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Abstract

This dissertation details the investigation of the synthetic pathway of the antiretroviral drug, tenofovir,
and its prodrug forms tenofovir disoproxil and tenofovir alafenamide, in attempt to develop a more

efficient route by exploring both batch and flow-chemistry avenues for each synthetic step.

The initial step of the synthesis was an N-9 alkylation of adenine which, due to its solubility challenges,
limited our reaction solvent options to only polar aprotic solvents (dimethylformamide, dimethyl
sulfoxide and N-methyl-2-pyrrolidone) under basic conditions. The results showed that the presence
of water in the solvent system produced both N-9 hydroxypropyl adenine and minor hydroxypropyl

adenine regioisomers (N-7 and N-3).

Hydroxypropyl adenine was isolated in one of two ways: trituration or newly implemented “catch-
and-release” resin work-up. Trituration with ethanol or a mixture of ‘propanol/methanol (1:1)
produced the purest product while the ion-exchange work-up with Amberlyst 15 ® resin gave the

highest yields and required less solvent.

The translation of step 1 to a flow reactor required an addition of a glass mixing chip and a steel coil
as accessories before we could obtain any conversion of adenine to hydroxypropyl adenine. The
conversion to hydroxypropyl adenine was 50% faster than that obtained in batch, however, we were
unable to pursue an in-line resin work-up because the glass Omnifit™ column accessory was

incompatible with our reaction solvent, dimethyl sulfoxide.

The second step of the synthetic pathway was split into two sub-steps: a) the addition of a
phosphonate ester to produce phosphonatepropyl adenine and b) the hydrolysis of the ester,
producing active antiretroviral drug tenofovir. We managed to successfully synthesize and isolate
phosphonatepropyl adenine by replicating the method employed by Riley et al. This method was
particularly problematic in terms of its work-up because of the sticky salt cake that made it difficult to
extract our product. We, therefore, attempted to solve the problem in one of two ways: i) an
alternative synthetic route for the synthesis of phosphonatepropyl adenine which involved an Arbuzov
reaction. We were unsuccessful in this approach and so moved on in attempt to ii) develop a polymer-
supported reagent (Polymer-supported diethyl (tosyloxy) methyl phosphonate) that we believed
would allow us to isolate phosphonatepropyl adenine from the sticky cake while trapping the
troublesome magnesium salts on the spent solid support. The results on the formation of polymer-
supported diethyl (tosyloxy) methylphosphonate were inconclusive, leaving step 2a as a batch

reaction.




Step 2b involved hydrolysis of the phosphate ester using classical reagents, trimethylsilyl bromide and
trimethylsilyl chloride under high pressure in order to produce the phosphonic acid. The reaction
worked best with trimethylsilyl bromide but the cost effective alternative trimethylsilyl chloride
produced satisfactory results, especially in the presence of NaBr. This step, although unoptimized, was
successfully translated to flow with the addition of a glass Omnifit™ column and coil reactor

accessories.

The final steps of the synthetic pathway diverged into the synthesis of prodrugs tenofovir disoproxil
and tenofovir alafenamide. Alkylative esterification of tenofovir (using chloromethyl
isopropylcarbonate) successfully afforded tenofovir disoproxil using the batch method reported by

Ripin et al.

The synthesis of tenofovir alafenamide was more challenging, requiring two separate steps as
reported by Chapman et al.: the first being esterification of tenofovir using phenol to afford phenol-
tenofovir, and the second was the addition of isopropyl L-alanine to form tenofovir alafenamide. We
successfully synthesized phenol-tenofovir in batch but unfortunately were unsuccessful in the

synthesis of tenofovir alafenamide.

In entirety we managed to establish a semi-continuous synthetic pathway for the synthesis of
antiretroviral active drug, tenofovir and its prodrug tenofovir disoproxil as well as precursor to
tenofovir alafenamide, phenol- tenofovir. This success provides a useful stepping stone towards future
research for a proficient and elegant pathway for the synthesis of antiretroviral prodrugs tenofovir
disoproxil and tenofovir alafenamide which might include coupling of an already-existing flow

synthesis of essential reagent, (R)-propylene carbonate.

Xi



Introductory Chapters

HIV Treatment and Flow Chemistry



Chapter 1: Human Immunodeficiency Virus (HIV).
1.1) HIV: The statistics

In 1981 the first case of Human Immunodeficiency Virus (HIV) was reported in the United States of
America®. Thirty-five years later in 2016, more than 77 million people had been infected by the virus
and an estimated 35 million had died worldwide as a consequence of the virus, bearing in mind that
this only reflects the reported cases®. In 2016 it was reported that the world sits with at least 36.7

million people, of the 7 billion population, living with HIV3 (figure 1.1).
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Figure 1.1: Global estimation of people living with HIV reported by World Health Organization
(WHO) in 2016.°

Statistics show Africa to be the continent having suffered the most devastating impact from the HIV
and AIDS epidemic, accounting for almost 70% of the global estimate of people living with HIV (figure
1.2).




In 2000, the then Secretary General of the United Nations (UN), Kofi Annan, made a statement
mentioning the devastating effects AIDS was having on the African continent on a social, political and
economic level. He mentioned that more people had died of AIDS in the “past year” (1999-2000) in

Africa, than in all the wars on the continent,* giving context of a grim reality that had hit Africa.
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Figure 1.2: Global HIV prevalence among adults (15-49 years of age), reported in 2017 by WHO.3
Sub-Saharan Africa was recorded as the region worst affected by the virus in 2016 (figure 1.2; 1.3),

with statistics showing that it contributed roughly 51% to the 36.7 million living with HIV globally.?
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Figure 1.3: HIV prevalence among adults (15-49 years of age) on the African continent,
reported by UNAIDS (2016/7). ?



South Africa in particular has one of the highest prevalence rates of HIV positive individuals on the
continent, having 18.9% adult prevalence (figure 1.4) in its population reported in 2016 and Swaziland

having the highest prevalence at 28%.%°

South Africa (2016)
7.1 million people living with HIV

18 .9% adult HIV prevalence

270,000 new HIV infections
110,000 AIDS-related deaths
56% adults on antiretroviral treatment

55% children on antiretroviral treatment

Source: UNAIDS Data 2017

Figure 1.4: HIV prevalence statistics in South Africa, reported by UNAIDS (2016/7).?

1.2) HIV: Origin and classification

Researchers report that HIV originated in Central Africa in the Democratic Republic of Congo (figure

1.5), specifically in its capital, Kinshasa, in the early twentieth century, 1920. ©
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Figure 1.5: Map with suggested trail of first inter-species infection.®

It was only in 1981, however, that an Acquired Immune Deficiency Syndrome (AIDS) was recognized
when an increasing number of American males “succumbed to unusual opportunistic infections and
rare malighancies” such as pneumonia and Kaposi sarcoma (a type of cancer).>’ It came to light that
the underlying cause of these infections was a result of the inefficiency of the body’s defence system

to prevent infection from otherwise common pathogens that it was exposed to. Although a weak




defence system was not unprecedented, AIDS was unique in a sense that it affected a particular group
of men (homosexuals), indicating that it was infectious, and also because it had resulted in a 100%
mortality rate.® Not long after this it was discovered that blood transfusion recipients, haemophiliacs,
drug-injecting individuals as well as individuals involved in heterosexual intercourse were also
susceptible to infection. European countries also reported cases of AIDS and Uganda reported a few
cases of a disease called “slim” which it described as a “fatal wasting disease” (with symptoms like
weight loss, diarrhoea and eventual death, which are strongly associated with HIV) and in 1982 South

Africa reported its first case of HIV.%1°

In the year of 1983, the AIDS causing agent was isolated ** and surprisingly bore similar features to an
already known virus, the T-cell leukemia virus (HTLV-I and HTLV-I1).?? Closer evaluation of this AIDS
virus revealed that it had close genetic similarities to retroviruses that caused multiple chronic
infections in animals (e.g. maedi-visna in sheep) and are collectively called lentiviruses. This AIDS virus
was then coined as the Human Immunodeficiency Virus (HIV) in the year 1986 by the International
Committee on the Taxonomy of viruses, because of its detrimental effect on the human immune

defence system.

HIV is believed to be a result of cross-species transmission between humans and primates and two
main strains of the virus exist, HIV-1 and HIV-2. The predominant strain is HIV-1, which is responsible
for the epidemic, while HIV-2 is found in a small group of individuals in West Africa, or of Western
African origin.>® Interestingly, HIV-1 and HIV-2 strains were found to have a highly significant
phylogenetic distance between them and more closely related to simian viruses (SIVs) that caused
immunodeficiency in different primates. HIV- 1 was found to closely relate to a SIV found in
chimpanzees (SIVq:;) and HIV-2 to an SIV found in sooty mangabeys (SIVsmm), confirming the suspicion
that HIV was a consequence of cross-species infections. Knowledge as to exactly when and how the

virus crossed over is still a matter of speculation.>®

After isolation of HIV-1, it was later discovered that the strain comprises four different lineages: M, N,
O and P. The main group, group M, is the one responsible for the pandemic form of HIV-1 and has
been discovered worldwide. Group M is further classified into different clades (subtypes) that
phylogenetically associate with one other, i.e. A1, Ay, B, C, D, F, F2, G, H and K.}* Group O (“outlier”
group) is the second most prevalent form and has been found in individuals from West Africa together
with Group N which is less prevalent.} The least prevalent group is P, which has only been found in
2009 in one individual from Cameroon, living in France.® In 1986, a different genomic strain of HIV was
identified and named HIV-2 to differentiate it from the first isolate, HIV-1, and it has been found to be
less infectious that HIV-1, with patients able to supress it better than those infected with HIV-1.

Research has shown that patients with HIV-2 tend to live longer without treatment (with progress to




AIDS extremely rare) and the rate of spread is much lower than with HIV-1.

From here onwards HIV-1 will be referred to as HIV, unless stated otherwise.>*1>

1.3) HIV: Transmission and mechanism of infection

Transmission of the retrovirus requires bodily contact with an infected individual via sexual contact
across mucosal surfaces, by maternal-infant exposure, and by percutaneous inoculation.® In laymen
terms, transmission can occur through unprotected sex, any form of blood exchange; injection,
mother-to-unborn child and breast feeding. This does not include saliva , sweat and/or tears because
the concentration of the virus in these fluids is minimal.'”*® There are extremely rare cases of
individuals who have been exposed to the virus but maintain high CD4" cell count and low viral load
in the absence of treatment, referrred to as “elite controllers”.?® The mechanism behind this
phenomenon is not yet understood and it thought to be a potential door towards an HIV/AIDS cure
and eradication. HIV/AIDS suppresses the immune system of an individual and so infected patients
are vulnerable to other diseases.” In South Africa, other sexually transmitted infections (STls) and
tuberculosis (TB) are common co-infections in people living with HIV/AIDS and many programmes

have been developed to manage these diseaes both individually and in combination with the virus.2%

As with most concepts/theories/models etc., there were some scientists and authorities who were
opposing the notion that HIV is the causitive agent of AIDS in its early discovery stages. Unfortunately,
this was the case with the then President of South Africa, Thabo Mbeki, who together with his
entourage of scientists and advisers, claimed ademantly that HIV was not the causitive agent of AIDS.?
This caused a huge pertubation globally as many estabilished scientists claimed that there wasn’t
strong scientific basis for that claim. Needless to say, because of this many lives in South Africa were
lost from the year 2000 to 2005 because no antiretroviral (ARV) treatment was offered to HIV infected
individuals. It is estimated that over 300’000 lives were lost that could likely have been saved had the
government allowed for the necessary treatment.??2* |In 2002 the Treatment Action Campaign (TAC)
won a case against the state to allow antiretroviral (ARV) treatment for pregnant women and also
wanted the then Minister of Health, Manto Tshabalala-Msimang and former state President, Thabo
Mbeki to account for for all the HIV/AIDS-related deaths from the years 1998 to 2008 before a
commision of enquiry.?> Much more evidence to support the notion that HIV is a causitive agent of
AIDS has emerged throughtout the years and so has a better understanding of the virus and its mode

of action.

The HI virus is simple in structure, containing only proteins necessary for invasion, replication and
repetition. Its outer core consists of proteins that allow it to recognize and bind to host cells, assisting

as an entry pass into the cell.* The inner core, the most important layer, consists of a reverse




transcriptase enzyme which enables the virus to transcribe its RNA into DNA (the reverse of the natural
process of DNA being transcribed into RNA, hence the name “retrovirus”). It also has the integrase
and protease enzymes, which assist in inserting the viral DNA into the host DNA and cleaves proteins
to form fully functional virions, respectively.!**°

Once the retrovirus enters the body, it targets host cells that bear CD4+ receptors such as T-
lymphocytes and macrophages. HIV binds to the CD4+ receptors (or the co-receptors; chemokine-
receptors such as CCRs and CXCR4) on the cell membrane via gp120 protein found on its outer layer,
resulting in a fusion between the HIV envelope and the host cell membrane, allowing the virus entry
into the cell.* The virus then sheds its protein coat upon entry, activating its reverse transcriptase
enzyme to transcribe its RNA into complementary DNA, which is integrated into the host’s DNA by the
integrase to form a “provirus”. The provirus is transcribed into mRNA which eventually steer the
synthesis of viral proteins. The viral proteins assemble and eventually bud out of the cell and the
protease enzyme releases a mature virion which can infect the next host cell to repeat the cycle. The
fatality of the virus is that it causes the body’s T-cells (both infected and uninfected) to self distruct,
via apoptosis.?®*® The T-cells form part of the body’s white blood cells which are essential for the
defence of the host from foreign antigens, and their destruction makes the body vunerable to all types

of diseases.?®*° Drugs targeting each step of the HI viral infection (figure 1.6) have since been

developed.®!
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Figure 1.6: Simplified scheme of how HIV infects a susceptible human cell.>*




1.4) HIV: Treatment over the years

It has been over three decades and a cure to HIV and AIDS has not yet been found, however, this is
not to take away from the extensive progress in the treatment of the disease since its inception. By
1987, a drug that acted as a direct nucleoside reverse transcriptase inhibitor (NRTI), azidothymidine
(AZT) later known as zidovudine (ZDV) 1 (figure 1.7), was approved as treatment for patients with
advanced HIV, despite having short lived benefits and multiple side effects.3>*3 Three more NRTIs were
approved from 1991 to 1994 which had their own toxicities, and the effects could not be improved by
having the patients alternate between the therapies. In pursuit of a solution, combinatory therapy
was attempted with ZDV taken with one of the other NRTIs, zalcitabine (ddC) 2 or didanosine (ddl) 3
(figure 1.7), however, the benefits were short lived as the tolerability and safety factors were low even

though there was an improvement in the CD4* lymphocyte count.'34
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Figure 1.7: FDA-approved Nucleos(t)ide Reverse Transcriptase Inhibitors (NRTIs) antiretroviral
(ARV) drugs from 1987 to 1995.

In 1994 a new NRTI cytidine analogue drug, lamivudine (3TC) 4 (figure 1.7), was approved by the FDA
(Food and Drug Administration) after most thymidine analogue drugs were rejected because of their
high toxicity levels. Monotherapy had been written off as ineffective, resulting in rapid drug resistance
and short-lived benefits, and so 3TC 4 was administered with either ZDV 1 or stavudine (d4T) 5 (figure

1.7), together with a third drug, to effectively stabilize the infection.




ARV treatment had not yet reached a satisfactory level of effectiveness until the emergence of new

classes of drugs, non-nucleoside reverse transcriptase (NNRTI) (figure 1.8) and protease inhibitors (PI)

(figure 1.9).
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Figure 1.8: A few of the non-Nucleotide Reverse Transcriptase Inhibitors (NNRTIs) that have
been approved by the FDA since 1996.

The first NNRTI drug to be approved by the FDA was nevirapine 6 (figure 1.8) in 1996 and it is still used
across most of the globe today. Saquinavir 7 (figure 1.9) was the first Pl to be approved by the FDA in
1995, but its effectiveness could not overcome its poor tolerability and was replaced by a Pl released

to the market in 1996, indinavir 8 (figure 1.9).34
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Figure 1.9: A few of the FDA approved Protease Inhibitors (Pls) from 1995.

Indinavir 8 had a quick entry into the market because of the huge success of the clinical trials which
had the patients on a triple combination therapy with ZDV 1, lamivudine 4 and indinavir 8. The study
showed a huge suppression of the viral load in the patients both during the study and beyond.?® There
was unfortunately a substantial disadvantage to this treatment because indinavir 8 required being

taken three times daily without any food and had quite severe side effects as well as a complex




synthetic route. For these reasons, the use of indinavir 8 has reduced over recent years and new Pls

(e.g. ritonavir in 1996) have overtaken it in the market.

A breakthrough was reached with the introduction of these new classes of drugs and the use of triple-
combination therapy, bringing about a highly active antiretroviral therapy (HAART) in 1995 (the same
year United Nations programme of AIDS, UNAIDS was created) that would help move HIV from a
terminal disease into a manageable chronic illness.?” The typical HAART regimen comprises of taking
three different ARV drugs daily and the reason it is effective is because it reduces the risk of drug-

resistance and decreases the mortality and morbidity rates of HIV-infected individuals.?’

The therapy has seen improvement since its inception in 1996, with new approved drugs reducing the
severity of the side effects of the treatment (figure 1.9). Some studies attempted to introduce a fourth
drug to the dosage but found that it resulted in increased toxic effects rather than therapeutic effect.*
The next big question of the treatment was “when to start the treatment”. The uncertainty of early
treatment was initiated in the first trials of an ARV, where ZDV 1 was given to patients either
immediately or deferred.® The results showed no difference in the two groups, as the immediate
group showed no superior advantage to the group that had deferred treatment, and in fact it seemed
as though the immediate group was at a disadvantage because it was more likely to become resistant
to the drug. After years of polarized opinions, only in 2015 was there enough evidence collected to
safely conclude that immediate treatment is the best option for better viral control and that all
patients living with HIV should receive ARV treatment. South Africa effectively started following these

guidelines from September 2016.3°

1.5) HIV: Treatment (Our focus drugs)

In the 21° century, more advances were made in both the drug design and drug classes and there are
currently twenty-eight FDA approved ARV drugs on the market. Recently, there have been

improvements in the therapy, with two and four drug dosage regimens also underway.




Tenofovir 9 (figure 1.10), a NRTI, made its way into the market in 2001, after a long period since its
pharmacological discovery in 1993,'%3* which was delayed because a suitable prodrug was challenging

to find. It has replaced thymidine analogues, and has not been superseded by any other NRTI until

present.
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Figure 1.10: Tenofovir.

Tenovofir 9 has been recognized as a major player,>**

in both combination ARV treatment and pre-
exposure prophylaxis (PrEP).*® WHO treatment guidelines suggested in 2015 that as a first line
treatment, adult patients should take NRTI tenofovir 9 in combination with lamivudine

4/emtricitabine 10 and a NNRTI efavirenz 11 (figure 1.8)..

The first-generation prodrug of tenofovir 9 approved in 2001 was tenofovir disoproxil fumarate 12
(TDF) (figure 1.11) which is metabolized into tenofovir 9 in the plasma after oral consumption before

being distributed intracellularly.
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Figure 1.11: Tenofovir disoproxil fumarate (TDF).

TDF 12 has quite a few challenging side effects, despite its favourable safety and tolerability, such as
renal failure, reduced bone mineral density and tubular wasting syndrome.3! Seeing that ARV
treatment is currently a lifetime-treatment plan it is crucial that the drugs taken don’t only have a high
efficacy but that they also have a reduced pill burden and a long term adherence factor to them. For
these reasons, next generation drugs have been looked at for tenofovir 9, to obtain a prodrug that
might reduce the side effects (especially its nephrotoxicity) without having a major change in the

efficacy of the NRTI drug on disease control.
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An alternative analogue (adenosine /adenine 5 monophosphate analogue) of TDF 12, tenofovir
alafenamide fumarate 13 (TAF) (figure 1.12) received FDA approval in 2011. Studies performed in
human clinical trials have indicated that there is a relationship between tenofovir 9 levels in the
plasma and renal toxicity.*! Unlike TDF 12, TAF 13 is metabolized to tenofovir 9 intracellularly because

it is stable in plasma and this results in about 90% reduction in tenofovir 9 levels compared to TDF.*
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Figure 1.12: Tenofovir alafenamide fumarate (TAF).

This reduction in the off-target tissue distribution/exposure, may be the cause of the reduction of

nephrotoxicity and bone density effects in patients that are on TAF 13 as opposed to TDF 12.
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Another advantage of TAF 13 is that the intracellular metabolism results in higher concentrations of
tenofovir 9 intracellularly relative to TDF 12 (scheme 1.1), permitting a much lower dose of TAF 13 for
the same efficiency of TDF 12 (300 mg TDF vs. 25 mg TAF).*>*® These advantages apply to both
patients who take TAF 13 as their first-line treatment and those patients who are already on a TDF-

based treatment but switch to a TAF-based one.
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Scheme 1.1: TD and TA are both metabolized to tenofovir-diphosphate, however, TD is first
metabolized in the plasma to tenofovir while the complete metabolism of TA occurs in the
target cell.

Although HAART has been very effective, reducing the number of HIV-related deaths by about 60%
globally, the treatment has been costly and demand continues to increase because the treatment has
seen a surge in the survival rates of HIV-infected individuals and so the number of people living with
the disease is rapidly accumulating. Also, since treatment is now subject to everyone who is infected
with the virus and no longer restricted to the CD4* count, the number of individuals on treatment has
increased substantially since 2015. The cost burden is felt more by developing countries as
international funding is not being raised to match the new costs and so countries such as South Africa

have to rely heavily on their own domestic funding.?® South Africa already has the largest antiretroviral
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(ARV) programme globally, with its domestic funding covering about 75% of its overall HIV

expenditures, most of it going towards first-line treatment.**

The need to find drugs that are less susceptible to resistance (because of the extended period of
treatment since life expectancy has increased) and also that are of low cost have been on the rise.3°In
recent developments, efavirenz 11 (figure 1.8) has been replaced by dolutegravir 14 (figure 1.13), as
announced by the UNAIDS in September 2017, in FDC therapy (3-in one pill). This was agreed upon at

an affordable rate and dolutegravir has been found to have less side effects than efavirenz and a

CH; O OH
E'\N)Hf:‘ij/ F: :: F
H
/l\/N = N
O H
o

14

higher efficiency.?

Figure 1.13: The new FDA-approved Protease Integrase drug, dolutegravir.

The tenofovir 9 second generation prodrug, TAF 13, has another advantage to it compared to TDF 12.
It has been reported that TAF 13 has lower manufacturing costs to TDF and it is more compatible with
the new integrase drug, dolutegravir 14.** The two have also been reported to be potential second-
line treatment drugs.*®

In the research reported in this dissertation we focus on the synthetic pathway leading to tenofovir 9
which in turn can be used to access both TD 25 and TA 26, attempting to improve the pathway with

the incorporation of flow chemistry.
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Chapter 2: Flow chemistry

2.1) Chemistry and drug discovery: Room for improvement

In 2016 The Business Times wrote an article where the founder and chief executive of The Future
Agency, Gerd Leonhard, declared that the next 20 years will likely “bring more change to humanity
than the past 300 years”.! He attributed this to the new age of digital “ations”- “digitisation,
screenification, automation, visualisation, etc.” The reality is that the world has become one gigantic
globe with the population increasing at an all-time high, sitting at almost 8 billion people.
Consequently, this has come with considerable pressure for all fields to not only conform to the new-

found demands of society, but also to do so at an exaggerated speed.

In the field of chemistry research it’s interesting to see how over the past 200 years of chemistry,
change and progression is witnessed by the vast expansion of knowledge and understanding of
reactions on the molecular level as well as the enhancements and improvements made to both
apparatus and equipment together with techniques to improve and better controlled chemical
reaction conditions and parameters,>™ (for example, from manual stirring and heating over a flame,
to the laboratory today using magnetic stirrers and heating mantles as basic laboratory equipment).®
It is quite ironic, however, to witness some classical tools in the field; a classic example of this being
the glass round bottom flask (RBF), which is a concept as old as alchemy (figure 2.1).5® This does,
however, not completely undermine the effectiveness of the ‘oldies’, but rather can affirm their

usefulness.

&

Pyrex company boiling flask, released after 1916

O O

)

Figure 2.1: Representation of the glass flask over time.®™®

In the field of drug discovery, there has been huge progress since advances in genomics and

proteomics, as well as in high-throughput screening (HTS)® which can be traced back to work done by
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Merrifield,(R).B.X Steve Ley and co-workers, however, make mention that these advances seem to be
“increasing research and development expenditure with fewer new drugs actually making it to the
market place”.!! For this reason there seems to be a gap that needs to be filled that will allow for the

fast process with consideration to cost, safety and the environment.?

In the late 1990s, S. Ley and | Baxendale, both respected chemists, initiated a futuristic project
determined to claim a spot for organic chemistry in the modern world.*Y” They introduced the idea
of having flow micro reactors in a typical research synthetic laboratory, with essentially two objectives

in mind:

1. Toincrease the rate of drug discovery by increasing the rate at which libraries are built-up. The need
for speed is not only from the increase in demand based on the large number of the population and
rapid rate of consumption, but also because of the heightened rate of drug-efficiency

decay/resistance. Hence the need for liberal drug diversity.'>2

2. To move towards greener chemistry; for the sake of future generations. In the past and present
years chemistry has received a notorious reputation for being an environment-harming science and
has at many times been blamed for much of the environmental problems the world faces right now,

with the big one being global warming (figure 2.2). It is so imperative for the survival of the field to

bring solutions that move towards cleaner processes.*?*%-2!
. "Is There No End to Big Oil's Evil?" Campaigners
China clamps down on polluting factories | Business Condemn Industry Plan to Pour US Plastics Into Africa
C& Chamiral & Enainsaring Ne Ml ity ehed et c& % Enainee 4
en % ENg VeV Corota and I 1.5 1 201 én . :
NORTH AMERICAN POLLUTION Should the chemical industry have to prove it can pay for

Figure 2.2: A few newspaper articles reporting on pollution in the chemical industry. 1% 19-21

The task would require “much cleaner, strategically important reaction processes that lead to the

assembly of molecules free from waste products and which proceed with high atom efficiencies” .

2.2) Flow reactors: Engineering in a chemistry laboratory

Flow reactors (figure 2.3) have been used by chemical engineers for the past century and have only
been recently condensed to fit the use of an organic chemist.?? Flow chemistry allows the chemist to
let go of the traditional reaction vessel, such as the round-bottomed flask, for cartridges, loops, chips
and columns. Currently, there are two types of flow reactors based on size. The first is a micro reactor,

which typically has tubes with an inner diameter between 10 pum to 500 pm. The second type is a meso
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reactor, which has tubes of inner diameters ranging from 500 pm to several millilitres. Anything larger

is typically dealt with by engineers.

Reagent delivery (by
bottle or sample loop)

Primo vaives
Injection vaives

Selection vaives

Pump

Back pressure rogulator

ERREe

Flow reactor (mixer block)

Flow reactor (coil réactor)

Column heater module

Coil heater module

Flow reactor (glass column)

Control interface

Figure 2.3: Standard Unigsis flow reactor.?

The size of the flow reactor is responsible for many of the advantages associated with using flow. One
of these advantages is the high heat transfer capacity. Heat transfer is highly dependent on the area
size and so the small channels of both micro and meso reactors achieve high heat transfer per unit
volume, with values ranging from 5000 to 50 000 m?m for micro and 100- 10 000 m?m for meso

reactors.?

Not only is the capacity for heat transfer high, but the small dimensions of the micro reactor also
permit precise monitoring of heat exchange (easily controlled heat application and removal). % This
excellent heat and mass transfer makes micro reactors exceptional mediums for unstable, exothermic
reactions. It is easier to carry out reactions with hazardous reagents or highly reactive intermediates,
as already done by multiple research groups, e.g. McPhake C. and Stanford G.2®*” who performed

fluorinations using flow.

Flow offers more precise control of not only temperature, but also of mixing and pressure, as
compared to batch synthesis.?® The high pressures allow reactions to occur at temperatures higher

than the boiling point of the solvent used (super-critical conditions can even be reached) and this has
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proved to be a very useful advantage as some reactions have been optimized in this manner, such as

esterifications by Kappe et al. %

Reaction monitoring has proved more convenient when using flow because the reactor can easily be

connected to characterization devices such as IR machines, HPLC, LC/GC as well as UV.2

Micro reactors are in no way the “be all, end all” for organic chemists for they too come barring
disadvantages. The small dimensions of a micro reactor may be the reason of many of its advantages,
but concurrently it brings about challenges such easy blockage (hence only solution based reactions
are possible, with no precipitates), high pressure drops and a limited flow capacity.?*** The cost
associated with reactors and their integrated features/monitors is also another point to consider. The
pros are, however, impressive enough to consider flow chemistry as a great compliment of batch

synthesis.

For a long time industrial chemistry obtained information regarding a synthetic route based on the
laboratory batch process, which formed a disconnect that required extra optimizations and/or
remodelling of the synthesis process and needless to say, costing much more time and money. This
brings us to another advantage of flow chemistry because reaction parameters of a micro reactor can
easily be translated onto larger flow systems, without exhaustive optimization steps.” There are three
steps of scale-up mentioned by Porta and co-workers;*° the first is the most common which is “scaling
out”. This is done by running the process for longer in the micro reactor. The second option is
“numbering up”, which is using multiple reactors in parallel, however, Wegner and co-workers®* do
mention that this is less preferred because of the “complex online monitoring”. The third option is

“scaling up” which is just the use of reactors that are larger in size.?®

2.3) Immobilized reagents for flow: A match made in “heaven”

As mentioned previously, continuous reactors have been around for a while, dating back as early as
1932 when the first use of heterogeneous reagents under flow was reported,®! however, they have

gained the spotlight ever since immobilized reagents have exploded into the commercial market.3*3*

As with continuous reactors, immobilized reagents are not a new concept, with the first recorded use
being as early as 1946.3 Recent advances and increased commercial availability of immobilized
molecules including (1) immobilized enzymes/ catalysts, (2) immobilized scavengers, (3) catch-and-
release agents to a variety of (4) immobilized reactants have made immobilized reagents a powerful

tool of interest. 12183637
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The idea behind immobilized reagents is having a molecule attached to an unreactive polymer resin.®

The most commonly used polymer is polystyrene because it is inexpensive, easy to handle and inert
to most chemical changes.?® The use of solid-supported reagents has received attention because of
the possible applications: Reactions can be driven towards completion because the solid-supported
reagents can be used in excess and work-up is further simplified by just removing the supported
reagent/s by manual filtration, and if the reagent was a catalyst it can be regenerated- a clean and
economical process.?” The use of solid-supported (phase) reagents (figure 2.4) for work-up takes
precedence over typical work-up such as water-quenching, solvent extraction, solvent evaporation,
distillation, crystallization and chromatography®'84° This in turn saves much time and material

resources.

liquid-phase immobilization

supported liquid-phase immobilization

Figure 2.4: Types of immobilization.

Another environmental advantage with solid support reagents is that hazardous reagents or
intermediates can be immobilized and thus provide a much safer route of production of certain
species. Many reactions produce undesired by-products, impurities and/or use excess reagents so this
is where the use of scavengers and catch-and release agents come in to either remove the undesired

material or selectively isolate the product from the reaction mixture.!

It is no surprise that the use of solid supported reagents is attractive to the continuous flow process
because its sophistication allows for work-up to take place without any interruptions of batch product

isolation, ultimately allowing for continuous multi-step synthesis.

The solid-supported reagents can be loaded into cartridges and/or columns available for each reactor
and the parameters, temperature and flow rate and mixing can be controlled in such a way as to give

optimal conversion and isolation of product.
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Tsubogo and co-workers illustrated the different approaches to using solid-supported reagents and

catalysts in flow (figure 2.5).*! For multistep synthesis a combination of these can be employed to best

fit the synthetic pathway.
Type |
No Catalyst FEASENTS PRODUCT C
A+B
Type Il
Supported REAGENT A PRODUCT C
Reagent
SUPPORTED B
Type lll
Homogeneous REAGENTS A+B —. PRODUCTC
Catalyst * 2
CATALYST CATALYST
Type IV
Supported REAGENTS — ’ m — PRODUCTC
Catalyst A+B 8"
SUPPORTED
CATALYST

Figure 2.5: General types of continuous flow systems retrieved from Porta et al.>°

2.4) Practical examples of HIV treatment drugs on flow

Some examples of successful syntheses on flow of HIV-treatment drugs mentioned in the previous

introductory chapter 1 are described in the following section.

Gauthier and co-workers*? developed a synthetic pathway for doravirine 15 that incorporated a flow
step for the aldol reaction (scheme 2.1). The initial step of the synthesis was performed on a flow
reactor where one feed that contained the ethyl ester and the vinylogous ester in toluene was
combined (via a T-mixer) into one stream with a second feed that contained potassium tert-amyloxide
in toluene. The aldol adduct was formed in the reactor coil at -20 °C and the rest of the synthetic route
took place in batch to eventually afford a 52% overall yield of doravirine 15.** This step was

purposefully translated to flow in order to address enolate instability problems faced when dealing
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with these particular esters in batch. The flow synthesis showed an improved yield for the aldol adduct

from the optimized batch synthesis (assay yield of 65 — 77%) of 85%.%2

KO'Am (1.7Min
PhMe)

cl CN
0 FsC \©/
 ~ ) = 7
EtO OFt
R [ Flow Reaclor Jl—=""  § 5 5 /
FsC OEt 00 o — N N
20°C E— | " =0
. y
d FsC
cl CN ]
\©/ Doravirine 15

o)
N

~—

Scheme 2.1: The flow reactor step for the synthesis of HIV NNRTI, doravirine; a semi-continuous
synthetic pathway. Gauthier et al reported a retention time of 1-60 seconds.*

A seven-step flow synthesis of dolutegravir 14 was developed by Ziegler and co-workers (scheme
2.2)."® The initial step had feed A which contained methyl 4-methoxyacetoacetate and feed B
containing dimethylformamide dimethylacetal (DMF-DMA) combined into one stream via a T-mixer
and heated in a reactor coil at 85 °C for ten minutes. Five more flow-based reactions took place and
finally step 7 included a demethylation reaction using LiBr, at 100 °C, for thirty-one minutes residence
time, resulting in an 89% vyield for dolutegravir 14. Overall, the flow-based synthesis took seven steps

in three separate flow operations, giving an overall yield of 24%.

6-Flow-based Steps

— F Step 7 F

)
> LiBr, H,0. THF
S O HN 1Br, H0 > O HN

Mo . @)) Ho .

2.1mL, 100°C 0

HsC N Dolutegravir 14

o ]
N
4\[;/0 H 5 (89%)

Scheme 2.2: The final flow step synthesis of HIV Integrase inhibitor, dolutegravir as reported
by Ziegler et al. The step gave an 89% yield of dolutegravir,ii within 31 minutes.*?

]
N
H

Ziegler and co-workers ** mentioned the key benefits of their established flow synthetic route as

follows: i) rapid manufacturing time, direct amidation of ester to reduce the step count, and separation
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of the acetal deprotection/oxazine formation ii) flow reactors attain high reactivity and selectivity for
tricyclic product DTG-OMe, and iii) synthesis should be adaptable to both cabotegravir and bictegravir

(which are both intergrase inhibitors)

Porta and co-workers reported on a flow-based synthesis of efavirenz 11 an HIV NNRTI (scheme 2.3)°.

0
K\Nkca
o
17
THF sol.
Oraganolithium Scavendi 0
- L o ging
nBuLi Lithiation Addition
m Column Cl or
O)r—0 Ot ary sifica J— :
-45°C -45°C -10°C Cl g
4 min 13 min
N-Aryl Carbamate HO Oraganolithium
Formation cl CFs Addition
\ ——{[Gefte, cu®aoCNJI~—g—— -
N ey 120°C O))))
cl o 60 min 20 Cl -20°C
/& Cu(OTf), 2min
N (e} CyOMEDA CH-CN sol. e s
1 H Toluene sol. 3 @ Lithiation
. -20°C
Efavirenz @ 20 ¢
— nBuLi
— H Hexane sol.
THF sol. 19

Scheme 2.1.: Continuous flow synthesis of efavirenz 11- An HIV NNRTI. 42% overall yield reported
by Porta et al.?°

The approach starts with the lithiation of 1,4-dichlorobenzene 16 in a reactor coil at -45 °C. This is then
guenched by THF solution of morpholine 17 in a second reactor coil at the same temperature. The
reaction mixture is then warmed up to -10 ‘Cin a third reaction coil and the by-products are scavenged
in silica embedded in a glass column, resulting in the ketone product 18. In parallel, lithiation of the
alkyne 19 took place in a separate reactor coil at -20 °C and the product stream was combined with
the ketone 18 in a fourth reactor coil to form alcohol 20. The crude product was purified using brine
and chromatography, and an acetonitrile solution of the pure alcohol was re-added to flow and
combined with Cu(OTf), and trans-N,N’-dimethyl-1,2-cyclohexanediamine (CyDMEDA). This was
passed through a cartridge containing Cu®, NaOCN and Celite at 120 °C. The copper-catalyzed N-aryl
carbamate formation gave efavirenz 11 in 62% yield after extraction and purification of the crude

mixture.
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According to Porta and co-workers, * this translation to flow gave an overall yield of 45% and had a
total reaction time that was less than two hours- which is the shortest existing route for the synthesis

of efavirenz 11.

Pinho and co-workers* reported the synthesis of an a-chloro ketone 21 (scheme 2.4), which is a
building block for an HIV anti-protease such as atazanavir 22 (figure 1.9). The synthesis of an a-chloro
ketone on flow required three successive reactions (RTs): firstly the activation of an amino acid 23 to
a mixed anhydride 24. Secondly, the condensation of the mixed anhydride and diazomethane to form

a a-diazo ketone, and lastly hydrohalogenation of the diazo ketone to an a-halo ketone.

CbzHN _COH Q TiT
: 5 min

(0:32M) o rt

BusN (0.32 M) SL1
in THF 23 RT1
T™1 )‘ ]
NS ©)
CICO,Et (048 M) |reedD 6.7 min
in THF 24 rt T™M2
SL2
HCI (2 M)
in diethyl ether
feed B feed A
KOH (1.2 M) Diazald (0.6 M)
in MeOH/H,0 (1:1) in MeOH

feed C

BPR

Scheme 2.3: A continuous flow synthesis of an a- chloro ketone- a building block of HIV protease
inhibitor. An 87% maximum yield reported by Pinho et al .**

Scheme 2.4 illustrates the flow set-up employed by Pinho and co-workers: Solution 1 and 2 (SL1 and
SL2) were pumped (feed C and D) and merged into one stream via the T-mixer (TM1) at 75 pL/min,
which went through the reactor/coil (RT1) at room temperature for seven minutes to form the mixed
anhydride. The solution then passed through the “outer chamber of the tube-in-tube device” (TiT) in
which the solution was saturated with diazomethane (from feed A and B), into the reactor/coil (RT2)
at room temperature for twenty-seven minutes. Feed C was then pumped into the system at 80
pL/min to combine with the product stream from RT2, in a T-mixer (RM3) at 0 °C and the resultant
stream went through the final reactor/coil (RT3) at 0 °C. The final product was collected in a flask at 0
°C and after collection and purification by flash chromatography, 87% yield was obtained of an a-

chloro ketone, (S)-benzyl (4-Chloro-3-oxo-1-phenylbutan-2-yl)carbamate 21.

This flow translation allowed for the use of diazomethane, which although extremely useful as C1

building block and usually results in very fast and mild condition reactions, is severely limited in the
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laboratory because of its hazardous nature. In the process described, diazomethane is formed in the
inner tube of the TiT and diffuses through the gas-permeable inner tube to react with the mixed
anhydride; furthermore any excess was destroyed with either HCl or HBr — No storage or handling of
the toxic reagent was necessary and the reaction proceeded successfully with this “continuous robust

set-up” in an 87% yield.

The success of the previous examples (scheme 2.1-2.4) make it apparent that flow chemistry is a great

contender in the field of drug discovery and research for even pre-existing batch synthetic routes.
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Aims and objectives of our project.

We wanted to investigate the possible translation of the synthetic pathway of active HIV NNRTI drug,

tenofovir 9 (scheme 2.5), to flow with possible extension of the translation to the prodrugs TD 25 and

TA 26.
NH NH
2 2 NH,
N
N~ NN
k Sv N oH NN ORGE!
Adenme HPA = PPA
27 28 29
NH,
o O
k \> \|\3/NH ~__ NH,
o\/\ o ~
S 0
"’ k\ P—OH
N N o <
TA, 26 \_/ ~ OH
Tenofovir ~
9

N

o\/\/\
’ O<

TD, 25

Scheme 2.4: A summary of the synthetic pathway of adenine to prodrugs TD and TA.

This dissertation is therefore broken down into three main parts each dedicated to a particular step

towards the synthesis of the prodrugs TD 25 and TA 26

1. The third chapter will focus on the first step of the synthesis: the alkylation of adenine 27 (to
form hydroxyl propyl adenine, HPA 28) and its translation to flow.
a. We will attempt to find an alternative reaction solvent that will be suitable for the
adenine 27 for both batch and the flow conditions.
b. We will investigate different work-up systems, including polymer supported reagents.

c.  We will attempt translation of the synthesis and work-up on flow.

2. The fourth chapter will focus on the formation of the active drug, tenofovir 9.
a. We will attempt to replicate the method reported by Riley et al, in order to isolate

intermediate ester product, phosphonate propyl adenine, PPA 29.
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b. We will attempt alternative work-up systems for the intermediate step (formation of
PPA 29), including polymer supported reagents.

c. We will investigate at least one alternative route for the synthesis of PPA 29.

d. We will attempt the hydrolysis of PPA 29 to form tenofovir 9 as reported by Riley et
al.

e. We will attempt to translate the entire step to flow (dependent on the success of

point a-e).

3. The final chapter will address the last stages towards the synthesis of TD 25 and TA 26.
a. We will attempt to synthesize TD 25 and TA 26 in batch.

b. Dependent on time, we will attempt to translate the final steps to flow.

By performing these objectives we believe that we could develop a synthetic pathway for HIV prodrugs
TD 25 and TA 26 that would be more time, economical, and environmentally savvy and would be a

good contribution to both the chemistry and drug discovery fields.
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Results and Discussion

The synthetic pathway taken for the project; the synthesis of
tenofovir and its prodrugs, TD and TA.



Chapter 3: Synthesis and isolation of hydroxypropy! adenine (HPA)

The alkylation of adenine: General applications

Alkylated adenine derivatives have been extensively studied over the years because of interest in their
important biological roles.! The N-9 substituted adenine derivatives in particular, have been shown to
have potent biologically activity against several targets, and as a result are arguably the most
commonly encountered derivatives of adenine. They have been widely reported to have antiviral
activities against targets like HIV and hepatitis B, HBV, (see introductory chapter 1).* In addition, they
also act as phosphodiesterase (PDE) isozyme inhibitors (specifically PDE-4),* with anti-inflammatory
activity, that helps combat asthma, atopic dermatitis, rheumatoid arthritis, multiple sclerosis and
autoimmune diseases,**” 118 and several N-9-alkyladenines have also been shown to act as cytotoxic

agents.®

Adenine 27 forms part of the four biological nucleic acid bases (nucleobases). Nucleobases can exist,
theoretically, as different tautomers when considering the different positions that the hydrogen atom
can take (figure 3.1). Biologically, this might lead to different biochemical reactions, such as point
mutations during DNA replication, however, tautomerization is a rare event and the nucleobases tend
to be predominantly present in the form of the most stable tautomer. Studies have been conducted
that show that 9-H-adenine (27) is the predominant tautomer in both solution and gas phase,
however, in the presence of water the relative stability of the tautomers can change due to water

assisted/promoted proton transfers !

eNH2 ; NH, H7
N EN 1 5\
[ \>8 N >8
zk “~N m 4
N~ 4 9 N~4 N
H
3 3 9
27 30
H2 NH
1N XE-N 1 5
le ~ \>8 H,\ll\\ N\>8
TN 23NN
s 3
31 32

Figure 3.1: Tautomers of adenine. *

*Please note that “adenine” could refer to any/all tautomer(s) unless specified in text or using the compound
number (i.e. 27, 30, 31 or 32).
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The 9-H adenine tautomer (27) is reported to have the lowest energy when compared to the other
tautomeric forms, however, both 7-H (30) and 9-H (27) tautomers can co-exist in polar solutions, in
varying ratios according studies by Salter et al. ° They also reported that the formation of the 3-H
tautomer (31) may take place in a polar solution upon electronic excitation (also that the 1-H tautomer
(32) energy is also lowered in the excited state). The general consensus between the computational
studies is that the tautomers should exist as follows 9-H<7-H<3-H<1-H in moving from the lowest to

highest ground state energy.'®

As a result, the alkylation of 27 through an Sy2 type reaction, should result in the formation of an N-9

alkylated product (scheme 3.1).

eNH2 , 6NH2 ,
1N 2N 1N \5 N

| Ys RX Va+ HX
2k 2 ﬂ z

N~ 4 Hg 25N l}|9

® 7 ° R

Scheme 3.1: A generic example of the alkylation of adenine to afford N-9-alkylated adenine. X is
a halide leaving group.

A. First step of the synthetic pathway of TD/TA: The alkylation of adenine at the N-9 position.

3.1) Synthesis of HPA: Solubilizing adenine (choosing the right solvent).

The common initial step towards the synthesis of TD 25/TA 26 is an N-9 alkylation of 27 using a chiral

carbonate (as opposed to the more commonly reported alkyl halides) in the presence of catalytic base

(scheme 3.2).2022
X
O O
NH, / NH,
33~ N
N N\> N| X \>
U (> N + CO,
27 (Catalytic) 28

Scheme 3.2: Initial step of the synthetic pathway of both TD /TA (formation of HPA via the
alkylation of adenine).
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One of the major issues with realising an efficient flow (synthesis) translation of this step is the
solubility of adenine 27. Nucleobases are well known to be challenging to work with, with regard to
solubility, with adenine being the least soluble in water, followed by guanine, thymine and then
cytosine.!? The solubility is not just an issue in water, but also in organic solvents.'* Nucleobases are
highly polar molecules with multiple proton-donating and accepting capabilities. Zielenkiewicz et al
performed studies that indicated the polar interactions with these nucleobases are the key to their
solubilities,** and so it is reasonable to expect polar media to be the most solubilizing of these

molecules.

12,15 16 and in

Attempts have been made to increase the solubility of nucleobases in aqueous solutions,
most cases the goal was to increase solubility by the increasing the ionic strength of the aqueous
solvent to better dissolve the polar nucleobases. Studies by Hart and co-workers® as well and Hirano
et al,*” reported on the addition of inorganic salts like KOH and HCl, respectively, but these only led to
marginal improvements in solubility. Hirano and co-workers also attempted to use the amino acid,
arginine, as an additive to improve the solubility, with positive results for all the nucleobases at pH
7.%7 Currently, what has gained popular interest, because of their solvation properties, are the use of
ionic liquids. lonic liquids contain both charged and (variable) hydrophobic regions that allow them to
dissolve a wide array of molecules and a study by Ghoshdastidar et al showed that the solubility of

adenine 27 and some amino acids could be increased through the use of ionic liquids in an aqueous

system.®

Although the findings are arguably a step forward, the advance is still limited as it is based only in an
aqueous environment, which is important in biochemical research, but it is practically limiting in a
chemical laboratory where manipulating nucleobases often requires anhydrous conditions and the
use of organic solvents. As a result, the solubilization of nucleobases in non-aqueous solvents needs

further exploration.

Thus far, the most commonly reported solubilizing organic solvents for nucleobases, particularly
adenine 27, have been aprotic polar solvents such as dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), N-methyl-2-pyrrolidone (NMP), and the toxic hexamethylphosphoramide.'® A closer look at
adenine 27 reveals that the interactions it has with aprotic solvents require activation by heat, because
at room temperature adenine 27 remains insoluble in all these solvents. A further observation is that

adenine 27 tends to be better dissolved in the presence of a base.??**

As part of this study we aimed to assess the use of several polar organic solvents including dimethyl

sulfoxide, glycerol, dimethylformamide, N-methyl-2-pyrrolidone and ethoxy ethanol for the N-9
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alkylation of 27 in the presence of base. The solvents chosen presented attractive qualities that could

possibly accommodate an adenine-based reaction mixture.

Dimethyl sulfoxide is a high boiling point polar aprotic solvent (189 °C) that characteristically is highly
solubilising. For example, bases are easily solubilized because dimethyl sulfoxide is only weakly acidic
and it can readily accommodate strong bases. Dimethyl sulfoxide is also well suited to dissolve cations
because of its highly polarized oxygen.' In addition, dimethyl sulfoxide readily dissolves both polar
and nonpolar molecules because of its amphipathic character, arising due to the presence of a highly
polar sulfonyl group that is flanked by two nonpolar methyl groups. Both dimethylformamide and N-
methyl-2-pyrrolidone are also high boiling point polar aprotic solvents (153 “C and 202 °C, respectively)
that are commonly used for similar reactions to dimethyl sulfoxide. Dimethyl sulfoxide, however, is

regarded as the safer alternative for both these solvents, presenting less toxic effects.?%

Ethoxy ethanol, unlike the other solvents investigated, is protic in nature, has a lower boiling point
(135.6 °C) than dimethyl sulfoxide and is attractive as it can be more readily removed post-reaction.
Glycerol was also attractive as it is considered a green solvent that is relatively polar and is able to
dissolve both organic and inorganic compounds. For this project, all these solvents were investigated

for this first stage.

3.2a) Synthesis of HPA: The reagents used for the alkylation of adenine to form HPA.

This first stage (scheme 3.2) in the synthesis of TD 25 /TA 26 is an Sn2 alkylation reaction using either
sodium or potassium hydroxide to facilitate a nucleophilic attack of the least sterically hindered
electron-deficient carbon of (R)-propylene carbonate 33, by adenine 27. The process is driven by the
release of gaseous carbon dioxide, affording an anion, followed by protonation of the anion resulting
in the regeneration of the base and formation of HPA 28 (Scheme 3.3).

NH,
NH, NH,

)\/E \> H Regeneration
)j: of catalyst >
\ _—
s N) k > k
O + K/d + K/OH
CO, : :

- OH

Scheme 3.3: Sy2 mechanism involved in the alkylation of adenine with (R)-propylene
carbonate, using catalytic amounts of base “OH).
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In literature there have been several attempts to deprotonate adenine 27 at the N-9 position using
bases of differing size and alkalinity. Riley et al ?* tested different bases catalytically, including NaOH,
KOH, K,CO; and LiOH. The size of the metal ion seemed to influence the efficiency of the
deprotonation, with conversion increasing with increasing size of the metal -cation
(K2CO3>KOH>NaOH>LiOH). These results suggest potential stabilization of the anionic intermediate by

the metal cation.

The potassium ion being larger in size than the sodium ion seemed to better stabilize the N-9
intermediate, potentially by allowing greater contact time of the nucleophile with the electrophilic
carbonate, hence the faster conversion of adenine 27 into HPA 28, given the same reaction conditions.
The nucleophilic attack favours the C4 position of the carbonate as it is less sterically hindered than
the C3 position. As such, the desired secondary alcohol is formed with retention of stereochemistry,

this has previously been evidenced in literature by crystal structures.?

3.2b) Synthesis of HPA: The possible isomers from the alkylation of adenine to form HPA.

The deprotonation of adenine has been shown experimentally to produce differing ratios of the: N-9,
N-7 and N-3 isomers,?** depending on the base used as well as the reaction parameters. Research
has shown that deprotonation of the N-9 position is favoured under inert conditions while N-7 is most
commonly obtained when using hydrous solvents/conditions,*® accompanied by trace amounts of the
N-3 product as well. Rejnek et al.?® concluded from their findings, having studied the free energies of
the tautomers in both micro and bulk hydration states, that the presence of water reduces the free
energy state of both N-7 and N-3. The calculated energy states in bulk hydration were as such that the
N-9 tautomer remained the most stable and both N-7 and N-3 had comparable free energies,
supporting their co-existence in bulk hydration state.?Gu J. and Leszczynski J*! conducted a DFT study
on the effect water has on the tautomerization and found that the water molecules assist in the proton
transfer from one tautomer to the other by lowering the activation energy associated with
intramolecular proton transfer. Their computational studies also investigated the N-9/N-7 selectivity
in the presence and absence of water!! and concluded that although N-7 regioisomer in a hydrated
environment has reduced activation energy, it is still not more stable than the N-9 regioisomer under

the same conditions.

Another isomer that is occasionally observed involves alkylation at the exocyclic amine with Ripin et
al noting that when they formed HPA, the main impurity observed was the exocyclic isomer.?” They
did not, however, provide any corroborations to their claim and it is still unclear why they did not

consider the other possible isomers mentioned above.
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Sharma S. and Lee J.K. reported that deprotonation at the exocyclic amine and N-9 position, using a
strong base, does occur, however, the N-10 anion isomerizes to the N-9 anion, in the presence of

neutral adenine 27 (scheme 3.4). %

H._10_H H10_H 10 NH
N N 5 .
6 6 7 1 5 N
[INCANE] |\7| 1N/ 5 N\ N | \>8
9
OH + k\ | 9\>s—> k\ | 9>8 + ZK\N L
27N ZSNT4ON s H
3 H 3
Adenine N-9 adenine anion N-10 adenine anion
27 H._10_H
N
6 7
1,22 -N
N
s
2 N 4 N
3 H
Adenine
27
H\lO/H H_10 H
N \N/
6 7 6 7
1,25 -N 1 5 N
N =
| 9\>3 + N | \y g
N NP
2 N~ 4 N 2 N4 N
3 3 H
N-9 adenine anion Adenine

27

Scheme 3.4: Isomerization of the N10- adenine anion to N-9- adenine anion.?®

3.3) First step of the synthetic pathway: The experimental alkylation of adenine to form HPA.

As mentioned before, in an effort to identify an appropriate solubilising solvent system for flow
translation of this step we investigated the use of several polar protic and aprotic solvents including
dimethyl sulfoxide, dimethylformamide, N-methyl-2-pyrrolidone, glycerol and ethoxy ethanol, under

standard batch conditions (table 3.1).

Table 3.1: Yields obtained for HPA in the different solvent systems.

Reaction Reaction Work-up Yield Ratio of Isolated HPA
Solvent Time Solvent (%) Regioisomers
(N-9:N-7/3:N-7/3)*
(hours)
Dry® Wet® Dry® Wet®
DMSO 2.5 EtOH 54 60 1:0:0 10:1:1
DMF 3.0 EtOH 51 54 7:1:.0 10:1:1
NMP 3.5 EtOH 54 58 7:1:.0 10:1:1
Ethoxy EtOH 16 EtOH 0 N/A
Glycerol 16 N/A 0 N/A

% The first digit in the ratio represents the N-9 regioisomer, the second and third could not be
conclusively determined and so for the purpose of the table, the second digit in the ratio could
represent either N-7 or N-3, and the same applies with the third digit of the ratio. Please note that the
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second and third digit cannot represent the same regioisomer concurrently.” ‘Dry” refers to anhydrous
solvent use and “Wet” refers to hydrous solvent use.

Standard conditions: 27 (1 equiv), KOH (0.1 equiv), solvent (1.5 M), 33 (1.3 equiv), 120 °C. Work-up,
trituration with EtOH

Dimethyl sulfoxide, dimethylformamide and N-methyl-2-pyrrolidone all afforded HPA 28 in moderate
yields of 51-54% under anhydrous conditions and 54-60% under hydrous conditions with reasonably
short reaction times ranging from two-and-a-half to three-and-a-half hours (Table 3.1). Unfortunately,
both ethoxy ethanol and glycerol afforded no conversion to HPA 28. In the case of ethoxy ethanol the
reaction mixture was readily solubilised, however, no HPA 28 was detected even after sixteen hours
of heating. Glycerol, on the other hand, did not solubilize the reaction mixture at all. These solvent
systems failed even with manipulation of temperature (maximum 150 °C), equivalence of base (as
high as 1:1), reaction time and concentration (as much as 3 M). The solvent systems were concluded
as unsuccessful and as such only the three solvents (dimethyl sulfoxide, dimethylformamide and N-

methyl-2-pyrrolidone) that were successful where subjected to additional testing.

3.3a) The experimental alkylation of adenine to form HPA: Assigning the regioisomers of HPA.

Although 28 was the expected major product, we still had the possibility of forming both 34 and 35

(figure 3.2). For this reason, we had to be able to distinguish between the regioisomers using spectral

~
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analysis (table 3.2).
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Figure 3.2: The possible HPA regioisomers: N-9, N-7 and N-3.
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*Please note that “HPA” could refer to any/all regioisomer(s) unless specified in text or using the

compound number (i.e. 28, 34 or 35).

Table 3.2: *H NMR spectrum chemical shifts (ppm) of HPA from the respective literature

sources.

HPA Reference 2-H 8-H N-H (CH,CH)-H Solvent

Regiomers

N-9 (28) Gaoetal.® 8.13(s) | 8.03(s) | 7.06(s) 4.10 +3.99 (m) | DMSO-ds
Chavakula et al.?® 8.14(s) | 8.05(s) | 7.19 (br,s) 4.06 (m) DMSO-ds
Lambertucci et al.*° 8.13(s) |8.05(s) | 7.21(br,s) | 4.06(m) DMSO-ds

N-7 (34) Lambertucci et al.*° 7.74(s) |8.20(s) | 7.85 (br,s) 4.05+4.33 (m) | DMSO-ds

N-3 (35) Gaoetal.® 8.20(s) | 7.74(s) | 7.86(br,s) 4.35+4.13 (m) | DMSO-ds

s=singlet; m= multiplet; br=broad peak

From the information gathered in table 3.2 we can note the following:

a.

Gao et al.”3, Lambertucci C et al.3° and Chavakula et al.?® all agree with the 2-H and 8-

H chemical shift being at 8.1 and 8.0 ppm, respectively, for the N-9 regioisomer of

HPA (28).

Lambertucci et al.*° places 2-H of the N-7 regioisomer (34) upfield of the 2-H of the N-

9 regioisomer (28) at 7.7 ppm.

Lambertucci et al.>° also differs in their placement of the 8-H of the N-7 regioisomer

(34) (from the N-9 regioisomer) placing it downfield to the 8-H of the N-9 regioisomer

(28), at 8.2 ppm.

Gao et al.®

ppm, which is downfield to both that of the N-9 and N-7 regioisomers.

reported that the 2-H of the N-3 regioisomer had a chemical shift of 8.2
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e. Gao et al. also reported 8-H at 7.7 ppm, upfield from both the reported 8-H of N-9
and N-7 regioisomers. These would imply that both N-7 and N-9’s 2-H and 8-H peaks

would lie in between the peaks of N-3’s 2-H and 8-H respectively.

0Oddly enough, Gao et al.?®> and Lambertucci et al.>° both recorded the exact same chemical shift
readings for the aromatic protons (8.20 and 7.74 ppm) but assigned them oppositely (for N-7, 8-H is
8.20 and 2-H is 7.74 ppm, while the opposite applies for N-3).

The regioisomers can be identified using NMR spectroscopy by looking at the relative chemical shifts
of the 8-H and 2-H protons. In the *H NMR, however, the 8-H and 2-H proton of N-7 (34) and N-3 (35)
have similar shifts (table 3.2) and so to distinguish between them 2D NMR, such as HMBC, would be
necessary (Gao and his group® have studied this previously). For our research, our main focus was on
the major product, N-9 (28), and since its 8-H and 2-H *H NMR shifts were easily distinguishable from
both those of 34 and 35, we decided to merely use *H NMR for analysis. This would mean that we
could not confirm if any of the minor regioisomer isolated belonged to N-7 or N-3, and so we have

reported the ratios as belonging to either.
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Chemical shifts from table 3.2.

In the case of both 28 and 35 the 8-H proton is more shielded than the 2-H proton as each of the

regioisomers have a resonance structure that has a negative charge on 8-H (scheme 3.5 and 3.6).

The 8-H resonance structure is, however, slightly more shielded (7.7 ppm) on 35 than 28 (8.03 ppm)
probably due to its limited aromaticity compared to 28. The 2-H of 35 is slightly more deshielded
(8.20ppm) compared to the 27 (8.13ppm). This can be attributed to the additional resonance
structures of the 28 that includes both N-7 and N-8 atoms, having a slightly greater push of electron
density into the 5-membered ring (increase shielding) and hence a slight deshielding effect in the 6-

membered ring.

NH NH2

i@ﬁﬁ CQ

28 2: 33 B

Scheme 3.5: Illustration of the possible resonance structures of N-9 HPA.

NH2 NH,
7
lN 6 5/N N
k ls \>7
2 N 4 N

35

Scheme 3.6: Illustration of the possible resonance structures of N-3 HPA.
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For 34, the chemical shifts (table 3.2) show 8-H is more deshielded than its 2-H counterpart. The
resonance structures (scheme 3.7) show that the five-membered ring does not take part in the
aromaticity of the structure while the six-membered ring does, which goes to explain why 2-H would
experience more electron density than 8-H, hence it is more upfield. The resonance structures for N-

7 and N-3 are also shown in schemes 3.7 and 3.6, respectively.

. . - R
CNHz — CN H, NH,
1 /6 N7 OH 7  OH 7 OH
Ng | NG N> I N>

/> 8 8 ‘ 8

2 \/;' N 2& / N/ 2l = N/
9 N N

3 3 9 3 9

Scheme 3.7: lllustration of the possible resonance structures of N-7 HPA.

Based on the literature reports on the chemical shifts of 2-H and 8-H of 28, 34 and 35 (7.74 ppm —8.20
ppm), we allocated the *H NMR chemical shifts of our experimentally obtained crude HPA product.
From this, the integrals of the shifts were taken to determine the ratio (N-9:N-7/3:N-3/7) of

regiosomers present in the isolated product.

3.3b) The experimental alkylation of adenine to form HPA: Regioisomers of HPA in different solvent
systems.

Going back to the results in table 3.1, we can see that in addition to having an influence on the yield
of HPA, the presence/absence of water also had an effect on the regioselectivity of the process. In
hydrous systems, all three possible regioisomers were observed in a fixed 10:1:1 ratio, whereas, in
anhydrous solvents, only one or two regioisomers (N-9 and/or N-7 or N-3) were observed. For
anhydrous dimethyl sulfoxide, only N-9 was obtained while both anhydrous N-methyl-2-pyrrolidone
and dimethylformamide resulted in a 7:1:0 ratio of N-9: N-7 (or N-3).

As discussed previously, the presence of water stabilizes some tautomers in solution with the water
molecules assisting in the transfer of protons.'® That being said, although the presence of water results
in more tautomers found in solution, the rate of tautomerization appears to significantly favour the
N-9 tautomer in a 10:1 ratio as evidenced through the analysis of the integral traces from the obtained
NMR spectra. This contrasts with literature which suggests that water can drastically affect the
stability of tautomers.® In computational studies conducted by Hanus et al.?® the extent of hydration
inthe system seemed to have a link to the level of tautomerization in the system. The group performed
computational studies which they described as “micro” (one to two water molecules) and “bulk”

(continuous) hydration systems of 27. The studies suggested that tautomerization was more rapid in
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bulk hydration states than in microstates. Hanus et al. » stated that dehydration offers slightly
increased stability to the tautomers as compared to monohydration. In contrast, Shukla et al.*in an
overview concluded that nucleic bases do not tautomerize in bulk water solutions and exist in their
respective canonical forms.?* Singh et al.?® supported this claim, stating that one of the challenges
faced in aqueous conditions is the low abundance of minor tautomers, owed to the fast rate of

tautomeric equilibria.3!

Our experimental results tend to support the claims of Singh et al.?® and Shukla et al.?! seeing that in
hydrated solvent systems, there was an overwhelming presence of one regioisomer, N-9, indicating
that tautomerization was not significantly at play. We could not confidently attribute the contradiction
of our results to the conclusions of Hanus et al.?® to the level of hydration in our systems (which we
could not analytically quantify) but perhaps we could assume that the duration that the nucleobase
(27) was left exposed to the solvent might have also played a role in the level of tautomeriztion that
took place. Possibly further studies that accurately control the amount of water in the system as well
as the time of exposure of adenine to the solvent system might reveal different results in terms of

isomeric ratios obtained. This, however, fell beyond the scope of this project.

In anhydrous dimethyl sulfoxide, only the N-9 regioisomer was present after isolation, while
dimethylformamide and N-methyl-2-pyrrolidone afforded the N-9 and N-7 (N-3) regioisomers, with
the N-9 being favoured in a ratio of 7:1. A possible explanation for the presence of the minor
regioisomer, in both dimethylformamide and N-methyl-2-pyrrolidone systems could be linked to the
time taken to fully dissolve adenine. The time of dissolution in the dimethylformamide and N-methyl-
2-pyrrolidone systems typically required 30 minutes additional heating compared to that of the
dimethyl sulfoxide system; and one could argue that when using dimethylformamide and N-methyl-
2-pyrrolidone, adenine 27 could have had more time to tautomerize than when dissolved in dimethyl
sulfoxide. The identity of the solvent may also play a role, however, that in itself is still intrinsically

linked to the rate of dissolution.

As expected, the high boiling point aprotic solvents (dimethyl sulfoxide, dimethylformamide and N-
methyl-2-pyrrolidone) acted similarly in a sense that they all were able to successfully dissolve the
reaction mixture, albeit at high temperatures, with two-and-a-half to three-and-a-half hours reaction
times affording optimal conversion. Dimethyl sulfoxide was most attractive in the sense that it was
the safest and greenest of the three polar aprotic solvents (has low toxicity, is recyclable and
environmentally friendly).?! in comparison, N-methyl-2-pyrrolidone and dimethylformamide have

associated toxicities and are both not classified as green solvents.
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The question did arise as to why dimethyl sulfoxide was the better solvating solvent for this reaction.
As mentioned previously, studies have shown that the key to the solubility of nucleobases is in the
polar interactions with the solvent and in this instance, dimethyl sulfoxide has the highest dielectric
constant (47) of the three polar aprotic solvents, implying that it would more readily dissociate KOH
into its respective ions than dimethylformamide or N-methyl-2-pyrrolidone. This avails the "OH ions
to more rapidly deprotonate the most acidic proton of 27 (9-H), and hence drives the formation of
HPA in a shorter reaction time. This argument provides further insight as to why adenine 27 dissolves

better in the presence of a base.

Still on the topic of solubility, it is also worth noting that when hydrous solvents were used, the
reactions took about 20 minutes longer to dissolve adenine 27 than the anhydrous solvents
counterparts. Water seemed to interrupt the interactions between adenine 27 and the anion (base)
because of its strong hydrogen-bond-forming nature, hence the increase in time for dissolution.
Overall, nevertheless, dimethyl sulfoxide was still best at solubilizing the inorganic salts / adenine

combination.
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B. Post-conversion work-up: Isolation of HPA

3.4) Triturative work-up and purification.
The solubility issues associated with adenine 27 posed further problems with the downstream work-

up and processing. The high boiling point aprotic solvents that are required to ensure the solubilisation
of adenine 27 (dimethyl sulfoxide, dimethylformamide or N-methyl-2-pyrrolidone) could not be
readily removed under standard evaporative conditions and furthermore, these solvents are miscible
with water and most other organic solvents, inhibiting the use of solvent-extraction for the isolation

of HPA.

As a result, a triturative work-up technique was employed to allow for the isolation of pure HPA.
Trituration was chosen because it would take advantage of the difference in solubility of HPA in
different solvents. For the polar aprotic solvents (dimethyl sulfoxide, dimethylformamide and N-
methyl-2-pyrrolidone), polar protic or non-polar solvents would be good anti-solvents for the
trituration. With that in mind, ethanol, iso-propanol, methanol (polar protic) and toluene (non-polar

aprotic) were the solvents investigated for this process.

Table 3.3 shows the average yields of HPA 28 isolated from trituration with three different triturating
solvent systems in the respective reaction solvents used. About five times the volume of reaction
solvents had to be used for the triturative solvents in order to effectively change the environment of
the target compound (HPA 28) before it would precipitate out of solution. Also worth noting is that
the yield of HPA 28 varied depending on the temperature in which the trituration solvent was added
and also the amount of HPA 28 produced in the reaction, hence why average percentage yields are

reported in table 3.3.

Table 3.3: Trituration work-up yields of HPA with the different reaction solvents.

Trituration Solvent Reaction solvent
Average yield (%)
DMSO DMF NMP
Ethanol 54 51 54
'Propanol/Methanol (1:1) 51 50 N/A
Toluene 70 60 N/A

Trituration in toluene gave the highest yield in both dimethyl sulfoxide and dimethylformamide, 70%

and 60% respectively. Ethanol followed with a yield of 54% for both dimethyl sulfoxide and N-methyl-
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2-pyrrolidone, and 51% for dimethylformamide. The mixture of iso-propanol/methanol (1:1) gave the
lowest yield from the trituration technique. Overall, it seemed as though dimethyl sulfoxide coupled
better with the solvents selected for trituration because it gave higher yields in all instances in

comparison to dimethylformamide and N-methyl-2-pyrrolidone.

3.5) lon-exchange chromatographic work-up and purification.

With the triturative work-up being tedious, non-economical (copious amounts of solvents were
required) and producing below 80% yields of HPA 28, we decided to explore an alternative work-up
technique. The use of solid-supported resins which are functionalised to act as scavengers represented
an attractive alternative post-conversion work-up option because it would allow for the selective
isolation of a compound depending on its functional groups. In the case of HPA 28, the exocyclicamino
group as well as the hydroxyl group are both suitable targets for a work-up utilising acid/base ion
exchange resins. These functional group targets were potentially good handles for the selective
removal of the product HPA 28 from the reaction matrix. Adenine 27 (the starting material and limiting
reagent) has the exocyclic amine group in common with the target product HPA 28, but because of
the high conversion rates of the reaction (up to 97%) we believed that at best would only have a
limited influence on the purity of the product if we were to use a resin that would target the exocyclic

amine.

The other starting material (R)-propylene carbonate 33 which was used in excess, has free lone pairs
of electrons on the oxygen atom which can interact with an acidic resin, however, the pKa of the
oxygen (3.9) is much lower than that of the amine nitrogen (17) and so cation exchange is favoured
between the proton donor and the amine group. The aprotic solvent used also poses no competitive

interference with an acidic resin (figure 3.3).

NH, — > Acidic Resin<«——— NH,
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YN I , L/
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—> Basic Resi 3

Figure 3.3: Potential target functional groups on HPA, adenine and (R)-propylene carbonate for
resin work-up.

We chose to begin the resin work-up trials with an acidic / cation exchange resin, which was already
readily available in the laboratory, to determine if we could isolate HPA 28 from the reaction mixture

successfully in higher yields than when employing the triturative work-up technique.




A rigid, macro porous resin, Amberlyst 15® 36 was selected for investigation (figure 3.4). Amberlyst
15® 36 is a safe to use and commercially available solid supported resin which was selected as it acts

as a strong cation exchanger (an acidic resin) when immersed in a solvent.

O

& i

O

36
Figure 3.4: Amberlyst 15®

Amberlyst 15® 36 is a macro reticular polystyrene (styrene-divinylbenzene copolymer) based ion
exchange resin that contains a sulfonic acid group which acts as a strong proton donor, as such the

group will readily protonate the primary amine in our target product,HPA 28.

As we mentioned, the use of Amberlyst 15® 36 as an ion-exchange resin allowed us to target the

primary amine group found of HPA 28 (scheme 3.8).
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Scheme 3.8: Amberlyst 15®and HPA interactions on a molecular level.
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The acid-base exchange (ionic interaction) between the resin and HPA 28 (and residual adenine 27)
effectively removes the product from the reaction mixture, leaving behind impurities, primarily
unreacted (R)-propylene carbonate33, in the liquor. The progress was monitored by TLC and deemed
complete once HPA 28 was no longer visible under UV light. The ionic interaction between the
functional groups (amine and sulfonicacid) could then be disrupted by either the addition of a stronger
base or acid. If a stronger acid was used it would interact with the amine of HPA 28, releasing it into
the solution, however, this approach would then require an additional neutralization step to release
HPA 28 as a neutral species into the organic solvent. The alternative was the use of a strong base
which would interact with the resin, releasing HPA 28 into solution. We decided to make use of
ethanolic ammonia, which allowed for the convenient release of HPA 28 as a neutral species into the

solution, which was thereafter followed by simple removal of the solvent in vacuo.

The drawback to this approach was that it was more time consuming than the trituration and there
was no selectivity between HPA and unreacted adenine 27. The advantages as mentioned in the
introductory chapter regarding resins, was that it was a simplified, selective and green (in terms of the
amount of solvent that was required) alternative work-up. The results obtained using resin work-up
compared to trituration are shown in table 3.4:

Table 3.4: Summary of the yields and regioisomer distribution of HPA when using a triturative
vs. ion exchange work-up and purification.

Work-up Work-up Compound DMF DMSO
Method Yield Regioisomer Yield Regioisomer
(%) Ratio (%) Ratio
N-9: N-7/3: N-3/7° N-9: N-7/3: N-3/7°
iPropanol/Methanol (1:1) 50 1:0:0 51 1:0:0
Trituration Toluene 60 4:1:0 70 4:1:0
Ethyl acetate N/A N/A 58 7:1:0
Ethanol 51 7:1:0 54 1:0:0
lon-exchange Amberlyst 15® 73 20:10:1 77 20:10:1
resin

9 The first digit in the ratio represents the N-9 regioisomer, the second and third could not be
conclusively determined and so for the purpose of the table, the second digit in the ratio could
represent either N-7 or N-3, and the same applies with the third digit of the ratio. Please note that the
second and third digit cannot represent the same regioisomer concurrently.

Under both triturative and ion-excange conditions the isolated yields tended to be higher when the
reaction was performed in dimethyl sulfoxide as opposed to dimethylformamide. Toluene afforded

the higest vyields when the reaction was performed in both dimethyl sulfoxide and




dimethylformamide, giving an average of 70 and 60% respectively, however, it also resulted in the
isolation of the highest relative proportions of the minor regioisomers (N-7/N-3) with about 20% in
trituration and 35% in resin based on NMR integrals. In comparison, the iso-propanol/methanol (1:1)
mixture was arguably more attractive for the trituration work-up because only the N-9 isomer was
isolated in both dimethyl sulfoxide and dimethylformamide, albeit with lower isolated yields (50-51%).
Ethanol afford a slightly better yield of 54% of the pure N-9 regioisomer when using dimethyl sulfoxide,
oddly when the reaction was performed in dimethylformamide followed by ethanol mediated
trituration, the N-7 or N-3 regioisomer were again observed, in this case accounting for 12.5% of the
material isolated. Ethyl acetate was also tested with dimethyl sulfoxide as the reaction solvent
affording 58% yield with an N-9: N-7/3: N-3/7 distribution ratio of 7:1:0. The resin work up worked
more effeciently in dimethyl sulfoxide, with a yield of 77%, but the regioisomeric ratios remained

identical to those in dimethylformamide.

The ion-exchange chromatographic work-up (discussed in chapter 2, page 20) and purification seemed
to isolate more of the minor regioisomers than trituration. The principles used for both techniques
differ, for trituration, just like crystallization, the quantity of the compound plays a crucial role in

determining which product is isolated (crashes out of solution).

Although the resin workup isolated higher yields than triturative work-up, the impurity of the product
(about 30%, based on 'H NMR) made it the less preferred method, even when we consider its
economic and environmental advantages. However, for the sake of a simplified continuous flow

system synthesis and isolation of HPA, the flow trials would include the resin work-up.
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C. Translation of the alkylation of adenine (step 1) to flow-chemistry.

The translation of the synthesis of HPA 28 to flow would be beneficial if i) the reaction time could be
reduced from that in batch, ii) the temperature required for the reaction could be reduced and/or iii)

the reaction work-up could be included in an effective, continuous fashion.

We planned on having, initially, a simple set up for the flow reactor (figure 3.5 shows the clipart used
for the accessories and consumables of the reactor) that would use HPLC pumps to combine a
solubilized stock solution of 0.5 M adenine 27 with 10% KOH and merge it at a T-piece mixer with a

stock solution of 1.5 M (R)-propylene carbonate 33.

J|_|_H_|_|, Mixing Chip @))))j Coil Reactor

/4
d5 T- piece mixer
® purp
Loop
] Amberlyst 15 [ Column Reactor BPR Back Pressure Regulator

Figure 3.5: Flow reactor accessories and consumables clipart.

The mixture would thereafter be allowed to heat in an HT-PTFE coil reactor followed by passage of
the expected product, HPA 28, through a BPR (back pressure regulator) before collection (scheme 3.9).
The coil reactor serves as the main temperature control agent (for heating and cooling of the reaction)

in the system; it can be likened to the oil/ice bath in a batch system.??
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Scheme 3.9 illustrates the flow set-up described using clipart from figure 3.5.

®

Adenine + 10%mol KOH

33
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-

.

®

(R)-Propylene Carbonate
DMSO

140 °C
QD} {BPR]
5mLHT-PTFE
Coil

Scheme 3.9: A simplified representation of the flow reactor set-up for the synthesis of HPA*

* In order to ensure homogeneity in the system prior to entry into the flow reactor, the stock solution
of adenine 27 and 10% KOH in DMSO were pre-heated at 140 °C for 20 min prior to entry into the flow
reactor to ensure complete dissolution.

The entire flow system, including the heating coil, had an HT-PTFE tubing flow-path, but unfortunately

the PTFE showed poor compatibility with dimethyl sulfoxide, resulting in dimethyl sulfoxide sweating

through the tubing walls throughout the system. As such, we elected to replace the HT-PTFE with a

stainless steel flow path, including the coil reactor. Thereafter the entire flow system remained sealed

and no leakage problems were experienced. Trial runs were then performed as depicted in scheme

3.9 assessing the impact of residence time in the coil reactor, table 3.5.

Table 3.5: The main flow parameters used for the initial flow trials.

Entry Flow Rate
(mL/min)

i A W N R

6

2 Stainless Steel

0.1
0.2
0.4
0.6
0.8
1.0

Temperature
(‘c)
140
140
140
140
140
140

Coil Volume?®
(mL)

v ol L L»n L1 »n

Residence Time
(hours:minutes:seconds)
04:27:54

02:18:16
00:58:52
00:53:26
00:42:34
00:35:58
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Unfortunately, using this setup no product formation was detected when screened with residence
times ranging from thirty-six minutes to four-and-a-half hours We suspected that on the relatively
small test scale there was significant dispersion between the two reagent solutions preventing

efficient mixing at the desired stoichiometric ratios.

As such we inserted a heated (120 °C) glass mixing chip into the reactor. The purpose of the mixing
chip was to afford rapid turbulent mixing (Scheme 3.10).3 In this instance we noted the immediate

formation of HPA 28.

NH, A
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N~ N
27 H
Adenine + 10%mol KOH 50 °C
DMSO [ ))
|I:I N BPR
Steel Coll

Glass mixing
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/[Cj)\ B
T O

33~

R-Propylene Carbonate
DMSO

Scheme 3.10: A representation of the flow reactor set-up with an added glass chip.

We then proceeded to screen a range of residence times (table 3.6) and an optimal residence time
was found to be one hour and fifty-five minutes (0.2 mL.min* flow rate), and at flow rates above 0.4

mL/min (one hour residence time) yields dropped off significantly.
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The conversions at 0.8 and 1.0 mL/min were not determined as TLC analysis suggested that unreacted
adenine 27 was the overwhelmingly major component in those solutions.

Table 3.6: Flow parameters used with addition of a mixing chip to the system.

Entry Flow Steel Coil Glass Chip Post Residence Time Convers

Rate Collect+ (hours:minutes:seconds) ion

(mL/mi Final (%)

n) Temp Coil Temp. Chip Wash Vol.
‘c) Vol (c) Vol. (mL)
(mL) (mL)

1 0.1 140 5 120 2 16 03:44:27 62
2 0.2 140 5 120 2 16 01:54:52 70
3 0.4 140 5 120 2 16 00:59:52 50
4 0.6 140 5 120 2 16 00:55:33 30
5 0.8 140 5 120 2 16 00:30:03 N/A
6 1.0 140 5 120 2 16 00:27:26 N/A

7mL 1.3 M (R)-propylene carbonate 33 and 7 mL 1.0 M adenine 27 in 10% KOH were (both pre-heated
at 140 °C). The product liquor was collected into the gently stirring Amberlyst 15 ®36 solution and the
same procedure mentioned in batch was implemented thereafter.

Using these optimised conditions and set-up, a post-conversion work-up point was added to test if
pure HPA would be collected in a continuous flow fashion. To facilitate the inline purification a 10 mL

glass Omnifit™

packed-bed reactor (an accessory used to pack solids such as catalysts, scavengers,
etc.)®? housing Amberlyst 15® 36 resin was inserted between the coil reactor and the back pressure

regulator (scheme 3.11).

)N%Z:N A Glass Omnifit coulmn
NI AN
| >
Ly T
o7H
120°C 140°C 3
Adenine + 10%mol KOH @
[ — O |
<
Ji§ °
& ®
—
33~

R-Propylene Carbonate
DMSO

Scheme 3.11: A representation of the flow reactor set-up with an added glass chip and packed-
bed reactor containing Amberlyst 15°,




The Amberlyst 15® 36 resin was packed to the half-way calibration mark of the column and anhydrous
dimethyl sulfoxide was allowed to flow into the column, causing the resin beads to swell, once swelling
was deemed to be complete the column was sealed and the reaction was commenced. Unfortunately,
after about an hour the column showed signs of leakage at its terminals, again the issue was found to

be the use of dimethyl sulfoxide which was degrading the PTFE and PEEK end fittings of the column.

As we did not have access to alternative packed-bed reactor housing we ran several trials using both
dimethylformamide/N-methyl-2-pyrrolidone as alternative solvents, however, these proved to be
unsuccessful as both of these solvents failed to solubilize adenine 27 and KOH in the absence of (R)-
propylene carbonate 33. We then elected to perform the work-up/purification offline by allowing the
reactor run-off to drip into a stirred flask housing Amberlyst 15® 36 (scheme 3.12). We managed to
achieve conversions of 90% at a flow rate of 0.067 mL/min (with a residence time of one hour and

fifty-five minutes) using this set up.

NH, A
NN
mﬁ > —Q)

NT N

27 120°C

140°C

Adenine + 10%mol KOH
DMSO, 140°C }:—m @))

i B
Qo @

33~

R-Propylene Carbonate
DMSO, 140°C

Amberlyst 15
36

Scheme 3.12: The final flow system set-up for the synthesis of HPA using anhydrous DMSO as a
solvent.
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D. Conclusions on the synthesis and isolation of HPA.

To conclude from the results obtained, we can affirm that polar aprotic solvents are still the best
solvents to solubilize adenine 27 under basic conditions, particularly dimethyl sulfoxide. We have also
observed that the presence of water in the solvent system does indeed influence the formation of
minor regioisomers of HPA. We can, however, state that N-9 HPA, 28, was the major product that was
formed (based on NMR data and literature reference) when adenine 27 was alkylated with (R)-
propylene carbonate 33, regardless of the solvent used or the presence/absence of water in the

system.

We successfully isolated HPA 28 using two different techniques: trituration and “catch-release” resin
work-up. Trituration produced the purest product and the ion-exchange work-up with Amberlyst 15 ©
36 gave the highest yields and used less solvent, but that being said, this approach resulted in the

isolation of more of the unwanted regioisomers.

Translation of the synthesis of HPA 28 to flow required addition of accessories (mixing chip and coil)
and also required the same temperature (as batch) of 140 °C. The attempt of integrating the work-up
stage into the flow system failed because dimethyl sulfoxide was not compatible with the glass
Omnifit™ column that was required to contain the resin and as a result we had perform the work-up

externally from the flow system.

Ultimately, the flow synthesis of HPA showed high conversions of 90%. This was achieved in one hour
and fifteen minutes, which was about 50% faster than in batch, a significant benefit of the flow
synthesis. Flow also had the benefit of safety as the entire process was performed with little handling
of material. The closed system of flow was also better at energy conservation than that of batch which

easily loses heat to the atmosphere.

Although the work-up (ion exchange using Amberlyst-15®36) was identical in both flow and batch
synthesis, flow is still at an advantageous position as it has a greater prospect of optimizing the work-
up inline, provided that suitable materials are made available. All this led us to believe that the

synthesis of HPA was better in a flow system.
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Chapter 4: Synthesis of tenofovir
A. Synthesis and isolation of phosphonate propyl adenine (PPA).

The next step headed for the synthesis of the ARV drugs, TD 25 and TA 26, was the addition of a crucial
group to its activity: the organo-phosphonate group. The addition of the phosphonate transforms the
nucleoside analogues into nucleotide analogues which are able to resist enzymatic attack (from e.g.
esterases, phosphatases, etc.)! and in the case of HIV, it helps to by-pass the rate-limiting intracellular

“initial phosphorylation” step thereby interrupting viral replication.'?

The addition of a phosphate ester to the hydroxyl group of 28 occurs via a two-step process, with the
initial step being an Sn2 addition of a phosphonate ester to 28 by the displacement of the tosyl group
of DESMP 37 followed by the hydrolysis of the ester group with TMSBr in the subsequent step to afford

tenofovir 9 (scheme 4.1).
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Scheme 4.1: Addition of the phosphonate ester to HPA and the hydrolysis thereof to form
tenofovir.

4.1) Previous challenges associated with isolating PPA.

The approach described above in scheme 4.1 has historically been associated with isolation and
purification challenges in particular the phosphorylated product, PPA 29, in most reports has to
undergo an in situ hydrolysis to afford tenofovir 9.2° This is despite the fact that PPA 29 is
characteristically contaminated with residual water which interferes with the TMSBr used in the

hydrolysis step.

The process is also extremely restrictive in terms of the base that can be used for the initial Sn2
displacement (scheme 4.2), with almost all high yielding reports making use of magnesium tert-
butoxide (MTB). Unfortunately, the use of MTB complicates the process and a major difficulty faced
is that the magnesium salt by-products ‘trap’ PPA 29 in a sticky hydrophobic salt cake which is difficult
to process. The salt cake places a challenge in both the isolation of the product and also creates a huge
stumbling block for translation of this synthetic step to flow. Another issue with the work-up was the

challenging removal of the high boiling point polar aprotic solvents used for the reaction as well as the
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similarity in the polarity of both 29 and the magnesium salts: they are both highly soluble in water and
both poorly soluble in non-polar solvents such as dichloromethane, which posed a challenge for the

efficient isolation of PPA 29.
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Scheme 4.2: Proposed reaction mechanism for the formation of PPA from HPA.

A study by Riley et. al.* attempted to solve the issue of the salt cake formation by looking into the use
of alternative bases for step 2a. A series of bases, including MTB, were tested in three different
solvents systems, N-methyl-2-pyrrolidone, dimethyl sulfoxide or DMSO/THF. The MTB gave an
impressive conversion of 92% to PPA 29 while almost all other bases failed to show any conversion

with the exception of PhMgBr and PhMgCl which afforded conversions of 6% and 28%, respectively.

These results led to the suspicion that the presence of both Mg and ‘BuOH played a vital role in the
conversion of HPA 28 to PPA 29. Upon addition of 'BuOH to the PhMgBr/Cl bases, the conversion to
PPA 29 increased significantly to a reported maximum of 78%.* The group made no postulation for
the role of ‘BuOH but suggested that the Mg?* facilitated the Sy2 reaction with HPA 28 by coordinating

with the DESMP 37 oxygen atoms (figure 4.1).

Mg,*
": \Icl)
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s c
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Figure 4.1: Proposed coordination of magnesium (11) salts with DESMP, as shown by Riley et
al.?

Owing to the failure to obtain an alternative non-magnesium base meant that the formation of the
magnesium salt cake could not be avoided and so the work-up of the reaction was the next focus point
for the group. The research group managed to develop a solvent free reaction mixture, doing away
with the polar aprotic solvents; they then had the advantage of choosing their own solvent systems

for the separation of the impurities from PPA 29. Their obvious solvent choice was water to dissolve
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the salts and an immiscible organic solvent to take in the organic compound, i.e. PPA 29. Riley et al

made use of continuous extraction for this first step.

4.2) Validation of the Riley approach.

Riley et al dissolved the magnesium salt cake in water and extracted PPA 29 into chloroform via
continuous extraction.*® They reported that using chloroform as the extraction solvent was more
efficient than its alternative, dichloromethane: The final yield of PPA 29 using chloroform for the
continuous extraction was 85% as opposed to 63% when dichloromethane was used. This process was
quite lengthy taking about twenty-four hours for the continuous extraction step alone. That being

said, the group managed to successfully isolate PPA 29 and obtain an optimized isolated yield of 85%.

For our project, the optimized method obtained for the synthesis of PPA 29 would be validated as

shown in scheme 4.3.
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Scheme 4.3: Formation of PPA from HPA using the Grignard and 'BuOH.

For the work-up, however, we employed a slightly shorter alternative to the continuous extractor.
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We employed a liquid-liquid extraction using a standard separation funnel, with the reaction mixture
being initially dissolved in water followed by extraction with hot/boiling chloroform. This brought the

entire work-up time down to about four hours (scheme 4.4).
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a - Dry & evaporate sohvent 6

PPA

Scheme 4.4: The work-up process for the isolation of PPA from the magnesium salt cake.

The initial step involved dissolving the sticky salt cake reaction mixture in water and extracting the
organic compounds into hot chloroform, leaving behind any magnesium salts and unreacted HPA 28
in the aqueous layer. The procedure was less effective when dichloromethane was used and in order
to push the otherwise highly water soluble PPA 29 into the organic solvent, chloroform was heated up
requiring an organic:aqueous solvent ratio of about 10:1. The next step involved the separation of PPA

29 from DESMP 37 by acidic extraction, followed by basification of the acidic medium to release the
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PPA 29 back into organic solvent, which in this case was dichloromethane (scheme 4.4). This afforded

PPA 29 in a best yield of 70%.

Although impressive conversions and yields were obtained using this synthetic route (scheme 4.3) and
work-up process (scheme 4.4), this step could in no way be translated to flow because of the thick
sticky magnesium salt cake that forms. We had to face the fact that alternative routes for the
production and isolation of PPA 29 had to be considered if we wanted to hold on to any hope of

translating the step to flow.

4.3) Alternative approach to the synthesis of PPA.

A new synthetic approach was considered for the synthesis of PPA 29, the key transformation of which
focused on phosphate addition chemistry through an Arbuzov reaction. The proposed approach
required the chloromethylation of alcohol 28 to the analogous chloro-analogue 38 thereafter an Sy2

displacement via an Arbuzov reaction was envisaged (scheme 4.5).
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Scheme 4.5: An alternative retrospective approach to the synthesis of PPA.

The Arbuzov is a widely used reaction that produces a wide range of phosphonates and phosphine
oxides from just an alkyl halide and a trialkyl phosphite (scheme 4.6).52 To add to that, there have
been successful translations of the Arbuzov reactions to flow.? It has, however, been reported that the

success of the reaction depends on the alkyl substituent used and the halide present!®!!

R,

— 2 =
>P=0
: RO
X=ClI, Br, |

Scheme 4.6: A generic representation of an Arbuzov reaction.

This reaction dates back to over a century when an alkyl halide was reacted with a trivalent phospho-
ester to form an alkyl phosphate (scheme 4.6) as reported by Arbuzov.'? The novelty of the reaction
allowed researchers to synthesize new organophosphates in just one step. There were, however, two

main setbacks to this reaction: the first being the requirement of high temperature and the other
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being the side reaction of the by-product alkyl halide with the organophosphate.”® Attempts to curb
this side reaction included using catalytic amounts of the reagent alkyl halide, this was helpful but
affected the yield of the desired organophosphate drastically. Alternatively, the use of a Lewis acid
aided in reducing the high temperatures to room temperature and also helped increase the yield of

the reaction.

We considered the use of the Arbuzov reaction to add the phosphonate group to the nucleotide
analogue (HPA 28) in order to form PPA 29. The Arbuzov reaction involves a nucleophilic attack of the
phospho-ester on an electrophilic carbon bound to a halide (scheme 4.7). The release of an alkyl halide

results in the formation of a new alkyl phosphate ester.
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EtO\i:I:,,OEt
OEt

Sscheme 4.7: Mechanistic synthesis of PPA from chloromethyl HPA via the Arbuzov route.

To attempt the Arbuzov reaction we would need a preceding step which would involve the halo-
methylation of the hydroxy group of HPA 28 (to form 38). The methyl would have to be coupled to a
good leaving group such as a halide, in order to accommodate the Arbuzov reaction which would
substitute the halide for a phosphonate diethylester group, to form PPA 29. This would have to be a

chloromethylation step.

OEt
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4.3.1) Chloromethylation of HPA.

Chloromethylation involves the reaction of formaldehyde as a methyl source and hydrogen chloride
gas as the halide source, together with an alcohol (scheme 4.8). Scheme 4.9 shows that the initial step
is the “cracking” of the paraformaldehyde under heat in order to release the formaldehyde which then

acts as a base, attacking the proton of the acid.

NH2 O NHZ
N~ N \
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Scheme 4.8: Proposed reaction for the chloromethylation of HPA to form chloromethyl HPA.

The electrophilic carbon of the now protonated formaldehyde is then attacked by the hydroxyl oxygen
of 28 which adds a new C-OH bond to 28. Water is then released and replaced by Cl (from the acid) to
finally form chloromethyl HPA 38 (scheme 4.9). This reaction requires extreme reaction conditions to

facilitate the cracking of paraformaldehyde to afford formaldehyde.
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Scheme 4.9: The mechanistic chloromethylation of HPA to form chloromethyl HPA.

Investigation into halo-methylations revealed that much of the work performed made use of chlorine
as the halogen of choice in the form of HCl (with more recent reports utilising TMSCI)**** and
formaldehyde as the methyl source.’>” We decided to employ a slightly modified experimental

procedure from the Janicki et al.> and Wang et al.'® research groups, with paraformaldehyde and 28
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stirring at room temperature in an round-bottom flask under inert atmosphere, while either HCl is
bubbled through the reaction mixture or TMSCl is added to the round-bottom flask. The reaction could
not be performed at temperatures lower than room temperature because of the limited solubility of
HPA 28. The choice of solvent, dimethylformamide, was also chosen based on the solubility of HPA

28.

We initially performed several trials for the chloromethylation of 28 (scheme 4.8), the parameters of

which are as indicated in table 4.1.

Table 4.1: The reaction parameters used for the halide methylation of HPA.

Trial Halogen Reaction Vessel Solvent Time Temperature
source (RBF/Pressure (hours) (°c)
Tube (PT))

1 RBF DMF 3 RT
2 HClI (g) RBF DMF 3 60
3 RBF DMF 16 60
4 RBF DMF 3 RT
5 RBF DMF 3 50
6 PT DMF 16 RT
7 T™SC RBF DMF 20 RT
8 RBF DCM 20 RT
9 RBF DCM 48 50
10 PT None 48 60
11 RBF None 48 60
12 TMSBr RBF None 48 RT

Standard conditions: To HPA 28 (1 equiv) (dissolved in solvent) and paraformaldehyde (1.3 equiv), the
halogen source (5 equiv) was added and the suspension was stirred at the temperature and time
specified in the table.

We initially attempted to utilise a stream of anhydrous HCl as the chloride source, prepared by adding
concentrated sulfuric acid in a dropwise fashion, into a round-bottom flask containing NaCl (figure

4.2).
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The HCl gas generated was then transferred via a polyester pipe and bubbled into a second round-

bottom flask containing the paraformaldehyde and HPA 28 (figure 4.2).

& Syringe

7,
Polyester pipe  ( \“_44’ HCl gas

= » 28, paraformaldehyde
in solvent

Figure 4.2: Representation of the chloromethylation laboratory set-up.

We had hoped that the HCI gas would facilitate both the cracking of the paraformaldehyde and act as
the chloride source for the chloromethylation. The challenge with using gas was controlling the
amount of gas entering the system and the duration of exposure. Additionally, for halide methylation,
the use of gas has been reported to form chloro (chloromethoxy) methane as a side product which is
known to be a highly carcinogenic compound, linked to lung cancer.'® Unfortunately, under these

conditions no chloromethylation was observed.

In trials 4-9 (table 4.1) we made use of TMSCI as the halogen source and paraformaldehyde as the
formaldehyde source. We attempted the reactions in dimethylformamide or dichloromethane the

latter of which has commonly been employed in chloromethylation reactions,®2°

again we were
unable to observe any of the desired chloromethylation. We also attempted the reaction under
pressure using an ACE® pressure tube (trials 6 and 10) with the hopes that it would facilitate the
“cracking” of the paraformaldehyde and prevent loss or escape of formaldehyde. In the case of trials
10 and 11 we performed the reactions under solvent free conditions. Once again, we were not able
to observe any formation of the desired chloromethylated product. Finally, in trial 12 we employed

the use of TMSBr under solvent free conditions in this case targeting the analogous bromo-methylated

product. Unfortunately, we were still unable to isolate any of the desired material.

In all instances the progress of the reactions was monitored using TLC, however, for all trials there was
limited consumption of HPA 28 noted and only trials 4 and 5 showed any macroscopic physical
changes. Analysis of the *H NMR spectra of these reaction products all revealed peaks common to the

starting material HPA 28 and no product formation peaks were observed. We also ran 3C DEPT 135
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NMR but unfortunately it did not help us identify the product formed because only one unambiguous
negative phase peak was observed, which only confirmed the presence of the propyl CH; group. A trial
of the Arbuzov reaction (scheme 4.8 and scheme 4.9) was attempted in any case with the product
from trial 4 but as expected this resulted in no product formation of PPA 29. We performed no further

optimization of the reaction and conclude the results of the chloromethylation as inconclusive.

At this point we decided to move on to an alternative approach employing polymer-supported

reagents.

4.4) Alternative approach to the isolation of PPA: Resin bound reagent (DESMP).

As mentioned in the previous chapters, resins are a “go-to” for flow systems. In this step particularly,
the use of a resin/s would be expedient if it allowed for the by-products (particularly the magnesium
by-products) to be selectively isolated, making the extraction of HPA 29 much simpler. Should this be

successful, the synthetic route or work-up could potentially be translated to flow.

We envisaged the preparation of a novel polymer bound version of DESMP 39 using commercial
polymer-supported tosyl chloride 40 as a logical feedstock. As the tosyl group is displaced in the Sy2
displacement with HPA 28 we had hoped that upon reaction pure PPA 29 would be formed and
released from the polymer support and that the resulting tosylate anion would capture the spent
magnesium salts. PPA 29 could then easily be recovered post-reaction by simple solvent evaporation.

(scheme 4.10).
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Scheme 4.10: Proposed synthesis of PPA using polymer-supported DESMP.

The major challenge that the polymer bound reagent could pose was constrained access to the

reactive sites of the molecule of interest. This is one of the main reasons why resin-bound reactions
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in general have longer reaction times than the standard batch reactions. It becomes even more
challenging when dealing with relatively large molecules, such as in this case HPA 28, because the
accessibility of the reactive sites becomes all the more constrained. Additional complications when
working with polymer-supported reagents is that they often suffer from temperature sensitivity
depending on the resin support, and under stirring conditions the polymer support tends to break
down due to mechanical strain experienced. We initially sought to test the proposed synthetic
approach using unsupported reagents (scheme 4.11) in order to gauge the possible reaction

parameters needed.

i
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Scheme 4.11: Formation of DESMP from TsCl in the presence of a base.

The tosylation of a phosphonate ester is not a novel step and although the literature for the exact
phosphate ester (DMP) 41 reacting with TsCl 42 was mostly patented work, literature with similar
structures/substructures to DMP 41 were available. The common thread for the experimental
methods reported was that the reaction is generally performed at ambient temperatures with an

amine base and in most instances dichloromethane as the solvent of choice.?%%
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The reaction required a base in order to facilitate the nucleophilic attack of the neutral alcohol oxygen
of the DMP 41 on the electrophilic sulphur atom of TsCl 42 (resulting in the displacement of the CI").
The charged OH is then deprotonated to form neutral tosylate. The amine base serves an additional

role by assisting in the removal of HCI from the reaction solution (scheme 4.12).
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Scheme 4.12: Reaction mechanism for the tosylation of DMP to form DESMP in the presence of
a base.

We attempted the tosylation using a conventional set-up: In a round-bottom flask containing DMP 41
(2 equiv.) and EtsN (1 equiv.) in dichloromethane at room temperature, TsCl 42 (1 equiv.) was added
and the reaction mixture was allowed to stir overnight at room temperature. A TLC was run and the
formation of a new product was observed. The reaction was worked up and the white solid extracted
from the organic layer was analysed using *H NMR spectroscopy. The spectrum (Figure A10, page 109)
revealed that DESMP 37 was isolated, showing the loss of the hydroxyl proton around 5.90 ppm.
Subsequently, two doublet peaks were found around the aromatic region, at 7.52 and 7.84 ppm, each
integrated for two protons, showing the presence of the tosyl group. Alternatively, when less basic
pyridine was used under the same reaction conditions as EtsN, it failed to give a conversion greater
than 50%; no optimization was performed (but it was suspected that a greater equivalence ratio of
pyridine: TsCl 42 would be needed as well as longer reaction time) because the success of this simple

batch reaction was enough to attempt the reaction on polymer supported material.
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The successful synthesis of DESMP 37, prompted us to attempt the synthesis of the envisaged

polymer-supported DESMP 39. The attempted syntheses are summarised in table 4.2:

Table 4.2: Reaction parameters used in the trials of formation of Ps-DESMP from Ps-TsCl.

Trial Base Resin Swelling time Reaction time  Reaction temperature

(hours) (hours) (°c)

1 EtsN 2 20

2 Pyridine RT

3 EtsN 24 48

4 Pyridine

5 EtsN 24 20 80

6 EtsN ( +10% DMAP) 3 20 RT

Standard conditions: Ps-TsCl 40 (1 equiv) was allowed to swell in DCM for at least 2 hours. A mixture
of DMP 41 (2 equiv) and base, EtsN (1 equiv) or pyridine (4 equiv), was added dropwise to the gently
stirring reaction mixture at the set temperature for the reported time.

We used a similar set-up to the homogenized batch reaction trials where DMP 41 (1 equiv.) and EtsN
(2 equiv.) were premixed after which time they were added to a gently swirling mixture of Ps-TsCl 40

(1 equiv.) in solvent at room temperature.

The polymer support was prepared by allowing the resin to swell (enhancing the accessibility to the
functional groups within the polymer) in anhydrous dichloromethane for two to twenty-four hours in
preparation for the tosylation reaction. For the initial trials 1 and 2 (table 4.2), the reaction parameters
were matched with those used in the homogeneous batch synthesis of DESMP 37 with EtsN and
pyridine used as bases and the reaction mixture allowed to swirl gently at room temperature

overnight.

Alongside trials 1 and 2 we decided to tweak a few parameters in pursuit of the most suitable
conditions for a resin system (also being mindful that we had not optimized the homogeneous batch
synthesis). In trials 3 and 4 we stretched the “swelling” duration of the resin to a full day as well as the
duration of the reaction to two days. This was done based on the suspicion that the reaction would
require a longer time to complete than under homogenous conditions because the frequency of

interactions between the reagents was less.

We also decided to gently heat one of the reaction mixtures (trial 5), keeping the other parameters
the similar to trials 1 and 3, being curious to see if the increase in temperature would have any positive
effect on the rate of the reaction. Finally, in the sixth round-bottom flask, we decided to attempt a

base combination that Lai et al made use of,2> employing the similar parameters as the research group
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(with yields ranging from 80-90%), to see how the results with a polymer-supported reagent would

affect the rate and success of the reaction.

Analysis of the reaction progression for each of the trials proved challenging: TLC could not provide
any useful information because the Ps-TsCl 40 served as the limiting reagent (DMP 41 and the base
was in excess) and as a result we were unable to precisely monitor the consumption of any of the non-
polymer bound reagents. Fortunately, we were able to successfully run an NMR of the polymer
support which allowed us to monitor the success of the reaction by comparing the spectra of the

product polymer with that of the Ps-TsCl 40 and DMP 41.

The NMR of the Ps-TsCl 40 was run before the product polymer. To obtain an *H NMR of the solid
phase, the Ps-TsCl 40 was placed in an NMR tube and a less dense deuterated solvent was added so
that polymer would settle at the bottom of the tube (DMSO-ds was used for this purpose).The NMR
instrument was “pre-shimmed” with a tube containing only solvent prior to running the NMR of our
polymer sample. This allowed us to skip the shimming for our polymer sample, which would not have
been possible with the solid phase-polymer, and run the *H NMR scans (16) straight away. The same

process was employed to obtain the *H NMR spectra of our product polymer.

An *H NMR of the Ps-TsCl 40 and DESMP 37 were obtained and used to compare each reaction polymer
product within order to determine whether there had been a change to the resin’s chemical make-up

or not.

The 'H NMR data obtained for all the trials (1-6) produced unclear results. The peaks obtained could
not conclusively be ruled as pure Ps-TsCl 40 peaks even though standard DMP 41 peaks were not
observed. This led us to believe that there could possibly be a change to the chemical make-up of the
polymer. The 3P NMR of DMP 41 was then run and compared to the product polymer’s 3P NMR
spectrum in order to identify if any new phosphorous compound peaks would be observed: All the 3!P
NMRs, surprisingly, only showed peaks corresponding to those of free DMP 41. The inconsistency

could not be clarified and so the results of each trial were inconclusive.
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B. Conclusion for the synthesis of PPA.

After validation of the approach by Riley et al.*, we found that the formation of PPA 29 was successful,
however, the work-up was lengthy, consuming over four hours and the route could not be translated

to flow due to the formation of a salt cake.

As a result, we elected to investigate two alternative routes which were designed to either remove
the need for the troublesome magnesium base or improve the time-consuming down-stream

processing and purification.

Inthe first approach a chloromethylation of HPA 28 followed by an Arbuzov type reaction was planned
to access PPA 29. Unfortunately, despite several attempts the required chloromethylation proved
unsuccessful. In the second approach we elected to retain the original synthetic route of PPA 29 but
planned on streamlining the work-up and purification through the synthesis and use of polymer-
supported DESMP 39. In this instance the approach was hypothesised to allow us to isolate pure PPA
29 while trapping the troublesome magnesium salts on the spent solid support. Unfortunately,
although we were able to successfully prepare unsupported DESMP 37, the results of the formation

of the analogous polymer supported DESMP 39, trials were inconclusive.

Overall, we elected to leave step 2a as a batch reaction wherein a Grignard reagent is used for the
conversion of HPA 28 to PPA 29 (scheme 4.3) as described by Riley et al.* We adopted a similar albeit
shorter work-up procedure (scheme 4.4) affording the desired PPA 29 in 70% yield in about four hours,
in comparison the downstream processing by Riley et al.* afforded a higher overall yield 85% but in a

significantly longer time (greater than twenty-four hours).
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C. Hydrolysis of PPA to form the prodrug, tenofovir.

Previously, we looked at the addition of a phosphonate ester group to HPA 28 to form PPA 29, leaving

one more step towards the synthesis of the active species itself, tenofovir 9 (scheme 4.13).

NH, NH>
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Scheme 4.13: Hydrolysis of the phosphonate esters of to form tenofovir.

Although a “one-pot” synthesis of PPA 29 from HPA 28 has been previously reported (scheme 4.1),>
this was primarily driven by the difficulties associated with the isolation of PPA 29 which further
complicated the hydrolysis. Most critically, direct telescoping introduced difficulties linked to the
drying of PPA 29 arising from the hygroscopic magnesium salt cake that forms during stage 2a. Using
our approach, however, we were able to synthesize and isolate PPA 29 in good yield and purity and as

such we were interested in the hydrolysis of PPA 29 to form tenofovir 9.

4.5) Literature: The hydrolysis of a dialkyl phosphonate ester to a phosphonic acid.

Theoretically we had two streams of options for the hydrolysis of the phosphonate ester: (i) an alkaline
based hydrolysis and (ii) an acid-based hydrolysis. An alkaline hydrolysis of the phosphonate diester
was not a feasible option as it typically fails to hydrolyze both esters, resulting in a monoester instead
of a phosphonic acid.?® An acid based hydrolysis of the phosphonate diester on the other hand is more
commonly employed typically making use of either a Lewis acid (trimethylsilyl halides) or a mineral
acid (hydrohalides). Although both acid groups are quite aggressive, trimethylsilyl (TMS) halides are
most attractive as they selectively target phosphonate esters.?’” The use of the Lewis acids form silyl

phosphate esters which are easily hydrolyzed in the presence of water.

Many reports described the use of TMSBr as the Lewis acid,?®*3? which although effective in its
hydrolysis of the phosphonate ester, is expensive and difficult to handle. Its alternative, TMSCI, on the
other hand, has been reported as less reactive and mainly used for deprotection of dimethyl
phosphonate.?’ For this reason some of the reported trials conducted with TMSCI would have longer
reactions times and elevated temperatures.? To overcome this issue, some studies implemented the

addition of a nucleophilic halogen (e.g. Nal, Lil, NaBr etc.)?®* to accelerate the rate of hydrolysis of
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phosphonate esters to phosphonic acids using TMSCI. They speculate that the halide facilitates the

nucleophilic displacement of the phosphonic esters.?

Houghton and co-workers conducted a study that in part investigated the halogen salts that would
best couple TMSCI and found that NaBr was the optimal salt of choice, with a rapid reaction rate at
low temperature, ultimately affording quantitative conversions to the desired phosphonic acid.?
Gutierrez et al. took a different approach of optimization by looking at the reaction conditions that
would best increase the effectiveness of TMSCI alone.?” They decided to attempt the hydrolysis of
several dialkyl phosphonates using TMSCI in chlorobenzene, under pressure (using a pressure tube).

The results were not disappointing as they reported conversions of >98% in eight hours.
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Scheme 4.14: The Mechanism of the hydrolysis of phosphonate ester of PPA, using TMSX. X
represents a halide.

Scheme 4.14 shows the mechanism of hydrolysis by TMSX (X= Cl or Br) which involves the (i) activation
of the phosphonate ester by silylation, which is followed by what has been determined to be the rate
determining step, the (ii) displacement of the alkyl chain by a nucleophile. Thereafter hydrolysis of the

silyl esters forms the phosphonic acid. 2?°

The main objective of our studies was to validate the hydrolysis step and translate the batch

procedure, using TMSCI to flow.
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4.6) Experimental: The hydrolysis of PPA to tenofovir in batch.

With positive results reported by Houghton and co-workers for the hydrolysis of a phosphonate
diester using TMSCI and NaBr,3*® we decided to try the reactions ourselves with (i) TMSBr, (ii) TMSCI
and NaBr, as well as a (iii) TMSX (X= Cl or Br) with no solvent system and/or no NaBr as attempted by

Gutierrez and co-workers. *” The details are recorded in table 4.3

Table 4.3: Reagents used for the hydrolysis of PPA to tenofovir, performed under pressure.

Trial Hydrolysis Solvent Temperature PPA Yield Conversion

Reagent (°c) (%) (%)

1 TMSBr Acetonitrile 45 598

2 No solvent 58

3 TMSCI Acetonitrile N/A

4 No solvent 120 N/A <10

5 TMSCI + Acetonitrile <40 570

6 NaBr DMF <40

Standard Conditions: PPA 29 (1 equiv.) with hydrolysis reagent (5 equiv.) (and 2 equiv. NaBr where
applicable) and solvent were added to an ACE® pressure tube. The RM was left stirring at 120 °C for
about 18 hours (overnight).

The parameters from all the trials, 1-6, were kept the same so as to be able to directly compare the
efficiency of TMSBr and TMSCI as hydrolysis reagents (table 4.3). In each trial, all the reactants (PPA
29, TMSCI/Br and NaBr /solvent where applicable were added to a pressure tube and the RM was left
to stir at 120 °C overnight. The results of trials 1-2 shown in table 4.3 reveal that TMSBr gave the best
conversions (>98%) and yields (> 45%) of the phosphonic acid (9), and also that the absence of solvent
managed to result in a higher isolated yield (58%) than when acetonitrile was used. Acetonitrile,?%3

worked comparably to similar systems reported in dimethylformamide, N-methyl-2-pyrrolidone,®*°

and chlorobenzene,?” in terms of conversions.

TMSCI, corresponding to Hampton and co-workers’ speculation, could not successfully perform the

),3* resulting in almost no

nucleophilic displacement without the presence of NaBr (trials 3-4
conversion to tenofovir 9. (Houghton and co-workers *° did a more extensive study on the effects of
the different nucleophiles and counter ions on the conversion of phosphonate esters to phosphonic
acids and found that NaBr was the most effect environmentally and economically). Addition of NaBr
to the system resulted in a significant improvement on the synthesis of tenofovir 9 (trials 5-6), even
though the results did not quite match those of TMSBr (trials 1-2). Literature comparison indicated
that TMSCI worked most efficiently at slightly higher temperatures than TMSBr, which can explain the

poor conversions to tenofovir 9 even in the presence of NaBr.283031
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It is quite common to obtain low yields (trial 1-2, 5-6) when working with a relatively small scale (we
used 0.5 mmol - 2 mmol PPA 29) when the isolation of the product (in this case tenofovir 9) involves
precipitation; such as was the case for Baszczynski et al as well (reported yields ranging between 30%-
53%).3% Increasing the scale is usually a simple solution to this problem and would probably result in

similar yields obtained by the likes of Kaiser et al, who reported yields ranging from 73-76%.3!

Without investing any more time on the optimization of the hydrolysis in batch, we decided to move

over to the main objective: attempting the hydrolysis reaction, using TMSCI, on flow.

4.7a) Experimental: The hydrolysis of PPA to tenofovir using TMSCI; translation to flow.

The hydrolysis of the phosphonate ester (29) to its phosphonic acid (9) categorically required (i) high
pressure-which is the environment found in a flow reactor, (ii) high temperature-which is easily
controlled in flow and (iii) it needed enough contact time (as the long reaction times in batch

indicated), which could be achieved using both a mixing chip and coil reactor as well as manipulating

the flow rate.

To achieve these requirements we started with an initial simple set-up as illustrated by scheme 4.15.
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Scheme 4.15: Flow set-up for trials attempting to convert PPA to PMPA; with PPA and TMSCI
intercepting at the T-piece and mixing at the mixing chip.
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We wanted to start off with the assumption that the high pressure, micro-scale flow system might be
sufficient to drive the hydrolysis of PPA 29 using just TMSCI (without NaBr), hoping we would achieve

similar results to what Gutierrez and co-workers did in high pressure and chlorobenzene.?®

The simple flow set-up (scheme 4.15) had PPA 29 and TMSCI pumped into a T-mixer from two separate
stock solutions, via pump A and B, respectively. The combined stream passed through a heated mixing
chip (2 mL) to assist with the efficient mixing of the two reagents and then moved into a heated 5 mL
coil reactor (steel or PEEK). The mixing chip was heated (the maximum temperature it could reach was
120 °C) * identical to the reactor coil, giving the reaction additional progress time. The stream leaving
the coil reactor was pumped directed into an external work-up station containing water via a back
pressure regulator.

Table 4.4: Parameters used for the trials performed under flow as shown in scheme 4.15, in
attempt to convert PPA to tenofovir, using both a mixing chip and coil reactor.

Trial Concentration Flow Rate Temperature Residence Time
(M) (mL/min) (C) (Hours:Minutes)
PPA (29) TMSCI Glass mixing chip Coil
(2 mL) (5 mL)
1 0.30 1.6 0.500 120 02:23
2 0.15 0.79 0.100 04:43
3 0.110 04:15
120
4 0.080 05:40
5 0-30 16 0.060 150 06:36
6 0.040 07:33

The flow rate of the stream was started off fast at a rate of half a millilitre per minute (trial 1, table
4.4), all the way to trial 6 which was at 0.040 mL/min. The ratio of PPA 29 to TMSCI was kept the same
as thatin batch (1:5) and the concentration was the highest we achieved (trial 1, 3-6) without a lengthy
optimization step. In trial 2 we attempted a more dilute concentration to evaluate if it would have any

positive effect on the reaction progress but it proved unsuccessful.

From trial 3-6 we maintained a high temperature of 150 °C for the coil (and maximum 120°C for the
glass mixing chip) while changing only the residence time (via flow rate) of the reagents to a point
where we had just a little under a twentieth of a millilitre of PPA 29 and TMSCI moving through the
flow system per minute that had a residence time of seven-and-a-half hours (trial 6, table 4.4). Despite

these efforts to extend the residence/ reaction time, no conversion to tenofovir 9 was obtained.
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Before we could admit defeat, we attempted a few trials that had both PPA 29 and TMSCI pre-mixed
in the same stock solution before entering the flow system. We thought this would be good to
eliminate possible technical issues, i.e. dispersion, that could likely play a hand at the unsuccessful

synthesis of PPA 9 in a set-up like scheme 4.15. Scheme 4.16 shows this further simplified set-up.
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Scheme 4.16: Flow set-up for trials attempting to convert PPA to tenofovir; with PPA and TMSCI
pre-mixed before entering the flow system.

Scheme 4.16 shows that we had PPA 29 and TMSCI pre-mix (eliminating the need for a mixing chip)
before entering as a singular stream via pump A and into the coil reactor. The coil reactor was heated
at 150 °C and a flow rate of 0.1 mL / min was programmed. None of the phosphonate ester (29) was
converted to tenofovir 9 and we were satisfied to conclude that TMSCI alone was not sufficient for

the hydrolysis, even in a high pressure flow system.

4.7b) Experimental: The hydrolysis of PPA to tenofovir using TMSCI and NaBr; translation to flow.

Although we initially attempted to avoid the use of NaBr in flow for the hydrolysis using TMSCI, it

seemed as though its presence was necessary.
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We decided to add solid NaBr to the flow system by packing the reagent in a glass column reactor as
shown in scheme 4.17. This approach was employed as NaBr is completely insoluble in acetonitrile.

The parameters used for the trials we ran are found on table 4.5.
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Scheme 4.17: Flow set-up for trials attempting to convert PPA to tenofovir; with PPA and
TMSCI pre-mixed before entering the flow system and flowing through a column bed of NaBr.

Table 4.5: Parameters used for the trials performed under flow in attempt to convert PPA to
tenofovir, using both a column and coil reactor.

Trial Concentration Flow Rate Temperature
(M) (mL / min) (c)
PPA (29) TMSCI Column Coil
(5.5 mL) (5mlL)

1 0.2
2 0.4

0.30 1.6 120 150
3 0.8
q 1.0

Conditions: 1 equiv. PPA, 29 and 5 equiv. TMSCI were prepared in total volume of 7 mL anhydrous
acetonitrile. (> 3.5 equiv.) NaBr was stacked to the brim of 5.5 mL the column reactor.

A stream of pre-mixed PPA 29 and TMSCI was let into the flow system via pump A, and passed through
a bed of excess NaBr that was heated to 120 °C. The stream was then allowed to pass through a reactor
coil at 150 °C. The outlet was once again passed through a back pressure regulator before being
collected in a flask containing water. Only the flow rate was altered and TLC showed conversion of

PPA 29 to tenofovir 9 was taking place at the flow rates from trial 1 and 2 (and also slightly at trial 3).

79



Although there were indications that there was progress in the hydrolysis of PPA 29 to tenofovir 9 on

flow, we were unfortunately unable to investigate this reaction any further due to time constraints.
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D. Conclusion for the synthesis of tenofovir.

The hydrolysis of PPA 29 to tenofovir 9 requires unavoidable harsh conditions. Literature, however,
seemed to favour the use of TMS halides, specifically TMSBr and TMSCI. Ideally TMSBr was the best
reagent considering both reaction parameters and qualitative and quantitative production of
phosphonic acid, however, practically it was at a disadvantage because it was both costly and difficult

to handle.

We have seen, nevertheless, that TMSCI can offer satisfactory results as well when used in conjunction
with a nucleophilic salt, NaBr, both in batch and flow. Although this step still needs optimization and
guantitative analysis, we can speculate that hydrolysis can be achieved in flow using both TMSCI and

NaBr.
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Chapter 5: The final steps towards the synthesis of TD and TA.

Following the successful synthesis of the active drug tenofovir 9, the last few steps of the synthetic

pathway diverged into the synthesis of the ARV drugs, TD 25 and TA 26 (scheme 5.1).

Tenofovir 9
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Scheme 5.1: Translation of tenofovir to ARV drugs, TD and TA.

NH,

Y G
NN O

. o
~0

L © T

Tenofovir Alafenamide 26

85



A. Synthesis of prodrug TD.

The synthesis of prodrug TDF 12, is completed with an alkylative esterification of tenofovir 9, to form
the diester TD 25, which is then treated with fumaric acid 43, to crystallize out as TDF 12 (scheme
5.2).t
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Scheme 5.2: Synthesis of TDF from tenofovir.

The base promoted alkylation is usually performed with trimethylamine and chloromethyl
isopropylcarbonate, 44, in a polar aprotic solvent, usually N-methyl-2-pyrrolidone. Interestingly,
Stephen and co-workers suggested that an in situ production of TD 25 from PPA 29 was possible based

on the favourable results they obtained from an in situ synthesis of TD 25 from tenofovir (PMPA) 9.2

A common issue with this step is the solubility of PMPA 9, which requires a polar aprotic solvent,
heated in basic medium (similarly to the solubility issue we faced with HPA 28).3> We were however
unable to investigate this due to time constraints and hence we replicated the procedure employed

by Ripin and co-workers.?

The procedure involved the addition of trimethylamine (4 equiv.) and chloromethyl
isopropylcarbonate (5 equiv.) to a round-bottom flask containing PMPA 9 (1 equiv.). The reaction

mixture was stirred together at 60 °C for six hours. TD, 25 was isolated at 26% yield (unoptimized).
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B. Synthesis of prodrug TA.

TA 26 has three chiral centres: the 2-propyloxy centre and the alanine-amidate (S) chiral centre which
are both controlled synthetically. The other chiral centre is that found on the phosphorous of TA 26
which isn’t controlled synthetically and forms a 1:1 diastereomeric mixture.** Chapman and co-
workers,* managed to successfully separate the two diastereoisomers for analysis using Simulated
Moving Bed (SMB) chromatography while Yang and co-workers claim to have found a more traditional
and economically friendly route for isolation of the diastereoisomers by using resolving agents.® The
separation of the diastereoisomers did, however, not form part of the scope of our research as we

focused mainly on producing TA and not necessarily isolating the active diastereoisomer.

For the synthesis of TA 26, from PMPA 9, two separate steps are required (scheme 5.3). The firstis an
esterification between PMPA 9 and phenol, using a coupling agent, e.g DCC (dicyclohexyl
carbodiimide),® followed by the addition of isopropyl L-alanine 45 to form TA 26. TA 26 is then isolated

as a salt by addition of fumaric acid, 43’

NH; NH,
OH N
-z N
Nk\ | \> i ’\i/ N\> o) IS
N o. ,PCOH ~OH
NS OH N —/ Vo
9 o 46 - i
1. socl
2, HZNJ\”/OT
A COH ©
CO.H \ 23
xCOH
NH, COH™ Y NH,

Scheme 5.3: Synthesis of TAF from tenofovir.

The procedure recorded by Chapman and co-workers was followed in which PMPA 9 (1 equiv.) was
coupled to phenol (2 equiv.) using alternative coupling agent, CDI (1,1’-Carbonyldiimidazole) (1.6
equiv.). 8 The collected product, 46, (1 equiv.) was activated using thionyl chloride (2.4 equiv.) and

isopropyl L-alanine 45, (2.4 equiv.) with triethylamine (3.0 equiv.) was added. The reaction ran for
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about three hours and the resulted in crude product was collected as an oil. Analysis of NMR spectra
did not provide proof of TA 26, but rather showed presence of phenol-PMPA 46 and possibly other

unknown impurities. We were unable to investigate this any further due to time constraints.
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C. Final Conclusion towards the synthesis of TD and TA.

We attempted to validate known approaches for the synthesis of TD 25 and TA 26,>” and although the
given procedures were not attempted on flow or optimized in batch due to time constraints, the

production of TD 25 was successful. Unfortunately, in our hands we were unable to isolated TA 26.

| Step 1 | | Step 2 | Final steps

Batch

Scheme 5.4: Summary of the synthetic pathway for the synthesis of TD and TA.

Looking at the overall view of the pathway (scheme 5.4), the initial step, which was the alkylation of
adenine 27 with ((R))-propylene carbonate 33, was successfully translated to flow with work-up aided
by use of an immobilized catch-and-release reagent, Amberlyst 15® 36. Step 2b, which was the

hydrolysis of PPA 29 to tenofovir 9, was also translated to flow using TMSX (X= Cl or Br).

The steps that remained as batch reactions had issues that hindered translation to flow, particularly
precipitation for step 2a and time constraints for step 3. These issues could possibly be resolved with

further investigation and optimizations that we were unable to explore

Overall, a semi-continuous pathway was established for the synthesis of prodrug, TD 25 and precursor

to TA 26, phenol-PMPA 46.
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Chapter 6: Future Work
6.1) Synthetic Step 1.

The successful conversion of adenine 27 to HPA, 28, on flow was impressive. The main issue was the
work-up which we were unable to translate to flow because of the unsuitability of the solvent,
dimethyl sulfoxide, with the PEEK material fittings of the glass column. It would be interesting to
investigate how well the work-up integrates with the synthesis if suitable material (perhaps steel,
Teflon, etc.) fittings for the glass column could be sourced (scheme 6.1). If positive results could be
obtained it would push an even more compelling case for the flow synthesis of HPA, 28, as compared

to the batch synthesis.

NH, A — Alternative material

O

120°C 140°C
Adenine + 10%mol KOH

DMSO [l’im @))

i B
OL/O @
337

(R)-Propylene Carbonate
DMSO

Scheme 6.1: Proposed in-line work-up with Amberlyst 15® in glass column fitted with
alternative, DMSO-compatible material, fittings.

Suveges and co-workers ! recently published an article that detailed a continuous flow synthesis of an
important intermediate for the synthesis of tenofovir 9, ((R))-propylene carbonate 33. The entire
strategy took seven steps reaction sequence, with the starting material as glycerol, a “cheap and

III

renewable raw material”, as reported by the team?. They concluded that their results show reduced

steps and increased conversion rates.
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It might be worth investigating, for industry purposes, the incorporation of the work done by Suveges
and co-workers to our synthetic pathway to evaluate if there is any economic benefit to adding some,

if not all, of the steps proposed by Suveges and co-workers (scheme 6.2).

— Alternative material

— Synthesis of R-PC NH, r
A =
NN
L2 N> _®_
N27 H =
6 flow-based steps Adenine + 10%mol KOH c
| o UL a0
120°C o U
oH -
N on 4@ ()D) QP —@—
/
33 7 NH,
(R)-Propylene Carbonate N7 N
DMSO k | \>
SN N OH
/
28

Scheme 6.2: Proposed employment of the flow synthesis of ((R))-propylene carbonate using
Suveges et al* method to our flow synthesis of HPA, including our proposed in-line workup.

6.2) Synthetic Step 2.

To date there hasn’t been a reported method for the synthesis of Ps-DESMP 39 and moreover, most
of the work reported for the synthesis of DESMP 37 is patent work (research conducted by Martin LJ

and co-workers reported the use of Ps-TsCl 40 on flow at temperatures as high as 110 ‘C but only has

a scavenger for diamines?).
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It could be worth attempting the trials of Ps-TsCl 40 to Ps-DESMP 39 again, but this time using flow in

hopes that the manipulation of the parameters (such as temperature and flow rate) under flow

conditions could successfully convert Ps-TsCl 40 to Ps-DESMP 39 (scheme 6.3).

Spectroscopic Detector

41

Ty o ek
-/

I
p—OEt
OEt

—__Ps-Tscl [ BPRI——Waste

O)w

MeMgBr

i

—0_Ps-DESMP | —{ BPR

NH,
Ty 9
NS
N o. PcOEt
NP oRe
29 =

Scheme 6.3: A simplified representation of a flow set-up for the synthesis of Ps-DESMP from
Ps-TsCl and conversion of HPA to PPA with a spectroscopy detector included.

With attempts on flow, we would also get an opportunity to overcome another major setback we had

encountered, which is the monitoring of the reaction progress. Monitoring of reactions is not a new

concept to flow and particularly for resin bound reagents. This could be done by adding an in-line

spectroscopic analysis, such as fluorescence spectroscopy * as suggested by Yue and co-workers who

go into detail on how to integrate spectroscopic detection to microreactors.

Needless to say that the success of the production of Ps-DESMP 39 would catapult this step of the

tenofovir synthetic pathway into a new level of ease and environmental friendliness (the Ps-DESMP

39 would act as both a reagent and a scavenger of Grignard by-product as shown in chapter 4, scheme

4.10).
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Any more work done for step 2 of the synthetic pathway would be to optimize the parameters already
obtained in our research, to obtain the best conversion and yielding parameters. Assuming the success
of the suggested implementations above, we could in the near future obtain a continuous flow based

synthesis of active drug, tenofovir 9 (scheme 6.4).

| Step 2 | Final steps

Flow Flow Flow Batch
NH,
g -
e ©)IN@)
& N N N

Scheme 6.4: Summary of a prospective synthetic pathway for the synthesis of TA and TD, with
continuous flow reaching the up to the synthesis of tenofovir.
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6.3) Final synthetic steps.

The long term goal would be to investigate the feasibility of the translation of the final steps towards
the synthesis of TD 25 and TA 26 to flow. If successful, we would end up with a completely (staged)
continuous flow synthesis of ARV drugs, TD 25 and TA 26 (scheme 6.5).

| Step 1 | | Step 2 | Final steps

Flow Flow Flow Flow

— 0D O OO oD

Scheme 6.5: Summary of a prospective fully continuous (at least 5 stages) synthetic pathway
for the synthesis of TA and TD.
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Chapter 7: Experimental descriptions

General

Preparation of anhydrous solvents
o Tetrahydrofuran (THF) and diethyl ether were pre-dried over sodium wire, and distilled from

sodium metal wire and benzophenone.
o Acetonitrile, dichloromethane, and tert-butanol were distilled from calcium hydride.
o N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSQO) and N-methyl-2-pyrrolidone (NMP)

were distilled from, and stored over 4 A molecular sieves.

Techniques
o All reactions were performed under an inert atmosphere (either nitrogen or argon) using either a

standard manifold line connected to the gas cylinder or via a balloon containing the inert gas.
o Thevessels were either oven dried overnight or flame dried while under vacuum and were allowed

to cool to room temperature under the inert atmosphere.

Special Instruments
o All flow reactions were performed on a Unigsis “FlowSyn™ Multi-X” flow reactor with Unigsis

FlowSyn™ accessories and consumables.

Spectroscopic data
Nuclear Magnetic Resonance (NMR)

The *H, 3C and 3P NMR were recorded on a Bruker Avance-300 at 300.13 MHz. Chemical shifts are
reported in parts per million (ppm) relative to tetramethylsilane as internal standard. *H NMR solvent
DMSO-ds was referenced on the chemical shift 2.50 ppm and CDCls-d on the chemical shift 7.24 ppm.
13C NMR solvent DMSO-dgs was referenced on the chemical shift 39.5 ppm and CDCls-d on the chemical
shift 77.2 ppm. The *H NMR chemical shifts are reported as follows: value (splitting pattern, number
of hydrogens, assignment). 13C NMR chemical shifts are reported: value (assignment) and 3!P NMR
chemical shifts as: value. Abbriviations used: s = singlet, d = doublet, dd = double doublet, m =

multiplet.

Infrared (IR)

Infrared spectra were obtained on a Bruker Vector 22 spectrometer, or a Varian 800FTIR spectrometer
(Scimitar Series). The absorptions are reported on the wavenumber (cm™) scale, in the range 400-4000
cm-1. The signals are reported: value (relative intensity, assignment). Abbreviations used in quoting
spectra are:, s = strong, m = medium.

Disclaimers
o Nomenclature and numbering of compounds
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The compounds prepared during the course of this project are named in the following sections
according to systematic nomenclature. However, the numbering system (and abbreviations) used to
illustrate the diagrams of these compounds is one implemented for convenience and is not meant to
reflect systematic numbering of these compounds. Common names of reagents may also be employed

for convenience.

o Reactions in “batch” refer to reactions performed using standard laboratory glassware.

o Reactions on “flow” refer to reactions performed on the flow reactor specified under “special
instruments”.

o All experiments labelled “attempt” were either inconclusive or concluded to be unsuccessful.

o The number of trials for each experiment / attempt is not specified.

Experimental for chapter 3: Step 1

Synthesis of ((R))-9-(2-Hydroxypropyl)adening (HPA 28)............cceeeerveeveeerrervseessvernssrsssssssesssesnns (Batch)
NH,
N '’ N
D
N N  OH
-/

-
-

Trituration work-up
Adenine 27 (1.0 g, 7.4 mmol) and potassium hydroxide (0.042 g, 0.74 mmol, 0.1 equiv.) were mixed

with anhydrous DMSO (10 mL) and stirred for 15 minutes at room temperature. ((R))-propylene
carbonate 33 (0.84 mL, 9.8 mmol, 1.32 equiv.) was added dropwise to the reaction mixture over 2
minutes. The resulting mixture was heated to 120 °C and held at that temperature for 3.5 hours. A
clear yellow solution resulted, and the reaction mixture was cooled to 70 °C. Ethanol (30 mL) was
added dropwise to the reaction mixture over 10 minutes, and precipitation of product was observed.
The reaction mixture was further cooled to ~5 °C and held at this temperature for 1 hour. The product
was isolated by filtration, and the white solid was washed with chilled ethanol (10 mL). The resulting
solid was dried under vacuum affording HPA 28 as a white powder (0.89 g, 62% vyield). *H NMR (300
MHz, DMSO-ds)6 8.09 (s, 1H, Ar-H), 8.00 (s, 1H, Ar-H), 7.14 (s broad, 2H, NH), 4.99 (s broad, 1H, OH),
4.00 (m, 3H, CH,CH, CH,CH), 1.02 (d, 3H, CH3CH). 3C NMR (75 MHz, DMSO-ds) & 155.99 (C2) 152.34
(C8) 149.79 (C6) 141.56 (C4) 118.62 (C5) 64.70 (CH) 50.19 (CH2) 20.93 (CHs). FTIR 3409 (s broad, OH)
3136 (m, NH) cm™.

Catch-and-release work-up
Adenine 27 (1.0 g, 7.4 mmol) and potassium hydroxide (0.042 g, 0.74 mmol, 0.1 equiv.) were mixed

with anhydrous DMSO (10 mL) and stirred for 15 minutes at room temperature. ((R))-propylene
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carbonate 33 (0.84 mL, 9.8 mmol, 1.32 equiv.) was added dropwise to the reaction mixture over 2
minutes. The resulting mixture was heated to 120 °C and held at that temperature for 3.5 hours. The
clear yellow solution was left to cool and then added to an Erlenmeyer flask containing 5.0 g Amberlyst
15® 36 resin, followed by gentle stirring at room temperature overnight. The liquor was then filtered
in vacuo and the resin was washed with 7 mL 2N methanolic ammonia. The liquor was collected and
solvent removed via rotary evaporation in vacuo to produce an off-white solid compound. HPA 28 (1.1
g, 77%). 'H NMR (300 MHz, DMSO-ds)58.09 (s, 1H, Ar-H), 8.00 (s, 1H, Ar-H), 7.13 (s broad, 2H, NH,),
4.99 (s broad, 1H, OH), 4.00 (m, 3H, CH2CH, CH,CH), 1.01 (d, 3H, CH3CH). *C NMR (75 MHz DMSO-ds)
6 155.99 (C2) 152.34 (C8) 149.79 (C6) 141.56 (C4) 118.62 (C5) 64.70 (CH) 50.19 (CH>) 20.93 (CHs)

Synthesis of ((R))-9-(2-Hydroxypropyl)adening (HPA 28)..........cueueeevererveeverrserseessssesssssssssssssssonss (Flow)
NH,

N7 N\>
k\N N  OH
—

Using the flow reactor, there were two streams driven by pump A and pump B, respectively. Stream
A consisted of adenine 27 (1.0 g, 7.4 mmol), potassium hydroxide (0.04 g, 0.74 mmol, 0.1 equiv.) and
anhydrous DMSO (15 mL), heated at 140°C to dissolve adenine 27. Stream B consisted of ((R))-
propylene carbonate 33 (0.84 mL, 9.8 mmol, 1.32 equiv.) and anhydrous DMSO (15 mL), also heated
at 140°C to avoid significant viscosity differences between the two streams. Once adenine 27 was
dissolved, 7 mL of each solution was pumped from the stock vessels, into the loops, at the same rate
(0.2 mL/min) and mixed together at the 2 mL mixing chip for 70 minutes, at 140°C. The mixture was
released into a 5mL coil for another 70 minutes at 140°C and finally ejected out of the reactor via the
back-pressure regulator, into a stirring solution of Amberlyst 15® 36 (3.88 g in 5 mL DMSO) and left to
stir at room temperature overnight. The DMSO solution was filtered out and discarded. The resin was
washed with 15 mL of 2 N methanolic ammonia and the methanol liquor was removed by evaporating
in vacuo to afford an off-white solid, HPA 28 (1.2 g, 84% yield). *"H NMR (300 MHz, DMSO-ds)5 8.09 (s,
1H, Ar-H), 8.00 (s, 1H, Ar-H), 7.14 (s broad, 2H, NH,), 5.01 (s broad, 1H, OH), 4.04 (m, 3H, CH,CH,
CH,CH), 1.02 (d, 3H, CHCH3).
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Experimental for chapter 4: Step 2a
Synthesis of ((R))-diethyl (((1-(6-amino-9H-purin-9-yl)propan-2-yl)oxy)methyl)phosphonate (PPA 29)

................................................................................................................................................................ (Batch)
NH,
N
Iy @
I\\N P OEt

A mixture of HPA 28 (1.0 g, 5.18 mmol), tert-butanol (0.5 mL, 5.2 mmol, 1 equiv.) and anhydrous
cyclohexane (5 mL) were charged to a 2-necked round-bottom flask that was cooled to 0°C. Methyl
magnesium bromide (3.4 M in methylated THF, 1.7 mL, 5.7 mmol, 1.1 equiv.) was added dropwise to
the suspension kept at 0°C, inertly, and the reaction mixture was left to stir for 30 minutes. Following
this was the dropwise addition of commercial DESMP 37 (3.2 mL, 12.5 mmol, 2.5 equiv.) to the stirring
reaction mixture and then heating the mixture to 75°C and leaving it there for about an hour. The
round-bottom flask was then opened up in order to boil off the cyclohexane for about 3 hours. The
sticky residue was taken up in water, gravity filtered, and concentrated to about 20 mL. This aliquot
was extracted with hot chloroform (200 mL x2) and the organic layer was evaporated in vacuo. The
yellow oil was taken up in 30 mL dichloromethane and extracted with 2 M hydrochloric acid (15 mL x
3), followed by basifying the aqueous layer to pH 11 with ammonium hydroxide (25%). The basified
aliquot was further extracted with dichloromethane (50 mL x2) and the organic layer was dried using
sodium sulphate, gravity filtered and evaporated in vacuo to afford a yellow oil which was placed
under reduced pressure to give a white solid, PPA 29 (1.07g, 60% yield) *H NMR (300 MHz, DMSO-d¢)5
8.14 (s, 1H, Ar-H), 8.05 (s, 1H, Ar-H), 7.24 (s broad, 2H, NH;), 4.29-3.79 (m, 9H, NCH,CH, NCH,CH,
OCH;P, OCH,CHj3 ), 1.17-1.08 (m, 9H, CHCHs, OCH,CHs). *C NMR (75 MHz, DMSO-dg) & 156.39 (C2)
152.84 (C8) 150.22 (C6) 141.78 (C4) 118.81 (C5) 76.00, 63.17, 62.13, 61.00, 47.21(NCH,) 17.11, 16.66,
16.56 3'P NMR (121 MHz, DMSO-ds) 6 21.20.

Synthesis of Diethyl (tosyloxy) methylphosphonate (DESMP 37).........c.uuueeeeeeeeeccrecvrseessessanennas (Batch)

O

I
-OEt

TsO
e =

Tosyl chloride, 42 (0.20 g, 1 mmol) was dissolved in 0.5 mL anhydrous dichloromethane. To this,
pyridine (0.08 mL, 1 mmol, 1 equiv.), was added and the reaction mixture was stirred at room
temperature for about 10 minutes. An additional 0.5 mL anhydrous dichloromethane was added to
form a clear reaction mixture, followed by the dropwise addition of DMP 41 (0.3 mL, 2 mmol, 2 equiv.)
dissolved in 6 mL anhydrous dichloromethane. The clear reaction mixture was left to stir at room

temperature overnight. The crude product was washed with 2 M HCI (5 mL x2) and the organic layer
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dried with Na,SO, and dichloromethane was evaporated in vacuo to afford a yellow oil, DESMP 37 *H
NMR (300 MHz, DMSO-ds)6 7.84 (d, 2H, Ar-H), 7.52 (d, 2H, Ar-H), 4.38 (d, 2H,0CH,P), 4.01 (m, 4H,
OCH,CHs), 2.43 (d, 3H, CHCH3),1.18 (m, 6H, CHCHs).

Alternate: Triethylamine (0.14 mL, 1 mmol, 1 equiv.) used in place of pyridine and crude product was
washed with water (5 mL x 2) instead of HCl. DESMP 37 *H NMR (300 MHz, DMSO-ds)5 7.84 (d, 2H,
Ar-H), 7.52 (d, 2H, Ar-H), 4.38 (d, 2H,0CH,P), 4.01 (m, 4H, OCH,CHs), 2.43 (d, 3H, CHCH3),1.18 (m, 6H,
CHCH;).

Synthesis of polymer-supported diethyl (tosyloxy) methylphosphonate (Ps-DESMP, 39).........(Batch)

P Q Q Q
_ _OEt
5 O\/P\OEt

O

Attempt 1

In a round-bottom-flask containing Ps-TsCl 40 (0.28 g, 0.5 mmol) and DMP 41 (0.075 mL, 0.5 mmol, 1
equiv.) in 2.5 mL anhydrous dichloromethane at 0 °C, triethylamine (0.15 mL, 1 mmol, 2 equiv.) in 1
mL anhydrous dichloromethane was added dropwise to the gently stirring reaction mixture. The
reaction mixture was taken out of the ice bath and left to increase to room temperature before it was
left stirring overnight. The solid emulsion was taken up in 5 mL of dichloromethane and washed with
water (5 mL x 2). Dichloromethane was then evaporated in vacuo, leaving behind an orange

solid/polymer.

Alternate: The equivalents of DMP 41 and triethylamine were altered. DMP 41 (0.15 mL, 1 mmol, 2
equiv.) and triethylamine (0.075 mL, 0.5 mmol, 1 equiv.). The reaction was carried out at room

temperature throughout.

Attempt 2

Ps-TsCl 40 (0.29 g, 0.5 mmol) was left in 2 mL anhydrous dichloromethane for about an hour at room
temperature. The polymer swelled up and an additional 2 mL anhydrous dichloromethane was added.
DMP 41 (0.15 mL, 1 mmol, 2 equiv.) was added to the polymer emulsion and triethylamine (0.075 mL,
0.5 mmol, 1 equiv.) in 1 mL anhydrous dichloromethane followed in a dropwise fashion. The reaction
mixture was gently stirred at room temperature, overnight. The solvent was removed in vacuo and 5
mL of dichloromethane was added. The emulsion was washed with water (5 mL x 2). Dichloromethane

was then evaporated in vacuo, leaving behind an orange solid/polymer.

Attempt 3
Ps-TsCl 40 (0.29 g, 0.5 mmol) was left in 2 mL anhydrous dichloromethane for about an hour at room
temperature. The polymer swelled up and an additional 1 mL anhydrous dichloromethane was added.

Triethylamine (0.075 mL, 0.5 mmol, 1 equiv.) in 1 mL anhydrous dichloromethane was added dropwise
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to the polymer, and followed by the dropwise addition of DMP 41 (0.15 mL, 1 mmol, 2 equiv.). The
reaction mixture was gently stirred at room temperature, overnight. The solvent was removed in
vacuo and 5 mL of dichloromethane was added. The emulsion was washed with water (5 mL x 2).

Dichloromethane was then evaporated in vacuo, leaving behind an orange solid/polymer.

Attempt 4

Ps-TsCl 40 (0.59 g, 1 mmol) was left in 4 mL dichloromethane overnight, at room temperature. The
polymer swelled up and an additional 2 mL dichloromethane was added. DMP 41 (0.3 mL, 2 mmol, 2
equiv.) was added to the polymer emulsion and triethylamine (0.15 mL, 1 mmol, 1 equiv.) with DMAP
(0.013 g, 0.1 mmol, 0.1 equiv.) in 2 mL dichloromethane followed in a dropwise fashion. The reaction
mixture was gently stirred at room temperature, overnight. The solvent was removed in vacuo and 5
mL of dichloromethane was added. The emulsion was washed with water (5 mL x 2). Dichloromethane

was then evaporated in vacuo, leaving behind an orange solid/polymer.

Synthesis of PPA 29 from PS-DESMP 39 PrOQUCL.............ccceeeeseerecrsseesreseessesssssssssssssssssssssssssssssssansns (Batch)
NH,
z N
I

v/ Y OFEt

Attempt 1

HPA 28 (0.050 g, 0.26 mmol), tert-butanol (0.025 mL, 0.26 mmol, equiv.) and 0.25 mL anhydrous
cyclohexane were added to a round-bottom-flask. MeMgBr (3.4 M in methylated THF, 0.1 mL, 0.27
mmol, 1.1 equiv.) was added dropwise and stirred at room temperature for about 15 minutes. The
Ps-DESMP 39 “product” obtained from attempt 2 was mixed with 5 mL dichloromethane and the
emulsion was added to the reaction mixture. The reaction mixture was heated to 75 °C and left stirring
for 2 hours. The solvent was left to evaporate overnight at the same temperature. An orange, “fluffy”,
solid was obtained and this was washed with water (10 mL x 2). The solid was dried in vacuo and taken
up in 10 mL dichloromethane and 5 mL water. This was extracted with 2 M HCI (10 mL x 2) and the pH
of the aqueous phase was taken to 10 using 25% ammonium hydroxide. The aqueous phase was
extracted with dichloromethane (20 mL x 2) and the organic phase dried with Na;SO,4 and dried in

vacuo.
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Synthesis of 9-(((R))-2-(chloromethoxy)propyl)-9H-purin-6-amine (chloromethyl HPA 38) ....(Batch)
NH,

>
k\N N oo

Attempt 1

General: To a round-bottom-flask containing HPA 28 (0.29 g, 1.5 mmol) dissolved in 8 mL anhydrous
dimethylformamide, paraformaldehyde (0.057, 1.8 mmol, 1 equiv.) was added. To this, TMSCI (1 mL,
8 mmol, 5 equiv.) was added dropwise and the reaction mixture was left to stir at room temperature
for 2 hours. An additional overnight (another trial lasted up to 48 hours) stir resulted when the starting
material was still present on TLC. The reaction mixture was also heated to 60 °C. DMFwas evaporated

off and the residue was washed with ethanol and dried in vacuo.
Alternate 1: Instead of a round-bottom-flask, an ACE® pressure vessel was used.
Alternate 2: dichloromethane used in the place of DMFas possible source of CI’

Alternate 3: 1,1,2,2-tetrachloroethane used in the place of DMFas possible source of CI°

Attempt 2

The setup presented in figure 2.3.1 in chapter 4 was employed. To a round-bottom-flask containing
HPA, 28 (0.59 g, 3 mmol) and paraformaldehyde (0.072 g, 3.6 mmol, 1 equiv.) in 25 mL
dimethylformamide, HCI gas produced from H;S0,4(98%, 2 mL, 36 mmol) and NaCl (2.1 g, 36 mmol),
was bubbled into the solution for 10 minutes as the reaction mixture was stirring at room
temperature. The reaction mixture was then left to stir for 3 hours, heated briefly at 60 °C in attempt
to dissolve paraformaldehyde, and then left overnight at room temperature. DMFwas evaporated off

and the residue was washed with ethanol and dried in vacuo.

Experimental chapter 4: Step 2b
Synthesis of ((R))-(((Adenin-9-yl)propan-2-oxy)methyl) phosphonic Acid, (PMPA 9) ................(Batch)

To an ACE® pressure tube, PPA 29 (0.20 g, 0.58 mmol) and TMSBr (0.38 mL, 2.9 mmol, 5 equiv.) were
added and stirred together overnight at 120 °C. A yellow precipitate formed and was taken up in 10
mL water and extracted with 10 mL x 2 ethyl acetate. The aqueous phase was collected and placed in

an ice bath, followed by a dropwise addition of a 10% NaOH solution until a pH 3 was reached. The
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clear solution turned murky and was left to stir vigorously in the ice bath until the product crushed
out. The precipitate liquor was gravity filtered and solid was dried to form a white solid, PMPA 9 (0.097
g, 58% yield) 'H NMR (300 MHz, CDCls-d) & 8.16 (s, 1H, Ar-H), 8.15 (s, 1H, Ar-H), 7.31 (s broad, 2H,
NH,), 4.20-3.60 (m, 5H, NCH,CH, NCH,CH, OCH,P), 1.03 (d, 3H, CHCHs). **C NMR (75 MHz, DMSO-d¢) &
155.78 (C2) 152.29 (C8) 150.11 (C6) 142.85 (C4) 118.56 (C5) 75.73 (NCH,) 17.44 3'P NMR (121 MHz,
DMSO-de) 6 16.57.

Alternate 1: Anhydrous acetonitrile (0.6 mL) was added to the reaction mixture and removed once
the reaction was complete. The remainder of the work up was identical to the general procedure. A

white solid was the product, PMPA 9 (0.075 g, 45% yield)

Alternate 2: TMSCI (0.31 mL, 2.5 mmol, 5 equiv.) was used in the place of TMSBr for both general and

alternate 1. No product formed.

Alternate 3: TMSCI (0.31 mL, 2.5 mmol, 5 equiv.), NaBr (0.26 g, 2.5 mmol 5 equiv.) and 0.6 mL DMF
(or acetonitrile) replaced TMSBr in the general method. The same procedure was followed as in the
general method. PMPA 9 was isolated as a white solid (0.017 g- 0.11 g, 10%-68%)

Synthesis of ((R))-(((Adenin-9-yl)propan-2-oxy)methyl) phosphonic Acid (PMPA 9)....................(Flow)
NH,
Z N
N
L) B,
NT P~ on

7,
Z
Cd

Using a flow reactor, stream A, containing PPA 29 (0.30 g, 0.87 mmol) in 6 mL anhydrous acetonitrile
and stream B, TMSBr (0.6 mL, 4.5 mmol, 5 equiv.) in 6 mL anhydrous acetonitrile, were pumped into
the reactor via pump A and B respectively, through the loops into a glass mixing chip heated at 120 °C
at a rate of 0.1 mL/min. The combined stream moved into a 2 mL PEEK coil, heated to 120 ° C and the
eventually the reaction mixture bypassed the BPR and was collected in a flask containing 2 mL water.
The aqueous liquor was extracted with 2 mL x 2 ethyl acetate and the aqueous phase was collected
and placed in an ice bath, followed by a dropwise addition of a 10% NaOH solution until a pH 3 was
reached. The clear solution turned murky and was left to stir vigorously in the ice bath until the
product crushed out. The precipitate liquor was gravity filtered and solid was dried to form a white
solid, PMPA 9. 'H NMR (300 MHz, DMSO-ds)6 8.16 (s, 1H, Ar-H), 8.15 (s, 1H, Ar-H), 7.31 (s broad, 2H,
NH,), 4.20-3.60 (m, 5H, NCH,CH, NCH,CH, OCH.P), 1.03 (d, 3H, CHCH3). *C NMR (75 MHz, DMSO-ds) &
155.78 (C2) 152.29 (C8) 150.11 (C6) 142.85 (C4) 118.56 (C5) 75.73 (NCH,) 17.44 3'P NMR (121 MHz,
DMSO-ds) 6 16.57.

Alternate 1: TMSCI used in the place of TMSBr. No product formed

104



Alternate 2: TMSCI used in the place of TMSBr. Stream A and B were combined to form one stock

solution: PPA 29 and TMSCI in 7 mL anhydrous acetonitrile. No product formed

Alternate 3: TMSCI used in the place of TMSBr. Stream A and B were combined to form one stock
solution: PPA 29 and TMSCI in 7 mL anhydrous acetonitrile. Additionally, a glass column containing

NaBr (5.5 mL fully packed) was added in place of the glass mixing chip. No product formed

Experimental for chapter 5: Final steps

Synthesis of Tenofovir diiSOProXil (TD 25) .........cccceeeeereesresreseeseessssessesssssesssssssssssssssssssssssssessassssssssas (Batch)
NH,
z N O
N
[ Q N
SN o_P:Q 0 o{
/7 00
3 )/—O
g o<

PMPA 9 (0.50 g, 1.8 mmol) in was dried in vacuo for about 2 days. 2 mL anhydrous NMP and 1.5 mL
anhydrous cyclohexane were added and cyclohexane was removed using rotary evaporation. Another
1.5 mL anhydrous cyclohexane was added and the process was repeated. Triethylamine (1 mL, 7.2
mmol, 4 equiv.) and CMIC (replacement for TBAB) (1.2 mL, 9 mmol, 5 equiv.) were added to the
solution and the reaction mixture was left to stir at 65 'C for 6 hours. The sticky brown solid reaction
mixture was allowed to cool to room temperature and washed in cyclohexane (2 mL x 2). The
cyclohexane was removed via rotary evaporation. To the resultant orange emulsion, ethyl acetate (5
mL x 2) and water (2.5 mL x 2) were added and the mixture was left to stir vigorously for 15 minutes.
The two solvent phases were separated and the ethyl acetate phase was collected. The organic layer
was washed further with water (5 °C, 3 mL x 3) and 10% NaCl solution (3 mLx 1) and dried with Na,SO4
, gravity filtered and concentrated in vacuo to afford a yellow oil which when cooled to 5 ° C formed a
sticky, yellow solid, TD 25 (0.24 g, 26% yield)'H NMR (300 MHz, DMSO-d¢) § 8.26 (s, 1H, Ar-H), 7.84
(s, 1H, Ar-H), 7.20 (s broad, 2H, NH;),6.84 (s broad, OCH0), 4.30-3.53 (m, NCH,CH, NCH,CH, OCH,P,
OCHCH3 ), 0.97 (d, OCHCH3), 0.92 (d, CHCHs).
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Synthesis of phenyl hydrogen (((R))-1-(6-amino-9H-purin-9-yl)propan-2-yloxy)methylphosphonate
(DRENOI-PIIPA 4B) ......coeeereeeseresrssrssssrsessnsrssessesssessssssssssssssssssssssssessssssssssssssssssssssssssessssssssssassssssssns (Batch)

To a round-bottom flask containing PMPA 9 (0.088 g, 0.3 mmol ) phenol (0.058 g, 0.6mmol, 2 equiv.)
and anhydrous NMP (2 mL) were added and the reaction mixture was heated to about 85°C.
Triethylamine (0.054 mL, 3.8 mmol, 1.3 equiv.) was added which resulted in a completely dissolved
reaction mixture. To this, CDI (0.083 g, 0.5 mmol, 1.6 equiv.) dissolved in NMP (0.8 mL) was added
dropwise over a period of 15 minutes to the reaction mixture and this was allowed to continue stirring
overnight. A thick brown solution was observed which was taken to pH 13 using 50% NaOH solution
and extracted with ethyl acetate (7 mL x 3). The aqueous layer was then taken to pH 3 using 32% HCI
to obtain a precipitated white powder. The white powder was washed with methanol and dried in
vacuo and phenol-PMPA 46 'H NMR (300 MHz, DMSO-dg) § 8.17 (s, 1H, Ar-H), 8.16 (s, 1H, Ar-H), 7.44
(s broad, 5H, Ar-H), 7.42 (s broad, 2H, NH>), 4.31-3.60 (m, 5H, NCH,CH, NCH,CH, OCH,P), 1.02 (d, 3H,
CHCHs).

Synthesis of Tenofovir AlafeNamide (TA 26)............ueeveeeeeereerveresseersersssesssssssssssossssssssssssssssssssssssses (Batch)
NH,
2 N (@) o
NK I 5N HJ\<
N O

L-isopropyl alanine HCI (0.19 g,) dissolved in 0.7 mL anhydrous THF was added to a round-bottom-
flask containing DABU (0.095 g) dissolved in 0.3 mL anhydrous THF. A white solid precipitated out and
this was gravity filtered and washed with anhydrous THF. The liquor was taken up and solvent

removed in vacuo to afford a clear oil, L- isopropyl alanine (0.075g,% yield)

0.42 mL anhydrous acetonitrile and SOCI; (0.1 mL, 1.4 mmol) were added to a round-bottom-flask
containing phenol- PMPA 46 dried in vacuo overnight. The reaction mixture was heated to 80 'C and
left to stir for about 2 hours. The sticky brown residue was taken up in 5 mL anhydrous
dichloromethane and placed in a xylene- dry ice bath to achieve a temperature of about — 20 °C. L-
isopropyl-alanine, prepared as described previously, dissolved in 0.5 mL anhydrous dichloromethane

was added to the reaction mixture which was left to stir for about an hour. 0.1 mL triethylamine was
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slowly added under the same conditions and the reaction mixture was then allowed to gradually warm
up to room temperature. The reaction mixture was washed with 10% NaH,PO4 (2 mL x 2) and the

organic layer was collected, and dried in vacuo to produce an orange oil, (0.035 g yield).
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APPENDIX A: A summarized collection of the project’s NMR spectra.

Experimental chapter 3: Synthesis of HPA
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Figure A1:'H NMR spectrum of pure N-9 HPA in DMSO-ds.
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Figure A2: H NMR spectrum (aromatic region) of HPA, including allocation of regioisomers.
(DMF- reaction solvent and EtOH trituration work-up) in DMSO-ds.

108



Jo lBKDDZbT: 15a-DMSO
o e

N3 or N7-HPA

N3 or N7-HPA -

) s

N

T
I T T
0 2 E] A
S = = s
T T T T T T T T T T T T T T T T T T T T T T T T

840 835 8.30 8.25 8.20 8.15 8.10 8.05 8.00 7.95 790 785 780 775 770

f1 (ppm)

Figure A3: 'H NMR spectrum (aromatic region) of HPA, including allocation of regioisomers.
(reaction solvent -DMSO- and trituration work-up -toluene) in DMSO-ds.

Experimental chapter 4: Synthesis of PPA
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Figure A4: *H NMR spectrum of PPA in DMSO-ds.
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Figure A5: 'H NMR spectrum of attempt 1 product of chloromethyl HPA in DMSO-d.
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Figure A6: 3C NMR spectrum of HPA in DMSO-ds.
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Figure A7: 23C DEPT 135 NMR spectrum of attempt 1 product of chloromethyl HPA in DMSO-ds.
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Figure A8: *H NMR spectrum of DMP in DMSO-ds.
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Figure A10: 'H NMR spectra of DESMP synthesized using Ets;N, in DMSO-ds.
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Figure A11: :H NMR spectrum of Ps-TsCl in DMSO-ds.
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Figure A12: 'H NMR spectrum of attempt 4 polymer of Ps-DESMP in DMSO-ds.
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Figure A13:31P NMR spectra of attempt 4 polymer of Ps-DESMP in DMSO-d.
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Figure A14: 'H NMR spectra of attempt 3 polymer of Ps-DESMP in DMSO-ds.
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Figure A15:31P NMR spectra of attempt 3 polymer of Ps-DESMP in DMSO-d.

Experimental chapter 4: Synthesis of tenofovir, PMPA.

0001BK004_TMSBr_ACN-DMSO

—8 .15

i
1 b w L |

8.0 7.5 70 6.5 6.0 5.5 5.0

——7.31
~3.60

=

4.5 4.0 35 3.0 2.5 2.0 15 10
f1 (ppm}

Figure A16: 'H NMR spectrum of tenofovir, PMPA in DMSO-ds.
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Experimental chapter 5: Synthesis of TD 25
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Figure A17: 'H NMR spectrum of TD in DMSO-ds.
Experimental chapter 5: Synthesis of phenol-PMPA 46
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Figure A18: 'H NMR spectrum of phenol-PMPA in DMSO-ds.
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Experimental chapter 5: Synthesis of TA 26
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Figure A.19: 'H NMR spectrum of TA attempt product in DMSO-ds.
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