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Abstract

In this study, the continuous flow synthesis of anastrazole intermediates were investigated using
mesitylene as starting material. Anastrazole is an important drug used for the treatment of breast
cancer. In the first step, mesitylene was brominated using N-bromosuccinimide to obtain 3,5-
bis(bromomethyl)toluene. Selectivity became an issue due to the formation of two by-products;
namely 1,3,5-tris(bromomethyl)benzene (the tribrominated by-product) and 1-(bromomethyl)-3,5-
dimethylbenzene (the monobrominated by-product). Since the reaction parameters can be more
precisely controlled in flow chemistry systems, we were able to optimize the formation the desired
product 3,5-bis(bromomethyl)toluene. The reaction was initially optimized in a 15 uL Chemtrix
glass micro reactor resulting in 100% conversion with 95% selectivity towards the desired product
3,5-bis(bromomethyl)toluene in 15 seconds, with a throughput of 0.006 g/h. The reaction was then
scaled up ina 1.7 mL LTF reactor, equally yielding 100% conversion with 95% selectivity in 4
minutes, with a throughput of 2.01 g/h. The bromination of mesitylene was also attempted in a
homemade photochemical reactor consisting of a 3.02 mL polytetrafluoroethylene coil reactor and
BLE-6T365 UV lamp. In this photochemical reactor, although 100% conversion was again
obtained only 75% selectivity was achieved in 20 minutes, with a throughput of 0.025 g/h. This
drop in selectivity was attributed to poorer mixing in the larger polytetrafluoroethylene coil reactor

and possibly insufficient light penetration.

The next step, involving the cyanation of 3,5-bis(bromomethyl)toluene to obtain 2,2'-(5-methyl-
1,3-phenylene)diacetonitrile gave 100% conversion in 1 minute at 190 °C ina 1.7 mL LTF reactor,
with a throughput of 5.2 g/h. The subsequent methylation of 3,5-bis(cyanomethyl)toluene to obtain
3,5-bis(1-cyano-1-methylethyl)toluene was investigated using a 1 mL polytetrafluoroethylene coil
reactor, ultimately achieving 99% conversion at 40 °C in 8 minutes, with a throughput of 0.045
g/h. Next, the bromination of 3,5-bis(1-cyano-1-methylethyl)toluene using N-bromosuccinimide
to yield 2,2'-(5-bromomethyl-1,3-phenylene)di(2-methyl propionitrile) gave 100% conversion at
120 °C in 4 minutes, with a throughput of 0.35 g/h. Lastly, the multistep synthesis of 3,5-
bis(cyanomethyl)toluene was done in two integrated 1.7 mL LTF reactors, using the predetermined
optimum conditions to achieve 94% conversion towards 3,5-bis(cyanomethyl)toluene with a total

residence time of 5 minutes.
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1.1 Introduction to cancer

Cancer is a major public health problem worldwide, being the second leading cause of death after
cardiovascular diseases.! It causes more deaths every year than malaria, tuberculosis and AIDS
combined. In 2018, an estimated 18.1 million new cancer cases were diagnosed worldwide, with
more than 9 million cancer deaths in the same year.? The number of cancer cases worldwide is
expected to increase, due to an increase in the global population and aging. The World Health
Organisation (WHO) predicts that by 2040 there will be about 29 million cancer cases worldwide.?
This increase will significantly affect economies, especially in developing countries, due to the
high cost of cancer drugs and in some cases, the loss of the young productive population.?® The
rate of incidence of cancer is higher in developed countries than in less developed countries.
Despite the lower incidence rate in the less developed countries, the mortality rate is much higher,
with slightly over two-thirds of the patients eventually dying.? This higher mortality rate is mainly
due to inaccessibility to life-saving drugs, late detection, inaccessibility to new treatment methods

and shortage of necessary medical equipment.®

Cancer is a disease that develops when normal body cells begin to divide uncontrollably and invade
surrounding tissue.* The aetiology of cancer usually begins with a genetic mutation, followed by
the abnormal proliferation and survival of the cells containing the mutated genes resulting in the
formation of tumours and eventually the invasion of other tissue, a process known as metastasis.
Genetics and environmental factors play a major role in the development of cancer. In addition to
these, some other factors, often referred to as risk factors, increase the probability of developing
cancer. Such risk factors include smoking, obesity, lack of exercise, poor diet and ageing.!® There
are many different forms of cancer. In males worldwide, lung, liver and gastric cancers are the
leading cause of cancer-related deaths. In females, the leading causes of cancer deaths are breast

cancer, lung cancer and colorectal cancer.?

There are different types of cancer treatments, which can be classified into systemic and local
therapy. Surgery and radiation therapy are referred to as local treatments because they can only
affect targeted tumour cells at a specific location in the body e.g. a mastectomy to remove
cancerous breast tissue. The rest of the treatment methods are classified under systemic therapy
because they can reach tumour cells almost anywhere in the body. These include chemotherapy,

hormone therapy, immunotherapy and targeted drugs.>5”
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The rising number of cancer cases and its high mortality rate has led to a lot of research, aimed at
finding different treatment methods and drugs for the disease.* As a result, significant progress has
been made over the past decades towards understanding the disease, increasing early detection,
improving patient care etc. The diagnosis and staging of the disease have also improved, due to
better imaging techniques and equipment.2® Many new treatment methods have also been
introduced in recent years e.g. the use of nanotechnology to target tumour cells.*® New life-saving

cancer drugs have also been discovered e.g. imatinib, trastuzumab and rituximab.

1.2 Breast cancer

Breast cancer is the most frequently diagnosed form of cancer in sub-Saharan Africa and the world.
Breast cancer is also the leading cause of cancer deaths in women worldwide.'? It impacts about
2.1 million people globally each year and in 2018, about 627,000 people worldwide died from the

disease. This form of cancer is very rare amongst men, but it does occur in mostly older men.*3

1.2.1 Causes of breast cancer

Between 5-10% of all breast cancer cases are believed to be hereditary, as a result of mutated genes
inherited from parents. Two genes have been associated with hereditary breast cancer, the BRCAL
and BRCA2 genes.'* BRCA1 and BRCAZ2 are genes that code for the synthesis of tumour repressor
proteins.!* Women born with BRCA mutations are more likely to develop breast cancer during
their lifetime and usually at a younger age than women born without any of these mutations.
Mutations in other genes that result in breast cancer are rare cases of hereditary breast cancer. Most
breast cancer cases, about 90 to 95% of all cases, are non-hereditary. The causes of non-hereditary
breast cancer are not yet fully understood, but are believed to be most likely due to alterations in
genetic material. These alterations often being related to life choices or lifestyle, which exposes us
to cancer causing agents known as carcinogens.'?3 Carcinogens are believed to cause mutations
that culminate in the development of cancer. These carcinogens are often classified into three

classes namely: chemical carcinogens, physical carcinogens and oncogenic viruses.*>

1.2.2 Treatment methods of breast cancer
Originally, the only way to treat breast cancer was by surgically removing the affected area, with
the first radical mastectomy done by William Halsted in 1882.° Due to the mutilating nature of the

surgery, physicians researched other ways of treating the disease. Research done over the decades
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led to improved treatment strategies, better radiation therapy and new drug discoveries used for
chemotherapy, targeted therapy, immunotherapy and hormone therapy.>'"'® Typical therapy
guidelines tailor therapy to the specific features of the tumours, like the cancer detection stage,
type of breast cancer, means of proliferation, sensitivity of the tumour cells to certain hormones
like progesterone and HER2 etc. A combination of different therapies is usually needed to
completely eradicate the tumour cells where possible e.g. mastectomies are often followed by

radiotherapy and chemotherapy treatments to completely eradicate cancerous cells.1’1%20

1.2.3 Hormone therapy

This form of treatment is often given after surgery or radiation therapy to ensure that the cancer
does not return. Most cases of breast cancer are hormone-receptor positive, which means that their
proliferation will be affected by the presence of certain hormones. There are two types of hormone-
receptor positive breast cancers; the ER-positive (Estrogen-receptor-positive) breast cancer
(constitutes most of the cancer cases) and the PR-positive (Progesterone-receptor-positive) breast
cancer, which is very rare. Some cases are both ER-positive and PR-positive.?! ER-positive
tumours need estrogens to grow, while PR-positive tumours need progesterone to grow. Hormone
therapy drugs stop the effects of these hormones, either by lowering the levels of the hormones in
circulation or preventing them from acting on breast cancer cells. One major class of hormone

therapy drugs are the aromatase inhibitors e.g. anastrazole.?%?

1.3 Cancer in sub-Saharan Africa.

A recent estimate shows that there are almost 850,000 new cancer cases diagnosed in Africa each
year, with more than 600,000 deaths.?*?* These numbers are expected to increase as the population
increases. Even though the region sees a substantial increase in the number of cancer cases each
year, the treatment necessary to respond to the demand is lacking. As a result, the region has one
of the lowest cancer survival rates in the world.?>2® In addition to limited medical resources like
radiation therapy machines and fewer well-trained specialists, another major drawback faced in
sub-Saharan Africa is the difficulty in accessing lifesaving cancer drugs. The region has a low
socioeconomic status, with most of the population being in the low income and middle-income

range. This makes lifesaving cancer drugs unaffordable for most within the region.?*2
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1.3.1 Availability of cancer medication in sub-Saharan Africa
Governments in SSA are attempting to improve cancer care, but the cost of cancer medication
remains a huge obstacle. Most cancer drugs and active pharmaceutical ingredients used in the

region are imported, thus making them expensive and even unaffordable for most.?82°

It is important to note that the cost of many cancer drugs in Africa decreased significantly since
the start of the millennium. This was due to the inter-governmental discussions at the 4" ministerial
conference of the World Trade Organisation (WTQO) in Doha, to increase flexibility on the Trade
Related Aspects of Intellectual Property (TRIPS). This came as a result of rising pressure from the
global community to increase access to lifesaving drugs, especially with the rise of the HIV and
tuberculosis co-epidemics, which eventually culminated in the Doha declaration of 2001.2” The
purpose of the Doha declaration of November 2001, is to ensure that the TRIPS is interpreted in a
way that protects public health by making existing medication available to all and encouraging the
introduction of new medications. This declaration guarantees some flexibilities in patent laws, like
the compulsory granting of licenses to member countries, allowing them to use a patented
invention to make generics of these lifesaving drugs. This was an important declaration, as the
previous agreement guaranteed monopoly over patent use by the patent holders for the full validity
period of the patent, a period of 15 years. This previous narrow interpretation of the TRIPS resulted
in unfavourable public health outcomes by reducing access to most drugs in sub-Saharan Africa
and other developing countries. The Doha declaration was adopted in South Africa in April 2004.
Countries like Brazil, China and India have implemented and benefited from the Doha declaration
more than SSA, as they have been able to make some drugs and APIs. In addition to this, some
effective cancer drugs have recently come off patent protection, making even more options

available for manufacturers.?’-28

In SSA however, most countries lack the necessary capital, infrastructure and adequately trained
personnel to manufacture their own drugs. These factors make the manufacture of drugs in the area
more tedious and have discouraged most countries. Very few countries in SSA have some primary
drug manufacturing ability and can manufacture some APIs, like South Africa. Paragraph 6 of the
Doha declaration also allows importation of generics made using the issued compulsory licenses
by countries that cannot manufacture their own drugs, like most of sub-Saharan Africa.?” Most of

the drugs used in SSA are imported and this weighs heavily on the economies of these countries.
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Most of the APIs in SSA are imported from China and India, and this affects the cost of the drugs
in the region; every drug consists of the API and excipients. Excipients are substances that enable

the API to be delivered appropriately to the target cells and have the desired effects.?®

It is also worth noting that many donor funds exist to make cancer drugs more available in SSA.
Different types of donor programs exist. Some of programs are financial donations for various
healthcare projects like purchasing pharmaceuticals from outside sub-Saharan Africa and making
them available for free within the region, purchasing necessary equipment to be used within the
region etc. Other donations are direct drug donations from big pharmaceutical companies to the
impacted nations.®® Yet other donations aim to improve local production of drugs in the region by
supplying both financial and technical support, e.g. collaboration between Brazil and
Mozambique.3* However, SSA cannot depend long-term on donations as a sustainable solution for
many reasons. One reason is that financial donations aimed at improving local production drugs,
without the necessary infrastructural and human resources could result in drugs that do not meet
the WHO and DHA approval.3! Also, the global economic crisis that started in 2008 also
significantly decreased donations for cancer drugs in sub-Saharan Africa, further showing that
donor funds are not a sustainable solution to the problem of lack of drugs in SSA.*

Recently in 2015, the WHO added 16 cancer medicines to its List of Essential Medicines for low
and middle-income countries.*° For the first time, amongst the drugs added were costly medicines
such as imatinib, trastuzumab and rituximab due to the very positive results these medicines had
on patients. There was an expectation that by adding these drugs to the list the prices will be forced
down, as had been done for HIV drugs at the beginning of the millennium after the Doha
declaration. However, these drugs remain unaffordable for most in SSA. Generics of some of these
medicines with similar effects and safety have been made available at lower prices, but even these
generics are too costly for most people in the region.*®

It is also important to note that measures have been taken to ensure that the cost of cancer drugs
are cheaper in developing countries, like those in SSA, than it is in developed countries like the
USA. However, comparing the GDPs of these regions, it is obvious that these drugs are more
affordable for people in the USA despite the higher prices, especially since many within SSA can

also not afford full cover medical aid.29-32
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Despite all the measures taken to lower the prices of these drugs in SSA, they are still unaffordable
for most of the predominantly middle and low income SSA. One way to solve this problem is to
find new, cost effective ways to synthesize APIs locally. South Africa, when compared to other
African countries, has made significant progress in providing healthcare for its people. Many
essential medicines are available in public hospitals across the nation. But there is still a huge need

for investment into drug development, as well as APl manufacture for SSA and the rest of Africa.

Statistics obtained from the United Nations COMTRADE database, shows that South Africa
spends billions of US Dollars on active pharmaceutical ingredients each year. In 2019 for example,
South Africa spent about US $ 2.4 billion dollars on pharmaceutical importation and over US $18
billion on pharmaceutical imports in the past decade.®® The weight of these import costs is felt
even more severely when the Rand falls, like in March of 2020, when the Rand fell drastically due
to the Coronavirus pandemic and the national lockdown. Local production could increase jobs,
better the economy and increase standards of living for many. Also, local production of APIs which
are the most expensive components of drugs, will lower the costs of the drugs and shield the
economy from the negative effects of Rand fluctuations on the import costs of APIs. This further
highlights the need for investing in new, cost-effective ways of developing these APIs locally. The

pharmaceutical importation data for South Africa between 2011 and 2019 is shown in Figure 1 .

2010 2011 2012 2013 2014 2015 206 2m7 2me 29 2020

2600M

2400mM

2200M

2000mM

Figure 1: Showing the pharmaceutical importation data for South Africa from 2011to 2019.%
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1.4 Flow chemistry

Flow chemistry, also referred to as continuous flow processing or micro reaction technology is a
relatively new technology that makes use of micro and macro flow reactors to enable chemical
reactions to be carried out continuously.® It involves pumping reagents through reactor inlets into
channels in the temperature-controlled reactors, where the reaction occurs. There are two main
types of reactors; micro and macro flow reactors.>® Micro reactors are flat devices consisting of
channels with sizes in the micrometre range. These devices are mainly used for small scale
reactions, as the internal volume of their channels range from nanolitres to microlitres.* Figure 2

shows one of these micro reactors manufactured by Chemtrix BV®.

Figure 2: Showing a Chemtrix micro reactor.*

Macro reactors (also called meso flow reactors) are larger than micro reactors, having channels
with sizes over 300 um and into the millimetre range. The size of the reactors, together with the
type of material used to make them determines the properties of the reactors. The reactors used in
continuous flow chemistry are often made from silicon, metal, glass, polymer or quartz.®®3
Reactors made from different materials are suitable for different types of reactions. Selection of a
suitable reactor will therefore take into consideration different aspects of the reaction’s chemistry,
especially the method of activation of the reaction. Reactions may be activated by heating,
ultrasonication, ultraviolet rays, microwaves, radiowaves etc. The reactor selected must be

compatible with the mode of activation.

It is worth highlighting that flow chemistry has been amply utilized in the petrochemical industry,

but not so much in the fine chemical and pharmaceutical industry for organic synthesis. In recent
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years, the use of flow chemistry technology in organic synthetic chemistry has been surging due

to the advantages it has over the conventional batch chemistry.

1.4.1 Comparing flow chemistry and batch chemistry for organic synthesis

Batch chemistry and flow chemistry both have advantages and disadvantages. Flow chemistry
does not seek to completely replace the conventional batch chemistry for all organic synthetic
processes. Rather, flow chemistry can be used in cases where it is preferable to the corresponding
batch method. In some cases, flow chemistry and batch chemistry can be used in combination with
each other, to give an overall improved process with better results than would have been achieved
by the individual flow or batch method e.g., Ley et al. combined batch and flow chemistry in their
synthesis of goniothalamin 6. The first two steps of the three-step synthesis were done in flow
reactors and the final step was done in batch, giving an overall improved process. The first step
involved the 1,2-addition of the Grignard reagent to trans-cinnamaldehyde 1 in a PFA (perfluoro
alkoxy polymer) reactor coil to obtain the allylic alcohol 3. The resulting allylic alcohol 3 was then
acylated in a second PFA reactor coil using crotonic anhydride 4 as the acylating agent to form the
ester 5. The last step involved the ring closing metathesis of the ester 5 which was cyclised in
batch, to obtain goniothalamin 6. The setup was arranged as shown in Scheme 1 below, giving a
good overall yield of 96%.%

Sy
=5 S

Lo 3
STEP 1 STEP 2
In THF 5 0. .0 N
| ) x
o :

: goniothalamin
1,2 addition step acylation step

o o
2 O O
In THF /\)J\OJJ\/\
4

STEP 3
metathesis reaction in batch

Scheme 1: Combination of batch and flow towards the synthesis of goniothalamin 6.

Batch chemistry is the long-established method used for organic synthesis of APIs. At small scale,

batch synthetic methods can be suitable due to its low cost of production and flexibility. However,
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batch methods often become unfavourable when it comes to scaling up. During scaling-up,
occurrences like heat transfer, mass transfer and problems associated with poor mixing, which are
negligible in small scale batch synthesis become significant. In contrast to batch methods,
continuous flow methods are suitable for both small scale and large-scale organic synthesis due to

the very efficient mass and heat transfer in flow systems, as well as better mixing.3®

Other significant advantages of using continuous flow methods for synthesis of APIs include much
shorter reaction times, lower cost of production of APIs and shorter development cycles, which
lead to quicker scale-up processes from the academic or laboratory scale to the industrial scale.*
Furthermore, using continuous flow chemistry systems results in less waste production making
continuous flow methods a more viable and sustainable option for pharmaceutical industries.*42
Perhaps the most important advantage of using continuous flow technology is that it provides a
considerably higher selectivity towards the desired product, which often results in higher yields.
Cost of production is also reduced, as solvent and energy waste can be cut down by up to 90% in
some instances.®“34 The field of continuous flow chemistry is relatively new and is frequently
being ameliorated. This relatively new technology has been used recently in the production of new

drugs, like anti-cancer drug imatinib.4¢

1.4.2 Flow chemistry characteristics

Using continuous flow chemistry for organic synthesis has many significant advantages over the
conventional batch methods. In this section, these advantageous characteristics of flow chemistry
are discussed.

1.4.2.1 Mixing

Mixing is a very important process in both batch and flow synthetic processes. The aim of mixing
is to achieve an even distribution of all the components of the reaction mixture. There are two
different types of mixing: laminar mixing and turbulent mixing.*” In micro reactors, mixing can
be achieved either by laminar flow or turbulent flow, depending on the flow rates and the internal

structure of the reactors.

During laminar mixing, liquid-liquid streams or liquid-gas streams flow in parallel and mix only
by diffusion. The small dimensions and short diffusion distances in micro reactors ensure efficient

mixing even in laminar flow. Turbulent flow offers even better mixing than laminar flow and is
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more effective at uniformizing the reaction mixture than laminar mixing. Turbulent mixing in
contrast to laminar mixing, is an agitated or irregular type of mixing. In flow systems, turbulent
mixing can be achieved by pumping the fluids at higher flow rates into the reactors, using reactors
with rough segmented channels or using devices known as mixers to combine the components of
the reaction, before they are streamed through the reactor. Turbulent mixing is often necessary

when scaling-up to larger reactors, containing larger diameter channels.*>46

By using the Reynold’s number, Re, we can establish whether the flow will be laminar or turbulent.
The formula from which Re is derived is shown below (Equation 1):

where v is the velocity, p is the density of the fluid, L is the diameter of the micro reactor channel
and n represents viscosity. From the formula we see that Re is directly proportional to the velocity
of flow, the density of the fluid and the diameter of the reactor. Re is also inversely proportional to
the viscosity of the fluid. When Re is less than approximately 2000 the flow will be laminar and
when the number is greater than 2000 the flow will be turbulent.***® Turbulent flow ensures
efficient mixing.>! Turbulent mixing is more effective than laminar mixing.*® The high surface
area to volume ratio, an intrinsic property of micro reactors, results in short diffusion distances.
This allows for very efficient mixing, avoiding concentration hotspots within the reactor and
achieving good mixing, even when the mixing is achieved by laminar flow.*"48°1:52 A very low Re
will imply very laminar flow. This will result in poor mixing, with the fluids mostly streaming side
by side of each other, as a result of the viscous forces between molecules being stronger than the
inertial forces.>® Some reactors have internal structures and geometries than enhance rigorous,
turbulent mixing. In addition, flow reactors can be used with other devices like sonicators, ensuring

turbulent mixing.*

1.4.2.2 High surface area to volume ratio in micro reactors

The small dimension of micro reactors ensures high surface area to volume ratio in micro reactors;
this is larger in micro reactors than in batch reactors. This makes mixing more effective due to
short diffusion distances.*®°® Most significantly, it also enables quick and efficient heat and mass

transfer. This improves temperature homogenizing within the system and ensures proper
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mixing,3">* thus resulting in a reduction in the cost of production due to an increase in the overall
efficiency of the system. The small dimensions in micro reactors also make it possible for small
amounts of solvents and reactants to be used, making the process safer in handling dangerous

intermediates.>*

1.4.2.3 Temperature

The temperature of a reaction mixture is one of the most important factors in reaction kinetics.
Occurrences like fluctuations in the temperature of the reactions often seen in exothermic
processes, where the uneven temperature distribution creates temperature hotspots. These
temperature hotspots can decrease product selectivity, reducing the yield of the desired product.>®
The issue of temperature control is also an issue of safety, as some reactions are highly exothermic
and could even lead to laboratory explosions in batch reactors.*3#6% Heat transfer efficiency is
very good in flow chemistry reactors due to their high surface area to volume ratio. The high heat
transfer efficiency in micro reactors also ensures the quick dissipation of heat released during
exothermic reactions. The temperature in micro reactors can therefore be more accurately

controlled in contrast to batch reactors, in which temperature gradients often develop.*®>

Two very important factors that sometimes affect the equilibrium and rate of a chemical reaction
are the temperature and pressure. Flow chemistry reactors can be pressurized using back pressure
regulators. This pressure module also allows for reactions to be carried out above the boiling points
of the solvents or reactants involved, which often results in shorter reaction times and higher

yields 43,46,55,56

1.4.2.4 Real-time reaction monitoring

Flow reactor technology makes it possible for the product being formed to be analyzed and
monitored as the reaction progresses, using analytical technologies like IR, GC, NMR and MS.*3%7
This enables reactions to be controlled and optimized more accurately and in real time. A major
advantage of using real-time reaction monitoring technology is that it not only shows the formation
of product, but also the formation of unwanted byproducts.®” The reaction can then be stopped if
the wrong products are being formed, reducing waste of reactants, catalysts, solvents and precious
experimental time. Also, real-time reaction monitoring eliminates dead-time observed with offline

monitoring methods, between the sampling of the product and analysis.%®%° This is a significant
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advantage, as some product samples could undergo changes in composition during this period.
Real time monitoring also reduces the risk of sample contamination. A very commonly used
technique for in-line reaction monitoring in continuous flow systems is FTIR spectroscopy. An
experiment done by Ley et al. demonstrated the advantages of real time monitoring in the flow
synthesis of the oxazole ethyl 5-(3-nitrophenyl) oxazole-4-carboxylate 9 from the isocyanide 7
and the corresponding acid chloride 8. The research group was able to monitor the formation of
the product oxazole in real-time, making the optimization of the reaction much quicker and easier.
The setup included a raspberry® pi computer connected to a flow IR cell, as shown in Scheme 2
below, achieving a high yield of 94%.°’
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Scheme 2: Flow set up for the automated machine assisted synthesis of ethyl 5-(3-nitrophenyl)

oxazole-4-carboxylate 9.

1.4.2.5 Increased rates of reaction, yields and selectivity

The yield, rates of reaction and selectivity of many batch reactions is significantly increased when
transferred to continuous flow systems. This is because of the much better mixing and heat transfer
inherent to flow reactors.%6%6 This improved selectivity was demonstrated by Jamison et al. in
the synthesis of 3-phenyl propanal through the diisobutylaluminium hydride (DIBAL) reduction
of ethyl hydrocinnamate 10 to yield 3-phenylpropanal 11. The setup consisted of two microtube
reactors as shown in Scheme 3. The reaction was initially studied at -78 °C. Surprisingly, it was
observed that shorter residence times selectively favoured the formation of the desired product 3-

phenyl propanal 11, due to the highly effective turbulent mixing occurring at the high flow rates
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employed. The reaction was quenched with methanol, to ensure that the reaction does not progress
beyond the desired residence times. Higher residence times selectively favoured the formation of
the by-product 2-phenylethan-1-ol 12, ultimately achieving full conversion and selectivity at
residence time below 0.38 seconds.®?

10 : E Product
5 | : CHO
! [Mi R : ©/\/
5 : 11
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| [Mixge —
MeOH @ : 12

: i Byproduct

Scheme 3: Schematic setup for the selective flow synthesis of 3-phenyl propanal 11.

1.4.2.6 Small scale optimization reactions

Optimization of reactions using micro reactors allow for only very small amounts of chemicals to
be used. This is especially advantageous when dealing with complex and multistep synthesis which
require a lot of optimization studies. Using small amounts of material will make the optimization
process cheaper, faster, safer and also reduce the amount of waste produced.®® Heredia et al
demonstrated the benefits of small scale optimizations in their synthesis of many selenides, one of
which was dibenzyl diselenide 15. The synthesis was done in a perfluoroalkoxy polymer (PFA)
reactor coil, as shown in Scheme 4.%* In their study, optimization reactions were done using
micromolar concentrations of starting material, resulting in very small amounts of material being
used to completely optimize the reactions. In their synthesis and optimization of dibenzyl
diselenide for example, only 20 mM and 11 mM of the starting material benzyl selenocyanate 13
and Rongalite 14 were used respectively for optimization studies, eventually yielding 100%

conversion of the diselenide in 1 minute.®*
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Scheme 4: Flow setup for the synthesis of dibenzyl diselenide 15.

1.4.2.7 Improved safety

A significant advantage of using micro reactor technology is that there is an overall improvement
in the safety of the synthetic process. Only small quantities of starting material are used at any
time, ensuring that only small amounts of reactants are in contact with each other, thus improving
process safety. The high heat and mass transfer efficiency allows for the quick dissipation of heat
produced when dealing with dangerously exothermic reactions, thus improving the safety of these

reactions.3®

Another safety advantage of using continuous flow reactors is that the system can be pressurized,
allowing reactions to occur at temperatures higher than the boiling point of the solvents used. This
gives a wider range of options with regards to the solvents used. The more toxic, solvents can be

therefore be easily replaced with less dangerous ones.55:6¢

In addition, toxic intermediates can be synthesized in situ in the closed micro reactor system and
converted to a non-toxic product in the subsequent reaction. This means that toxic intermediates

can be handled more safely, with no need for contact with the outside environment.®>67

Roberge et al. demonstrated the safety advantages of flow chemistry in the synthesis of 2-
nitroethanol 17 in continuous flow systems. 2-Nitroethanol 17 is an important starting material in
the synthesis of the API aliskiren, a drug used to treat high blood pressure. The high risk of

explosion of nitroalkanes posed a major problem in the batch synthesis of 2-nitroethanol. Roberge
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et al. exploited the safety benefits inherent to continuous flow chemistry, designed a flow setup
for the synthesis, consisting of a micro reactor and a continuous stirred tank reactor (CSTR) as
shown in Scheme 5. 2-Nitroethanol was safely produced with 100% conversion and a high isolated
yield of 95%.58
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H H
16 < >
CSTR
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MCN02 40 °C 17
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Scheme 5: Showing the continuous flow synthesis of 2-nitroethanol 17.

1.4.3 Flow chemistry in use

Continuous flow reactors have been used in the synthesis of some drugs and fine chemicals.
Hielber et al. described the synthesis of a valsartan precursor. Valsartan is a nonpeptide
angiotensin Il receptor blocker, which is used to lower blood pressure in hypertensive patients.
The first step of the synthesis in flow involved the N-acylation of the boronic acid pinacol ester 18
with valeryl chloride 20 with dioxane as solvent in a coil reactor to yield the intermediate 21. The
intermediate 21 then undergoes cross coupling with the 2-halobenzonitrile 19 in a packed bed
reactor equipped with a fixed-bed of heterogeneous Pd-catalyst (Ceo.20Sno.79Pdo.0102-8) to yield
the methyl ester 22. Thirdly the methyl ester is then hydrolysed using NaOH in a long PTFE coll
reactor to yield the valsartan precursor 23. The synthesis of the valsartan precursor was adapted to
flow chemistry reactors as shown in Scheme 6. The desired valsartan precursor was obtained with
100% conversion and 96% overall yield, in contrast to only 28% yield obtained for the

corresponding batch synthesis on the desired valsartan precursor.®
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Scheme 6: Flow setup for the synthesis of a valsartan precursor 23.

Jamison et al. described the multistep continuous flow synthesis of rufinamide. The process also
included the safe synthesis and handling of a hazardous organic azide. In the first step, the benzyl
azide 26 was synthesized by reacting the aryl bromide 24 with sodium nitrite in DMSO at room
temperature with a residence time of 1min in a 40 puL copper coil reactor. In another 57 uL. copper
coil reactor connected in parallel, a propiolamide 27 was synthesized by reacting methyl propiolate
25 with aqueous ammonia at 0 °C and a residence time of 5 minutes, giving a 95% yield of the
desired propionamide. The highly hazardous azide 26 and the unstable amide 27 were immediately
mixed and streamed into a 431 uL copper tubing reactor for an azide-alkyne cycloaddition,
ensuring the safe handling of these compounds. The reaction was done at 110 °C and 100 psi with
a residence time of 6 minutes, after which rufinamide 28 was obtained with 100% conversion and
a high overall yield of 92% (Scheme 7).%°
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Scheme 7: Flow setup for the synthesis of rufinamide 28.

Another good example of continuous flow chemistry is in the synthesis of tamoxifen, a drug used
to treat estrogen-receptor-positive (ER+) breast cancer, by the Ley group.” In the first step, n-
butyllithium and the aryl bromide 29 were each passed through two reagent precooling PFA loops
at -50 °C connected in parallel, before being streamed through a 10 mL PFA reactor. The reaction
was then combined with the ketone 30 emerging from a precooling PFA loop at -50 °C before
being streamed through a quenching PFA coil at -50 °C, followed by a reactor PFA coil at 30 °C.
Next, a piston pump pumped trifluoroacetic anhydride (TFAA), into the reaction mixture which
was then streamed in a PFA reaction coil at ambient temperature, followed by another piston pump
pumping a solution of triethylamine to yield the E and Z isomers of tamoxifen (Scheme 8) The
group was able to achieve a good yield of 84% of (E/Z)-tamoxifen 31 (E/Z ratio 25:75).%" In
contrast to the batch procedure, the product was achieved much quicker, with 13 g being formed
in just 80 mins, enough treatment for a single patient for about two and a half years. Also, Ley et
al. were able to achieve rapid temperature changes in the continuous flow setup. For example, a
change in temperature from -50 °C in one reactor coil to 30 °C in the next coil. These rather drastic

temperature changes would be difficult to replicate in a batch setup.®”
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Scheme 8: Flow setup for the synthesis of E/Z Tamoxifen 31.

1.5 Anastrazole
Anastrazole 32, chemical name 1,3-benzenediacetonitrile, a,a,a’,a'-tetramethyl-5-(1H-1,2,4-

triazol-1-ylmethyl), is a potent third generation, non-steroidal aromatase inhibitor(Al) used to treat
ER-positive breast cancer. The drug is often used after a mastectomy, to prevent the cancer from
relapsing.*®%™ Anastrazole belongs to the chemical class of molecules known as azoles. Azoles
are five-membered heterocyclic compounds that include a nitrogen atom and at least one other
non-carbon atom, which could be oxygen, nitrogen or sulphur. Anastrazole is further classified

under a subgroup of azoles known as triazoles. Triazoles are azoles that contain 3 nitrogen atoms

and 2 carbon atoms in a 5-membered heterocyclic ring.”>"
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Figure 3: Showing the chemical structure of anastrazole.
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Clinical trials conducted with anastrazole involving post-menopausal women, at the early stages
of hormone receptor-positive breast cancer, show that the drug is well tolerated and is a very potent

third generation Al. Other generations of Als are shown in Figure 4 below.
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Figure 4: The three generations of aromatase inhibitors.

Als inhibit the action of the enzyme aromatase, also called estrogen synthase and CYP19A1, part
of the CYP-450 family of hormones. The enzyme aromatase catalyses an important step in the
conversion of androgens to estrogens and these estrogens promote tumour growth in ER-positive
breast cancer.”® Therefore, by blocking the action of the enzyme aromatase, the drug prevents the
proliferation of cancerous cells in ER+ breast cancer. However, the drug is only used for
postmenopausal patients. This is because in premenopausal women, the ovaries are the primary

production site for estrogens and AI’s cannot stop the ovaries from making estrogens. 3217273

Anastrazole has been approved by the Food and Drug Administration (FDA) in the United States
and in many other countries including the developing world. The drug is sold under the trade name

Arimidex®.” The dosage of the drug is kept between 1-10 mg a day, the low dosage being due to
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the drug’s long plasma elimination half-life of about 30 hours. The drug is generally better
tolerated than previous generations of AI’s. Anastrazole can also be used in combination with other
drugs. For example, anastrazole is often combined with tamoxifen in a tablet to treat early stages

of breast cancer in post-menopausal women.>%8

1.5.1 Reported methods for synthesizing anastrazole

Many synthetic routes have been reported for the synthesis of anastrazole. The problems faced
during scaling up for each of these synthetic routes have also been outlined. Some of these
problems include low yields, high cost of production, slow product formation due to many steps
in the synthetic route, formation of an unwanted anastrazole isomer, expensive starting materials

and reagents etc.

The first synthetic route for the drug was disclosed by Edwards and Large of Imperial Chemical
Industries (ICI) in 1987, as part of a patent that describes the synthesis of many important
substituted heterocyclic compounds. The synthetic route comprised of 4 steps. In the first step 3,5-
bis(bromomethyl)toluene 38 was reacted with potassium cyanide (KCN) in the presence of
tetrabutylammonium bromide to give 3,5-bis(cyanomethyl)toluene 39, which was then
permethylated using iodomethane and sodium hydride as base to give 2,2'-(5-methyl-1,3-
phenylene)bis(2-methylpropiononitrile) 40. This product was then reacted with N-
bromosuccinimide (NBS) with benzoyl peroxide as catalyst to yield the product 2,2'-(5-
(bromomethyl)-1,3-phenylene)di-(2-methylpropiononitrile) 41, which was then reacted with
sodium 1,2,4 triazole to give anastrazole (Scheme 9). The overall yield for all the steps was not
reported in this patent. The major problem encountered with this route is that an unwanted
regioisomer is formed, during the conversion of 41 to anastrazole 32. The quantity of this

regioisomer formed was between 10-20%.”
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Scheme 9: Alternative route for anastrazole 32 synthesis.

Khile et al. revised the synthetic route proposed by Edward and Large came up with an overall
improved synthetic route, with higher yield and shorter reaction times. In our opinion, this
synthetic route is without a doubt the most practical and advantageous. This six-step synthetic
route resulted in a 13% overall yield. In addition, the desired product was obtained from much
cheaper starting material, making the process more sustainable, especially for large scale
pharmaceutical production. In the first step, the starting material, mesitylene 50 was brominated
using N-bromosuccinimide, in the presence of benzoyl peroxide as catalyst, forming 38. The
product 38 was then reacted with sodium cyanide and tetrabutylammonium bromide to yield the
dinitrile 39. Methylation using iodomethane and sodium hydride yielded 40. Bromination of 40
using NBS vyielded 41, which was then reacted with 1H-1,2,4-triazol-1-amine in the presence of
isopropyl alcohol forming the triazolium 51. The triazolium 51 was then deaminated by reacting
it with sodium nitrate in the presence of hydrochloric acid and water, forming anastrazole 32
(Scheme 10).7
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Scheme 10: Alternative synthetic route for Anastrazole 32.

Hailong et al. proposed another route starting from the dimethyl benzoate 42, which was
brominated using NBS to yield the di(bromomethyl)benzoate 43. The reaction of 43 with KCN
yielded 44, which was then methylated using methyl iodide to produce the intermediate 45. The
intermediate 45 was then reacted with lithium borohydride to yield the benzaldehyde 46. Reductive
amination of the aldehyde 46 using triacetoxy sodium borohydride produced anastrazole 32
(Scheme 11). An overall yield of 52% was reported for this synthetic route. The main drawback
with this synthetic route is the very expensive starting material and reagents, which makes the
process less sustainable, especially for large scale pharmaceutical production.”’
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Scheme 11: Alternative synthetic route for Anastrazole by Hailong et al.

Gaitonde et al. proposed another route for synthesizing anastrazole. In this synthetic route, the
starting material 39 was methylated using iodomethane and sodium hydride to produce the nitrile
40, which was then oxidized using chromium trioxide in the presence of acetic anhydride and
sulfuric acid to obtain the aldehyde 46. The aldehyde 46 was then reacted with HoN-NHBoc to
yield the hydrazone 47, which is in turn hydrogenated using ammonium formate in the presence
of palladium as catalyst to produce the hydrazine 48. The hydrazine 48 was then treated with
hydrochloric acid to obtain 49, which was subsequently reacted with s-triazine to yield anastrazole
32 (Scheme 12). An overall yield of 14.5% was obtained, but the intermediate used as started

material is very expensive, making the process very costly and less sustainable, especially for large

scale production.’
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Scheme 12: Alternative synthetic route for Anastrazole.

1.5.2 Proposed synthetic route towards anastrazole

In this study, anastrazole intermediates, will be synthesized using the synthetic route disclosed in
the patent by Khile et al, with some small modifications. This synthetic route is the most practical
and advantageous, due to the affordability of the starting Materials and reagents. Though some of
the other synthetic routes towards anastrazole resulted in higher overall yield, the very expensive
starting materials and reagents utilized make them less advantageous and unsustainable, especially
for large scale pharmaceutical synthesis. Khile et al. revised the synthetic route proposed by
Edward and Large of ICI and came up with an overall improved synthetic route, with higher yield
and shorter reaction times. The six-step synthetic route resulted in a 13% overall yield. Also, the
desired product was obtained from much cheaper starting material, making the process more

sustainable, especially for large scale pharmaceutical production.

In the first step, the starting material 50 will be brominated using N-bromosuccinimide (NBS), in
the presence of benzoyl peroxide as catalyst forming 38. The product 38 will then be reacted with
sodium cyanide and tetrabutylammonium bromide to yield the nitrile 39. Methylation of the nitrile
39 using iodomethane and sodium hydride will potentially yield the propanenitrile 40. Bromination
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of 40 using N-bromosuccinimide will then hopefully yield the propanenitrile 41, which will then
be reacted with 1H-1,2,4-triazol-1-amine in the presence of isopropyl alcohol to form the
triazolium 51. The product 51 will then de-aminated by reacting it with sodium nitrate in the
presence of hydrochloric acid and water, forming anastrazole 32(Scheme 13).7°
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Scheme 13: Proposed synthetic route towards anastrazole.

1.6 Problem statement

Cancer is the second leading cause of death worldwide, with about 18.1 million cancer deaths in
2018. The annual number of cancer related deaths worldwide is predicted to rise to over 20 million
deaths by 2030 and most of these cancer-related deaths are expected to occur in middle-income
and low-income countries.*?4® Most of the cancer deaths already occur in the predominantly low
and middle income countries. In 2012, for example, more than 60% of the global cancer fatalities
occurred in middle and low income countries and this is predicted to rise to more than 70% by
2030.”°The African continent largely depends on importation of APIs and drugs to satisfy the ever-
growing number of cancer cases. Importation places a very heavy financial strain on the

governments and people of these low- and middle-income countries.
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Most of the APIs and generics of drugs used in SSA are imported from China and India. The non-
generic drugs are imported from countries like Germany, France, Italy and the United Kingdom.
The weight of this import cost is significantly felt on the economy of these nations. In addition to
this, despite efforts by Governments and other private organisation to make drugs more affordable,
most of these life-saving drugs and generics are still too costly, due the low GDP per capita of
these countries.?® There is therefore a need to invest in alternative methods of synthesizing these

life-saving APIs and drugs locally.

A relatively new technology which can be used to synthesize APIs and drugs locally to satisfy the
growing African market is continuous flow reactor technology. Using simple and cheaper starting
material, many drugs can be synthesized using flow chemistry reactors achieving high yields in
shorter time. Anastrazole is one of these important drugs, being on the WHO list of essential
medicines. The synthesis of intermediates of anastrazole, which is an important anti-cancer drug
can potentially be telescoped into a multistep continuous flow system starting from mesitylene, to

give a high yield and purity of the desired intermediates of anastrazole.

1.7 Research Questions
i.  Can anastrazole intermediates be effectively synthesized in continuous-flow reactors?
ii.  What is the effect of temperature, mole ratios, residence time, flow rate and catalyst on the
conversion of starting material to the desired product for each step?
iii.  What is the effective solvent system to use for the multistep telescoped synthesis of the

intermediates?

1.8 Research Aims and Objectives
The overall objective of the project is to develop and demonstrate a continuous flow reactor system
that can be used in the production of anastrazole intermediates. The project involves the
development and optimization of a multistep continuous-flow chemical reactor system capable of
producing an intermediate of anastrazole from the simpler starting material mesitylene.
The specific objectives of the study are as follows:

i.  To synthesise anastrazole intermediates using known batch chemistry methods and obtain

synthetic standards for each of the steps in the synthesis.
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These intermediates will be characterised by NMR spectroscopy, FTIR spectroscopy and
HPLC.

To design and construct a small continuous reactor system to produce anastrazole
intermediates.

To study the effect of reaction conditions which are temperature, flow rate, residence time
and reactants composition on the conversion, yield and selectivity for each step in the

synthesis of the intermediates.
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Chapter 2 - Experimental details
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2.1 Reagents and chemicals

All the reagents used in this research are tabulated below (Table 1), including the suppliers and

their respective purities. Chemicals were used as received without further purification.

Table 1: Chemicals used with their grades, suppliers and purity.

Chemical Formula Purity Source

Mesitylene CoH12 080 | Industrial Analytical
N-Bromosuccinimide C.H4BrNO, 999 | Industrial Analytical
Carbon tetrachloride CCl4 999 | Merck

Sodium cyanide NaCN 99.9% | Sigma-Aldrich
Dichloromethane CH:Cl; 99.8% | Sigma-Aldrich
Chloroform CHCls 99.9% Industrial Analytical
2-Methyltetrahydrofuran CsH100 99.9% Merck

Acetonitrile CoHs3N 9994 | Sigma-Aldrich
Methyl iodide CHal 99 5% Sigma-Aldrich
Sodium hydride NaH 90% | Sigma-Aldrich
Dimethyl formamide CsH7NO 99.8% Industrial Analytical
Methanol CH:OH 99% Sigma-Aldrich

2.2 Instrumentation

2.2.1 Nuclear magnetic resonance (NMR) spectroscopy

The NMR spectra of the samples were obtained using deuterated chloroform (CDCIs) as the
solvent. The spectra were recorded on a Bruker Ultra shield Plus spectrometer, which was operated
at 400 MHz and the chemical shifts were recorded in parts per million (ppm). Samples were

characterized using both *H-NMR and *C-NMR spectroscopy.
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2.2.2 High performance liquid chromatography (HPLC)

The following HPLC methods were used. The sample analysis was done using an Agilent 1220

infinity LC, which was fitted with a PerkinElmer analytical C18 column and a diode array detector.

The organic phase used was HPLC grade acetonitrile obtained from Sigma-Aldrich while the

aqueous phase was degassed deionised water. The HPLC method parameters, like the run time,

ratio of stationary phase to the mobile phase and flow rate were all tailored to suit the compound

being analysed and these are detailed in Table 2 below. The column temperature was kept constant

at 30 °C.

Table 2: HPLC parameters for analysis.

propionitrile) 41

Compound Solvent ratio Flow rate | Run Optimum
time | detection
wavelength

3,5-Bis(bromomethyl)toluene 38 Acetonitrile: 1 mL/min | 7 mins | 265 nm
water (66:34)

1,3,5-Tris(bromomethyl)benzene Acetonitrile: 1 mL/min | 7 mins | 265 nm

53 water (66:34)

1-(Bromomethyl)-3,5- Acetonitrile: 1 mL/min | 7 mins | 265 nm

dimethylbenzene 54 water (66:34)

2,2'-(5-Methyl-1,3- Acetonitrile: 1 mL/min | 5mins | 254 nm

phenylene)diacetonitrile 39 water (70:30)

3,5-Bis(1-cyano-1-methylethyl) Acetonitrile: 1.5 5 mins | 254 nm

toluene 40 water (70:30) mL/min

2,2'-(5-Bromomethyl-1,3- Acetonitrile: 15 5mins | 265 nm

phenylene)di(2-methyl water (70:30) mL/min

2.2.3 Fourier transform infrared (FTIR) spectroscopy

Samples were analysed using FTIR to identify the functional groups present. A Bruker Platinum

Tensor 27 spectrophotometer fitted with an Attenuated Total Reflectance (ATR) cell was used to

analyse the samples, recording wavenumbers in the range of 4000-600 cm™ and with the

corresponding response variable in transmittance. All samples were analysed without

modification.
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2.2.4 Thin layer chromatography (TLC)

Thin layer chromatography (TLC) was done using a Mecherey-Nagel Alugram® aluminum
backed TLC as the stationary phase and the mobile phase consisted of mixtures of solvents of
different polarities. The spots on the TLC plates were visualized upon florescent exposure to short
wavelength UV light (A: 254 nm) in a Camag UV cabinet.

2.2.5 Column chromatography

Column chromatography was done using Fluka Chemie silica gel 60 as the stationary phase and
varying polarities of a hexane and ethyl acetate mixtures as the mobile phase. Samples were
collected and spotted on TLC for visualisation using fluorescence on exposure to short wave
ultraviolet light (A 254 nm) in a Camag UV cabinet.

2.2.6 Melting point determination

The melting points of the samples were determined using the Stuart SMP10 digital apparatus. Each
sample was placed in a capillary tube made of soda glass and the capillary tube containing the
sample was then placed in the Stuart SMP10’s heating chamber. The instrument was programmed
to go up to a temperature of 240 °C, with the temperature increasing by 5 °C every minute. The
samples were observed using a magnifying glass and the temperature at which each sample melted

was recorded.

2.3 General batch experimental procedures

2.3.1 Batch synthesis of 3,5-bis(bromomethyl)toluene

Er Benzoyl peroxide ,Heat
¢ o >
+ v CCl, Br Br
50 45 38

Figure 5: Benzylic bromination of mesitylene 50 to yield 3,5-bis(bromomethyl)toluene 38.

A round-bottom flask containing a solution of 1,3,5-trimethylbenzene 50 (5.00 g, 41.6 mmol) and
benzoyl peroxide (0.54 g, 2.2 mmol) in carbon tetrachloride (50 ml) was heated gently to 65 °C.
NBS 45 (14.8 g, 83.2 mmol) was added to the mixture in small portions over a period of 1 hour.
The solution was further refluxed for 3 hours and monitored using TLC (n-hexane: ethyl acetate

9.2:0.8). Upon completion of the reaction, the reaction mixture was filtered. The filtrate was
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washed with a solution of sodium sulfite (5% in water, 2 x 10 mL), followed by a solution of
sodium carbonate (5% in water, 2 x 10 mL) and finally sodium chloride (5% in water, 2 x 10 mL).
The organic layer was concentrated to dryness under reduced pressure using a rotary evaporator,
resulting in a yellowish oily residue. The residue obtained was dissolved in methanol at 60 °C,
cooled gently to 15 °C in ice water and stirred for 2 hours. After 2 hours the solution was further
cooled to 5 °C in ice and stirred for another 2 hours vyielding the product 3,5-
bis(bromomethyl)toluene 38 as a white solid. (6.9 g, 60% yield) melting point 63-64 °C (lit value:
64-67 °C).”® IH-NMR (400 MHz, CDCls): 'H NMR: § 2.27 (3H, s), 4.47 (4H, s), 7.07 (2H, ), 7.15
(1H, s). 3C-NMR (100 Hz, CDCls): §:20.97, 32.87, 126.68, 129.77, 137.97 and 139.55. FT-IR
(cm™) v: 2913, 1780, 1608, 1455, 1377, 1301, 1205, 1162, 1112, 955, 872, 854, 701, 616, 597 and
538.

2.3.2 Batch synthesis of 1,3,5-tris(bromomethyl)toluene

Br Br
| BPO ,Heat
+ O=N_0 »
Br Br
50 45 38

Figure 6: Benzylic bromination of mesitylene 50 to yield 3,5-tris(bromomethyl)benzene 38.

Carbon tetrachloride (40 mL) was added to mesitylene (3.0 g, 25 mmol) in a round bottom flask,
and the solution was heated to 70 °C. To the solution, NBS (15.6 g, 87.5 mmol) and benzoyl
peroxide (0.121 g, 0.500 mmol) were added in small amounts over a period of one hour. After the
final addition, the mixture was refluxed for an additional 18 hours and monitored using TLC (n-
hexane: ethyl acetate 9.2:0.8). Upon completion of the reaction as determined by TLC, the reaction
mixture was cooled and filtered. The filtrate was washed with a solution of sodium sulfite (5% in
water, 2 x 10 mL), followed by a solution of sodium carbonate (5% in water, 2 x 10 mL) and
finally with a sodium chloride solution (5% in water, 2 x 10 mL). The organic layer was
concentrated to dryness under reduced pressure using a rotary evaporator giving a yellowish oily
residue. The residue was dissolved in methanol at 60 °C and cooled gently to 15 °C using ice water.

The solution was stirred for 2 hours, before being further cooled to 5 °C in ice and stirred for
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another 2 hours yielding a white precipitate. This residue was purified through column
chromatography by using silica gel column and ethyl acetate-hexane (225 mL: 25 mL) and the
solution collected was concentrated to dryness under reduced pressure to yield 1,3,5-
tris(bromomethyl)benzene 54 (2.68 g, 30% yield); melting point 94-97 °C (lit value: 94-99 °C).”
'HNMR: §4.49 (6H, s) and 7.38 (3H, s). *C-NMR (100 Hz, CDCls): §: 32.26, 129.47 and 139.18.
FT-IR (cm™) v: 3075, 1770, 1682, 1371, 1291, 1238, 1182, 1002, 935, 817, 636, 556 and 417.

2.3.3 Batch synthesis of 1-(bromomethyl)-3,5-dimethylbenzene

Br Br
o I\II o BPO ,Heat
_— >

50 45 53

Figure 7: Benzylic bromination of mesitylene 50 to yield 1-(bromomethyl)-3,5-dimethylbenzene
53.

To a round bottom flask containing mesitylene (3 g, 25 mmol), carbon tetrachloride (40 mL) was
added and the solution was heated to 70 °C. To the heated solution, NBS (5.2 g, 29.1 mmol) and
benzoyl peroxide (0.121 g, 0.5 mmol) were added in small amounts over a period of one hour.
After the final addition, the mixture was refluxed for 2 hours and monitored using TLC (n-hexane:
ethyl acetate 9.2:0.8). Upon completion of the reaction, the reaction mixture was cooled and
filtered. The filtrate was washed with a solution of sodium sulfite (5% in water, 2 x 10 mL),
followed by a solution of sodium carbonate (5% in water, 2 x 10 mL) and finally with a sodium
chloride solution (5% in water, 2 x 10 mL). The organic layer was concentrated to dryness under
reduced pressure using a rotary evaporator and the residue was dissolved in methanol at 60 °C and
cooled gently to 15 °C using ice water. The solution was stirred for 2 hours, before being further
cooled to 5°C in ice and stirred for another 2 hours yielding a white precipitate. This precipitate
was purified through column chromatography by using silica gel column and ethyl acetate-hexane
(225 mL: 25 mL) and the solution collected was concentrated to dryness under reduced pressure
to yield 1-(bromomethyl)-3,5-dimethylbenzene 53 (2.6 g, 50% yield); melting point 36-38 °C (lit
value: 36-40 ° C).”> 'H-NMR (400 MHz, CDCls): 'H NMR: § 2.30 (6H, s), 4.35 (2H, s), 7.15-7.25
(3H, m). 3C-NMR (100 Hz, CDCls): §:21.28, 32.87, 126.68, 129.47, 137.97 and 139.86. FT-IR
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(cm™) v: 297, 1605, 1455, 1435, 1208, 1166, 1119, 979, 892, 856, 702, 661, 633, 578, 550 and
529.

2.3.4 Batch synthesis of 2,2'-(5-methyl-1,3-phenylene)diacetonitrile

NaCN ,TBAB

DCM
Br Br Na _N

~N =~

38 39

Figure 8: Synthesis of 2,2'-(5-methyl-1,3-phenylene)diacetonitrile 39.

To a round bottom flask containing a solution of 3,5-(bromomethyl)toluene 38 (20 g, 72 mmol),
tetrabutylammonium bromide (0.7 g, 2.1 mmol) and sodium cyanide (8.8 g, 180 mmol) in
dichloromethane (40 mL) and water (20 mL) was added. The resulting mixture was refluxed for 9
hours and the reaction was monitored until completion using TLC (n-hexane: EtOAc 7.5: 2.5).
Upon completion of the reaction as determined by TLC, the reaction mixture was cooled and the
reaction mixture was extracted with dichloromethane (2 x 20 mL). The resulting organic mixture
was then washed with water (10 mL), then with a solution of sodium chloride (5% solution, 10
mL). The organic layer was concentrated under reduced pressure at 40 °C. The product was
recrystalised using a carbon tetrachloride solution and the solids obtained were dried using a rotary
evaporator to obtain 2,2'-(5-methyl-1,3-phenylene)diacetonitrile 39 as a light brown precipitate.
(14.5 g, 91% yield); melting point 127-128 °C (lit value: 127-130 °C).”2*H NMR: § 2.31 (3H, s),
3.65 (4H, s), 7.06, (1H, s), 7.19 (2H, s). *C-NMR (100 Hz, CDCls): 6:20.97, 32.87, 116.57,126.68,
129.77, 137.97 and 139.55. FT-IR (cm™) v: 2915, 2248, 1604, 1462, 1413, 1398, 1041, 934, 914,
891, 832, 707 and 676.
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2.3.5 Batch synthesis of 3,5-bis(1-cyano-1-methylethyl)toluene

\\/(5\// DMF = Z

39 40

Figure 9: Synthesis of 3,5-bis(1-cyano-1-methylethyl)toluene 40 .

To 2,2'-(5-methyl-1,3-phenylene)diacetonitrile 39 (8.01 g, 31.0 mmol) in a round-bottom flask,
methyl iodide (18 g, 126 mmol) was added, followed by dimethyl formamide (20 mL). The mixture
was cooled to 0 °C and sodium hydride (60%) dispersion in oil (5.952 g, 248 mmol) was added in
portions over a period of 1.5 hours hour. The mixture was then stirred for 4.5 hours while
monitoring the reaction using TLC (n-hexane: EtOAc-7.5:2.5) until completion. The reaction
mixture was poured into ice in a beaker and the solid obtained was filtered. The solid was dissolved
in ethyl acetate (20 mL). As for the filtrate, it was also extracted using ethyl acetate (2 x10 mL).
The ethyl acetate solution was combined with the other ethyl acetate solution in which the solid
was dissolved, and washed twice with water (2 x 20 mL). The ethyl acetate layer was separated
and concentrated to dryness using a rotary evaporator to give a light brown residue. The residue
obtained was crystallized from ethyl acetate-hexane (20 mL:10 mL) to obtain 3,5-bis(1-cyano-1-
methylethyl)toluene 40 (7.1 g, yield 67%). Melting point 127-128 °C (lit value: 127-130 °C).”®H
NMR: § 1.72 (12H, s), 2.43 (3H, s), 7.27 (2H, s), 7.34 (1H, s). *3C-NMR (100 Hz, CDCls): §:21.55,
29.10, 37.06, 118.70, 124.33, 125.37, 139.39 and 142.44. FT-IR (cm™) v: 2984, 2237, 1601, 1456,
1370, 1204, 1138, 867 and 706.

2.3.6 Batch synthesis of 2,2'-(5-bromomethyl-1,3-phenylene)di(2-methylpropionitrile)

Br
}T)’r Benzoyl Peroxide, Heat
N * N CCl
S N OVO tNg N
40 45

41

Figure 10: Synthesis of 2,2'-(5-bromomethyl-1,3-phenylene)di(2-methyl propionitrile) 41.
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To a round-bottom flask containing 3,5-bis(1-cyano-1-methylethyl)toluene 40 (4 g, 17.6 mmol) in
carbon tetrachloride (40 mL), benzoyl peroxide (0.40 g, 1.70 mmol) and N-bromosuccinimide (3.3
g, 18 mmol) were added, and the mixture was refluxed for 3 hours. The reaction mixture was then
cooled and filtered. The filtrate was concentrated to dryness at 40 °C and the residue obtained was
dissolved in 2-propanol (20 mL) at 75 °C. The mixture was cooled to 15 °C and stirred for an hour,
before being further cooled to 0 °C in ice and stirred for another 2 hours yielding a white solid.
The solid was filtered and washed with chilled 2-propanol and then washed with n-hexane. The
solid was then dried under vacuum at 45 °C to obtain 2,2'-(5-bromomethyl-1,3-phenylene)di(2-
methyl propionitrile) 41 (3.86 g, 72% yield). Melting point 98-99 °C (lit value: 98-100 °C).”® 'H
NMR: § 1.78 (12H, s), 2.42 (2H, s), 7.27, (2H, s), 7.34 (1H, s). 3C-NMR (100 Hz, CDCls):
5:21.57, 28.50, 37.24, 118.85, 121.63, 125.71, 139.86 and 142.64. FT-IR (cm™) v: 2984, 2238,
1602, 1456, 1371, 1204, 1139, 867 and 706.

2.4 Continuous flow systems

2.4.1 Chemtrix Labtrix system

In the synthesis and optimization of anastrazole intermediates, all reactions were optimized using
continuous flow systems, to evaluate if the benefits inherent of flow chemistry would result in an
overall improved process with shorter reaction times and higher yields and selectivities. The
Chemtrix Labtrix system (Figure 11) was used to optimize the benzylic bromination of mesitylene
50ina 15 pL 3224 Chemtrix reactor (Figure 12). The Chemtrix system was also used for the initial
optimization reactions for the second step, the synthesis of 2,2'-(5-methyl-1,3-
phenylene)diacetonitrile 39. The Chemtrix system reduces the amounts of reagents wasted during
the optimizing process, since the system requires only very small amounts of starting material to
carry out the reaction, making it ideal for laboratory work and reaction optimization.®! The system
can be used to investigate the effect of temperature between -20 °C to 195 °C and withstand

pressures up to 20 bars with the use of a back pressure regulator.®?

The system used consisted of a temperature controlled Labtrix unit connected to a controller where
the temperature can be regulated. It also consisted of syringe pumps and syringes for pumping the
different reactants into the micro reactor, connectors between the different components of the

Labtrix system, glass reactor where the reaction occurs, pipes to transport material from the
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syringes to the reactors and to transport post-reaction material from the micro reactors. The

Chemtrix system used is shown in Figure 11.

Controller
Tubing ——
Micro-reactor holder
Syringe
Product collection vessel

i Labtrix start unit
Syringe pumg

Figure 11: Chemtrix Labtrix start unit used in this study.

,_T DESIGHN 3224
Reactor with four inlets and one owtlet:
j’r AzB=Pl={=P}+(=F
= Width channel: Bl T
* Depth channel: 120 pm
* Beactor valume: 15 pl{(=5+10 pl)

Figure 12: Diagram showing the 3224 Chemtrix reactor used in this study.

2.4.2 Little Things Factory reactor

The second step, the synthesis of 3,5-bis(cyanomethyl)toluene 39, was optimized using both the
Chemtrix system and the Little Things Factory reactors (LTF-MS reactor, volume 0.2 mL, channel
size 1 mm and LTF-VS reactor, volume 1.7 mL, channel size 1 mm). The LTF reactor was also
used to optimize the fourth step (synthesis of 2,2'-(5-bromomethyl-1,3-phenylene)di(2-methyl
propionitrile) 41) and to scale up the first step (synthesis of 3,5-bis(bromomethyl)toluene 38). A
schematic for the LTF reactor used in this study is shown in Figure 13 below.
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MS
LTF-MS LTF-V
Internal volune 0.2ml Internal volune 1.7ml
regular used for higher volumes used as delay time strech
0.5-20ml / min / channel

Figure 13: Little Things Factory reactors used in this study.

2.4.3 Polytetrafluoroethylene (PTFE) coil reactor
The synthesis of 2,2'-(5-methyl-1,3-phenylene)-di(2-methylpropiononitrile) 40 was done using
polytetrafluoroethylene (PTFE) coil reactor (volume 1 mL, 1 mm channel size). An example of

this PTFE tubing is shown in Figure 14 below.

Figure 14: Showing an example of a PTFE coil reactor.
2.4.4 T-mixer
A T-Mixer (Figure 15) was included in the setup used in the synthesis and optimization of 3,5-
bis(1-cyano-1-methylethyl)toluene 40 and the telescoped synthesis of 2,2'-(5-methyl-1,3-
phenylene)diacetonitrile. Mixers are used to combine reactant components before they are

streamed through the reactor. The T junction mixer improves mixing by allowing reactants to
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combine with each other lineally and coming from opposite directions, ensuring a more turbulent

flow.

Figure 15: Showing a T junction unilateral mixer.

2.4.5 ldex ultra-low volume back pressure regulator

The optimizations done in Chemtrix Labtrix start unit involved reactions with temperatures higher
than the boiling point of the solvent used. It was therefore necessary to use back pressure
regulators. The ldex ultra-low volume back pressure regulator (Figure 16) was used with the
Chemtrix system, due to the very small volumes of materials being used. These back pressure
regulators are fitted with tubes made of polyether ethyl ketone. While some Idex ultra-low volume
back pressure regulators can be calibrated up to a pressure value 500 psi, the one used in this study

had a maximum value of 100 psi.

Figure 16: Idex ultra-low volume back pressure regulator.®®

2.4.6 Zaiput back pressure regulator
For optimization reactions done using Little Things Factory reactors, the Zaiput back pressure

regulators (Figure 17) were used. These back pressure regulators can be calibrated up to a
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maximum value of 290 psi, allowing flow chemists to investigate reaction at temperatures well
above the boiling points of the fluids. The pressure set is based on the temperature needs of the

reaction being investigated.

Figure 17: Zaiput back pressure regulator.®*

2.4.7 Chemyx fusion pumps

The Chemyx fusion pumps were used to pump solutions through the different reactors for all steps
involved in this study. By varying the flow rate on the pumps, one can accurately replicate the
residence time of a reaction. This touch screen enabled pump is easy to use. An example of the

pumps used is shown in Figure 18 below.

Figure 18: Chemyx fusion pumps.®
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2.5 Synthesis and optimizations in flow chemistry

2.5.1 Flow synthesis and optimization of 3,5-bis(bromomethyl)toluene in the Chemtrix
Labtrix system

The synthesis and optimization of 3,5-bis(bromomethyl)toluene 38 was carried out in the Chemtrix
Labtrix start unit shown in Figure 11 using 15 pL Chemtrix glass reactor shown in Figure 12
above. The setup also included an Idex ultra-low volume back pressure regulator shown in Figure
16 making it possible to investigate temperatures higher than the boiling point of the solvent. The

components of the system were connected as shown in Figure 19 below.

Br\/@
+ BPO 53
(Byproduct)

50
O—
BPR
T 100 psi
Br Br

Br <> 38

N - (Product)
o) o) Chemtrix Reactor 3224

v Total volume = 15 pL Br
52
Br Br
54
(Byproduct)

Figure 19: Flow setup for the optimization of 3,5-bis(bromomethyl)toluene 38 in the Chemtrix

Labtrix system (selectivity of other products studied).

Mesitylene 50 and N-bromosuccinimide 45 were separately dissolved in the appropriate solvents
to prepare specific concentration solutions which were pumped through the 15 pL Chemtrix micro
reactor, at different flow rates, depending on the residence time being investigated. An ldex ultra-
low volume back pressure regulator connected in series with the system allowed the reaction to be
carried out at temperatures higher than the boiling points of the solvents screened. The products
from the optimization reactions in flow were collected into vials containing acetonitrile for HPLC
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analysis. Mesitylene 50 and the product 3,5-bis(bromomethyl)toluene 38 eluted at 7.1 min and 5.1
min respectively. The monobrominated byproduct 53 and tribrominated byproduct 54 eluted at 4.3
min and 5.9 min respectively. HPLC analysis was performed using the method reported earlier
(Table 2, section 2.2.2).

2.5.2 Scale up synthesis of 3,5-bis(bromomethyl)toluene in an LTF reactor
The synthesis of 3,5-bis(bromomethyl)toluene 38 was also done in a 1.7 mL LTF reactor. The
setup included an LTF mixer, the LTF reactor, connecting pipes, Chemyx fusion pumps and a 5

bar Zaiput back pressure regulator. The system was connected as shown in Figure 20 below.

50 + BPO @
(in MeCN) (in MeCN)

7777777777777777777 38

45
(in MeCN)

5 Bar
Oﬁo Br Br

Figure 20: Schematic setup for synthesis of 3,5-bis(bromomethyl)toluene 38 in Little Things
Factory reactors.

Sample collection and HPLC analysis was done in the same way as in section 2.4 above.

2.5.3 Synthesis and optimization of 3,5-bis(bromomethyl)toluene in a photochemical reactor
The continuous flow synthesis of 3,5-bis(bromomethyl)toluene 38 was also attempted in a

homemade photochemical reactor using UV light as a radical initiator. This homemade
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photochemical reactor consisted of a BLE-6T365 UV lamp and 3 mL volume PTFE coil reactor,

connected to a Chemyx fusion pump and a T-mixer as shown in Figure 21 below.

(i?lOMeCN) ® *
n —— Br Br

UV 38
B O—
45
(in MeCN) 3.02 mL

Figure 21: Setup for the synthesis of 3,5-bis(bromomethyl)toluene 38 in a photochemical

reactor.
Sample collection and HPLC analysis was done in the same way as in section 2.4 above.

2.5.4 Flow synthesis and optimization of 2,2'-(5-methyl-1,3-phenylene)diacetonitrile in the
Chemtrix Labtrix System

The synthesis and optimization of 2,2'-(5-methyl-1,3-phenylene)diacetonitrile 39 was carried out
in the Chemtrix Labtrix system and LTF reactors. The Chemtrix start unit consisting of a 15 pL
Chemtrix glass reactor shown in Figure 12, connected to the Idex ultra-low volume back pressure
regulator shown in Figure 16 previously. The schematic for the Chemtrix setup used is shown in
Figure 22 .
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38
(in DCM) BPR
T 100 psi| .
N N 2 N
NaCN + TBAB @ Chemirix Reactor 3224 39
(in water) Total volume = 15 pulL

Figure 22: Setup Schematic for the optimization of 2,2'-(5-methyl-1,3-phenylene)diacetonitrile
39 in the Chemtrix Labtrix Start unit.

Due to the Chemtrix Labtrix start unit malfunctioning, we finalised the optimization of the reaction
using a Little Things Factory reactor. The solutions were pumped through the 1.7mL LTF-Vs
micro reactor. The reactor was fitted with a Zaiput back pressure regulator calibrated to 5 bar. The
flow rate was controlled on the Chemyx® fusion pump. The temperature was varied by submerging
the reactor in a heated oil bath and the temperature range investigated were between 50 °C and

190 °C. The system was connected and shown in Figure 23 below.
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38
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Oil bath
Figure 23: Setup Schematic for the optimization of 2,2'-(5-methyl-1,3-phenylene)diacetonitrile

39 using Little Things Factory reactor.

The samples were quenched with a solution of sodium hypochlorite and analysed via HPLC to
observe the conversion towards the product 2,2'-(5-methyl-1,3-phenylene)diacetonitrile 39 in flow
from the starting material 3,5-bis(bromomethyl)toluene 38 and sodium cyanide. The 3,5-
bis(boromomethyl)toluene 38 eluted at 5.1 min and product 2,2'-(5-methyl-1,3-phenylene)
diacetonitrile 39 eluted at 1.9 min. HPLC analysis was done using the method shown in table 2
above (section 2.2.2). The effect of temperature, residence time and reagents mole equivalents,
mole equivalents of catalyst and the effect of different solvents on the conversion towards the

dinitrile 39 were investigated.

2.5.5 Synthesis and optimization of 3,5-bis(1-cyano-1-methylethyl)toluene in PTFE coil
reactor

Optimization reactions 3,5-bis(1-cyano-1-methylethyl)toluene 40 could not be done using the
Chemtrix Labtrix system or LTF reactors due to clogging problems experienced with both systems
even when using very low concentrations of reactants. It was therefore necessary to use an

alternative reactor with larger channels. We therefore moved the optimization reactions to the
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PTFE coil reactor, where we did not experience clogging problems, due to the larger channel sizes.

The setup was connected as shown in Figure 24 below.

+ O o 3

CH,l
(in DMF)

; N
NaH @ 1ml ,60 °C 40

(In DMF) Imm channel diameter

Figure 24: Setup schematic for the synthesis of 3,5-bis(1-cyano-1-methylethyl)toluene 40 in

PTFE coil reactor.

2,2'-(5-Methyl-1,3-phenylene)diacetonitrile 39 and methyl iodide in one syringe and sodium
hydride (NaH) in another syringe were simultaneously streamed through T-mixer then through the
1 mL PTFE coil reactor. The reaction was quenched with water and pH adjusted to 7 using acetic
acid upon collection. The quenched samples were taken for analysis using HPLC. 2,2'-(5-methyl-
1,3-phenylene)diacetonitrile 39 and the product 2,2'-(5-bromomethyl-1,3-phenylene)di(2-methyl
propionitrile) 40 eluted at 1.9 and 2.8 min respectively, on HPLC analysis. HPLC analysis was the
method shown in Table 2 above (section 2.2.2).

2.5.6 Synthesis and optimization of 2,2'-(5-bromomethyl-1,3-phenylene)di(2-methyl
propionitrile) in a Little Things Factory reactor

The synthesis of 2,2'-(5-bromomethyl-1,3-phenylene)di(2-methyl propionitrile) 40 from 2,2'-(5-
methyl-1,3-phenylene)diacetonitrile 39 in flow was done using the LTF reactor. The solutions of
the reactants were pumped through a 1.7 mL LTF-Vs micro reactor fitted with a Zaiput back

pressure regulator calibrated to 5 bars. The flow rate was controlled on the Chemyx® fusion pump.
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The temperature was varied by submerging the reactor in a heated oil bath. The system was

connected and shown in Figure 25 below.

N ~.N + BPO

w0 S

Br

Br

N N N
O O ~ P

AN =
v ®— 5 Bar
45 I Y
1 41

Oil bath

Figure 25: Setup schematic for the synthesis of 2,2'-(5-bromomethyl-1,3-phenylene)di(2-methyl
propionitrile) 41 in Little Things Factory reactor.

The solutions were streamed through the 1.7 mL LTF reactor and samples were quenched with a
solution of sodium hypochlorite and collected into vials containing acetonitrile for analysis. The
2,2'-(5-methyl-1,3-phenylene) diacetonitrile 40 eluted at 2.8 min and the desired product 2,2'-(5-
bromomethyl-1,3-phenylene)di(2-methyl propionitrile) 41 eluted at 2.3 min. HPLC analysis was

done using the method shown in Table 2 (section 2.2.2).

2.5.7 Continuous flow multistep synthesis of 2,2'-(5-methyl-1,3-phenylene)diacetonitrile

The multistep synthesis of 2,2'-(5-methyl-1,3-phenylene)diacetonitrile 39 was done using LTF
reactors. The setup consisted of three LTF reactors, two T-mixers, three Chemyx fusion pumps
and 10 bar back pressure regulator. A solution of mesitylene and BPO in one syringe and another
solution of NBS (both in DCM as solvent) were simultaneously pumped through a T- mixer then
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through two LTF reactors with a total volume of 3.4 mL. The reaction mixture emerging from the
reactors combined with a solution of NaCN and TBAB (in water) in a second T-mixer before being
streamed through the third LTF reactor. The reaction was quenched with a solution of sodium
hypochlorite and taken for analysis. The system for the telescoped synthesis of 39 was connected

as shown in Figure 26 below.

NaCN + TBAB

®—,

v

Oil bath - Oil bath

Figure 26: Setup Schematic for the multistep synthesis of 3,5-bis(cyanomethyl)toluene 39.
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Chapter 3 - Results and discussion
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3.1 Introduction

Many synthetic routes have been developed for the synthesis of anastrazole, but most of them
culminate in an overall low yield, wasting reagents and solvents. Synthetic routes with higher
yields were made from very expensive starting materials.*®47484% This also increases the cost of
production of the API, which translates into higher drug prices. In this chapter we investigate the
synthesis of anastrazole intermediates in continuous flow chemistry systems, to evaluate if the

benefits inherent to flow chemistry will help achieve the goal of lower production cost.

We sought to adapt the synthetic route shown in Scheme 13 to continuous flow systems. This
synthetic route begins with the bromination of starting material 50 using N-bromosuccinimide
(NBS) 45 in the presence of benzoyl peroxide as catalyst forming the aryl halide 38. The aryl
halide 38 is then reacted with sodium cyanide under phase transfer conditions to yield the
diacetonitrile 39. Then the methylation of the diacetonitrile 39 using iodomethane and sodium
hydride to yield the propanenitrile 40 is needed, followed by the bromination of the propionitrile
40 to obtain the intermediate 41.

NBS/BPO KCN/CH,Cl,
ACN g DCM N N
Reflux/4h Br Br  50°C/ on S Z
50 38 39

Ny\I/\I/NH2
CH;I/NaH __iPrOH, reflux \=N
DMF 5°C/3h Ny /N ACN.80°C/4h iPrOH, reﬂu)S(l
40
HN
_ NaNO3/HCL
T mo
N 5°C/6h
51

<
N\
N
Scheme 13: Synthetic route towards anastrazole to be investigated.
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3.1.1 Synthesis and optimization of 3,5-bis(bromomethyl)toluene through the benzylic
bromination of mesitylene

In the batch synthesis of 3,5-bis(bromomethyl)toluene 38, a mixture of mesitylene 50, N-
bromosuccinimide (NBS) and benzoyl peroxide, were refluxed in carbon tetrachloride as solvent
for 4 hours to give a yield of 60%. The reaction, known as a benzylic bromination reaction, is a
free radical reaction. The benzylic position is very reactive due to good resonance stabilization in
the transition state, favouring bromination at the benzylic position.® A plausible mechanism for
the reaction is shown in Figure 27.

Chain initiation :

O
0O
2 N-Br BPO + heat, or uv light
> 2 N+ 2Br
O
@)
0 0
2 N-Br + 2 HBr > 2 NH + 2Br,
© 0
Chain propagation:
H;C CH;4 H;C CH,’
+ Br > + HBr
CH,4 CHj,
H,C CHy e py H;,C CHBr
+ » + Br
CH, CHj,
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BrH,C CH, BrH,C CH,’

+ Br’ > + HBr
CH;
CH;
BrH,C CH, ™ [~ BrH,C CH,Br .
\©/ . Br—Br _ + Br
CH, CHj,
Chain termination:
H;C CH," CH;
+ Br’ ‘
Br
CH; H,C
Br' + Br’ > Br,

Figure 27: Plausible reaction mechanism for the bromination of 50 to yield 3,5-

bis(bromomethyl)toluene 38.

The mechanism for this reaction, can be divided into three stages: free radical initiation, chain
propagation and termination.®® NBS is used as a source of the bromine radicals in very low
concentration. Heat and the radical initiator benzoyl peroxide (BPO) are used to induce the release
of bromine radicals from NBS during the initiation phase of the mechanism. During the
propagation step, the bromine radicals abstract a hydrogen each from two methyl groups on
mesitylene 50, forming the radical mesitylene moiety and releasing HBr. The HBr generated is
consumed by NBS in an ionic process, while the mesitylene radical abstracts a bromine atom each
from other bromine molecules (Brz) forming new bromine radicals, which can then repeat the
propagation step of the mechanism all over. The termination step of the mechanism involves
reaction between the different radicals formed during the initiation and propagation stages to yield
either the product 3,5-bis(bromomethyl)toluene 38 or regenerate the bromine molecule.

For the reaction, it is possible to use either molecular bromine (Brz) directly or NBS as a source of
bromine radicals. However, to control the amount of bromine radicals in solution at any given time
more accurately, we decided to use NBS. This is because using molecular bromine (Br2) will result
in a high concentration of bromine radicals in solution, which favours polar addition over the
radical reaction, resulting in bromine radicals attacking double bonds on the benzene ring and

forming of unwanted byproducts.®28” The use of NBS guarantees a lower concentration of bromine
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radicals in solution and makes aromatic bromination unlikely. For the benzylic bromination
reaction, either heat or UV light is required to induce the formation of bromine radicals during the
initiation step of the reaction mechanism.® We investigated both heat and UV light as radical
initiators for the synthesis of 3,5-bis(bromomethyl)toluene 38. In batch, the maximum temperature
attainable was limited to 76 °C, the boiling point of the solvent used which was CCls. A major
advantage of flow chemistry is that the system can be pressurized so that reactions are carried out
at temperatures much higher than the boiling of the solvent being used.®® Consequently, in flow
chemistry reactors, we were able to investigate temperatures ranging between 80 °C to 160 °C.
Another very important factor to consider with this reaction is the likely formation of two by-
products; 1,3,5-tris(bromomethyl)benzene 54 and 1-bromomesitylene 53, which reduce the yield
of the desired side product 38. The two most likely by-products are shown in Figure 28 . It was
therefore necessary to do selectivity studies to maximize the synthesis of the desired product 38.
To be able to accurately evaluate the selectivity towards 38, it was necessary to also synthesize
both by-products (53 and 54) in batch and obtain pure standards, which we then analysed using
HPLC. In the batch synthesis of the monobrominated by-product 53, we obtained 50% yield after
3 hours while the batch synthesis of the tribrominated by-product 54 yielded 30% after 19 hours.
A Chemtrix Labtrix system was initially used for the synthesis and optimisation of 3,5-

bis(bromomethyl)toluene 38 in flow (Figure 28).
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Figure 28: Chemtrix setup for the synthesis of 3,5-bis(bromomethyl)toluene 38.

We were able to optimize the formation of the desired product 38 by investigating different
temperatures, molar ratios of reactants, concentrations of the catalyst and residence times. We were
unable to use carbon tetrachloride as the solvent for the flow optimization reactions of 3,5-
bis(bromomethyl)toluene 38 because it did not dissolve the NBS 45 (or succinimide, the molecule
left over after the bromine radical is released from NBS) and will therefore lead to blockages in
the system. We were able to identify acetonitrile as a good solvent for the reaction, which also
dissolves NBS.8 We therefore carried out our optimization studies using acetonitrile as the
solvent. Acetonitrile, the solvent used in flow, dissolves the succinimide moiety and this would

make separating the product 38 from the succinimide difficult in batch.®°

A preliminary study was done at 80 °C and residence time of 15 seconds. Mesitylene 50 (0.0125
M) and NBS 45 (0.025 M, 2 equiv. w.r.t. 50) with benzoyl peroxide (0.00125 M, 0.1 equiv. w.r.t.
50) as catalyst were pumped through the 15 uL Chemtrix glass micro reactor. It was necessary to
use these very small concentrations of starting material in the first instance, as we experienced
clogging at even slightly higher concentrations due to product precipitation in the very small
channel sizes of the Chemtrix micro reactor. In monitoring the disappearance of the starting
material (mesitylene 50) peak on HPLC, we observed 86 % conversion for the preliminary study.
Although the conversion was high, HPLC analysis showed that the selectivity towards the desired
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product 3,5-bis(bromomethyl)toluene 38 was only 75% (i.e. 75% of mesitylene 50 was converted
into the desired product 38). The selectivity towards the tribrominated by-product 54 and the
monobrominated by-product 53 were 20% and 5% respectively. We therefore concluded that a

selectivity study, to maximise the yield of the desired product 38 was necessary.

3.1.1.1 Selectivity study

The aim of the study was to obtain maximum selectivity for the desired product in the shortest
time possible, while using the smallest quantities of reactants necessary. While conversion shows
the amount of starting material consumed, selectivity focuses on the formation of a particular
desired product. All optimisation reactions were done using the 15 pL. Chemtrix glass micro
reactor. The effect of temperature, residence time, molar equivalents of the reactants and the
concentration of the catalyst on the conversion of 50 and the selectivity towards 38 were all
investigated. We began our selectivity study by investigating the effect of different temperatures
on the conversion of mesitylene 50 towards the desired product 3,5-bis(bromomethyl)toluene 38.
For this study, mesitylene 50 (0.0125 M in acetonitrile) was reacted with NBS 45 (0.025M, 2
equiv. w.r.t. 50, in acetonitrile) with benzoyl peroxide (0.00125 M, 0.1 equiv. w.r.t. 50) as catalyst.
The temperature range for the investigation was 80-160 °C. For this study, the residence time was
kept constant at 15 seconds. The conversion of mesitylene 50 and the selectivity towards the

desired product 38 were both monitored. The results of this study are displayed in Figure 29.
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Figure 29: effect of temperature on the conversion of mesitylene 50 and selectivity towards 3,5-

bis(bromomethyl)toluene 38 in Chemtrix Labtrix system.

The results obtained from the temperature study show that the temperature has a significant effect
on both the conversion of mesitylene 50 and selectivity towards 3,5-bis(bromomethyl)toluene 38.
The trend of the curve obtained shows a general increase in the conversion of mesitylene 50,
ultimately achieving a maximum conversion of 100% at 120 °C. The selectivity towards 3,5-
bis(bromomethyl)toluene 38 also increased with increase in temperature up to about 140 °C.
Beyond 140 °C, an unexpected trend was observed, as the selectivity for 38 began to drop. As the
selectivity towards the desired product 38 dropped, we observed that there was a simultaneous
increase in the selectivity towards the tribrominated by-product 54. Noting this trend, we decided
to do a more extensive temperature and residence time study to fully investigate the trend observed.
In this study, temperature was varied from 80 °C to 160 °C. The residence time was varied from 5
seconds to 60 seconds. In this temperature and residence time study, mesitylene 50 (0.0125 M)
was reacted with NBS 45 (0.025 M ,2 equiv. w.r.t. 50) with benzoyl peroxide (0.00125M, 0.1
equiv. w.r.t. 50) as catalyst. It is important to note that though mesitylene 50 and NBS 45 were
used in the 1:2 molar ratio respectively, this is effectively a 1:1 molar ratio because 2 moles of

NBS 45 are needed for each mole of mesitylene 50 to achieve the desired product 38. The
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selectivity towards the desired product, 3,5-bis(bromomethyl)toluene 38 was monitored on HPLC.

The results from this study are shown in Figure 30.
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Figure 30: Effect of residence time on the selectivity towards 3,5-bis(bromomethyl)toluene 38 in

Chemtrix Labtrix system.

The temperature and residence time study shown in Figure 30 confirmed the rather unusual trend
displayed in Figure 29. We observed that the selectivity towards the desired product 3,5-
bis(bromomethyl)toluene 38 increases with an increase in temperature up to 140 °C. At 150 °C
and 160 °C, good selectivity values of 92% and 90% respectively were initially achieved at 5
seconds, but the selectivity surprisingly dropped as the residence time was increased. We also
observed that selectivity towards the by-product 1,3,5-tris(bromomethyl)benzene 54 gradually
increased from 140 °C to 160 °C as the residence time was increased (from a 5% increase between
140 °C-160 °C at 5 seconds residence time to 20% increase at 60 seconds residence time)
suggesting that temperatures higher than 140 °C favour the formation of the tribrominated by-

product 54.
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Heat serves as the radical initiator for this reaction together with benzoyl peroxide, promoting the
release bromine radicals into solution. The bromine radicals then attack the mesitylene 50
molecule at the benzylic position in the propagation step of the reaction mechanism. The rate of
release of bromine radicals into solution will depend on the temperature and radical initiator used.
The drop in the selectivity towards the desired product 38 at temperatures above 140 °C could be
due to bromine radicals being formed much quicker and some of these free radicals attacking at
all three benzylic sites on the mesitylene 50 moiety, resulting in the formation of more of the
tribrominated by-product. The desired product 38 initially forms quicker (as seen in the high
selectivity values of 92% and 90% at 150 °C and 160 °C respectively at the residence time of only
5 seconds) and then undergoes further bromination at the third benzylic carbon to form the tri-
brominated by-product 54, which is reflected in the decrease in selectivity towards 38 as the
residence time is increased. At temperatures 80 °C, 100 °C and 120 °C the selectivity towards 3,5-
bis(bromomethyl)toluene 38 gradually increased between 5 seconds and 45 seconds. This can be
attributed to some of the mono-brominated by-product 53 initially forming, which then undergoes
further bromination yielding more of the desired product 38. Beyond 45 seconds, no increase in

selectivity was observed.

Having established 140 °C as the best temperature for the selective synthesis of 3,5-
bis(bromomethyl)toluene 38, we went on to investigate the effect of varying the molar ratios of
the reactants on the conversion towards the desired product 3,5-bis(bromomethyl)toluene 38. Also,
the shortest residence time with the highest selectivity of 95% at 140 °C was 15 seconds (beyond
15 seconds at 140 °C, residence time had no effect on selectivity within the range investigated).
Noting this, we decided to continue with 15 seconds as the residence time for the rest of our

optimization studies.

For the molar equivalent study, the concentration of mesitylene 50 was kept constant at 0.0125 M
and molar equivalents of NBS 45 with respect to mesitylene 50 was increased from 1:2 (effectively
1:1 since two moles of NBS 45 are required per mole of mesitylene 50 to achieve the desired
product 38), to 1:2.5 equivalents (effectively 1:1.25 equiv. w.r.t. 50) and 1:3 (effectively 1:1.5
equiv. w.r.t. 50). The concentration of the catalyst benzoyl peroxide was kept constant at 0.00125

M (0.1 equiv. w.r.t. 50). The effect of increasing the molar equivalent of NBS on the selectivity

70



was observed. The residence time was kept constant at 15 seconds the results of the study are
displayed in Figure 31 below.
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Figure 31: Effect of the molar equivalents of NBS 45 on the bromination of mesitylene 50

towards 3,5-bis(bromomethyl)toluene 38.

The results show a decrease in selectivity toward the desired product 38 as the molar equivalents
NBS is increased. An increase in the molar equivalents of NBS to 2.5 (effectively 1.25 w.r.t. 50)
resulted in a slight drop in selectivity from 95% to 93%. Further increasing the molar equivalents
of NBS to 3 (effectively 1.5 equiv. w.r.t. 50) led to further decrease in the selectivity towards 38
to 60%. The drop in the selectivity towards 3,5-bis(bromomethyl)toluene 38 as the molar
equivalents of NBS is increased was attributed to an increase in the formation of the tri-brominated
side product 54. This means the mesitylene 50 reacts with this higher molar equivalent of NBS,
resulting in some of the mesitylene 50 molecules being brominated at all 3 benzylic sites on the
mesitylene 50 molecule and yielding the tri-brominated by-product 54. From this observation, we
deduced that increasing the molar equivalent of NBS would be detrimental to the optimization

process. Therefore, we decided to keep the molar ratios of mesitylene 50 to NBS 45 at 1:2
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respectively (effectively 1:1 since two moles of NBS 45 are needed per mole of mesitylene 50).
We also noticed that the conversion of mesitylene 50 was 100% at the temperature of 140 °C and
15 seconds for all molar equivalents in NBS investigated. This very high conversion could be due
to very effective mixing in the Chemtrix micro reactor and the high temperatures employed.

We were also curious to understand the effect that the concentration of the catalyst, benzoyl
peroxide, would have on the selectivity towards 3,5-bis(bromomethyl)toluene 38, as well as the
conversion of mesitylene 50. The pre-determined conditions for optimum selectivity were adopted
for this study i.e. temperature was kept at 140 °C, concentration of mesitylene 50 was kept constant
at 0.0125 M, NBS was kept constant at 0.025M, (2 equiv. w.r.t. 50) and the amount of the catalyst
was varied between 0.00125 M (0.1 equiv. w.r.t. 50) and 0.01 M (0.8 equiv. w.r.t. 50). The
residence time was kept constant at 15 seconds. The results of the study are displayed in Figure 32

below.
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Figure 32: Showing the effect of catalyst concentration on the selectivity towards 3,5-
bis(bromomethyl)toluene 38.

We observed that the selectivity remained constant at 95% from (0.00125 M, 0.1 equiv. w.r.t. 50)
to about 0.00625 M (0.6 equiv. w.r.t. 50), then the selectivity started dropping. Benzoyl peroxide
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forms benzoyloxy radicals readily upon application of heat, which are very stable radicals due to
resonance stabilization.®® The benzoyloxy radicals then initiate the formation of more bromine
radicals during the initiation phase of the mechanism, which in turn attack the mesitylene 50
molecule at benzylic sites.*>*1%2 The drop in selectivity of 38 at high BPO concentration could be
attributed to quicker release of bromine radicals into solution when the concentration of the radical
initiator increased, resulting in the bromination reaction towards the formation of 38 occurring
faster, and some of the desired product 38 formed undergoing further bromination to achieve the
tribrominated by-product 53. This implies that the desired product 38 becomes a substrate for
further bromination, resulting in some of 38 being converted into the tribrominated product 54.
After we had investigated the effect of temperature, molar equivalents of reactants and molar
equivalents of the catalyst, we were curious to understand the effect that different solvents have
on the reaction. In addition to acetonitrile, two more solvent, dichloromethane and benzene, were
investigated. The temperature was kept at the previously optimized value of 140 °C, the
concentration of mesitylene 50 was kept constant at 0.0125 M, NBS was kept constant at 0.025
M, (2 equiv. w.r.t. 50) and the amount of the catalyst was kept at the previously determined
optimum of 0.00125 M(0.1 equiv. w.r.t. 50). The residence time was kept constant at 15 seconds.

The results of the study are shown in Figure 33 .
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Figure 33: Showing the effect of different solvents: dichloromethane, acetonitrile and benzene

on the conversion and selectivity of 50 towards 38.

From Figure 33, we deduce that acetonitrile and dichloromethane (DCM) are very good solvents
for the reaction, both achieving 95% selectivity with 100% conversion and 99% conversion,
respectively. Drops in conversion and selectivity to 87% and 75% respectively, were observed
when benzene was used as solvent. Due to the very low boiling point of DCM (40 °C), we decided
to continue with acetonitrile as solvent. This is because using DCM as solvent will result to more
pressure in the system as the system will need to be pressurized even more using back pressure

regulators for the reaction to occur at 140 °C.

The synthesis of 38 was therefore successfully optimized for temperature, residence time, molar
equivalents of reactants, molar equivalents of the catalyst and the effect of different solvents, with
100% conversion of mesitylene 50 and 95% selectivity towards 3,5-bis(bromomethyl)toluene 38
at 140 °C and 15 seconds residence time. This translates to a throughput of 0.206 g/h of the product
38 formed using the Chemtrix unit.
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3.1.1.2 Scale up synthesis of 3,5-bis(bromomethyl)toluene using Little Thing Factory reactors
Having optimized the bromination of mesitylene 50 towards 3,5-bis(bromomethyl)toluene 38
using the Chemtrix Labtrix system, by investigating the effect of temperature, molar equivalents
of reactants, concentration of catalyst and effects of different solvents on the reaction, we decided
to transfer the optimized parameters to the larger Little Things Factory (LTF) reactor. The setup

was connected as shown in Figure 34 below.

BPO
N (0.0125 M
in MeCN)

» O—
(0.125M
in MeCN)
5 Bar >
O N O Br Br
v ””””””””””””””””” 38
(0.25 M in MeCN) - -

Oil bath

Figure 34: Schematic setup for synthesis of 3,5-bis(bromomethyl)toluene 38 in Little Things
Factory reactors.

In the Chemtrix Labtrix system, it was necessary to use very low concentrations of the reactants
to avoid blockages. Moving to the LTF reactors with larger channel sizes, we decided to increase
the concentration of the reactants (tenfold), ensuring that we get a higher throughput. In this study,
mesitylene 50 (0.125 M in acetonitrile), NBS 45 (0.25 M in acetonitrile, 2 equiv. w.r.t. 50) and
BPO (0.0125 M in acetonitrile, 0.1 equiv. w.r.t. 50) were pumped through an LTF mixer reactor
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(for mixing) then through a 1.7 mL LTF reactor connected in series as shown in Figure 34 above.
An attempt to replicate the optimum residence time obtained in Chemtrix (15 seconds) in the larger
LTF reactor resulted in leakages in the system due to high pressure induced by the high flow rates
(i.e. the connecting tubing repeatedly disconnected from the LTF reactor). Consequently, the
shortest residence time we could achieve in the LTF reactor was 1 minute. Therefore, the residence
time was varied from 1 minute to 6 minutes. The results of this study are displayed in Figure 35
below.
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Figure 35:Effect of residence time on the conversion of mesitylene 50 and selectivity towards
3,5-bis(bromomethyl)toluene 38 in a Little Things Factory reactor at 140 °C.

The results obtained shows a general increase in conversion of mesitylene 50 between 1 minute
and 3 minutes, ultimately achieving 100% conversion of 50 in about 3 minutes using the LTF
reactor. This rapid increase in conversion can be attributed to the highly effective turbulent mixing
achieved at the high flow rates used. In addition to this, the LTF reactors have staggered and ridged
internal structure to enhance turbulent mixing. The combined effect of this staggered oriented
ridges in the internal structure and the high flow rates employed both ensure very efficient
turbulent mixing, which could explain the high conversions achieved between 1 minute and 3
minutes. Beyond 3 minutes, the conversion remained constant at 100% within the residence time
range investigated.
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The selectivity towards 3,5-bis(bromomethyl)toluene 38 also increased from 87% at 1 minute, to
95 % selectivity at 4 minutes residence time, and remained constant at 95% between 4 minutes
and 6 minutes. This increase in selectivity was attributed be due to the initial formation of some
monobrominated by-product 54, which then undergoes further bromination at a second benzylic
site to achieve 3,5-bis(bromomethyl)toluene 38. Our optimum conditions in the LTF reactor were
therefore 100% conversion of mesitylene 50, with 95% selectivity towards the desired product 3,5-

bis(bromomethyl)toluene 38 in 4 minutes. This translates to a throughput of 2.01 g/h.

3.1.1.3 Synthesis of 3,5-bis(bromomethyl)toluene by bromination of mesitylene in a
photochemical reactor

As mentioned earlier, the formation of bromine radicals can be induced either using heat or by
using UV light. We were curious to investigate the reaction using UV light as a radical initiator.
A homemade photochemical reactor setup was used, consisting of a BLE-6T365 UV lamp and 3

mL volume PTFE coil, connected to a Chemyx pump and a T-mixer as shown in Figure 36 below.

50
(0.01 M in MeCN) o H >
N —— Br Br

UV 38
> O
N
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45
(0.02 M in MeCN) 3.02 mL

Figure 36: Schematic setup for the synthesis of 3,5-bis(bromomethyl)toluene 38 in a

photochemical reactor.

The photochemical transformation was attempted in hope that a more cost-effective approach
would be achieved. Doing the synthesis with photochemically—obtained bromine radicals will give
an overall cleaner and cost-effective process due to lower temperatures and pressure in the

system.*® This makes photochemical transformations the centre of a great amount of interest in
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organic synthesis, for both small scale and large scale synthesis.®***>°! Firstly, a concentration
study was done to determine the concentration of the reactants that are suitable for the
photochemical reaction. The molar equivalents of mesitylene 50 to NBS 38 was kept constant at a
1:2 ratio respectively (effectively 1 to 1 since moles of NBS are required per mole of mesitylene
to obtain 38). The concentrations of mesitylene 50 and NBS 45 were varied between 0.01 M:0.02
M and 0.1 M:0.2 M of mesitylene 50 to NBS, respectively. The conversion of mesitylene 38 was
monitored on HPLC (i.e. we monitored the disappearance of the mesitylene peak only, no
selectivity studies performed yet). The residence time was kept to 10 minutes and the

photochemical transformation was done at room temperature. The results of the study are shown
in Figure 37 ..
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Figure 37: Showing effect of the concentration of mesitylene 50 and NBS 45 on the conversion of

mesitylene 50.

Photochemical reactions are often very dependent on the concentration of the reactants, as the
concentration must allow for appropriate light penetration for the reaction to occur.®>%® We
observed that the highest conversion of mesitylene 50 was achieved at low concentrations (0.01

M:0.02 M and 0.03 M:0.06 M of mesitylene to NBS respectively). As the concentrations of the
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reactants were increased, the conversion began to drop. This drop could be because at higher
concentrations, less bromine radicals are formed due to less UV light penetration. The lower light
penetration could be due to the higher concentration of reactant molecules obstructing the passage
of light through the reaction mixture.*% This results in a less homogenous irradiation inside the
flow reactor leading to a drop in conversion. We decided to proceed with 0.03 M:0.06 M of
mesitylene 50 to NBS 45 as the best concentration for our study at room temperature We then went
on to do a more extensive residence time study and this time, both the conversion of mesitylene

50 and selectivity towards 3,5-bis(bromomethyl)toluene 38 were monitored.

In our study, a solution of mesitylene 50 in one syringe (0.03 M in acetonitrile), and a solution of
NBS 45 in a second syringe (0.06 M in acetonitrile, 2 equiv. w.r.t. 50) were simultaneously
streamed through the 3 mL photochemical reactor and the residence time was varied from 5
minutes to 25 minutes. Both the conversion of mesitylene 50 and the selectivity towards 3,5-

bis(bromomethyl)toluene 38 were monitored. The results of the study are shown in Figure 38
below.
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Figure 38: Effect of residence time on the conversion of mesitylene 50 and the selectivity

towards 3,5-bis(bromomethyl)toluene 38 in a photochemical reactor.
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The results obtained show that the conversion of mesitylene 50 increased with residence time from
73% at 5 minutes to 90% at 20 minutes residence time and remained constant at 90% when the
residence time was increased to 25 minutes. A more rapid increase in conversion was observed
between 5 minutes and 15 minutes, which can be attributed to better, more turbulent mixing with
the higher flow rates of the fluid employed. Since the photochemical reaction was carried out at
room temperature, the molecules will therefore possess lower kinetic energy and depend mostly

on the mixing properties of the system to encounter each other.

The selectivity towards 3,5-bis(bromomethyl)toluene 38 also gradually increased from 70%
selectivity at 5 minutes residence time, to 75% selectivity at 15 minutes residence time. This
increase in selectivity can be attributed to the initial formation of some of the mono brominated
by-product 53 which then undergoes further bromination at a second benzylic site to yield the
desired product 3,5-bis(bromomethyl)toluene 38, therefore increasing the selectivity towards 38.
HPLC analysis showed that the major by-product for the photochemical reaction was the mono

brominated by-product 53.

A 90% conversion was achieved in the photochemical reactor after 20 mins, with75 % selectivity
towards 38, which translates to a throughput (the expected mass per unit time) of 0.025 g/h. The
highest throughput was therefore obtained with the Chemtrix reactor (2.06 g/h) where we obtained

100% conversion of 50 and 95% selectivity towards the desired product 38 in just 15 seconds.

3.1.2 Synthesis and optimization of 2,2'-(5-methyl-1,3-phenylene)diacetonitrile in flow
chemistry systems

Having successfully synthesized 3,5-bis(bromomethyl)toluene 38, we moved on to the second step
to synthesize 2,2'-(5-methyl-1,3-phenylene)diacetonitrile 39. The organic synthetic reaction
towards 2,2'-(5-methyl-1,3-phenylene) diacetonitrile 39 from 3,5-bis(bromomethyl)toluene 38 and
NaCN is a phase transfer reaction, with tetrabutylammonium bromide as the phase transfer catalyst
(PTC) in this case. In the batch synthesis of the diacetonitrile 39, 3,5-bis(bromomethyl)toluene 38
was reacted with NaCN in DCM and water (2:1) as the biphasic solvent system, using

tetrabutylammonium bromide as the PTC to give a good, isolated yield of 91% after 8 hours.

The reaction was adapted to flow reactors and investigated in both Chemtrix and LTF reactors.

The effect of temperature, residence time (controlled by the flow rates of reactants), concentration
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of PTC, molar equivalents of reactants and the effect of different solvents were all studied. Our
initial plan was to optimize all reactions using the Chemtrix micro reactors to ensure very small
amounts of reactants are used for the optimization, and then to transfer the optimized reaction
conditions to the larger LTF reactor to scale up the reaction. However, we experienced some
problems with the Chemtrix Labtrix system and consequently had to prematurely transfer some of
the optimization studies to the LTF reactors. The parameters optimized using the Chemtrix Labtrix
system were temperature and molar equivalents of reactants. Molar equivalents of PTC, solvent
study, effect of different PTC and concentration studies were done using the LTF reactors.

3.1.2.1 Synthesis and optimization of 2,2'-(5-methyl-1,3-phenylene)diacetonitrile using the
Chemtrix Labtrix system

The reaction was investigated in flow chemistry systems to achieve optimal conditions for the
synthesis of 2,2'-(5-methyl-1,3-phenylene)diacetonitrile 39. The Chemtrix system was initially

used. The setup used is shown in Figure 39.

Br Br<>—

BPR
(0.025 M in DCM) 100 psil—>
39
TBAB ( >
+
(0.025 M Na.CN Chemtrix Reactor 3224
in water)  (0.05 M in water) Total volume = 0.015 mL

Figure 39: Schematic Chemtrix setup for the synthesis and optimization of 2, 2'-(5-methyl-1,3-
phenylene)diacetonitrile 39.

The reaction takes place in the organic solvent dichloromethane, as water is unable to dissolve the
3,5-bis(bromomethyl)toluene 38. The low boiling point of the dichloromethane solvent (39.8 °C)
is a limitation in batch, as the reaction cannot be done at temperatures higher than the boiling point
of the solvent system. In flow chemistry reactors however, we were able to pressurize the system
so that the reaction could be carried out safely at 190 °C, more than 4 times the boiling point of
the organic solvent dichloromethane. This is one very important advantage of using flow

chemistry, as the flow system can be pressurized so that reactions are safely carried out at
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temperatures higher than the boiling point of the solvent, a feat that is not possible with batch

chemistry.

A preliminary temperature study was done to establish whether temperature has a significant effect
on the reaction. In this study, 3,5-bis(bromomethyl)toluene 38 (0.025 M in DCM) was reacted
with NaCN (0.05 M, 2 molar equiv. w.r.t. 38) with tetrabutylammonium bromide (0.0025 M in
water, 0.01 equiv. w.r.t. 38) as PTC (although we eventually used 0.025 M of the PTC (0.1 equiv.
w.r.t. 38), in this preliminary study we first attempted the use same molar equivalent of PTC used
in batch (0.01 equiv. w.r.t. 38, 0.0025 M)). The residence time was kept constant at 30 seconds. It
was necessary to use these very low concentrations of reactants as blockages ensured at even
slightly higher concentrations. The temperature was varied between 50 °C-150 °C. Unfortunately,
the reaction did not work in flow under these conditions, as we got very low conversions at all
temperatures, as shown in Figure 40 below.
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Figure 40: First preliminary temperature study towards the synthesis of 2,2'-(5-methyl-1,3-
phenylene)diacetonitrile 39.

For an Sn2 reaction, both the concentration of the nucleophile and the concentration of the substrate
are important.®” In two phase catalysis, the amount of the PTC will affect the amount of nucleophile
available for the reaction. This is because the PTC is responsible for shuttling the nucleophile from
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the aqueous phase to the organic phase where the reaction takes place. The general mechanism of

action of a PTC is shown in Figure 41 below.

Organic phase
QX" + R-Y —>» R-X + Q'Y
-

T ‘ interphase

‘ l | l i
—>
QX + Y «— X +Q'Y
Aqueous phase

Figure 41: Mechanism of action of phase transfer catalysts.

In the figure above, Q"X is the quaternary ammonium salt, which is dissolved in the aqueous phase
(tetrabutylammonium bromide in this case) and serves as a PTC and Y~ is the nucleophile (cyanide
ion in this case). Q"Y" is the ion pair formed between the nucleophile and the quaternary
ammonium ion which crosses easily into the organic phase due to its lipotropic nature. R-Y
represents the organic halide (38 in this case) which undergoes substitution reaction to yield the
product R-X ( 39) and corresponding side product Q*Y" (TBAB in this case). The side product
Q*"Y"is same as the PTC for this reaction because the halogen (bromine) present in the quaternary
ammonium salt is the same as the leaving group halide (") in this case. Increasing the amount of
PTC will increase the amount of the nucleophile (cyanide ion) being shuttled to the aqueous phase

organic phase and this would better the chances of the reaction working.

An attempt to directly increase the concentration of the reactants 3,5-bis(bromomethyl)toluene 38
and NaCN resulted in blockages, but no blockages were observed with the increase in
concentration of the PTC (tetrabutylammonium bromide). We therefore decided to initially use
one molar equivalent (0.025 M, 1 equiv. w.r.t. 38) of the PTC to optimize the reaction for
temperature, molar equivalents of reactants and residence time. Once these other parameters had
been optimized, we did a PTC equivalents study, where we carefully reduced the amount of the

PTC and monitored the effect on conversion.
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In the second temperature study, 3,5-bis(bromomethyl)toluene (0.025 M in DCM) was reacted
with NaCN (0.05 M, 2 equiv. w.r.t. 38, in water) in the presence of tetrabutylammonium bromide

(0.025 M in DCM, 1 equiv. w.r.t. 38). The residence time was kept constant at 30 seconds. The
results of this study are shown in Figure 42 below.
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Figure 42: Preliminary temperature study for the synthesis of 2,2'-(5-methyl-1,3-
phenylene)diacetonitrile 39.

From this study we see clearly that temperature has a significant effect on the conversion of the
reaction. Having established this, we went on to do a more comprehensive and extensive
temperature and residence time study. In this study, 3,5-bis(bromomethyl)toluene 38 (0.025 M in
DCM)) was reacted with NaCN (0.05 M in water, 2 equiv. w.r.t. 38) with TBAB (0.025 M in
water, 1 equiv. w.r.t. 38) as PTC. The temperature range monitored was between 50 °C to 190 °C,
and the residence times were varied between 5 seconds and 30 seconds. The results obtained are
shown in Figure 43 below.
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Figure 43: Effect of temperature on the conversion of 3,5-bis(bromomethyl) toluene 38 to 2,2'-

(5-methyl-1,3-phenylene)diacetonitrile 39.

The molar ratio of 3,5-bis(bromomethyl)toluene 38 to NaCN was kept constant at 1:2 (0.025 M
:0.05 M respectively). For this reaction, this is effectively a 1:1 mole ratio because two moles of
the cyanide are needed per mole of 3,5-bis(bromomethyl)toluene 38 to form the desired
diacetonitrile 39. The amount of the PTC tetrabutylammonium bromide used was also kept
constant at 0.025 M (1 equiv. w.r.t. 38). The graph shows a general increase in the conversion as

the temperature is increased. A plausible mechanism for the reaction is shown in the Figure 44
below.
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Figure 44: Plausible reaction mechanism for the synthesis of 2,2'-(5-methyl-1,3-

phenylene)diacetonitrile 39 from 3,5-bis(bromomethyl)toluene 38 and NaCN.

Figure 44 shows a plausible reaction mechanism, which shows that the cyanide ion, which is a
very good nucleophile, forms and substitutes the bromide ion, which is an excellent leaving group.
The high temperatures in the flow system make the substitution reaction much faster. Figure 43
shows that the conversion increases as the temperature is increased. The synthesis of 2,2'-(5-
methyl-1,3-phenylene)diacetonitrile 39 in batch was carried out at 50 °C, giving a good yield of
91% in 9 hours. The temperature is a measure of the kinetic energy of the molecules. An increase
in the kinetic energy of the molecules leads to an increase in the rate of collisions between the
molecules, which in turn results in an increase in the conversion.®’ This increase in conversion as
the temperature is increased is consistent with what is expected from theory, as the collision theory
expresses that reactants in a reaction must have enough energy to collide and also have sufficient
energy for a reaction to occur.®® This means the higher the kinetic energy of the reactant molecules,
the higher the contact between reactants leading to an increase in conversion as the temperature is
increased. In addition, the very small channel sizes in the Chemtrix micro reactors ensure very
good heat transfer, mass transfer and very efficient mixing which further increasing the rate of
contact between the reactant molecules and resulting in higher conversions. In addition to this, the
very small micro reactor channels promote exceptionally good mixing which translates into high

conversions towards 3,5-bis(cyanomethyl)toluene 38.%

In Figure 43, we also see that the conversions increase rapidly from 5 seconds to 30 seconds

residence times. This could be because at very high flow rates like those employed to achieve
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residence times between 5 seconds and 30 seconds, the high velocities of the reactant solutions
ensure turbulent flow which results in good mixing, ultimately leading to better conversions. The

results obtained indicate that the optimum temperature within the range investigated in 190 °C.

Having established that 190 °C was the optimum temperature for the reaction within the
temperature range investigated, we went on to do a molar equivalents study, where we carefully
monitored the effect of varying the molar ratios of the reactants on the conversion. 3,5-
bis(bromomethyl)toluene 38 is the limiting reagent in this reaction. We investigated the effect of
adding an excess of NaCN on the conversion of 38 towards the desired diacetonitrile 39. The molar
equivalent of 3,5-bis(bromomethyl)toluene 38 was kept constant while the molar equivalents of
the cyanide was increased and the effect of this increase on the conversion was carefully observed.
The previously optimized temperature of 190 °C was used and the molar equivalents of 3,5-
bis(bromomethyl)toluene 38 to NaCN was varied between 1:2 and 1:3. The residence time was

varied between 5 seconds and 25 seconds. The results are shown in Figure 45.
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Figure 45: Effect of increasing molar equivalents of NaCN at 190 °C.

Figure 45 shows that the conversion towards the diacetonitrile 39 increases with increase in the

molar equivalents of NaCN. This means that adding an excess of NaCN increases the conversion
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of 38 towards the diacetonitrile 39, at the previously determined optimum temperature of 190 °C.
Two moles of the NaCN are required per mole of 3,5-bis(bromomethyl)toluene 38 to achieve the
desired diacetonitrile 39. By increasing the molar equivalents of NaCN 1.5-fold, that is from 1:2
to 1:3 (3,5 bis(bromomethyl)toluene: NaCN), we achieved 100% conversion in only 5 seconds.
Upon attempting to reduce residence time to 2.5 seconds, we observed that the pressure increase
induced by the high pump flow rates caused leakages in the connectors and syringes. We therefore
could not investigate shorter residence times. For an Sn2 reaction like this one, the concentration
of the nucleophile has a major effect on the conversion.®” From theory, it is expected that increasing
the concentration of the nucleophile will result in an increase in the conversion. The result obtained

concur with this expectation from theory.

Having optimized the reaction for temperature and molar equivalents of NaCN, we went on to do
a catalyst equivalents study, to carefully reduce the amount of PTC while carefully monitoring the
effect on the conversion. At this point however, we were unable to continue optimizing the
synthesis of 2,2'-(5-methyl-1,3-phenylene)diacetonitrile 39 from 3,5-bis(bromomethyl)toluene 38
and NaCN using the Chemtrix Labtrix system, due to the thermal control unit of the instrument
malfunctioning (resulting in it not going beyond a temperature of 100 °C anymore). We were
forced to prematurely move the rest of the optimization reactions to the Little Things Factory

reactors.

3.1.3.2 Synthesis and optimization of 2,2'-(5-methyl-1,3-phenylene)diacetonitrile using Little
Things Factory (LTF) reactor

The investigations done using the Little Things Factory reactors were the effects of different
amount of the PTC, solvent study, comparing two different PTCs and the concentration studies.

The LTF setup used for these studies is shown in Figure 46 below.
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Figure 46: Flow setup for the synthesis of 2,2'-(5-methyl-1,3-phenylene)diacetonitrile 39 using

the Little Things Factory reactors.

As mentioned earlier, the amount of the PTC initially added for the other optimisation reactions
was 1 equiv. (w.r.t. 50). The amount of the PTC present determines the amount of the nucleophile
that will be present in the organic phase for the reaction. This is because the PTC is responsible
for shuttling the nucleophile from the aqueous phase to the organic phase of the two-phase system,
where the reaction takes place. It was therefore necessary to do a study, where we carefully reduced
the amount of PTC to a more acceptable molar equivalent. Reducing the amount of PTC will also
make the process cheaper, as the quantity of the PTC wasted will be reduced. The molar
equivalents of the reactant 3,5-bis(bromomethyl)toluene 38 to the PTC tetrabutylammonium
bromide was varied between 1:0.1, 1:0.05, 1:0.025 and 1:0125 respectively. The pre-determined
optimum temperature of 190 °C was used and the molar ratio of 3,5-bis(bromomethyl)toluene 38
to NaCN was kept at pre-determined optimum of 1 to 3 (effectively 1 to 1.5, as two equivalents of
NaCN are needed for the synthesis) respectively. The effect of varying the molar equivalents of
the PTC on the conversion to 39 was monitored and the results of this study are shown in Figure
47 below.
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Figure 47: Effect of the concentration of the phase transfer catalyst on the conversion of 3,5-

bis(bromomethyl)toluene 38 towards 2,2'-(5-methyl-1,3-phenylene)diacetonitrile 39 at 190 °C.

The role of the PTC in this reaction is to transfer the nucleophilic agent (cyanide ion) from the
aqueous phase to the organic phase where the displacement reaction takes place, since the NaCN
salt is insoluble in the organic solvent. This means that the amount of the nucleophile available for
the Sn2 reaction depends on the amount or concentration of the PTC present. The results obtained
show that as the amount of PTC is increased, the conversion towards 2,2'-(5-methyl-1,3-
phenylene)diacetonitrile 39 also increases. This can be because the greater the amount of the PTC
present in solution, the greater the amount of the nucleophile being transported into the organic
phase for the reaction, leading to higher conversions. The results show a steady increase in
conversion as the concentration of PTC increase, ultimately achieving 100% conversion when
1:0.1 molar equivalents of the reactant 3,5-bis(bromomethyl)toluene 38 to the PTC respectively in
just 1 minute. We were unable to investigate shorter residence times as the pressure induced by

the high flow rate of the pumps caused the connection pipes to disconnect from the reactors.

Having established that 0.1 molar equivalents of the PTC to 3,5-bis(bromomethyl)toluene 38 was
best for the reaction, we went on to compare two different phase transfer catalysts. We already

obtained 100% conversion using tetrabutylammonium bromide as PTC at the shortest time being
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investigated, which was 1 minute. Therefore, the purpose of comparing the PTC was not to find a
PTC that would result in faster reaction, but rather an attempt to find a PTC cheaper than TBAB,
which would give similar results to those obtained when using TBAB as PTC.

For this study, a second PTC, tetrabutylammonium hydrogen sulfate, was investigated in
comparison to TBAB. Only the effect residence time was varied, all other parameters were kept at
the previously optimized conditions. That is, the temperature was kept constant at 190 °C, the
concentration of the PTC for both PTCs was kept constant at 0.0025 M, the molar ratio of 3,5-
bis(bromomethyl)toluene 38 to NaCN was kept at 1 to 3 (effectively 1 to 1.5). The residence time

was varied from 1 minute to 5 minutes. The results of this study are shown in Figure 48.
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Figure 48: Showing the effect of two different catalysts; tetrabutylammonium bromide and
tetrabutylammonium hydrogen sulfate on the conversion of 3,5-bis(bromomethyl)toluene 38
towards 2,2'-(5-methyl-1,3-phenylene)diacetonitrile 39.

The results obtained show that both tetrabutylammonium bromide and tetrabutylammonium
hydrogen sulfate are good catalysts for the reaction. Tetrabutylammonium bromide seems to be a
better catalyst for the reaction as we achieved 100% conversion even at 1 minute residence time,

compared the 95% conversion obtained with tetrabutylammonium hydrogen sulfate. We therefore
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decided to continue with tetrabutylammonium bromide for this study. We were also eager to
understand the effect that different solvents on the reaction. In the case of a reaction like this one,
it was important to only investigate solvents that are immiscible with water. In addition to
dichloromethane as a point of reference(since dichloromethane was used in batch), we investigated
three more solvents: 2-methyltetrahydrofuran, toluene and chloroform. We investigated the effect
that these different solvents have on the conversion towards the desired diacetonitrile 39. Keeping
all the previously determined optimum conditions i.e. temperature 190 °C, with 3,5-
bis(bromomethyl)toluene 38 and NaCN in a 1:3 molar equivalents (effectively 1 to 1.5
equivalents) respectively, with tetrabutylammonium bromide (0.0025 M, 0.1 equiv. w.r.t. 38) as

catalyst. The residence time was kept constant at 1 minute. The results obtained are shown in

Figure 49 below.
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Figure 49: Showing the effect of different solvents on the conversion of 3,5-
bis(bromomethyl)toluene 38 towards 2,2'-(5-methyl-1,3-phenylene) diacetonitrile 39.

From Figure 49 we see that all the solvents being investigated yielded good conversions at the
shortest residence investigated of one minute. For an Sn2 reaction, a polar solvent is needed to
dissolve the ionic nucleophile, as polar solvents have high dielectric dipole and are good at
insulating ions. Non-polar solvents have low dielectric dipole and are not good at solvating

ions.%”% In addition to being a polar solvent, aprotic solvents are preferred to protic solvents for
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Sn2. This is because polar protic solvents have acidic protons which can solvate the nucleophile
and reduce its nucleophilicity. Aprotic solvents on the other hand bind with the cation bound to
the nucleophile, hence freeing the nucleophile.®” Polar aprotic solvents are therefore ideal for this

reaction.

The reactions done in toluene and chloroform as solvents yielded 88% and 90% conversion
respectively. Toluene and chloroform are both non-polar solvents. As already explained, polar
aprotic solvents are best for Sn2 reactions. The drop in conversion experienced with these two
solvents can be attributed to the fact that they are both not ideal for the reaction, as they are not

polar aprotic solvents.

With dichloromethane and 2-methyltetrahydrofuran, a conversion of 100% was achieved in one
minute for both. These are both polar aprotic solvents and are therefore suitable for this reaction.
2-Methyltetrahydrofuran (2-Me-THF) is a greener solvent and safer to use than dichloromethane,
for both the synthetic process and for the environment.®” Also, 2-methyltetrahydrofuran has a
boiling point of 80.2 °C in contrast to 39.8 °C for dichloromethane. The higher boiling point will
imply a reduction in the overall pressure in the system, given that the system needs to be
pressurized using back pressure regulators for the reactions to occur at temperatures higher than
the boiling point of the solvent. A back pressure regulator with lower pressure will be required for
2-methyltetrahydrofuran, than for dichloromethane due to its higher boiling point, hence reducing
the pressure in the system. This is especially significant at the very high temperature of 190 °C
used for this reaction. We therefore decided to proceed with 2-Me-THF for the synthesis of 3,5-
bis(cyanomethyl)toluene 39 from 3,5-bis(bromomethyl)toluene 38 and NaCN.

We were also curious to establish the effect that increasing the concentrations of the starting
materials has on the conversion towards 39. As a result of the initial optimization reactions being
done using the Chemtrix Labtrix system, we were forced to start use very low concentrations of
starting material (0.025 M 3,5-bis(bromomethyl)toluene 38 and 0.05 M NaCN) to avoid blockages,
since the Chemtrix reactor channels are very small. With the LTF reactors however, we were able
to significantly increase the concentrations of the starting materials with a much lower risk of
clogging due the larger channel sizes of these reactors. It was especially important to increase the

concentration of starting material so as to also increase the throughput (i.e. the amount of product
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produced per unit time). The very low concentrations used until now imply that only very small
amounts of products will be made per unit time even though 100% conversion was achieved. We
therefore attempted increasing the concentrations of 3,5-bis(bromomethyl)toluene 38 and NaCN.
The molar equivalents of the catalyst were constant at 0.1 equiv. (w.r.t. 50) and the solvent used

was 2-Me-THF the results obtained are shown in Table 3 below.

Table 3: Showing the effect of increasing the concentration of reactants on the conversion towards
2,2'-(5-Methyl-1,3-phenylene) diacetonitrile 39.

Concentration ratio of 3,5- | Conversion (%)
bis(bromomethyl)toluene to sodium

cyanide, respectively

0.2M:0.6M 100%
0.4M:0.12M 100%
0.6M:1.8M 100%

For an Sn2 reaction, the conversion is expected to increase with increase in concentration of the
reactant, since the rate of an Sn2 depends on both the concentration of the nucleophile and the
substrate.” However, our aim was not to improve the conversions, as we were already achieving
100% conversion with 0.025 M and 0.075 M of 3,5-bis(bromomethyl)toluene 38 and NaCN
respectively. Our objective was to increase the throughput and hence make the process more
sustainable and cost-effective. The results obtained show that the reaction consistently yielded
100% conversion up to the maximum concentration being investigated of 0.6 M:1.8 M of 3,5-
bis(bromomethyl)toluene 38 and NaCN respectively. This is made even better by the turbulent
mixing experienced at the short residence time of 1 minute and the increased Kinetic energy of the
molecule at the high temperature of 190 °C resulting in the good conversions of 100% observed.
This translates to a good throughput of 5.2 g/h when 0.6 M:1.8 M of 38 and NaCN were used,

respectively.

94



3.1.3 Synthesis and optimization of 3,5-bis(1-cyano-1-methylethyl)toluene in a PTFE coil
reactor

Having successfully synthesized and optimized the diacetonitrile 39, we went on the third step of
our synthetic route; the methylation of 2,2'-(5-methyl-1,3-phenylene)diacetonitrile 39 to obtain
3,5-bis(1-cyano-1-methylethyl)toluene 40 in flow. The reaction was investigated and optimized
using the PTFE coil reactor, as it could not be done using the Chemtrix Labtrix system or LTF

reactors due to clogging problems. The setup used for the reaction is shown in Figure 50 below.
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Figure 50: Schematic of setup for the synthesis and optimization of 3,5-bis(1-cyano-1-

methylethyl)toluene 40.

Batch synthesis of 3,5-bis(1-cyano-1-methylethyl)toluene 40 from methylation of 2,2'-(5-methyl-
1,3-phenylene)diacetonitrile 39 using methyl iodide and sodium hydride (NaH) as a base, in
dimethyl formamide gave the product 40 with a yield of 67% after 6 hours. The reaction was then

transferred to flow chemistry for synthesis and optimization.

Firstly, a quick preliminary temperature study was done to determine if temperature has a
significant enough effect on the reaction. In this preliminary temperature study, 2,2'-(5-methyl-
1,3-phenylene) diacetonitrile 39 (0.05 M in DMF) was reacted with methyl iodide (0.2 M in DMF,
4 equiv. w.r.t. 39) and NaH (0.4 M in DMF, 8 equiv. w.r.t. 39). Due to the highly viscous nature
of NaH in solution, as well as the high risk of clogging, we decided to use these low concentrations
of reactants. The molar equivalents of the reactants and base were same as those used in batch, as
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a point of reference. The residence time was kept to 5 minutes and the temperature range

investigated was between 0 °C and 80 °C. The results of the study are shown in Figure 51 below.
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Figure 51: Preliminary temperature study for the synthesis of 3,5-bis(1-cyano-1-

methylethyl)toluene 40.

The preliminary study shows that temperature clearly has a significant effect on the reaction, as an
increase in the conversion is observed as the temperature is increased. Having established this, we
went on to do a more comprehensive temperature and residence time study. In this study,
methylation of 2,2'-(5-methyl-1,3-phenylene) diacetonitrile 39 (0.05 M in DMF) and methyl iodide
(0.2 M, 4 equiv. w.r.t. 39) in one syringe, and NaH (0.4 M, 8 equiv. w.r.t. 39) in another syringe
were simultaneously streamed through the 1 mL PTFE coil reactor. It is important to reiterate that
though the molar equivalents of 39 to methyl iodide was 1:4 respectively, this is effectively a 1:1
molar ratio because 4 moles of the methyl iodide are required per mole of 39 to obtain the desired
product. The temperature range investigated was between 0 °C and 100 °C. The temperature study
was limited to 100 °C due to the potentially explosive nature of NaH at elevated temperatures.*®
The residence time was varied between 5 minutes and 25 minutes. The results of the study are

shown in Figure 52 below.
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Figure 52: Effect of temperature on the synthesis of 3,5-bis(1-cyano-1-methylethyl)toluene 40.

The results from the study show that the conversion of the diacetonitrile 39 towards the desired

propionitrile 40 generally increases with an increase in temperature. A plausible reaction
mechanism is shown in Figure 53 below.
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Figure 53: Plausible reaction mechanism for the synthesis of 3,5-bis(1-cyano-1-
methylethyl)toluene 40.

From the trends in Figure 52 we can deduce that the Sn2 reaction is favored at higher temperatures,
as we observed an increase in the conversion of 39 towards 40 as the temperature was increased.
A possible reason for this is that the molecules possess higher kinetic energy at higher
temperatures, leading to more contact between molecules of the reactants. The ability for the
reaction to be carried out at higher temperature in flow reactors highlights some of the advantages
of flow chemistry over batch chemistry. This is because the reaction could only be carried out at
low temperatures in batch (between 0 °C and 25 °C) due to the high risk of explosion of NaH at
higher temperatures.*®? In flow systems however, the high volume to surface area ratio ensures the
quick dissipation of heat, enabling the reaction to be carried out safely at higher temperatures. In
addition to this, NaH decomposes when exposed to moisture.’®® The closed end to end flow
reactors provide a safer a more air-tight environment for NaH, preventing its decomposition and
leading to the improvement in yield and safety of the reaction. At 80 °C and 100 °C, the conversion
increased from 90% and 87% respectively at 5 minutes residence time to 97% at 10 minutes for
both temperatures. Beyond 10 minutes, the conversion remained constant at 97% for both 80 °C
and 100 °C. We observed an increase in conversion at 60 °C, from 67% at 5 minutes residence
time to a good conversion of 96% at 10 minutes residence time, then a plateau of 96-98% was

observed beyond 10 minutes residence time. At 40 °C, we observed a rapid increase in conversion
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from 74% at 5 minutes residence time to 92% at 10 minutes. A plateau of 92% to 95% was
observed between 10 minutes and 25 minutes. At 0 °C and 20 °C, the conversion increased rapidly
from 41% and 65% at 5 minutes residence time to 65% and 85% conversion at 10 minutes
residence times, respectively. Plateaus of 65-71% for 0 °C and 80-85% for 20 °C were observed

beyond 10 minutes residence time (from 15 minutes - 25 minutes).

Even though the highest conversion of 98% was achieved in just 10 minutes at 80 °C and 100 °C,
milder conditions are preferred for the process from a scaling up and industrial perspective,
especially when dealing with hazardous component like NaH. The potentially explosive danger of
NaH is magnified at higher temperatures, making the reaction even more dangerous. Even though
the continuous flow systems offer more efficient heat transfer due to the high volume to surface
area ratio making the process safer, we decided that it will be even safer to continue with a milder
temperature of 40 °C for this reaction, where a good conversion of 94% was observed at 10 minutes
residence time. Milder temperatures will also cut cost since lower energy input will be required,
especially at the industrial level. We also noticed that beyond 10 minutes residence time, the
increase in conversion was very little for 0 °C, 20 °C and 40 °C and no increase in conversion was
observed beyond 10 minutes for 80 °C and 100 °C. Following this observation, we decided to limit
our residence time to 10 minutes for the remainder of the optimization studies. Having established
that 40 °C was the best temperature for the reaction, we went to investigate the effect of the molar
equivalents of methyl iodide on the reaction. Four moles of methyl iodide are required per mole
of 2,2'-(5-methyl-1,3-phenylene)diacetonitrile 39 to achieve the desired propionitrile 40. The
concentrations 39 and NaH were kept constant at 0.05M and 0.4 M respectively, while
concentration of methyl iodide was varied. The molar equivalents of 39 w.r.t. methyl iodide was
varied from 1:4 (1:1 effectively since 4 moles of methyl iodide are required per mole of 39 to
achieve the desired product), 1:6 (effectively 1:1.5) and 1:8 (effectively 1:2) respectively. The
temperature was kept to 40 °C and the residence time was varied from 5 to 10 minutes. The results

of the study are shown in Figure 54 below.
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Figure 54: Effect of increase in the molar equivalents of the methyl iodide on the conversion of
39 towards 3,5-bis(1-cyano-1-methylethyl)toluene 40.

The results obtained show that, as expected, an excess of methyl iodide improves the conversion
towards 3,5-bis(1-cyano-1-methylethyltoluene 40. Varying the molar ratio of 39 to the non-
limiting reagent methyl iodide from 1:4 (effectively 1:1 w.r.t. to 39) to 1:6 (effectively 1:1.5 w.r.t.
to 39) led to a 13% increase in conversion at 5 minutes residence time. An additional 12% increase
in conversion was observed when the molar equivalents of methyl iodide was increase from 1:6
(effectively 1:5 w.r.t. 39) to 1:8 (effectively 1:2 w.r.t. 39) at 5 minutes residence time. The
conversion of 39 towards 40 also increased as the residence time was increased, attaining 95% and
96% conversion in 8 minutes for 1:6 and 1:8 molar equivalents, respectively. At 1:4 molar
equivalents the conversion increased rapidly as the residence time was increased to 92% after 7
minutes, then a plateau was observed between 92% and 94% conversion was observed beyond 7
minutes residence time. We also noticed that there was no increase in conversion beyond 8 minutes
residence time for both the 1:6 molar ratio and the 1:8 molar ratio. Therefore, we decided to adopt
8 minutes residence time for the remainder of our optimization studies. Also, given that increasing
the molar equivalents of 39 to methyl iodide from 1:6 to 1:8 led to only very slight increase in
conversion at 8 minutes residence time (from 95-96%), we reckoned that it would be best to

continue with 1:6 molar equivalents for the rest of the optimization process.
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We then went on to investigate the effect of the equivalents of the base NaH on the conversion
towards the desired product 3,5-bis(1-cyano-1-methylethyl)toluene 40. The concentration of NaH
was varied between 0.2 M, 0.3 M, 0.4 M and 0.5 M. The concentration of 2,2'-(5-methyl-1,3-
phenylene)diacetonitrile 39 was kept constant at 0.2 M, methyl iodide concentration was kept
constant at 1.2 M (effectively 1.5 equiv. w.r.t. 39) and the residence time was kept constant at 8

minutes. The results of the study a shown in Figure 55.
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Figure 55: Effect of NaH concentration on the conversion of 39 towards 3,5-bis(1-cyano-1-

methylethyl)toluene 40.

Figure 55 shows that the conversion of 39 towards our desired product 40 generally increases as
the concentration of the NaH is increased within the concentration range investigated. Only a small
increase in conversion was observed from 65% at 0.2 M (4 equiv. w.r.t. 39) to 83% at 0.3 M NaH(
6 equiv. w.r.t. 39 ).A further increase in conversion to 95% was observed when the concentration
of NaH was increased to 0.4 M (8 equiv. w.r.t. 39). A very slight increase in conversion of 2%
(from 95% to 97%) was observed when the concentration of NaH was increased from 0.4 M to 0.5
M. Given that Increasing the concentration of NaH from 0.2 M to 0.5 molar led to only a 2%
increase in conversion, we deduced that the best concentration of NaH for the reaction was 0.4 M

(8 equiv. w.r.t. 39), where we achieved 95% conversion in 8 minutes.
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Having established our optimum concentration and molar equivalents of the base NaH, we were
curious to see the effect that a different base will have on the reaction. We investigated the effect
of a second base, lithium diisopropylamide (LDA) on the conversion of 39 towards our desired
product 3,5-bis(1-cyano-1-methylethyl)toluene 40. NaH, while being an good base for this
reaction, poses significant problems in organic synthesis due to its highly exothermic and
hazardous properties.®®% Also, NaH forms a slurry in solution ,which is a major concern in flow,
especially at higher NaH concentration or when scaling up, due to the difficulty of pumping the
viscous fluid through the reactors.1%41% We therefore thought it necessary to investigate the effect
of another base on the reaction of 39 towards the desired product 40. 2,2'-(5-methyl-1,3-
phenylene)diacetonitrile 39 (0.05 M) and methyl iodide (3 M, 6 equiv. w.r.t. 39(effectively 1.5
equiv. w.r.t. 39 since 4 moles are required for each mole of 39)) and LDA(0.4 M, 8 equiv.
(effectively 2 equiv.) w.r.t. 39) in another syringe were simultaneously streamed through the 1 mL
PTFE coil reactor. The temperature was kept at the previously determined optimum temperature
of 40 °C, and the residence time was kept to 8 minutes. The results of the study are sown in Figure
56.
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Figure 56: Showing the effect of NaH and LDA on the conversion towards 2,2'-(5-methyl-1,3-
phenylene)di(2-methylpropiononitrile 40.
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From Figure 56 we observe that a descent conversion of 99% was obtained when LDA was used
as base. Compared to NaH, which is also an increase in conversion (compared to NaH) since 95
% conversion was obtained with NaH as base. The problems associated with the difficulty of
pumping the NaH slurry through the flow reactors remain, especially at higher concentration of
NaH and when scaling up. Furthermore, the slurry leads to a more inefficient mixing due to
increase in the viscosity of the fluid. Reynold’s formula shows that as viscosity of the fluid
increases, turbulent mixing becomes reduced.®® The increase on the conversion of 39 towards 3,5-
bis(1-cyano-1-methylethyl)toluene 40 when LDA was used as base can be attributed to better,

more turbulent mixing of the fluids due the to the lower viscosity of the solution.%

Therefore, the optimum conditions achieved for the synthesis of 3,5-bis(1-cyano-1-
methylethyl)toluene 40 in the PTFE tubing were 99% conversion at 40 °C and 8 minutes residence
time using LDA as a base, With the molar ratio of 39 to methyl iodide kept at 1:6 respectively
(effectively 1:1.5) and the molar equivalents ratio of the base to 39 was 1:8 (effectively 1:2).This
translates to a throughput of 0.045 g/h.

3.1.4 Synthesis and optimization of 2,2'-(5-bromomethyl-1,3-phenylene)di(2-methyl
propionitrile) in Little Things Factory reactor

Following the successful synthesis and optimization of 2,2'-(5-methyl-1,3-phenylene)di(2-
methylpropiononitrile 40, we moved on to the fourth step of our synthetic route to synthesize 2,2'-
(5-bromomethyl-1,3-phenylene)di(2-methyl propionitrile) 41. The bromination of 40 to obtain
2,2'-(5-bromomethyl-1,3-phenylene)di(2-methylpropionitrile) 41 was investigated and optimized
in flow chemistry and all optimization reactions were done using a LTF reactor. The setup was

connected as shown in Figure 57 .
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Figure 57: Schematic setup for the synthesis of 2,2'-(5-bromomethyl-1,3-phenylene)di(2-methyl

propionitrile)41 in a Little things Factory reactor.

The batch synthesis of 2,2'-(5-bromomethyl-1,3-phenylene)di(2-methylpropionitrile) 41 gave a
yield of 72% after 3 hours. The reaction was adapted to flow and optimized using the LTF reactor.
The parameters investigated were the effect of temperature, residence time, molar equivalents of
the reactants and concentration of the catalyst. Firstly, a quick preliminary temperature study was
done to establish if temperature has a significant effect on the reaction within the temperature range
investigated. In this study, 2'-(5-methyl-1,3-phenylene)di(2-methylpropiononitrile) 40 (0.1 M in
ACN) and BPO (0.005 M, 0.05 equiv. w.r.t. 40) in one syringe was reacted with NBS 45 (0.1 M,
1 equiv. w.r.t. 40) in a second syringe. Both solutions were streamed through the LTF reactor and
the temperature was varied from 80 °C to 120 °C. The residence time was kept constant at 5

minutes. The results of the study are displayed in Figure 58.
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Figure 58: Preliminary temperature study towards the synthesis of 2,2'-(5-bromomethyl-1,3-

phenylene)di(2-methylpropionitrile) 41.

The results obtained clearly reveal that the temperature has a significant effect on the conversion
of 40 towards 2,2'-(5-bromomethyl-1,3-phenylene)di(2-methylpropionitrile) 41 within the
temperature range investigated, as the conversion increased as the temperature is increased.
Having established that the temperature significantly affects the reaction, we went to do a more
extensive temperature and residence time study. In this study, 2'-(5-methyl-1,3-phenylene)di(2-
methylpropiononitrile) 40 (0.1 M in ACN) was reacted with NBS 45 (0.1 M, 1 equiv. w.r.t. 40)
with BPO (0.005 M, 0.05 equiv. w.r.t. 40) as catalyst. The temperature was varied from 80 °C to
140 °C and the residence time was varied from 2 minutes to 10 minutes. The results of the study
are displayed in Figure 59 below.
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Figure 59: Effect of temperature and residence time on the conversion of 40 towards 2,2'-(5-

bromomethyl-1,3-phenylene)di(2-methylpropionitrile) 41.

Figure 59 shows that the conversion towards 41 generally increased with temperature within the
temperature range investigated. The temperature also played an important role in the mechanism

of the reaction. The reaction mechanism is same as the synthesis of 3,5-bis(bromomethyl)toluene
38 (section 2.5.2).

The increase in conversion as the temperature is increased can be attributed to the higher kinetic
energy resulting in more collisions between the molecules. We observed that increasing the
temperature from 80 °C to 100 °C led to a 33% increase in conversion (from 42% to 75%
conversion of 40 towards 41), and further increasing the temperature to 120 °C led to another 23%

increase in conversion (from 75% to 98% conversion of 40 towards 41).

The conversion of 40 towards 41 also increased as the residence time was increased within the
range investigated. 100% Conversion was achieved in 5 minutes, 6 minutes and 8 minutes at 140
°C, 120 °C and 100 °C respectively. Even though the 100% conversion was achieved in the shortest

time (5 minutes) at 140 °C, we decided to continue with 120 °C as the best temperature for the
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reaction. This is because milder conditions are generally preferred as the make the process safer
and cheaper (especially at large scale on the industrial level) and we also obtained very good
conversions at 120 °C ( 98% conversion in 5 minutes and 100% conversions from 6 minutes to 10
minutes). Having established 120 °C as the best temperature for the reaction within the range
investigated, we went on to do a molar equivalents study. In this study the molar equivalent of the
limiting reagent 40 was constant while the molar equivalents of NBS 45 was increased. The molar
ratios of 40 to NBS 45 respectively were varied as between 1:1 and 1:1.8. The concentration of
the catalyst BPO was 0.005 M (0.05 equiv. w.r.t. 40). The residence time was varied between 2
minutes and 6 minutes. The results are shown in Figure 60.
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Figure 60: Effect of increasing the molar equivalents of NBS 45 on the conversion of 40 towards

2,2'-(5-bromomethyl-1,3-phenylene)di(2-methyl propionitrile) 41.

Figure 60 shows that the conversion towards 41 generally increased as the molar equivalents of
NBS 45 is increased. Increasing the molar equivalents of NBS from 1:1 to 1:1.2 (of 40 to NBS 45
respectively) led to an increase in conversion by 3% (from 90% to 93% conversion) at 2 minutes
residence time. A further increase from 1:2 to 1:4 led to another 3% increase in conversion (from

93% to 96% conversion) at 2 minutes residence. With molar ratio 1:1.6 only a 1% increase in
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conversion was recorded (96%-97% conversion) and similarly at molar ratio 1:1.8, another slight
1% increase in conversion was observed. The conversions of 40 towards 41 generally increased as
the residence time was increased within the residence time range investigated. Because only very
slight increases in conversion we observed beyond 1: 1.4 molar equivalents (of 40 to NBS 45

respectively), we decided to proceed with the 1: 1.4 ratio (of 40 to NBS 45) as the best molar ratio
of reactants for the reaction.

Having established that 1: 1.4 molar equivalents of (40 to NBS 45 respectively) was best for the
reaction, we went on to investigate the effect of the concentration of the catalyst BPO on the
conversion towards 2,2'-(5-bromomethyl-1,3-phenylene)di(2-methylpropionitrile) 41. In this
study, the pre-determined optimum conditions of temperature and molar ratios of reactants were
adopted i.e. temperature was kept at 120 °C, concentration of 40 was kept constant at 0.1 M, NBS
45 was kept constant at 0.14 M, (1.4 equiv. w.r.t. 40) and the amount of the catalyst was varied
between 0.005 M (0.05 equiv. w.r.t. 50) and 0.03 M (0.3 equiv. w.r.t. 50). The residence time was

varied from 2 minutes to 6 minutes. The results of the study are displayed in Figure 61.
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Figure 61: Effect of the molar equivalents of the catalyst on the conversion of 40 towards 2,2'-
(5-bromomethyl-1,3-phenylene)di(2-methyl propionitrile) 41.
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From Figure 61 we see that the conversion of 40 towards 2'-(5-bromomethyl-1,3-phenylene)di(2-
methyl propionitrile) 41 generally increases as the molar equivalents of the catalyst is increased.
At 2 minutes residence, at 12% percent increase in conversion (from 69% to 81%) was observed
when the molar equivalents of BPO was increased from 0.05 equiv. to 0.1 equiv. (w.r.t. 40). Further
increasing the molar equivalents of BPO to 0.2 equiv. (w.r.t. 40) led to an 11% increase in
conversion (from 81% to 92%). However, further increasing the molar equivalents of BPO to 0.3
(w.r.t. 40) led to only a 2% increase in conversion. Observing this slight increase, we deduced that
0.02 equiv. of BPO (w.r.t. 40) was best for the reaction. The conversion also generally increased
as the residence time was increased, and 100% conversion was achieved at 0.2 equiv. of BPO

(w.r.t. 40) in 4 minutes. This translates to a throughput of 0.38 g/h.

Our optimum conditions for the synthesis of 2'-(5-bromomethyl-1,3-phenylene)di(2-methyl
propionitrile) 41 were therefore 120 °C , with a 1:1.4 molar ratio of 40 to 2,2'-(5-bromomethyl-
1,3-phenylene)di(2-methylpropionitrile) 41 and 0.2 equiv. of the catalyst (w.r.t. 40), with residence

time of 4 minutes.

3.1.5 Continuous flow multistep synthesis of 2,2'-(5-methyl-1,3-phenylene)diacetonitrile

Having successfully synthesized and optimized 2,2'-(5-bromomethyl-1,3-phenylene)di(2-methyl
propionitrile) in continuous flow systems, we went on to combine the synthesis of 3,5-
bis(boromomethyl)toluene 38 and 2,2'-(5-methyl-1,3-phenylene)diacetonitrile 39 into a single
continuous flow process. A major advantage of using continuous flow systems is that multistep
synthesis can be carried out in a continuous manner without a need for product isolation or
purification.190107.104 This eliminates dead-time between isolation of the products and the
subsequent reaction step. Continuous multistep synthesis also guarantees safer handling of
hazardous intermediates, as these intermediates can be generated in-situ and reacted in the next

step within the closed system with no need for contact with the external environment.

The setup therefore included three LTF reactors, with two T mixers fitted with a 10 bar BPR. The
first step, which involves the bromination of mesitylene was done using two 1.7 mL LTF reactors,
while the cyanation reaction was done in one 1.7 mL LTF reactor, with a total residence time of 5
minutes for the multistep process. A solution of 3,5-bis(bromomethyl)toluene 38 (0.125 M) and
benzoyl peroxide (0.0125 M, 0.1 equiv. w.r.t. 38) in DCM were streamed through a T mixer then
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through the first two LTF reactors at a flow rate of 0,425 mL/min. A second syringe containing
NBS 45 solution (0.25 M, 2 equiv. w.r.t. 38) in DCM was simultaneously streamed the T mixer
and the first LTF reactors at a flow rate of 0.425 mL/min. The solution mixture emerging from the
reactors was streamed through another T mixer and combined with a solution containing NaCN
(0.19 M) and TBAB (0.019 M) being pumped at a flow rate of 0.85 mL/min. The setup was

connected as shown in Figure 62.
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(0.19 M) (0.019 M)
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Figure 62: Schematic setup for the multistep continuous flow synthesis of 2,2'-(5-methyl-1,3-

phenylene)diacetonitrile 39.

The two steps were successfully telescoped into one continuous flow process giving 94%
conversion towards 3,5-bis(cyanomethyl)toluene 39 with a total residence time of 5 minutes (4

minutes for the first steps and 1 minute for the second step).
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Chapter 4 - Conclusion
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4.1 Conclusion

In this study, our objective to synthesize and optimize anastrazole intermediates in continuous flow
systems was successfully achieved. As mentioned earlier, the batch procedures towards these
intermediates are plagued with different limitations like poor selectivity, poor mass and energy
transfer, problems during scaling up and safety concerns. Four anastrazole intermediates were
successfully adapted to flow chemistry systems, resulting in safer, more energy and time efficient

process with high throughputs.

The bromination of mesitylene to obtain 3,5-bis(bromomethyl)toluene 38 was successfully done
in flow chemistry systems. Selectivity becomes an issue due to the likely formation of two
byproducts (1-(bromomethyl)-3,5-dimethylbenzene and 1,3,5-tris(bromomethyl)benzene). The
reaction was done in 15 pL Chemtrix reactor, 1.7 mL LTF reactor and a self-made 3.02 mL
photochemical reactor made using PTFE tubing .The high surface area to volume ratio in the
reactor which allowed for efficient mass and heat transfer, together with the capability for reaction
parameters to be carefully controlled in flow chemistry reactors resulted in a good conversions and
selectivity values being achieved. In both the Chemtrix and LTF reactors, 100% conversion was
achieved with 95% selectivity. In the larger photochemical reactor, 100% conversion was achieved
with 75% selectivity. The drop in selectivity was attributed to poorer mixing in the self-made

photochemical reactor and insufficient light penetration.

The second step, which involved cyanation of 3,5-bis(bromomethyl)toluene 38 to obtain 2,2'-(5-
methyl-1,3-phenylene)diacetonitrile 39 was optimized in a 1.7 mL LTF reactor. Much higher
temperatures and high turbulent effective mixing let to us achieving 100% conversion in a very

short residence time.

The subsequent methylation of 3,5-bis(1-cyano-1-methylethyl)toluene 39 to obtain 3,5-bis(1-
cyano-1-methylethyl)toluene 40 was done using a PTFE coil reactor. Safety concerns surrounding
the hazardous nature of the NaH base used in the synthesis make this synthesis a dangerous process
in batch. Consequently, the process is carried out at very carefully and at low temperatures in
batch. In flow however, the high surface area to volume ratio guarantees quick heat dissipation,
making such exothermic and potentially explosive rection much safer. The reaction was safely

carried out at higher temperatures leading to increased safety when compared to the batch process
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batch. Two bases were compared, NaH and LDA, achieving 95% and 99% respectively. The
increase in selective with LDA was attributed to better mixing, as the LDA is much less viscous

in solution than NaH.

The bromination of 3,5-bis(1-cyano-1-methylethyl)toluene 40 to obtain 2,2'-(5-bromomethyl-1,3-
phenylene)di(2-methylpropionitrile) 41 was done in a 1.7 mL LTF reactor. Increasing the

temperature resulted in significant increase in conversion with shorter residence times.

Finally, the two steps involved in the synthesis of 2,2'-(5-methyl-1,3-phenylene)diacetonitrile 39
were telescoped into a single continuous flow process. The system consisted of 3 LTF reactors,
two T mixers and a 10 bar Zaiput back pressure regulator. A conversion of 94% was achieved for

the telescoped process in a total residence time of 5 minutes.

In this study, we see plainly that the anastrazole intermediates were synthesized in flow systems
with improved efficiency, safety, selectivity and throughput. Safety concerns surrounding the
exothermic and potentially explosive nature of NaH were clearly more safely handled with flow
chemistry. The reactions can be scaled up for industrial production locally, allowing for improved

access to cheaper, locally made drug for Africa.

4.2 Future work

The synthesis of anastrazole intermediates could be optimized and scaled up in continuous flow
systems to obtain a higher throughput. The remaining steps in the synthesis of anastrazole could
be optimized and scaled up. The total synthesis of anastrazole could be optimized, telescoped into
one continuous process and scaled up, resulting in a safe and highly effective process.
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Figure 63: 'H NMR obtained for 3,5-bis(bromomethyl)toluene 38.
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Figure 63: FT-IR obtained for 3,5-bis(bromomethyl)toluene 38.
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134



kg
FROTON COOI3 {CABNEr{ToaSpn3, Norgehiciow\me - nne 41

==] 45
131

w
e

=

L

— |
lip] ¥ Y
I8 2 X |
- - - 2000
T T T T T T T T T T T T T T ¥
5.0 B.5 20 5 T [ 6.0 =5 a5 4 35 o 25 2c 1.5 1 0.5

s.0
1 {oam)

Figure 68: *H NMR obtained for 2,2'-(5-Methyl-1,3-phenylene)diacetonitrile 39.

135




F1E+05

9.22
6.57

SR
e
RE

2
C13CPD CDCI3 {C:\B rukerﬁ'TopSpina.E,i'opgaqidlcw\q:am} nmr 40

—2223
—2008

90000

80000

1 70000

60000

Vi
A\

50000

40000

30000

20000

10000

T T T T T T T T T T T T T T T T T T
160 150 140 130 120 110 100 a0 80
f1 (ppm)

Figure 69: °C NMR obtained for 2,2'-(5-Methyl-1,3-phenylene)diacetonitrile 39.
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Figure 70: FT-IR obtained for 2,2'-(5-Methyl-1,3-phenylene)diacetonitrile 39.
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Figure 71: *H-NMR obtained from the batch synthesis of 3,5-bis(1-cyano-1-
methylethyl)toluene 40.
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Figure 72: *C-NMR obtained from the batch synthesis of 3,5-bis(1-cyano-1-
methylethyl)toluene 40.
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Figure 77: FT-IR obtained from the batch synthesis of 3,5-bis(1-cyano-1-
methylethyl)toluene 40.
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Figure 78: *H-NMR obtained from the batch synthesis of 2,2'-(5-bromomethyl-1,3-
phenylene)di(2-methylpropionitrile) 41.

141



—142 64
—139.86
_~12571
T-121.63
T-118.85
—21.57

w3724
_~2B50

12000
11000
10000
Br
Loogo
L8000
N N L7000
X 7 _
6000
5000
4000
L3000
L2000
L1000
i g

r-1000

L L R T T T T T T T T T 1 T T ‘' 1T T T r T T T T T T T T T T 1

T T T
210 200 190 180 170 160 150 140 130 120 110 100 an a0 70 60 50 40 30 20 10 0 -10
1 fnnm

Figure 79: *C NMR obtained from the batch synthesis of 2,2'-(5-bromomethyl-1,3-
phenylene)di(2-methylpropionitrile) 41.
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Figure 80 : FT-IR obtained from the batch synthesis of 2,2'-(5-bromomethyl-1,3-
phenylene)di(2-methyl propionitrile) 41.
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