon replacements led to a decrease in activity, similar to that seen with the
examples discussed in Chapter 4.

Entry Compound cLogP IC50 (µM)

1 244 4.0 2.53
2 245 4.7 8.00
3 246 4.3 1.05
4 247 5.0 8.24
5 248 3.1 0.62
6 249 3.7 9.55
7 250 3.9 Not isolated
8 251 4.5 Not isolated

Overall, all SSP phenyl bioisostere analogues from the class of 2017 were found to be less potent

than those possessing a 4-OCHF2-substituted phenyl ring (see Chapter 4).

7.6 Class of 2018

For the class of 2018, we maintained our focus on replacements of the phenyl rings, but this

time used saturated heterocycles in place of hydrocarbon cages. Investigation returned to the

northeast position, and the number of target compounds reduced to a more manageable four

(one per group). [376] It was noted that in the original dataset, two inherited compounds incorpo-

rated saturated heterocycles in the northeast position, one bearing an N -acyl piperidine moiety

MMV668961 and the other bearing a tetrahydropyran moiety MMV668959 (the heteroatoms

at the 4-position of the heterocycle in both cases). Both of these analogues were shown to be

inactive (Figure 7.7). It was thought important to validate these results given that 4-substituted

phenyl rings in the northeast position (which these heterocycles mimic) have be shown to be ben-

eficial for potency, and deplanarisation should aid in compound solubility (see Chapter 4).
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Figure 7.7: Inherited compounds possessing northeast saturated heterocycles. Both northeast
N -acetylpiperidine and tetrahydropyran analogues are inactive.

Four analogues were proposed to investigate these data. The compounds contain 5- and 6-

membered nitrogen (N -Boc protected) and oxygen heterocycles in the northeast position. For
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simplicity, the 3,4-difluorophenyl moiety present in the northwest position of the inherited com-

pounds was replaced with an unsubstituted phenyl ring, as for previous SSP campaigns. To en-

sure all the students could be assessed on performing the same reactions, the deprotection of the

compounds possessing N -Boc groups would not be conducted by the students, but competed sub-

sequently in the research lab instead. The respective aldehydes were condensed with 2, cyclised,

and reacted with 2-phenylethanol to give the four target compounds 148–151 (Figure 7.8).
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Figure 7.8: Series 4 compounds synthesised with the SSP class of 2018. The 2018 target
compounds were based upon replacement of the northeast phenyl ring with saturated heterocycles. The
N -Boc protected compounds would be deprotected in the research lab prior to biological evaluation.

Once the undergraduate students had completed the synthesis of their crude final compounds,

purification was attempted in the research lab as per previous years. Surprisingly, even after three

columns (one regular-phase and two reversed-phase) on each of the compounds, none were pure

enough for biological evaluation. It was decided that each of the four compounds would need to

be resynthesised with purification of every intermediate to ensure the compounds were made. The

reactions were repeated by the author, with intermediates and final products successfully purified

and characterised by NMR spectrometry and mass spectrometry (see Chapter 4). Ultimately,

when these resynthesised compounds were evaluated for in vitro potency, all were found to be

non-potent (all >10 µM), confirming the inactivity of inherited compounds MMV668961 and

MMV668959.

During the purification and characterisation of these compounds, a number of discrepancies were

found between the spectra obtained for the products synthesised by the students and those made

in the research lab. Firstly, when comparing the hydrazone intermediates for each compound, one

key signal was observed at a significantly different chemical shift. In a representative example,

the signal around ∼8.5–8.0 ppm (indicated by a black box) shifted from 7.99 ppm in the student

synthesised sample to 8.15 ppm in the research lab sample (Figure 7.9).
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Figure 7.9: Representative comparison between a student synthesised hydrazone and a re-
search lab resynthesised hydrazone. The signal in the black box was seen to shift between the two
samples. This was confirmed to be a result of compound concentration in the analysed sample.

This signal was identified to arise from the hydrazone NH proton, and throughout all student

samples was seen shifted upfield by∼0.5 ppm relative to the peak in the spectra from the equivalent

samples arising from the research lab. The discrepancy was initially attributed to the presence of

the two isomeric products of the C=N double bond, and potentially a different distribution of the

isomers arising from the two preparations. However, the E -isomer is the thermodynamic product,

and the reaction conditions used for the student and research syntheses were essentially the same,

so it is highly unlikely that the less stable Z -isomer formed in one case and not the other. When

the 1H NMR spectrum of a sample containing a mixture of both products was obtained, only one

signal at 7.97 ppm was seen. This outcome confirmed that the observed difference was not due to

the presence of isomers but in fact due to a difference in concentrations between the two samples

used for NMR spectroscopy (an explanation first suggested by A/Prof. Chase Smith). [376] It was

rationalised that the student samples were run at a lower concentration than the research samples.

The chemical shifts of OH and NH protons are known to be dependent on a number of factors,

one of which is sample concentration. At higher concentrations, there is increased intermolecular

hydrogen bonding which translates to more deshielding and a downfield shift. [377]

A second discrepancy was seen when comparing samples of the final products made in the student

lab versus the research lab. The 1H NMR spectra arising from the SSP products (spectra in red)

and the resynthesised products (spectra in blue) revealed a number of key differences (Figure 7.10),

suggesting the compounds made by the students were in fact different products. The spectra

obtained from the research samples appear to be typical to those of other Series 4 compounds,

while the spectra from the student samples showed consistent differences not previously seen with

compounds from this series.
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Compound 148 Compound 149

Compound 150 Compound 151

Figure 7.10: NMR spectroscopic comparison of student compounds (after purification) and
resynthesised compounds. Key differences include: change in position of signals at ∼9.0 ppm, shift
between aromatic signals at ∼7.3 ppm, multiple differences between aliphatic signals at ∼6.0–1.0 ppm.

The most notable differences are as follows: there are slight differences in shifts for the pyrazine

signal at ∼9.0 ppm, there are slight differences in shifts for the phenyl signals at ∼7.3 ppm,

additional signals are present in the student compounds at ∼7.0 ppm, there are differences in

shifts for all aliphatic signals between ∼6.0–1.0 ppm, and there is an absence of the triplets

corresponding to the northwest methylene chain in the student compounds.

To confirm that this was not a concentration effect (as seen above), a mixture of the student

product and the resynthesised product was analysed by 1H NMR spectroscopy. Signals from

both compounds were present in the mixed sample, ruling out a concentration effect as a cause

for these changes. With so many differences between the NMR spectra, it was anticipated that

the low-resolution mass spectra for the student compounds would be different to the expected

mass. However this was not the case as each compound showed the expected mass for the desired

products. Investigations to determine the identity of the student-synthesised products are ongoing.

with attempts at recrystallisation to solve their X-ray structures. [376]

7.7 Concluding Remarks

The use of crowdsourced chemical synthesis was demonstrated by incorporating OSM into a mod-

ule for the SSP laboratory class at the University of Sydney. Every year since 2015, groups of

students synthesised novel Series 4 compounds for biological evaluation which allowed for impor-

tant new SAR data to be obtained.

A number of challenges were overcome throughout these classes. One set of compounds in 2017

could not be synthesised, and as a result, a subgroup of students were not able to be assessed
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on final yields of their compounds. While this might result in deduction of marks in a regular

laboratory class, by taking into considering the novel nature of the reactions being performed

within this class, student performance could be assessed not solely on the basis of synthetic

yields, but instead by the proficiency with which they were able to perform the reactions and

communicate results. These are arguably more important skills for students to learn, as high

yields are not the only important aspect of chemical research. In a similar manner, even though

the target compounds were not synthesised by the class of 2018, students could be assessed on

their ability to perform reactions and report the results.

Another notable aspect of conducting open research in an undergraduate laboratory class is the

potential for plagiarism, not only from fellow students, but also from the work of past students

on the course, or researchers elsewhere in the world working in the open towards similar targets.

This unique context offers an excellent opportunity to teach the students about the importance

of proper citation of others’ results, and appropriate referencing to previous work even if un-

published. As a result, the assessment of students throughout this course is weighted towards

their ongoing performance during the lab sessions and the quality of the written records of their

experiments.

When running an undergraduate lab course in such a way, it is important to obtain feedback from

the students to refine and develop the course further. Anonymous student feedback from Unit of

Study Surveys (USS) for the OSM module between 2015 and 2018 particularly highlight the lab

classes, with students describing the course as being “challenging but enjoyable”, “like playing with

lego and solving riddles, and pretty intellectually rewarding”, and “different and very stimulating”.

Many students enjoyed the research aspects of the course and the real world applications of their

work. As a more personal reflection on time spent as a demonstrator for this course, I found it

an extremely enjoyable and rewarding experience. This course has allowed me to develop as a

researcher by providing the opportunity to mentor students and convey my own research in an

effective manner.

The OSM module in the SSP course will continue to develop in the coming years, with new

compounds synthesised based on areas of missing SAR. When work on Series 4 concludes, the

course is readily adapted to other open source projects, building on the approaches developed and

lessons learned with the OSM module.
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8.1 Conclusions

Throughout this work, a large range of novel Series 4 compounds was synthesised. This began with

the resynthesis of a number of high value targets, named the Frontrunners, in order to obtain a

more complete set of biological data including in vitro potency, solubility, metabolic stability and

mechanism of action measurements. The evaluation of the resynthesised compounds began with

in vitro potency, the results of which were consistent with the inherited and previously obtained

data. Having acquired a more complete set of metabolic and physicochemical properties for these

compounds, a number of key observations were made. Compounds possessing a northwest pendant

3,4-difluorophenyl ring were found to be generally more potent than those with an unsubstituted

pendant phenyl ring. Similarly, compounds with a 4-Cl or 4-OCHF2 substituted phenyl ring

in the northeast triazole position were beneficial for potency. Benzylic substitution of the ether-

linked compounds was favoured with improvements to both solubility and metabolic stability. The

amide-linked compounds were no longer pursued due to the lower potency, solubility and higher

metabolic clearance relative to the ether-linked compounds. This campaign also highlighted the

impact that open science can have on conducting scientific research. The process undertaken to

obtain the dimethylamine Frontrunner compound 30 was an excellent example of the benefits of

community-accelerated synthesis and an advantage of working in an open manner. It could be

imagined that without such inputs from the community, the amount of time and resources spent

to get to the same point would be increased.

While investigating thioether-linked compounds, discrepancies were found in the 1H NMR spec-

tra of an existing compound. This originally isolated inactive compound was confirmed to be an

alternative product, where the thioether was substituted at the 8-position of the pyrazine ring

(Figure 8.1). The desired 5-substituted product was isolated and found to have moderate po-

tency. The tele-substitution phenomenon has since been observed among amine-linked Series 4

compounds as well.
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Figure 8.1: The unexpected identification of tele-substitution products during the synthesis
of thioether-linked compounds. This observation led to the correction of a number of existing Series
4 compounds which had originally been misassigned.

Exploration of different linkers between the pyrazine ring and the northwest pendant phenyl

group confirmed that an ether linker of two methylene units was key to maintaining activity. The

use of other carbon chain lengths, triazoles, sulfoxides and sulfones as linkers were found to be

poorly tolerated. Substitution at the benzylic position with amines and alcohols was generally

beneficial for activity with the additional benefit of blocking this metabolically labile position and

aiding compound solubility. Finally, the investigations into northeast substitutions validated the

continued use of the 4-OCHF2 group on the northeast phenyl ring (Figure 8.2).
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Figure 8.2: Key results from the exploration of Series 4 SAR. A number of key validations
were made including the use of an ether-linker in the northwest position and the use of a 4-OCHF2
substituted phenyl ring in the northeast position. Additionally, benzylic substitution was generally found
to be beneficial.

In an attempt to improve the physicochemical properties of the Series 4 compounds, exploration

into the reduction of aromaticity and deplanarisation through the use of phenyl bioisosteres was

conducted (Figure 8.3). It was found that simple saturated ring systems were poorly tolerated in

both the northwest and northeast positions. Interestingly, when replacing the phenyl rings with

cubane, the potency was maintained when substituted at the northwest position but not at the

northeast position. These results suggest a relatively low tolerability for deplanarisation in the

northeast position and prompted further investigation into the former position. When using rigid

hydrocarbon cages such as adamantane and norbornene, only a slight reduction in potency was
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seen confirming the higher tolerability for deplanarisation in this position. A surprising result was

seen upon the incorporation of carborane isomers in the northwest position, with the resulting

compounds showing improved potency when compared with the parent phenyl compound. Unfor-

tunately, when examining the cubane (154) and carborane (192) compounds for solubility and

metabolic stability, they were both found to be detrimental to both these areas. Conversely, the

BCP compound 178 was found to possess significantly improved physicochemical and metabolic

properties.
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Figure 8.3: Key results from the exploration of phenyl bioisosteres. Saturated ring systems were
poorly tolerated in both northwest and northeast positions, whereas the more rigid caged systems were
better tolerated. The BCP derivative was found to have improved the solubility and metabolic stability
when compared to the phenyl, cubane and carborane derivatives. Units: IC50 (µM); Sol. (µg/mL); CLint

(mL/min/kg); T1/2 (min).

Validation of the suspected Series 4 mechanism of action was performed using compounds syn-

thesised throughout this thesis. Excellent correlation was seen between in vitro potency and

ion regulation activity in PfATP4. An initial crowdsourcing competition to predict active com-

pounds was successfully ran, which paved the way for the launch of a second round involving the
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application of machine learning approaches.

Having seen variable results for Series 4 hERG activity, a directed effort was made to alleviate

these concerns. These investigations revolved around reports where incorporation of a carboxylic

acid led to a reduction in hERG binding. It was found that, following installation of a carboxylic

acid at the benzylic position (208) of a standard ether-linked Series 4 compound (58), a significant

reduction in hERG activity was seen, along with a concomitant increase in solubility and metabolic

stability Unfortunately, this came at a cost to in vitro potency. In an attempt to improve upon

this aspect, a range of phenyl substituted analogues was synthesised. Unfortunately, while the

benzylic alcohol intermediates performed well with IC50 values <1 µM, the two hERG Evador

analogues were found to be significantly less potent.
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Figure 8.4: Key results from the exploration of Series 4 hERG activity. Installation of a
carboxylic acid into a Series 4 compound was found to alleviate the concerns related to hERG binding,
but this came with an accompanied decrease in in vitro potency.

The application of crowdsourced chemical synthesis to the OSM project was made possible via

several initiatives including The University of Sydney’s Special Studies Program. Over the span of

five years, students have synthesised around twenty novel Series 4 compounds. These compounds

have contributed to the greater dataset of Series 4 and have provided valuable information about

SAR that were previously unexplored. The challenges associated with teaching and assessing work

done in such an open manner was addressed with a larger focus put on the abilities of the students

to perform in the lab and convey their experimental results.

8.2 Future Work

Following the observation that tele-substitution products may arise from the reaction of nu-

cleophiles with the TP core, investigations have begun which aim to better explain this phe-

nomenon. [378] Evaluation of the potential for these tele-substitution products to act against indi-

cations other than malaria have begun which might indicate a broader usefulness for the divergent
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synthetic routes available from nucleophilic displacement on an aza-aromatic core. [379]

After screening a wide range of phenyl bioisosteres, the BCP analogue was identified as possessing

significantly improved physicochemical and metabolic properties. The less desirable potency is

attributed to the one methylene unit ether chain. Future efforts will be made to synthesise the

corresponding two methylene unit ether chain analogue to provide a compound with better all-

round biological properties (Figure 8.5).
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Figure 8.5: The two methylene unit BCP derivative proposed to possess better activity. This
proposed compound would posses the improved physicochemical properties of the one methylene unit chain
BCP derivative and a potency closer to the corresponding two methylene unit chain phenyl compound.

While preliminary studies conducted on Series 4 have revealed cross-resistance with KAE609, [161]

further studies revolving around omics-based approaches (such as genomics, proteomics and epige-

nomics) [380] may be considered to identify potential off-target interactions. For example, pro-

teomics approaches have recently been applied on the indoloquinoline antimalarial ICL-M to reveal

important information about its MoA. [381] It is notable however that such studies are typically

expensive to conduct. The entries resulting from the second round of the modelling competition

must be evaluated to determine the accuracy of prediction for each model. Should these models

be successful, they will become a valuable tool not only for the design of Series 4 compounds, but

also for the identification of novel scaffolds which have the potential to target PfATP4.

The ultimate goal of the OSM project remains to be progression of the first open source discovered

compound into clinical trials. Progress has been made in this regard, with a lead compound

having been identified. [382] The remaining physicochemical and safety data must be obtained and

optimisation of the synthetic route towards this compound may be conducted. Should a late

lead be progressed into the clinical phase, subsequent strategies may be developed, using Series

4 as a real example, of how the later stages of open source drug discovery may be operated and

funded.
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9.1 General Experimental Details

Room temperature (rt) typically varies between 15–25 ◦C. Reagents were purchased from either

Sigma–Aldrich, Alfa Aesar, Acros, Merck, Fischer Scientific, Matrix Scientific, Ajax or Fluo-

rochem. Unless otherwise specified, the reagents were used without further purification. Anhy-

drous conditions: glassware was dried at >130 ◦C for >12 h, assembled hot and allowed to cool

under a high vacuum where appropriate or purged with inert gas. Anhydrous solvents were ob-

tained from the PureSolv system or by drying over activated 3 Å molecular sieves. Nitrogen gas

was dried over silica and calcium chloride. Argon gas was used as acquired. The phrase in vacuo

corresponds to ∼1 mbar on a Schlenk line. Reduced pressure means under rotary evaporation at

40 ◦C from 900–50 mbar. Flash chromatography was performed on Davisil Grace Davison 40–63

µm (230–400 mesh) silica gel or on a Biotage Isolera One. Analytical thin layer chromatography

was performed on Merck Silica Gel 60 F254 precoated aluminium plates (0.2 mm) and visualised

with UV irradiation (254 nm) and potassium permanganate, anisaldehyde or ninhydrin staining.

High temperature reactions were carried out in silicone oil baths, controlled by temperature probe

in the oil bath.

9.2 General Analytical and Preparative Instrumentation and Notation

Melting points (m.p.) were recorded on a Stanford Research Systems OptiMelt at 1 ◦C min-1

(capillaries ø = 1.5–1.6 mm, 90 mm) or a Stuart SMP10 at 2 ◦C min-1 (capillaries ø = 1.8–

1.9 mm, 100 mm). Infrared spectroscopy was carried out on a Bruker Alpha-E (attenuated

total reflectance) without atmospheric compensation and processed using OPUS 7.0 software.

Samples were analysed neat. Nuclear magnetic resonance spectroscopy was carried out at 300

K on Bruker spectrometers: either AVANCE 200 (1H at 200 MHz), AVANCE 300 (1H at 300

MHz, 13C at 75 MHz), AVANCE III 400 (1H at 400 MHz, 13C at 101 MHz) or AVANCE III 500

(1H at 500 MHz, 13C at 126 MHz). Spectra were processed using Bruker Topspin or Mestrelab

Research Mnova. Deuterated solvents (CDCl3, DMSO-d6, CD3OD, acetone-d6) obtained from

the Cambridge Isotope Laboratories. 1H and 13C chemical shifts are reported in parts per million

(ppm) with respect to TMS at 0.00 ppm. The chemical shifts of the spectra were calibrated to

residual solvent peaks (1H: CHCl3 7.26 ppm, DMSO 2.50 ppm, MeOH 3.31 ppm, (CH3)2CO 2.05

ppm, TMS 0.00 ppm; 13C: CHCl3 77.16 ppm, DMSO 39.52 ppm, MeOH 49.00 ppm, (CH3)2CO

39.52 ppm, TMS 0.00 ppm). 1H signal multiplicity is reported as: singlet (s), doublet (d),
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triplet (t), quartet (q), pentet (p) and combinations thereof, or multiplet (m). Broad signals

are designated broad (br). Coupling constants (J ) are reported in Hertz (Hz). Integrals are

relative. app = apparent when the multiplicity was unexpected, e.g. coincidental or unresolved.

Low resolution mass spectrometry (m/z ) was carried out on a Finnigan quadrupole ion trap

mass spectrometer using electrospray ionisation (ESI) or atmospheric-pressure chemical ionisation

(APCI). High resolution mass spectrometry (HRMS) was performed on a Bruker 7T FT-ICR using

ESI or APCI. Positive and negative detection is indicated by the charge of the ion, e.g. [M+H]+

indicates positive ion detection. Analytical liquid chromatography-mass spectrometry (LCMS)

was performed on an Agilent Infinity 1290 II system consisting of a quaternary pump (G7111A)

and a diode array detector WR (G7115A) coupled to a InfinityLab LC/MSD (G6125B) using ESI.

An Agilent ZORBAX Eclipse XDB-C18 column (5 µm, 4.6 × 150 mm) was eluted at a flow rate

of 1 mL/min with a mobile phase of 0.1% formic acid in H2O and 0.1% formic acid in MeCN.

Preparative LCMS was performed on a combined Agilent Infinity 1260 II and Infinity 1290 II

system consisting of a preparative binary pump (G7161A) and a multiple wavelength detector

(G7165A) coupled to a InfinityLab LC/MSD (G6125B) using ESI and a preparative open-bed

fraction collector (G7159B). An Agilent PrepHT XDB-C18 column (7 µm, 21.2 × 250 mm) was

eluted at a flow rate of 15 or 25 mL/min with a mobile phase of 0.1% formic acid in H2O and

0.1% formic acid in MeCN.

9.3 General Synthetic Procedures

General Procedure 1: Displacement of chloride with hydrazine

N

N
N

N

EtOH, 80 oC
Cl N

H

NH2

N2H4•H2O

Chloropyrazine (1 equiv.) was stirred in EtOH (345 mM). Hydrazine monohydrate (2 equiv.) was

added and the reaction stirred at 80 ◦C until completion as indicated by TLC. The solvent was

removed under reduced pressure, then the residue diluted with H2O and EtOAc. The organic layer

was separated and the aqueous layer extracted with EtOAc (3 ×). The combined organic layers

were washed with brine, dried (Na2SO4), filtered and concentrated under reduced pressure to give

the corresponding displacement product which was carried forward without further purification

unless otherwise stated.
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General Procedure 2: Condensation of hydrazine with an aldehyde

N

N
O

H N

N

EtOH, rt
+

N
H

NH2
N
H

N

The product from General Procedure 1 (1 equiv.) was stirred into EtOH (112 mM). Aldehyde (1

equiv.) was added and the reaction stirred at rt until completion as indicated by TLC. The solvent

was removed under reduced pressure to give the corresponding condensation product which was

carried forward without further purification unless otherwise stated.

General Procedure 3: Oxidative cyclisation of a hydrazone

PhI(OAc)2

CH2Cl2, rt N

N

N
NN

N

N
H

N

The product from General Procedure 2 (1 equiv.) was stirred into CH2Cl2 (112 mM). PhI(OAc)2

(1 equiv.) was added and the reaction stirred at rt until completion as indication by TLC.

The reaction was quenched with sat. aq. NaHCO3, diluted with CH2Cl2 and the organic layer

separated. The aqueous layer was extracted with CH2Cl2 (3 ×) and the combined organic layers

were washed with brine, dried (MgSO4), filtered and concentrated under reduced pressure to give

the corresponding crude material which was purified by flash chromatography on silica to give the

corresponding cyclisation product.

General Procedure 4: Nucleophilic displacement of Cl from the TP core

N

N

N

N

Cl

PhMe, rt
N

N

N

N

X

X = O, S

KOH
18-crown-6

XH +

Nucleophile (1.0 equiv.) was dissolved in PhMe (168 mM) along with the product from General

Procedure 3 (1.0 equiv.), KOH (3.0 equiv.) and 18-crown-6 (0.1 equiv.). The reaction mixture

was allowed to stir at rt until completion as indicated by TLC. The reaction was diluted with

H2O, then extracted with EtOAc. The organic layers were washed with H2O until the aqueous

layer became neutral, followed by brine, dried (MgSO4), filtered and concentrated under reduced

pressure to give the crude material, which was purified by flash chromatography on silica to give

the corresponding displacement product.
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General Procedure 5: CuAAC reaction

N3

Na ascorbate

THF/H2O, rt

N

N

N
+

CuSO4

Azide (1 equiv.) and alkyne alcohol (1 equiv.) were added to a 1:1 THF/H2O mixture. The

reaction was backfilled with N2 (5 ×). Copper sulfate pentahydrate (10 mol%) and sodium

ascorbate (25 mol%) were added and the reaction backfilled with N2 (3 ×). The reaction mixture

was allowed to stir at rt until completion as indicated by TLC. The reaction mixture was extracted

with EtOAc and the combined organic layers were washed with H2O, dried (Na2SO4), filtered and

concentrated under reduced pressure to give the corresponding addition product that was used

without further purification unless otherwise stated.

General Procedure 6: Ester to alcohol reduction with LiAlH4

OR

O OH

LiAlH4

THF, 0 oC to rt

R = Me/Et

Ester (1 equiv.) was dissolved in anhydrous THF (566 mM) and cooled to 0 ◦C. LiAlH4 (1 M

in THF, 0.64 equiv.) was added dropwise and the reaction mixture stirred for 10 min at 0 ◦C,

then at rt overnight. The reaction was cooled in an ice bath. Excess LAH was quenched with

EtOAc dropwise, then sat. aq. Rochelle’s salt was added. The mixture was stirred at 0 ◦C,

then at rt until two distinct layers were seen. The organic layer was separated and the aqueous

layer extracted with EtOAc (3 ×). The combined organic layers were dried (MgSO4), filtered and

concentrated under reduced pressure to give the corresponding reduction product that was used

without further purification unless otherwise stated.

General Procedure 7: Esterification of a carboxylic acid

R = Me/Et
Y = EDG/EWG

MeOH or EtOH, reflux

p-TsOHOH

O
Y

OR

O
Y

Carboxylic acid (1.00 equiv.) and p-TsOH (0.02 equiv.) were dissolved in MeOH or EtOH (1.45 M)

and the reaction heated to reflux overnight. The reaction was cooled to rt and the solvent removed.

EtOAc was added to the residue and the organic layer washed with H2O, sat. aq. NaHCO3, brine,

dried (MgSO4), filtered and concentrated under reduced pressure to give the corresponding ester

product that was used without further purification unless otherwise stated.
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General Procedure 8: Ethyl carboxylation of an ethyl ester

O

O

O

O

O O

THF, reflux

NaH

O O

O

Y Y

Y = EDG/EWG

The product from General Procedure 7 (1.00 equiv.) was dissolved in THF (0.36 M). NaH (60%

dispersion in mineral oil, 2.05 equiv.) and diethyl carbonate (5.10 equiv.) were added and the

reaction heated to reflux for 1 h. The reaction was cooled to rt, quenched with sat. aq. NH4Cl

and extracted with EtOAc. The combined organic layers were washed with brine, dried (Na2SO4),

filtered through a pad of silica and concentrated under reduced pressure to give the crude material,

which was purified by flash chromatography on silica to give the corresponding carboxylated

product.

General Procedure 9: Bis-ester to diol reduction with NaBH4

NaBH4

CaCl2

EtOH/H2O, 0 oC to rt

OR

O

O OR

Y
OH

OH

Y

R = Me/Et
Y = EDG/EWG

Ester (1.00 equiv.) was dissolved in EtOH (1.28 M) and a solution of CaCl2 (2.93 equiv.) in

H2O (0.53 M) was added. The suspension was cooled to 0 ◦C and NaBH4 (5.90 equiv.) was

added portionwise keeping the temperature at 0–5 ◦C. The reaction mixture was allowed to stir

for 2 h at 0 ◦C then stirred at rt overnight. The pH was adjusted to 5–6 with 1 M HCl and the

EtOH removed under reduced pressure. The aqueous solution was extracted with EtOAc (3 ×)

and the combined organic layers were dried (Na2SO4), filtered and concentrated under reduced

pressure to give the crude material, which was purified by flash chromatography on silica to give

the corresponding reduction product.

9.4 Synthesis and Characterisation of Compounds from Chapter 2

5-Chloro-3-(4-chlorophenyl)-[1,2,4]triazolo[4,3-a]pyrazine 252

N

N

N

N

Cl

Cl

Prepared according to General Procedure 3 from: (E )-2-chloro-6-(2-(4-

chlorobenzylidene)hydrazinyl)pyrazine (synthesised by Dr. Alice Motion, 750 mg,

2.81 mmol) to give the crude title compound as a red powder (1.23 g); purified

by automated flash chromatography on silica (Biotage Isolera, 12–100% EtOAc in

hexanes) to give the title compound as a pale orange powder (659 mg, 89%); Rf 0.19 (50% EtOAc
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in hexanes); m.p. 180–183 ◦C; 1H NMR (300 MHz, CDCl3) δ: 9.29 (s, 1H), 7.86 (s, 1H), 7.55

(d, J 8.6, 2H), 7.48 (d, J 8.5, 2H); 13C NMR (75 MHz, CDCl3) δ: 147.2, 143.0, 137.2, 132.6,

129.8, 128.3, 125.1, 121.8; m/z (ESI+) 287 ([M+Na]+, 100%); HRMS (ESI+) found 286.98617

[M+Na]+, C11H6Cl2N4Na+ requires 286.98617.

3-(4-Chlorophenyl)-5-phenethoxy-[1,2,4]triazolo[4,3-a]pyrazine 11

N

N

N

N

Cl

O

Prepared according to General Procedure 4 from: 2-phenylethanol (136 mL,

1.13 mmol) and 252 (300 mg, 1.13 mmol) to give the crude title compound

as a brown solid (386 mg); purified by automated flash chromatography on

silica (Biotage Isolera, 12–100% EtOAc in hexanes) to give the title compound

as a yellow powder (279 mg, 70%); Rf 0.06 (50% EtOAc in hexanes); m.p.

128–130 ◦C; 1H NMR (300 MHz, CDCl3) δ: 8.97 (s, 1H), 7.55 (d, J 8.5, 2H), 7.38 (d, J 8.5,

2H), 7.30 (s, 1H), 7.25–7.16 (m, 3H), 7.01–6.75 (m, 2H), 4.44 (t, J 6.5, 2H), 2.95 (t, J 6.5, 2H);
13C NMR (75 MHz, DMSO-d6) δ: 147.4, 145.3, 143.8, 137.2, 135.0, 134.7, 132.4, 128.6, 128.2,

127.6, 126.7, 126.4, 108.9, 71.2, 33.8; m/z (ESI+) 373 ([M+Na]+, 100%), 723 ([2M+Na]+, 89%);

HRMS (ESI+) found 373.08253 [M+Na]+, C19H15ClN4ONa+ requires 373.08262.

6-Chloro-N -(4-chlorophenyl)pyrazine-2-carboxamide 253

N

N

Cl

HN O

Cl
6-Chloropyrazine-2-carboxylic acid (1.00 g, 6.31 mmol, 1.0 equiv.), 4-chloroaniline

(805 mg, 6.31 mmol, 1.0 equiv.) and DIPEA (2.20 mL, 12.6 mmol, 2.0 equiv.)

were dissolved in DMF (10 mL) and cooled to 0 ◦C. T3P (50% in EtOAc, 5.60

mL, 1.5 equiv.) was added dropwise with stirring, and the reaction mixture was

kept at 0 ◦C for 15 min, then stirred at rt for 22 h. The reaction mixture was

diluted with EtOAc (20 mL) and washed with sat. aq. NaHCO3 (3 × 20 mL). The combined

aqueous layers were extracted with EtOAc (2 × 20 mL) and the combined organic layers washed

with H2O (10 mL), brine (10 mL), and concentrated under reduced pressure to give the crude

title compound as a pale brown solid (1.21 g); purified by automated flash chromatography on

silica (Biotage Isolera, 12–100% EtOAc in hexanes) to give the title compound as pale brown

crystals (853 mg, 40%); Rf 0.63 (50% EtOAc in hexanes); m.p. 148–151 ◦C (lit. [383] 145–146
◦C); 1H NMR (300 MHz, CDCl3) δ: 9.38 (br s, 2H), 8.82 (s, 1H), 7.71 (d, J 8.8, 2H), 7.36 (d,

J 8.8, 2H); m/z (ESI+) 290 ([M+Na]+, 67%), 555 ([2M+Na]+, 100%); HRMS (ESI+) found

289.98591 [M+Na]+, C11H7Cl2N3ONa+ requires 289.98582. Spectroscopic data matched those in

the literature. [383]
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N -(4-Chlorophenyl)-6-hydrazinylpyrazine-2-carboxamide 254

N

N

N
H

HN O

Cl

NH2

Prepared according to General Procedure 1 from: 253 (4.00 g, 14.9 mmol) to

give the crude title compound as a yellow solid (3.45 g); this intermediate, though

novel, was carried forward without purification or complete characterisation; Rf

0.15 (50% EtOAc in hexanes); 1H NMR (400 MHz, DMSO-d6) δ: 10.46 (s, 1H),

8.50 (s, 1H), 8.31 (s, 1H), 8.19 (s, 1H), 7.87 (d, J 8.9, 2H), 7.45 (d, J 8.9, 2H),

4.63 (br s, 2H); 13C NMR (101 MHz, DMSO-d6) δ: 162.5, 155.0, 141.0, 137.1,

135.6, 129.8, 128.7, 127.8, 121.9.

(E)-N -(4-Chlorophenyl)-6-(2-(4-(difluoromethoxy)benzylidene)hydrazinyl)pyrazine-

2-carboxamide 255

N

N

N
H

HN O

Cl

N

O

FF

Prepared according to General Procedure 2 from: 254 (150 mg, 0.57

mmol) and 4-(difluoromethoxy)benzaldehyde (75.2 µL, 0.57 mmol) to

give the crude title compound as a yellow powder (253 mg); this in-

termediate, though novel, was carried forward without purification or

complete characterisation; Rf 0.49 (5% MeOH in CH2Cl2); 1H NMR

(400 MHz, DMSO-d6) δ: 11.41 (s, 1H), 10.46 (s, 1H), 8.83 (s, 1H), 8.59

(s, 1H), 8.13 (s, 1H), 7.82 (dd, J 8.9 & 2.9, 4H), 7.44 (d, J 8.9, 2H), 7.26 (t, J 73.8, 1H), 7.23 (d,

J 8.6, 2H); 13C NMR (101 MHz, DMSO-d6) δ: 162.5, 151.8, 151.2, 142.3, 141.6, 137.2, 134.3,

133.6, 131.7, 129.0, 128.5, 128.2, 122.0, 119.1, 116.4 (t, J 258.0).

N -(4-Chlorophenyl)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazine-5-

carboxamide 19

N

N

N

N

O

F

F

HN O

Cl
Prepared according to General Procedure 3 from: 255 (111 mg, 0.27 mmol) to

give the crude title compound as an orange solid (1.16 g); purified by trituration

with MeOH to give the title compound as a white powder (398 mg, 49%); Rf

0.25 (5% MeOH in CH2Cl2); m.p. >300 ◦C; 1H NMR (300 MHz, DMSO-d6)

δ: 10.85 (s, 1H), 9.65 (s, 1H), 8.30 (s, 1H), 7.63 (d, J 7.9, 2H), 7.54–6.69 (m,

7H); 13C NMR (75 MHz, DMSO-d6) δ: 157.2, 152.0, 146.8, 146.0, 145.7, 136.3, 130.3, 130.2,

128.4, 128.2, 124.5, 124.0, 121.1, 118.3, 115.9 (t, J 258.3); m/z (ESI+) 438 ([M+Na]+, 100%);

HRMS (ESI+) found 438.05398 [M+Na]+, C19H12ClF2N5O2Na+ requires 438.05402.
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6-Chloro-N -(3-chloro-4-fluorophenyl)pyrazine-2-carboxamide 256

N

N

Cl

HN O

F

Cl

6-Chloropyrazine-2-carboxylic acid (500 mg, 3.15 mmol, 1.0 equiv.), 3-chloro-4-

fluoroaniline (459 mg, 3.15 mmol, 1.0 equiv.) and DIPEA (1.10 mL, 6.31 mmol,

2.0 equiv.) were dissolved in DMF (5 mL) and cooled to 0 ◦C. T3P (50% in EtOAc,

2.82 mL, 1.5 equiv.) was added dropwise with stirring, and the reaction mixture

was kept at 0 ◦C for 15 min, then stirred at rt for 1 h. The reaction mixture was

diluted with EtOAc (20 mL) and washed with sat. aq. NaHCO3 (3 × 20 mL). The combined

aqueous layers were extracted with EtOAc (2 × 20 mL) and the combined organic layers washed

with H2O (10 mL), brine (10 mL), and concentrated under reduced pressure to give the crude title

compound as a light brown solid (1.04 g); this intermediate, though novel, was carried forward

without purification or complete characterisation; Rf 0.91 (100% EtOAc); 1H NMR (200 MHz,

DMSO-d6) δ: 10.86 (s, 1H), 9.23 (s, 1H), 9.07 (s, 1H), 8.15 (dd, J 6.8 & 2.4, 1H), 7.94–7.77 (m,

1H), 7.44 (t, J 9.1, 1H).

N -(3-Chloro-4-fluorophenyl)-6-hydrazinylpyrazine-2-carboxamide 257

N

N

N
H

HN O

F

Cl

NH2

Prepared according to General Procedure 1 from: 256 (976 mg, 3.41 mmol)

to give the crude title compound as a yellow solid (644 mg); this intermediate,

though novel, was carried forward without purification or characterisation; Rf

0.31 (100% EtOAc).

(E)-N -(3-Chloro-4-fluorophenyl)-6-(2-(4-(difluoromethoxy)benzylidene)hydrazinyl)

pyrazine-2-carboxamide 258

N

N

N
H

HN O

F

Cl

N

O

FF

Prepared according to General Procedure 2 from: 257 (325 mg,

1.15 mmol) and 4-(difluoromethoxy)benzaldehyde (0.15 mL, 1.15

mmol) to give the crude title compound as a bright yellow solid

(567 mg); this intermediate, though novel, was carried forward with-

out purification or characterisation; Rf 0.49 (50% EtOAc in hex-

anes).
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N -(3-Chloro-4-fluorophenyl)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]

pyrazine-5-carboxamide 20

N

N
N

N

OHN

F

Cl

O

F

F

Prepared according to General Procedure 3 from: 258 (500 mg, 1.15 mmol)

to give the crude title compound as an orange solid (663 mg); purified by

automated flash chromatography on silica (Biotage Isolera, 25–100% EtOAc in

hexanes) to give the title compound as an off-white powder (191 mg, 38%); Rf

0.30 (100% EtOAc); m.p. 266–269 ◦C; 1H NMR (300 MHz, DMSO-d6) δ:

10.93 (s, 1H), 9.66 (s, 1H), 8.30 (s, 1H), 7.63 (d, J 8.4, 2H), 7.51 (d, J 6.5, 1H), 7.31 (t, J 9.0,

1H), 7.43–6.82 (m, 4H); 13C NMR (75 MHz, DMSO-d6) δ: 157.3, 155.5, 152.1, 146.8, 146.2,

145.7, 134.4, 130.4, 130.3, 124.3, 124.0, 121.1, 120.0 (d, J 6.9), 119.1 (d, J 18.4), 118.2, 116.8 (d, J

22.0), 115.8; m/z (ESI+) 434 ([M+H]+, 27%), 466 ([M+CH3OH+H]+, 100%); HRMS (ESI+)

found 434.06305 [M+H]+, C19H11ClF3N5O2H+ requires 434.06261.

5-(2-Phenyl-2-((tetrahydro-2H -pyran-2-yl)oxy)ethoxy)-3-(6-(trifluoromethyl)

pyridin-3-yl)-[1,2,4]triazolo[4,3-a]pyrazine 107

N

N

N

N

O

N

CF3
OTHP

Prepared according to General Procedure 4 from: 103 (300 mg, 1.35

mmol) and 5-chloro-3-(6-(trifluoromethyl)pyridin-3-yl)-[1,2,4]triazolo[4,3-

a]pyrazine (synthesised by Dr. Alice Motion, 404 mg, 1.35 mmol) to give

the crude title compound as a dark olive green sludge (706 mg); purified by

automated flash chromatography on silica (Biotage Isolera, 25–100% EtOAc in hexanes) to give

the title compound as a dark olive green powder (363 mg, 55%); this intermediate, though novel,

was carried forward without characterisation; Rf 0.53 (100% EtOAc).

1-Phenyl-2-((3-(6-(trifluoromethyl)pyridin-3-yl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)ethan-1-ol 25

OH

O

N

N
N

N

N

CF3

Compound 107 (200 mg, 0.41 mmol, 1 equiv.) was dissolved in EtOH (5

mL). CuCl2·2H2O (3.51 mg, 0.02 mmol, 5 mol%) was added and the mixture

heated at reflux for 2 h. The solvent was removed and the residue directly

purified by automated flash chromatography on silica (Biotage Isolera, 25–

100% EtOAc in hexanes) to give the title compound as an olive green powder (145 mg, 88%); Rf

0.28 (100% EtOAc); m.p. 145–148 ◦C; 1H NMR (300 MHz, CDCl3) δ: 9.13 (s, 1H), 8.98 (br s,

1H), 8.30 (d, J 8.0, 1H), 7.77 (d, J 8.0, 1H), 7.37 (s, 1H), 7.31 (br s, 5H), 4.92 (br s, 1H), 4.44–4.21

(m, 2H), 3.59 (s, 1H); 13C NMR (75 MHz, CDCl3) δ: 151.3, 148.9, 148.5, 143.8, 143.5, 139.8,

139.0, 136.5, 129.0, 127.0, 126.1, 123.3, 119.8, 119.6, 109.3, 75.4, 71.6; m/z (ESI+) 402 ([M+H]+,

100%); HRMS (ESI+) found 402.11810 [M+H]+, C19H14F3N5O2H+ requires 402.11724.
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(6-Chloropyrazin-2-yl)(isoindolin-2-yl)methanone 37

N

N

Cl

N O

6-Chloropyrazine-2-carboxylic acid (1.00 g, 6.31 mmol, 1.0 equiv.), isoindoline

(0.72 mL, 6.31 mmol, 1.0 equiv.) and DIPEA (2.20 mL, 12.6 mmol, 2.0 equiv.)

were dissolved in DMF (10 mL) and cooled to 0 ◦C. T3P (50% in EtOAc, 5.60

mL, 1.5 equiv.) was added dropwise with stirring, and the reaction mixture

was kept at 0 ◦C for 15 min, then stirred at rt for 19 h. The reaction mixture was diluted with

EtOAc (20 mL) and washed with sat. aq. NaHCO3 (3 × 20 mL). The combined aqueous layers

were extracted with EtOAc (2 × 20 mL) and the combined organic layers washed with H2O (10

mL), brine (10 mL), and concentrated under reduced pressure to give the crude title compound as

a brown solid (1.67 g); this intermediate, though novel, was carried forward without purification

or complete characterisation; Rf 0.88 (100% EtOAc); 1H NMR (300 MHz, CDCl3) δ: 9.18 (s,

1H), 8.71 (s, 1H), 7.47–6.94 (m, 4H), 5.26 (s, 2H), 5.05 (s, 2H); 13C NMR (75 MHz, CDCl3) δ:

162.5, 147.6, 147.1, 145.9, 143.9, 136.9, 135.0, 127.9, 127.8, 122.8, 122.7, 54.9, 54.0 (mixture of

amide rotamers).

(6-Hydrazinylpyrazin-2-yl)(isoindolin-2-yl)methanone 259

N

N

N
H

N O

NH2

Prepared according to General Procedure 1 from: 37 (1.50 g, 5.78 mmol) to

give the crude title compound as an orange solid (1.30 g); this intermediate,

though novel, was carried forward without purification or characterisation;

Rf 0.30 (100% EtOAc).

(E)-(6-(2-(4-(Difluoromethoxy)benzylidene)hydrazinyl)pyrazin-2-yl)(isoindolin-2-yl)

methanone 260

N

N

N
H

N O

N

O

FF
Prepared according to General Procedure 2 from: 259 (1.00 g, 3.92

mmol) and 4-(difluoromethoxy)benzaldehyde (0.52 mL, 3.92 mmol)

to give the crude title compound as a yellow solid (1.62 g) that was

carried forward without further purification or complete characteri-

sation; a small amount of crude material was purified by trituration with CH2Cl2 to give the title

compound as a yellow powder (30.2 mg); Rf 0.30 (50% EtOAc in hexanes); m.p. 218–220 ◦C;
1H NMR (400 MzHz, DMSO-d6) δ: 11.36 (s, 1H), 8.72 (s, 1H), 8.36 (s, 1H), 8.10 (s, 1H), 7.81

(d, J 8.8, 2H), 7.43–7.40 (m, 1H), 7.34–7.29 (m, 3H), 7.26 (t, J 73.9, 1H), 7.23 (d, J 8.7, 2H),

5.11 (s, 2H), 4.89 (s, 2H); 13C NMR (101 MHz, DMSO-d6) δ: 164.5, 151.6 (t, J 3.1), 151.0,

145.7, 140.9, 137.3, 135.4, 134.3, 131.94, 131.91, 128.3, 127.7, 127.6, 123.1, 122.8, 119.1, 116.3 (t,

J 257.9), 54.2, 52.9 (mixture of amide rotamers).
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(3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)(isoindolin-2-yl)

methanone 31

N

N

N

N

O

N O

F

F Prepared according to General Procedure 3 from: 260 (1.40 g, 3.42 mmol)

to give the crude title compound as a viscous dark orange liquid (1.86 g);

purified by automated flash chromatography on silica (Biotage Isolera, 12–

100% EtOAc in hexanes) to give the title compound as a yellow powder (671

mg, 48%); Rf 0.35 (100% EtOAc); m.p. 158–161 ◦C; 1H NMR (300 MHz,

CDCl3) δ: 9.43 (s, 1H), 8.01 (s, 1H), 7.45 (d, J 8.7, 2H), 7.35–7.17 (m, 4H), 6.99 (d, J 8.6, 2H),

6.46 (t, J 73.0, 1H), 4.51 (s, 2H), 4.37 (br s, 2H); 13C NMR (75 MHz, CDCl3) δ: 158.7, 152.7,

146.9, 145.9, 135.0, 134.1, 130.8, 129.4, 128.5, 128.2, 124.0, 122.9, 122.9, 122.6, 119.4, 115.3 (t,

J 262.2), 53.3, 52.1 (mixture of amide rotamers); m/z (ESI+) 430 ([M+Na]+, 100%); HRMS

(ESI+) found 430.10851 [M+Na]+, C21H15F2N5O2Na+ requires 430.10862.

Methyl 6-chloropyrazine-2-carboxylate 34

N

N

Cl

O O To a solution of 6-chloropyrazine-2-carboxylic acid (2.00 g, 12.6 mmol) in MeOH

(32 mL) was added conc. HCl (0.25 mL). The mixture was heated at 80 ◦C. The

reaction was cooled to rt and the solvent removed. The residue was diluted with

EtOAc and washed with a sat. aq. NaHCO3, dried (Na2SO4), filtered and concentrated under

reduced pressure to give the crude title compound as a dark brown liquid (1.94 g); carried forward

without further purification or characterisation; Rf 0.76 (100% EtOAc).

(6-Chloropyrazin-2-yl)methanol 33

N

N

Cl

HO To a solution of 34 (353 mg, 2.05 mmol, 1 equiv.) in H2O (5 mL) was added NaBH4

(387 mg, 10.2 mmol, 5 equiv.) portionwise at 0 ◦C. The reaction was warmed to rt

and stirred for 30 min, followed by addition of sat. aq. K2CO3 (10 mL) and EtOH

(5 mL). The resulting mixture was stirred for 1 h then extracted with EtOAc (2 ×). The combined

organic layers were dried (Na2SO4), filtered and concentrated under reduced pressure to give the

crude title compound as an orange solid (275 mg); purified by automated flash chromatography on

silica (Biotage Isolera, 25–100% EtOAc in hexanes) to give the title compound as a white solid (102

mg, 35%); carried forward without complete characterisation; Rf 0.12 (50% EtOAc in hexanes);

m.p. 62–69 ◦C; 1H NMR (300 MHz, CDCl3) δ: 8.58 (s, 1H), 8.52 (s, 1H), 4.83 (d, J 5.4, 2H),

3.12–2.75 (m, 1H); 13C NMR (75 MHz, CDCl3) δ: 155.4, 148.8, 143.4, 140.4, 62.8. Compound

reported in the literature but no NMR characterisation data were provided. [384]
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2-((6-Chloropyrazin-2-yl)methyl)isoindoline 36

N

N

Cl

N

To a stirred solution of 33 (250 mg, 1.73 mmol, 1.0 equiv.) and MsCl (160 µL,

208 mmol, 1.2 equiv.) in CH2Cl2 (10 mL) at 0 ◦C, was added Et3N (1.21 mL,

8.65 mmol, 5.0 equiv.) dropwise. After 1 h the reaction was diluted with H2O (12

mL) and extracted with CH2Cl2 (3 ×). The combined organic layers were washed

with H2O (2 ×), brine (2 ×), dried (Na2SO4), filtered and concentrated under reduced pressure to

give the crude mesylate 35 as a red liquid (154 mg); Rf 0.89 (50% EtOAc in hexanes); compound

35 (70.0 mg, 0.31 mmol) was dissolved in DMF (3 mL). Isoindoline (53.5 µL, 0.47 mmol) and

Et3N (65.7 µL, 0.47 mmol) were added and the reaction stirred at rt overnight. The reaction

mixture was diluted with H2O and EtOAc. The aqueous layer was extracted with EtOAc (4 ×)

and the combined organic layers were washed with H2O (2 ×), brine (2 ×) and concentrated

under reduced pressure to give the crude title compound as a dark brown liquid (104 mg); this

intermediate, though novel, was carried forward without purification or complete characterisation;

Rf 0.85 (100% EtOAc); 1H NMR (200 MHz, CDCl3) δ: 8.68 (s, 1H), 8.50 (s, 1H), 7.20 (br s,

4H), 4.10 (s, 2H), 4.05 (s, 4H).

2-(3,4-Difluorophenyl)-2-(dimethylamino)acetonitrile 48

F

F

CN

N
To a solution of 3,4-difluorobenzaldehyde (2.00 mL, 18.1 mmol, 1.0 equiv.) in

MeOH (50 mL) was added dimethylamine (6.52 mL, 36.3 mmol, 2.0 equiv.) and

stirred at rt. The reaction was cooled to 0 ◦C and TMSCN (2.95 mL, 23.6

mmol, 1.3 equiv.) was added slowly and stirred. After completion, as indicated by TLC (10%

EtOAc in hexanes), the solvent was removed and the residue directly purified by automated flash

chromatography on silica (Biotage Isolera, 2–20% EtOAc in hexanes) to give the title compound

as a yellow liquid (3.40 g, 96%); this intermediate, though novel, was carried forward without

complete characterisation; Rf 0.46 (10% EtOAc in hexanes); 1H NMR (300 MHz, CDCl3) δ:

7.39 (ddd, J 10.2, 7.3 & 2.0, 1H), 7.34–7.27 (m, 1H), 7.20 (dt, J 9.7 & 8.1, 1H), 4.81 (s, 1H),

2.32 (s, 6H); 13C NMR (75 MHz, CDCl3) δ: 150.62 (dd, J 249.4 & 11.5), 150.55 (dd, J 246.0

& 11.3), 130.9 (dd, J 5.5 & 3.7), 123.8 (dd, J 6.6 & 3.7), 117.6 (dd, J 17.6 & 0.9), 117.1 (dd, J

18.9 & 0.9), 114.5, 62.2 (d, J 1.8), 41.7.

2-(3,4-Difluorophenyl)-2-(dimethylamino)acetic acid 49

F

F

N

OH

O

A mixture of 48 (1.00 g, 5.10 mmol) and HCl (6 M, 32 mL) was stirred at 90
◦C for 4 h. The mixture was cooled to rt and the solvent was removed to give

the crude title compound as a pale yellow solid; trituration with CH2Cl2 gave

the title compound as an off-white powder (738 mg, 67%); this intermediate, though novel, was
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carried forward without purification or characterisation; Rf 0.70 (25% EtOAc in hexanes).

Ethyl 2-(3,4-difluorophenyl)acetate 52

F

F

O

O

Prepared according to General Procedure 7 from: 3,4-difluorophenylacetic

acid (5.00 g, 29.1 mmol 1 equiv.) to give the crude title compound as a clear

pale yellow oil (5.95 g); carried forward without further purification; Rf

0.85 (50% EtOAc in hexanes); 1H NMR (200 MHz, CDCl3) δ: 7.20–6.87 (m, 3H), 4.16 (q, J 7.1,

2H), 3.56 (s, 2H), 1.25 (t, J 7.1, 3H); 13C NMR (75 MHz, CDCl3) δ: 171.0, 150.2 (dd, J 248.0 &

12.7), 149.7 (dd, J 247.3 & 12.6), 133.1–128.9 (m), 125.4 (dd, J 5.9 & 3.7 Hz), 118.3 (d, J 17.6),

117.2 (d, J 17.3), 61.2, 40.4, 14.1. Spectroscopic data matched those in the literature. [385]

Ethyl 2-bromo-2-(3,4-difluorophenyl)acetate 53

F

F

O

O

Br Compound 52 (2.00 g, 10.0 mmol, 1.00 equiv.) was dissolved in α, α, α-

trifluorotoluene (10 mL). NBS (1.83 g, 10.3 mmol, 1.03 equiv.) and HBr

(48% aq., 4 drops) were added and the reaction heated to 80 ◦C for 19 h. The

reaction was cooled to rt, filtered and concentrated under reduced pressure to give the crude title

compound as a yellow liquid (2.13 g); carried forward without further purification; Rf 0.65 (10%

EtOAc in hexanes); 1H NMR (200 MHz, CDCl3) δ: 7.55–7.36 (m, 1H), 7.34–7.03 (m, 2H), 5.27

(s, 1H), 4.26 (qd, J 7.1 & 2.0, 2H), 1.30 (t, J 7.1, 3H). Spectroscopic data matched those in the

literature. [385]

Ethyl 2-(3,4-difluorophenyl)-2-(dimethylamino)acetate 54

F

F

O

O

N
Compound 53 (500 mg, 1.79 mmol, 1 equiv.) was dissolved in DMF (5 mL).

Dimethylamine solution (33% in alcohol, 0.32 mL, 1.79 mmol, 1 equiv.) and

K2CO3 (743 mg, 5.37 mmol, 3 equiv.) were added and the reaction stirred at

rt for 2 h. The mixture was filtered and the solvent removed. The residue was partitioned between

EtOAc and H2O. The aqueous layer was extracted with EtOAc and the combined organic layers

were washed with brine, dried (Na2SO4), filtered and concentrated under reduced pressure to give

the crude title compound as a yellow oil (410 mg); this intermediate, though novel, was carried

forward without purification or complete characterisation; Rf 0.22 (10% EtOAc in hexanes); 1H

NMR (200 MHz, CDCl3) δ: 7.41–7.15 (m, 1H), 7.15–6.90 (m, 2H), 4.29–3.99 (m, 2H), 3.74 (s,

1H), 2.17 (s, 6H), 1.16 (t, J 7.1, 3H).
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2-(3,4-Difluorophenyl)-2-(dimethylamino)ethan-1-ol 47

F

F

N

OH

Prepared according to General Procedure 6 from: 54 (450 mg, 1.85 mmol, 1

equiv.) to give the crude title compound as a yellow oil (245 mg); this interme-

diate, though novel, was carried forward without purification or complete char-

acterisation; Rf 0.06 (50% EtOAc in hexanes); 1H NMR (200 MHz, CDCl3) δ: 7.23–6.79 (m,

3H), 3.91–3.76 (m, 1H), 3.67 (dd, J 10.8 & 5.1, 1H), 3.48 (dd, J 8.2 & 5.2, 1H), 2.47 (s, 1H), 2.20

(s, 6H).

2-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-1-(3,4-

difluorophenyl)-N,N -dimethylethan-1-amine 30

N

N

N

N

O
F

F

O

N

F

F
Prepared according to General Procedure 4 from: 47 (200 mg, 0.99 mmol)

and 44 (295 mg, 0.99 mmol) to give the crude title compound as dark

brown solid (372 mg); purified by automated flash chromatography on silica

(Biotage Isolera, 25–100% EtOAc in hexanes) to give the title compound as

a brown powder (169 mg, 37%); Rf 0.25 (100% EtOAc); m.p. 132–135 ◦C;
1H NMR (400 MHz, DMSO-d6) δ: 9.04 (s, 1H), 7.72 (d, J 8.7, 2H), 7.65 (s, 1H), 7.37 (t, J 73.7,

1H), 7.27 (d, J 8.7, 2H), 7.31–7.20 (m, 1H), 7.03 (ddd, J 11.7, 8.0 & 1.8, 1H), 6.91–6.79 (m, 1H),

4.95–4.46 (m, 2H), 3.55 (t, J 5.9, 1H), 2.00 (s, 6H); 13C NMR (101 MHz, DMSO-d6) δ: 151.8 (t,

J 3.3), 147.4, 147.3, 145.5, 143.7, 134.9 (dt, J 39.2 & 4.5), 132.4, 125.0 (dd, J 6.1 & 3.3), 124.5,

117.6, 117.0 (d, J 17.0), 116.6 (d, J 17.0), 116.1 (t, J 258.4), 109.0, 70.6, 65.7, 41.8 (two phenyl

C–F signals expected between 155 and 148 ppm; observed for compound 97; too weak to be seen);

m/z (ESI+) 462 ([M+H]+, 100%); HRMS (ESI+) found 462.15604 [M+H]+, C22H19F4N5O2H+

requires 462.15476.

9.5 Synthesis and Characterisation of Compounds from Chapter 3

2-Chloro-6-hydrazinylpyrazine 2

N

N

Cl

N
H

NH2

Prepared according to General Procedure 1 from: 2,6-dichloropyrazine (22.3 g, 150

mmol) to give the crude title compound as fine yellow needles (19.7 g); carried

forward without further purification; Rf 0.12 (30% EtOAc in hexanes); m.p.

133–135 ◦C (lit. [183] 136–139 ◦C); 1H NMR (300 MHz; CDCl3) δ: 8.13 (s, 1H), 7.89 (s, 1H), 6.38

(s, 1H), 3.86 (s, 2H); 13C NMR (75 MHz; CDCl3) δ: 156.4, 146.7, 132.4, 129.0. Spectroscopic

data matched those in the literature. [183]

188



CHAPTER 9 – Experimental Details

(E)-2-Chloro-6-(2-(4-(difluoromethoxy)benzylidene)hydrazinyl)pyrazine 55

N

N

Cl

N
H

N

O

FF Prepared according to General Procedure 2 from: 2 (2.10 g, 14.5 mmol) and

4-(difluoromethoxy)benzaldehyde (1.92 mL, 14.5 mmol) to give the crude

title compound as a pale yellow powder (4.40 g); purified by recrystallisation

from EtOAc to give the title compound as light brown crystals (3.29 g, 76%);

Rf 0.63 (25% EtOAc in hexanes); this intermediate, though novel, was carried forward without

complete characterisation; m.p. 197–200 ◦C; 1H NMR (300 MHz, DMSO-d6) 11.55 (s, 1H), 8.56

(s, 1H), 8.05 (d, J 5.2, 2H), 7.79 (d, J 8.5, 2H), 7.29 (t, J 73.9, 1H), 7.22 (d, J 8.4, 2H); 13C

NMR (75 MHz, DMSO-d6) δ: 152.3, 151.7, 145.6, 141.6, 132.4, 131.5, 128.8, 128.3, 118.8, 116.2

(t, J 257.9).

5-Chloro-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazine 44

N

N

N

N

Cl

O

F

F

Prepared according to General Procedure 3 from: 55 (6.70 g, 22.4 mmol) to give

the crude title compound as a reddish-brown solid (10.3 g); purified by automated

flash chromatography on silica (Biotage Isolera, 12–100% EtOAc in hexanes) to

give the title compound as a reddish-brown solid (4.91 g, 73%); this intermediate,

though novel, was carried forward without complete characterisation; Rf 0.42

(50% EtOAc in hexanes); m.p. 130–133 ◦C; 1H NMR (300 MHz, CDCl3) δ: 9.34 (s, 1H), 7.88

(s, 1H), 7.65 (d, J 7.6, 2H), 7.27 (d, J 7.7, 2H), 6.64 (t, J 73.1, 1H); 13C NMR (75 MHz, CDCl3)

δ: 153.2, 147.4, 147.3, 143.2, 133.2, 130.0, 123.8, 122.0, 118.8, 115.6 (t, J 261.4).

3-(4-(Difluoromethoxy)phenyl)-5-phenoxy-[1,2,4]triazolo[4,3-a]pyrazine 56

N

N

N

N

O

F

F

O

Prepared according to General Procedure 4 from: phenol (31.7 mg, 0.34 mmol)

and 44 (100 mg, 0.34 mmol); the solvent was removed and the residue directly

purified by automated flash chromatography on silica (Biotage Isolera, 25–100%

EtOAc in hexanes) to give the title compound as an off-white powder (44.9 mg,

38%); Rf 0.41 (100% EtOAc); m.p. 113–117 ◦C; 1H NMR (400 MHz, CDCl3)

δ: 9.12 (s, 1H), 7.72 (d, J 8.7, 2H), 7.36 (t, J 7.9, 2H), 7.25–7.19 (m, 2H), 7.15 (d, J 8.6, 2H),

6.93 (d, J 8.0, 2H), 6.54 (t, J 73.3, 1H); 13C NMR (101 MHz, CDCl3) δ: 153.1, 152.6 (tapp,

J 2.8), 148.2, 146.5, 142.7, 138.4, 132.3, 130.6, 126.5, 124.4, 118.8, 115.7 (t, J 261.0), 114.2 (1

obscured signal); 19F NMR (376 MHz, CDCl3) δ: -81.36; m/z (ESI+) 377 ([M+Na]+, 100%);

HRMS (ESI+) found 355.09979 [M+H]+, C18H12F2N4O2H+ requires 355.10011.
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5-(Benzyloxy)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazine 57

N

N

N

N

O

O

F

F

Prepared according to General Procedure 4 from: benzyl alcohol (70.0 µL, 0.67

mmol) and 44 (200 mg, 0.67 mmol) to give the crude title compound as a brown

solid (205 mg); purified by automated flash chromatography on silica (Biotage

Isolera, 25–100% EtOAc in hexanes) to give the title compound as a pale yellow

powder (135 mg, 54%); Rf 0.08 (50% EtOAc in hexanes); m.p. 152–156 ◦C;
1H NMR (300 MHz, CDCl3) δ: 9.02 (s, 1H), 7.58 (d, J 8.5, 2H), 7.42 (s, 1H), 7.38–7.22 (m, 3H),

7.07 (d, J 7.3, 2H), 6.95 (d, J 8.4, 2H), 6.46 (t, J 73.4, 1H), 5.19 (s, 2H); 13C NMR (75 MHz,

CDCl3) δ: 152.4, 147.9, 146.5, 143.9, 136.7, 132.9, 132.5, 129.3, 128.8, 128.2, 124.5, 118.3, 115.7

(t, J 260.4), 108.9, 72.9; m/z (ESI+) 391 ([M+Na]+, 100%), 759 ([2M+Na]+, 77%); HRMS

(ESI+) 391.09746 [M+Na]+, C19H14F2N4O2Na+ requires 391.09772.

3-(4-(Difluoromethoxy)phenyl)-5-phenethoxy-[1,2,4]triazolo[4,3-a]pyrazine 58

N

N

N

N

O

O

F

F

Prepared according to General Procedure 4 from: 2-phenylethanol (80.8 µL,

0.67 mmol) and 44 (200 mg, 0.67 mmol) to give the crude title compound

as a brown solid (264 mg); purified by automated flash chromatography on

silica (Biotage Isolera, 25–100% EtOAc in hexanes) to give the title compound

as a pale yellow powder (189 mg, 73%); Rf 0.10 (50% EtOAc in hexanes);

m.p. 115–117 ◦C; 1H NMR (300 MHz, CDCl3) δ: 8.99 (s, 1H), 7.63 (d, J 8.7, 2H), 7.30 (s,

1H), 7.25–7.08 (m, 5H), 6.95–6.80 (m, 2H), 6.56 (t, J 73.3, 1H), 4.44 (t, J 6.5, 2H), 2.94 (t, J

6.5, 2H); 13C NMR (75 MHz, CDCl3) δ: 152.4, 147.8, 146.2, 143.9, 136.4, 136.2, 132.4, 128.7,

128.4, 127.0, 124.8, 118.6, 115.5 (t, J 261.3), 108.3, 71.2, 34.4; m/z (ESI+) 405 ([M+Na]+,

100%), 787 ([2M+Na]+, 71%); HRMS (ESI+) 405.11312 [M+Na]+, C20H16F2N4O2Na+ requires

405.11332.

3-(4-(Difluoromethoxy)phenyl)-5-(3-phenylpropoxy)-[1,2,4]triazolo[4,3-a]pyrazine 59

N

N

N

N

O

F

F

O

Prepared according to General Procedure 4 from: 3-phenylpropanol (45.9 µL,

0.34 mmol) and 44 (100 mg, 0.34 mmol); the solvent was removed and the

residue directly purified by automated flash chromatography on silica (Biotage

Isolera, 25–100% EtOAc in hexanes) to give the title compound as a dark yellow

crystalline powder (111 mg, 83%); Rf 0.42 (100% EtOAc); m.p. 153–157 ◦C;
1H NMR (400 MHz, CDCl3) δ: 9.03 (s, 1H), 7.75 (d, J 8.8, 2H), 7.32–7.16 (m, 6H), 6.96 (d,

J 7.0, 2H), 6.47 (t, J 73.3, 1H), 4.19 (t, J 5.9, 2H), 2.35 (t, J 7.6, 2H), 1.96 (dt, J 8.4 & 6.4,

2H); 13C NMR (101 MHz, CDCl3) δ: 152.7, 147.9, 146.3, 144.2, 140.0, 136.5, 132.6, 128.8,

128.3, 126.6, 125.2, 118.6, 115.7 (t, J 261.0), 108.4, 70.1, 31.6, 29.9; 19F NMR (376 MHz,
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CDCl3) δ: -81.33; m/z (ESI+) 419 ([M+Na]+, 100%); HRMS (ESI+) found 397.14685 [M+H]+,

C21H18F2N4O2H+ requires 397.14706.

3-(4-(Difluoromethoxy)phenyl)-5-(2-phenoxyethoxy)-[1,2,4]triazolo[4,3-a]pyrazine 60

N

N

N

N

O

F

F

O

O

Prepared according to General Procedure 4 from: 2-phenoxyethanol (42.1 µL,

0.34 mmol) and 44 (100 mg, 0.34 mmol); the solvent was removed and the

residue directly purified by automated flash chromatography on silica (Biotage

Isolera, 25–100% EtOAc in hexanes) to give the title compound as a light brown

powder (63.6 mg, 47%); Rf 0.26 (100% EtOAc); m.p. 190–194 ◦C; 1H NMR

(400 MHz, CDCl3) δ: 9.05 (s, 1H), 7.72 (d, J 8.7, 2H), 7.44–7.29 (m, 3H), 7.06 (t, J 7.4, 1H), 6.83

(dd, J 15.5 & 8.3, 4H), 6.02 (t, J 73.5, 1H), 5.07–4.29 (m, 2H), 4.24–3.83 (m, 2H); 13C NMR

(101 MHz, CDCl3) δ: 157.9, 152.6, 147.9, 146.7, 144.0, 137.0, 132.7, 130.0, 124.5, 121.9, 117.9,

115.6 (t, J 259.8), 114.1, 108.4, 69.4, 64.9; 19F NMR (376 MHz, CDCl3) δ: -81.42; m/z (ESI+)

421 ([M+Na]+, 100%); HRMS (ESI+) found 399.12600 [M+H]+, C20H16F2N4O3H+ requires

399.12632.

5-(Benzylthio)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazine 63

N

N

N

N

S

O

F

F

Prepared according to General Procedure 4 from: benzyl mecaptan (39.6 µL,

337 µmol) and 44 (100 mg, 337 µmol) to give the crude title compound as a

orange solid; purified by automated flash chromatography on silica (Biotage

Isolera, 12–100% EtOAc in hexanes) to give 63 as a light brown powder (18.1

mg, 14%); m.p. 231–233 ◦C; 1H NMR (300 MHz, CDCl3) δ: 9.27 (s, 1H),

7.83–7.58 (m, 3H), 7.34–7.09 (m, 5H), 7.10–6.81 (m, 2H), 6.52 (t, J 73.1, 1H), 3.73 (s, 2H); 13C

NMR (75 MHz, CDCl3) δ: 153.2, 147.8, 146.6, 143.5, 134.4, 134.2, 133.5, 129.0, 128.7, 128.3,

127.0, 124.1, 118.5, 115.6 (t, J 261.6), 40.2; m/z (ESI+) 385 ([M+H]+, 66%), 407 ([M+Na]+,

100%), 791 ([2M+Na]+, 51%); HRMS (ESI+) found 385.09255 [M+H]+, C19H14F2N4OSH+

requires 385.09291.

3-(4-(Difluoromethoxy)phenyl)-5-(phenethylthio)-[1,2,4]triazolo[4,3-a]pyrazine 64

N

N

N

N

S

O

F

F

Prepared according to General Procedure 4 from: 2-phenylethanethiol (45.1

µL, 337 µmol) and 44 (100 mg, 337 µmol) to give the crude title compound as

a orange solid; purified by automated flash chromatography on silica (Biotage

Isolera, 12–100% EtOAc in hexanes) to give 64 as a light yellow powder (49.8

mg, 37%); m.p. 78–83 ◦C; 1H NMR (400 MHz, CDCl3) δ: 9.21 (s, 1H), 7.76

(s, 1H), 7.64 (d, J 8.7, 2H), 7.25–7.18 (m, 5H), 7.00–6.95 (m, 2H), 6.64 (t, J 73.1, 1H), 2.92 (t, J
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7.4, 2H), 2.76 (t, J 7.3, 2H); 13C NMR (101 MHz, CDCl3) δ: 153.1, 147.6, 146.4, 142.3, 138.3,

133.5, 131.3, 128.7, 128.6, 128.4, 127.1, 124.1, 118.3, 115.6 (t, J 261.4), 35.8, 34.6; m/z (ESI+)

421 ([M+Na]+, 100%); HRMS (ESI+) found 399.10816 [M+H]+, C20H16F2N4OSH+ requires

399.10856.

2-(Benzylsulfinyl)-6-chloropyrazine 67

N

N

S

Cl

O

NaH (60% dispersion in mineral oil, 1.60 g, 67.1 mmol) was added to benzyl

mercaptan (8.00 mL, 67.1 mmol) in PhMe (64 mL). The mixture was heated to

reflux for 1 h, then cooled to rt and a solution of 2,6-dichloropyrazine (10.0 g,

67.1 mmol) in PhMe (64 mL) was added. The mixture was heated to reflux for 24

h, cooled to rt, then washed with H2O (80 mL). The organic layer was separated,

dried (Na2SO4), filtered and concentrated under reduced pressure to give the crude sulfide as a

yellow liquid (16.9 g). H2O2 (30% in H2O, 1.04 mL, 33.8 mmol, 4 equiv.) was slowly added to the

crude sulfide (2.00 g, 8.45 mmol, 1 equiv.) in glacial AcOH (10 mL). The reaction mixture was

stirred at rt until completion as indicated by TLC (25% EtOAc in hexanes). The solution was

neutralised with NaOH (4 M) and extracted with CH2Cl2. The organic layer was dried (Na2SO4),

filtered and concentrated under reduced pressure to give a cloudy orange liquid (2.00 g); purified

by automated flash chromatography on silica (Biotage Isolera, 12–100% EtOAc in hexanes) to

give the title compound as a large yellow crystals (628 mg, 29%); this intermediate, though novel,

was carried forward without complete characterisation; Rf 0.65 (25% EtOAc in hexanes); m.p.

92–99 ◦C; 1H NMR (500 MHz, CDCl3) δ: 8.63 (s, 1H), 8.62 (s, 1H), 7.46–7.15 (m, 3H), 7.07–7.02

(m, 2H), 4.42 (d, J 13.3, 1H), 4.14 (d, J 13.3, 1H); 13C NMR (75 MHz, CDCl3) δ: 159.3, 148.5,

145.7, 140.5, 130.4, 128.9, 128.7, 128.4, 60.0; m/z (ESI+) 253 ([M+H]+, 100%).

2-Chloro-6-(phenethylsulfinyl)pyrazine 68

N

N

S

Cl

O

NaH (60% dispersion in mineral oil, 403 mg, 16.8 mmol) was added to

phenylethyl mercaptan (2.25 mL, 16.8 mmol) in PhMe (16 mL). The mixture was

heated to reflux for 1 h, then cooled to rt and a solution of 2,6-dichloropyrazine

(2.50 g, 16.8 mmol) in PhMe (16 mL) was added. The mixture was heated to

reflux for 24 h, cooled to rt, then washed with H2O (30 mL). The organic layer

was separated, dried (Na2SO4), filtered and concentrated under reduced pressure to give the crude

sulfide as a yellow liquid (3.56 g). H2O2 (30% in H2O, 2.18 mL, 71.0 mmol, 5 equiv.) was slowly

added to the crude sulfide (3.56 g, 14.2 mmol, 1 equiv.) in glacial AcOH (15 mL). The reaction

mixture was stirred at rt until completion as indicated by TLC (25% EtOAc in hexanes). The so-

lution was neutralised with NaOH (4 M) and extracted with CH2Cl2. The organic layer was dried
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(Na2SO4), filtered and concentrated under reduced pressure to give a cloudy yellow liquid (3.50 g);

purified by automated flash chromatography on silica (Biotage Isolera, 6–50% EtOAc in hexanes)

to give the title compound as a viscous orange liquid (888 mg, 23%); this intermediate, though

novel, was carried forward without complete characterisation; Rf 0.20 (25% EtOAc in hexanes);
1H NMR (300 MHz, CDCl3) δ: 9.12 (s, 1H), 8.70 (s, 1H), 8.09–6.45 (m, 5H), 3.73–2.94 (m, 4H);

m/z (ESI+) 289 ([2M+Na]+, 97%), 555 ([2M+Na]+, 100%).

2-(Benzylsulfonyl)-6-chloropyrazine 69

N

N

S

Cl

O

O

NaH (60% dispersion in mineral oil, 1.60 g, 67.1 mmol) was added to benzyl

mercaptan (8.00 mL, 67.1 mmol) in PhMe (64 mL). The mixture was heated

to reflux for 1 h, then cooled to rt and a solution of 2,6-dichloropyrazine (10.0

g, 67.1 mmol) in PhMe (64 mL) was added. The mixture was heated to reflux

for 24 h, cooled to rt, then washed with H2O (80 mL). The organic layer was

separated, dried (Na2SO4), filtered and concentrated under reduced pressure to give the crude

sulfide as a yellow liquid (16.9 g). The crude sulfide (4.91 g, 20.7 mmol) in glacial AcOH (50 mL)

was added to a solution of KMnO4 (3.50 g) in H2O (28 mL) and the mixture was stirred at rt

for 1 h. The mixture was adjusted to pH 7 with sat. aq. NH4OH solution (40 mL) then filtered,

extracted with CHCl3 (3 × 100 mL), dried (Na2SO4), filtered and concentrated under reduced

pressure to give a cloudy yellow liquid (3.14 g); purified by automated flash chromatography on

silica (Biotage Isolera, 6–75% EtOAc in hexanes) to give the title compound as large white crystals

(1.31 g, 24%); Rf 0.30 (25% EtOAc in hexanes); m.p. 84–92 ◦C (lit. [181] 86–87 ◦C); IR νmax

(film) /cm–1 1334, 1119; 1H NMR (300 MHz, CDCl3) δ: 8.85 (s, 1H), 8.79 (s, 1H), 7.71–6.67

(m, 5H), 4.65 (s, 2H); 13C NMR (75 MHz, CDCl3) δ: 151.2, 149.3, 148.7, 141.4, 131.2, 129.4,

129.1, 126.4, 59.0; m/z (ESI+) 291 ([M+Na]+, 100%), 559 ([2M+Na]+, 74%); HRMS (ESI+)

found 290.99692 [M+Na]+, C11H9ClN2O2SNa+ requires 290.99652. Compound reported in the

literature but no NMR or mass spectrometry characterisation data were provided. [181]

2-Chloro-6-(phenethylsulfonyl)pyrazine 70

N

N

S

Cl

O

O

NaH (60% dispersion in mineral oil, 403 mg, 16.8 mmol) was added to

phenylethyl mercaptan (2.25 mL, 16.8 mmol) in PhMe (16 mL). The mixture was

heated to reflux for 1 h, then cooled to rt and a solution of 2,6-dichloropyrazine

(2.50 g, 16.8 mmol) in PhMe (16 mL) was added. The mixture was heated to

reflux for 24 h, cooled to rt, then washed with H2O (30 mL). The organic layer

was separated, dried (Na2SO4), filtered and concentrated under reduced pressure to give the crude

sulfide as a yellow liquid (3.92 g). The crude sulfide (3.92 g, 15.6 mmol) in glacial AcOH (40 mL)
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was added to a solution of KMnO4 (2.5 g) in H2O (20 mL) and the mixture was stirred at rt for 1

h. The mixture was adjusted to pH 7 with sat. NH4OH solution (40 mL) then filtered, extracted

with CHCl3 (3 × 100 mL), dried (Na2SO4), filtered and concentrated under reduced pressure to

give an orange semi-solid (1.23 g); purified by automated flash chromatography on silica (Biotage

Isolera, 6–50% EtOAc in hexanes) to give the title compound as a large white crystals (547 mg,

12%); this intermediate, though novel, was carried forward without complete characterisation; Rf

0.52 (25% EtOAc in hexanes); m.p. 92–100 ◦C; 1H NMR (200 MHz, CDCl3) δ: 9.04 (s, 1H),

8.72 (s, 1H), 7.98–6.81 (m, 5H), 3.90–3.59 (m, 2H), 3.28–3.04 (m, 2H).

2-(Benzylsulfinyl)-6-hydrazinylpyrazine 261

N

N

S

N
H

O

NH2

Prepared according to General Procedure 1 from: 67 (500 mg, 1.98 mmol) to

give the crude title compound as a yellow powder (538 mg); this intermediate,

though novel, was carried forward without purification or characterisation; Rf

0.00 (25% EtOAc in hexanes).

2-Hydrazinyl-6-(phenethylsulfinyl)pyrazine 262

N

N

S

N
H

O

NH2

Prepared according to General Procedure 1 from: 68 (467 mg, 1.75

mmol) to give the crude title compound as a viscous yellow liquid

(488 mg); this intermediate, though novel, was carried forward with-

out purification or characterisation; Rf 0.03 (50% EtOAc in hex-

anes).

2-(Benzylsulfonyl)-6-hydrazinylpyrazine 263

N

N

S

N
H

NH2

O

O

Prepared according to General Procedure 1 from: 69 (503 mg, 1.86 mmol) to give

the crude title compound as a yellow powder (483 mg); this intermediate, though

novel, was carried forward without purification or complete characterisation; Rf

0.06 (50% EtOAc in hexanes); 1H NMR (400 MHz, DMSO-d6) δ: 8.86 (s, 1H),

8.31 (s, 1H), 7.92 (s, 1H), 7.41–7.10 (m, 3H), 7.26–7.19 (m, 2H), 4.74 (s, 2H),

4.55 (s, 2H); 13C NMR (101 MHz, DMSO-d6) δ: 156.1, 148.4, 131.1, 128.4, 128.26, 128.34, 128.0,

57.1 (1 obscured signal).
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2-Hydrazinyl-6-(phenethylsulfonyl)pyrazine 264

N

N

S

N
H

NH2

O

O

Prepared according to General Procedure 1 from: 70 (444 mg,

1.57 mmol) to give the crude title compound as a yellow powder

(400 mg); this intermediate, though novel, was carried forward with-

out purification or characterisation; Rf 0.08 (50% EtOAc in hex-

anes).

(E)-2-(Benzylsulfinyl)-6-(2-(4-(difluoromethoxy)benzylidene)hydrazinyl)

pyrazine 265

N

N

S

N
H

N

O O

FF

Prepared according to General Procedure 2 from: 261 (200 mg, 0.81

mmol) and 4-(difluoromethoxy)benzaldehyde (107 µL, 0.81 mmol) to give

the crude title compound as a pale yellow powder (348 mg); carried for-

ward without further purification; Rf 0.83 (50% EtOAc in hexanes); 1H

NMR (500 MHz, DMSO-d6) δ: 11.71 (br s, 1H), 8.73 (s, 1H), 8.12 (s,

1H), 7.95 (s, 1H), 7.83 (d, J 8.7, 2H), 7.30–7.28 (m, 3H), 7.24 (d, J 8.6, 2H), 7.23 (t, J 73.9, 1H),

7.10–7.04 (m 2H), 4.46 (d, J 13.1, 1H), 4.16 (d, J 13.1, 1H); 13C NMR (126 MHz, DMSO-d6)

δ: 155.6, 151.7, 151.7, 141.6, 132.7, 131.5, 130.9, 130.4, 129.7, 128.4, 128.3, 128.1, 118.9, 116.2 (t,

J 257.8), 58.6; m/z (ESI+) 425 ([M+Na]+, 100%); HRMS (ESI+) found 425.08579 [M+Na]+,

C19H16F2N4O2SNa+ requires 425.08542.

(E)-2-(2-(4-(Difluoromethoxy)benzylidene)hydrazinyl)-6-(phenethylsulfinyl)

pyrazine 266

N

N

S

N
H

N

O O

FF

Prepared according to General Procedure 2 from: 262 (480 mg, 1.83

mmol) and 4-(difluoromethoxy)benzaldehyde (242 µL, 1.83 mmol) to

give the crude title compound as a yellow powder (752 mg); puri-

fied by automated flash chromatography on silica (Biotage Isolera,

12–100% EtOAc in hexanes) to give the title compound as a yellow

powder (327 mg, 43%); this intermediate, though novel, was carried forward without complete

characterisation; Rf 0.55 (50% EtOAc in hexanes); m.p. 165–173 ◦C; 1H NMR (200 MHz,

CDCl3) δ: 8.90 (s, 1H), 8.66 (s, 1H), 8.60 (s, 1H), 7.88 (s, 1H), 7.77 (d, J 8.6, 2H), 7.43–7.15 (m,

7H), 6.62 (t, J 73.4, 1H), 3.54–3.11 (m, 3H), 3.00 (dq, J 14.3, 6.7 & 6.3, 1H).
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(E)-2-(Benzylsulfonyl)-6-(2-(4-(difluoromethoxy)benzylidene)hydrazinyl)

pyrazine 267

N

N

S

N
H

N

O

FF

O

O

Prepared according to General Procedure 2 from: 263 (100 mg, 0.38

mmol) and 4-(difluoromethoxy)benzaldehyde (50.0 µL, 0.38 mmol) to

give the crude title compound as a pale yellow powder (157 mg); purified

by trituration with CH2Cl2 to give the title compound as a light brown

powder (140 mg, 88%); Rf 0.81 (75% EtOAc in hexanes); m.p. 238–

242 ◦C; 1H NMR (500 MHz, DMSO-d6) δ: 11.99 (br s, 1H), 8.93 (s, 1H), 8.24 (s, 1H), 8.14 (s,

1H), 7.85 (d, J 8.7, 2H), 7.37–7.32 (m, 3H), 7.31 (t, J 73.9, 1H), 7.27–7.21 (m, 4H), 4.74 (s, 2H);
13C NMR (126 MHz, DMSO-d6) δ: 152.0, 151.8, 148.5, 142.3, 135.7, 131.9, 131.4, 131.2, 128.6,

128.5, 127.6, 118.9, 118.3, 116.2, 58.0; m/z (ESI+) 441 ([M+Na]+, 100%); HRMS (ESI+) found

441.08074 [M+Na]+, C19H16F2N4O3SNa+ requires 441.08034.

(E)-2-(2-(4-(Difluoromethoxy)benzylidene)hydrazinyl)-6-(phenethylsulfonyl)

pyrazine 268

N

N

S

N
H

N

O

FF

O

O

Prepared according to General Procedure 2 from: 264 (400 mg, 1.44

mmol) and 4-(difluoromethoxy)benzaldehyde (190 µL, 1.44 mmol) to

give the crude title compound as a pale yellow powder (348 mg); pu-

rified by automated flash chromatography on silica (Biotage Isolera,

12–100% EtOAc in hexanes) to give the title compound as a yellow

powder (275 mg, 44%); this intermediate, though novel, was carried forward without complete

characterisation; Rf 0.74 (50% EtOAc in hexanes); 1H NMR (300 MHz; CDCl3) δ: 8.97 (s, 1H),

8.67 (s, 1H), 8.42 (s, 1H), 7.80 (s, 1H), 7.72 (d, J 8.7, 2H), 7.42–7.05 (m, 7H), 6.57 (t, J 73.4,

1H), 3.40–3.69 (m, 2H), 3.33–3.01 (m, 2H).

5-(Benzylsulfinyl)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazine 71

N

N

N

N

S

O

F

F

O

Prepared according to General Procedure from: 265 (150 mg, 0.37 mmol) to give

the crude title compound as an orange solid (172 mg); purified by automated flash

chromatography on silica (Biotage Isolera, 12–100% EtOAc in hexanes) to give

the title compound as a pale yellow powder (30.0 mg, 20%); Rf 0.13 (50% EtOAc

in hexanes); m.p. 227–228 ◦C; 1H NMR (300 MHz, CDCl3) δ: 9.46 (s, 1H), 8.19

(s, 1H), 7.78 (d, J 8.4, 2H), 7.41 (d, J 8.0, 2H), 7.17 (t, J 7.5, 3H), 6.70 (t, J 72.4, 1H), 6.53 (d, J

7.7, 2H), 3.64 (dd, J 106.7 & 13.3, 2H); 13C NMR (500 MHz, DMSO-d6) δ: 153.5, 146.4, 145.9,

145.8, 134.9, 133.8, 130.2, 129.0, 128.6, 128.4, 128.3, 122.8, 118.2, 116.1 (t, J 257.9), 59.8; 19F

NMR (471 MHz, DMSO-d6) δ: -83.25; m/z (ESI+) 401 ([M+H]+, 41%), 423 ([M+Na]+, 100%);
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HRMS (ESI+) found 423.07010 [M+Na]+, C19H14F2N4O2SNa+ requires 423.06982.

5-(Phenethylsulfinyl)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazine 72

N

N

N

N

S
O

O
F

F Prepared according to General Procedure 3 from: 266 (300 mg, 0.72 mmol)

to give the crude title compound as a pale orange solid (292 mg); purified by

automated flash chromatography on silica (Biotage Isolera, 18–100% EtOAc

in hexanes) to give the title compound as an off-white powder (262 mg, 88%);

Rf 0.40 (75% EtOAc in hexanes); m.p. 151–154 ◦C; 1H NMR (300 MHz,

CDCl3) δ: 9.43 (s, 1H), 8.52 (s, 1H), 7.67 (d, J 8.8, 2H), 7.32 (d, J 8.7, 2H), 7.17 (m, 4H), 6.82

(m, 1H), 6.65 (t, J 72.5, 1H), 2.99–2.54 (m, 4H); 13C NMR (75 MHz, CDCl3) δ: 153.7, 146.5,

146.4, 146.0, 137.0, 133.9, 132.7, 130.0, 128.8, 128.2, 127.1, 122.3, 119.6, 115.3 (t, J 262.9),

55.2, 27.6; m/z (ESI+) 437 ([M+Na]+, 100%); HRMS (ESI+) found 437.08558 [M+Na]+,

C20H16F2N4O2SNa+ requires 437.08542.

5-(Benzylsulfonyl)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazine 73

N

N

N

N

O

F

F

S

O

O

Prepared according to General Procedure 3 from: 267 (100 mg, 0.24 mmol) to

give the crude title compound as an orange solid (69.6 mg); purified by automated

flash chromatography on silica (Biotage Isolera, 12–100% EtOAc in hexanes) to

give the title compound as a pale yellow powder (24.9 mg, 25%); insufficient ma-

terial remaining for complete characterisation; Rf 0.24 (50% EtOAc in hexanes);

m.p. 222–224 ◦C; 1H NMR (300 MHz, CDCl3) δ: 9.56 (s, 1H), 8.41 (s, 1H), 7.76 (d, J 8.6,

2H), 7.38 (d, J 8.4, 2H), 7.44–7.18 (m, 3H), 6.88 (d, J 7.4, 2H), 6.69 (t, J 72.7, 1H), 4.02 (s, 2H);

m/z (ESI–) 415 ([M-H] – , 100%); HRMS (ESI+) found 417.08306 [M+H]+, C19H14F2N4O3SH+

requires 417.08278.

5-(Phenethylsulfonyl)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazine 74

N

N

N

N

O

F

F

S

O

O

Prepared according to General Procedure 3 from: 268 (275 mg, 0.64 mmol)

to give the crude title compound as a pale yellow solid (332 mg); purified by

automated flash chromatography on silica (Biotage Isolera, 12–100% EtOAc in

hexanes) to give the title compound as a white powder (179 mg, 65%); Rf 0.43

(50% EtOAc in hexanes); m.p. 142–143 ◦C; 1H NMR (300 MHz, CDCl3)

δ: 9.50 (s, 1H), 8.62 (s, 1H), 7.65 (d, J 8.7, 2H), 7.39–7.11 (m, 6H), 6.89 (m, 1H), 6.61 (t, J

72.8, 1H), 3.03 (ddd, J 8.4, 6.1 & 1.8, 2H), 2.88 (ddd, J 8.3, 6.1 & 1.8, 2H); 13C NMR (75

MHz, CDCl3) δ: 153.4, 150.4, 147.3, 144.4, 141.5, 136.5, 130.2, 129.3, 128.8, 128.3, 126.8, 120.8,

118.9, 115.5 (t, J 262.6), 54.6, 28.9; m/z (ESI+) 453 ([M+Na]+, 100%); HRMS (ESI+) found
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431.09863 [M+H]+, C20H16F2N4O3SH+ requires 431.09838.

8-(Benzylthio)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazine 75

N

N

N

N

O

F

F

S

Isolated from the same reaction as for 63 to give the title compound as a light

brown powder (102 mg, 78%); m.p. 176–180 ◦C; 1H NMR (400 MHz, CDCl3)

δ: 7.89–7.81 (m, 3H), 7.73 (d, J 4.8, 1H), 7.47 (d, J 7.1, 2H), 7.40–7.20

(m, 5H), 6.62 (t, J 73.0, 1H), 4.61 (s, 2H); 13C NMR (101 MHz, CDCl3)

δ: 155.5, 152.9, 147.2, 144.4, 136.7, 130.1, 130.07, 129.4, 128.7, 127.6, 123.1,

120.5, 115.6 (t, J 262.0), 111.4, 33.4; m/z (ESI+) 385 ([M+H]+, 66%), 407

([M+Na]+, 100%), 791 ([2M+Na]+, 33%); HRMS (ESI+) found 385.09261

[M+H]+, C19H14F2N4OSH+ requires 385.09291.

3-(4-(Difluoromethoxy)phenyl)-8-(phenethylthio)-[1,2,4]triazolo[4,3-a]pyrazine 76

N

N

N

N

O

F

F

S

Isolated from the same reaction as for 64 to give the title compound as a

light yellow powder (75.4 mg, 56%); m.p. 154–155 ◦C; 1H NMR (300 MHz,

CDCl3) δ: 7.89–7.73 (m, 3H), 7.68 (d, J 4.8, 1H), 7.36–7.11 (m, 7H), 6.57

(t, J 73.0, 1H), 3.55 (dd, J 8.7 & 6.8, 2H), 3.06 (dd, J 8.7 & 6.8, 2H); 13C

NMR (75 MHz, CDCl3) δ: 155.6, 152.8, 147.2, 144.5, 140.0, 130.13, 130.06,

128.74, 128.66, 126.7, 123.0, 120.4, 115.5 (t, J 261.9), 111.2, 35.4, 30.5; m/z

(ESI+) 421 ([M+Na]+, 100%); HRMS (ESI+) found 399.10815 [M+H]+,

C20H16F2N4OSH+ requires 399.10856.

5-Azido-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazine 77

N

N

N

N

N3

O

F

F

Compound 44 (2.00 g, 6.47 mmol, 1 equiv.) and NaN3 (1.75 g, 27.0 mmol, 4 equiv.)

were stirred in anhydrous DMF (40 mL) at rt for 3 h. The reaction was diluted with

EtOAc (50 mL) and washed H2O (5 × 50 mL), brine (2 × 50 mL), dried (MgSO4),

filtered and concentrated under reduced pressure to give the crude title compound as

a viscous black liquid (1.61 g); purified by automated flash chromatography on silica

(Biotage Isolera, 12–100% EtOAc in hexanes) to give the title compound as a black powder (1.40

g, 69%); this intermediate, though novel, was carried forward without complete characterisation;

Rf 0.31 (50% EtOAc in hexanes); 1H NMR (200 MHz, CDCl3) δ: 9.17 (s, 1H), 7.75 (s, 1H),

7.70 (d, J 8.8, 2H), 7.28 (d, obscured by solvent peak, 2H), 6.64 (t, J 73.2, 1H).
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5-(4-Phenyl-1H -1,2,3-triazol-1-yl)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-

a]pyrazine 78

N

N

N

N

N

O

F

F

N

N

Compound 77 (54.6 mg, 0.18 mmol, 1.0 equiv.) and phenyl acetylene (20.0

µL, 0.18 mmol, 1.0 equiv.) were dissolved in H2O (1 mL) and THF (1 mL).

CuSO4·5H2O (63.0 mg, 0.25 mmol, 1.4 equiv.) and Na ascorbate (100 mg, 0.50

mmol, 2.8 equiv.) were added and the reaction stirred at rt. The reaction was

diluted with CH2Cl2, washed with H2O (2 ×), brine, dried (MgSO4), filtered and

concentrated under reduced pressure to give the crude title compound as a brown liquid (31.6

mg); purified by automated flash chromatography on silica (Biotage Isolera, 18–100% EtOAc in

hexanes) to give the title compound as a dark orange solid (6.90 mg, 9%); insufficient material

remaining for complete characterisation; 1H NMR (500 MHz, CD3OD) δ: 9.62 (s, 1H), 8.32 (s,

1H), 8.31 (s, 1H), 7.67–7.61 (m, 2H), 7.49–7.36 (m, 3H), 7.31 (d, J 8.7, 2H), 6.94 (d, J 8.6, 2H),

6.23 (t, J 73.5, 1H); m/z (ESI+) 378 ([M-N2+H]+, 100%), 406 ([M+H]+, 25%); HRMS (ESI+)

found 428.10422 [M+Na]+, C20H13F2N7ONa+ requires 428.10422.

Azidobenzene 79

N3

To a solution of aniline (0.30 mL, 3.29 mmol, 1.0 equiv.) in 50% AcOH (15 mL) was

slowly added NaNO2 (341 mg, 4.94 mmol, 1.5 equiv.) below 0 ◦C within 15 min.

The reaction was vigorously stirred at 0 ◦C for 1 h. NaN3 (321 mg, 4.94 mmol, 1.5 equiv.) was

added at 0 ◦C in portions. The resulting solution was stirred at 0 ◦C for a further 1 h, followed

by dilution with ice cold H2O (40 mL) and extraction with EtOAc (3 × 25 mL). The combined

organic layers were washed with sat. aq. NaHCO3 (3 × 15 mL), brine (2 × 15 mL), dried

(Na2SO4), filtered and concentrated under reduced pressure to give the crude title compound as

a dark brown liquid (57.9 mg); carried forward without further purification or characterisation;

Rf 0.87 (50% EtOAc in hexanes).

(Azidomethyl)benzene 80

N3

Benzyl chloride (1.00 mL, 8.69 mmol, 1.0 equiv.) and NaN3 (678 mg, 10.4 mmol,

1.2 equiv.) were stirred in anhydrous DMF (20 mL) at rt for 6 h. The reaction

was diluted with EtOAc (50 mL) and washed with sat. aq. NaHCO3 (50 mL). The aqueous layer

was extracted with EtOAc (50 mL) and the combined organic layers were washed with H2O (50

mL), brine (50 mL), dried (Na2SO4), filtered and concentrated under reduced pressure to give the

crude title compound as a clear liquid (1.30 g); carried forward without further purification; IR

νmax (film) /cm–1 2089; 1H NMR (300 MHz, CDCl3) δ: 6.95–7.62 (m, 5H), 4.24 (s, 2H); 13C

NMR (75 MHz, CDCl3) δ: 135.4, 128.8, 128.3, 128.2, 54.8. Spectroscopic data matched those in
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the literature. [386]

(1-Phenyl-1H -1,2,3-triazol-4-yl)methanol 81

N

NN

OH

Prepared according to General Procedure 5 from: 79 (57.9 mg, 0.49 mmol)

and propargyl alcohol (28.0 µL, 0.49 mmol) to give the crude title compound

as orange crystals (68.3 mg); carried forward without further purification; Rf

0.09 (50% EtOAc in hexanes); 1H NMR (300 MHz, CDCl3) δ: 8.00 (s, 1H), 7.70 (d, J 7.8, 2H),

7.57–7.37 (m, 3H), 4.88 (s, 2H), 3.46 (s, 1H); 13C NMR (75 MHz, CDCl3) δ: 148.6, 137.1, 129.9,

129.0, 120.7, 120.3, 56.5; m/z (ESI+) 198 ([M+Na]+, 100%), 373 ([2M+Na]+, 45%); HRMS

(ESI+) found 198.06382 [M+Na]+, C9H9N3ONa+ requires 198.06382. Spectroscopic data matched

those in the literature. [387]

(1-Benzyl-1H -1,2,3-triazol-4-yl)methanol 82

N

NN

OH

Prepared according to General Procedure 5 from: 80 (580 mg, 4.33 mmol)

and propargyl alcohol (250 µL, 4.33 mmol) to give the crude title compound

as a yellow oil (68.3 mg); purified by automated flash chromatography on silica (Biotage Isolera,

18–100% EtOAc in hexanes) to give the title compound as a white powder (538 mg, 66%); Rf 0.20

(75% EtOAc in hexanes); 1H NMR (300 MHz, CDCl3) δ: 7.46 (s, 1H), 7.38–7.16 (m, 5H), 5.48

(s, 2H), 4.73 (s, 2H) (alcohol OH signal not seen); 13C NMR (75 MHz, CDCl3) δ: 148.2, 134.5,

129.1, 128.7, 128.1, 121.9, 56.1, 54.2; m/z (ESI+) 212 ([M+Na]+, 70%), 401 ([2M+Na]+, 100%);

HRMS (ESI+) found 212.07945 [M+Na]+, C10H11N3ONa+ requires 212.07942. Spectroscopic

data matched those in the literature. [388]

3-(4-(Difluoromethoxy)phenyl)-5-((1-phenyl-1H -1,2,3-triazol-4-yl)methoxy)-[1,2,4]

triazolo[4,3-a]pyrazine 83

N

N

N

N

O

F

F

O

N

NN

Prepared according to General Procedure 4 from: 81 (50.0 mg, 0.29 mmol)

and 44 (85.0 mg, 0.29 mmol) to give the crude title compound as a pale yellow

solid (109 mg); purified by automated flash chromatography on silica (Biotage

Isolera, 0–10% MeOH in CH2Cl2) to give the title compound as an orange

powder (86 mg, 70%); Rf 0.21 (100% EtOAc); m.p. 172–175 ◦C; 1H NMR

(300 MHz, CDCl3) δ: 9.08 (s, 1H), 7.75–7.61 (m, 5H), 7.61–7.45 (m, 4H), 7.07

(d, J 8.3, 2H), 6.43 (t, J 73.3, 1H), 5.46 (s, 2H); 13C NMR (75 MHz, DMSO-d6) δ: 151.8, 147.5,

145.6, 143.5, 141.3, 136.3, 135.6, 132.6, 129.9, 128.9, 124.4, 123.5, 120.2, 117.1, 116.0 (t, J 258.3),

109.5, 63.7; m/z (ESI+) 458 ([M+Na]+, 100%); HRMS (ESI+) found 458.11441 [M+Na]+,

C21H15F2N7O2Na+ requires 458.11475.
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5-((1-Benzyl-1H -1,2,3-triazol-4-yl)methoxy)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]

triazolo[4,3-a]pyrazine 84

N

N

N

N

O

F

F

O

N

NN

Prepared according to General Procedure 4 from: 82 (159 mg, 0.84 mmol) and

44 (250 mg, 0.84 mmol) to give the crude title compound as a pale brown solid

(346 mg); purified by automated flash chromatography on silica (Biotage Isolera,

0–10% MeOH in CH2Cl2) to give the title compound as a pale yellow powder (331

mg, 87%); Rf 0.03 (50% EtOAc in hexanes); m.p. 109–111 ◦C; 1H NMR (300

MHz, CDCl3) δ: 8.98 (s, 1H), 7.56 (d, J 8.7, 2H), 7.42 (s, 1H), 7.39–7.26 (m,

3H), 7.23–7.15 (m, 2H), 7.11 (s, 1H), 6.97 (d, J 8.4, 2H), 6.53 (t, J 73.4, 1H), 5.43 (s, 2H), 5.26 (s,

2H); 13C NMR (75 MHz, CDCl3) δ: 152.3, 147.9, 146.4, 143.5, 140.7, 137.1, 134.1, 132.7, 129.4,

129.2, 128.3, 124.7, 123.4, 118.3, 115.8 (t, J 260.8), 109.1, 64.1, 54.5; m/z (ESI+) 472 ([M+H]+,

100%); HRMS (ESI+) found 472.12966 [M+Na]+, C22H17F2N7O2Na+ requires 472.13042.

1-(3,4-Difluorophenyl)ethan-1-one 94

F

F

O
1-(3,4-Difluorophenyl)ethan-1-ol (1.50 g, 9.48 mmol, 1.0 equiv.) was dissolved in

CH2Cl2 (15 mL). HIO3 (1.84 g, 10.4 mmol, 1.1 equiv.) and TEMPO (74.1 mg,

0.47 mmol, 5 mol%) were added and the reaction stirred under Ar at rt for 19 h.

The reaction was poured into an aqueous solution of Na2S2O3 (50 mL) and extracted with a 1:1

mixture of Et2O:hexane (3 × 50 mL). The combined organic layers were washed with brine, dried

(Na2SO4), filtered and concentrated under reduced pressure to give the crude title compound as

an orange liquid (1.39 g); purified by automated flash chromatography on silica (Biotage Isolera,

6–50% EtOAc in hexanes) to give the title compound as a clear red liquid (1.04 g, 70%); Rf 0.69

(25% EtOAc in hexanes); 1H NMR (200 MHz, CDCl3) δ: 7.98–7.61 (m, 2H), 7.28 (q, J 9.4 &

9.0, 1H), 2.62 (s, 3H). Spectroscopic data matched those in the literature. [389]

2-(3,4-Difluorophenyl)-2,2-dimethoxyethan-1-ol 95

F

F
OH

OO

To a solution of KOH (2.70 g, 48.0 mmol, 10 equiv.) in MeOH (30 mL) was added

94 (750 mg, 4.80 mmol, 1.0 equiv.) dropwise over 15 min at 0 ◦C. PhI(OAc)2

(3.09 g, 9.61 mmol, 2.0 equiv.) was added in small portions over 20 min and the

resulting solution stirred at rt for 23 h. The solvent was removed and the residue dissolved and

H2O and extracted with EtOAc (3 ×). The combined organic layers were washed with brine, dried

(Na2SO4), filtered and concentrated under reduced pressure to give the crude title compound as

a brown liquid (1.41 g); carried forward without further purification or complete characterisation;

Rf 0.11 (10% EtOAc in hexanes); 1H NMR (200 MHz, CDCl3) δ: 7.53–6.85 (m, 3H), 3.78

(s, 2H), 3.25 (s, 6H) (alcohol OH signal not seen). Compound reported in the literature but no
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characterisation data were provided. [195]

1-(3,4-Difluorophenyl)-2-hydroxyethan-1-one 96

F

F
OH

O
Compound 95 (1.00 g, 4.58 mmol, 1 equiv.) was dissolved in 3:1 THF:H2O (10

mL) and p-TsOH (1.58 g, 9.17 mmol, 2 equiv.) was added. The mixture was

stirred at reflux for 2 h. The reaction was quenched with H2O and extracted

with EtOAc (3 ×). The combined organic layers were washed with brine, dried (Na2SO4), filtered

and concentrated under reduced pressure to give the crude title compound as a yellow solid (803

mg); purified by dissolving in EtOAc and filtering insoluble impurities to give the title compound

as a light brown powder (516 mg, 65%); carried forward without complete characterisation; Rf

0.48 (50% EtOAc in hexanes); 1H NMR (200 MHz, CDCl3) δ: 7.90–7.57 (m, 2H), 7.44–7.19

(m, 1H), 4.84 (s, 2H) (alcohol OH signal not seen). Compound reported in the literature but no

characterisation data were provided. [390]

2-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-1-(3,4-

difluorophenyl)ethan-1-one 97

N

N

N

N

O
F

F

O

O

F

F
Compound 98 (100 mg, 0.21 mmol, 1 equiv.) was dissolved in 3:1 THF:H2O

(10 mL) and p-TsOH (72.0 mg, 0.42 mmol, 2 equiv.) was added. The

mixture was stirred at reflux. The condenser was removed and the THF

allowed to boil off to give a mixture of black sludge and H2O. The reaction

was quenched with H2O and extracted with EtOAc (3 ×). The combined

organic layers were washed with brine, dried (Na2SO4), filtered and concentrated under reduced

pressure to give the crude title compound as a brown solid (94.1 mg); purified by automated

flash chromatography on silica (Biotage Isolera, 25–100% EtOAc in hexanes) to give a light brown

powder (50.4 mg, 56%); repurified by preparative TLC (5% MeOH in CH2Cl2) to give the title

compound as an off-white powder (24.0 mg, 27%); Rf 0.49 (5% MeOH in CH2Cl2); m.p. 192–200
◦C; 1H NMR (500 MHz, DMSO-d6) δ: 9.11 (s, 1H), 8.06–7.98 (m, 1H), 7.90–7.78 (m, 1H), 7.83

(d, J 8.8, 2H), 7.71 (s, 1H), 7.63 (dt, J 10.1 & 8.4, 1H), 7.34 (t, J 73.7, 1H), 7.23 (d, J 8.7, 2H),

5.85 (s, 2H); 13C NMR (126 MHz, DMSO-d6) δ: 190.2, 153.1 (dd, J 254.9 & 12.8), 152.0 (t, J

2.9), 149.4 (dd, J 247.9 & 13.0), 147.5, 145.8, 143.5, 135.7, 132.5, 131.3–130.5 (m), 126.2 (dd, J

7.9 & 3.2), 124.4, 118.2 (d, J 17.9), 117.7 (d, J 18.1), 117.4, 115.1 (d, J 257.8), 109.9, 72.3; m/z

(ESI+) 455 ([M+Na]+, 100%); HRMS (ESI+) found 455.07297 [M+Na]+, C20H12F4N4O3Na+

requires 455.07377.
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3-(4-(Difluoromethoxy)phenyl)-5-(2-(3,4-difluorophenyl)-2,2-dimethoxyethoxy)-

[1,2,4]triazolo[4,3-a]pyrazine 98

N

N

N

N

O

O

F

F

O

O

F

F
Prepared according to General Procedure 4 from: 95 (167 mg, 0.77 mmol)

and 44 (227 mg, 0.77 mmol) to give the crude title compound as a brown

solid (321 mg); purified by automated flash chromatography on silica (Bio-

tage Isolera, 25–100% EtOAc in hexanes) to give the title compound as a

light brown powder (221 mg, 60%); Rf 0.58 (100% EtOAc); m.p. 148–153
◦C; 1H NMR (300 MHz, CDCl3) δ: 8.97 (s, 1H), 7.65 (d, J 8.6, 2H), 7.33 (d, J 8.5, 2H), 7.25 (br

s, 1H), 7.03–6.82 (m, 1H), 6.69 (t, J 73.3, 1H), 6.75–6.58 (m, 2H), 4.32 (s, 2H), 3.18 (s, 6H); 13C

NMR (75 MHz, CDCl3) δ: 152.5, 147.8, 146.2, 143.6, 137.1, 134.7, 132.3, 124.8, 122.9 (dd, J 6.2

& 3.5), 119.2, 117.1 (d, J 17.5), 116.6 (d, J 18.9), 115.7 (t, J 261.7), 108.6, 99.5, 71.2, 49.1 (two

phenyl C–F signals expected between 155 and 148 ppm; observed for compound 97; too weak

to be seen); m/z (ESI+) 501 ([M+Na]+, 100%); HRMS (ESI+) found 501.11602 [M+Na]+,

C22H18F4N4O4Na+ requires 501.11562.

(2-(3,4-Difluorophenyl)-1,3-dioxolan-2-yl)methanol 99

F

F
OH

OO

Compound 96 (100 mg, 0.58 mmol, 1.0 equiv.) was dissolved in PhMe (5 mL).

p-TsOH (40.0 mg, 0.23 mmol, 0.4 equiv.) and ethylene glycol (162 µL, 2.90 mmol,

5.0 equiv.) were added and the reaction heated to reflux. The reaction was

cooled to rt and the solvent removed. The residue was partitioned between H2O and CH2Cl2

and the organic layer separated, dried (MgSO4), filtered and concentrated under reduced pressure

to give the crude title compound as a yellow oil (119 mg); this intermediate, though novel, was

carried forward without purification or characterisation; Rf 0.04 (50% EtOAc in hexanes, KMnO4

stain).

3-(4-(Difluoromethoxy)phenyl)-5-((2-(3,4-difluorophenyl)-1,3-dioxolan-2-yl)

methoxy)-[1,2,4]triazolo[4,3-a]pyrazine 100

N

N

N

N

O
F

F

O

O

O

F

F Prepared according to General Procedure 4 from: 99 (50.0 mg, 0.23 mmol)

and 44 (68.6 mg, 0.23 mmol) to give the crude title compound as a green solid

(95.0 mg); purified by automated flash chromatography on silica (Biotage

Isolera, 25–100% EtOAc in hexanes) to give the title compound as a an off-

white powder (8.10 mg, 7%); Rf 0.25 (100% EtOAc); m.p. 150–155 ◦C; 1H

NMR (400 MHz, CDCl3) δ: 9.04 (s, 1H), 7.73 (d, J 8.9, 2H), 7.37 (s, 1H), 7.28 (d, J 8.9, 2H),

7.12–6.87 (m, 3H), 6.64 (t, J 73.2, 1H), 4.30 (s, 2H), 3.83–3.79 (m, 2H), 3.79–3.76 (m, 2H); 13C

NMR (101 MHz, CDCl3) δ: 152.3, 152.5–149.3 (4 peaks), 151.8–148.4 (4 peaks), 148.0, 146.4,
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144.0, 137.1, 135.9–135.2 (m), 132.5, 124.9, 122.4 (dd, J 6.6 & 3.8), 119.2, 117.5 (d, J 17.3),

115.7 (d, J 19.0), 115.6 (t, J 261.8), 109.1, 106.3, 73.2, 65.4; m/z (ESI+) 499 ([M+Na]+, 100%);

HRMS (ESI+) found 499.10048 [M+Na]+, C22H16F4N4O4Na+ requires 499.09999.

Ethyl 2-hydroxy-2-phenylacetate 101

O

O

OH Prepared according to General Procedure 7 from: DL-Mandelic acid (10.0 g, 65.7

mmol, 1 equiv.) to give the crude title compound as a clear yellow oil (12.3 g);

carried forward without further purification; Rf 0.55 (25% EtOAc in hexanes);

IR νmax (film) /cm–1 3453, 1728; 1H NMR (400 MHz, CDCl3) δ: 7.46–7.40 (m, 2H), 7.40–7.29

(m, 3H), 5.16 (s, 1H), 4.34–4.09 (m, 2H), 3.64 (br s, 1H), 1.22 (t, J 7.1, 3H); 13C NMR (101

MHz, CDCl3) δ: 173.7, 138.6, 128.6, 128.4, 126.6, 73.0, 62.2, 14.1. Spectroscopic data matched

those in the literature. [391]

Ethyl 2-phenyl-3-((tetrahydro-2H -pyran-2-yl)oxy)propanoate 102

O

O

OTHP Compound 101 (10.0 g, 5.55 mmol, 1.0 equiv.) was dissolved in CH2Cl2 (200

mL). p-TsOH (1.91 g, 1.11 mmol, 0.2 equiv.) and 3,4-dihydro-2H -pyran (5.57

mL, 61.0 mmol, 1.1 equiv.) were added and the reaction stirred at rt. The

reaction was quenched with ice cold H2O (80 mL) and the organic layer separated. The aqueous

layer was extracted with CH2Cl2 (3 × 50 mL) and the combined organic layers washed with H2O

(50 mL), brine (40 mL), dried (MgSO4), filtered and concentrated under reduced pressure to give

the crude title compound as a black oil (14.1 g); carried forward without further purification or

complete characterisation; Rf 0.76 (25% EtOAc in hexanes); 1H NMR (400 MHz, CDCl3) δ:

7.53–7.42 (m, 2H), 7.41–7.27 (m, 3H), 5.26 (d, J 41.6, 1H), 4.74 (dt, J 120.7 & 3.3, 1H), 4.16

(ddtd, J 18.0, 14.5, 7.6 & 3.7, 2H), 3.71 (ddd, J 11.2, 9.9 & 3.2, 1H), 3.60–3.42 (m, 1H), 2.01–1.38

(m, 6H), 1.20 (t, J 7.1, 3H). Compound reported in the literature but no characterisation data

were provided. [392]

2-Phenyl-2-((tetrahydro-2H -pyran-2-yl)oxy)ethan-1-ol 103

OTHP

OH

Prepared according to General Procedure 6 from: 102 (12.0 g, 45.4 mmol, 1

equiv.) to give the crude title compound as a dark red oil (11.3 g); purified by

automated flash chromatography on silica (Biotage Isolera, 25–100% EtOAc in

hexanes) to give the title compound as a dark red oil (3.24 g, 32%); 1H NMR (400 MHz, CDCl3,

present as a mixture of diastereomers) δ: 7.47–7.06 (m, 10H), 4.91 (t, J 3.6, 1H), 4.82 (dd, J

8.3 & 3.7, 1H), 4.73 (dd, J 6.9 & 4.9, 1H), 4.52 (dd, J 5.7 & 2.8, 1H), 4.22–3.20 (m, 8H), 3.04

(dapp, J 10.8, 1H), 2.25 (br s, 1H), 2.13–1.32 (m, 12H); 13C NMR (101 MHz, CDCl3, present
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as a mixture of diastereomers) δ: 140.0, 138.9, 128.6, 128.4, 128.1, 127.7, 126.9, 126.8, 99.2, 98.0,

80.8, 79.9, 67.7, 66.8, 63.8, 62.7, 31.1, 30.7, 25.4, 25.36, 20.4, 19.5. Spectroscopic data matched

those in the literature. [393,394]

3-(4-(Difluoromethoxy)phenyl)-5-(2-phenyl-2-((tetrahydro-2H -pyran-2-yl)oxy)

ethoxy)-[1,2,4]triazolo[4,3-a]pyrazine 104

N

N

N

N

O

O
F

F

OTHP

Prepared according to General Procedure 4 from: 103 (206 mg, 0.93 mmol)

and 44 (275 mg, 0.93 mmol) to give the crude title compound as a black

sludge (477 mg); purified by automated flash chromatography on silica (Bio-

tage Isolera, 25–100% EtOAc in hexanes) to give the title compound as a

brown powder (201 mg, 45%); this intermediate, though novel, was carried

forward without characterisation; Rf 0.42 (100% EtOAc).

2-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-1-

phenylethan-1-ol 16

N

N

N

N

O

O
OH

F

F

Compound 104 (100 mg, 0.21 mmol, 1 equiv.) was dissolved in EtOH (2

mL). CuCl2·2H2O (1.77 mg, 0.01 mmol, 5 mol%) was added and the mixture

heated at reflux for 3 h. The solvent was removed and the residue dissolved in

EtOAc, washed with H2O, brine, dried (MgSO4), filtered and concentrated

under reduced pressure to give the crude title compound as a dark brown

liquid (90.0 mg); purified by automated flash chromatography on silica (Biotage Isolera, 25–100%

EtOAc in hexanes) to give the title compound as a brown powder (65.2 mg, 79%); Rf 0.27 (100%

EtOAc); m.p. 85–90 ◦C; 1H NMR (300 MHz, CDCl3) δ: 8.92 (br s, 1H), 7.75 (d, J 8.0, 2H),

7.27 (dapp, J 28.7, 8H), 6.62 (t, J 73.3, 1H), 4.91 (br s, 1H), 4.31 (d, J 5.0, 2H), 3.26 (br s, 1H);
13C NMR (75 MHz, CDCl3) δ: 152.5, 147.7, 146.4, 144.0, 139.0, 136.5, 132.6, 128.9, 128.7, 126.2,

124.8, 118.8, 115.7 (t, J 261.4), 108.8, 75.2, 71.5; m/z (ESI+) 399 ([M+H]+, 100%); HRMS

(ESI+) 399.12603 [M+H]+, C20H16F2N4O3H+ requires 399.12628.
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2-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-1-

phenylethan-1-one 105

N

N

N

N

O
F

F

O

O

Compound 16 (2.00 g, 5.02 mmol, 1.0 equiv.) was dissolved in anhydrous

CH2Cl2 (30 mL) and MnO2 (21.8 g, 251 mmol, 50 equiv.) was added and

the reaction stirred at reflux. The mixture was filtered through celite and

the celite washed with EtOAc. The filtrate was concentrated under reduced

pressure to give the crude title compound as a brown solid (1.65 g); purified

by automated flash chromatograph on silica (Biotage Isolera, 25–100% EtOAc in hexanes) to give

the title compound as a brown powder (741 mg, 37%); m.p. 120–128 ◦C; 1H NMR (400 MHz,

CDCl3) δ: 8.99 (s, 1H), 7.84 (ddapp, J 8.3 & 1.1, 2H), 7.78 (d, J 8.8, 2H), 7.65 (t, J 7.5, 1H), 7.49

(t, J 7.8, 2H), 7.22 (s, 1H), 7.14 (d, J 8.7, 2H), 6.57 (t, J 73.4, 1H), 5.49 (s, 2H); 13C NMR (101

MHz, CDCl3) δ: 190.4, 152.5, 147.9, 146.6, 143.5, 137.1, 134.9, 133.4, 132.5, 129.3, 128.0, 124.7,

118.5, 115.7 (t, J 260.6), 109.2, 71.3; m/z (ESI+) 419 ([M+Na]+, 100%), 815 ([2M+Na]+, 13%);

HRMS (ESI+) found 419.09273 [M+Na]+, C20H14F2N4O3Na+ requires 419.09262.

2-Morpholino-2-phenylethan-1-ol 269

OH

N

O To a mixture of styrene oxide (571 µL, 4.99 mmol, 1.00 equiv.) and morpholine

(459 µL, 5.24 mmol, 1.05 equiv.) was added Mg(ClO4)2 (22.3 mg, 99.9 µmol, 2

mol%). The reaction mixture was allowed to stir at rt for 3 h, following which

EtOAc was added and the organic layer washed with H2O, dried (Na2SO4), fil-

tered and concentrated under reduced pressure to give the crude title compound as a clear colour-

less oil (914 mg); carried forward without further purification or characterisation; Rf 0.33 (100%

EtOAc).

4-(2-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-1-

phenylethyl)morpholine 108

N

N

N

N

O
F

F

O

N

O

Prepared according to General Procedure 4 from: 269 (100 mg, 0.48 mmol)

and 44 (143 mg, 0.48 mmol) to give the crude title compound as a brown

solid (215 mg); purified by automated flash chromatography on silica twice

(Biotage Isolera, 0–10% MeOH in CH2Cl2, then 0–5% MeOH in CH2Cl2)

to give a pale yellow powder; repurified by preparative TLC (4% MeOH

in CH2Cl2) to give the title compound as a pale yellow powder (58.6 mg, 26%); Rf 0.03 (100%

EtOAc); m.p. 150–158 ◦C; 1H NMR (400 MHz, CDCl3) δ: 9.01 (s, 1H), 7.60 (d, J 8.7, 2H), 7.31

(s, 1H), 7.30–7.27 (m, 3H), 7.20 (d, J 8.6, 2H), 7.09–6.95 (m, 2H), 6.63 (t, J 73.1, 1H), 4.50 (ddd,

J 36.1, 10.2 & 5.7, 2H), 3.56 (t, J 4.6, 4H), 3.49 (t, J 5.6, 1H), 2.22 (tq, J 11.4, 5.7 & 4.6, 4H);
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13C NMR (101 MHz, CDCl3) δ: 152.4, 147.9, 146.3, 143.9, 136.8, 132.5, 128.9, 128.5, 128.2,

125.0, 119.1, 115.7 (t, J 261.7), 108.7, 71.9, 68.1, 67.0, 51.3 (1 obscured signal); m/z (ESI+)

490 ([M+Na]+, 100%); HRMS (ESI+) found 490.16655 [M+Na]+, C24H23F2N5O3Na+ requires

490.16612.

Ethyl 2-(3,4-difluorophenyl)-2-(ethyl(methyl)amino)acetate 109

O

N

F

F

O

Compound 53 (600 mg, 2.15 mmol, 1 equiv.) was dissolved in DMF (6 mL).

N -Ethylmethylamine (0.18 mL, 2.15 mmol, 1 equiv.) and K2CO3 (891 mg,

6.45 mmol, 3 equiv.) were added and the reaction stirred at rt. The reaction

was filtered and the solvent removed. The residue was partitioned between EtOAc and H2O.

The aqueous layer was extracted with EtOAc and the combined organic layers were washed with

brine, dried (Na2SO4), filtered and concentrated under reduced pressure to give the crude title

compound as a dark yellow oil (474 mg); this intermediate, though novel, was carried forward

without purification or complete characterisation; Rf 0.45 (10% EtOAc in hexanes; 1H NMR

(200 MHz, CDCl3) δ: 7.44–7.24 (m, 1H), 7.21–6.99 (m, 2H), 4.31–4.04 (m, 3H), 2.68–2.31 (m,

2H), 2.23 (s, 3H), 1.23 (t, J 7.1, 3H), 1.05 (t, J 7.1, 3H).

Ethyl 2-(diethylamino)-2-(3,4-difluorophenyl)acetate 110

O

N

F

F

O

Compound 53 (600 mg, 2.15 mmol, 1 equiv.) was dissolved in DMF (6 mL).

Diethylamine (0.22 mL, 2.15 mmol, 1 equiv.) and K2CO3 (891 mg, 6.45 mmol,

3 equiv.) were added and the reaction stirred at rt. The reaction was filtered

and the solvent removed. The residue was partitioned between EtOAc and H2O. The aqueous

layer was extracted with EtOAc and the combined organic layers were washed with brine, dried

(Na2SO4), filtered and concentrated under reduced pressure to give the crude title compound as a

dark yellow oil (481 mg); this intermediate, though novel, was carried forward without purification

or complete characterisation; Rf 0.61 (10% EtOAc in hexanes; 1H NMR (200 MHz, CDCl3) δ:

7.41–7.23 (m, 1H), 7.22–7.04 (m, 2H), 4.40 (s, 1H), 4.18 (dtt, J 10.8, 7.2 & 3.7, 2H), 2.59 (q, J

7.1, 4H), 1.24 (t, J 7.1, 3H), 0.99 (t, J 7.1, 6H).

2-(3,4-Difluorophenyl)-2-(ethyl(methyl)amino)ethan-1-ol 270

OH

N

F

F

Prepared according to General Procedure 6 from: 109 (350 mg, 1.36 mmol) to

give the crude title compound as an orange oil (300 mg); purified by automated

flash chromatography on silica (Biotage Isolera, 12–100% EtOAc in hexanes) to

give the title compound as a clear yellow oil (32.9 mg, 11%); this intermediate, though novel, was

carried forward without complete characterisation; Rf 0.09 (50% EtOAc in hexanes; 1H NMR
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(400 MHz, CDCl3) δ: 7.12 (dt, J 10.2 & 8.3, 1H), 7.03 (ddd, J 11.3, 7.7 & 2.1, 1H), 6.92 (ddt, J

8.0, 3.8 & 1.8, 1H), 3.85 (dd, J 10.3 & 8.8, 1H), 3.77–3.56 (m, 2H), 2.85 (br s, 1H), 2.42 (ddq, J

74.1, 12.4 & 7.1, 2H), 2.16 (s, 3H), 1.08 (t, J 7.1, 3H); 13C NMR (101 MHz, CDCl3) δ: 150.2

(dd, J 248.5 & 12.5), 150.0 (dd, J 248.5 & 12.6), 133.5 (t, J 4.4), 125.0 (dd, J 6.1 & 3.6), 117.7

(d, J 17.0), 117.1 (d, J 17.0), 67.7, 60.9, 48.0, 36.6, 13.0.

2-(Diethylamino)-2-(3,4-difluorophenyl)ethan-1-ol 112

OH

N

F

F

Prepared according to General Procedure 6 from: 110 (350 mg, 1.29 mmol)

to give the crude title compound as an orange oil (291 mg); this intermediate,

though novel, was carried forward without purification or complete characteri-

sation; Rf 0.24 (50% EtOAc in hexanes; 1H NMR (200 MHz, CDCl3) δ: 7.25–6.82 (m, 3H),

4.02–3.51 (m, 3H), 2.98–2.10 (m, 4H), 1.08 (t, J 7.1, 6H) (alcohol OH signal not seen).

2-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-1-(3,4-

difluorophenyl)-N -ethyl-N -methylethan-1-amine 113

N

N

N

N

O
F

F

O

F

F

N

Prepared according to General Procedure 4 from: 111 (20.0 mg, 92.9 µmol)

and 44 (27.6 mg, 92.9 µmol) to give the crude title compound as a brown

solid; purified by automated flash chromatography on silica (Biotage Isol-

era, 1–10% MeOH in CH2Cl2) to give the title compound as a dark orange

powder (13.3 mg, 30%); insufficient material remaining for complete char-

acterisation; Rf 0.12 (100% EtOAc); 1H NMR (200 MHz, CDCl3) δ: 9.03 (s, 1H), 7.61 (d, J

8.7, 2H), 7.32 (s, 1H), 7.19 (d, J 8.6, 2H), 7.10–6.92 (m, 1H), 6.80–6.64 (m, 2H), 6.62 (t, J 73.2,

1H), 4.45 (dq, J 7.5, 4.0 & 3.4, 2H), 3.63 (t, J 5.7, 1H), 2.39–2.20 (m, 2H), 2.10 (s, 3H), 0.97

(t, J 7.1, 3H); m/z (ESI+) 476 ([M+H]+, 100%); HRMS (ESI+) found 476.17066 [M+H]+,

C23H21F4N5O2H+ requires 476.17041.

2-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-1-

(3,4-difluorophenyl)-N,N -diethylethan-1-amine 114

N

N

N

N

O
F

F

O

F

F

N

Prepared according to General Procedure 4 from: 112 (30.0 mg, 131 µmol)

and 44 (38.8 mg, 131 µmol) to give the crude title compound as a brown

solid; purified by automated flash chromatography on silica (Biotage Isolera,

25–100% EtOAc in hexanes) to give the title compound as a yellow powder

(40.1 mg, 63%); insufficient material remaining for complete characterisa-

tion; Rf 0.33 (100% EtOAc); 1H NMR (200 MHz, CDCl3) δ: 9.04 (s, 1H), 7.57 (d, J 8.6,

2H), 7.34 (s, 1H), 7.13 (d, J 8.5, 2H), 7.08–6.88 (m, 1H), 6.83–6.62 (m, 2H), 6.41 (t, J 73.1,
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1H), 4.64–4.25 (m, 2H), 3.85 (t, J 5.7, 1H), 2.68–2.19 (m, 4H), 0.95 (t, J 7.1, 6H); m/z (ESI+)

512 ([M+Na]+, 100%); HRMS (ESI+) found 512.16767 [M+Na]+, C24H23F4N5O2Na+ requires

512.16801.

tert-Butyl (R)-(1-hydroxy-3-phenylpropan-2-yl)carbamate 115

OH

HN

O

O

To a solution of (R)-2-amino-3-phenylpropan-1-ol (200 mg, 1.32 mmol, 1.0

equiv.) in CH2Cl2 (3.5 mL) was added Boc2O (0.33 mL, 1.45 mmol, 1.1

equiv.) at 0 ◦C. The reaction was warmed to rt and stirred overnight. Sat.

aq. NH4Cl (6 mL) was added and the organic layer separated. The aqueous layer was extracted

with CH2Cl2 (2 × 8 mL) and the combined organic layers were dried (Na2SO4), filtered and

concentrated under reduced pressure to give the crude title compound as a yellow solid (594 mg);

purified automated flash chromatograph on silica (Biotage Isolera, 12–50% EtOAc in hexanes) to

give the title compound as a white powder (250 mg, 75%); Rf 0.63 (100% EtOAc, KMnO4 stain);

m.p. 100–105 ◦C; 1H NMR (400 MHz, CDCl3) δ: 7.34–7.27 (m, 2H), 7.25–7.18 (m, 3H), 4.76

(d, J 8.1, 1H), 3.87 (br s, 1H), 3.60 (ddt, J 46.1, 10.5 & 4.6, 2H), 2.84 (d, J 7.2, 2H), 2.44 (br s,

1H), 1.41 (s, 9H); 13C NMR (101 MHz, CDCl3) δ: 156.3, 138.0, 129.4, 128.7, 126.7, 79.9, 64.5,

53.9, 37.6, 28.5. Spectroscopic data matched those in the literature. [395]

tert-Butyl (S)-(1-hydroxy-3-phenylpropan-2-yl)carbamate 116

OH

HN

O

O

To a solution of (S )-2-amino-3-phenylpropan-1-ol (200 mg, 1.32 mmol, 1.0

equiv.) in CH2Cl2 (3.5 mL) was added Boc2O (0.33 mL, 1.45 mmol, 1.1

equiv.) at 0 ◦C. The reaction was warmed to rt and stirred overnight. Sat.

aq. NH4Cl (6 mL) was added and the organic layer separated. The aqueous layer was extracted

with CH2Cl2 (2 × 8 mL) and the combined organic layers were dried (Na2SO4), filtered and

concentrated under reduced pressure to give the crude title compound as a yellow solid (413 mg);

purified automated flash chromatograph on silica (Biotage Isolera, 12–50% EtOAc in hexanes) to

give the title compound as a white powder (301 mg, 91%); Rf 0.68 (100% EtOAc, KMnO4 stain);

m.p. 105–110 ◦C; 1H NMR (400 MHz, CDCl3) δ: 7.33–7.27 (m, 2H), 7.25–7.19 (m, 3H), 4.77

(d, J 8.0, 1H), 3.87 (br s, 1H), 3.60 (ddt, J 45.1, 10.5 & 4.6, 2H), 2.84 (d, J 7.1, 2H), 2.46 (br s,

1H), 1.41 (s, 9H); 13C NMR (101 MHz, CDCl3) δ: 156.3, 138.0, 129.4, 128.7, 126.7, 79.9, 64.5,

53.9, 37.7, 28.5. Spectroscopic data matched those in the literature. [395]
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tert-Butyl (R)-(1-((3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)-3-phenylpropan-2-yl)carbamate 117

N

N

N

N

O

F

F

O

NH

OO

Prepared according to General Procedure 4 from: 115 (200 mg, 0.80 mmol)

and 44 (236 mg, 0.80 mmol) to give the crude title compound as a black sludge

(408 mg); purified by automated flash chromatography on silica (Biotage

Isolera, 25–100% EtOAc in hexanes) to give the title compound as a dark

brown powder (135 mg, 33%); Rf 0.59 (100% EtOAc); m.p. 78–82 ◦C; 1H

NMR (400 MHz, CDCl3) δ: 9.06 (s, 1H), 7.78 (d, J 8.6, 2H), 7.36 (d, J

8.5, 2H), 7.26–7.18 (m, 3H), 7.23 (s, 1H), 6.92 (d, J 6.3, 2H), 6.57 (t, J 72.8, 1H), 4.33–3.91 (m,

4H), 2.35 (ddd, J 71.6, 13.7 & 7.5, 2H), 1.42 (s, 9H); 13C NMR (101 MHz, CDCl3) δ: 154.9,

152.7, 147.8, 145.8, 143.9, 136.9, 136.4, 132.5, 128.98, 128.95, 127.2, 125.5, 119.2, 115.6 (t, J

262.5), 108.6, 80.4, 71.0, 50.3, 37.2, 28.4; 19F NMR (376 MHz, CDCl3) δ: -81.34; m/z (ESI+)

534 ([M+Na]+, 100%); HRMS (ESI+) found 512.20948 [M+H]+, C26H27F2N5O4H+ requires

512.21039.

tert-Butyl (S)-(1-((3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)-3-phenylpropan-2-yl)carbamate 118

N

N

N

N

O

F

F

O

NH

OO

Prepared according to General Procedure 4 from: 116 (200 mg, 0.80 mmol)

and 44 (236 mg, 0.80 mmol) to give the crude title compound as a black

sludge; purified by automated flash chromatography on silica (Biotage Isolera,

25–100% EtOAc in hexanes) to give the title compound as a dark brown

powder (169 mg, 42%); Rf 0.57 (100% EtOAc); m.p. 78–82 ◦C; 1H NMR

(500 MHz, CDCl3) δ: 9.05 (s, 1H), 7.77 (d, J 8.6, 2H), 7.35 (d, J 8.4, 2H),

7.29–7.15 (m, 3H), 6.92 (d, J 6.7, 2H), 6.56 (t, J 72.9, 1H), 4.29–3.93 (m, 4H), 2.35 (ddd, J

88.6, 13.7 & 7.5, 2H), 1.42 (s, 9H) (amine NH signal not seen); 13C NMR (126 MHz, CDCl3) δ:

154.9, 152.7, 147.8, 145.8, 143.9, 136.9, 136.4, 132.5, 128.99, 128.95, 127.2, 125.6, 119.2, 115.6 (t,

J 262.0), 108.6, 80.4, 71.0, 50.3, 37.2, 28.4; 19F NMR (471 MHz, CDCl3) δ: -81.34; m/z (ESI+)

534 ([M+Na]+, 100%); HRMS (ESI+) found 534.19172 [M+Na]+, C26H27F2N5O4Na+ requires

534.19233.
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(R)-1-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-3-

phenylpropan-2-amine 119

N

N

N

N

O

F

F

O

NH2

Compound 117 (85.0 mg, 0.17 mmol, 1.00 equiv.) was dissolved in CH2Cl2

(0.48 mL). TFA (0.14 mL, 1.86 mmol, 11.2 equiv.) was added and the reaction

stirred at rt overnight. The solvent was removed and the residue directly

purified by automated flash chromatography on silica twice (Biotage Isolera,

25–100% EtOAc in hexanes, then 0–10% MeOH in CH2Cl2) to give a brown

semi-solid (53.1 mg, 78%); repurified by automated reversed-phase flash chromatography on silica

(Biotage Isolera, 5–100% MeOH in H2O) to give the title compound as a light yellow powder (20.1

mg, 29%); m.p. 142–148 ◦C; 1H NMR (500 MHz, CD3OD) δ: 8.98 (s, 1H), 7.83 (d, J 8.7, 2H),

7.46 (s, 1H), 7.36 (d, J 8.6, 2H), 7.27 (t, J 7.4, 2H), 7.20 (t, J 7.4, 1H), 7.07 (d, J 7.1, 2H), 6.94

(t, J 73.5, 1H), 4.14 (ddd, J 40.9, 9.2 & 5.0, 2H), 3.16 (br s, 1H), 2.60–2.31 (m, 2H) (amine NH2

signal not seen); 13C NMR (126 MHz, CD3OD) δ: 154.5, 148.9, 147.5, 146.1, 138.8, 136.4, 133.8,

130.2, 129.7, 127.7, 126.1, 119.4, 117.4 (t, J 259.1), 110.0, 75.6, 52.4, 40.3; 19F NMR (471 MHz,

CD3OD) δ: -84.15; m/z (ESI+) 412 ([M+H]+, 16%), 434 ([M+Na]+, 100%), 845 ([2M+Na]+,

9%); HRMS (ESI+) found 412.15765 [M+H]+, C21H19F2N5O2H+ requires 412.15796.

(S)-1-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-3-

phenylpropan-2-amine 120

N

N

N

N

O

F

F

O

NH2

Compound 118 (85.0 mg, 0.17 mmol, 1.00 equiv.) was dissolved in CH2Cl2

(0.48 mL). TFA (0.14 mL, 1.86 mmol, 11.2 equiv.) was added and the reaction

stirred at rt overnight. The solvent was removed and the residue directly purified

by automated flash chromatography on silica (Biotage Isolera, 0–10% MeOH in

CH2Cl2) to give a pale yellow powder (131 mg, >100%); repurified by automated

reversed-phase flash chromatography on silica (Biotage Isolera, 5–100% MeOH in H2O) to give

the title compound as an off-white powder (18.2 mg, 27%); m.p. 142–148 ◦C; 1H NMR (500

MHz, CD3OD) δ: 8.98 (s, 1H), 7.83 (d, J 8.7, 2H), 7.46 (s, 1H), 7.36 (d, J 8.6, 2H), 7.27 (t, J

7.4, 2H), 7.20 (t, J 7.4, 1H), 7.07 (d, J 7.1, 2H), 6.94 (t, J 73.5, 1H), 4.14 (ddd, J 41.1, 9.2 & 5.1,

2H), 3.16 (p, J 6.1, 1H), 2.64–2.34 (m, 2H) (amine NH2 signal not seen); 13C NMR (126 MHz,

CD3OD) δ: 154.5, 148.9, 147.5, 146.1, 138.9, 136.4, 133.8, 130.2, 129.7, 127.7, 126.1, 119.4, 117.4

(t, J 259.0), 110.0, 75.6, 52.4, 40.3; 19F NMR (471 MHz, CD3OD) δ: -84.15; m/z (ESI+) 412

([M+H]+, 34%), 434 ([M+Na]+, 100%), 845 ([2M+Na]+, 12%); HRMS (ESI+) found 412.15730

[M+H]+, C21H19F2N5O2H+ requires 412.15796.
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5-Chloro-[1,2,4]triazolo[4,3-a]pyrazine 121

N

N

N

N

Cl
Compound 2 (7.00 g, 48.4 mmol, 1.0 equiv.) was suspended in PhMe (140 mL). Tri-

ethyl orthoformate (16.1 mL, 96.8 mmol, 2.0 equiv.) and p-TsOH (1.67 g, 9.68 mmol,

0.2 equiv.) were added and the reaction heated at reflux for 3 h. The solvent was

removed under reduced pressure and the residue directly purified by automated flash chromatog-

raphy on silica (Biotage Isolera, 25–100% EtOAc in hexanes) to give the title compound as a light

brown powder (3.30 g, 44%); Rf 0.12 (50% EtOAc in hexanes); m.p. 168–172 ◦C; 1H NMR (400

MHz, DMSO-d6) δ: 9.69 (s, 1H), 9.44 (s, 1H), 8.16 (s, 1H); 13C NMR (101 MHz, DMSO-d6) δ:

145.6, 141.7, 136.0, 127.7, 121.2. Spectroscopic data matched those in the literature. [183]

5-(3,4-Difluorophenethoxy)-[1,2,4]triazolo[4,3-a]pyrazine 122

N

N

N

N

O

F

F Prepared according to General Procedure 4 from: 2-(3,4-difluorophenyl)ethan-

1-ol (174 mg, 1.10 mmol) and 121 (170 mg, 1.10 mmol) to give the crude title

compound as a yellow solid (174 mg); purified by automated flash chromatog-

raphy on silica (Biotage Isolera, 25–100% EtOAc in hexanes) to give the title

compound as a greenish-yellow powder (118 mg, 39%); Rf 0.18 (100% EtOAc);

m.p. 206–211 ◦C; 1H NMR (500 MHz, DMSO-d6) δ: 9.43 (s, 1H), 9.04 (s, 1H), 7.64 (s, 1H),

7.54 (ddd, J 11.9, 7.9 & 2.1, 1H), 7.37 (dt, J 10.9 & 8.5, 1H), 7.31–7.22 (m, 1H), 4.64 (t, J 6.5,

2H), 3.19 (t, J 6.5, 2H); 13C NMR (126 MHz, DMSO-d6) δ: 149.2 (dd, J 244.9 & 12.6), 148.3

(dd, J 244.0 & 12.5), 145.8, 142.3, 135.3 (dd, J 6.1 & 3.8), 134.5, 133.1, 126.1, 118.2 (d, J 16.9),

117.2 (d, J 16.8), 108.3, 70.8, 33.4; m/z (ESI+) 299 ([M+Na]+, 100%); HRMS (ESI+) found

299.07126 [M+Na]+, C13H10F2N4ONa+ requires 299.07152.

(E)-2-(2-Benzylidenehydrazinyl)-6-chloropyrazine 123

N

N

Cl

N
H

N

Prepared according to General Procedure 2 from: benzaldehyde (0.18 mL,

1.73 mmol) and 2 (250 mg, 1.73 mmol); filtered and triturated with Et2O to

give the title compound as a yellow powder (253 mg, 63%); carried forward

without purification or complete characterisation; Rf 0.77 (25% EtOAc in hexanes); m.p. 210–

217 ◦C; 1H NMR (400 MHz, DMSO-d6) δ: 11.58 (s, 1H), 8.57 (s, 1H), 8.08 (s, 1H), 8.05 (s, 1H),

7.73 (d, J 6.9, 2H), 7.49–7.33 (m, 3H); 13C NMR (101 MHz, DMSO-d6) δ: 152.3, 145.5, 142.7,

134.4, 132.3, 129.4, 128.8, 126.6 (1 obscured signal). Compound reported in the literature but no

NMR characterisation data were provided. [183]
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5-Chloro-3-phenyl-[1,2,4]triazolo[4,3-a]pyrazine 124

N

N

N

N

Cl

Prepared according to General Procedure 3 from: 123 (220 mg, 0.95 mmol) to give

the crude title compound as an orange powder; trituration with Et2O gave the title

compound as an orange powder (189 mg, 87%); carried forward without purification

or characterisation; Rf 0.16 (50% EtOAc in hexanes).

5-(3,4-Difluorophenethoxy)-3-phenyl-[1,2,4]triazolo[4,3-a]pyrazine 125

N

N
N

N

O

F

F
Prepared according to General Procedure 4 from: 2-(3,4-difluorophenyl)ethan-

1-ol (103 mg, 0.65 mmol) and 124 (150 mg, 0.65 mmol) to give the crude

title compound as an orange solid (90.0 mg); purified by automated flash

chromatography on silica (Biotage Isolera, 25–100% EtOAc in hexanes) to

give the title compound as a yellow powder (16.4 mg, 7%); Rf 0.20 (100%

EtOAc); m.p. 100–110 ◦C; 1H NMR (500 MHz, CDCl3) δ: 9.03 (s, 1H), 7.70 (ddd, J 7.5, 4.2

& 1.6, 2H), 7.66–7.38 (m, 3H), 7.27 (s, 1H), 7.06–6.82 (m, 1H), 6.41 (ddd, J 13.3, 6.8 & 4.6, 2H),

4.37 (t, J 6.0, 2H), 2.86 (t, J 6.0, 2H); 13C NMR (126 MHz, CDCl3) δ: 150.2 (dd, J 248.7 &

12.7), 149.5 (dd, J 247.9 & 12.5), 147.8, 147.2, 144.0, 136.8, 133.6 (dd, J 5.4 & 4.1), 131.0, 130.9,

130.3, 128.0, 124.6 (dd, J 5.9 & 3.6), 117.8 (d, J 17.2), 117.4 (d, J 17.1), 108.2, 71.1, 34.0; m/z

(ESI+) 375 ([M+Na]+, 100%); HRMS (ESI+) found 375.10307 [M+Na]+, C19H14F2N4ONa+

requires 375.10279.

(E)-2-Chloro-6-(2-(4-(pentafluoro-λ6-sulfanyl)benzylidene)hydrazinyl)pyrazine 126

N

N

Cl

N
H

N

SF5
Prepared according to General Procedure 2 from: 4-(pentafluorosulfanyl)

benzaldehyde (1.50 g, 6.46 mmol) and 2 (934 mg, 6.46 mmol) to give the

crude title compound as a yellow powder (2.59 g); purified by recrystallisa-

tion from EtOH to give the title compound as light brown crystals (1.76 g, 76%); this intermediate,

though novel, was carried forward without complete characterisation; Rf 0.68 (25% EtOAc in hex-

anes); m.p. 237–243 ◦C; 1H NMR (400 MHz, CDCl3) δ: 8.67 (s, 1H), 8.41 (br s, 1H), 8.11 (s,

1H), 7.94–7.67 (m, 5H).

5-Chloro-3-(4-(pentafluoro-λ6-sulfanyl)phenyl)-[1,2,4]triazolo[4,3-a]pyrazine 127

N

N

N

N

Cl

SF5
Prepared according to General Procedure 3 from: 126 (1.50 g, 4.18 mmol) to give

the crude title compound as a light orange solid (2.17 g); purified by recrystalli-

sation from EtOH to give the title compound as orange plates (881 mg, 59%); this

intermediate, though novel, was carried forward without complete characterisa-

tion; m.p. 178–182 ◦C; 1H NMR (400 MHz, CDCl3) δ: 9.38 (s, 1H), 7.94 (s, 1H), 7.94 (d, J
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8.8, 2H), 7.78 (d, J 8.6, 2H); 13C NMR (101 MHz, CDCl3) δ: 155.5, 147.4, 146.4, 143.1, 131.9,

130.3, 130.2, 125.8, 121.8.

3-(4-(Pentafluoro-λ6-sulfanyl)phenyl)-5-phenethoxy-[1,2,4]triazolo[4,3-a]pyrazine 128

N

N

N

N

O

SF5

Prepared according to General Procedure 4 from: 2-phenylethanol (33.6 µL,

0.28 mmol) and 127 (100 mg, 0.28 mmol) to give the crude title compound as

a dark brown solid (129 mg); purified by automated flash chromatography on

silica (Biotage Isolera, 25–100% EtOAc in hexanes) to give the title compound

as a brown powder (103 mg, 83%); Rf 0.37 (100% EtOAc); m.p. 136–141 ◦C; 1H NMR (400

MHz, CDCl3) δ: 9.03 (s, 1H), 7.79 (d, J 8.9, 2H), 7.72 (d, J 8.7, 2H), 7.38 (s, 1H), 7.23–7.16

(m, 3H), 6.95–6.82 (m, 2H), 4.51 (t, J 6.3, 2H), 2.97 (t, J 6.3, 2H). 13C NMR (101 MHz,

CDCl3) δ: 154.8, 154.6, 148.0, 145.4, 143.8, 136.5, 136.1, 131.1, 128.9, 128.4, 127.2, 125.5 (p,

J 4.5), 108.8, 71.4, 34.4; m/z (ESI+) 465 ([M+Na]+, 100%); HRMS (ESI+) found 465.07835

[M+Na]+, C19H15F5N4OSNa+ requires 465.07789.

3-(4-(Difluoromethoxy)phenyl)-5-(3-methoxyphenethoxy)-[1,2,4]triazolo[4,3-a]

pyrazine 129

N

N

N

N

O

O

F

F

O
Prepared according to General Procedure 4 from: 3-methoxyphenethyl al-

cohol (0.12 mL, 0.84 mmol) and 44 (250 mg, 0.84 mmol); the solvent was

removed and the residue directly purified by automated flash chromatogra-

phy on silica (Biotage Isolera, 25–100% EtOAc in hexanes) to give the title

compound as an orange powder (130 mg, 37%); Rf 0.31 (100% EtOAc);

m.p. 107–112 ◦C; 1H NMR (300 MHz, CDCl3) δ: 9.00 (s, 1H), 7.63 (d, J 8.8, 2H), 7.31 (s, 1H),

7.15 (dapp, J 8.5, 3H), 6.79–6.70 (m, 1H), 6.58 (t, J 73.4, 1H), 6.51–6.45 (m, 2H), 4.44 (t, J 6.5,

2H), 3.75 (s, 3H), 2.92 (t, J 6.5, 2H); 13C NMR (75 MHz, CDCl3) δ: 160.0, 152.6, 147.9, 146.4,

144.0, 137.8, 136.5, 132.5, 129.8, 124.9, 120.8, 118.6, 115.8 (t, J 260.8 Hz), 114.9, 111.9, 108.5,

71.1, 55.3, 34.5; m/z (ESI+) 435 ([M+Na]+, 100%); HRMS (ESI+) found 435.12413 [M+Na]+,

C21H18F2N4O3Na+ requires 435.12392.
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3-(4-(Difluoromethoxy)phenyl)-5-(4-methoxyphenethoxy)-[1,2,4]triazolo[4,3-a]

pyrazine 130

N

N

N

N

O

F

F

O

O

Prepared according to General Procedure 4 from: 4-methoxyphenethyl al-

cohol (128 mg, 0.84 mmol) and 44 (250 mg, 0.84 mmol); the solvent was

removed and the residue directly purified by automated flash chromatogra-

phy on silica (Biotage Isolera, 25–100% EtOAc in hexanes) to give the title

compound as an orange powder (138 mg, 40%); Rf 0.32 (100% EtOAc);

m.p. 134–138 ◦C; 1H NMR (300 MHz, CDCl3) δ: 9.00 (s, 1H), 7.66 (d, J 8.7, 2H), 7.30 (s,

1H), 7.20 (d, J 8.6, 2H), 6.81–6.69 (m, 4H), 6.58 (t, J 73.3, 1H), 4.39 (t, J 6.5, 2H), 3.76 (s,

3H), 2.88 (t, J 6.5, 2H); 13C NMR (75 MHz, CDCl3) δ: 158.8, 152.5, 147.9, 146.4, 144.0, 136.5,

132.6, 129.6, 128.2, 125.0, 118.7, 115.7 (t, J 261.1), 114.2, 108.4, 71.6, 55.4, 33.8; m/z (ESI+)

435 ([M+Na]+, 100%); HRMS (ESI+) found 435.12414 [M+Na]+, C21H18F2N4O3Na+ requires

435.12392.

1,4-Phenylenedimethanol 131

HO

OH

Terephthalaldehyde (1.00 g, 7.46 mmol, 1.0 equiv.) was dissolved in EtOH (20 mL)

and NaBH4 (423 mg, 11.2 mmol, 1.5 equiv.) was added portionwise. The reaction was

stirred at rt for 1 h. The solvent was removed and the residue taken up in H2O, extracted

with Et2O, dried (Na2SO4), filtered and concentrated under reduced pressure to give

the crude title compound as a white solid (456 mg); purified by recrystallisation from Et2O to

give the title compound as white needles (340 mg, 33%); Rf 0.24 (50% EtOAc in hexanes); m.p.

122–126 ◦C (lit. [204] 117–118 ◦C); 1H NMR (400 MHz, DMSO-d6) δ: 7.25 (s, 4H), 5.12 (t, J 5.7,

2H), 4.47 (d, J 5.6, 4H); 13C NMR (101 MHz, DMSO-d6) δ: 140.9, 126.2, 62.8. Spectroscopic

data matched those in the literature. [204]

(4-(((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)methyl)

phenyl)methanol 132

N

N

N

N

O
F

F

O

HO
t-BuOK (22.7 mg, 0.20 mmol, 1.2 equiv.) was added portionwise to a stirred

solution of 131 (46.6 mg, 0.34 mmol, 1.0 equiv.) in 1,4-dioxane (3 mL) at 0
◦C. 44 (50.0 mg, 0.17 mmol, 0.5 equiv.) was added and the reaction allowed

to warm to rt and stirred for 4 h. CH2Cl2 and K2CO3 were added and the

mixture was filtered and concentrated under reduced pressure to give the crude

title compound as a yellow solid (71.1 mg); purified by automated flash chromatography on silica

(Biotage Isolera, 25–100% EtOAc in hexanes) to give a white powder (15.2 mg, 23%); repurified

by preparative TLC (5% MeOH in CH2Cl2) to give the title compound as a white powder (10.0
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mg, 15%); Rf 0.13 (100% EtOAc); m.p. 167–169 ◦C; 1H NMR (400 MHz, CDCl3) δ: 9.03 (s,

1H), 7.58 (d, J 8.6, 2H), 7.42 (s, 1H), 7.32 (d, J 7.8, 2H), 7.07 (d, J 7.9, 2H), 6.95 (d, J 8.5, 2H),

6.50 (t, J 73.4, 1H), 5.18 (s, 2H), 4.73 (s, 2H), 2.00 (br s, 1H); 13C NMR (101 MHz, CDCl3)

δ: 152.4, 147.9, 146.5, 143.9, 142.5, 136.8, 132.5, 132.1, 128.6, 127.3, 124.6, 118.3, 115.8 (t, J

260.5), 108.9, 72.8, 64.8; m/z (ESI+) 421 ([M+Na]+, 100%); HRMS (ESI+) found 421.10875

[M+Na]+, C20H16F2N4O3Na+ requires 421.10827.

9.6 Synthesis and Characterisation of Compounds from Chapter 4

5-(2-cyclopropylethoxy)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]

pyrazine 133

N

N

N

N

O

F

F

O

Prepared according to General Procedure 4 from: 2-cyclopropylethanol (50.0

mg, 0.58 mmol) and 44 (172 mg, 0.58 mmol) to give the crude title compound

as a black solid (230 mg); purified by automated flash chromatography on silica

(Biotage Isolera, 25–100% EtOAc in hexanes) to give an orange solid; repurifed

by preparative TLC (75% EtOAc in hexanes) to give the title compound as a

yellow powder (42.3 mg, 21%); Rf 0.58 (100% EtOAc); m.p. 120–124 ◦C; 1H NMR (400 MHz,

CDCl3) δ: 9.03 (s, 1H), 7.71 (d, J 8.8, 2H), 7.32 (s, 1H), 7.23 (d, J 8.7, 2H), 6.60 (t, J 73.2, 1H),

4.25 (t, J 6.3, 2H), 1.51 (q, J 6.4, 2H), 0.54–0.19 (m, 3H), -0.01–-0.10 (m, 2H); 13C NMR (101

MHz, CDCl3) δ: 152.5, 148.0, 146.4, 144.4, 136.2, 132.6, 125.1, 118.8, 115.7 (t, J 261.4), 108.3,

71.3, 33.5, 7.4, 4.3; 19F NMR (376 MHz, CDCl3) δ: -81.43; m/z (ESI+) 369 ([M+Na]+, 100%),

715 ([2M+Na]+, 35%); HRMS (ESI+) found 347.13130 [M+H]+, C17H16F2N4O2H+ requires

347.13141.

2-(Oxetan-3-yl)ethan-1-ol 272

OH

O
Lithium 2-(oxetan-3-yl)acetate (150 mg) was converted to the free acid by addi-

tion of conc. HCl and extraction with EtOAc to give a colourless oil (125 mg).

Prepared according to General Procedure 6 from: free acid (100 mg, 0.86 mmol)

to give the crude title compound as a yellow oil (41.4 mg); carried forward without purification

or characterisation.
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3-(4-(Difluoromethoxy)phenyl)-5-(2-(oxetan-3-yl)ethoxy)-[1,2,4]triazolo[4,3-a]

pyrazine 134

N

N

N

N

O
F

F

O

O

Prepared according to General Procedure 4 from: 272 (35.0 mg, 0.34 mmol)

and 44 (102 mg, 0.34 mmol) to give the crude title compound as a brown

solid (108 mg); purified by automated flash chromatography on silica (Bio-

tage Isolera, 1–10% MeOH in CH2Cl2) to give the title compound as an

orange powder (21.6 mg, 17%); Rf 0.06 (100% EtOAc); m.p. 110–114 ◦C;
1H NMR (400 MHz, CDCl3) δ: 9.04 (s, 1H), 7.68 (d, J 8.7, 2H), 7.30 (s, 1H), 7.25 (d, J 7.5,

2H), 6.62 (t, J 73.1, 1H), 4.21–3.96 (m, 2H), 3.91–3.71 (m, 1H), 3.65 (qapp, J 7.7, 1H), 3.48

(ddapp, J 9.0 & 7.0, 1H), 3.34 (dd, J 9.1 & 4.7, 1H), 2.47 (hept, J 7.1, 1H), 1.86 (dtd, J 12.9,

8.1 & 5.2, 1H), 1.42 (td, J 13.0 & 7.6, 1H); 13C NMR (101 MHz, CDCl3) δ: 152.4, 147.8,

146.2, 144.0, 136.8, 132.4, 125.2, 119.0, 115.6 (t, J 262.0), 108.4, 72.3, 69.8, 67.5, 38.3, 28.4;

m/z (ESI+) 385 ([M+Na]+, 100%), 747 ([2M+Na]+, 47%); HRMS (ESI+) found 385.10867

[M+Na]+, C17H16F2N4O3Na+ requires 385.10827.

6-(2-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)ethyl)-2

-oxa-6-azaspiro[3.3]heptane 135

N

N

N

N

O
F

F

O

N

O

Prepared according to General Procedure 4 from: 2-[2-oxa-6-

azaspiro[3.3]heptan-6-yl]ethan-1-ol (100 mg, 0.70 mmol) and 44 (207 mg,

0.70 mmol) to give the crude title compound as a brown solid (234 mg);

purified by automated flash chromatography on silica (Biotage Isolera, 1–

10% MeOH in CH2Cl2) to give the title compound as a light brown powder

(145 mg, 52%); Rf 0.07 (5% MeOH in CH2Cl2); m.p. 136–141 ◦C; 1H NMR (400 MHz, CDCl3)

δ: 9.03 (s, 1H), 7.75 (d, J 8.8, 2H), 7.28 (s, 1H), 7.26 (d, J 8.8, 2H), 6.64 (t, J 73.0, 1H), 4.62

(s, 4H), 4.16 (t, J 5.2, 2H), 3.09 (s, 4H), 2.58 (t, J 5.2, 2H); 13C NMR (101 MHz, CDCl3)

δ: 152.2, 147.9, 146.3, 144.0, 136.7, 132.7, 125.1, 119.0, 115.5 (t, J 262.4), 108.6, 81.0, 70.0,

64.2, 56.4, 39.5; m/z (ESI+) 426 ([M+Na]+, 100%); HRMS (ESI+) found 426.13533 [M+Na]+,

C19H19F2N5O3Na+ requires 426.13482.
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3-(4-(Difluoromethoxy)phenyl)-5-(2-(pyrrolidin-1-yl)ethoxy)-[1,2,4]triazolo[4,3-a]

pyrazine 136

N

N

N

N

O
F

F

O

N

Prepared according to General Procedure 4 from: 1-(2-hydroxyethyl) pyrro-

lidine (59.1 µL, 0.51 mmol) and 44 (150 mg, 0.51 mmol); the solvent was re-

moved and the residue directly purified by automated flash chromatography

on silica (Biotage Isolera, 1–10% MeOH in CH2Cl2) to give the title com-

pound as a brown powder (70.2 mg, 37%); Rf 0.12 (5% MeOH in CH2Cl2);

m.p. 96–102 ◦C; 1H NMR (400 MHz, CD3OD) δ: 8.98 (s, 1H), 7.80 (d, J 8.8, 2H), 7.54 (s,

1H), 7.33 (d, J 8.8, 2H), 7.00 (t, J 73.5, 1H), 4.43 (t, J 5.2, 2H), 2.77 (t, J 5.2, 2H), 2.32 (t, J

6.5, 4H), 1.87–1.59 (m, 4H); 13C NMR (101 MHz, CD3OD) δ: 151.9, 149.5, 149.1, 146.0, 136.3,

134.0, 125.9, 119.5, 117.4 (t, J 259.5), 110.1, 71.3, 55.1, 54.6, 24.2; m/z (ESI+) 398 ([M+Na]+,

100%); HRMS (ESI+) found 376.15819 [M+H]+, C18H19F2N5O2H+ requires 376.15796.

3-(4-(Difluoromethoxy)phenyl)-5-(2-(piperidin-1-yl)ethoxy)-[1,2,4]triazolo[4,3-a]

pyrazine 137

N

N

N

N

O
F

F

O

N

Prepared according to General Procedure 4 from: 1-(2-hydroxyethyl) piperi-

dine (67.1 µL, 0.51 mmol) and 44 (150 mg, 0.51 mmol); the solvent was re-

moved and the residue directly purified by automated flash chromatography

on silica (Biotage Isolera, 1–10% MeOH in CH2Cl2) to give the title com-

pound as a brown powder (70.2 mg, 36%); Rf 0.21 (5% MeOH in CH2Cl2);

m.p. 123–129 ◦C; 1H NMR (400 MHz, CD3OD) δ: 8.97 (s, 1H), 7.79 (d, J 8.7, 2H), 7.53 (s,

1H), 7.33 (d, J 8.7, 2H), 7.01 (t, J 73.5, 1H), 4.43 (t, J 5.1, 2H), 2.63 (t, J 5.1, 2H), 2.21 (br

sapp, 4H), 1.73–1.35 (m, 4H), 1.41–1.33 (m, 2H); 13C NMR (101 MHz, CD3OD) δ: 154.3, 149.0,

147.8, 146.0, 136.2, 133.9, 125.9, 119.4, 117.4 (t, J 259.4), 110.1, 70.3, 57.7, 55.4, 26.5, 24.7; m/z

(ESI+) 412 ([M+Na]+, 100%); HRMS (ESI+) found 390.17370 [M+H]+, C19H21F2N5O2H+ re-

quires 390.17361.

4-(2-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)ethyl)

morpholine 138

N

N

N

N

O
F

F

O

N

O

Prepared according to General Procedure 4 from: 4-(2-hydroxyethyl) mor-

pholine (61.2 µL, 0.51 mmol) and 44 (150 mg, 0.51 mmol); the solvent was

removed and the residue directly purified by automated flash chromatog-

raphy on silica (Biotage Isolera, 1–10% MeOH in CH2Cl2) to give the title

compound as a light brown powder (141 mg, 71%); Rf 0.26 (5% MeOH in

CH2Cl2); m.p. 160–164 ◦C; 1H NMR (400 MHz, CD3OD) δ: 8.97 (s, 1H), 7.80 (d, J 8.8, 2H),
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7.53 (s, 1H), 7.33 (d, J 8.7, 2H), 7.00 (t, J 73.5, 1H), 4.42 (t, J 5.1, 2H), 3.62–3.42 (m, 4H), 2.61 (t,

J 5.0, 2H), 2.37–2.04 (m, 4H); 13C NMR (101 MHz, CD3OD) δ: 154.3, 150.1, 149.0, 146.1, 136.2,

134.0, 125.9, 119.4, 117.5 (t, J 259.3), 110.1, 70.2, 67.7, 57.5, 54.5; m/z (ESI+) 414 ([M+Na]+,

100%); HRMS (ESI+) found 392.15301 [M+H]+, C18H19F2N5O3H+ requires 392.15287.

tert-Butyl 4-(2-hydroxyethyl)piperazine-1-carboxylate 139

OH

N

NO

O

A solution of Boc2O (2.18 mL, 9.45 mmol, 1.23 equiv.) in CH2Cl2 (7 mL)

was added dropwise to a solution of 1-(2-hydroxyethyl)piperazine (1.00 g, 7.68

mmol, 1.00 equiv.) in CH2Cl2 (10 mL) at 0 ◦C. The reaction was warmed to

rt and stirred for 2 h. Sat. aq. NH4Cl (6 mL) was added and the organic layer

separated. The aqueous layer was extracted with CH2Cl2 (2 × 8 mL) and the combined ojrganic

layers were dried (Na2SO4), filtered and concentrated under reduced pressure to give the crude

title compound as a cloudy yellow residue; purified by DCVC (25–100% EtOAc in hexanes) to

give the title compound as a clear oil that crystallised on standing (674 mg, 38%); Rf 0.05 (100%

EtOAc, KMnO4 stain); m.p. 45–52 ◦C; IR νmax (film) /cm–1 3426, 2974, 2933, 2868, 2812, 1695;
1H NMR (300 MHz, CDCl3) δ: 3.61 (t, J 5.4, 2H), 3.42 (t, J 5.1, 4H), 2.54 (t, J 5.4, 2H),

2.44 (t, J 5.1, 4H), 1.45 (s, 9H) (alcohol OH signal not seen); 13C NMR (75 MHz, CDCl3) δ:

154.8, 79.8, 59.5, 57.9, 52.9, 28.6 (1 obscured signal). Spectroscopic data matched those in the

literature. [396]

tert-Butyl 4-(2-((3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)ethyl)piperazine-1-carboxylate 140

N

N

N

N

O

N
O

F

FNO

O

Prepared according to General Procedure 4 from: 139 (200 mg, 0.87

mmol) and 44 (258 mg, 0.87 mmol) to give the crude title compound as a

brown semi-solid (422 mg); purified by automated flash chromatography

on silica (Biotage Isolera, 2–20% MeOH in CH2Cl2) to give the title

compound as a yellow powder with trace amounts of inseparable 139

(205 mg, 48%); Rf 0.01 (100% EtOAc); m.p. 134–139 ◦C; 1H NMR

(400 MHz, CDCl3) δ: 9.04 (s, 1H), 7.74 (d, J 8.8, 2H), 7.32 (s, 1H), 7.24 (d, J 8.8, 2H), 6.62 (t,

J 73.1, 1H), 4.30 (t, J 5.2, 2H), 3.33–3.18 (m, 4H), 2.59 (t, J 5.2, 2H), 2.25–2.05 (m, 4H), 1.45

(s, 9H); 13C NMR (101 MHz, CDCl3) δ: 154.7, 152.4, 147.9, 146.4, 144.0, 136.7, 132.6, 125.1,

118.9, 115.6 (t, J 262.0), 108.6, 80.0, 69.0, 56.1, 53.1, 28.5 (1 obscured signal); 19F NMR (376

MHz, CDCl3) δ: -81.50; m/z (ESI+) 513 ([M+Na]+, 100%); HRMS (ESI+) found 491.22134

[M+H]+, C23H28F2N6O4H+ requires 491.22129.
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3-(4-(Difluoromethoxy)phenyl)-5-(2-(piperazin-1-yl)ethoxy)-[1,2,4]triazolo[4,3-a]

pyrazine 141

N

N

N

N

O
F

F

O

N

HN

Compound 140 (150 mg, 0.31 mmol, 1.00 equiv.) was dissolved in CH2Cl2

(0.88 mL). TFA (0.26 mL, 3.42 mmol, 11.2 equiv.) was added and the re-

action stirred at rt overnight. The solvent was removed and the residue

directly purified by automated flash chromatography on silica (Biotage Isol-

era, 2–15% MeOH in CH2Cl2) to give the title compound as a light yellow

powder (106 mg, 89%); m.p. 140–148 ◦C; 1H NMR (400 MHz, CD3OD) δ: 8.99 (s, 1H), 7.81 (d,

J 8.8, 2H), 7.53 (s, 1H), 7.35 (d, J 8.7, 2H), 7.03 (t, J 73.5, 1H), 4.42 (t, J 5.0, 2H), 3.16–2.94 (m,

4H), 2.70 (t, J 5.0, 2H), 2.58–2.35 (m, 4H) (amine NH signal not seen); 13C NMR (101 MHz,

CD3OD) δ: 154.2, 149.0, 147.8, 146.0, 136.3, 134.0, 126.0, 119.4, 117.4 (t, J 259.5), 110.1, 70.1,

56.6, 50.6, 44.8; m/z (ESI+) 413 ([M+Na]+, 100%); HRMS (ESI+) found 319.16873 [M+H]+,

C18H20F2N6O2H+ requires 391.16886.

tert-Butyl (E)-3-((2-(6-chloropyrazin-2-yl)hydrazinylidene)methyl)piperidine-1

-carboxylate 142

N

N

Cl

N
H

N

N O

O

Prepared according to General Procedure 2 from: 1-boc-3-piperidinecarbox-

aldehyde (1.00 g, 4.69 mmol) and 2 (678 mg, 4.69 mmol); filtered and

washed with EtOH to give the title compound as an off-white powder (900

mg, 57%); this intermediate, though novel, was carried forward without purification or complete

characterisation; Rf 0.54 (25% EtOAc in hexanes); m.p. 182–184 ◦C; 1H NMR (400 MHz,

CDCl3) δ: 8.47 (s, 1H), 8.24 (s, 1H), 7.98 (s, 1H), 7.10 (d, J 4.2, 1H), 4.06 (br s, 1H), 3.87 (br s,

1H), 2.93 (q, J 12.6, 2H), 2.47 (dq, J 9.4 & 4.9, 1H), 1.98 (dd, J 9.6 & 4.2, 1H), 1.73 (dt, J 8.1

& 4.2, 1H), 1.60–1.45 (m, 2H), 1.45 (s, 9H); m/z (ESI+) 362 ([M+Na]+, 100%); HRMS (ESI+)

found 362.13483 [M+Na]+, C15H22ClN5O2Na+ requires 362.13542.

tert-Butyl 3-(5-chloro-[1,2,4]triazolo[4,3-a]pyrazin-3-yl)piperidine-1-carboxylate 143

N

N

N

N

Cl

N
O

O Prepared according to General Procedure 3 from: 142 (800 mg, 2.35 mmol)

to give the crude title compound as a dark red oil (1.27 g); purified by au-

tomated flash chromatography on silica (Biotage Isolera, 12–100% EtOAc in

hexanes) to give the title compound as an orange powder (513 mg, 65%); this

intermediate, though novel, was carried forward without complete characterisation; Rf 0.18 (50%

EtOAc in hexanes); m.p. 128–132 ◦C; 1H NMR (300 MHz, CDCl3) δ: 9.22 (s, 1H), 7.83 (s, 1H),

4.51 (d, J 13.5, 1H), 4.16 (s, 1H), 3.82 (t, J 10.8, 1H), 3.42–3.21 (m, 1H), 2.89 (s, 1H), 2.32 (d, J

13.2, 1H), 2.27–2.02 (m, 1H), 1.93 (dq, J 13.4 & 3.2, 1H), 1.77–1.57 (m, 1H), 1.45 (s, 9H); m/z
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(ESI+) 360 ([M+Na]+, 100%); HRMS (ESI+) found 360.11951 [M+Na]+, C15H20ClN5O2Na+

requires 360.11977.

tert-Butyl 3-(5-(2-phenyl-2-((tetrahydro-2H -pyran-2-yl)oxy)ethoxy)-[1,2,4]triazolo

[4,3-a]pyrazin-3-yl)piperidine-1-carboxylate 144

N

N

N

N

O

N
O

OOTHP

Prepared according to General Procedure 4 from: 103 (98.7 mg, 0.44

mmol) and 143 (150 mg, 0.44 mmol) to give the crude title compound

as black liquid (240 mg); purified by automated flash chromatography

on silica (Biotage Isolera, 25–100% EtOAc in hexanes) to give the title

compound as a light brown powder (84.9 mg, 36%); this intermediate, though novel, was car-

ried forward without complete characterisation; Rf 0.43 (100% EtOAc); m.p. 82–87 ◦C; m/z

(ESI+) 546 ([M+Na]+, 100%); HRMS (ESI+) found 524.28645 [M+H]+, C28H37N5O5H+ re-

quires 524.28675.

1-Phenyl-2-((3-(piperidin-3-yl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)ethan-1-ol 145

N

N

N

N

O

NH

OH

Compound 144 (55.0 mg, 105 µmol, 1.00 equiv.) was dissolved in CH2Cl2

(0.31 mL). TFA (90.6 µL, 1.18 mmol, 11.2 equiv.) was added and the reac-

tion stirred at rt overnight. The reaction mixture was directly purified by

automated flash chromatography on silica (Biotage Isolera, 0–10% MeOH in

CH2Cl2) to give a sticky white solid (41.4 mg, >100%); repurified by automated reversed-phase

flash chromatography on silica (Biotage Isolera, 5–100% MeOH in H2O) to give the title compound

as a hygroscopic yellow solid (23.4 mg, 66%); 1H NMR (500 MHz, CD3OD) δ: 8.89 (s, 1H),

7.60–7.49 (m, 3H), 7.43 (t, J 7.6, 2H), 7.35 (t, J 7.4, 1H), 5.25 (dd, J 8.1 & 3.2, 1H), 4.68–4.44 (m,

2H), 4.19 (tt, J 8.2 & 4.1, 1H), 3.78–3.56 (m, 3H), 3.41–3.32 (m, 1H), 3.24 (ddt, J 17.5, 9.7 & 4.2,

1H), 2.29 (dq, J 9.3, 5.2 & 4.0, 1H), 2.05 (dtd, J 13.2, 8.8 & 3.9, 1H), 1.91 (dqt, J 23.6, 9.4 & 4.1,

3H); 13C NMR (126 MHz, CD3OD, present as a mixture of diastereomers, ∼1:0.75 maj/min)

δ: 149.1(min), 149.0(maj), 148.8(maj), 148.7(min), 146.03(maj), 146.00(min), 141.6(min), 141.4(maj),

136.28(maj), 136.26(min), 129.8, 129.40(maj), 129.36(min), 127.53(maj), 127.49(min), 110.1(maj),

110.0(min), 76.6(maj), 76.4(min), 72.7(maj), 72.4(min), 47.9(maj), 47.6(min), 45.35(maj), 45.31(min),

33.3(min), 33.2(maj), 29.3(min), 28.9(maj), 21.9(min), 21.7(maj); m/z (ESI+) 340 ([M+H]+, 100%);

HRMS (ESI+) found 340.17539 [M+H]+, C18H21N5O2H+ requires 340.17680.
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tert-Butyl 3-(5-(3,4-difluorophenethoxy)-[1,2,4]triazolo[4,3-a]pyrazin-3-yl)piperidine-

1-carboxylate 146

N

N

N

N

O

N
O

O

F

F Prepared according to General Procedure 4 from: 2-(3,4-

difluorophenyl)ethan-1-ol (46.8 mg, 0.30 mmol) and 143 (100 mg,

0.30 mmol) to give the crude title compound as a dark red oil (136

mg); purified by automated flash chromatography on silica (Biotage

Isolera, 25–100% EtOAc in hexanes) to give the title compound as a

yellow powder (77.8 mg, 57%); this intermediate, though novel, was carried forward without com-

plete characterisation; Rf 0.24 (100% EtOAc); m.p. 149–153 ◦C; m/z (ESI+) 482 ([M+Na]+,

100%); HRMS (ESI+) found 460.21549 [M+H]+, C23H27F2N5O3H+ requires 460.21547.

5-(3,4-Difluorophenethoxy)-3-(piperidin-3-yl)-[1,2,4]triazolo[4,3-a]pyrazine 147

N

N

N

N

O

NH

F

F
Compound 146 (42.0 mg, 91.4 µmol, 1.00 equiv.) was dissolved in CH2Cl2

(0.24 mL). TFA (78.9 µL, 1.02 mmol, 11.2 equiv.) was added and the

reaction stirred at rt overnight. The solvent was removed and the residue

directly purified by automated flash chromatography on silica (Biotage

Isolera, 0–10% MeOH in CH2Cl2) to give a sticky yellow solid (43.1 mg,

>100%); repurified by automated reversed-phase flash chromatography on silica (Biotage Isolera,

5–100% MeOH in H2O) to give the title compound as a hygroscopic white powder (32.9 mg, 100%);

m.p. 152–158 ◦C; 1H NMR (500 MHz, CD3OD) δ: 8.88 (s, 1H), 7.54 (s, 1H), 7.34 (ddd, J 11.2,

7.7 & 1.8, 1H), 7.29–7.21 (m, 1H), 7.20–7.14 (m, 1H), 4.71 (ddt, J 34.7, 9.7 & 6.8, 2H), 4.08 (tt,

J 7.9 & 4.1, 1H), 3.78–3.57 (m, 2H), 3.40–3.26 (m, 4H), 3.23 (ddd, J 12.4, 8.8 & 3.6, 1H), 2.12

(ddd, J 13.1, 7.0 & 3.6, 1H), 1.85 (dtd, J 20.1, 10.2, 9.7 & 3.5, 2H), 1.75 (ddq, J 14.5, 9.1, 5.0

& 4.5, 1H); 13C NMR (126 MHz, CD3OD) δ: 151.6 (dd, J 246.8 & 12.7), 150.6 (dd, J 245.8

& 12.6), 149.0, 148.7, 145.8, 136.3, 135.8 (dd, J 5.8 & 4.0), 126.4 (dd, J 6.2 & 3.5), 118.7 (d,

J 17.4), 118.5 (d, J 17.3), 110.0, 72.3, 47.5, 45.2, 34.7, 33.0, 29.3, 21.5; 19F NMR (471 MHz,

CD3OD) δ: -140.23, -143.27; m/z (ESI+) 360 ([M+H]+, 100%); HRMS (ESI+) found 360.16159

[M+H]+, C18H19F2N5OH+ requires 360.16304.

(E)-2-Chloro-6-(2-((tetrahydrofuran-3-yl)methylene)hydrazinyl)pyrazine 273

N

N

Cl

N
H

N

O

Prepared according to General Procedure 2 from: tetrahydrofuran-3-

carbaldehyde (50% in H2O, 800 mg, 1.88 mmol) and 2 (578 mg, 1.88 mmol);

purified by automated flash chromatography on silica (Biotage Isolera, 6–50%

EtOAc in hexanes) to give the title compound as an off-white powder (662 mg, 73%); Rf 0.28

(25% EtOAc in hexanes); m.p. 135–138 ◦C; 1H NMR (400 MHz, CDCl3) δ: 8.46 (s, 1H), 8.40
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(s, 1H), 7.98 (s, 1H), 7.14 (d, J 5.9, 1H), 3.95 (ddd, J 13.8, 8.4 & 6.6, 2H), 3.89–3.71 (m, 2H), 3.17

(dq, J 13.8 & 6.3, 1H), 2.20 (dtd, J 12.8, 7.8 & 5.4, 1H), 2.10–1.95 (m, 1H); 13C NMR (101 MHz,

CDCl3) δ: 152.0, 146.2, 146.0, 134.0, 129.1, 70.9, 68.2, 42.0, 30.6; m/z (ESI+) 249 ([M+Na]+,

100%); HRMS (ESI+) found 227.06911 [M+H]+, C9H11ClN4OH+ requires 227.06942.

(E)-2-Chloro-6-(2-((tetrahydro-2H -pyran-4-yl)methylene)hydrazinyl)pyrazine 274

N

N

Cl

N
H

N

O
Prepared according to General Procedure 2 from: 4-formyltetrahydropyran

(200 mg, 1.75 mmol) and 2 (253 mg, 1.75 mmol); filtered and washed with

EtOH to give the title compound as a brown powder (284 mg, 67%); Rf 0.33

(25% EtOAc in hexanes); m.p. 160–168 ◦C; 1H NMR (400 MHz, CDCl3) δ: 8.47 (s, 1H), 8.40

(s, 1H), 7.98 (s, 1H), 7.09 (d, J 4.7, 1H), 4.01 (dt, J 11.1 & 3.5, 2H), 3.47 (td, J 11.5 & 2.2, 2H),

2.72–2.40 (m, 1H), 1.85–1.73 (m, 2H), 1.73–1.57 (m, 2H); 13C NMR (101 MHz, CDCl3) δ: 152.2,

148.3, 146.1, 133.8, 129.2, 67.3, 37.9, 30.1; m/z (ESI+) 263 ([M+Na]+, 100%); HRMS (ESI+)

found 241.08477 [M+H]+, C10H13ClN4OH+ requires 241.08507.

tert-Butyl (E)-3-((2-(6-chloropyrazin-2-yl)hydrazinylidene)methyl)pyrrolidine-1-

carboxylate 275

N

N

Cl

N
H

N

N

O

O

Prepared according to General Procedure 2 from: 1-boc-3-pyrrolidine-

carbaldehyde (200 mg, 1.00 mmol) and 2 (145 mg, 1.00 mmol); purified

by automated flash chromatography on silica (Biotage Isolera, 6–50%

EtOAc in hexanes) to give the title compound as an off-white powder (215 mg, 66%); Rf 0.27

(25% EtOAc in hexanes); m.p. 124–128 ◦C; 1H NMR (400 MHz, CDCl3) δ: 8.47 (s, 1H), 8.45

(s, 1H), 7.98 (s, 1H), 7.16 (d, J 4.3, 1H), 3.61 (dt, J 20.6 & 9.8, 1H), 3.54–3.44 (m, 1H), 3.44–3.32

(m, 2H), 3.09 (s, 1H), 2.18–2.06 (m, 1H), 2.06–1.90 (m, 1H), 1.46 (s, 9H); 13C NMR (101 MHz,

CDCl3) δ: 154.6, 152.0, 146.2, 144.9, 134.0, 129.1, 79.6, 48.9, 45.2, 41.4, 40.5, 28.6; m/z (ESI+)

348 ([M+Na]+, 100%); HRMS (ESI+) found 348.11936 [M+Na]+, C14H20ClN5O2Na+ requires

348.11977.

tert-Butyl (E)-4-((2-(6-chloropyrazin-2-yl)hydrazinylidene)methyl)piperidine-1-

carboxylate 276

N

N

Cl

N
H

N

N O

O
Prepared according to General Procedure 2 from: 1-boc-4-piperidine-

carboxaldehyde (400 mg, 1.88 mmol) and 2 (271 mg, 1.88 mmol); filtered

and washed with EtOH to give the title compound as a light brown

powder (352 mg, 55%); Rf 0.52 (25% EtOAc in hexanes); m.p. 179–

183 ◦C; 1H NMR (400 MHz, CDCl3) δ: 8.47 (s, 1H), 8.15 (s, 1H), 7.99 (s, 1H), 7.09 (s, 1H), 4.06
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(br s, 1H), 3.85 (br s, 1H), 2.93 (q, J 12.2, 2H), 2.47 (dq, J 9.3 & 4.5, 1H), 1.99 (dd, J 9.2 & 3.8,

1H), 1.74 (dd, J 8.6 & 3.9, 1H), 1.66–1.44 (m, 2H), 1.46 (s, 9H); 13C NMR (101 MHz, CDCl3) δ:

154.9, 152.1, 146.2, 145.1, 134.0, 129.2, 79.9, 38.7, 28.6, 28.5, 24.4; m/z (ESI+) 362 ([M+Na]+,

100%); HRMS (ESI+) found 362.13500 [M+Na]+, C15H22ClN5O2Na+ requires 362.13542.

5-Chloro-3-(tetrahydrofuran-3-yl)-[1,2,4]triazolo[4,3-a]pyrazine 277

N

N

N

N

Cl

O
Prepared according to General Procedure 3 from: 273 (600 mg, 2.65 mmol) to give

the crude title compound as a brownish-red solid (816 mg); purified by automated

flash chromatography on silica (Biotage Isolera, 12–100% EtOAc in hexanes) to give

the title compound as a pale yellow powder (457 mg, 77%); Rf 0.06 (50% EtOAc in hexanes);

m.p. 99–102 ◦C; 1H NMR (400 MHz, CDCl3) δ: 9.22 (s, 1H), 7.83 (s, 1H), 4.42 (dq, J 8.7 & 6.3,

1H), 4.30 (dd, J 8.5 & 7.3, 1H), 4.24–4.17 (m, 1H), 4.17–4.11 (m, 1H), 4.05 (td, J 8.1 & 5.9, 1H),

2.77 (ddt, J 12.2, 7.9 & 6.0, 1H), 2.48 (dddd, J 12.5, 8.7, 7.8 & 6.5, 1H); 13C NMR (101 MHz,

CDCl3) δ: 149.8, 147.8, 143.4, 129.4, 121.3, 72.9, 68.6, 37.7, 32.4; m/z (ESI+) 247 ([M+Na]+,

100%); HRMS (ESI+) found 225.05378 [M+H]+, C9H9ClN4OH+ requires 225.05377.

5-Chloro-3-(tetrahydro-2H -pyran-4-yl)-[1,2,4]triazolo[4,3-a]pyrazine 278

N

N

N

N

Cl

O
Prepared according to General Procedure 3 from: 274 (230 mg, 0.96 mmol) to give

the crude title compound as a dark orange solid (293 mg); purified by automated

flash chromatography on silica (Biotage Isolera, 12–100% EtOAc in hexanes) to give

the title compound as pale yellow crystalline powder (145 mg, 63%); Rf 0.06 (50%

EtOAc in hexanes); m.p. 185–193 ◦C; 1H NMR (400 MHz, CDCl3) δ: 9.23 (s, 1H), 7.82 (s,

1H), 4.27–4.09 (m, 2H), 3.95 (tt, J 11.3 & 3.7, 1H), 3.61 (td, J 11.7 & 2.1, 2H), 2.45–2.21 (m,

2H), 2.17–2.03 (m, 2H); 13C NMR (101 MHz, CDCl3) δ: 151.9, 147.4, 143.4, 129.5, 121.4,

67.5, 34.3, 32.4; m/z (ESI+) 261 ([M+Na]+, 100%); HRMS (ESI+) found 239.06928 [M+H]+,

C10H11ClN4OH+ requires 239.06942.

tert-Butyl 3-(5-chloro-[1,2,4]triazolo[4,3-a]pyrazin-3-yl)pyrrolidine-1-carboxylate 279

N

N

N

N

Cl

N O

O
Prepared according to General Procedure 3 from: 275 (160 mg, 0.49 mmol)

to give the crude title compound as an orange solid (157 mg); purified by

automated flash chromatography on silica (Biotage Isolera, 12–100% EtOAc

in hexanes) to give the title compound as a pale yellow powder (101 mg, 63%);

Rf 0.07 (50% EtOAc in hexanes); m.p. 157–160 ◦C; 1H NMR (400 MHz, CDCl3) δ: 9.23 (s,

1H), 7.84 (s, 1H), 4.45–4.32 (m, 1H), 4.00–3.70 (m, 3H), 3.55 (dt, J 10.7 & 7.3, 1H), 2.90–2.50 (m,

1H), 2.54–2.35 (m, 1H), 1.46 (s, 9H); 13C NMR (101 MHz, CDCl3) δ: 154.4, 149.3, 147.7, 143.3,
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129.5, 121.3, 79.8, 51.4 (d, J 57.4), 45.6, 36.7 (d, J 85.9), 31.2 (d, J 63.2), 28.6; m/z (ESI+)

346 ([M+Na]+, 100%); HRMS (ESI+) found 346.10403 [M+Na]+, C14H18ClN5O2Na+ requires

346.10412.

tert-Butyl 4-(5-chloro-[1,2,4]triazolo[4,3-a]pyrazin-3-yl)piperidine-1-

carboxylate 280

N

N

N

N

Cl

N

O
O

Prepared according to General Procedure 3 from: 276 (300 mg, 0.88 mmol) to

give the crude title compound as a black solid (347 mg); purified by automated

flash chromatography on silica (Biotage Isolera, 12–100% EtOAc in hexanes) to

give the title compound as a pale yellow powder (245 mg, 82%); Rf 0.14 (50%

EtOAc in hexanes); m.p. 112–116 ◦C; 1H NMR (400 MHz, CDCl3) δ: 9.21

(s, 1H), 7.82 (s, 1H), 4.50 (d, J 12.5, 1H), 4.16 (s, 1H), 3.81 (t, J 10.8, 1H), 3.28 (t, J 11.8, 1H),

2.88 (s, 1H), 2.31 (d, J 13.2, 1H), 2.12 (qd, J 12.8 & 3.6, 1H), 1.91 (dq, J 9.7 & 3.0, 1H), 1.64

(q, J 11.6 & 10.8, 1H), 1.44 (s, 9H); 13C NMR (101 MHz, CDCl3) δ: 154.5, 150.2, 147.3, 143.3,

129.4, 121.6, 80.1, 35.6, 31.0, 28.6, 25.0; m/z (ESI+) 360 ([M+Na]+, 100%); HRMS (ESI+)

found 360.11974 [M+Na]+, C15H20ClN5O2Na+ requires 360.11977.

5-Phenethoxy-3-(tetrahydrofuran-3-yl)-[1,2,4]triazolo[4,3-a]pyrazine 148

N

N

N

N

O

O

Prepared according to General Procedure 4 from: 2-phenylethanol (107 µL,

0.89 mmol) and 277 (200 mg, 0.89 mmol); the solvent was removed and the

residue directly purified by automated flash chromatography on silica (Biotage

Isolera, 25–100% EtOAc in hexanes) to give the title compound as a yellow

powder (205 mg, 74%); Rf 0.11 (100% EtOAc); m.p. 127–133 ◦C; 1H NMR (400 MHz, CDCl3)

δ: 8.91 (s, 1H), 7.41–7.33 (m, 2H), 7.30 (td, J 8.3, 7.8 & 4.0, 3H), 7.25 (s, 1H), 4.89–4.48 (m,

2H), 4.37–3.73 (m, 5H), 3.27 (t, J 6.6, 2H), 2.86–2.47 (m, 1H), 2.31–2.10 (m, 1H); 13C NMR

(101 MHz, CDCl3) δ: 148.5, 147.9, 144.1, 136.8, 136.2, 129.2, 128.7, 127.6, 107.8, 72.7, 71.1, 68.5,

37.6, 35.1, 31.8; m/z (ESI+) 333 ([M+Na]+, 100%); HRMS (ESI+) found 311.14994 [M+H]+,

C17H18N4O2H+ requires 311.15025.

5-Phenethoxy-3-(tetrahydro-2H -pyran-4-yl)-[1,2,4]triazolo[4,3-a]pyrazine 149

N

N

N

N

O

O

Prepared according to General Procedure 4 from: 2-phenylethanol (50.2 µL,

0.42 mmol) and 278 (100 mg, 0.42 mmol); the solvent was removed and the

residue directly purified by automated flash chromatography on silica (Biotage

Isolera, 25–100% EtOAc in hexanes) to give the title compound as a pale yellow

powder (95.2 mg, 70%); Rf 0.10 (100% EtOAc); m.p. 146–149 ◦C; 1H NMR (400 MHz, CDCl3)
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δ: 8.92 (s, 1H), 7.42–7.35 (m, 2H), 7.33–7.26 (m, 4H), 4.62 (t, J 6.7, 2H), 4.37–3.87 (m, 2H), 3.53

(tt, J 11.4 & 3.8, 1H), 3.37 (td, J 11.7 & 2.1, 2H), 3.29 (t, J 6.6, 2H), 2.24–2.06 (m, 2H), 1.95–1.78

(m, 2H); 13C NMR (101 MHz, CDCl3) δ: 150.9, 147.6, 144.2, 136.9, 136.0, 129.2, 128.6, 127.6,

107.8, 70.6, 67.5, 34.8, 34.2, 32.0; m/z (ESI+) 347 ([M+Na]+, 100%); HRMS (ESI+) found

325.16558 [M+H]+, C18H20N4O2H+ requires 325.16590.

tert-Butyl 3-(5-phenethoxy-[1,2,4]triazolo[4,3-a]pyrazin-3-yl)pyrrolidine-1-

carboxylate 150

N

N

N

N

O

N O

O

Prepared according to General Procedure 4 from: 2-phenylethanol (25.9

µL, 0.22 mmol) and 279 (70.0 mg, 0.22 mmol); the solvent was removed

and the residue directly purified by automated flash chromatography

on silica (Biotage Isolera, 25–100% EtOAc in hexanes) to give the title

compound as a pale yellow powder (38.7 mg, 44%); Rf 0.14 (100% EtOAc); m.p. 123–126 ◦C;
1H NMR (400 MHz, CDCl3) δ: 8.91 (s, 1H), 7.47–7.04 (m, 6H), 4.60 (dapp, J 17.1, 2H), 3.79

(dapp, J 7.0, 1H), 3.69 (s, 2H), 3.40 (br s, 1H), 3.27 (t, J 7.0, 2H), 2.67 (br s, 1H), 2.38 (br s,

1H), 2.16 (br s, 1H), 1.49 (s, 9H); 13C NMR (126 MHz, CDCl3) δ: 154.6, 154.4, 148.1, 147.9,

147.8, 144.1, 136.8, 136.7, 136.2, 136.1, 129.2, 129.1, 128.6, 128.5, 127.6, 127.5, 108.0, 107.9, 79.7,

71.0, 51.5, 50.9, 45.7, 45.4, 37.0, 36.2, 35.12, 35.07, 30.9, 30.3, 28.7 (mixture of amide rotamers);

m/z (ESI+) 432 ([M+Na]+, 100%); HRMS (ESI+) found 432.20002 [M+Na]+, C22H27N5O3Na+

requires 432.20061.

tert-Butyl 4-(5-phenethoxy-[1,2,4]triazolo[4,3-a]pyrazin-3-yl)piperidine-1-

carboxylate 151

N

N

N

N

O

N

O
O

Prepared according to General Procedure 4 from: 2-phenylethanol (70.9

µL, 0.59 mmol) and 280 (200 mg, 0.59 mmol); the solvent was removed and

the residue directly purified by automated flash chromatography on silica

(Biotage Isolera, 25–100% EtOAc in hexanes) to give the title compound

as a pale yellow powder (174 mg, 69%); Rf 0.26 (100% EtOAc); m.p.

145–149 ◦C; 1H NMR (400 MHz, CDCl3) δ: 8.89 (s, 1H), 7.56–7.10 (m, 6H), 4.80–4.41 (m,

2H), 4.26–4.04 (m, 1H), 3.56–3.40 (m, 1H), 3.37–3.15 (m, 2H), 2.87 (t, J 12.2, 2H), 2.13 (dapp,

J 10.7, 2H), 1.86 (dq, J 9.3 & 2.8, 1H), 1.59–1.39 (m, 2H), 1.46 (s, 9H); 13C NMR (101 MHz,

CDCl3) δ: 154.7, 149.0, 147.5, 144.3, 136.5, 129.0, 128.9, 127.3, 107.8, 79.9, 71.4, 48.7, 44.7, 35.5,

34.7, 28.6, 25.2; m/z (ESI+) 446 ([M+Na]+, 100%); HRMS (ESI+) found 424.23386 [M+H]+,

C23H29N5O3H+ requires 424.23432.
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5-Phenethoxy-3-(pyrrolidin-3-yl)-[1,2,4]triazolo[4,3-a]pyrazine 152

N

N

N

N

O

NH

Compound 150 (20.0 mg, 48.8 µmol, 1.00 equiv.) was dissolved in CH2Cl2

(0.13 mL). TFA (42.1 µL, 0.55 mmol, 11.2 equiv.) was added and the re-

action stirred at rt overnight. The solvent was removed and the residue

directly purified by automated flash chromatography on silica (Biotage Isol-

era, 2–10% MeOH in CH2Cl2) to give a clear oil (21.2 mg, >100%); repurified by automated

reversed-phase flash chromatography on silica (Biotage Isolera, 5–100% MeOH in H2O) to give

the title compound as a white powder (9.1 mg, 60%); m.p. 78–85 ◦C; 1H NMR (400 MHz,

CDCl3) δ: 8.88 (s, 1H), 7.40–7.33 (m, 2H), 7.33–7.26 (m, 3H), 7.23 (s, 1H), 4.59 (t, J 6.6, 2H),

3.86 (ddt, J 8.7, 7.5 & 3.6, 1H), 3.27 (t, J 6.6, 2H), 3.30–3.17 (m, 2H), 3.00 (dq, J 41.7 & 7.5,

2H), 2.45 (br s, 1H), 2.34–2.18 (m, 1H), 2.16–1.94 (m, 1H); 13C NMR (101 MHz, CDCl3) δ:

150.7, 147.8, 144.3, 136.7, 136.3, 129.1, 128.7, 127.5, 107.7, 70.9, 53.6, 47.4, 37.9, 35.1, 32.6; m/z

(ESI+) 310 ([M+H]+, 100%); HRMS (ESI+) found 310.16593 [M+H]+, C17H19N5OH+ requires

310.16624.

5-Phenethoxy-3-(piperidin-4-yl)-[1,2,4]triazolo[4,3-a]pyrazine 153

N

N

N

N

O

H
N

Compound 151 (100 mg, 0.24 mmol, 1.00 equiv.) was dissolved in CH2Cl2

(0.62 mL). TFA (0.2 mL, 2.64 mmol, 11.2 equiv.) was added and the reaction

stirred at rt overnight. The solvent was removed and the residue directly

purified by automated flash chromatography on silica (Biotage Isolera, 2–

10% MeOH in CH2Cl2) to give a white solid (107 mg, >100%); repurified by automated reversed-

phase flash chromatography on silica (Biotage Isolera, 5–100% MeOH in H2O) to give the title

compound as a white powder (61.7 mg, 81%); m.p. 175–180 ◦C; 1H NMR (400 MHz, CDCl3) δ:

8.90 (s, 1H), 7.48–6.67 (m, 6H), 4.77–4.40 (m, 2H), 4.04 (dt, J 8.1 & 4.4, 1H), 3.68–3.51 (m, 2H),

3.39–3.23 (m, 3H), 3.09 (ddd, J 12.5, 9.0 & 4.1, 1H), 2.33–1.90 (m, 1H), 1.90–1.64 (m, 3H) (amine

NH signal not seen); 13C NMR (101 MHz, CDCl3) δ: 147.5, 147.4, 143.9, 136.4, 136.0, 129.1,

128.7, 127.4, 108.5, 71.2, 46.9, 44.1, 34.5, 32.0, 29.2, 21.1; m/z (ESI+) 324 ([M+H]+, 100%);

HRMS (ESI+) found 324.18134 [M+H]+, C18H21N5OH+ requires 324.18189.
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5-(2-(Cuban-1-yl)ethoxy)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]

pyrazine 154

N

N

N

N

O
F

F

O

Prepared according to General Procedure 4 from: 2-cubylethanol (19.0 mg,

0.12 mmol) and 44 (37.0 mg, 0.12 mmol) to give the crude title compound as

a brown solid (40.0 mg); purified by automated flash chromatography on silica

(Biotage Isolera, 18–100% EtOAc in hexanes) to give the title compound as a

pale yellow powder (28.0 mg, 55%); Rf 0.35 (75% EtOAc in hexanes); m.p.

146–149 ◦C; 1H NMR (300 MHz, CDCl3) δ: 9.05 (s, 1H), 7.73 (d, J 8.7, 2H), 7.33 (s, 1H), 7.24

(d, J 8.6, 2H), 6.61 (t, J 73.2, 1H), 4.26 (t, J 6.5, 2H), 3.98 (ddq, J 7.2, 4.6 & 2.2, 1H), 3.78 (q,

J 5.0, 3H), 3.54 (ddd, J 5.7, 4.4 & 2.3, 3H), 1.95 (t, J 6.5, 2H); 13C NMR (75 MHz, CDCl3) δ:

152.5, 147.9, 146.4, 144.2, 136.3, 132.7, 124.9, 119.1, 118.6, 115.7, 112.2, 108.4, 68.2, 55.7, 48.6,

48.3, 44.3, 31.8; m/z (ESI+) 431 ([M+Na]+, 100%), 839 ([2M+Na]+, 23%); HRMS (ESI) found

431.12913 [M+Na]+, C22H18F2N4O2Na+ requires 431.12902.

5-(3-(Cuban-1-yl)propoxy)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]

pyrazine 155

N

N

N

N

O
F

F

O

Prepared according to General Procedure 4 from: 3-cubylpropanol (20.0 mg,

0.12 mmol) and 44 (37.0 mg, 0.12 mmol) to give the crude title compound as

a brown solid (45.0 mg); purified by automated flash chromatography on silica

(Biotage Isolera, 18–100% EtOAc in hexanes) to give the title compound as a

light brown powder (24.0 mg, 47%); Rf 0.33 (75% EtOAc in hexanes); m.p.

128–132 ◦C; 1H NMR (300 MHz, CDCl3) δ: 9.06 (s, 1H), 7.72 (d, J 8.7, 2H), 7.32 (s, 1H), 7.23

(d, J 8.5, 2H), 6.59 (t, J 73.2, 1H), 4.22 (t, J 6.2, 2H), 4.04 (qt, J 4.5 & 2.2, 1H), 3.86 (q, J 5.1,

3H), 3.63 (dt, J 5.4 & 2.3, 3H), 1.75 (s, 4H); 13C NMR (75 MHz, CDCl3) δ: 152.6, 147.9, 146.3,

144.3, 136.3, 132.5, 125.1, 119.2, 118.6, 115.7, 112.2, 108.4, 71.4, 58.2, 48.7, 48.2, 44.1, 29.1, 23.6;

m/z (ESI+) 445 ([M+Na]+, 100%), 867 ([2M+Na]+, 13%); HRMS (ESI+) found 445.14481

[M+Na]+, C23H20F2N4O2Na+ requires 445.14462.

1-Iodo-4-(hydroxymethyl)cubane 156

I

HO

4-Iodocubanecarboxylic acid (200 mg, 0.73 mmol) was dissolved in anhydrous

THF (7 mL) under Ar and cooled to 0 ◦C. Borane dimethyl sulfide complex

(0.23 mL, 1.16 mmol) was added and the reaction stirred at 0 ◦C for 20 min, then at rt for 4 h.

The solution was quenched with H2O and stirred overnight. After adding EtOAc, the solution was

washed with H2O, brine, dried (MgSO4), filtered and concentrated under reduced pressure to give

the crude title compound as a white solid (162 mg); carried forward without further purification;
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Rf 0.80 (100% EtOAc); 1H NMR (300 MHz, CDCl3) δ: 4.21 (dd, J 5.8 & 4.4, 3H), 4.04 (dd, J

5.8 & 4.2, 3H), 3.77 (s, 2H) (alcohol OH signal not seen); 13C NMR (75 MHz, CDCl3) δ: 63.2,

59.1, 54.8, 48.0, 39.0. Spectroscopic data matched those in the literature. [229]

1-Iodocubane-4-carboxaldehyde 157

I

H

O
A stirring solution of oxalyl chloride (63.8 µL, 0.75 mmol) in anhydrous CH2Cl2

(1 mL) was prepared under Ar at –78 ◦C. Anhydrous DMSO (0.11 mL, 1.54

mmol) in anhydrous CH2Cl2 (1 mL) was added dropwise. After 20 min at –78
◦C, a solution of 156 (162 mg, 0.62 mmol) in anhydrous CH2Cl2 (4.25 mL) was added dropwise

under Ar. The mixture was maintained at –78 ◦C for 1.5 h, then anhydrous Et3N (0.39 mL,

2.80 mmol) was added. The mixture was warmed to rt and quenched with H2O (4 mL). The

aqueous layer was extracted with CH2Cl2 (2 × 4 mL) and the combined organic layers washed

with H2O (4 mL), brine (4 mL), dried (MgSO4), filtered and concentrated under reduced pressure

to give the crude title compound as an off-white solid (161 mg); purified by automated flash

chromatography on silica (Biotage Isolera, 12–100% EtOAc in hexanes) to give the title compound

as a white solid (130 mg, 81%); Rf 0.84 (50% EtOAc in hexanes); m.p. 124–130 ◦C (lit. [229]

106–109 ◦C); 1H NMR (300 MHz, CDCl3) δ: 9.74 (s, 1H), 4.56–4.47 (m, 3H), 4.33–4.25 (m, 3H);
13C NMR (75 MHz, CDCl3) δ: 197.1, 62.8, 54.8, 49.0, 35.6. Spectroscopic data matched those

in the literature. [229]

2-Chloro-6-(2-((E)-((2r,3R,4r,5S)-4-iodocuban-1-yl)methylene)hydrazinyl)

pyrazine 158

N

N

Cl

N
H

N

I Prepared according to General Procedure 2 from: 2 (33.6 mg, 0.23 mmol)

and 157 (60.0 mg, 0.23 mmol) to give the crude title compound as an off-

white powder (90.1 mg); this intermediate, though novel, was carried forward

without purification or characterisation; Rf 0.73 (2% MeOH in CH2Cl2).

5-Chloro-3-(4-iodocuban-1-yl)-[1,2,4]triazolo[4,3-a]pyrazine 159

I

N

N

N

N

Cl

Prepared according to General Procedure 3 from: 158 (80.0 mg, 0.21 mmol) to give

the crude title compound as a dark orange solid (110 mg); purified by automated

flash chromatography on silica (Biotage Isolera, 0–10% MeOH in CH2Cl2) to give

the title compound as a brown powder (62.0 mg, 78%); Rf 0.37 (2% MeOH in

CH2Cl2); m.p. decomposed >150 ◦C; 1H NMR (300 MHz, CDCl3) δ: 9.20 (s, 1H), 7.87 (s, 1H),

4.95–4.56 (m, 3H), 4.54–4.12 (m, 3H); 13C NMR (75 MHz, CDCl3) δ: 147.7, 142.8, 129.1, 120.9,

54.7, 53.0, 51.7, 50.4, 34.5; m/z (ESI+) 405 ([M+Na]+, 100%); HRMS (ESI+) found 404.93752
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[M+Na]+, C13H8ClIN4Na+ requires 404.93744.

5-(3,4-Difluorophenethoxy)-3-(4-iodocuban-1-yl)-[1,2,4]triazolo[4,3-a]pyrazine 160

I

N

N

N

N

O

F

F Prepared according to General Procedure 4 from: 2-(3,4-difluorophenyl)

ethanol (20.7 mg, 0.13 mmol) and 159 (50.0 mg, 0.13 mmol) to give the

crude title compound as an orange solid (81.4 mg); purified by automated

flash chromatography on silica (Biotage Isolera, 25–100% EtOAc in hex-

anes) to give the title compound as a brown powder (19.9 mg, 30%); Rf

0.23 (100% EtOAc); m.p. 147–153 ◦C; 1H NMR (300 MHz, CDCl3) δ: 8.86 (s, 1H), 7.47–6.73

(m, 4H), 4.64–4.35 (m, 5H), 4.26 (br s, 3H), 3.16 (t, J 7.5, 2H); 13C NMR (75 MHz, CDCl3)

δ: 156.4, 152.2, 151.7, 148.3, 146.3, 143.3, 136.7, 132.2, 124.9, 118.0, 108.1, 71.4, 54.9, 52.4,

52.2, 35.4, 34.2; m/z (ESI+) 527 ([M+Na]+, 100%); HRMS (ESI+) found 527.01503 [M+Na]+,

C21H15F2IN4ONa+ requires 527.01512.

6-(2-((E)-((2r,3R,4r,5S)-4-Iodocuban-1-yl)methylene)hydrazinyl)-N -(2-

(trifluoromethyl)pyridin-4-yl)pyrazine-2-carboxamide 161

N

N

N
H

N

IHN O

NF3C
Prepared according to General Procedure 2 from: 6-hydrazinyl-N -(2-

(trifluoromethyl)pyridin-4-yl)pyrazine-2-carboxamide (synthesised by

Dr. Alice Motion, 57.8 mg, 0.19 mmol) and 157 (50.0 mg, 0.19 mmol)

to give the crude title compound as a brown powder (109 mg); this

intermediate, though novel, was carried forward without purification

or characterisation; Rf 0.24 (50% EtOAc in hexanes).

3-(4-Iodocuban-1-yl)-N -(2-(trifluoromethyl)pyridin-4-yl)-[1,2,4]triazolo[4,3-a]

pyrazine-5-carboxamide 162

I

N

N

N

N

HN O

NF3C
Prepared according to General Procedure 3 from: 161 (90.0 mg, 0.17 mmol) to

give the crude title compound as a brown solid (171 mg); purified by automated

flash chromatography on silica (Biotage Isolera, 25–100% EtOAc in hexanes,

0–20% MeOH in CH2Cl2) to give the title compound as a brown powder (34.0

mg, 38%); Rf 0.15 (100% EtOAc); m.p. decomposed >150 ◦C; 1H NMR

(500 MHz, CDCl3) δ: 11.88 (s, 1H), 9.59 (s, 1H), 8.79 (d, J 5.5, 1H), 8.43 (s, 1H), 8.24 (d, J

1.9, 1H), 8.07 (dd, J 5.5 & 1.8, 1H), 4.65–4.54 (m, 3H), 4.37–4.13 (m, 3H); 13C NMR (126

MHz, CDCl3) δ: 160.4, 151.8, 147.6, 147.4, 146.7, 146.3, 137.1, 131.0, 130.7, 123.2, 116.5, 110.7,

54.6, 52.4, 51.7, 35.6; m/z (APCI+) 537 ([M+H]+, 100%); HRMS (APCI+) found 537.01345

[M+H]+, C20H12F3IN6OH+ requires 537.01418.
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4-Iodobenzaldehyde 163

O

H

I

1,3-Dimethyl-2-imidazolidinone (15 mL) was added to 4-bromobenzaldehyde

(1.00 g, 5.40 mmol, 1.0 equiv.), KI (8.07 g, 48.6 mmol 9.0 equiv.) and CuI (3.19

g, 17.8 mmol, 3.1 equiv.). The mixture was purged with N2 and heated with

vigorous stirring at 200 ◦C for 23 h. After cooling to rt, brine and ice were added and the reaction

was placed in an ice bath for 3 h. The precipitated inorganic salts were removed by filtration

and the filtrate extracted with Et2O. The combined organic layers were washed with brine, dried

(Na2SO4), filtered and concentrated under reduced pressure to give the crude title compound as a

dark orange liquid (1.32 g); purified by automated flash chromatography on silica (Biotage Isolera,

12–75% EtOAc in hexanes) to give the title compound as a yellow powder (263 mg, 21%); Rf

0.87 (50% EtOAc in hexanes); m.p. 72–79 ◦C (lit. [397] 77–78 ◦C); 1H NMR (400 MHz, CDCl3)

δ: 9.96 (s, 1H), 7.91 (d, J 8.2, 2H), 7.59 (d, J 8.5, 2H); 13C NMR (101 MHz, CDCl3) δ: 191.5,

138.6, 135.7, 130.9, 103.0. Spectroscopic data matched those in the literature. [230]

(E)-2-Chloro-6-(2-(4-iodobenzylidene)hydrazinyl)pyrazine 166

N

N

Cl

N
H

N

I Prepared according to General Procedure 2 from: 163 (175 mg, 0.75 mmol)

and 2 (109 mg, 0.75 mmol) to give the crude title compound as a light

yellow powder (200 mg); this intermediate, though novel, was carried forward

without purification or characterisation; Rf 0.26 (10% EtOAc in hexanes).

5-Chloro-3-(4-iodophenyl)-[1,2,4]triazolo[4,3-a]pyrazine 164

N

N

N

N

I

Cl

Prepared according to General Procedure 3 from: 166 (200 mg, 0.56 mmol) to

give the crude title compound as a brown powder (270 mg); purified by automated

flash chromatography on silica (Biotage Isolera, 12–100% EtOAc in hexanes) to

give the title compound as a light brown powder (157 mg, 79%); this intermediate,

though novel, was carried forward without complete characterisation; Rf 0.42 (50% EtOAc in

hexanes); m.p. decomposed >200 ◦C; 1H NMR (300 MHz, CDCl3) δ: 9.34 (s, 1H), 7.88 (dapp,

J 5.8, 3H), 7.37 (d, J 7.9, 2H).
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5-(3,4-Difluorophenethoxy)-3-(4-iodophenyl)-[1,2,4]triazolo[4,3-a]pyrazine 165

N

N

N

N

I

O

F

F
Prepared according to General Procedure 4 from: 2-(3,4-difluorophenyl)ethan-

1-ol (44.4 mg, 0.28 mmol) and 164 (100 mg, 0.28 mmol) to give the crude

title compound as a brown solid (125 mg); purified by automated flash chro-

matography on silica (Biotage Isolera, 25–100% EtOAc in hexanes) to give

the title compound as a pale yellow powder (81.1 mg, 61%); Rf 0.50 (100%

EtOAc); m.p. 155–157 ◦C; 1H NMR (300 MHz, CDCl3) δ: 9.02 (s, 1H), 7.83 (d, J 7.7, 2H),

7.40 (d, J 7.6, 2H), 7.31 (s, 1H), 7.00 (q, J 8.7, 1H), 6.54 (t, J 9.2, 2H), 4.42 (t, J 5.9, 3H), 2.92

(t, J 5.8, 3H); 13C NMR (101 MHz, CDCl3) δ: 150.3 (dd, J 249.0 & 12.7), 149.5 (dd, J 248.0

& 12.5), 147.9, 146.3, 143.8, 137.1, 136.8, 133.3 (dd, J 5.6 & 4.0), 132.3, 127.4, 124.5 (dd, J 6.1

& 3.6), 117.5 (d, J 17.4), 117.4 (d, J 17.3), 108.5, 96.7, 70.9, 33.9; m/z (ESI+) 501 ([M+Na]+,

100%); HRMS (ESI+) found 500.99862 [M+Na]+, C19H13F2IN4ONa+ requires 500.99942.

5-(((3r,5r,7r)-Adamantan-1-yl)methoxy)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]

triazolo[4,3-a]pyrazine 167

N

N

N

N

O

F

F

O

Prepared according to General Procedure 4 from: 1-adamantanemethanol (100

mg, 0.60 mmol) and 44 (178 mg, 0.60 mmol) to give the crude title compound

as a brown solid (215 mg); purified by automated flash chromatography on

silica (Biotage Isolera, 25–100% EtOAc in hexanes) to give the title compound

as a yellow powder (140 mg, 55%); Rf 0.53 (100% EtOAc); m.p. 210–219 ◦C;
1H NMR (400 MHz, CDCl3) δ: 9.01 (s, 1H), 7.67 (d, J 8.7, 2H), 7.29 (s, 1H), 7.26 (d, J 8.7,

2H), 6.59 (t, J 73.2, 1H), 3.71 (s, 2H), 1.88 (br s, 3H), 1.67 (d, J 12.3, 3H), 1.48 (d, J 11.6, 3H),

1.26 (dapp, J 2.5, 6H); 13C NMR (101 MHz, CDCl3) δ: 152.6, 147.9, 146.0, 144.9, 136.2, 132.4,

125.5, 118.9, 115.7 (t, J 261.2), 108.7, 81.6, 38.8, 36.6, 33.6, 27.8; m/z (ESI+) 449 ([M+Na]+,

100%), 875 ([2M+Na]+, 44%); HRMS (ESI+) found 449.17606 [M+Na]+, C23H24F2N4O2Na+

requires 449.17595.

5-(2-((1s,3s)-Adamantan-1-yl)ethoxy)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo

[4,3-a]pyrazine 168

N

N

N

N

O

F

F

O

Prepared according to General Procedure 4 from: 1-adamantaneethanol (250

mg, 1.39 mmol) and 44 (411 mg, 1.39 mmol) to give the crude title compound

as a dark brown solid (680 mg); purified by automated flash chromatogra-

phy on silica (Biotage Isolera, 25–100% EtOAc in hexanes) to give the title

compound as a light brown powder (363 mg, 59%); Rf 0.63 (100% EtOAc);

m.p. 182–185 ◦C; 1H NMR (400 MHz, CDCl3) δ: 9.00 (s, 1H), 7.73–7.64 (m, 2H), 7.29 (s, 1H),
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7.25–7.20 (m, 2H), 6.61 (t, J 73.2, 1H), 4.24 (t, J 6.7, 2H), 1.87 (s, 3H), 1.66 (d, J 12.3, 3H),

1.52 (d, J 11.4, 3H), 1.39 (t, J 6.7, 2H), 1.29 (d, J 2.4, 6H); 13C NMR (101 MHz, CDCl3) δ:

152.5, 147.9, 146.4, 144.2, 136.2, 132.7, 125.1, 118.7, 115.6 (t, J 261.6), 108.3, 67.5, 42.3, 41.9,

36.8, 31.7, 28.5; m/z (ESI+) 463 ([M+Na]+, 100%); HRMS (ESI+) found 463.19161 [M+Na]+,

C24H26F2N4O2Na+ requires 463.19160.

[1.1.1]Propellane 170

Pentane (1.68 mL) and Et2O (0.25 mL) were added 1,1-dibromo-2,2-bis(chloromethyl)

cyclopropane (95% purity, 2.00 g, 6.40 mmol, 1.0 equiv.) and the mixture cooled to

–50 ◦C (isopropanol/dry ice bath). MeLi·LiBr solution (1.5 M in Et2O, 10.2 mL, 15.4 mmol, 2.4

equiv.) was added dropwise keeping the temperature around –50 ◦C (no higher than –40 ◦C). After

the addition, the bath was replaced with an ice bath and the mixture allowed to warm to 0 ◦C.

After 2 h, the volatile material was transferred under short-path vacuum distillation (distillation

flask kept at 0 ◦C in an ice bath) to a receiving flask cooled to –78 ◦C (dry ice/acetone) to give

an Et2O solution of the title compound as a clear colourless liquid (0.685 M, 272 mg, 64%); yield

by 1H NMR calculated according to literature procedures; [249] carried forward without further

purification; 1H NMR (300 MHz, CDCl3) δ: 2.04 (s, 6H). Spectroscopic data matched those in

the literature. [249]

Methyl 3-(chlorocarbonyl)bicyclo[1.1.1]pentane-1-carboxylate 172

O

Cl

O

MeO

3-(Methoxycarbonyl)bicyclo[1.1.1]pentane-1-carboxylic acid (250 mg, 1.47

mmol, 1.0 equiv.) was dissolved in THF (17.3 mL, 85 mM) and cooled to

0 ◦C. Oxalyl chloride (149 µL, 1.76 mmol, 1.2 equiv.) was added, followed by

DMF (3 drops). The reaction was allowed to stir at 0 ◦C for several minutes,

then stirred at rt for 6 h. The solvent was removed and the crude product azeotroped several

times with heptane to give the title compound as an off-white solid (261 mg, 94%); carried for-

ward without further purification; 1H NMR (400 MHz, CDCl3) δ: 3.69 (s, 3H), 2.35 (s, 6H);
13C NMR (101 MHz, CDCl3) δ: 174.8, 169.7, 53.0, 52.0, 37.7, 37.6. Spectroscopic data matched

those in the literature. [398]

Bicyclo[1.1.1]pentane-1-carboxylic acid 173

O

OH

To a stirred suspension of 2-mercaptopyridine N -oxide sodium salt (94.9 mg,

0.64 mmol, 1.2 equiv.) in anhydrous PhMe (1.5 mL) was added t-BuSH (0.15

mL, 1.33 mmol, 2.5 equiv.) and DMAP (several mg). The mixture was deoxygenated then heated

to reflux under an inert atmosphere. A solution of 172 (100 mg, 0.53 mmol, 1.0 equiv.) in
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anhydrous PhMe (1.5 mL) was added dropwise while the reaction was irradiated with a 300 W

lamp. After 3 h at reflux, the reaction was cooled to rt and treated with excess sat. aq. Ca(ClO2)

and stirred for 2 h. The solution was washed with H2O (3 ×) and the combined aqueous layers

extracted with CH2Cl2. The combined organic layers were washed with brine, dried (MgSO4),

filtered and concentrated under reduced pressure to give a black liquid. The residue treated with

a solution of excess KOH in 50% aq. MeOH at rt for 2-3 days. The solution was concentrated,

diluted with H2O and extracted with CH2Cl2 to give the disulfide by-product. The aqueous layer

was acidified and extracted with CH2Cl2 to give the title compound as dark brown sludge (15.8

mg, 27%); carried forward without further purification; 1H NMR (400 MHz, CDCl3) δ: 2.43 (s,

1H), 2.11 (s, 6H) (acid OH signal not seen); 13C NMR (101 MHz, CDCl3) δ: 174.9, 51.6, 42.6,

27.9. Spectroscopic data matched those in the literature. [399]

3-Fluorobicyclo[1.1.1]pentane-1-carboxylic acid 174

OH

F

O
A flask was charged with bicyclo[1.1.1]pentane-1,3-dicarboxylic acid (500 mg,

3.20 mmol, 1.0 equiv.), AgNO3 (40.8 mg, 0.24 mmol, 7.5 mol%) and Select-

fluor (2.84 g, 8.01 mmol, 2.5 equiv.) and flushed with Ar under a condenser.

Deoxygenated H2O (16 mL, 0.2 M) was added and the reaction stirred at 65 ◦C for 19 h. The

reaction was cooled to rt and extracted with Et2O (3 ×). The organic layer was dried (Na2SO4),

filtered and concentrated under reduced pressure to give a brown solid. The residue was dissolved

in pentane, filtered slowly and the filtrate concentrated under reduced pressure to give the title

compound as white plates (171 mg, 41%); m.p. 126–129 ◦C; 1H NMR (400 MHz, CDCl3) δ:

2.40 (d, J 2.4, 6H) (acid OH signal not seen); 13C NMR (101 MHz, CDCl3) δ: 175.6 (d, J 36.8),

74.8 (d, J 328.9), 55.7 (d, J 22.1), 28.2 (d, J 48.0); 19F NMR (376 MHz, CDCl3) δ: -149.85.

Spectroscopic data matched those in the literature. [253]

(3-(Difluoromethyl)bicyclo[1.1.1]pentan-1-yl)methanol 177

F F

OH

3-(Difluoromethyl)bicyclo[1.1.1]pentane-1-carboxylic acid (25.8 mg, 159 µmol, 1.0

equiv.) was dissolved in THF (72.3 µL, 2.2 M) and cooled to 0 ◦C. LiAlH4 (1 M

in THF, 239 µL, 239 µmol, 1.5 equiv.) was added and the reaction allowed to warm

to rt and stirred for 3 h. The reaction was quenched with H2O (18 µL) and anhydrous

Na2SO4 (103 mg) and stirred for 20 min. The mixture was filtered, washed with THF and the

filtrate concentrated under reduced pressure to give the crude title compound as a pale yellow oil

(19.6 mg); this intermediate, though novel, was carried forward without purification or complete

characterisation; Rf 0.34 (25% EtOAc in hexanes, KMnO4 stain); 1H NMR (200 MHz, CDCl3)

δ: 5.70 (t, J 56.5, 1H), 3.66 (s, 2H), 1.81 (s, 6H) (alcohol OH signal not seen).
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3-(4-(Difluoromethoxy)phenyl)-5-((3-(difluoromethyl)bicyclo[1.1.1]pentan-1-yl)

methoxy)-[1,2,4]triazolo[4,3-a]pyrazine 178

FF

N

N

N

N

O

F

F

O

Prepared according to General Procedure 4 from: 177 (15.0 mg, 101 µmol)

and 44 (30.0 mg, 101 µmol); the solvent was removed and the residue directly

purified by automated flash chromatography on silica (Biotage Isolera, 25–

100% EtOAc in hexanes) to give the title compound as a yellow powder (11.1

mg, 27%); Rf 0.40 (100% EtOAc); m.p. 129–134 ◦C; 1H NMR (500 MHz,

CDCl3) δ: 9.05 (s, 1H), 7.69 (d, J 8.8, 2H), 7.29 (d, J 8.7, 2H), 7.28 (s, 1H), 6.61 (t, J 73.0, 1H),

5.62 (t, J 56.3, 1H), 4.20 (s, 2H), 1.63 (s, 6H); 13C NMR (126 MHz, CDCl3) δ: 152.2, 147.8,

146.1, 144.2, 136.8, 132.4, 125.5, 119.5, 115.6, 112.6, 108.5, 70.4, 47.6 (t, J 3.9), 39.0, 37.2; m/z

(ESI+) 431 ([M+Na]+, 100%); HRMS (ESI+) found 409.12812 [M+H]+, C19H16F4N4O2H+

requires 409.12822.

3-(4-(Difluoromethoxy)phenyl)-5-(2-((1R,5S)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-

yl)ethoxy)-[1,2,4]triazolo[4,3-a]pyrazine 179

N

N

N

N

O

O

F

F

Prepared according to General Procedure 4 from: (1R)-(–)-nopol (57.6 µL,

0.34 mmol) and 44 (100 mg, 0.34 mmol); the solvent was removed and

the residue directly purified by automated flash chromatography on silica

(Biotage Isolera, 25–100% EtOAc in hexanes) to give the title compound as

a light red powder (103 mg, 71%); Rf 0.49 (100% EtOAc); m.p. 134–137
◦C; 1H NMR (400 MHz, CDCl3) δ: 9.01 (s, 1H), 7.71 (d, J 8.8, 2H), 7.29 (s, 1H), 7.24 (d, J

8.8, 2H), 6.61 (t, J 73.3, 1H), 4.97 (dt, J 2.9 & 1.3, 1H), 4.29–4.11 (m, 2H), 2.39–2.22 (m, 3H),

2.13 (br s, 1H), 2.07 (br s, 1H), 2.05–1.98 (m, 1H), 1.83 (td, J 5.7 & 1.5, 1H), 1.20 (s, 3H), 0.98

(dapp, J 8.6, 1H), 0.63 (s, 3H); 13C NMR (101 MHz, CDCl3) δ: 152.5, 148.0, 146.4, 144.1, 142.4,

136.4, 132.6, 125.1, 120.0, 118.7, 115.7 (t, J 261.3), 108.4, 69.3, 45.5, 40.7, 38.1, 35.5, 31.7, 31.4,

26.3, 21.1; m/z (ESI+) 449 ([M+Na]+, 100%), 875 ([2M+Na]+, 33%); HRMS (ESI+) found

449.17597 [M+Na]+, C23H24F2N4O2Na+ requires 449.17595.
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5-(((1S,2S,4S)-Bicyclo[2.2.1]hept-5-en-2-yl)methoxy)-3-(4-(difluoromethoxy)phenyl)-

[1,2,4]triazolo[4,3-a]pyrazine 180

N

N

N

N

O

O
F

F Prepared according to General Procedure 4 from: 5-norbornene-2-methanol

(40.8 µL, 0.34 mmol) and 44 (100 mg, 0.34 mmol); the solvent was removed

and the residue directly purified by automated flash chromatography on sil-

ica (Biotage Isolera, 25–100% EtOAc in hexanes) to give the title compound

(present as a mixture of endo and exo isomers) as a yellow powder (80.0 mg,

62%); Rf 0.63 (100% EtOAc); m.p. 122–128 ◦C; 1H NMR (400 MHz, CDCl3, present as a

mixture of endo and exo isomers, ∼1:0.78 maj/min) δ: 9.01 (s, 1H(min)), 9.00 (s, 1H(maj)), 7.72

(d, J 8.7, 4H(comb)), 7.37–7.14 (m, 6H(comb)), 6.61 (t, J 73.2, 1H(min)), 6.59 (t, J 73.2, 1H(maj)),

6.15 (dd, J 5.7 & 3.0, 1H(maj)), 6.06 (dd, J 5.7 & 3.0, 1H(min)), 5.90 (dd, J 5.8 & 3.2, 1H(min)),

5.74 (dd, J 5.7 & 2.8, 1H(maj)), 4.09 (ddd, J 140.2, 8.8 & 6.2, 2H(min)), 3.88 (dt, J 90.9 & 9.1,

2H(maj)), 2.89–2.65 (m, 2H(comb)), 2.43–2.20 (m, 3H(comb)), 1.71 (ddd, J 12.4, 9.1 & 3.7, 1H(maj)),

1.64 (dq, J 9.5 & 4.8, 1H(min)), 1.47–1.35 (m, 1H(comb)), 1.34–1.23 (m, 1H(comb)), 1.21–1.12 (m,

3H(comb)), 1.10–0.99 (m, 1H(min)), 0.47 (ddd, J 11.7, 4.1 & 2.6, 1H(maj)); 13C NMR (101 MHz,

CDCl3, present as a mixture of endo and exo isomers) δ: 152.4, 152.3, 147.9, 146.3, 146.3, 144.24,

144.22, 138.6, 137.3, 136.3, 136.1, 135.7, 132.6, 132.5, 131.5, 129.1, 128.7, 125.3, 125.1, 119.1,

118.7, 115.7 (t, J 261.6), 115.6 (t, J 261.9), 108.2, 75.0, 74.4, 49.4, 44.8, 43.7, 43.4, 42.3, 41.6,

38.1, 37.9, 29.4, 28.9; m/z (ESI+) 407 ([M+Na]+, 100%); HRMS (ESI+) found 407.12942

[M+Na]+, C20H18F2N4O2Na+ requires 407.12900.

2,2-Dimethyl-5-(octahydro-1H -2,4,1-(epiethane[1,1,2]triyl)cyclobuta[cd ]pentalen-7-

ylidene)-1,3-dioxane-4,6-dione 183

O

O

O

O

Octahydro-1H -2,4,1-(epiethane[1,1,2]triyl)cyclobuta[cd ]pentalen-7-one (150 mg,

0.94 mmol, 1.0 equiv.) was dissolved in pyridine (1 mL) and isopropylidene mal-

onate (162 mg, 1.12 mmol, 1.2 equiv.) was added. The mixture was agitated several

times within the first hour to dissolve the acid, then left to stand for 5 days. The reaction mixture

was poured over H2O (20 mL) and the precipitate filtered to give the crude title compound as

a white powder (153 mg); carried forward without further purification; a small amount of crude

material was purified by recrystallisation from 50% aq. acetone to give the title compound as white

plates; m.p. 160–164 ◦C (lit. [259] 157–158 ◦C); IR νmax (film) /cm–1 1726, 1606; 1H NMR (400

MHz, CDCl3) δ: 4.24 (ddd, J 8.4, 5.9 & 2.4, 1H), 4.16–3.98 (m, 1H), 3.18 (td, J 8.6 & 3.5, 1H),

2.94 (d, J 10.1, 1H), 2.79 (q, J 6.4 & 6.0, 1H), 2.66 (q, J 7.0 & 6.4, 1H), 2.58–2.45 (m, 2H), 1.92

(d, J 10.9, 1H), 1.71 (d, J 5.3, 6H), 1.52 (d, J 10.9, 1H), 1.40–1.15 (m, 2H); 13C NMR (101

MHz, CDCl3) δ: 194.6, 161.2, 161.0, 111.5, 103.9, 50.8, 50.6, 47.8, 47.5, 44.2, 43.0, 42.8, 39.8,
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36.9, 30.9, 27.7, 27.1. Spectroscopic data matched those in the literature. [259]

2,2-Dimethyl-5-(octahydro-1H -2,4,1-(epiethane[1,1,2]triyl)cyclobuta[cd ]pentalen-7-

yl)-1,3-dioxane-4,6-dione 184

O

O

O

O

Compound 183 (120 mg, 0.42 mmol, 1.0 equiv.) was suspended in EtOH (8 mL)

and NaBH4 (17.4 mg, 0.42 mmol, 1.1 equiv.) was added portionwise keeping the

temperature below 30 ◦C. The reaction mixture was allowed to stir for 1 h then

filtered. The filtrate was reduced to half the volume and poured onto a H2O (8 mL) and AcOH

(0.13 mL) mixture and left to stand for 2 h. The solid was filtered, washed with H2O and dried

in vacuo to give the crude title compound as white crystals (91.8 mg); carried forward without

further purification; a small amount of crude material was purified by recrystallisation from 50%

aq. acetone to give the title compound as white plates; m.p. 138–143 ◦C (lit. [259] 136–137 ◦C);

IR νmax (film) /cm–1 1742; 1H NMR (400 MHz, CDCl3) δ: 3.91 (d, J 9.9, 1H), 3.05–2.73 (m,

2H), 2.59 (qd, J 12.2, 10.8 & 4.8, 3H), 2.47 (d, J 8.8, 1H), 2.24 (br d, J 17.9, 2H), 1.92 (dt, J

9.9 & 3.1, 1H), 1.81 (d, J 13.2, 1H), 1.73 (d, J 8.1, 6H), 1.70 (sapp, 1H), 1.30–1.08 (m, 2H); 13C

NMR (101 MHz, CDCl3) δ: 166.0, 165.8, 105.4, 47.4, 46.4, 46.3, 44.3, 42.5, 42.1, 41.7, 41.5, 38.4,

36.4, 34.1, 29.2, 28.8, 28.3. Spectroscopic data matched those in the literature. [259]

2-(Octahydro-1H -2,4,1-(epiethane[1,1,2]triyl)cyclobuta[cd ]pentalen-7-yl)acetic

acid 185

OHO

Compound 184 (65.0 mg, 0.23 mmol) was dissolved in a mixture of AcOH (0.5

mL) and conc. HCl (0.1 mL) and heated at reflux for 2.5 h. The reaction was

cooled to rt and poured onto H2O (3.75 mL), cooled in ice, filtered and washed

with H2O to give the crude title compound as an off-white powder (32.5 mg); carried forward

without further purification; a small amount of crude material was purified by recrystallisation

from hexane to give the title compound as white crystals; 1H NMR (300 MHz, CDCl3) δ: 2.82–

2.49 (m, 6H), 2.30 (br s, 1H), 2.27–2.14 (m, 4H), 1.93 (tt, J 6.8 & 2.8, 1H), 1.69 (s, 1H), 1.68–1.59

(m, 1H), 1.17 (d, J 10.7, 1H), 1.03 (dt, J 12.7 & 3.5, 1H). Spectroscopic data matched those in

the literature. [259]
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2-(Octahydro-1H -2,4,1-(epiethane[1,1,2]triyl)cyclobuta[cd ]pentalen-7-yl)ethan-1-

ol 186

OH

Prepared according to General Procedure 6 from: 185 (25.0 mg, 0.12 mmol) to

give the crude title compound as a clear oil (25.6 mg); this intermediate, though

novel, was carried forward without purification or characterisation.

3-(4-(Difluoromethoxy)phenyl)-5-(2-(octahydro-1H -2,4,1-(epiethane[1,1,2]triyl)

cyclobuta[cd ]pentalen-7-yl)ethoxy)-[1,2,4]triazolo[4,3-a]pyrazine 187

N

N

N

N

O

F

F

O

Prepared according to General Procedure 4 from: 186 (20.0 mg, 0.11 mmol)

and 44 (31.2 mg, 0.11 mmol); the solvent was removed and the residue di-

rectly purified by automated flash chromatography on silica (Biotage Isolera,

25–100% EtOAc in hexanes) to give the title compound as a light brown pow-

der (14.5 mg, 31%); Rf 0.35 (100% EtOAc); m.p. 136–142 ◦C; 1H NMR

(400 MHz, CDCl3) δ: 9.02 (s, 1H), 7.70 (d, J 8.8, 2H), 7.29 (s, 1H), 7.23 (d, J 8.7, 2H), 6.61

(t, J 73.2, 1H), 4.18 (tq, J 5.8 & 2.5, 2H), 2.60 (q, J 6.5, 1H), 2.48 (dq, J 27.4 & 6.8, 2H),

2.30 (dt, J 7.8 & 4.0, 1H), 2.25–2.19 (m, 1H), 2.19–2.13 (m, 1H), 2.01–1.97 (m, 1H), 1.91 (q, J

6.5, 2H), 1.68–1.49 (m, 4H), 1.18–1.05 (m, 2H); 13C NMR (101 MHz, CDCl3) δ: 148.0, 146.4,

145.8, 144.3, 136.3, 132.5, 125.1, 118.6, 115.7, 108.4, 71.2, 47.4, 47.0, 44.5, 42.3, 41.8, 41.5, 38.8,

38.4, 36.3, 34.2, 28.7, 28.6; m/z (ESI+) 473 ([M+Na]+, 100%); HRMS (ESI+) found 451.19408

[M+H]+, C25H24F2N4O2H+ requires 451.19401.

o-Carboranylethyl alcohol 188

= BH

= C/CH

OH

To a solution of o-carborane (100 mg, 0.69 mmol, 1 equiv.) in anhydrous THF

(2.25 mL) was added n-BuLi (1.6 M in hexanes, 0.43 mL, 0.69 mmol, 1 equiv.)

at –78 ◦C under N2. Stirring was continued for 30 min, then ethylene oxide (2.5

M in THF, 0.42 mL, 1.04 mmol, 1.5 equiv.) was added dropwise. Stirring was

continued for 1 h at 0 ◦C, then the reaction was quenched with sat. aq. NH4Cl (1 mL). The

aqueous phase was extracted with EtOAc (3 × 1.5 mL) and the combined organic layers dried

(Na2SO4), filtered and concentrated under reduced pressure to give the crude title compound as

a cloudy white liquid (156 mg); purified by automated flash chromatography on silica (Biotage

Isolera, 5–40% EtOAc in hexanes) to give the title compound as a white solid (110 mg, 66%); 1H

NMR (400 MHz, CDCl3) δ: 3.98 (br s, 1H), 3.79 (t, J 5.9, 2H), 2.49 (t, J 5.9, 2H), 2.80–1.42

(m, 11H); 13C NMR (101 MHz, CDCl3) δ: 73.2, 60.8, 60.7, 39.9; m/z (ESI–) 189 ([M-H] – ,

100%); HRMS (ESI–) found 189.20580 [M-H] – , C4H15B10O– requires 189.20589. Spectroscopic

data matched those in the literature. [400]
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m-Carboranylethyl alcohol 189

= BH

= C/CH

OH

To a solution of m-carborane (100 mg, 0.69 mmol, 1 equiv.) in anhydrous THF

(2.25 mL) was added n-BuLi (1.6 M in hexanes, 0.43 mL, 0.69 mmol, 1 equiv.)

at –78 ◦C under N2. Stirring was continued for 30 min, then ethylene oxide (2.5

M in THF, 0.42 mL, 1.04 mmol, 1.5 equiv.) was added dropwise. Stirring was

continued for 1 h at 0 ◦C, then the reaction was quenched with sat. aq. NH4Cl (1 mL). The

aqueous phase was extracted with EtOAc (3 × 1.5 mL) and the combined organic layers dried

(Na2SO4), filtered and concentrated under reduced pressure to give the crude title compound as

a white solid (160 mg); purified by automated flash chromatography on silica (Biotage Isolera,

6–50% EtOAc in hexanes) to give the title compound as a white solid (30.7 mg, 23%); Rf 0.47

(25% EtOAc in hexanes, KMnO4 stain); 1H NMR (200 MHz, CDCl3) δ: 3.88–3.32 (m, 2H), 2.94

(s, 1H), 2.51–2.00 (m, 2H), 3.29–0.71 (m, 11H); m/z (APCI+) 191 ([M+H]+, 100%); HRMS

(ESI–) found 189.20582 [M-H] – , C4H15B10O– requires 189.20589. Spectroscopic data matched

those in the literature. [401]

1-(2-Benzyloxyethyl)-1,12-dicarba-closo-dodecaborane 190

= BH

= C/CH

OBn

To a solution of p-carborane (120 mg, 0.83 mmol, 1.0 equiv.) in anhydrous Et2O

(2.88 mL) was added n-BuLi (1.6 M in hexanes, 572 µL, 0.92 mmol, 1.1 equiv.)

at 0 ◦C under Ar. The reaction mixture was allowed to stir at rt for 1 h, then

benzyl 2-bromoethyl ether (163 µL, 1.00 mmol, 1.2 equiv.) was added and the

reaction stirred for 16 h. The reaction was cooled to 0 ◦C, quenched with H2O and diluted with

EtOAc. The organic layer was washed with H2O, brine, dried (Na2SO4), filtered and concentrated

under reduced pressure to give the crude title compound as a yellow oil (325 mg); purified by

automated flash chromatography on silica (Biotage Isolera, 6–50% EtOAc in hexanes) to give the

title compound as a clear colourless oil (108 mg, 47%); Rf 0.83 (10% EtOAc in hexanes, KMnO4

stain); 1H NMR (200 MHz, CDCl3) δ: 7.63–6.97 (m, 5H), 4.40 (s, 2H), 3.26 (t, J 7.2, 2H),

2.64 (br s, 1H), 1.95 (t, J 7.1, 2H), 3.72–0.63 (m, 10H). Spectroscopic data matched those in the

literature. [274]

p-Carboranylethyl alcohol 191

= BH

= C/CH

OH

Compound 190 (90 mg, 0.32 mmol, 1.00 equiv.) and 5% Pd/C (34.4 mg, 0.02

mmol, 0.05 equiv.) were suspended in EtOH (2 mL). The reaction purged with

Ar and Et3SiH (0.52 mL, 3.23 mmol, 10.0 equiv.) was added dropwise and the

reaction stirred at rt for 19 h. The mixture was filtered through a pad of celite

and concentrated under reduced pressure to give the crude title compound as a pale yellow solid
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(40.7 mg); carried forward without further purification; Rf 0.26 (10% EtOAc in hexanes, KMnO4

stain); 1H NMR (400 MHz, CDCl3) δ: 3.45 (t, J 7.0, 2H), 2.66 (br s, 1H), 2.91–1.26 (m, 11H),

1.90 (t, J 7.0, 2H). Spectroscopic data matched those in the literature. [400]

5-((1,2-Dicarba-closo-decaborane-1-yl)ethoxy)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]

triazolo[4,3-a]pyrazine 192

= BH

= C/CH

N

N

N

N

O

F

F

O

Prepared according to General Procedure 4 from: 188 (50.0 mg, 0.27 mmol)

and 44 (78.8 mg, 0.27 mmol) to give the crude title compound as a brown

liquid (117 mg); purified by automated flash chromatography on silica (Bio-

tage Isolera, 25–100% EtOAc in hexanes) to give the title compound as a

light brown powder (43.6 mg, 37%); Rf 0.17 (100% EtOAc); m.p. 179–184
◦C; 1H NMR (400 MHz, CDCl3) δ: 9.10 (s, 1H), 7.69 (d, J 8.8, 2H), 7.33 (s, 1H), 7.29 (d, J 8.7,

2H), 6.66 (t, J 72.7, 1H), 4.32 (t, J 5.6, 2H), 2.55 (t, J 5.6, 2H), 3.11–1.14 (m, 11H); 13C NMR

(101 MHz, CDCl3) δ: 152.6, 147.9, 145.8, 142.9, 137.8, 132.5, 124.8, 119.3, 115.4 (t, J 263.3),

108.7, 71.0, 68.5, 60.1, 36.4; m/z (ESI+) 449 ([M+H]+, 20%), 471 ([M+Na]+, 100%); HRMS

(ESI+) found 471.26102 [M+Na]+, C16H22B10F2N4O2Na+ requires 471.26142.

5-((1,7-Dicarba-closo-decaborane-1-yl)ethoxy)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]

triazolo[4,3-a]pyrazine 193

= BH

= C/CH

N

N

N

N

O

F

F

O

Prepared according to General Procedure 4 from: 189 (20.0 mg, 106 µmol)

and 44 (31.5 mg, 106 µmol); the solvent was removed and the residue di-

rectly purified by automated flash chromatography on silica (Biotage Isolera,

25–100% EtOAc in hexanes) to give a yellow powder (11.1 mg, 23%); repu-

rified by automated reversed-phase flash chromatography on silica (Biotage

Isolera, 5–100% MeOH in H2O) to give the title compound as a light yellow powder (8.3 mg, 17%);

Rf 0.36 (100% EtOAc); m.p. 158–162 ◦C; 1H NMR (400 MHz, CDCl3) δ: 9.07 (s, 1H), 7.69 (d,

J 8.7, 2H), 7.31–7.24 (m, 3H), 6.63 (t, J 73.1, 1H), 4.16 (t, J 6.5, 2H), 2.25 (t, J 6.5, 2H), 3.28–0.98

(m, 11H); 13C NMR (101 MHz, CDCl3) δ: 152.6, 147.9, 146.3, 143.3, 137.4, 132.5, 125.0, 119.2,

115.6 (t, J 262.0), 108.7, 71.2, 68.9, 55.5, 34.8; 19F NMR (376 MHz, CDCl3) δ: -81.47; m/z

(ESI+) 471 ([M+Na]+, 100%); HRMS (ESI+) found 449.27839 [M+H]+, C16H22B10F2N4O2H+

requires 449.27948.
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5-((1,12-Dicarba-closo-decaborane-1-yl)ethoxy)-3-(4-(difluoromethoxy)phenyl)-

[1,2,4]triazolo[4,3-a]pyrazine 194

= BH

= C/CH

N

N

N

N

O

F

F

O

Prepared according to General Procedure 4 from: 191 (20.0 mg, 106 µmol)

and 44 (31.5 mg, 106 µmol); the solvent was removed and the residue directly

purified by automated flash chromatography on silica (Biotage Isolera, 25–

100% EtOAc in hexanes) to give the title compound light brown powder

(16.2 mg, 34%); Rf 0.43 (100% EtOAc); m.p. 137–143 ◦C; 1H NMR (500

MHz, CDCl3) δ: 9.05 (s, 1H), 7.65 (d, J 8.7, 2H), 7.25 (d, J 8.8, 1H), 7.23 (s, 1H), 6.63 (t, J

73.1, 1H), 3.98 (t, J 6.6, 2H), 1.91 (t, J 6.6, 2H), 2.86–1.05 (m, 11H); 13C NMR (126 MHz,

CDCl3) δ: 152.6, 147.9, 146.4, 143.3, 137.2, 132.5, 124.9, 119.0, 115.7 (t, J 261.7), 108.6, 70.8,

68.6, 59.2, 36.4; m/z (ESI+) 449 ([M+H]+, 100%); HRMS (ESI+) found 449.28061 [M+H]+,

C16H22B10F2N4O2H+ requires 449.27948.

5-((7,8-Dicarba-nido-undecaborane-7-yl)ethoxy)-3-(4-(difluoromethoxy)phenyl)-

[1,2,4]triazolo[4,3-a]pyrazine 195

= BH

= C/CH

N

N

N

N

O

F

F

O

Cs

H

Compound 192 (20.0 mg, 44.6 µmol, 1 equiv.) and CsF (20.3 mg, 134

µmol, 3 equiv.) were dissolved in EtOH (1 mL) and heated to reflux for

25 h. The solvent was removed. Acetone (2 mL) was added, the solution

filtered through a fritted glass funnel, washed several times with acetone

and the solvent removed to give the crude product as an off-white solid

(27.4 mg); purified by automated flash chromatography on silica (Biotage Isolera, 2–10% MeOH

in CH2Cl2) to give the title compound as a yellow powder (16.4 mg, 65%); Rf 0.13 (10% MeOH

in CH2Cl2); m.p. 181–190 ◦C; 1H NMR (500 MHz, CD3OD) δ: 8.94 (s, 1H), 7.76 (d, J 8.9,

2H), 7.50 (s, 1H), 7.28 (d, J 8.9, 2H), 6.91 (t, J 73.8, 1H), 4.56 (s, 2H), 4.46–4.29 (m, 2H), 1.94–

1.65 (m, 2H) (carborane BH signals not seen); 13C NMR (126 MHz, CD3OD) δ: 154.6, 149.0,

148.0, 146.3, 135.6, 133.9, 125.6, 119.2, 117.7 (t, J 257.9), 109.9, 74.2, 38.8 (carborane C signals

not seen); m/z (ESI+) 484 ([M+2Na]+, 100%); HRMS (ESI+) found 484.23813 [M+2Na]+,

C16H22B9CsF2N4O2Na2+ requires 484.23746.
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9.7 Synthesis and Characterisation of Compounds from Chapter 6

Methyl 3-hydroxy-2-phenylpropanoate 210

O

O

OH
Prepared according to General Procedure 7 from: tropic acid (1.00 g, 6.02 mmol,

1 equiv.) to give the title compound as a clear colourless oil (831 mg, 77%);

carried forward without further purification; 1H NMR (400 MHz, CDCl3) δ:

7.94–7.10 (m, 5H), 4.13 (dd, J 10.4 & 8.3, 1H), 3.93–3.78 (m, 2H), 3.71 (s, 3H) (alcohol OH signal

not seen); 13C NMR (101 MHz, CDCl3) δ: 173.7, 135.7, 129.0, 128.3, 127.9, 64.7, 54.1, 52.3.

Spectroscopic data matched those in the literature. [402]

3-(4-(Difluoromethoxy)phenyl)-5-methoxy-[1,2,4]triazolo[4,3-a]pyrazine 211

N

N

N

N

O

O

F

F

By-product from the reaction of 210 (182 mg, 1.01 mmol, 1 equiv.) with 44

(300 mg, 1.01 mmol, 1 equiv.) according to General Procedure 4; purified by

automated flash chromatography on silica (Biotage Isolera, 25–100% EtOAc in

hexanes) to give the title compound as a yellow powder (16.0 mg, 4%); m.p.

91–95 ◦C; 1H NMR (400 MHz, CDCl3) δ: 9.04 (s, 1H), 7.72 (d, J 8.7, 2H),

7.33 (s, 1H), 7.24 (d, J 8.6, 2H), 6.62 (t, J 73.3, 1H), 4.01 (s, 3H); 13C NMR (101 MHz,

CDCl3) δ: 152.6, 147.9, 146.5, 144.9, 136.8, 132.4, 124.9, 118.7, 115.7 (t, J 260.9), 108.0, 57.3;

m/z (ESI+) 293 ([M+H]+, 100%); HRMS (ESI+) found 293.08405 [M+H]+, C13H10F2N4O2H+

requires 293.08446.

Ethyl 3-hydroxy-2-phenylpropanoate 212

O

O

OH
Prepared according to General Procedure 7 from: tropic acid (500 mg, 3.01

mmol, 1 equiv.) to give the title compound as a clear oil (604 mg, >100%);

carried forward without further purification; Rf 0.66 (50% EtOAc in hexanes);
1H NMR (200 MHz, CDCl3) δ: 7.58–7.08 (m, 5H), 4.37–3.98 (m, 3H), 3.91–3.71 (m, 2H), 1.22

(t, J 7.1, 3H) (alcohol OH signal not seen). Spectroscopic data matched those in the litera-

ture. [403]

Ethyl 2-phenyl-3-((tetrahydro-2H -pyran-2-yl)oxy)propanoate 213

O

O

OTHP
Compound 212 (4.78 g, 24.6 mmol, 1.0 equiv.) was dissolved in CH2Cl2 (123

mL). p-TsOH (848 mg, 4.92 mmol, 0.2 equiv.) and 3,4-dihydro-2H -pyran (2.47

mL, 27.1 mmol, 1.1 equiv.) were added and the reaction stirred at rt overnight.

The reaction was quenched with ice cold H2O (80 mL) and the organic layer separated. The aque-

ous layer was extracted with CH2Cl2 (3 × 50 mL) and the combined organic layers washed with
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H2O (50 mL), brine (40 mL), dried (MgSO4), filtered and concentrated under reduced pressure

to give the crude title compound as a brown oil (14.1 g); this intermediate, though novel, was

carried forward without purification or characterisation; Rf 0.84 (50% EtOAc in hexanes).

2-Phenyl-3-((tetrahydro-2H -pyran-2-yl)oxy)propan-1-ol 214

OH

OTHP
Prepared according to General Procedure 6 from: 213 (6.00 g, 21.6 mmol, 1

equiv.) to give the crude title compound as a orange oil (4.98 g); purified by

automated flash chromatography on silica (Biotage Isolera, 25–100% EtOAc in

hexanes) to give the title compound as a clear pale yellow oil (1.11 g, 22%); Rf 0.29 (25% EtOAc

in hexanes); 1H NMR (200 MHz, CDCl3) δ: 7.75–6.58 (m, 5H), 4.61 (br s, 1H), 4.35–3.62 (m,

6H), 3.63–3.42 (m, 1H), 3.37–3.04 (m, 1H), 2.75–2.49 (m, 1H), 1.87–1.54 (m, 4H) (alcohol OH

signal not seen). Spectroscopic data matched those in the literature. [404]

3-(4-(Difluoromethoxy)phenyl)-5-(2-phenyl-3-((tetrahydro-2H -pyran-2-yl)oxy)

propoxy)-[1,2,4]triazolo[4,3-a]pyrazine 215

N

N

N

N

O

F

F

O

OTHP

Prepared according to General Procedure 4 from: 214 (983 mg, 4.16 mmol)

and 44 (1.23 g, 4.16 mmol) to give the crude title compound as a black sludge

(2.13 mg); purified by automated flash chromatography on silica (Biotage

Isolera, 25–100% EtOAc in hexanes) to give the title compound as a sticky

brown solid (1.56 mg, 75%); this intermediate, though novel, was carried

forward without characterisation; Rf 0.41 (100% EtOAc).

3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-2-phenyl

propan-1-ol 24

N

N

N

N

O
F

F

O

OH

Compound 215 (1.50 g, 2.82 mmol, 1 equiv.) was dissolved in EtOH (30

mL). CuCl2·2H2O (24.0 mg, 0.14 mmol, 5 mol%) was added and the mixture

heated to reflux for 1 h. The solvent was removed and CH2Cl2 was added to

the residue. The solid was filtered, washed with CH2Cl2 and dried in vacuo

to give the title compound as a light brown powder (683 mg, 54%); Rf 0.18

(100% EtOAc); m.p. 154–160 ◦C; 1H NMR (400 MHz, DMSO-d6) δ: 9.05 (br s, 1H), 7.66 (d,

J 8.8, 2H), 7.63 (br s, 1H), 7.35 (t, J 73.7, 1H), 7.26–7.12 (m, 5H), 6.98 (dd, J 7.4 & 2.0, 2H),

4.80 (t, J 5.3, 1H), 4.68–4.38 (m, 2H), 3.39 (t, J 5.8, 2H), 2.99 (p, J 6.3, 1H); 13C NMR (101

MHz, DMSO-d6) δ: 151.9, 146.2, 145.2, 139.6, 135.0, 132.4, 128.1, 127.9, 126.6, 124.8, 117.7, 116.2

(t, J 258.1), 108.8, 71.7, 61.8, 46.6; m/z (ESI+) 435 ([M+Na]+, 100%); HRMS (ESI+) found

435.12445 [M+Na]+, C21H18F2N4O3Na+ requires 435.12392.
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2-Phenylpropane-1,3-diol 216

OH

OH
Prepared according to General Procedure 6 from: diethyl phenylmalonate (8.00 g,

33.9 mmol, 1.00 equiv.) with LiAlH4 (1 M in THF, 77.2 mL, 77.2 mmol, 2.28 equiv.)

to give the crude title compound as a clear yellow oil; purified by automated flash

chromatography on silica (Biotage Isolera, 0–10% MeOH in CH2Cl2) to give the title compound

as a clear colourless oil (2.98 g, 58%); 1H NMR (200 MHz, CDCl3) δ: 7.43–7.16 (m, 5H),

4.11–3.82 (m, 4H), 3.24–3.00 (m, 1H), 2.09 (br s, 2H). Spectroscopic data matched those in the

literature. [405]

3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-2-phenyl

propanoic acid 208

N

N

N

N

O

F

F

O

O

OH

Compound 24 (100 mg, 0.24 mmol, 1 equiv.) was dissolved in acetone

(4.33 mL) and cooled to 0 ◦C. Jones reagent (2.5 M, 194 µL, 0.48 mmol,

2 equiv.) was added in 3 portions (64.7 µL each) with 20 min intervals

between additions. After stirring for 20 min, the reaction was quenched

with excess isopropanol and stirred for a further 10 min. The mixture was

diluted with H2O and the organic solvents removed. The aqueous phase was diluted with H2O

and extracted with EtOAc (4 ×), washed with brine, dried (Na2SO4), filtered and concentrated

under reduced pressure to give the crude title compound as a brownish-yellow solid (97.7 mg);

purified by manual column chromatograph on silica (75–100% EtOAc in hexanes) to give the title

compound as an off-white powder (25.7 mg, 25%); m.p. 115–120 ◦C; IR νmax (film) /cm–1 1716;
1H NMR (400 MHz, DMSO-d6) δ: 9.06 (s, 1H), 7.72 (d, J 8.8, 2H), 7.69 (s, 1H), 7.33 (t, J 73.6,

1H), 7.31–7.26 (m, 5H), 7.14–7.10 (m, 2H), 4.79 (t, J 9.0, 1H), 4.64–4.36 (m, 1H), 3.80 (dd, J

8.4, 5.6, 1H), 3.38 (ddapp, J 14.1 & 7.1, 1H); 13C NMR (101 MHz, DMSO-d6) δ: 171.9, 152.0,

147.4, 145.5, 143.6, 135.4, 135.1, 132.3, 128.6, 128.0, 127.7, 124.5, 117.7, 116.3, 109.0, 71.1, 49.6;

m/z (ESI+) 449 ([M+Na]+, 41%), 471 ([M-H+2Na]+, 100%); HRMS (ESI+) found 427.12162

[M+H]+, C21H16F2N4O4H+ requires 427.12124.

Diethyl 2-(3,4-difluorophenyl)malonate 217

F

F

O O

O

O

Prepared according to General Procedure 8 from: 52 (1.00 g, 5.00 mmol, 1.00

equiv.) to give the crude title compound as a brown liquid (2.68 g); purified

by automated flash chromatography on silica (Biotage Isolera, 0–10% EtOAc

in hexanes) to give the title compound as a clear yellow oil (1.25 g, 92%); 1H

NMR (200 MHz, CDCl3) δ: 7.46–6.98 (m, 3H), 4.55 (s, 1H), 4.19 (q, J 7.1, 4H), 1.28 (q, J 7.3,

6H). Spectroscopic data matched those in the literature. [360]
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2-(3,4-Difluorophenyl)propane-1,3-diol 218

F

F

OH

OH

Prepared according to General Procedure 6 from: 217 (1.00 g, 3.67 mmol, 1

equiv.) with LiAlH4 (1 M in THF, 11.0 mL, 11.0 mmol, 3 equiv.) to give the crude

title compound as a clear colourless oil (666 mg); purified by automated flash

chromatography on silica (Biotage Isolera, 25–100% EtOAc in hexanes) to give the title compound

as a clear colourless oil (189 mg, 27%); this intermediate, though novel, was carried forward

without complete characterisation; Rf 0.12 (50% EtOAc in hexanes); 1H NMR (200 MHz,

CDCl3) δ: 7.23–6.80 (m, 3H), 4.07–3.83 (m, 4H), 3.05 (p, J 6.4, 1H), 2.15–1.92 (m, 2H).

Ethyl 2-(2-fluorophenyl)acetate 281

O

O

F Prepared according to General Procedure 7 from: 2-(2-fluorophenyl)acetic acid

(2.00 g, 13.0 mmol) to give the title compound as a clear colourless oil (2.25

g, 95%); carried forward without further purification; Rf 0.81 (25% EtOAc in

hexanes); 1H NMR (200 MHz, CDCl3) δ: 7.42–7.15 (m, 2H), 7.16–6.93 (m, 2H), 4.16 (q, J 7.1,

2H), 3.65 (s, 2H), 1.24 (t, J 7.1, 3H). Spectroscopic data matched those in the literature. [406]

Ethyl 2-(3-fluorophenyl)acetate 282

O

O

F
Prepared according to General Procedure 7 from: 2-(3-fluorophenyl)acetic acid

(2.00 g, 13.0 mmol) to give the title compound as a clear colourless oil (2.11

g, 89%); carried forward without further purification or characterisation; Rf 0.89 (25% EtOAc in

hexanes).

Ethyl 2-(2,4,6-trifluorophenyl)acetate 283

O

O
F

F

F

Prepared according to General Procedure 7 from: 2-(2,4,6-trifluorophenyl)

acetic acid (600 mg, 3.16 mmol) to give the title compound as a clear colourless

oil (630 mg, 91%); carried forward without further purification or characteri-

sation; Rf 0.85 (25% EtOAc in hexanes).

Ethyl 2-(2,4,5-trifluorophenyl)acetate 284

O

O
F

F

F

Prepared according to General Procedure 7 from: 2-(2,4,5-trifluorophenyl)

acetic acid (1.00 g, 5.26 mmol) to give the title compound as a clear colourless

oil (1.08 g, 94%); carried forward without further purification or characterisa-

tion; Rf 0.95 (25% EtOAc in hexanes).
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Ethyl 2-(4-fluoro-3-(trifluoromethyl)phenyl)acetate 285

O

O
F

F3C
Prepared according to General Procedure 7 from: 2-(4-fluoro-3-

(trifluoromethyl)phenyl)acetic acid (1.00 g, 4.50 mmol) to give the title com-

pound as a clear colourless oil (1.03 g, 91%); this intermediate, though novel, was carried forward

without purification or characterisation; Rf 0.82 (25% EtOAc in hexanes).

Ethyl 2-(3-(trifluoromethyl)phenyl)acetate 286

O

O

F3C
Prepared according to General Procedure 7 from: 2-(3-(trifluoromethyl)

phenyl)acetic acid (1.00 g, 4.90 mmol) to give the title compound as a clear

colourless oil (1.05 g, 92%); carried forward without further purification or characterisation; Rf

0.81 (25% EtOAc in hexanes).

Ethyl 2-(3,5-bis(trifluoromethyl)phenyl)acetate 287

O

O

F3C

CF3

Prepared according to General Procedure 7 from: 2-(3,5-bis(trifluoromethyl)

phenyl)acetic acid (1.00 g, 3.67 mmol) to give the title compound as a clear

colourless oil (1.03 g, 94%); carried forward without further purification or

characterisation; Rf 0.85 (25% EtOAc in hexanes).

Ethyl 2-(2-methoxyphenyl)acetate 288

O

O

O
Prepared according to General Procedure 7 from: 2-(2-methoxyphenyl)acetic

acid (1.00 g, 6.02 mmol) to give the title compound as a clear colourless oil (1.10

g, 94%); carried forward without further purification or characterisation; Rf

0.89 (25% EtOAc in hexanes).

Ethyl 2-(3-methoxyphenyl)acetate 289

O

O

O

Prepared according to General Procedure 7 from: 2-(3-methoxyphenyl)acetic

acid (1.00 g, 6.02 mmol) to give the title compound as a clear colourless oil

(1.11 g, 95%); carried forward without further purification or characterisation;

Rf 0.86 (25% EtOAc in hexanes).

Ethyl 2-(4-(trifluoromethoxy)phenyl)acetate 290

O

O
F3CO

Prepared according to General Procedure 7 from: 2-(4-(trifluoromethoxy)

phenyl)acetic acid (600 mg, 2.73 mmol) to give the title compound as a clear

pale yellow oil (615 g, 91%); carried forward without further purification or characterisation; Rf

0.70 (25% EtOAc in hexanes).
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Diethyl 2-(2-fluorophenyl)malonate 291

O

O

F
O O

Prepared according to General Procedure 8 from: 281 (2.00 g, 11.0 mmol) to

give the crude title compound as an opaque white liquid (6.41 g); purified by

automated flash chromatography on silica (Biotage Isolera, 0–15% EtOAc in

hexanes) to give the title compound as a clear colourless oil (2.56 g, 92%); Rf

0.51 (10% EtOAc in hexanes); 1H NMR (200 MHz, CDCl3) δ: 7.47 (td, J 7.5 & 1.6, 1H), 7.39–

7.26 (m, 1H), 7.22–6.98 (m, 2H), 4.97 (s, 1H), 4.59–3.94 (m, 4H), 1.27 (t, J 7.1, 6H). Spectroscopic

data matched those in the literature. [407]

Diethyl 2-(3-fluorophenyl)malonate 292

O

O

O O

F

Prepared according to General Procedure 8 from: 282 (2.00 g, 11.0 mmol)

to give the crude title compound as an orange liquid (6.22 g); purified by

automated flash chromatography on silica (Biotage Isolera, 0–15% EtOAc in

hexanes) to give the title compound as a clear pale yellow oil (2.03 g, 73%);

carried forward without characterisation; Rf 0.42 (10% EtOAc in hexanes).

Diethyl 2-(2,4,6-trifluorophenyl)malonate 293

O

O

O O

F F

F

Prepared according to General Procedure 8 from: 283 (550 mg, 2.52 mmol) to

give the crude title compound as a yellow oil (1.59 g); purified by automated

flash chromatography on silica (Biotage Isolera, 0–15% EtOAc in hexanes)

to give the title compound as a clear pale yellow oil (515 mg, 70%); carried

forward without characterisation; Rf 0.44 (10% EtOAc in hexanes).

Diethyl 2-(2,4,5-trifluorophenyl)malonate 294

O

O

O O

F

F

F

Prepared according to General Procedure 8 from: 284 (800 mg, 3.67 mmol)

to give the crude title compound as a clear yellow oil (1.75 g); purified by

automated flash chromatography on silica (Biotage Isolera, 0–15% EtOAc in

hexanes) to give the title compound as a clear pale yellow oil (946 mg, 89%);

carried forward without characterisation; Rf 0.52 (10% EtOAc in hexanes).

Diethyl 2-(4-fluoro-3-(trifluoromethyl)phenyl)malonate 295

O

O

O O

F

F3C

Prepared according to General Procedure 8 from: 285 (800 mg, 3.20 mmol)

to give the crude title compound as a clear orange oil (1.66 g); purified by

automated flash chromatography on silica (Biotage Isolera, 0–15% EtOAc in

hexanes) to give the title compound as a clear yellow oil (512 mg, 50%); this
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intermediate, though novel, was carried forward without characterisation; Rf 0.34 (10% EtOAc

in hexanes).

Diethyl 2-(3-(trifluoromethyl)phenyl)malonate 296

O

O

O O

F3C

Prepared according to General Procedure 8 from: 286 (800 mg, 3.54 mmol)

to give the crude title compound as a clear orange oil (1.65 g); purified by

automated flash chromatography on silica (Biotage Isolera, 0–15% EtOAc in

hexanes) to give the title compound as a clear colourless oil (756 mg, 72%);

carried forward without characterisation; Rf 0.42 (10% EtOAc in hexanes).

Diethyl 2-(3,5-bis(trifluoromethyl)phenyl)malonate 297

O

O

O O

F3C

CF3

Prepared according to General Procedure 8 from: 287 (800 mg, 2.66 mmol)

to give the crude title compound as a clear orange oil (1.50 g); purified by

automated flash chromatography on silica (Biotage Isolera, 0–15% EtOAc

in hexanes) to give the title compound as a clear yellow oil (775 mg, 78%);

carried forward without characterisation; Rf 0.50 (10% EtOAc in hexanes).

Diethyl 2-(2-methoxyphenyl)malonate 298

O

O

O O
O

Prepared according to General Procedure 8 from: 288 (800 mg, 4.12 mmol)

to give the crude title compound as a clear pale yellow oil (2.09 g); purified

by automated flash chromatography on silica (Biotage Isolera, 0–15% EtOAc

in hexanes) to give the title compound as a clear colourless oil (846 mg, 77%);

carried forward without characterisation; Rf 0.27 (10% EtOAc in hexanes).

Diethyl 2-(3-methoxyphenyl)malonate 299

O

O

O O

O

Prepared according to General Procedure 8 from: 289 (800 mg, 4.12 mmol)

to give the crude title compound as a clear pale yellow oil (2.11 g); purified by

automated flash chromatography on silica (Biotage Isolera, 0–15% EtOAc in

hexanes) to give the title compound as a clear pale yellow oil (918 mg, 83%);

carried forward without characterisation; Rf 0.31 (10% EtOAc in hexanes).
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Diethyl 2-(4-(trifluoromethoxy)phenyl)malonate 300

O

O

O O

F3CO

Prepared according to General Procedure 8 from: 290 (550 mg, 2.22 mmol)

to give the crude title compound as a clear yellow oil (1.23 g); purified by

automated flash chromatography on silica (Biotage Isolera, 0–15% EtOAc

in hexanes) to give the title compound as a clear pale yellow oil (542 mg,

76%); carried forward without characterisation; Rf 0.47 (10% EtOAc in hexanes).

2-(2-Fluorophenyl)propane-1,3-diol 301

OH

OH
F

Prepared according to General Procedure 9 from: 291 (1.00 g, 3.93 mmol) to give

the crude title compound as a viscous clear colourless oil (640 mg); purified by

automated flash chromatography on silica (Biotage Isolera, 25–100% EtOAc in

hexanes) to give the title compound as a viscous clear colourless oil (295 mg, 44%); this interme-

diate, though novel, was carried forward without complete characterisation; Rf 0.09 (25% EtOAc

in hexanes); 1H NMR (400 MHz, CDCl3) δ: 7.36–7.16 (m, 2H), 7.15–6.99 (m, 2H), 4.12 (dt, J

14.3 & 5.3, 2H), 3.98 (ddd, J 29.1, 10.7 & 6.5, 2H), 3.50–3.37 (m, 1H), 2.61 (br s, 2H); 19F NMR

(376 MHz, CDCl3) δ: -117.58.

2-(3-Fluorophenyl)propane-1,3-diol 302

OH

OH

F

Prepared according to General Procedure 9 from: 292 (1.00 g, 3.93 mmol) to

give the crude title compound as a viscous clear colourless oil (586 mg); purified

by automated flash chromatography on silica (Biotage Isolera, 25–100% EtOAc

in hexanes) to give the title compound as a viscous clear colourless oil (229 mg, 34%); this interme-

diate, though novel, was carried forward without complete characterisation; Rf 0.08 (25% EtOAc

in hexanes); 1H NMR (400 MHz, CDCl3) δ: 7.33–7.24 (m, 1H), 7.05–6.89 (m, 3H), 4.16–3.86 (m,

4H), 3.07 (p, J 7.1 & 6.4, 1H), 2.51 (br s, 2H); 19F NMR (376 MHz, CDCl3) δ: -112.68.

2-(2,4,6-Trifluorophenyl)propane-1,3-diol 303

OH

OH

F F

F

Prepared according to General Procedure 9 from: 293 (300 mg, 1.03 mmol) to

give the crude title compound as a clear colourless oil (250 mg); purified by

automated flash chromatography on silica (Biotage Isolera, 25–100% EtOAc in

hexanes) to give the title compound as a white powder (79.0 mg, 37%); this intermediate, though

novel, was carried forward without characterisation; Rf 0.09 (25% EtOAc in hexanes).
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2-(2,4,5-Trifluorophenyl)propane-1,3-diol 304

OH

OH

F

F

F

Prepared according to General Procedure 9 from: 294 (900 mg, 3.10 mmol) to

give the crude title compound as a clear pale yellow oil (394 mg); purified by

automated flash chromatography on silica (Biotage Isolera, 25–100% EtOAc in

hexanes) to give the title compound as a viscous clear colourless oil (181 mg,

28%); this intermediate, though novel, was carried forward without complete characterisation;

Rf 0.11 (25% EtOAc in hexanes); 1H NMR (400 MHz, CDCl3) δ: 7.29–7.13 (m, 1H), 6.92 (td,

J 9.8 & 6.7, 1H), 3.98 (d, J 5.9, 4H), 3.35 (p, J 6.1, 1H), 2.05 (br s, 2H).

2-(4-Fluoro-3-(trifluoromethyl)phenyl)propane-1,3-diol 305

OH

OH

F

F3C

Prepared according to General Procedure 9 from: 295 (450 mg, 1.40 mmol) to

give the crude title compound as a viscous clear colourless oil (358 mg); purified

by automated flash chromatography on silica (Biotage Isolera, 25–100% EtOAc in

hexanes) to give the title compound as a viscous pale yellow oil (217 mg, 65%); this intermediate,

though novel, was carried forward without complete characterisation; Rf 0.03 (25% EtOAc in

hexanes); 1H NMR (400 MHz, CDCl3) δ: 7.55–7.37 (m, 2H), 7.17 (t, J 9.4, 1H), 4.34–3.81 (m,

4H), 3.19–3.06 (m, 1H), 1.94 (br s, 2H).

2-(3-(Trifluoromethyl)phenyl)propane-1,3-diol 306

OH

OH

F3C

Prepared according to General Procedure 9 from: 296 (700 mg, 2.30 mmol)

to give the crude title compound as a viscous clear colourless oil (293 mg);

purified by automated flash chromatography on silica (Biotage Isolera, 25–100%

EtOAc in hexanes) to give the title compound as a viscous clear colourless oil (108 mg, 21%); this

intermediate, though novel, was carried forward without complete characterisation; Rf 0.08 (25%

EtOAc in hexanes); 1H NMR (400 MHz, CDCl3) δ: 7.56–7.50 (m, 2H), 7.46 (d, J 4.7, 2H), 4.02

(dtt, J 16.3, 11.1 & 5.4, 4H), 3.16 (p, J 6.4, 1H), 1.99 (t, J 5.2, 2H).

2-(3,5-Bis(trifluoromethyl)phenyl)propane-1,3-diol 307

OH

OH

F3C

CF3

Prepared according to General Procedure 9 from: 297 (700 mg, 1.88 mmol) to

give the crude title compound as a viscous clear colourless oil (489 mg); purified

by automated flash chromatography on silica (Biotage Isolera, 25–100% EtOAc

in hexanes) to give the title compound as a viscous clear colourless oil (54.9 mg,

10%); Rf 0.06 (25% EtOAc in hexanes); 1H NMR (400 MHz, CDCl3) δ: 7.79 (s, 1H), 7.76 (s,

2H), 4.04 (dapp, J 5.6, 4H), 3.20 (p, J 6.5, 1H), 1.99 (br s, 2H). Spectroscopic data matched those

in the literature. [405]
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2-(2-Methoxyphenyl)propane-1,3-diol 308

OH

OH
O

Prepared according to General Procedure 9 from: 298 (800 mg, 3.00 mmol) to

give the crude title compound as a viscous clear colourless oil (554 mg); purified

by automated flash chromatography on silica (Biotage Isolera, 25–100% EtOAc in

hexanes) to give the title compound as a viscous clear colourless oil (306 mg, 56%); Rf 0.05 (25%

EtOAc in hexanes); 1H NMR (400 MHz, CDCl3) δ: 7.20 (ddd, J 22.4, 7.6 & 1.5, 2H), 6.99–6.81

(m, 2H), 4.09–3.89 (m, 4H), 3.83 (s, 3H), 3.55 (ddd, J 12.7, 7.4 & 5.3, 1H) (diol OH signals not

seen). Spectroscopic data matched those in the literature. [408]

2-(3-Methoxyphenyl)propane-1,3-diol 309

OH

OH

O

Prepared according to General Procedure 9 from: 299 (850 mg, 3.19 mmol) to

give the crude title compound as a viscous clear colourless oil (573 mg); purified

by automated flash chromatography on silica (Biotage Isolera, 25–100% EtOAc

in hexanes) to give the title compound as a viscous clear colourless oil (300 mg, 52%); carried

forward without characterisation; Rf 0.06 (25% EtOAc in hexanes).

2-(4-(Trifluoromethoxy)phenyl)propane-1,3-diol 310

OH

OH

F3CO

Prepared according to General Procedure 9 from: 300 (400 mg, 1.25 mmol) to

give the crude title compound as an opaque white liquid (326 mg); purified by

automated flash chromatography on silica (Biotage Isolera, 25–100% EtOAc in

hexanes) to give the title compound as a white solid (240 mg, 81%); this intermediate, though

novel, was carried forward without characterisation; Rf 0.09 (25% EtOAc in hexanes).

3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-2-

(2-fluorophenyl)propan-1-ol 219

N

N

N

N

O

O

F

FOH
F

Prepared according to General Procedure 4 from: 301 (57.4 mg, 0.34 mmol)

and 44 (100 mg, 0.34 mmol) to give the crude title compound as a dark

brown solid (84.1 mg); purified by preparative reversed-phase LCMS (5–

100% MeCN in H2O) to give the title compound as a light brown powder

(6.60 mg, 5%); insufficient material remaining for complete characterisation;
1H NMR (400 MHz, CDCl3) δ: 9.02 (s, 1H), 7.55 (d, J 8.6, 2H), 7.40 (s, 1H), 7.34–7.20 (m,

1H), 7.12 (d, J 8.5, 2H), 7.08–6.99 (m, 2H), 6.94 (t, J 7.6, 1H), 6.61 (t, J 73.3, 1H), 4.59 (p, J

9.4, 2H), 3.64 (ddd, J 32.9, 10.9 & 6.0, 2H), 3.43 (p, J 6.3, 1H) (alcohol OH signal not seen);

m/z (ESI+) 431 ([M+H]+, 100%); HRMS (ESI+) found 431.13196 [M+H]+, C21H17F3N4O3H+

requires 431.13255.
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3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-2-(2,4,6-

trifluorophenzyl)propan-1-ol 221

OH

N

N

N

N

O

O

F

F
FF

F

Prepared according to General Procedure 4 from: 303 (68.0 mg, 0.33 mmol)

and 44 (97.9 mg, 0.33 mmol) to give the crude title compound as a dark

brown solid (107 mg); purified by automated flash chromatography on silica

(Biotage Isolera, 25–100% EtOAc in hexanes) to give the title compound as a

yellow powder (17.3 mg, 11%); insufficient material remaining for complete

characterisation; m.p. 140–146 ◦C; 1H NMR (500 MHz, CDCl3) δ: 9.05 (s, 1H), 7.58 (d, J 8.7,

2H), 7.39 (s, 1H), 7.16 (d, J 8.6, 2H), 6.64 (t, J 73.3, 1H), 6.61 (t, J 8.5, 2H), 4.85–4.49 (m, 2H),

3.73–3.59 (m, 2H), 3.54 (p, J 7.0, 1H) (alcohol OH signal not seen); m/z (ESI+) 467 ([M+H]+,

100%); HRMS (ESI+) found 467.11377 [M+H]+, C21H15F5N4O3H+ requires 467.11371.

3-((3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-2-(2,4,5-

trifluorophenyl)propan-1-ol 222

N

N

N

N

O

O

F

FOH
FF

F

Prepared according to General Procedure 4 from: 304 (85.0 mg, 0.41 mmol)

and 44 (122 mg, 0.41 mmol) to give the crude title compound as a dark

brown solid (178 mg); purified by preparative reversed-phase LCMS (5–

95% MeCN in H2O) to give an orange solid (46.2 mg, 24%); repurified by

automated reversed-phase flash chromatography on silica (Biotage Isolera,

5–75% MeCN in H2O) to give the title compound as a white powder (18.6 mg, 10%); insufficient

material remaining for complete characterisation; 1H NMR (400 MHz, CDCl3) δ: 9.03 (s, 1H),

7.61 (d, J 8.7, 2H), 7.38 (s, 1H), 7.20 (d, J 8.6, 2H), 6.90 (td, J 9.8 & 6.6, 1H), 6.73 (ddd, J 10.5,

8.5 & 6.8, 1H), 6.62 (t, J 73.1, 1H), 4.62–4.37 (m, 2H), 3.68–3.54 (m, 2H), 3.37 (p, J 6.2, 1H)

(alcohol OH signal not seen); m/z (ESI+) 467 ([M+H]+, 100%); HRMS (ESI+) found 467.11453

[M+H]+, C21H15F5N4O3H+ requires 467.11371.

3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-2-(4-fluoro

-3-(trifluoromethyl)phenyl)propan-1-ol 223

N

N

N

N

O

O

F

FOH
F

CF3
Prepared according to General Procedure 4 from: 305 (65.3 mg, 0.27 mmol)

and 44 (81.3 mg, 0.27 mmol) to give the crude title compound as a dark

brown solid (133 mg); purified by preparative reversed-phase LCMS (5–95%

MeCN in H2O) to give a pale yellow solid (5.00 mg, 4%); repurified by

automated reversed-phase flash chromatography on silica (Biotage Isolera,

5–75% MeCN in H2O) to give the title compound as a light brown powder (trace amounts); the

data obtained suggested the desired product was formed, however there was insufficient material
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remaining for complete characterisation; m/z (ESI+) 499 ([M+H]+, 100%).

3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-2-(3-

(trifluoromethyl)phenyl)propan-1-ol 224

OH

N

N

N

N

O

O

F

F

CF3
Prepared according to General Procedure 4 from: 306 (28.4 mg, 0.13 mmol)

and 44 (38.3 mg, 0.13 mmol) to give the crude title compound as a dark

brown solid (58.6 mg); purified by preparative reversed-phase LCMS (5–

100%MeCN in H2O) to give the title compound as a light brown powder (6.70

mg, 10%); insufficient material remaining for complete characterisation; 1H

NMR (500 MHz, CDCl3) δ: 9.05 (s, 1H), 7.61 (d, J 8.7, 2H), 7.54 (d, J 7.8, 1H), 7.41 (d, J 7.9,

1H), 7.39 (s, 1H), 7.32 (br s, 1H), 7.18 (d, J 8.6, 2H), 7.15 (d, J 7.9, 1H), 6.62 (t, J 73.1, 1H), 4.56

(ddd, J 54.3, 9.3 & 6.7, 2H), 3.61 (ddt, J 42.2, 11.1 & 5.6, 2H), 3.15 (p, J 6.2, 1H) (alcohol OH

signal not seen); m/z (ESI+) 481 ([M+H]+, 100%); HRMS (ESI+) found 481.13071 [M+H]+,

C22H17F5N4O3H+ requires 481.12936.

2-(3,5-Bis(trifluoromethyl)phenyl)-3-((3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo

[4,3-a]pyrazin-5-yl)oxy)propan-1-ol 225

N

N

N

N

O

O

F

FOH

CF3

F3C

Prepared according to General Procedure 4 from: 307 (29.3 mg, 0.10

mmol) and 44 (30.2 mg, 0.10 mmol) to give the crude title compound

as a dark brown solid (46.5 mg); purified by preparative reversed-phase

LCMS (5–95% MeCN in H2O) to give the title compound as a light brown

powder (trace amounts); the data obtained suggested the desired product

was formed, however there was insufficient material remaining for complete characterisation; m/z

(ESI+) 549 ([M+H]+, 100%).

3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-2-

(2-methoxyphenyl)propan-1-ol 226

N

N

N

N

O

O

F

FOH
O

Prepared according to General Procedure 4 from: 308 (88.7 mg, 0.49 mmol)

and 44 (144 mg, 0.49 mmol) to give the crude title compound as a dark

brown solid (177 mg); purified by preparative reversed-phase LCMS (5–

100% MeCN in H2O) to give the title compound as an off-white powder (4.1

mg, 2%); insufficient material remaining for complete characterisation; 1H

NMR (400 MHz, CDCl3) δ: 9.02 (s, 1H), 7.59 (d, J 8.7, 2H), 7.39 (s, 1H), 7.29–7.22 (m, 1H), 7.12

(d, J 8.6, 2H), 6.88 (t, J 7.8, 3H), 6.60 (t, J 73.4, 1H), 4.56 (d, J 6.5, 2H), 3.82 (s, 3H), 3.71–3.46

(m, 3H) (alcohol OH signal not seen); m/z (ESI+) 443 ([M+H]+, 100%); HRMS (ESI+) found
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433.15332 [M+H]+, C22H20F2N4O4H+ requires 443.15254.

3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-2-

(3-methoxyphenyl)propan-1-ol 227

N

N

N

N

O

O

F

FOH

O
Prepared according to General Procedure 4 from: 309 (104 mg, 0.57 mmol)

and 44 (170 mg, 0.57 mmol) to give the crude title compound as a dark

brown solid (211 mg); purified by preparative reversed-phase LCMS (5–

100% MeCN in H2O) to give the title compound as a light brown powder

(3.1 mg, 1%); insufficient material remaining for complete characterisation;
1H NMR (400 MHz, CDCl3) δ: 9.03 (s, 1H), 7.57 (d, J 8.6, 2H), 7.38 (s, 1H), 7.22 (t, J 8.2, 1H),

7.14 (d, J 8.5, 2H), 6.87–6.77 (m, 2H), 6.61–6.57 (m, 1H), 6.53 (t, J 73.4, 1H), 4.52 (ddd, J 30.4,

9.3 & 7.1, 2H), 3.79 (s, 3H), 3.57 (ddd, J 44.7, 10.8 & 5.8, 2H), 3.12–3.01 (m, 1H) (alcohol OH

signal not seen); m/z (ESI+) 443 ([M+H]+, 100%); HRMS (ESI+) found 443.15274 [M+H]+,

C22H20F2N4O4H+ requires 443.15254.

3-((3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-2-(4-

(trifluoromethoxy)phenyl)propan-1-ol 228

N

N

N

N

O

O

F

FOH
F3CO

Prepared according to General Procedure 4 from: 310 (100 mg, 0.42

mmol) and 44 (126 mg, 0.42 mmol) to give the crude title compound

as a dark brown solid (176 mg); purified by preparative reversed-phase

LCMS (5–100% MeCN in H2O) to give a light brown powder (2.1 mg,

1%); repurified by automated reversed-phase flash chromatography on

silica (Biotage Isolera, 5–75% MeCN in H2O) to give the title compound as a pale yellow solid

(trace amounts); the data obtained suggested the desired product was formed, however there

was insufficient material remaining for complete characterisation; m/z (ESI+) 497 ([M+H]+,

100%).
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3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-8-yl)oxy)-2-(3-

fluorophenyl)propan-1-ol 229

N

N

N

N

O

F

F

O

OH

F

Isolated from the reaction of 302 (80.0 mg, 0.47 mmol, 1 equiv.) with 44

(139 mg, 0.47 mmol, 1 equiv.) according to General Procedure 4; purified

by preparative reversed-phase LCMS (5–100% MeCN in H2O) to give a

light brown powder (2.3 mg, 1%); repurified by automated reversed-phase

flash chromatography on silica (Biotage Isolera, 5–75% MeCN in H2O) to

give the title compound as a light brown powder (1.8 mg, 1%); insufficient

material remaining for complete characterisation; 1H NMR (400 MHz,

CDCl3) δ: 7.86 (d, J 8.7, 2H), 7.80 (d, J 4.9, 1H), 7.41 (d, J 4.9, 1H),

7.37 (d, J 8.6, 2H), 7.37–7.29 (m, 1H), 7.20 (dapp, J 7.6, 1H), 7.14 (dt, J 10.3 & 2.2, 1H), 7.04–6.91

(m, 1H), 6.63 (t, J 72.9, 1H), 5.15–4.84 (m, 2H), 4.04 (br s, 2H), 3.66–3.40 (m, 1H) (alcohol OH

signal not seen); m/z (ESI+) 431 ([M+H]+, 100%); HRMS (ESI+) found 431.13367 [M+H]+,

C21H17F3N4O3H+ requires 431.13255.

3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-8-yl)oxy)-2-(2,4,5-

trifluorophenyl)propan-1-ol 230

N

N

N

N

O

F

F

O

OH
F

F

F

Isolated from the same reaction as for 311 to give the title compound as

a white powder (4.5 mg, 2%); insufficient material remaining for complete

characterisation; 1H NMR (400 MHz, CDCl3) δ: 7.86 (d, J 8.7, 2H), 7.82

(d, J 4.9, 1H), 7.47–7.38 (m, 1H), 7.42 (d, J 4.9, 1H), 7.37 (d, J 8.6, 2H),

6.95 (td, J 9.8 & 6.6, 1H), 6.63 (t, J 72.9, 1H), 5.06–4.78 (m, 2H), 4.03 (br s,

2H), 3.78 (dq, J 10.7 & 5.1, 1H), 2.65 (br s, 1H); m/z (ESI+) 467 ([M+H]+,

100%); HRMS (ESI+) found 467.11353 [M+H]+, C21H15F5N4O3H+ re-

quires 467.11371.

3-((3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-2-(2,4,6-

trifluorophenyl)propanoic acid 231

N

N

N

N

O

O

F

FOH
F

F

F

O

Compound 221 (10.0 mg, 21.4 µmol, 1 equiv.) was dissolved in acetone

(0.38 mL) and cooled to 0 ◦C. Jones reagent (2.5 M, 17.2 µL, 42.9 µmol,

2 equiv.) was added in 3 portions (5.72 µL each) with 20 min intervals

between additions. After stirring for 20 min, the reaction was quenched

with excess isopropanol and stirred for a further 10 min. The mixture was

diluted with H2O and the organic solvents removed. The aqueous phase was diluted with H2O
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and extracted with EtOAc (4 ×), washed with brine, dried (Na2SO4), filtered and concentrated

under reduced pressure to give the crude title compound as a yellow powder (10.6 mg); purified

by preparative reversed-phase LCMS (5–95% MeCN in H2O) to give the title compound as a light

brown powder (2.6 mg, 25%); insufficient material remaining for complete characterisation; 1H

NMR (500 MHz, acetone-d6) δ: 8.95 (s, 1H), 7.74 (d, J 8.7, 2H), 7.66 (s, 1H), 7.26 (d, J 8.2,

2H), 7.04–6.86 (m, 2H), 6.69 (t, J 73.3, 1H), 5.19–4.97 (m, 1H), 4.69–4.52 (m, 1H), 4.31 (br s, 1H)

(acid OH signal not seen); m/z (ESI+) 481 ([M+H]+, 100%); HRMS (ESI+) found 481.09320

[M+H]+, C21H13F5N4O4H+ requires 481.09297.

2-(4-Methoxyphenyl)propane-1,3-diol 232

OH

OH
O

Prepared according to General Procedure 9 from: 1,3-dimethyl 2-(4-

methoxyphenyl)propanedioate (500 mg, 2.10 mmol) to give the crude title com-

pound as a viscous clear colourless oil (474 mg); purified by automated flash

chromatography on silica (Biotage Isolera, 25–100% EtOAc in hexanes) to give the title compound

as a white powder (206 mg, 54%); Rf 0.05 (25% EtOAc in hexanes); 1H NMR (500 MHz,

CDCl3) δ: 7.16 (d, J 8.7, 2H), 6.88 (d, J 8.7, 2H), 4.11–3.85 (m, 4H), 3.79 (s, 3H), 3.07 (ddd, J

13.2, 7.5 & 5.7, 1H), 2.01 (br s, 2H); 13C NMR (126 MHz, CDCl3) δ: 158.9, 131.2, 129.2, 114.4,

66.4, 55.4, 49.1. Spectroscopic data matched those in the literature. [405]

3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-2-(4-

methoxyphenyl)propan-1-ol 233

N

N

N

N

O

O

F

FOH
O

t-BuOK (185 mg, 1.65 mmol, 2.0 equiv.) was added portionwise to a stirred

solution of 232 (150 mg, 0.82 mmol, 1.0 equiv.) in 1,4-dioxane (15 mL, 55

mM) at rt. 44 (195 mg, 0.66 mmol, 0.8 equiv.) was added and the reaction

allowed to warm to rt and stirred for 1 h. CH2Cl2 and K2CO3 were added

and the mixture was filtered and concentrated under reduced pressure to

give the crude title compound as a dark brown sludge (400 mg); purified by automated flash

chromatography on silica (Biotage Isolera, 25–100% EtOAc in hexanes) to give the title compound

as yellow powder (75.1 mg, 21%); m.p. 75–80 ◦C; 1H NMR (400 MHz, CDCl3) δ: 9.02 (s, 1H),

7.59 (d, J 8.6, 2H), 7.36 (s, 1H), 7.17 (d, J 8.6, 2H), 6.92 (d, J 8.7, 2H), 6.82 (d, J 8.6, 2H),

6.62 (t, J 73.3, 1H), 4.49 (ddd, J 33.4, 9.3 & 6.9, 2H), 3.79 (s, 3H), 3.55 (ddd, J 41.0, 10.9 &

6.2, 2H), 3.06 (p, J 6.5, 1H); 13C NMR (101 MHz, CDCl3) δ: 159.3, 147.9, 146.2, 144.7, 144.1,

136.6, 132.4, 129.4, 128.9, 125.1, 119.0, 114.5, 108.6, 71.5, 63.6, 55.4, 46.2 (1 obscured signal);

m/z (ESI+) 443 ([M+H]+, 100%); HRMS (ESI+) found 443.15399 [M+H]+, C22H20F2N4O4H+

requires 443.15254.

256



CHAPTER 9 – Experimental Details

3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-2-(4-

methoxyphenyl)propanoic acid 234

N

N

N

N

O

O

F

FOH

O

O

Compound 233 (40.0 mg, 90.4 µmol, 1 equiv.) was dissolved in acetone

(1.61 mL) and cooled to 0 ◦C. Jones reagent (2.5 M, 72.3 µL, 181 µmol,

2 equiv.) was added in 3 portions (24.1 µL each) with 20 min intervals

between additions. After stirring for 20 min, the reaction was quenched

with excess isopropanol and stirred for a further 10 min. The mixture was

diluted with H2O and the organic solvents removed. The aqueous phase was diluted with H2O

and extracted with EtOAc (4 ×), washed with brine, dried (Na2SO4), filtered and concentrated

under reduced pressure to give the crude title compound as a yellow powder (37.0 mg); purified by

automated reversed-phase flash chromatography on silica (5–75% MeCN in H2O) to give the title

compound as an off-white powder (9.50 mg, 23%); insufficient material remaining for complete

characterisation; Rf 0.18 (10% MeOH in CH2Cl2); 1H NMR (400 MHz, CD3OD) δ: 8.93 (s,

1H), 7.68 (d, J 8.7, 2H), 7.55 (s, 1H), 7.25 (d, J 8.7, 2H), 7.06 (t, J 73.7, 1H), 7.05 (d, J 8.6, 2H),

6.76 (d, J 8.7, 2H), 4.60 (br s, 1H), 4.44 (t, J 8.3, 1H), 3.74 (s, 3H), 3.65 (t, J 7.2, 1H) (acid OH

signal not seen); m/z (ESI+) 457 ([M+H]+, 100%); HRMS (ESI+) found 457.13211 [M+H]+,

C22H18F2N4O5H+ requires 457.13180.
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A. Supporting NMR Data for Novel Final Compounds

Images of the 1H NMR and 13C NMR spectra for the final compounds synthesised in this thesis.

Residual solvent peaks are indicated by red peak labels unless obscured by compound peaks. The

complete set of raw data files (NMR and mass spectra) for intermediates and final compounds

synthesised in this thesis are available to download at DOI: 10.25910/5d7af492b2c63. A complete

PDF copy of the ELN entries for all experiments carried out in this thesis is also available to

download at this link.
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.1 3-(4-Chlorophenyl)-5-phenethoxy-[1,2,4]triazolo[4,3-a]pyrazine 11
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.2 N -(4-Chlorophenyl)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]

pyrazine-5-carboxamide 19
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.3 N -(3-Chloro-4-fluorophenyl)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]

triazolo[4,3-a]pyrazine-5-carboxamide 20
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.4 (3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

(isoindolin-2-yl)methanone 31
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.5 2-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)-1-(3,4-difluorophenyl)-N,N -dimethylethan-1-amine 30
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.6 3-(4-(Difluoromethoxy)phenyl)-5-phenoxy-[1,2,4]triazolo[4,3-a]

pyrazine 56
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.7 5-(Benzyloxy)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]

pyrazine 57

N

N

N

N

O

O

F

F

N

N

N

N

O

O

F

F

301



APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.8 3-(4-(Difluoromethoxy)phenyl)-5-phenethoxy-[1,2,4]triazolo[4,3-a]

pyrazine 58
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.9 3-(4-(Difluoromethoxy)phenyl)-5-(3-phenylpropoxy)-[1,2,4]triazolo

[4,3-a]pyrazine 59
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.10 3-(4-(Difluoromethoxy)phenyl)-5-(2-phenoxyethoxy)-[1,2,4]triazolo

[4,3-a]pyrazine 60
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.11 5-(Benzylthio)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]

pyrazine 63
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.12 3-(4-(Difluoromethoxy)phenyl)-5-(phenethylthio)-[1,2,4]triazolo[4,3-a]

pyrazine 64
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.13 5-Benzylsulfinyl-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]

pyrazine 71
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.14 5-(Phenethylsulfinyl)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo

[4,3-a]pyrazine 72
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.15 5-(Phenethylsulfonyl)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo

[4,3-a]pyrazine 74
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.16 8-(Benzylthio)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]

pyrazine 75
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.17 3-(4-(Difluoromethoxy)phenyl)-8-(phenethylthio)-[1,2,4]triazolo[4,3-a]

pyrazine 76

N

N

N

N

O

F

F

S

N

N

N

N

O

F

F

S

311



APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.18 5-(Benzylsulfonyl)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]

pyrazine 73
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A.19 5-(4-Phenyl-1H -1,2,3-triazol-1-yl)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]

triazolo[4,3-a]pyrazine 78
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.20 3-(4-(Difluoromethoxy)phenyl)-5-((1-phenyl-1H -1,2,3-triazol-4-yl)

methoxy)-[1,2,4]triazolo[4,3-a]pyrazine 83
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.21 5-((1-Benzyl-1H -1,2,3-triazol-4-yl)methoxy)-3-(4-(difluoromethoxy)

phenyl)-[1,2,4]triazolo[4,3-a]pyrazine 84
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.22 2-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)-1-(3,4-difluorophenyl)ethan-1-one 97
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.23 3-(4-(Difluoromethoxy)phenyl)-5-(2-(3,4-difluorophenyl)-2,2-

dimethoxyethoxy)-[1,2,4]triazolo[4,3-a]pyrazine 98
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.24 3-(4-(Difluoromethoxy)phenyl)-5-((2-(3,4-difluorophenyl)-1,3-dioxolan

-2-yl)methoxy)-[1,2,4]triazolo[4,3-a]pyrazine 100
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.25 2-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)-

1-

phenylethan-1-ol 16
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.26 2-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)-1-phenylethan-1-one 105
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.27 1-Phenyl-2-((3-(6-(trifluoromethyl)pyridin-3-yl)-[1,2,4]triazolo[4,3-a]pyrazin-

5-yl)oxy)ethan-1-ol 25
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.28 4-(2-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)-1-phenylethyl)morpholine 108
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.29 2-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)-1-(3,4-difluorophenyl)-N -ethyl-N -methylethan-1-amine 113
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A.30 2-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)-1-(3,4-difluorophenyl)-N,N -diethylethan-1-amine 114
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.31 tert-Butyl (R)-(1-((3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]

pyrazin-5-yl)oxy)-3-phenylpropan-2-yl)carbamate 117
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.32 tert-Butyl (S)-(1-((3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]

pyrazin-5-yl)oxy)-3-phenylpropan-2-yl)carbamate 118
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.33 (R)-1-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5

-yl)oxy)-3-phenylpropan-2-amine 119

N

N

N

N

O

F

F

O

NH2

N

N

N

N

O

F

F

O

NH2

325



APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.34 (S)-1-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5

-yl)oxy)-3-phenylpropan-2-amine 120
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.35 5-(3,4-Difluorophenethoxy)-[1,2,4]triazolo[4,3-a]pyrazine 122
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.36 5-(3,4-Difluorophenethoxy)-3-phenyl-[1,2,4]triazolo[4,3-a]pyrazine 125
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.37 3-(4-(Pentafluoro-λ6-sulfaneyl)phenyl)-5-phenethoxy-[1,2,4]triazolo

[4,3-a]pyrazine 128
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.38 3-(4-(Difluoromethoxy)phenyl)-5-(3-methoxyphenethoxy)-[1,2,4]

triazolo[4,3-a]pyrazine 129
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.39 3-(4-(Difluoromethoxy)phenyl)-5-(4-methoxyphenethoxy)-[1,2,4]

triazolo[4,3-a]pyrazine 130
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.40 (4-(((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)methyl)phenyl)methanol 132
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.41 5-(2-Cyclopropylethoxy)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo

[4,3-a]pyrazine 133
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.42 3-(4-(Difluoromethoxy)phenyl)-5-(2-(oxetan-3-yl)ethoxy)-[1,2,4]triazolo

[4,3-a]pyrazine 134
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.43 6-(2-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)ethyl)-2-oxa-6-azaspiro[3.3]heptane 135
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.44 3-(4-(Difluoromethoxy)phenyl)-5-(2-(pyrrolidin-1-yl)ethoxy)-[1,2,4]

triazolo[4,3-a]pyrazine 136
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APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.45 3-(4-(Difluoromethoxy)phenyl)-5-(2-(piperidin-1-yl)ethoxy)-[1,2,4]

triazolo[4,3-a]pyrazine 137

N

N

N

N

O
F

F

O

N

N

N

N

N

O
F

F

O

N

337



APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.46 4-(2-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)ethyl)morpholine 138
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A.47 tert-Butyl 4-(2-((3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]

pyrazin-5-yl)oxy)ethyl)piperazine-1-carboxylate 140
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A.48 3-(4-(Difluoromethoxy)phenyl)-5-(2-(piperazin-1-yl)ethoxy)-[1,2,4]

triazolo[4,3-a]pyrazine 141
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A.49 1-Phenyl-2-((3-(piperidin-3-yl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)oxy)

ethan-1-ol 145
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A.50 5-(3,4-Difluorophenethoxy)-3-(piperidin-3-yl)-[1,2,4]triazolo[4,3-a]

pyrazine 147
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A.51 5-Phenethoxy-3-(tetrahydrofuran-3-yl)-[1,2,4]triazolo[4,3-a]pyrazine 148
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A.52 5-Phenethoxy-3-(tetrahydro-2H -pyran-4-yl)-[1,2,4]triazolo[4,3-a]

pyrazine 149
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A.53 tert-Butyl 3-(5-phenethoxy-[1,2,4]triazolo[4,3-a]pyrazin-3-yl)

pyrrolidine-1-carboxylate 150
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A.54 tert-Butyl 4-(5-phenethoxy-[1,2,4]triazolo[4,3-a]pyrazin-3-yl)piperidine-

1-carboxylate 151
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A.55 5-Phenethoxy-3-(pyrrolidin-3-yl)-[1,2,4]triazolo[4,3-a]pyrazine 152
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A.56 5-Phenethoxy-3-(piperidin-4-yl)-[1,2,4]triazolo[4,3-a]pyrazine 153
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A.57 5-(2-(Cuban-1-yl)ethoxy)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]triazolo

[4,3-a]pyrazine 154
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A.58 5-(3-(Cuban-1-yl)propoxy)-3-(4-(difluoromethoxy)phenyl)-[1,2,4]

triazolo[4,3-a]pyrazine 155
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A.59 5-(3,4-Difluorophenethoxy)-3-(4-iodocuban-1-yl)-[1,2,4]triazolo[4,3-a]

pyrazine 160
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A.60 3-(4-Iodocuban-1-yl)-N -(2-(trifluoromethyl)pyridin-4-yl)-[1,2,4]triazolo

[4,3-a]pyrazine-5-carboxamide 162
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A.61 5-(3,4-Difluorophenethoxy)-3-(4-iodophenyl)-[1,2,4]triazolo[4,3-a]

pyrazine 165
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A.62 5-(((3r,5r,7r)-Adamantan-1-yl)methoxy)-3-(4-(difluoromethoxy)

phenyl)-[1,2,4]triazolo[4,3-a]pyrazine 167
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A.63 5-(2-((1s,3s)-Adamantan-1-yl)ethoxy)-3-(4-(difluoromethoxy)phenyl)-

[1,2,4]triazolo[4,3-a]pyrazine 168
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A.64 3-(4-(Difluoromethoxy)phenyl)-5-((3-(difluoromethyl)bicyclo[1.1.1]

pentan-1-yl)methoxy)-[1,2,4]triazolo[4,3-a]pyrazine 178
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A.65 3-(4-(Difluoromethoxy)phenyl)-5-(2-((1R,5S)-6,6-dimethylbicyclo[3.1.1]

hept-2-en-2-yl)ethoxy)-[1,2,4]triazolo[4,3-a]pyrazine 179
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A.66 5-(((1S,2S,4S)-Bicyclo[2.2.1]hept-5-en-2-yl)methoxy)-3-(4-

(difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazine 180
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A.67 3-(4-(Difluoromethoxy)phenyl)-5-(2-(octahydro-1H -2,4,1-(epiethane

[1,1,2]triyl)cyclobuta[cd ]pentalen-7-yl)ethoxy)-[1,2,4]triazolo[4,3-a]

pyrazine 187
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A.68 5-((1,2-Dicarba-closo-decaborane-1-yl)ethoxy)-3-(4-(difluoromethoxy)

phenyl)-[1,2,4]triazolo[4,3-a]pyrazine 192
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A.69 5-((1,7-Dicarba-closo-decaborane-1-yl)ethoxy)-3-(4-(difluoromethoxy)

phenyl)-[1,2,4]triazolo[4,3-a]pyrazine 193
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A.70 5-((1,12-Dicarba-closo-decaborane-1-yl)ethoxy)-3-(4-(difluoromethoxy)

phenyl)-[1,2,4]triazolo[4,3-a]pyrazine 194
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A.71 5-((7,8-Dicarba-nido-undecaborane-7-yl)ethoxy)-3-(4-(difluoromethoxy)

phenyl)-[1,2,4]triazolo[4,3-a]pyrazine 195

= BH

= C/CH

N

N

N

N

O

F

F

O

Cs

H

= BH

= C/CH

N

N

N

N

O

F

F

O

Cs

H

363



APPENDIX A – Supporting NMR Data for Novel Final Compounds

A.72 3-(4-(Difluoromethoxy)phenyl)-5-methoxy-[1,2,4]triazolo[4,3-a]pyrazine 211
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A.73 3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)-2-phenylpropan-1-ol 24
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A.74 3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)-2-phenylpropanoic acid 208
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A.75 3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)-2-(2-fluorophenyl)propan-1-ol 219
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A.76 3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)-2-(2,4,6-trifluorophenyl)propan-1-ol 221
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A.77 3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)-2-(2,4,5-trifluorophenyl)propan-1-ol 222
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A.78 3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)-2-(3-(trifluoromethyl)phenyl)propan-1-ol 224
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A.79 3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)-2-(2-methoxyphenyl)propan-1-ol 226
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A.80 3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)-2-(3-methoxyphenyl)propan-1-ol 227
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A.81 3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-8-yl)

oxy)-2-(3-fluorophenyl)propan-1-ol 229
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A.82 3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-8-yl)

oxy)-2-(2,4,5-trifluorophenyl)propan-1-ol 230
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A.83 3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)-2-(4-methoxyphenyl)propan-1-ol 233
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A.84 3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)-2-(2,4,6-trifluorophenyl)propanoic acid 231
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A.85 3-((3-(4-(Difluoromethoxy)phenyl)-[1,2,4]triazolo[4,3-a]pyrazin-5-yl)

oxy)-2-(4-methoxyphenyl)propanoic acid 234
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B. Experimental Biological Procedures

B.1 In Vitro Antiplasmodial Activity (Drug Discovery Unit, University of Dundee)

Cultures of the widely-used malaria reference strain of chloroquinine-sensitive P. falciparum strain

3D7 were maintained in a 5% suspension of human red blood cells cultured in RPMI 1640 medium

supplemented with 0.5% Albumax II (available from Gibco Life Technologies, San Diego, CA, cat.

no. 11021-037), 12 mM sodium bicarbonate, 0.2 mM hypoxanthine, (pH 7.3), and 20 mg/L gen-

tamicin at 37 ◦C, in a humified atmosphere of 1% O2, 3% CO2 with a gas balance of nitrogen.

Growth inhibition of the P. falciparum cultures was quantified in a 10-point dose response curve

with a 1 in 3 dilution series from a top assay concentration of 50 µM. This 384 well plate based

fluorescence assay utilises the binding of SYBRgreen I (Thermo Fisher Scientific/Invitrogen cat.

no. S7585) to double stranded DNA, which greatly increases the fluorescent signal at 528 nm

after excitation at 485 nm. Mefloquine was used as a drug control to monitor the quality of

the assay (Z′ = 0.6 to 0.8, where Z′ is a measure of the discrimination between the positive and

negative controls on a screen plate). Dose-response curves were determined from a minimum of

3 independent experiments. Compound bioactivity was expressed as IC50, the concentration of

compound causing 50% inhibition. IC50 values were determined from a minimum of 3 independent

experiments.

All data was processed using IDBS ActivityBase R© raw data was converted into per cent inhibition

through linear regression by setting the high inhibition control as 100% and the no inhibition

control as 0%. Quality control criteria for passing plates were as follows: Z′ >0.5, S:B >3,

%CV(no inhibition control) <15. The formula used to calculate Z′ = 1− 3×(StDevhigh+StDevlow)
ABS(Meanhigh−Meanlow)

All IC50 Curve fitting was undertaken using XLFit version 4.2 using Model 205 with the following

4 parametric equation: y = A+ B−A
1+(C/x)

D , where A = % inhibition at bottom, B = % inhibition at

top, C = IC50, D = slope, x = inhibitor concentration and y = % inhibition. If curve did not reach

100% of inhibition, B was fixed to 100 only when at least 50% of inhibition was reached.

B.2 Cytotoxicity Studies (Drug Discovery Unit, University of Dundee)

In vitro cytotoxicity studies were carried out using HepG2 (Human Caucasian hepatocyte carci-

noma, ECACC cat. no. 85011430) used as indicators for general mammalian cell toxicity. HepG2

in vitro cytotoxicity can be assessed using the assay procedure as described. [409]
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B.3 Physicochemical and Metabolic Parameters (Centre for Drug Candidate Op-

timisation, Monash Institute of Pharmaceutical Sciences)

B.3.1 Kinetic Solubility Estimation using Nephelometry

Compound in DMSO was spiked into either pH 6.5 phosphate buffer or 0.01 M HCl (approx pH

2.0) with the final DMSO concentration being 1%. After 30 minutes had elapsed, samples were

then analysed via Nephelometry to determine a solubility range. [410]

B.3.2 Distribution Coefficient Estimation using Chromatography

Partition coefficient values (LogD) of the test compounds were estimated at pH 7.4 by correlation

of their chromatographic retention properties against the characteristics of a series of standard

compounds with known partition coefficient values. The method employed is a gradient HPLC

based derivation of the method developed by Lombardo. [411]

B.3.3 In Vitro Metabolic Stability

The metabolic stability assay was performed by incubating each test compound in liver microsomes

at 37 ◦C and a protein concentration of 0.4 mg/mL. The metabolic reaction was initiated by

the addition of an NADPH-regenerating system and quenched at various time points over a 60

minute incubation period by the addition of acetonitrile containing diazepam as internal standard.

Control samples (containing no NADPH) were included (and quenched at 2, 30 and 60 minutes)

to monitor for potential degradation in the absence of cofactor.

The human liver microsomes used in this experiment were supplied by XenoTech, lot # 1410230.

The mouse liver microsomes used in this experiment were supplied by XenoTech, lot # 1510256.

The rat liver microsomes used in this experiment were supplied by XenoTech, lot # 1510115.

Microsomal incubations were performed at a substrate concentration of 1 µM.

Species scaling factors from Ring et al. [412] were used to convert the in vitro CLint (µL/min/mg) to

an in vivo CLint (mL/min/kg). Hepatic blood clearance and the corresponding hepatic extraction

ratio (EH) were calculated using the well stirred model of hepatic extraction in each species,

according to the “in vitro T1/2” approach. [413] The EH was then used to classify compounds as low

(<0.3), intermediate (0.3–0.7), high (0.7–0.95) or very high (>0.95) extraction compounds.

B.4 Late-Stage Biofunctionalisation of Compounds 154 and 180 (Obach Lab,

Pfizer)

Compound 154 (40 µM) was incubated with dog liver microsomes (1 mg/mL) in a total volume

of 40 mL potassium phosphate buffer (0.1 M; pH 7.4) containing MgCl2 (3.3 mM) and NADPH
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(1.3 mM). The incubation was done in a 500 mL Erlenmeyer flask in a shaking water bath

maintained at 37 ◦C open to the air. After 1 h, the incubation was terminated by addition of

MeCN (40 mL) and the precipitated protein was removed by spinning at 1700 × g for 5 min.

The supernatant was partially evaporated in a vacuum centrifuge for 1.5 h and to the remaining

liquid was added formic acid (0.5 mL), MeCN (0.5 mL) and H2O to a final volume of 50 mL.

This mixture was spun in a centrifuge at 40000 × g for 30 min. The clarified supernatant was

applied to a Varian Polaris C18 column (4.6 × 250 mm; 5 µm) at 0.8 mL/min through a Jasco

HPLC pump. After the entire solution was applied and another 5 mL of 0.1% formic acid in H2O

was washed through the system, the column was moved to an HPLC-UV-MS (Thermo Velos LTQ

mass spectrometer, equipped with a Waters Acquity HPLC-UV system) in line with a fraction

collector (Leap Analytics). A mobile phase gradient was applied at 0.8 mL/min beginning with

2% MeCN in 0.1% aqueous formic acid, raised to 20% MeCN at 1 min, held until 5 min, then

increased linearly to 55% MeCN at 80 min, followed by a 10 min wash at 95% MeCN and 10 min

re-equilibration to initial conditions. Fractions were collected every 20 sec. Fractions predicted to

contain products of interest eluted around 39.5 and 42.0 min and were individually analysed on

a Thermo Orbitrap Elite UHPLC-UV-HRMS system to ascertain identity and purity for pooling

and qNMR analysis. Pooled fractions were evaporated in a vacuum centrifuge and the residue was

taken up in DMSO-d6 (0.05 mL). Compound 180 was subjected to a similar procedure except

that rabbit liver microsomes were used as the source of enzyme, the substrate concentration was

25 µM, and the incubation time was 45 min. The fractionation was carried out similarly, except

that the MeCN composition was raised to 70% instead of 55%.

B.5 P. falciparum ATP4 Assay (Kirk Lab, Australian National University)

B.5.1 Na+ Regulation

Each compound was initially tested at a concentration of 1 µM, then subsequently at 5 µM. For

each compound, a 50 mM stock solution in DMSO was made, with an aliquot taken and diluted

to form a 1 mM stock solution of the compound in DMSO. A further 1 µL aliquot of this 1 mM

stock was then added to 24 µL of malaria saline (MS) solution. In a 96 well plate, the first column

of wells (B2-E2) were loaded with 5 µL of a 0.1% v/v DMSO in MS negative control solution and

the second column of wells (B3-E3) loaded with 5 µL of a 50 nM KAE609 in MS positive control

solution. Subsequent wells (B-E; 4-8) were loaded with 5 µL of the compound in MS solution

prepared above.

Immediately prior to performing the assay, a 195 µL suspension of trophozoite-stage P. falciparum

parasites (isolated by saponin-permeabilisation of the erythrocyte membrane and loaded with

375



APPENDIX B – Experimental Biological Procedures

SBFI dye) was added to each well. The fluorescence was measured using a PerkinElmer LS 50B

fluorescence spectrometer with a dual excitation fast filter accessory using excitation wavelengths

of 340 nm and 380 nm. The emission was measured at 515 nm. After an arbitrary amount of

time, the raw data was obtained and the fluorescence ratio was plotted against time to give a

representation of the change in intracellular Na+ concentration ([Na+]i) over time.

B.5.2 H+ Regulation

The relationship between the fluorescence ration and the pHi was calibrated by following literature

procedures. [307] The calibration curve was constructed with solutions at pH 6.8, 7.1, 7.4 and 7.8

to give the equation: y = 4.738x - 27.275; R2 = 0.9958.

Each compound was initially tested at a concentration of 1 µM. Select compounds were tested at 5

µM instead. A 1.5 mL suspension of BCECF-loaded trophozoite-stage P. falciparum parasites was

placed in a centrifuge and the supernatant removed. The cells were re-suspended in 1 mL of MS

solution and transferred to a cuvette. The fluorescence was measured using a PerkinElmer LS 50B

fluorescence spectrometer with a dual excitation fast filter accessory using excitation wavelengths

of 490 nm and 440-450 nm. The emission was measured at 520 nm. The fluorescence ratio was

monitored until no change was observed. A 1 µL aliquot of compound (solution prepared above)

was quickly added and mixed in the cuvette and the change in fluorescence monitored. When the

fluorescence change plateaued, a 1 µL aliquot of concanamycin A (100 nM) was quickly added

and mixed, leading to a rapid decrease in fluorescence. Between runs of 4-5 compounds, either a

positive (50 nM KAE609) or negative control (DMSO) was run to ensure the assay was generating

the correct fluorescence ratios. The raw data was obtained and the fluorescence ratio was plotted

against time to give a representation of the change in cytosolic pH (pHi) over time.

B.6 hERG Patch Clamp Assay (Victor Chang Cardiac Research Institute)

Chinese Hamster Ovary (CHO) cells were used for electrophysiological patch clamp recordings

due to their low levels of endogenous K+ current, which allows for more accurate characterisation

of Kv11.1 channel current. Cells were cultured in Ham’s F12 Nutrient Mixture (Thermo Fisher

Scientific Australia) supplemented with 5% foetal bovine serum (FBS), at 37 ◦C and 5% CO2.

CHO cells stably expressing WT Kv11.1 were passaged using TrypLETM Express (Thermo Fisher

Scientific Australia). Cells were incubated for 48 hours at 37 ◦C before patch clamp experiments

were performed.
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B.6.1 Automated Patch Clamp

CHO cells stably expressing WT Kv11.1 were detached from the culture flask using Accumax

(Sigma-Aldrich, USA), spun at 300 g for 5 mins, then resuspended in divalent free solution (in

mM: NaCl 140, KCl 5, HEPES 10, D-Glucose 5; adjusted to pH 7.4 with NaOH), supplemented

with 10% DMEM media. Cells were allowed to recover for 30 minutes at 10 ◦C while shaking on

a rotating platform at 500 rpm before recording.

Automated patch clamp recordings were performed using the Syncropatch 384 PE platform (Nan-

ion Technologies, Munich, Germany) at room temperature (∼25 ◦C). Single-hole 384-well record-

ing chips with medium resistance (4–4.5 MΩ) were used and recordings were performed in the

whole cell voltage clamp configuration. External recording solution contained (in mM): NaCl 140,

KCl 5, CaCl2 2, MgCl2 1, HEPES 10, D-Glucose 5; adjusted to pH 7.4 with NaOH. Cell sealing

was aided using a modified external solution containing 10 mM CaCl2. The internal solution

contained the following (in mM): KF 110, KCl 10, NaCl 10, HEPES 10, EGTA 10; adjusted to

pH 7.2 with KOH. Automated patch clamp workflows were performed using Biomek software v4.1

(Beckman Coulter) and data were acquired at a sampling rate of 5 to 10 kHz, depending on the

protocol, using PatchControl384 v1.5.6 software (Nanion Technologies).

Data analysis was performed using DataControl384 v1.5.2 software (Nanion Technologies, Munich,

Germany). Stringent quality control criteria were used to determine the individual cell recordings

to be included for final data analysis: Seal resistance ≥0.5 GΩ; series resistance ≤20 MΩ; and cell

capacitance between 5 to 50 pF. Results are expressed as mean ± SEM.
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C. Calculated Surfaces from UCSF Chimera

Images of the molecular surfaces from crystal structure files of phenyl bioisosteres that were used to

calculate the surface areas and volumes. Mesh surfaces are shown around each structure. Centre

structure is benzene. Structures clockwise from top are cubane, adamantane, BCP, norbornene,

o-carborane, m-carborane and p-carborane.
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D. Screenshots of Posts from Labtrove

Screenshots of referenced posts from the original OSM ELN (Labtrove).

D.1 Screenshot for Reference [170]

D.2 Screenshot for Reference [199]
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APPENDIX D – Screenshots of Key Online Conversations

D.3 Screenshot for Reference [308]

D.4 Screenshot for Reference [309]

D.5 Screenshot for Reference [310]
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D.6 Screenshot for Reference [348]

D.7 Screenshot for Reference [349]
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E. Alternative Codes for Final Compounds

Alternative codes for the final compounds synthesised and discussed throughout this thesis. Inter-

nal codes refer to the persons initials who synthesised the compound. OSM codes are assigned as

part of the OSM project. MMV codes are assigned as part of the MMV registration process.

Chapter 2 Compounds

Compound Internal OSM MMV

11 EGT 90-1 OSM-S-293 MMV663915
12 AEW 302-1 OSM-S-272 MMV639565
13 AEW 296-1 OSM-S-366 MMV670936
14 INHERITED OSM-S-218 MMV669844
15 EGT 171-1 OSM-S-390 MMV672687
16 EGT 119-3 OSM-S-279 MMV688896
17 INHERITED OSM-S-377 MMV670652
18 INHERITED OSM-X-002 MMV670437
22 PCCBTAK-0194 OSM-S-380 MMV669848
23 INHERITED OSM-S-381 MMV670947
19 EGT 95-3 OSM-S-367 MMV670246
20 EGT 141-1 OSM-S-379 MMV670767
21 AEW 300-1 OSM-S-175 MMV670944
24 EGT 198-1 OSM-S-353 MMV693155
25 EGT 137-1 OSM-S-278 MMV688895
26 TM 9-2 OSM-S-201 MMV675718
27 TM 19-2 OSM-S-204 MMV675946
28 TM 26-1 OSM-S-254 MMV675947
29 AEW 313-1 OSM-S-218 MMV897709
30 EGT 169-1 OSM-S-389 MMV897763
31 EGT 111-1 OSM-S-177 MMV669000

Chapter 3 Compounds

Compound Internal OSM MMV

56 EGT 354-1 OSM-S-579 MMV1581345
57 EGT 96-1 OSM-S-368 MMV897697
58 EGT 92-1 OSM-S-369 MMV897698
59 EGT 353-1 OSM-S-578 MMV1581344
60 EGT 355-1 OSM-S-580 MMV1581346
61 JU 9-1 OSM-S-188 N.A.
62 JU 6-3 OSM-S-187 N.A.
63 EGT 48-2 (f10-20) OSM-S-359 MMV693161
64 EGT 52-1 (f6-10) OSM-S-571 MMV1581336
71 EGT 45-1 OSM-S-360 MMV693162
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72 EGT 63-1 OSM-S-364 MMV693167
73 EGT 39-1 OSM-S-361 MMV693163
74 EGT 60-1 OSM-S-365 MMV693166
75 EGT 48-2 (f5-7) OSM-S-570 MMV1581335
76 EGT 52-2 (f2-5) OSM-S-363 MMV693164
78 EGT 51-4 OSM-S-362 MMV693165
83 EGT 101-1 OSM-S-373 MMV897702
84 EGT 82-1 OSM-S-372 MMV897701
85 N.A. OSM-S-283 MMV688899
86 AEW 214-1 OSM-S-281 MMV688898
87 INHERITED OSM-X-010 MMV671651
88 INHERITED OSM-X-067 MMV670763
89 INHERITED OSM-X-030 MMV671647
90 INHERITED OSM-X-003 MMV672936
91 INHERITED OSM-X-006 MMV672727
92 INHERITED OSM-X-004 MMV672723
93 INHERITED OSM-X-022 MMV670438
97 EGT 190-3 OSM-S-392 MMV1557932
98 EGT 191-1 OSM-S-393 MMV1557933
100 EGT 273-1 OSM-S-423 MMV1576789
105 EGT 225-1 OSM-S-400 MMV1557940
108 EGT 236-2 OSM-S-419 MMV1576785
113 EGT 182-3 OSM-S-431 MMV1576792
114 EGT 181-3 OSM-S-430 MMV1576791
117 EGT 306-1 OSM-S-535 MMV1580423
118 EGT 308-1 OSM-S-537 MMV1580425
119 EGT 307-1 OSM-S-536 MMV1580424
120 EGT 311-1 OSM-S-538 MMV1580426
122 EGT 151-2 OSM-S-387 MMV897706
125 EGT 249-1 OSM-S-415 MMV1557949
128 EGT 212-1 OSM-S-394 MMV1557934
129 EGT 147-1 OSM-S-383 MMV897711
130 EGT 148-1 OSM-S-384 MMV897712
132 EGT 262-1 OSM-S-420 MMV1576787

Chapter 4 Compounds

Compound Internal OSM MMV

133 EGT 295-1 OSM-S-442 MMV1577581
134 EGT 265-1 OSM-S-422 MMV1576788
135 EGT 263-1 OSM-S-421 MMV1576786
136 EGT 284-2 OSM-S-500 MMV1577577
137 EGT 283-1 OSM-S-499 MMV1577576
138 EGT 282-1 OSM-S-498 MMV1577575
140 EGT 290-1 OSM-S-501 MMV1577578
141 EGT 281-2 OSM-S-497 MMV1577574
145 EGT 324-1 OSM-S-554 MMV1580441
147 EGT 325-1 OSM-S-555 MMV1580442
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148 EGT 350-1 OSM-S-575 MMV1581340
149 EGT 348-1 OSM-S-573 MMV1581338
150 EGT 349-1 OSM-S-574 MMV1581339
151 EGT 347-1 OSM-S-572 MMV1581337
152 EGT 352-1 OSM-S-577 MMV1581342
153 EGT 351-1 OSM-S-576 MMV1581341
154 EGT 65-1 OSM-S-371 MMV897700
155 EGT 64-1 OSM-S-370 MMV897699
160 EGT 117-1 OSM-S-375 MMV897704
162 EGT 123-1 OSM-S-382 MMV897710
165 EGT 176-1 OSM-S-391 MMV1557931
167 EGT 220-1 OSM-S-397 MMV1557937
168 EGT 213-1 OSM-S-395 MMV1557935
178 EGT 363-1 OSM-S-690 MMV1794642
179 EGT 224-1 OSM-S-399 MMV1557939
180 EGT 222-1 OSM-S-398 MMV1557938
187 EGT 286-1 OSM-S-433 MMV1577573
192 EGT 257-1 OSM-S-418 MMV1576784
193 EGT 338-1 OSM-S-564 MMV1581343
194 EGT 411-1 OSM-LO-1 MMV1794644
195 EGT 274-1 OSM-S-424 MMV1576790
196 PF-7091175 OSM-S-513 MMV1577924
197 PF-7091176 OSM-S-514 MMV1577925
198 PF-7091172 OSM-S-511 MMV1577922
199 PF-7091173 OSM-S-512 MMV1577923

Chapter 6 Compounds

Compound Internal OSM MMV

208 EGT 199-5 OSM-S-515 MMV1579336
211 EGT 255-1 OSM-S-280 MMV688897
219 EGT 412-1 OSM-LO-2 MMV1794631
221 EGT 415-1 OSM-LO-7 MMV1794636
222 EGT 416-1 (prod1) OSM-LO-8 MMV1794637
224 EGT 419-1 OSM-LO-6 MMV1794635
226 EGT 421-1 OSM-LO-4 MMV1794633
227 EGT 420-1 OSM-LO-5 MMV1794634
229 EGT 417-1 (prod2) OSM-LO-3 MMV1794632
230 EGT 416-1 (prod2) OSM-LO-9 MMV1794638
231 EGT 422-1 OSM-LO-11 MMV1794640
233 EGT 424-1 OSM-LO-10 MMV1794639
234 EGT 425-1 OSM-LO-12 MMV1794641

Chapter 7 Compounds

Compound Internal OSM MMV

236 SSP2015a OSM-S-294 MMV689970
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237 SSP2015b OSM-S-291 MMV689968
238 SSP2015c OSM-S-292 MMV689969
239 SSP2015d OSM-S-293 MMV663915
240 SSP2016a OSM-S-351 MMV693153
241 SSP2016b OSM-S-350 MMV693152
242 SSP2016c OSM-S-352 MMV693154
243 SSP2016d OSM-S-349 MMV693151
244 SSP2017a1 OSM-S-402 MMV1557942
245 SSP2017a2 OSM-S-401 MMV1557941
248 SSP2017c1 OSM-S-404 MMV1557944
249 SSP2017c2 OSM-S-403 MMV1557943
250 SSP2017d1 OSM-S-406 MMV1557946
251 SSP2017d2 OSM-S-405 MMV1557945
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