A NEW SYNTHETIC APPROACH FOR PREPARATION
OF EFAVIRENZ

THESIS

Submitted
in the partial fulfillment of the requirements for

the award of the degree of

DOCTOR OF PHILOSOPHY (Ph.D.)
in

FACULTY OF SCIENCE

By
SRAVANTHI CHADA
[215208412]

Under the guidance of

Prof. Paul Watts

NELSON MANDELA METROPOLITAN UNIVERSITY
PORT ELIZABETH, SOUTH AFRICA 6001
APRIL 2017

i|Page



ABSTRACT OF THE THESIS

A NEW SYNTHETIC APPROACH FOR THE SYNTHESIS OF EFAVIRENZ

Efavirenz, a drug that is still inaccessible to millions of people worldwide, is potent non-
nucleoside reverse transcriptase inhibitor (NNRT]I), is one of the preferred agents used in
combination therapy for first-line treatment of the human immunodeficiency virus (HIV).
NNRTIs attach to and block an HIV enzyme called reverse transcriptase, by blocking
reverse transcriptase; NNRTIs prevent HIV from multiplying and can reduce the amount
of HIV in the body. Efavirenz can't cure HIV/AIDS, but taken in combination with other
HIV medicines (called an HIV regimen) every day helps people with HIV live longer
healthier lives. Efavirenz also reduces the risk of HIV transmission and can be used by
children who are suffering from HIV/AIDS. All the above therapeutic uses of efavirenz
prompted us to identify the novel and hopefully cost efficient synthetic methodology for
the preparation of efavirenz.

In this thesis a new synthetic method for asymmetric synthesis of efavirenz is described.
This route started from commercially available starting materials and it is first established
in traditional batch chemistry and further the parameters transferred to a semi continuous
flow protocol for optimization.

The thesis is consists of five chapters:

Chapter I, section A deals with the introductory aspects of HIV/AIDS and efavirenz— their
history, classifications, synthesis, dosage forms. Section B deals with the introduction to

flow chemistry and literature review for the preparation of efavirenz.
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Chapter Il, section A summarizes the traditional batch chemistry results and discussion
for the preparation of efavirenz and section B explains the results and discussion of semi-
continuous flow protocol for the preparation of efavirenz. The results of semi-continuous
flow protocol are explained in graphical form and model validations by using statistical
methods. All the intermediates synthesized by semi-continuous flow protocol gave

comparatively better yield than batch chemistry.

Chapter lll, describes traditional batch experimental procedures for the preparation of
efavirenz along with the analytical data. All the compounds synthesized in this chapter
were evaluated by H-NMR, ¥C-NMR, °F-NMR, IR spectroscopy and elemental
analysis.

Chapter IV describes the semi-continuous flow protocol for the preparation of efavirenz
8 along with the analytical data. All the compounds synthesized in this chapter were
evaluated by 'H-NMR, 13C-NMR, °F-NMR, FT-IR spectroscopy and elemental analysis.
The compounds prepared in this chapter gave well to excellent yields.

Chapter V, the conclusion and future scope for the preparation of efavirenz are

described.
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CHAPTER 1 SECTION A —INTRODUCTION TO HIV AIDS DRUGS

1A.1. Global epidemiology of HIV/AIDS

HIV/AIDS represents a major crisis that is increasingly affecting the population across the
development sectors in sub-Saharan Africa and AIDS continues to be one of the biggest
challenges faced by South Africa today.

The first case of the acquired immune deficiency syndrome (AIDS) was reported in 1981
in the USA. Within a short period of time, the spread of the human immunodeficiency
virus (HIV) and AIDS had reached a pandemic form.!! Now HIV has become one of the
world's leading infectious killers, claiming more than 25 million lives over the past three
decades.?l Based on a recent UNAIDS World AIDS day report, there are 68 million people
living with AIDS across the globe. AIDS had become one of the leading causes of death
among adults in sub-Saharan Africa. An estimated 68% of all people living with HIV
resided in sub-Saharan Africa.l®l The top ten most affected countries are listed in Table
1, which shows the percentage of the population affected.

Table 1: HIV prevalence rate

1 Swaziland 27.73
2 Botswana 25.16
3 Lesotho 23.39
4 South Africa 18.92
5 Zimbabwe 16.74
6 Namibia 15.97
7 Zambia 12.37
8 Mozambique 10.58
9 Malawi 10.04
10 Uganda 7.25
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CHAPTER 1 SECTION A —INTRODUCTION TO HIV AIDS DRUGS

1A.2. Global response to HIV/AIDS

Zidovudine (ZDV) was the first antiretroviral drug for the treatment of HIV-infected patients
introduced in 1986. A few years later, other nucleoside reverse transcriptase inhibitor
(NRTIs) drugs such as didanosine (ddl), lamivudine (3TC) and stavudine (d4T) were
introduced. These days, new classes of drugs such as protease inhibitors (PI) and non-
nucleoside reverse transcriptase inhibitors (NNRTI) are available in order to prevent the
emergence of resistance and to strengthen the immune function. Now, standard
antiretroviral therapy (ART) consists of the combination of at least three antiretroviral
(ARV) drugs.*% The ART has provided relief to HIV-infected individuals by reducing the
likelihood of opportunistic infection rather than curing the disease. During the last few
years, a global effort had been made to scale up the antiretroviral drugs to enable that all

the patients receive treatment.

1A.3. HIV in South Africa

Sub-Saharan Africa is the worst affected area of the world for HIV-AIDS in terms of the
number of individuals suffering from the condition. HIV-AIDS in South Africa, in particular,
is a prominent health concern. Many factors contribute to the spread of HIV-AIDS. These
include poverty, inequality, social instability, high levels of sexually transmitted infections,
the low status of women, sexual violence, high mobility, limited access to medical care
and a history of poor leadership. The hardship for those infected and their families begins
long before people die. Suspected infection causes many people to delay or even refuse
to be tested, fear and despair often follow diagnosis, due to poor quality counselling and

lack of support, limited access to clinics, waiting lists for ARV treatment programs and
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CHAPTER 1 SECTION A —INTRODUCTION TO HIV AIDS DRUGS

many people become seriously ill before accessing treatment, loss of income when the

breadwinner becomes ill and burden upon family members.

1A.4. HIV/AIDS statistics province wise in South Africa

Province wise the HIV/AIDS prevalence rate in South Africa are KwaZulu-Natal (25.8%
HIV positive), Mpumalanga (23.1% HIV positive), Free State (18.5% HIV-positive), North
West (17.7% HIV-positive), Gauteng (15.2% HIV positive), Eastern Cape (15.2% HIV
positive), Limpopo (13.7% HIV positive), Northern Cape (9.2% HIV positive) while only
5.3% of the population was HIV-positive in the Western Cape. These statistics
demonstrate that there is a direct correlation between HIV/AIDS prevalence and black
population size. HIV-AIDS statistics in 2015 are described in Table 2.

Table 2: HIV -AIDS statistics in South Africa (2015)

Number of people living with HIV 6,800,000
Adults aged 15 to 49 prevalence rate 18.9%
Adults aged 15 and up living with HIV 6,500,000
Women aged 15 and up living with HIV 3,900,000
Children aged 0 to 14 living with HIV 340,000
Deaths due to AIDS 140,000
Orphans due to AIDS aged O to 17 2,300,000
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CHAPTER 1 SECTION A —INTRODUCTION TO HIV AIDS DRUGS

1A.5. About the virus

HIV stands for human immunodeficiency virus. HIV is a virus spread through certain body
fluids that attack the body's immune system, specifically the CD4 cells, often called T
cells. Over time, HIV can destroy so many of these cells that the body can't fight off
infections and disease. These special cells help the immune system fight off infections.
Untreated, HIV reduces the number of CD4 cells in the body. This damage to the immune
system makes it harder and harder for the body to fight off infections and other diseases.
1A.6. HIV structure

HIV is a round, ball-shaped virus (Figure 1 and 2). It has two single strands of RNA for its
genome. The RNA is used to carry the genetic information that is passed on when new
HIV particles are produced. This is different than a normal cell, which uses DNA to carry
its genetic information.

The outermost layer of the HIV particle is the envelope (Figure 1). The envelope takes
part of the host cell's membrane as the virus leaves to make a membrane for itself. The
envelope also has some proteins in it that help the virus invade the next host cell. One
protein, gp120, helps the virus to attach to the CD4 receptor on the host cell. The other
protein, gp41l, helps the virus fuse with the cell membrane and enter the cell. The gp
stands for glycoprotein, which is a protein with a carbohydrate attached while number 41

or 120 tells how big the protein is.
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CHAPTER 1 SECTION A —INTRODUCTION TO HIV AIDS DRUGS

gp120
gp41 lipid layer

host cell protelns ‘ ' y’ / p17 matrix antigen

|ntegrase

HIV-RNA

reverse
transcriptase

Key to Terms

HIV capsid: HIV's bullet-shaped
core that contains HIV RNA

HIV envelope: Outer surface of HIV

HIV enzymes: Proteins that carry
out steps in the HIV life cycle

HIV glycoproteins: Protein “spikes”
embedded in the HIV envelope

HIV RNA: HIV's genetic material

HIV Glycoproteinsj

Figure 2: 3D structure of HIV virus [}
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CHAPTER 1 SECTION A —INTRODUCTION TO HIV AIDS DRUGS

Inside the envelope is the viral matrix. The p17 in the matrix (p stands for protein) helps
hold the envelope proteins gp120 and gp41 to the rest of the virus. Inside the matrix is
the viral core, made up of p24. The core houses the viral genome, as well as enzymes
that the virus will need to replicate in the host cell.

1A.7. HIV replication

HIV gradually destroys the immune system by attacking and killing CD4 cells. CD4 cells
are a type of white blood cell that plays a major role in protecting the body from infection.
HIV uses the machinery of the CD4 cells to multiply (Figure 3) (make copies of itself) and
spread throughout the body. This process, which includes seven steps or stages, is called
the HIV life cycle. HIV medicines protect the immune system by blocking HIV at different

stages of the HIV life cycle.

& I\ x

f

Figure 3: Formation of new HIV viral particle (@

ESCRT-I

ESCRT-II

Producer cell

Like all viruses, HIV isn't considered a living entity because it requires a host cell in order
to replicate. When HIV enters a cell, one of the first things it needs to do is reverse
transcription of its RNA genome. Normally, biology tells us that DNA is converted to RNA
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in a process called transcription. However, HIV does this backwards and converts RNA
to DNA. This is where the name retrovirus comes from - retro means backwards. HIV
uses one of the enzymes it brings with it in its matrix, called reverse transcriptase, to do
this function.

After the DNA has been made, the next step in the virus' life cycle is integration. The
newly made DNA is inserted into the host cell's own genome. This means that even if HIV
is not actively making new virus particles, its genetic information is being copied every
time the infected cell replicates. This is one of the reasons why it is so difficult to get rid
of an HIV infection; the virus can hide in these so-called reservoirs when the environment
is not good for making new viruses. Once the environment has improved, it can reactivate
and make more viruses and so on.

Once the HIV DNA has integrated into the host cell's DNA, the virus can start to replicate.
For this, HIV uses the host cell's replication machinery to turn its DNA into viral RNA. The
viral RNA is then translated into protein. All of the proteins that the virus needs will be
made at this stage, including the envelope, matrix, core proteins, as well as the reverse
transcriptase enzyme. These proteins, along with the RNA, pack together to form new
viral particles that will be released to start the infectious process all over again.

The seven stages of the HIV life cycle (Figure 4) are binding, fusion, reverse transcription,
integration, replication, assembly and budding.

Binding and fusion: HIV begins its life cycle when it binds to a CD4 receptor and one of
two co-receptors on the surface of a CD4+ T-lymphocyte. The virus then fuses with the

host cell. After fusion, the virus releases RNA, its genetic material, into the host cell.
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Reverse Transcription: An HIV enzyme called reverse transcriptase converts the single-
stranded HIV RNA to double-stranded HIV DNA.

Integration: The newly formed HIV DNA enters the host cell's nucleus, where an HIV
enzyme called integrase "hides" the HIV DNA within the host cell's own DNA. The
integrated HIV DNA is called a provirus. The provirus may remain inactive for several
years, producing few or no new copies of HIV.

Replication: When the host cell receives a signal to become active, the provirus uses a
host enzyme called RNA polymerase to create copies of the HIV genomic material, as
well as shorter strands of RNA called messenger RNA (mRNA). The mRNA is used as a
blueprint to make long chains of HIV proteins.

Assembly: An HIV enzyme called protease cuts the long chains of HIV proteins into
smaller individual proteins. As the smaller HIV proteins come together with copies of HIV's
RNA genetic material, a new virus particle is assembled.

Budding: The newly assembled virus pushes out "buds" from the host cell. During
budding, the new virus steals part of the cell's outer envelope. This envelope, which acts
as a covering, is studded with protein/sugar combinations called HIV glycoproteins. These
HIV glycoproteins are necessary for the virus to bind CD4 and co-receptors. The new

copies of HIV can now move on to infect other cells.
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The HIV Life Cycle

HIV medicines in six drug classes stop @ HIV at different stages in the HIV life cycle.

0 Binding (also called Attachment): HIV binds
(attaches itself) to receptors on the surface of a CD4 cell.

@ cCRrS Antagonist

9 Fusion: The HIV envelope and the CD4 cell membrane
fuse (join together), which allows HIV to enter the CD4 coll,

@ Fusion inhibitors

Reverse Transcription: inside the CD4 cell, HIV releases and uses
reverse transcriptase (an HIV enzyme) to convert its genetic
material—HIV RNA—into HIV DNA. The conversion of HIV RNA to HIV DNA
allows HIV to enter the CD4 cell nucleus and combine with the cell's genetic
material—cell DNA,

& Non-nucleoside reverse transcriptase inhibitors (NNRT1s)
& Nucleosid iptase inhibitors (NRTIs)

Replication: Once integrated into the CD4 cell DNA, HIV begins to
use the machinery of the CD4 cell to make long chains of HIV proteins,
The protein chains are the building blocks for more HIV,

Integration: Inside the
CD4 coll nucleus, HIV
releases integrase (an HIV
enzyme). HIV uses integrase
to insert (integrate) its viral
DNA into the DNA of the
CD4 coll,

@ Integrase inhibitors

proteins and HIV RNA
move to the surface of the cell
and assemble into immature

(noninfectious) HIV.

7 Budding: Newly formed immature (noninfectious)
HIV pushes itself out of the host CD4 cell. The new »
HIV releases protease (an HIV enzyme). Protease acts to
break up the long protein chains that form the immature
virus. The smaller HIV proteins combine to form mature
(infectious) HIV.

& Protease inhibitors (Pls)

Figure 4: HIV life cyclel

10|Page



CHAPTER 1 SECTION A —INTRODUCTION TO HIV AIDS DRUGS

1A.8. Classification of HIV

HIV is a member of the genus lentivirus,['% part of the family retroviiridae. 1 Lentiviruses
have many morphologies and biological properties in common. Many species are infected
by lentiviruses, which are characteristically responsible for long-duration illnesses with a
long incubation period.[*?l Lentiviruses are transmitted as single-stranded, positive-
sense, enveloped RNA viruses. Upon entry into the target cell, the viral RNA genome is
converted (reverse transcribed) into double-stranded DNA by a virally encoded reverse
transcriptase that is transported along with the viral genome in the virus particle. The
resulting viral DNA is then imported into the cell nucleus and integrated into the cellular
DNA by a virally encoded integrase and host co-factors. 13 Once integrated, the virus
may become latent, allowing the virus and its host cell to avoid detection by the immune
system. Alternatively, the virus may be transcribed, producing new RNA genomes and
viral proteins that are packaged and released from the cell as new virus particles that

begin the replication cycle anew.

1A.9. Types of HIV

Each time HIV replicates (by infecting a new cell), small changes or mutations may
occur. This means there are many different forms of HIV, included within the body of a
single person living with HIV. Two types of HIV have been characterized: HIV-1 and HIV-
2. HIV-1 is the virus that was initially discovered and termed both LAV and HTLV-III. HIV
type 1 and HIV type 2 are two distinct viruses. Worldwide, the predominant virus is HIV-
1, and generally when people talk about HIV without specifying the type of virus they are
generally referring to HIV-1.The relatively uncommon HIV-2 virus is concentrated in West

Africa, but has been seen in other countries. It is less infectious and progresses slower
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than HIV-1. While commonly used antiretroviral drugs are active against HIV-2, optimum

treatment is poorly understood. 114

HIV Types and Strains

......... E HIV-1 Group M e

strain of HIV that is responsible for the global

HIV epidemic.

Figure 5: Subtypes of HIV [1°]

The strains of HIV-1 can be classified into four groups (Figure 5). The most important
group, M, is the ‘major' group and is responsible for the majority of the global HIV
epidemic. The other three groups are N, O and P. They are quite uncommon and only
occur in Cameroon, Gabon and Equatorial Guinea.

Subtypes within HIV-1 group M

Within group M there are known to be at least nine genetically distinct subtypes of HIV-1.
These are termed subtypes A, B, C, D, F, G, H, J and K.

Additionally, different subtypes can combine genetic material to form a hybrid virus,
known as a ‘circulating recombinant form’ (CRFs), of which quite a few have been
identified. ¢! The dominant HIV subtype in the Americas, Western Europe and
Australasia is subtype B. As a result, the great majority of HIV clinical research has been
conducted in populations where subtype B predominates. However, this subtype

represents only 12% of global HIV infections. In contrast, less research is available for
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subtype C, although just under half of all people living with HIV have subtype C. It is very
common in the high prevalence countries of Southern Africa, as well as in the horn of
Africa and India. The greatest diversity of subtypes is found in Cameroon and the
Democratic Republic of Congo; the region where the HIV-1 epidemic originated.
However, these geographical patterns in the distribution of subtypes are changing over

time, due to migration and the mixing of populations.

1A.10. Drugs for HIV/AIDS

The drugs used to treat HIV are called antiretroviral drugs and referred to as ARVs.
Combination antiretroviral therapy (cART) is referred to as ‘highly active ART’ (HAART).
Combination therapy helps prevent drug resistance. ARVs reduce the viral load, the
amount of virus in your bloodstream, but are not a cure. A blood test measures the viral

load.
Antiretroviral drugs are used for:

ART  (Antiretroviral Therapy)

PMTCT (Prevention of Mother To Child Transmission)
PEP (Post Exposure Prophylaxis)

PrEP (Pre Exposure Prophylaxis)

HAART (Highly Active Antiretroviral Therapy)
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1A.11. Types of antiretroviral drugs
There are six main antiretroviral drug classes currently used to construct first-line

treatment regimens:

(i) NRTI's (nucleoside reverse transcriptase inhibitors)

(i) NtRTI's (nucleotide reverse transcriptase inhibitors)

(iii) NNRTI’s (non-nucleoside reverse transcriptase inhibitors)

(iv) PI's (protease inhibitors)

(v) Fusion and entry inhibitors

(vi) Integrase inhibitors

(i) Nucleoside reverse transcriptase inhibitors (NRTI’s)

Discovery and development of nucleoside reverse-transcriptase inhibitors (NRTI’s) began
in the 1980s. The first NRTI was Zidovudine (AZT) which was synthesized by Horwitz at
the Michigan Cancer Foundation in 1964. It was approved by the U.S. Food and Drug
Administration (FDA) in 1987. The 3"hydroxyl group in the deoxyribose ring of thymidine
is replaced by an azido group, which gives Zidovudine (8. Further, NRTI's were
developed by modifications on purine and pyrimidine bases. Table 3 describes the NRTI's

structure, brand names and their dosage.
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Table 3: Some of the approved NRTI’s drugs and their dosage

Drug Name

Structure

Brand Name

Dosage

Lamividine (3TC)

Epivir

300 mg once daily

Abacavir

Ziagen

300 mg BID

Zidovudine (AZT)

Retrovir

300BID

Emtricitabine

Emtriva

200 mg oral capsule
once daily
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Mechanism of action

NRTI’'s works by selectively inhibiting HIV's reverse transcriptase, the enzyme that the
virus uses to make a DNA copy of its RNA. Reverse transcription is necessary for the
production of HIV's double-stranded DNA, which would be subsequently integrated into

the genetic material of the infected cell.

Cellular enzymes convert NRTI’s into the effective 5'-triphosphate form. NRTI’s activated
in the cell by the addition of three phosphate groups to their deoxyribose moiety, to form
NRTI triphosphates. This phosphorylation step is carried out by cellular kinase enzymes.
Studies have shown that the termination of HIV's forming DNA chains is the specific factor

in the inhibitory effect.
Adverse reactions

The NRTI’s can interfere with mitochondrial DNA synthesis and lead to high levels of
lactate and lactic acidosis, liver steatosis, peripheral neuropathy, myopathy and
lipoatrophy. 1271 Current first line NRTI’s such as lamivudine/emtricitabine, tenofovir and

abacavir are less likely to cause mitochondrial dysfunction. [18:1°]

(ii) Nucleotide reverse transcriptase inhibitors NtRTI's

Nucleoside analogs are converted into nucleotide analogs in the human body by
dephosphorylation and act through the same mechanism of action. Tenofovir is a
'‘prodrug’ activated by the enzymes in the human body, allowing a low dose of tenofovir
to reach the site of desired activity. It is approved in the USA for the treatment of both HIV

and hepatitis B. Adefovir is not approved by the FDA for treatment of HIV due to toxicity
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issues, but a lower dose is approved for the treatment of hepatitis B. Table 4 describes

some of the approved NtRTI’s drug structures, brand names and their dosage.

Table 4: Some of the approved NtRTI’s drugs and their dosage

Drug Name Structure Brand Name Dosage
NH,
N =
N
< y
N™™N
Tenofovir 0 L Viread 300 mg once
L
HO
5
HO o
//""---\_P/
NH o \
_ 2 ~""9% on _
Adefovir. NJ\\/[N> Preveon 10 mg once daily
| 4
kN/ N
6

Adverse drug reactions

Tenofovir mainly causes acute renal insufficiency, nausea, vomiting, diarrhea, abdominal

discomfort, gastrointestinal symptoms and these are worse in lactose intolerant patients

(Tenofovir formulated by lactose). Adefovir more common side effects are dark urine,

general tiredness and weakness, light-colored stools, nausea and vomiting, upper right

abdomen or stomach pain, yellow eyes and skin.
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(iii) Non nucleotide reverse transcriptase inhibitors NNRTI’s

Non-nucleoside reverse-transcriptase inhibitors (NNRTI’s) are antiretroviral drugs used
in the treatment of human immunodeficiency virus (HIV). NNRTIs inhibit reverse
transcriptase (RT), an enzyme that controls the replication of the genetic material of HIV.
RT is one of the most popular targets in the field of antiretroviral drug development 8],
Discovery and development of NNRTI's began in the late 1980s. 2% Table 5 described

some approved NNRTI’s drugs structure, dosage and brand names.

Table 5: Some of the approved NNRTI’s drugs and their dosage

Drug Name Structure Brand Name Dosage
Q 200 mg BID
. . X NH or
Nevirapine \ _ N Viramune
N~ 'N N= 400 mg once
A daily
7

600 mg once
Sustiva daily, at or

before bedtime

Efavirenz
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Mechanism of action

The NNRTI's class of antiretroviral drugs are small hydrophobic chemical compounds that
have a high affinity for a hydrophobic binding pocket located near the active site of the
HIV reverse transcriptase enzyme. The binding causes the conformational change in the
three-dimensional structure of the enzyme. This affects the catalytic activity of the enzyme
and blocks the HIV-1 replication by inhibiting the polymerase active site (Figure 6). The
global conformational change additionally destabilizes the enzyme on its nucleic acid

template and reduces its ability to bind nucleotides.?!l The transcription of the viral RNA

is inhibited and therefore the replication rate of the virus reduces.??

NNRTI ﬂ Reverse
transcriptase

Pocket

Drug-sensitive virus

RINA

NNRTI

NNRTI

binding ————»

blocked
Drug-resistant virus

Normal DNA
pelymerization

Copyright © 2004 Massachusetts Medical Society. All right reserved.

Figure 6: Mechanism of action of NNRTI's [23]
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Adverse effects

NNRTIs are generally safe and well tolerated. The main reason for discontinuation
of efavirenz is neuro-psychiatric effects including suicidal tendancies. Nevirapine can

cause severe hepatotoxicity, especially in women with high CD4 counts.[?4

(iv) Protease Inhibitors (PI’s)

They are highly effective against HIV and since the 1990s, have been a key component
of anti-retroviral therapies for HIV/AIDS.[?526] Table 6 described the approved Pl's

structure, brand names and dosage.
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Table 6: Some of the approved PI's drugs and their dosage

Drug Name Structure Brand Name | Dosage

/IN /(L/
X
HN™ ~O
Atazanavir O N NH Reyataz 400 mg
HNS % once daily
o/go

0
S
e
Darunavir Prezista 800 mg

once daily

Fosampren Telzir / Lexiva | 1400 mg

avir BID
R = H; Amprenavir
R = H,PO3; Fosamprenavir

11

Mechanism of action

HIV protease inhibitors are peptide-like chemicals that competitively inhibit the action of
the virus aspartyl protease. These drugs prevent proteolytic cleavage of HIV Gag and

polyproteins that include essential structural and enzymatic components of the virus
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(Figure 7). This prevents the conversion of HIV particles into their mature infectious form.

[27]

revents release of
individual core proteins
Immaturg: p P and subsequent
viral particle Q% maturation of virus
\ o

Protease
inhibitor

Multi-protein Viral

Protease RNA
enzyme

molecule

Figure 7: Mechanism of action of protease inhibitors 28]
Adverse effects

Protease inhibitors (PIs) are often given with ritonavir, a strong inhibitor of cytochrome
P450 enzymes, leading to numerous drug-drug interactions. They are also associated
with lipodystrophy (peripherals fat loss), elevated triglycerides and elevated risk of heart

attack indirect hyperbilirubinemia, hyperglycemia, hyperlipidemia and skin rash.[?°]
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(v) Fusion and entry inhibitors

There is a single licensed fusion inhibitor enfuvirtide, (T-20), developed by Roche and

Trimeris. Since T-20 is a protein that would be destroyed by acids in the stomach, it must

be administered by injection.l*%-33] Table 7 described FI's drug structure, brand name and

its dosage.

Table 7. Approved FI's drug and the dosage

Drug Structure Brand | Dosa
Name Name ge
OH 0 OH
g O OT—{ 0 H O OHH 0 H O H OH
)Lu N ﬁ N H N ﬁ N EI N Ay Nr
0 Mgl O 0 e 0 R
0. OH N=/ NH2 % 0
. o 0, o 07~0H 0
N N NH
0 0 HHN N N N N H HN 0
N7\ N 0 N
O~ ML 7o 0o H Lo H )o H
0 NH
HO o NHz N, A L 9
Enfuvirtide w2 B[ S By Fuzeon mg
b R o twice
H -
0 A O’ An N N 04
NH, HN a day
HN
07N\ -NH,
L
12
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Mechanism of action

In order to enter a host cell, HIV must bind to two separate receptors on the cell’s surface.
First, the gp120 glycoprotein on HIV’'s envelope binds to the CD4 receptor, which is
present on various types of immune cells including CD4 T-cells. When this is
accomplished, gp120 must then bind to a second co-receptor. HIV-1 can use two
chemokine co-receptors, CCR5 or CXCR4. Once HIV has attached to both CD4 and a
co-receptor, its envelope can fuse with the host cell membrane and release viral
components into the cell. After HIV’'s gp120 envelope glycoprotein attaches to a CD4
receptor and a co-receptor on the cell, a different glycoprotein, called gp41, is exposed.
The glycoproteins then undergo shape changes that bring the virus and the cell closer
together, allowing them to fuse, bind to the gp41 glycoprotein and prevents the shape

changes that enable virus-cell fusion.

Adverse drug reactions
More common side effects include injection site reactions; erythema, cysts, and nodules
at injection sites, neutropenia, the possible increased frequency of pneumonia.

(vi) Integrase inhibitors

Integrase inhibitors, also known as integrase strand transfer inhibitors (INSTIs), are a
class of antiretroviral drug designed to block the action of the integrase enzyme. The first
integrase inhibitor raltegravir was approved by the FDA on October 12, 2007. Some of

the approved INSTI’s drugs and their dosage described in Table 8.
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Table 8: Some of the approved INSTI’s drugs and their dosage

14

Drug Name Structure Brand Name | Dosage
O
N\N \N OH F
. — N R IO 400 mg
Raltegravir O N Isentress
o o BID
13
50 mg
once
OH O -
F NN N - daily
Dolutegravir H /j Tivicay or
\©\/N N N%\O
E o H 50 mg
BID

Mechanism of action

Integrase inhibitors, also known as integrase strand transfer inhibitors (INSTIs), are a

class of antiretroviral drug designed to block the action of integrase, a viral enzyme that

inserts the viral genome into the DNA of the host cell. The mechanism of action of

Integrase inhibitors is explained in Figure 8, since integration is a vital step in retroviral

replication, blocking it can halt further spread of the virus. Integrase inhibitors were initially

developed for the treatment of HIV infection, but they could be applied to other

retroviruses.
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Figure 8: Mechanism of action of Integrase inhibitor (34
Adverse effects

Integrase inhibitors (INSTIs) are among the best tolerated of the antiretroviral with
excellent short and medium term outcomes. Given their relatively new development, there
is less long term safety data available. They are associated with an increase in creatinine

kinase levels and rarely myopathy.

1A.12. Drug combinations

Combinations of antiretrovirals create multiple obstacles to HIV replication to keep the
number of offspring low and reduce the possibility of a superior mutation. If a mutation
that conveys resistance to one of the drugs being taken arises, the other drugs continue
to suppress reproduction of that mutation. With rare exceptions, no individual antiretroviral
drug has been demonstrated to suppress an HIV infection for long; these agents must be
taken in combinations in order to have a lasting effect. As a result, the standard of care

is to use combinations of antiretroviral drugs. Combinations usually consist of three drugs

26| Page



CHAPTER 1 SECTION A —INTRODUCTION TO HIV AIDS DRUGS

from at least two different classes described above.[*® This three drug combination is
commonly known as a triple cocktail.*¥ Combinations of antiretrovirals are subject to
positive and negative synergies, which limit the number of useful combinations. In recent
years, drug companies have worked together to combine these complex regimens into
simpler formulas, termed fixed-dose combinations.®] Commercial fixed dosage
combinations are described in Table 9 while Table 10 explains drug combinations in

special cases.

Table 9: Commercial fixed-drug combinations

Zidovudine + lamivudine Combivir
Zidovudine + abacavir Epzicom
Zidovudine + lamivudine + abacavir Trizivir
Tenofovir + emtricitabine Truvada
Tenofovir + emtricitabine + efavirenz Atripla
Stavudine + lamivudine + nevirapine Triomune
Lopinavir + ritonavir Kaletra
Rilpivirine + tenofovir/ emtricitabine Complern
Elvitegravir + cot_)i_cistgt + tenofovir + Stribild
emtricitabine
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Table 10: Drug combinations in special case

Pregnant women AZT+3TC+EFV
HIV+TB AZT or TDF +3TC or FTC +EFV
HIV+HBV TDF+3TC or FTC+EFV or NVP

1A.12.1. Advantages of combination therapy

i) Synergism: The interaction or cooperation of two or more substances to
produce a combined effect greater than the sum of their separate effects.

i) Reduced toxicity.

iii) Prevent resistance.

1A.12.2. General combinations
i) 2 NRTI + 1 NNRTI
i) 1 NRTI + 1 NtRTI + 1 NNRTI
iii) 2 NRTI + boosted PI
iv) 1 NRTI + 1 NtRTI + boosted PI

v) 3 NRTI (One must be Abacavir)
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1A.13. WHO guidelines for treatment

As per WHO guidelines for HIV/AIDS, first line treatment should consist of at least two
nucleoside reverse transcriptase inhibitors and one protease inhibitor or efavirenz, and
the second line treatment should consist of a boosted protease inhibitor and two
nucleoside reverse transcriptase inhibitors. Some of the first and second line drugs listed

in Table 11.

Tablell: First and second line HIV/AIDS drugs

AZT+d4T+3TC ABC+TDF+AZT

NVP+EFV NFV+IND

1A.14. Introduction to efavirenz

Efavirenz (EFV, brand names Sustiva, Stocrin, Efavir) (Figure 9) is a non-nucleoside
reverse transcriptase inhibitor (NNRTI) and is used as part of a highly active antiretroviral
therapy(HAART) for the treatment of a human immunodeficiency virus (HIV) type 1.

For HIV infections that have not previously been treated, the United States Department
of Health and Human Services Panel on antiretroviral guidelines currently recommends
the use of efavirenz in combination with tenofovir/emtricitabine (Truvada) as one of the
preferred NNRTI in the adults and adolescents. Efavirenz is also used in combination with
other antiretroviral agents as part of an expanded post exposure prophylaxis regimen in
order to reduce the risk of HIV infection in people exposed to a significant risk (e.g. needle

stick injuries, certain types of unprotected sex etc.). The usual adult dose is 600 mg once
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a day. It is wusually taken on an empty stomach at bedtime to

reduce neurological and psychiatric adverse effects.

SUSTIVA

SUSTIVA

Figure 9: Efavirenz drug image

1A.14.1. History
Efavirenz was approved by the FDA on September 21 1998, as the 14th approved
antiretroviral drug and the European license was granted in May 1999. Efavirenz, formerly

known by the codename DMP 266, was developed by Du Pont Pharma.

Efavirenz is marketed by Bristol-Myers Squibb under the trade name Sustiva in the United
States, United Kingdom, Ireland, France, Germany, Italy and Spain. The trade
name Stocrin is used by Merck Sharp & Dohme, who market the drug in other European
countries, Australia, Brazil, Latin America, South Africa and other regions. Generic
versions are manufactured in India as Efavir (made by
Cipla), Estiva (Genixpharma), Viranz (Aurobindo) and Efferven (Ranbaxy).

Efavirenz chemically known as (4S)-6-chloro-4-(cyclopropylethynyl)-1,4-dihydro-4-
(trifluoromethyl)-2H-3,1-benzoxazin-2-one, is a highly potent non-nucleoside reverse

transcriptase inhibitor (NNRTI). A number of compounds are effective in the treatment of
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the human immunodeficiency virus (HIV) which is the retrovirus that causes progressive
destruction of the human immune system. Effective treatment through inhibition of HIV
reverse transcriptase is known for non-nucleoside based inhibitors. Benzoxazinones
have been found to be useful non-nucleoside based inhibitors of HIV reverse
transcriptase, efficient synthetic processes for its production needs to be developed. Even
though many prior art processes report the method for the preparation of efavirenz, each
process has some limitations with respect to yield, purity, plant feasibility etc. Hence in
view of the commercial importance of efavirenz, there remains need for an improved

process.

1A.14. 2. Effectiveness

Efavirenz is a powerful anti-HIV drug, taken in combination with other antiretroviral drugs.
It has been proven to reduce HIV-1 viral load to below 400 copies/mL within six months
in 60 to 80% of people who have not previously taken any HIV treatments. Efavirenz is
not active against HIV-2.

Efavirenz’s potency was demonstrated in clinical studies, in which efavirenz was found to
be superior to indinavir (Crixivan),®8 when either drug was combined with AZT
(zidovudine, Retrovir) and 3TC (lamivudine, Epivir). After three years, more patients
taking efavirenz maintained viral suppression, even in patients with viral loads above
300,000 copies/mL before treatment began. Researchers have estimated that the
average time to virological failure on efavirenz, AZT and 3TC is six years, based on long-
term follow-up of this study.[9

Efavirenz-based treatment is also effective in patients starting therapy with CD4 cell

counts below 100 cells/mm3.[*0l However, its efficacy has not been assessed in patients
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starting with CD4 cell counts below 50 cells/mm? or after failure of protease inhibitor-
containing regimens.

A large-scale, comparative study called ACTG 384, was completed in 2002. It found that
efavirenz, AZT and 3TC was the preferred first-line therapy in terms of antiviral efficacy
and toxicity after 144 weeks of follow-up.[*42 In addition, two observational studies have
suggested that people taking efavirenz are more likely to achieve and sustain
undetectable viral load than those taking a protease inhibitor.*344 Similarly, a
retrospective study based in San Francisco has shown that first-line anti-HIV drug
regimens containing efavirenz give better survival outcomes than any other combinations
available prior to 2002.1%1 Another randomized study, which compared efavirenz with d4T
(stavudine, Zerit) and ritonavir (Norvir) boosted amprenavir (Agenerase) when taken in
combination with AZT and 3TC, has also favored efavirenz as first-line treatment.[l
Similarly, efavirenz is more likely to suppress viral load than the protease inhibitor
nelfinavir (Viracept) when combined with d4T and ddl (didanosine, Videx), although the
two drugs have similar immunological outcomes. ]

There is some dispute about the comparative efficacy of the non-nucleoside reverse
transcriptase inhibitors efavirenz and nevirapine (Viramune). The randomized 2NN study
showed that nevirapine was not inferior to efavirenz, although the participants taking
efavirenz experienced fewer side-effects.[*8l The quality of life was also similar in patients
taking nevirapine and efavirenz.!*?l Despite this, based on several large cohort studies
that have found efavirenz to be superior to nevirapine in terms of efficacy and rebound
rates, United States treatment guidelines recommend efavirenz as the preferred NNRTI

in first-line treatment.[50-52 British guidelines do not endorse efavirenz as the superior
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NNRTI and suggest that drug choices should be individualized, however this clearly
makes treatment more complicated.

There is a growing body of research indicating that switching to efavirenz from a protease
inhibitor is an effective strategy. For example, one large randomized study found that the
likelihood of adhering to the drug regimen and maintaining viral suppression after one
year was greater among people who substituted efavirenz for a protease inhibitor than
those who continued on protease inhibitor therapy.>3 Results from a Swiss HIV Cohort
also indicate that people who switch from a protease inhibitor to efavirenz are more likely
to maintain virological control one year after switching, although a recent study has
suggested that this may be due to better adherence associated with a regimen that is
easier to take.[>*55]

Further information on this came from results of ACTG 5142.56] This is a multicentre open-
label randomized 96-week study of 753 treatment-naive patients with viral load over 2000
copies/mL and any CD4 count. At the start of the study, the median viral load was
approximately 100,000 copies/mL and the median CD4 cell count was 182 cells/mm?,
suggesting that the study population had relatively advanced HIV disease, and was
starting treatment somewhat later than current guidelines recommend.

Patients received one of three regimens: efavirenz + 2 NRTIs, Kaletra (LPV/r) + 2 NRTIs,
or an NRTI-sparing combination of efavirenz and Kaletra. The NRTI options were 3TC or
FTC combined with stavudine (d4T), TDF, or zidovudine (ZDV). By intent-to-treat
analysis, 89% of the participants receiving efavirenz-based triple therapy had viral loads
below 50 copies/mL after 96 weeks, as compared with 77% receiving Kaletra-based triple

therapy.
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The researchers were unclear why fewer participants on Kaletra-based triple therapy
achieved viral loads below 50 copies/mL at week 96, compared with those on efavirenz-
based triple therapy, since they found that the time to treatment-limiting toxicity was
similar for all, and the proportion of grade 3 or 4 clinical adverse events was similar in
each, at around 20%.

There is evidence to suggest that efavirenz penetrates the cerebrospinal fluid that
surrounds the brain and the spinal cord and that it may be effective against HIV in the
brain. One small study found that efavirenz-containing drug combinations reduced the
amount of HIV in the cerebrospinal fluid to below 400 copies/mL over 26 weeks.”l There
is also evidence that a combination containing efavirenz can reduce HIV in the lymph
tissue to very low levels.[8l

HIV-positive African Americans taking efavirenz are less likely to experience
immunological failure than Caucasians, which may be due to a high prevalence of a
genetic variant that slows down clearance of the drug.5%6% This variant also means that
patients stopping efavirenz treatment who have this variant are at risk of developing

efavirenz resistance for an extended period, while drug levels fall.[1]

1A.14.3. Adverse drug reactions

Dizziness, trouble sleeping, drowsiness, unusual dreams and trouble concentrating may
frequently occur. These side effects may begin 1-2 days after starting this medication and
usually go away after 2-4 weeks. They are also reduced by taking efavirenz on an empty
stomach at bedtime. Alcohol and street drugs while taking efavirenz may worsen these

side effects.
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1B.1. Definition- flow chemistry

Flow chemistry, sometimes referred to as microchemistry or continuous flow chemistry is
the process of performing chemical reactions in a tube or pipe. Reactive components are
pumped together at a mixing junction and flowed down a temperature controlled pipe or
tubel®?(Figure 10).

In other words, pumps move fluid into a tube, and where tubes join one another, the fluids
contact each other where they mix and subsequently if these fluids are reactive, a reaction

takes place.63!

O

Reagent A :

._ Collect

Reagent B ./ \_/ Ny

Continuous flow reactor chip

Figure 10: Flow reactor general set up

1B.2. Background

Organic synthesis has traditionally been performed in batch, which means in round
bottomed flasks, test tubes, or closed vessels; recently, continuous flow methodologies
in microreactors (Figure 11) have gained much attention from synthetic organic
chemists.[64 851 Until a few years ago, continuous flow processes were a prerogative of
the petrochemical and bulk chemicals industries, where dedicated continuous plants exist

and proved most economical; recently, application of these systems for the preparation
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of fine chemicals, such as natural products ¢ or Active Pharmaceutical Ingredients
(APIs) has become very popular, especially in academia. Although many pharmaceutical
industries still rely on multipurpose batch or semi batch reactors, recently some of the
pharmaceutical companies started using the flow chemistry technology as a result of this
evolution is the increasing number of reactions successfully performed with this technique

and reported in the literature.67]

Figure 11: Evolution of organic reactor [6°]

Continuous flow reactors have been used by chemical engineers for over a century. Only
recently have scaled-down versions become available to the synthetic organic chemist. (8]
Several simple synthetic chemicals produced in large volumes, such as ethylene
dichloride and methanol, are manufactured by highly efficient continuous or semi-
continuous flow processes.!® However, continuous processing is still very limited. Things
have started to change; laboratory-scale flow reactors, which are commonly referred to
as microreactors /%72 a small-diameter device in which the reaction takes place under
rigorously controlled conditions in a confined space. Academic labs are publishing
continuous synthetic routes for drugs and major corporations have announced production

and or processes for production of drugs and drug intermediates by continuous
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processing.[’374 In addition to providing a new way to run reactions and synthesize a very
broad variety of specialty chemicals, including highly functionalized and chiral
compounds, the technology of microreactors is well-suited for combinatorial, high
throughput, rapid screening of catalysts.l”® The great peculiarity of a flow system is very
efficient heat and mass transfer, that allows speeding the reaction rate up so that
productivity is generally greatly improved with respect to the batch system.[]
Advantageously, the flow reactor configuration can also be readily customized to meet
the specific demands of the reaction and the continuous processing requirements. The
construction of the reactor is often modular being assembled from several specialized yet
easily integrated components such as heating and cooling zones, micro-mixers,
residence tubing coils, separators and analysis units. This workflow not only allows for
facile automation and continuous operation of such processes but also enables the
chemist to perform more potentially hazardous and otherwise forbidden transformations
in a safer and more reliable fashion.[’7-82]

Not only is heat transfer favored, but also the heat exchange can be precisely monitored:
due to the small dimensions, it is very easy to apply and remove a heating (or cooling)
source, thus permitting very precise temperature control along the microreactor and
avoiding uncontrolled hazardous exothermic processes. In general, reaction parameters
such as temperature, pressure and flow rate, are more easily set up and monitored with
respect to a batch process, resulting in a more reliable and reproducible process. Due
to the small volume required per experiment, flow processes can be used to perform fast
screening of the reaction conditions, and then, with the optimized conditions in hand, the

reaction can be scaled up. Scaling up a chemical reaction often represents a challenging
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process since many problems may arise (e.g., runaway reactions, inefficient mixing, or
byproduct formation). In principle, the reaction scale up in microreactors is easier than in
batch; three different approaches can be used to produce a large amount of compound:
the easiest one is to run the process longer (scaling-out). Alternatively, multi reactors in
parallel (numbering up) can be used, or the process can be performed on larger
continuous reactors (scaling-up).!®l

Economic analysis of continuous processes has shown large savings (up to 30%) over
equivalent batch-based processes. 4

Researchers from the Novartis-MIT Center for Continuous Manufacturing in Cambridge
(USA) reported on the preparation of aliskiren hemifumarate!®! in that they described that
the batch process requires a processing time of 300 h and 21 unit operations vs the 48 h
and 13 unit operations in the flow process. Those figures result in the automated flow
process having a lower, environmental factor and a reduced footprint. The just mentioned
example clearly testifies for the great potentialities of the flow systems. Continuous flow
synthetic methodologies can also be easily combined with other enabling technologies
leading to improved efficiency. 86!

Given all of these advantages, it is not surprising that continuous processing is emerging
as one of the techniques that can significantly impact the synthesis of APIs (or APIs
intermediates). Recently, the safe manufacturing of organic intermediates and APIs under
continuous flow conditions has been examined in a review by Kappe and coworkers.[®’]
As pointed out by the authors, some synthetic steps that were not permitted for safety
reasons (e.g., use of potentially toxic or explosive intermediates, reactions run under high

pressures, or above the boiling point of the solvent) can now be performed under flow
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conditions with minimum risk. For these reasons flow chemistry can be seen as a novel

technology that opens the way for new synthetic routes of valuable molecules.

1B.3. Types of flow systems

The continuous flow systems reported so far in the literature can be generally divided into
four types, as suggested by Kobayashi and co-workers (Figure 12).88] In type 1, all of the
reagents flow through the reactor, and at the end the product is collected. In type Il, one
of the reactants is supported onto a solid and confined into the reactor; the substrate is
passed through the reactor, and if the reaction goes to completion, the reaction mixture
will contain the desired product only; in effect the supported system assists in product
purification. Both types | and Il do not require the use of any catalyst during the reaction.
In type Ill, a homogeneous catalyst is employed; the catalyst flows through the reactor
together with the reactants, so at the end, a separation step of the product from the
catalyst (and possible byproducts) is required. In type 1V, the catalyst resides inside the
reactor, while the reagents pass by, of course, an immobilization step of the catalyst onto
a solid support is required, but, in principle, no separation of the product from the catalyst

is needed. In addition, through this methodology the catalyst could be easily recycled.
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Figure 12: Types of continuous flow systems!8él

1B.4. Flow reactors: structure and design

In flow chemistry, a chemical reaction is performed in a continuously flowing stream in a

network of interconnecting channels: where they join one another, the fluids come into

contact and the reaction takes place. Flow reactors are generally composed of the

following basic components: one or more fluid control devices which load/pump the

solutions of different reactants to the reactor section, the reactor, that usually can be

heated or cooled, in which reactions can occur under a precise control of temperature

and pressure and suitable reservoirs to collect the resulting mixture (Figure 13).
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Fluid control
devices
Reactor
’
U Reservoir
A B
Reagents

Figure 13: General scheme for a Flow Reactor

Laboratory scale flow reactors can generally be divided into two broad classes on the
basis of channels size and volume: micro- and meso flow reactors. In general, but the
distinction is not so sharp and well defined, micro flow reactors present channel having a
diameter from 10 to 1000 um, whereas meso flow reactors are characterized by larger
channels with diameter up to 10,000 um (1 cm).

A range of materials, including glass, silicon, stainless steel, metals, and polymers have
been used for the construction of flow microreactors, some of them are shown in Figure

14.
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ili ”' :

@ () XXL-318

Figure 14: A) Glass reactor B) stainless steel reactor C) silicon reactor D) polymer reactor

(PTFE tubing)®®

1B.5. Advantages of the flow techniques
The main advantages associated with the flow processes performed in microreactors are

described below:
a) Small dimensions of the channels

In the classical batch reactors (round bottom flasks), the heat control and mass
distribution is generally achieved by the use of hot plate with mechanical stirring. In most
cases however, non-homogeneous temperatures and mixing are obtained with the
formation, in connection with reactor geometry, of concentration gradients and hot spots

that can lead to poor yields and low reaction selectivity.

On the other hand, microreactors assure a rapid and efficient mixing of reagents because

of the continuous and controlled addition of small volumes of reagents, reducing up to
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milliseconds the time required to obtain a homogeneous solution, avoiding the formation
of hot spots.[8%

b) Pressure control: superheating effects
In batch chemistry, the highest reaction temperature that can be obtained depends on the
boiling point of the solvent being used. In flow reactors, working under pressure control,
permits to perform reactions at a temperature higher than the solvent boiling point. Clearly
it is possible to do batch chemistry under pressure, using autoclaves for example, but this
requires the use of highly complex and specialized equipment; flow equipment enables
much easier implementation of such conditions.

c) Accessibility of exothermic reactions
Microreactors are commonly used for exothermic and potentially explosive reactions as,
for example, nitration of aromatic compounds. In fact this reaction is a classical dangerous
exothermic process with a high industrial impact that has benefited from continuous
reactors. Ducry and Robergel®! reported a study on autocatalytic nitration of phenol in
the presence of HNOs in acetic acid and water as solvents. The microreactor technology
is an efficient tool for kilogram scale syntheses in continuous mode and is particularly
effective for hazardous reactions that do not allow scale-up in conventional reactors.

d) Reaction time and higher selectivity yield
Small channel size, accurate pressure control and superheating effects lead to less
reaction time and higher selectivity towards the product.

e) Continuous nature of the process
To the continuous nature of the flow chemistry technique are associated some benefits

which include,
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 Easy scale-up

* Possible use of solid supported reagents or scavenger in-line

» Continuous sequential steps

*Reaction conditions independently varied during the experiment facilitating the

optimization process.

1B.6. Synthesis of APIs by using flow technology

1B.6.1. Synthesis of 2-chloro-3-amino-4-picoline (CAPIC)

McQuade and Gupton ®% in 2013 reported the synthesis of 2-chloro-3-amino-4-picoline
(CAPIC) 17 (Scheme 1), which is a strategic building block for the preparation of
nevirapine 7.

Nevirapine 7 was the first commercially available non-nucleoside reverse transcriptase
inhibitor (NNRTI), and has remained an important medicine in the management of human
immunodeficiency virus (HIV). Nevirapine combined with lamivudine (3TC) and
azidothymidine (AZT) or tenofovir (TDF) is one of the preferred first-line combination drug
therapies recommended by the World Health Organization (WHO).

The investigation for the synthesis of CAPIC 17 started from optimizing the enamine
formation, which is a key step for the synthesis of CAPIC 17. Initial batch studies revealed
that the reaction occurred rapidly (1 h) in toluene heated to 45 °C to produce 15 in 94%
yield, but the product precipitated and these conditions were rejected to avoid reactor
clogging. Based on literature precedent and their own screening, the authors discovered
that DCM was the best solvent for the preparation. They initially investigated the effect of
temperature and concentration, as a result of their findings 93% yield was obtained at 95

°C, at 1.0 M conc, and with a residence time of just 2 min. In comparison, batch method
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with similar concentration conditions in toluene were only complete after 1 h reaction time
with 94% yield.

Then they proceeded to develop an integrated continuous process by coupling the
enamine step with the Knoevenagel condensation (Scheme 1). To achieve this, the
authors included two columns: a packed-bed of Al2O3 to catalyze the first reaction and a
packed bed of 3 A molecular sieves to absorb water before the addition of DMF-DMA
(Scheme 1). Assuming that the Knoevenagel condensation occurred primarily in the
Al203 column, they only varied the temperature of the Al2Os column. As a result the
compound 16 yielded 91%.

After the successful combination of the Knoevenagel/enamine steps, the resulting
enamine 16 solution was treated with HBr in AcOH for 45 min (55 °C) to afford the desired

nicotinonitrile 17, which crystallized out of solution in 81% overall yield.

NC CN DME-DMA NC CN HBr-AcOH | X CN
| | P
J/\ Ac,0,2 min, 93% I/AN/ 45 min, 81% N" Cl

15 16 | 17

Scheme 1: Synthesis of 2-chloro-3-amino-4-picoline (CAPIC) by McQuadelP! et.al

1B.6.2. Synthesis of meclinertant

Although batch processes remain the most used procedure for running chemical
reactions, the use of machine-assisted flow methodologies enables an improved
efficiency and high throughput. A direct comparison between the conventional batch
preparation and flow multistep synthesis of selective neurotensine probe SR48692
(Meclinertant) was reported by Ley and co-workers®? in 2013 (Scheme 2). In this case

study, the authors investigated whether flow technology could accelerate a multistep
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synthesis (i.e., higher yields and/or lower reaction times) and overcome many synthetic
issues (i.e., solid precipitation or accumulation of byproducts). The initial Claisen
condensation between ketone 18 and ethyl glyoxalate in the presence of sodium ethoxide
as base and ethanol as solvent in batch is run at room temperature and the product 19 is
obtained in 60% yield after 3 h stirring. Superheating (115 °C) (heat above solvent boiling
point) the reaction in flow provided a faster alternative: with a residence time of just 22
min gaving the corresponding product 19 in 74% vyield. Subsequently the reaction
between 19 and commercially available hydrazine 20 was performed in DMF in the
presence of concentrated H2SOa. After 52 min of residence time at 140 °C, in a 52 mL
PFA reactor coil, the crude mixture was treated with an aqueous Na2COs3 solution and
then inline extracted through a semipermeable membrane with CH2Cl.. After
crystallization, pyrazole ester 21 was isolated in 89% yield. The corresponding reaction
in batch was conducted in DMF under microwave irradiation at 140 °C for 2 h, gaving
product 21 in a lower yield (70%). The subsequent hydrolysis was performed combining
a THF solution of ester 21 and 3 M aqueous KOH at 140 °C with a residence time of 14
min. The product precipitated, and was isolated by filtration in 90% vyield. In this case, the
corresponding batch hydrolysis afforded product 22 with the same yield (90%); however,
a longer reaction time (1.5 h) was needed. The final amide formation was performed by
reacting acid 22 and protected amino alcohol with triphosgene. An inline Flow-IR
spectrometer was used to monitor the formation of phosgene without exposing the
operator to the toxic gas during analysis. As soon as acyl chloride was formed it was
reacted with protected amino alcohol. The amide formation took place into a 14 mL

stainless steel reactor coil at 100 °C with a residence time of 75 s. Amide 23 was isolated
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in 85% vyield after quenching with NH4Cl and extraction with ethyl acetate. For obvious
safety concerns, avoiding the handling of phosgene and the isolation of the highly reactive
acyl chloride intermediate represents a remarkable improvement with respect to the batch
procedure. Finally, meclinertant 24 was obtained after deprotection of ester 23 by using
a polymer-supported sulfonic acid. The last synthetic step was conducted in batch on a
small scale; however, it could be easily transferred to flow mode by using a column

packed with commercially available polymer-supported sulfonic acid.

NH
m DMF, H,SO,
@\)k ©fu\/Kf( N”  CH,Cl, 142 °C, 52 min,
EtOH, EtONa 89%
22 min, 74% 20
18 115°C
Cl
Cl
Cl Cl o <l
Cl Cl N=
L Ke (\: ?,
N7 <o _KOH. H0 NN coot
X -N 140 °C, 14 min, %.100°C ) Bu

-0 NN 90% 75s,85%,100°C

= o

/
© 23
21 NH; COOtBu
Cl

o N=
De protection with /
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NS
(0]
~
o 24

Scheme 2: Synthesis of meclinertant by Ley!®? et.al
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The wide range of applications and advantages of flow chemistry motivated us to
synthesize our title drug using flow chemistry technology, after establishing our

methodology using traditional batch chemistry.

1B.7. Literature review of Efavirenz
Efavirenz 8 is chemically described as (S)-6-chloro-(cyclopropylethynyl)-1,4-dihydro-4-
(trifluoromethyl)-2H-3,1-benzoxazin-2-one. Efavirenz 8 has a stereogenic quaternary

carbon center bearing a trifluoromethyl group with the (S) configuration (Figure 15).

Efavirenz
8

Figure 15: Structure of efavirenz

1B.7.1. Radesca et.al.[®®l synthesized efavirenz 31 (Scheme 3) from commercially
available and inexpensive 4-chlorophenyl isocyanate 25. The isocyanate reacted with t-
BuOH in toluene under reflux temperature to give N-protected chloroaniline 26 which on
reaction with sec-BuLi at -40 °C, followed by addition of trifluoroacetate to form
trifluoromethyl ketone 27. This tri fluoroketone compound reacts with cyclopropylacetylide
30 in THF at -40 °C and cyclized to get the efavirenz 31 as a racemic compound. Which
is purified by (-)-camphanic acid treatment to the diastereomerically pure (>99.7%)
crystalline pure product. Alternatively the compound 31 also prepared in two other ways
as shown in Scheme below. One is conversion of compound 26 to compound 31 by using

compound 29. Other one from compound 27 to compound 31 by using compound 30.
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Scheme 3: Synthesis of efavirenz 31 by Radesca et.al

1B.7.2. Pierce et.al.’ explained a practical asymmetric synthesis of efavirenz 8 in seven
steps. The synthesis provides analytically pure product in an overall yield of 62%, starting
from commercially available compounds 32-34. Directed ortho metalation of 32-34 with 2
equivalents of n-butyllithium or n-hexyllithium generated the corresponding dianion, which
was quenched with ethyl trifluoroacetate to afford ketoamide 35-37. Then again protection
of amine with p-methoxy benzyl and reacts with (1R,2S)-N-pyrrolidinylnorephedrine 41
and 2 equivalents of lithium-cyclopropyl acetylide 30 followed by cyclization to get

efavirenz 8 (Scheme 4). The author explained the enantioselectivity of the compound

highly depends on the N-protecting group. Excellent enantioselectivities were obtained
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the p-methoxybenzyl-protected keto aniline (98%) and 3,4-dimethoxybenzyl protected

keto aniline (99%), and useful results were obtained with the trityl-protecting group (90%).

1.n-Buli, @]
TMEDA-MTBE ¢ [EU cl
Cl 2.CF,COOEt CF3 30 !
NH-P 87% NH-P OLi
32-34 35-37 Q/S/ND
P = Trityl chloride 41
= p -methoxy benzyl alcohol 98%-74%

= 3,4-dimethoxy benzyl alcohol

DDQ, Toluene S'
NaBH, 94%

R=CI,-OPh-4NO2,0Me

Scheme 4: Synthesis route for efavirenz 8 by Pierce et.al

1B.7.3. Gurjar et.al.l®® reported a novel process for the preparation of efavirenz 8
(Scheme 5) by a process comprising reaction of 5-chloro-a-(cyclopropylethynyl)-2-amino-
(a(trifluoromethyl)benzene 42 with triphosgene in organic solvents like acetonitrile,
acetone or 1,2-dimethoxyethane, in the presence of a base like sodium/potassium
bicarbonates. After completion of the reaction, the reaction was neutralized with an
aqueous alkali carbonate or bicarbonate solution if required. Water was then added to the
reaction mixture and the product separating out was filtered and dried. The product 8 was

obtained in quantitative yield (97%) with high purity.
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Triphosgene/Organic solvent/
agueous inorganic base;
-5°t025°C/2h

Aqueous alkali; PH~ 7
Addition of water

97%

Scheme 5: Synthesis of efavirenz 8 by Gurjar et.al

1.B.7.4. Jiang et.al.’® reported the preparation of the trifluoro ketone (Scheme 6), which
is an important intermediate for the synthesis of efavirenz 8 via a-trifluoromethylstyene
derivative. The trifluoroketone has been synthesized from the reaction between n-
butyllithium and an N-protected aniline with ethyl trifluoroacetate at low temperature. This
process suffers from high cost and strict reaction conditions. The a-trifluoromethylstyene
46 was easily converted into tri fluoroketone 47 in high yield simply by oxidation of the
ethynyl bond using NalO4 and catalytic OsOa4 (0.01 equivalents) in tert-BuOH/H20 (4:1),

followed by hydrogenation over Raney Ni in ethanol.

O
Cl 1.NalO4/0SO,
CF3 M CF3
NO, 2.Hy/Raney-Ni NH,

46 89% 47

Scheme 6: Synthesis of compound 47 by Jiang et.al

1B.7.5. Nicolaou et.al.®lexplained the use of anilines and their derivatives as versatile
starting materials for chemical synthesis and offer rapid access to novel heterocycles like
efavirenz 8. 5-Chloropentyne 48 was converted to tri fluoro ketone 49 in high yields via
its lithium anion with n-butyllithium in toluene (-10 °C) and quenching with trifluoromethyl

acetate. A one-pot procedure from 4-chloro N-Boc aniline 26 involving sequential addition
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of t-BuLi (2.2 equiv), trifluoro ketone 49 (0.9 equiv), LDA (6.0 equiv), and heating in
toluene at reflux proved successful, furnishing efavirenz 8 via compound 51 (Scheme 7)

in 38% overall yield.

n-BuLi; Then
CF3CO,Et
o R C|%CF3
48 49 o
<H/CF3
Cl
NHBoc t-BulLi NHBoc

26

Scheme 7: Synthesis route for efavirenz 8 by Nicolaou et.al

1B.7.6. Shibata et.al.[%! reported the enantioselective trifluoromethylation of an alkynyl
ketone 54 by using the Rupert-Prakash reagent. This is the first method of the synthesis
of efavirenz 8 by using a direct trifluoromethylation approach (Scheme 8). For the
synthesis of efavirenz 8, the authors choose 5-chloro-2-nitrobenzaldehyde 52 as starting
material. The compound 5-chloro-2-nitrobenzaldehyde reacted with cyclopropylacetylide
53 in the presence of ZnClz, TEA, and then reduction using Dess-Martin periodinane in
DCM provided cyclopropyl intermediate compound 54. On reaction with the Rupert-
Prakash reagent and catalytic amount of MesNF with MesSiCFs in toluene/DCM (2:1) to
give (S)-2-(5-chloro-2-nitrophenyl)-4-cyclopropyl-1,1,1-trifluorobut-3-yn-2-ol 55. The nitro
group reduction was successfully achieved by iron in the presence of AcOH in THF/MeOH

solvent (2:1) to furnish the corresponding amino alcohol 42, the enantiopurity of the amino
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alcohol was easily increased from 50-94% ee by a single recrystallization (hexane/DCM).
Treatment of amino alcohol with 4-nitrophenyl chloroformate under basic condition

afforded efavirenz 8 in 94%.

[>——=——~ v
o 53 o Rupert-Prakash reagent F. %

Cl Me,NF(20%) cl Kt
CI H ZnClleEt3 \\ Me3SiCF3 OH Fe/ACOH
Dess-Martin periodinan NO n-Buy,NF/H,0 NO THF/MeOH
NO, DCM; RT, 90% 2 2 izati
> 2 54 55 recrystallization

- A
F
Z

4-Nitrophenyl chloroformate

KHCO4/MTBE/H,0

Scheme 8: Synthesis route for efavirenz 8 by Shibata et.al

1B.7.7. Chen et.al.’® described a method for the preparation of efavirenz 8 (Scheme 9).
The author described a novel chiral acylating agents such as (-)-camphanic acid, (-)-
camphanoyl chloride, or (R)-2-chloro-2-oxo-1-phenethyl pivalate. The stereoselectivity of
the cyclopropylacetylide reaction may be controlled by introduction of an appropriate
chiral carbonyl auxiliary group on the aniline nitrogen.

The Scheme started with keto aniline 47 and fallowed by alkylation in the presence of
compound 29.which gives compound 56. And which undergoes acetylation in the
presence of (-)-camphanic acid to get compound 58 and finally cyclisation to get

compound 8.
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0
Cl
\@CFg
NH,

Cl

oy
o=

@)
<//¥

Wherein R = alkyl or aryl or substituted alkyl or aryl etc..

Scheme 9: Synthesis route for efavirenz 8 by Chen et.al

1B.7.8. Bollu et.al.1% reported a process for the preparation of chiral organometallic
complexes used in the synthesis of efavirenz 8. Firstly the nucleophile 47 is treated with
a chiral additive and dialkyl zinc to form a chiral complex, which then reacts with the
starting material 47 to get compound 42 and finally which is converted to compound 8. It
is an efficient method for the preparation of organometallic complexes used for cyclization
of amino alcohols with high enantioselectivity and high product yields. The chiral additive
is selected from diols, amino alcohols, ethylene diamines, quinines, camphor

sulfonamides, prolines and derivatives (Scheme 10).

Cl D%Mgu
NH,

Chiral additive
Dialkyl zinc

47
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Scheme 10: Synthesis of efavirenz 8 by Bollu et.al

1B.7.9. Carreira et.al.l’®!l reported the catalytic use of the enantioselective isomer as
intermediate (S)-amino alcohol 42 at the outset of reaction. The catalytic reaction benefits
from the presence of product as an auto catalyst, resulting in a more atom-economical
route to efavirenz 8 in 79% vyield and 99.6% ee. Beyond the economic relevance, this
process showcases the first example that employs autocatalysis in the synthesis of a
pharmaceutical agent which may be conducted on large scale. This reaction started from
compound 47, which upon reaction with compound 53 in the presence of compound 42
as auto catalytic agent and finally cyclisation in the presence of di ethyl carbonate to get

final compound 8. (Scheme 11).

O 42
Cl
\dj\m:s 0.18eq (S) ClI
NH, - // 0.24 eq Et,Zn, nHexLi
47 H THF/Tol, 40 °C, 2-12h 42
53
HO N
Ph CH,
60

Scheme 11: Synthesis route for efavirenz 8 by Carreira et.al

1B.7.10. Leganza et.al.['2 have reported the preparation of efavirenz 8 by the reaction
of an amino alcohol 42 with diphosgene in an organic solvent or in a biphasic medium
comprised of an organic solvent and water. The ratio between the organic solvent and
the water phase can range between 0.3:1 to 1:0.3.This reaction can be performed in an

organic solvent such as, for example, hexane, heptane and diethyl ether, diisopropyl
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ether, tetrahydrofuran, dioxane or a mixture of such solvents. Preferably the reaction was
performed in the presence of a weak base in an amount sufficient to neutralize the

reaction mixture (Scheme 12).

+ 4HCI+ H,0 — CO,

Scheme 12: Synthesis of efavirenz 8 by Leganza et.al

1B.7.11. Pal et. al.[*%1 demonstrated a process for the cyclization of the optically pure
(S)-2-(2-amino-5-chlorophenyl)-4-cyclopropyl-1,1,1-trifluoro-3-butyn-2-ol (amino alcohol)
42 using CDI, diphenyl carbonate or triphosgene to give optically pure efavirenz 8. The
major advantage of the improved process is high yield and low cost. The reaction is

carried out in presence of aprotic solvent like THF (Scheme 13).

5 Carbonyldiimidazole(CDI) ClI

Or Diphenyl carbonate
NH, Or Triphosgene

42

Scheme 13: Synthesis of efavirenz 8 by Pal et.al

1B.7.12. Husain et.al.'%4 during attempted biocatalytic resolution of (R/S)5-chloro-a-

cyclopropyl ethinyl)-2-amino-a-trifluoromethyl benzene methanol 61 using lipase B, an

unexpected efavirenz analogue 62 was formed (Scheme 14).
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Y
cl ) FaC 4
OH Lipase solvent cl o
NH, 30 °C, Vinyl acetate HJ\
61 62

Scheme 14: Synthesis route for efavirenz analogue 62 by Husain et.al

1B.7.13. Erick et.al.'%ldescribed an asymmetric autocatalytic synthesis of efavirenz 8
(Scheme 15), for the enantioselective addition of compound 53 to compound 47 to get
compound 42. In this reaction compound 42 acted as catalyst (auto catalyst) in catalytic

amounts to get enantiomerically pure efavirenz 8.

cl 42
CF3 0.18eq (S) ClI
NH; Et,Zn, Base
47 H——E—<]
53

Scheme 15: Synthesis of efavirenz 8 by Erick et.al

1B.7.14. Corley et.al.l'%! explained the use of an ephedrine alkoxide to mediate
enantioselective addition of an acetylide to a prochiral ketone and the synthesis of

efavirenz 8 (Scheme 16).
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36 39

Scheme 16: Synthesis route for efavirenz 8 Corley et.al
1B.7.15. Literature review for the synthesis of efavirenz by flow chemistry

Seeberger et.al.l'] reported a semi-continuous flow synthesis of efavirenz 31 with an
overall yield of 45% from 1,4 dichlorobenzene 63 as described in Lonza’s patent.[%l |n
this synthesis, they used dichlorobenzene 63 as starting material. Further this material 63
was trifluoroacetylated to compound 65 with 87% yield by morpholine trifluoroacetic acid
64. At the end of this trifluoroacetylation reaction, the morpholine byproduct was removed
by using a silica column. The compound 65 upon alkylation with compound 53 at -20°C
afforded compound 66 in 90%. The final step of cyclization was done by using a copper
catalyst, through copper-catalyzed carbamate formation to get a racemic mixture of
efavirenz 31 from compound 66 as shown in Scheme 17. No attempt was made in the

paper towards the chiral purification of the compound.
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FsC

VAR
Jd o H—<]

64 53
C'\@\ n-BulLi ‘Cl\dj\c% n-BuLi
c|] 45°C,87% Cl -20 °C, 90%

63 65 66
cat.[Cu].ligand FsC //
2 equiv NaOCN CI o

toluene, 120 °C, 16h HAO

31

Scheme 17: Synthesis of efavirenz 31 by Seeberger et.al

1B.7.16. Shibata et.al.[1%8] reported a trifluoromethylation reaction in flow by using Rupert
Prakash reagent (Scheme 18). Previously this reaction was reported in traditional batch
chemistry by the same author. This flow process was started from compound 70 which
was trifluoro acetylated by Rupert-Prakash reagent to get compound 71 in 91% vyield. The
yield was improved when compared to the batch process (66%) and this compound 71

claimed as an intermediate for the synthesis of efavirenz 31.

o) CFs
cl “ MesSiCF;  Cl =
AN > OH
NO, DMF, 91% NO,
70 -

Scheme 18: Trifluoromethylation by Shibata et.al
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1B.8. Aim

The aim of this study is to develop an efficient synthetic route for the preparation of
optically pure efavirenz in traditional batch chemistry as well as in flow chemistry.
Previously Seeberger et.al.['%”l reported a semi-continuous flow synthesis of rac-efavirenz
with an overall yield of 45%. Although the R isomer is biologically not active, by
considering this we aimed to synthesize optically pure efavirenz with improved yields in
most economical way, in order to facilitate methodology that would enable local

manufacture of such drugs within Africa.
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CHAPTER 2 SECTION A SYNTHESIS OF EFAVIRENZ TRDITIONAL BATCH CHEMISTRY RESULTS
AND DISCUSSION

2A. Traditional batch chemistry

Efavirenz 8 is a potent, non-nucleoside, reverse transcriptase inhibitor of HIV-1 and has
been used in combination with other antiretroviral drugs (lamivudine, emtricitabine and
tenofovir etc.) for the treatment of HIV infection. Efavirenz 8 has a stereogenic
guaternary carbon center bearing a trifluoromethyl group with the (S) configuration.
Biological evaluation of optically active efavirenz 8 revealed that the (R) enantiomer
exhibits virtually no activity. Therefore, establishment of the quaternary carbon center
with the (S) configuration in an asymmetric manner is one of the main challenges for

the synthesis of efavirenz 8.

As described above the biological importance of efavirenz 8 is highly dependent on
stereochemistry, which prompted us to design an efficient synthesis of stereochemically

pure efavirenz 8 which is described in Scheme 19.

The Scheme proposed below is not fully similar to the any of the methods described in
the literature review, although the intermediates are similar. The aim behind changing

of the conditions and reagents is to make it more economical.
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R F .
Cl / >
Cl\@ (BOC)0 \© 0 0 67 WF
F
NH, DCM/TEA, NLOX n-BuLi, TMEDA, THF NH
H ><
o)\o
68 26 27

OH F 0
Q_;N B 7 OJLO/\ cl
60 o 70
>—=-H NH, DBU, THF
53 56
THF

Scheme 19: Synthesis of efavirenz 8

2A.1. Preparation of starting materials

The synthesis of efavirenz 8 proposed in Scheme 19 required the preparation of four
materials which are not commercially available i.e. cyclopropyl acetylene 53,
cyclopropylethynyl trifluoromethyl ketone 29, piperidine trifluoroacetic acid 67 and N-

pyrrolidinyl-norephidrine 60.

2A.1.1. Preparation of cyclopropylacetylene 53
Firstly cyclopropylacetylene 53 was readily prepared by treating 5-chlorol-pentyne 48

with 2 equivalents of n-butyllithium in THF!1% as described in Scheme 20.
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P n-BuLi
Cla_~_*~ [>—=—~
48 0°Cto 78 °C, e
4 h, 50%

Scheme 20: Preparation of 4-cyclopropylacetylene 53

To a round bottomed flask 5-chloro-1-pentyne 48 in cyclohexane was added and the
temperature of the flask was maintained at O °C, to this n-butyllithium was added drop
wise. During the addition of n-butyllithium a thick precipitate was formed, which was
refluxed for 3 hours at 78 °C. After reaction completion the reaction mixture was cooled
to -10 °C and quenched with saturated ammonium chloride. The layers were separated
and the organic layer was washed with water and dried with Na2SOa. The crude product

distilled to obtain pure compound 53 in 50% yield.

2A.1.2. Preparation of 4-cyclopropyl-1,1,1-trifluoro-but-3-yn-2-one 29

_ n-BulLi 67 F
Cla~_~Z [>—=-H |>—:)J\’<F

Azhs °Cto 78 °C, 53 55°C, 1h
48 40% 29

Scheme 21: Preparation of 4-cyclopropyl-1,1,1-trifluoro-but-3-yn-2-one 29

Compound 29 was prepared as shown in Scheme 21. The n-butyllithium was added to

the 5-chloro-1-pentyne 48 in cyclohexane at -20 °C. The reaction mixture kept at the
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same temperature for 1 hour and then heated to reflux for 3 hours at 78 °C, at this time
a sample was analyzed by GC which indicated the total disappearance of starting
material 48; then the reaction mixture was cooled to -55 °C and piperidine trifluoro acetic
acid 67 was added. After completion of reaction, the reaction mixture was quenched
with 2N HCI. The separated organic layer was washed with water and dried with
Na2SOa. The crude product was evaporated in vacuo and distilled to yield the compound

29 in 40%.

2A.1.3. Preparation of N-piperidine trifluoro acetic acid 67

O O
yk )S{
o}
F F 0O
F F N c
H DCM, TEA
F
67 F

rt, 3-4 h
71 79.8%

Scheme 22: Preparation of N-piperidine trifluoroacetic acid 67

N-Piperidine trifluoroacetic acid 67 was prepared as described in Scheme 22. To the
mixture of compound 71 in DCM and TEA in a round bottomed flask the trifluoroacetic
anhydride was added and this resulting mixture stirred at room temperature for 3-4
hours and after completion of reaction the reaction mixture washed with water, sodium
bicarbonate and dil HCI to remove unreacted starting material. The layers were
separated and the organic layer evaporated in vacuo and the compound 67 obtained

as yellow colored oil with 79.8% yield and this was used without any purification.
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2A1.4. Preparation of (1R,2S)-N-pyrrolidinylnorephedrine 60

H,>N OH
@_27 NaHCO3,toluene
+ g NN BT
o Bf 118 °C, 24 h, 80% Nij
72 73 60

Scheme 23: Preparation of (1R,2S)-N-pyrrolidinylnorephedrine 60

(1R,2S)-N-pyrrolidinylnorephedrine 60 would be required as a ligand for the asymmetric
synthesis and has been reported in the literature.l%8 The alkylation of (1R,2S)-
norephidrine 72 with 1,4-dibromobutane 73 using NaHCOs as base and toluene as
solvent (Scheme 23).[112 The reaction mixture was refluxed for 24 hours at 120 °C. After
reaction completion, inorganic salts were filtered and the filtrate was washed with water
to give the product 60 as a solution in toluene. This solution can be used directly in the
chiral addition step or alternatively, the hydrochloride salt of 60 isolated by the addition

of HCl in 2-propanol solution (0.275 mol) in 80% vyield.
2A.2. Batch Synthesis of efavirenz 8

2A.2.1. Step-1

cl (BOC),0, ZnCl, C'\© o
\CLNH (i) DCM/TEA, RT NJLOX
2 24n, 40% H

68 (i) THF:H,0, 3 h, 92% 26
(iii) PEG-200, 2.5 h, 96%

Scheme 24: Preparation of tert-butyl-4-chloro phenyl carbamate 26
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The synthesis of efavirenz 8 started from 4-chloroaniline 68 which is commercially
available and inexpensive, which initially proceeds through the N-protection as the di-
tert-butyl carbamate (Boc) group. Among the many protecting groups for 4-chloroaniline
68, we choose the di-tert-butyl dicarbamate for the ease of its installment and removal,
as well as its stability under metalation conditions.['*3! Furthermore, the tert-

butoxycarbonyl group (Boc) is easily cleaved under mild anhydrous acidic conditions.

The tert-butyl-4-chlorophenylcarbamate 26 was prepared from 4-chloroaniline 68 as
shown in Scheme 24. The reaction of 4-chloroaniline 68 with di-tert-butyl dicarbamate
afforded tert-butyl 4-chlorophenylcarbamate 26. This reaction was optimized by using

three different reaction conditions and solvents.

Firstly, with dichloromethane as solvent and triethylamine as mild base. Triethylamine
activates the starting material towards the reaction, this reaction typically takes 24 h.
After reaction completion the reaction mixture was poured into ice cold water, where
tert-butyl 4-chlorophenylcarbamate 26 precipitated as white colored solid and the yield
was 40%. Although the isolation process was simple, clearly the yield was not

satisfactory.

We thereafter went ahead and investigated the effect of THF: water as the second
solvent on the same reaction. No effort was made to investigate the optimum ratio of
this solvent system. As such, a ratio of 1:1 THF: water was used. This was found to give
considerably better yield of 92%. This reaction typically took just 3 hours under these
conditions. The compound again precipitated as a white colored solid from water as

described above.
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Finally by a solvent free reaction 114 consisting of 4-chloroaniline 68 and Boc anhydride
in the presence of a little amount of PEG-200 (1mL/g). PEG-200 facilitates the migration
of a reactant from one phase to another phase where the reaction occurs, this reaction
proceeds smoothly with higher conversion when compared to the first two reactions.
PEG-200 was recovered by evaporating the aqueous layer after completion of the
reaction, which could be used for several times without loss of activity; the recovered
PEG-200 from the aqueous phase was used in a second reaction where the product
yield (96%) was maintained the same as the first reaction. This reaction gave higher
conversion than compared to the other two solvents i.e. 96%. The product was collected
by filtration as a white colored solid and characterized by 'H-NMR, *C-NMR, IR and

elemental analysis. Figure 16 describes the effect of solvent on the reaction.

Reaction time(hr)

[Eny
%
N
N

N
(]
1 1

o
N
o
IS
o
[e)]
o
[0
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100
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Figure 16: Effect of solvents on % conversion of the reaction
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2A.2.2. Step-2
Having developed a method to synthesize Boc protected derivative 26 in high yield, our

attention then turned to the trifluoroacetylation reaction (Scheme 25).

E O

c <o :
cl
©\ i)\ )< - = ‘WF
. - F
H o} n-BuLi, TMEDA NH

RT-70 °C, 28% O)\ o><

Scheme 25: Preparation of tert-butyl-4-chloro-2-(2,2,2-trifluoroacetyl) phenyl

carbamate 27

From the literature, ortho lithiation of tert-butyl 4-chlorophenylcarbamate 26 was
reported only to occur with tert-butyllithium!19 and sec-butyllithium 161 as shown in

Schemes 26 and 27.

Cl Cl Li., i ® Cl E o)(
\©\ ) 2eq. tert-BulLi \Ej\/ /( E \Q /&

O
26 © 26a

Scheme 26: Lithiation in the presence of tert-butyllithium 5]
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Cl
\©\ i 2eq. sec-Buli CI\@:COC(F?
NH o)( NHJAOX

o6 -COOCF, o

Scheme 27: Lithiation in the presence of sec-butyllithium to afford trifluoroketone

derivativel11€l

We envisioned that 4-chlorophenylcarbamate 26 could also be lithiated with excess n-
butyllithium (e.g. 5 equivalents) (Scheme 25); a reagent safer and more suitable for use
on a large scale compared with sec-butyllithium and tert-butyllithium. The scope of the
metalation reaction has been expanded by the use of complexing agents such as
tetramethylethylenediamine (TMEDA), which increases the rate of metalation, increase
the stability of intermediate carbanion and thus extends the range of compounds which
can be deprotonated. While the metalation reaction often provides the cheapest route
to a lithium reagent, many cannot be made this way because the metalation process is
too slow (i.e., proton not sufficiently acidic), or not sufficiently selective. In these
situations, the lithium/metal exchange reactions may provide the best route. [117-126]

After addition of n-butyllithium to 4-chlorophenylcarbamate 26 in THF, the reaction
mixture turned from white to a yellow-orange suspension (Figure 17), this metalation
was continued at -70 °C to room temperature for 1 hour and subsequently the liberated
dianion was quenched at -55 °C with the trifluoro acetylating agent to afford tert-butyl 4-
chloro-2-(2,2,2-trifluoroacetyl) phenylcarbamate 27. We used the novel trifluoro

acetylating agent i.e. piperidine trifluoroacetic acid 67, as previously this reaction was
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reported with ethyl trifluoroacetate. Ethyl trifluoroacetate reacts slowly, is highly
moisture sensitive and often forms foul smelling by products.

After completion of the reaction, the reaction mixture turned to a brown colored solution
(Figure 17) which was quenched with saturated ammonium chloride solution and
extracted with ethyl acetate. The combined organic layers were washed with brine
solution and evaporated under reduced pressure to get the crude compound as yellow
solid. This crude compound was purified by column chromatography to afford tert-butyl
4-chloro-2-(2,2,2-trifluoroacetyl) phenylcarbamate 27 as light yellow colored solid in a
modest 28% yield. We further tried to optimize the reaction towards the best yield but
all the attempts in batch were not successful. However we were able to fully characterize

the product by H-NMR, 3C-NMR, IR and elemental analysis.
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4-chlorophenylcarbamate Color of reaction mixture during
in THF. dianion formation.

Colour change after
completion of the reaction

The color of the reaction
mixture during quenching
with trifluoro acetylating
agent.

Figure 17: Colour changes during lithiation reaction
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2A.2.3. Step-3
Having developed a method to synthesize a synthetic standard of the ketone 27, our

attention then turned to the next step of the reaction (Scheme 28).

OH
R F%
o)
F Nij F L Z
Cl 50 cl Q
= OH
T
53

O

(0]

-20 °C, THF, 82% 56
27

Scheme 28: Preparation of tert-butyl-4-chloro-2-(4-cyclo propyl-1,1-trifluoro-2-

hydroxybut-3-yn-2-yl) phenyl carbamate 56

(S)-2-(2-amino-5-chlorophenyl)-4-cyclopropyl-1,1,1-trifluoro-3-butyn-2-ol (amino
alcohol) 56 (Scheme 28) was prepared by adding cyclopropyl acetylene 53 and (1R,2S)
N-pyrrolidinylnorephedrine 60 to  tert-butyl  4-chloro-2-(2,2,2-trifluoroacetyl)
phenylcarbamate 27. The mixture was cooled to -20 °C and to this solution n-
butyllithium and compound 27 was added dropwise under nitrogen. The resulting
orange colored solution was stirred for 1 hour at that temperature, then the reaction was
guenched by the addition of 6N HCI. The mixture was warmed to ambient temperature,
extracted with ethyl acetate and evaporated to get the product as fine yellow powder 56
in 82% yield, after purification by using flash column chromatography (10% ethyl acetate
and hexane). (1R,2S) N-Pyrrolidinylnorephedrine 60 was used in this reaction as a
chiral additive, which promotes enantioselective alkylation. The chiral additive forms a

complex with the alkylating agent cyclopropyl acetylene 53 at lower temperatures which
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blocks the undesired side attack of keto compound 27 to specifically yield compound

56.

Experimentally, the chiral complex 69 was prepared by reaction of n-butyllithium with a
mixture of (1R,2S)-N-pyrrolidinylnorephedrine 60 and cyclopropyl acetylene 53 at -10

°C to 0 °C (aggregate equilibration) in a THF (Scheme 29).

e

n-BulLi, THF
CH—==CH3

HaC'HC

+ -10 °Cto 0 °C
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; O D
THF THF

74

Scheme 29: Alkoxide-acetylide 74 complex formation

From the literature, many of the extensive lithium NMR studies prove that when 2:2
(1R,2S)-N-pyrrolidinylnorephedrine 60 and cyclopropyl acetylene 53 (alkoxide-
acetylide) mixture generated at low temperatures exists as a complex which rapidly
equilibrates as a single compound at -40 °C. This prevents the formation of the racemic
mixture; finally the reaction is completed within minutes after addition of compound 27

to the chiral complex.

After completion of the reaction, the product was analyzed for chiral purity using

Cyclobond | 2000 chiral column, methanol and water (80:20) as mobile phase. In this
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the product peak as major (97.8% at 2.42 min) and other isomer (2.2% at 3.5 min) and

it was compared with standard (99% purity at 2.42 min).

The product was purified by recrystallization with 10:1 heptane: toluene at 25 °C for 3h
to afford the pure compound. After purification the compound 56 was again tested for

chiral purity, which had now increased to 98.9%.

Alternatively, tert-butyl-4-chloro-2-(4-cyclopropyl-1,1-trifluoro-2-hydroxybut-3-yn-2-yl)
phenyl carbamate 56 could also be prepared by using cyclopropylethynyl trifluoromethyl

ketone 29 (Scheme 30).
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Scheme 30: Preparation of tert-butyl-4-chloro-2-(4-cyclopropyl-1,1-trifluoro-2-
hydroxybut-3-yn-2-yl) phenyl carbamate 56 by using cyclopropylethynyl trifluoromethyl

ketone 29.

The 4-chlorophenylcarbamate 26 was cooled to -55 °C and 5 equiv of n-butyllithium
was added. The liberated dianion was quenched with cyclopropylethynyl trifluoromethyl
ketone 29 to afford tert-butyl-4-chloro-2-(4-cyclopropyl-1,1-trifluoro-2-hydroxybut-3-yn-
2-yl) phenyl carbamate 56 in 47% vyield after purification by flash column

chromatography eluting with 10% ethyl acetate and hexane.
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It is noteworthy to mention that we had to prepare cyclopropylethynyl trifluoromethyl
ketone 29 ourselves, as it was not commercially available. Preparation of ketone 29

was described under preparation of starting materials (Scheme 21).

The chiral purity of the compound was tested by using HPLC. The chiral column
(Cyclobond 1 2000) used as stationary phase and methanol: water (80:20) used as
mobile phase. The results obtained from the chromatogram were matched with the

standard compound. The major peak observed at 2.49 min with 86.5% purity.

Although this method gave us good yield, compared to the other method but the chiral

purity of the compound is less.

2A.2.4. Step-4
Having developed a method to synthesize the key intermediate 56 in high yield, our

attention then turned to the final cyclisation step of the reaction (Scheme 31).
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Scheme 31: Preparation of 6-chloro-2-(4-cyclopropylethynyl)-4-(trifluoromethyl)-1H-

benzo[d][1,3] oxazin-2-(4H)-one 8

The optically pure (S)- 2-(2-amino-5-chlorophenyl)-4-cyclopropyl-1,1,1-trifluoro-3-

butyn-2-ol (amino alcohol) 56 was reacted with carbonyl delivering agent (diethyl
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carbonate) in the presence of DBU at 60 °C in order to undergo cyclisation to give
optically pure (-)-6-chloro-4-cyclopropylethynyl-4-trifluoromethyl-1,4-dihydro-2H-3,1-
benzoxazin-2-one (efavirenz) 8 (Scheme 31). The compound was characterized by 'H-

NMR, BC-NMR, **F-NMR, IR and elemental analysis.

After recrystallization with 5% ethyl acetate in heptane the compound was tested for the
chiral purity by using HPLC with Cyclobond | 2000 column. The chromatogram showed
99% purity at 2.51 min and it was matched with the standard compound chromatogram

(2.51 min, 99% purity).

78| Page



CHAPTER 2 SECTION A SYNTHESIS OF EFAVIRENZ TRDITIONAL BATCH CHEMISTRY RESULTS
AND DISCUSSION

2A.3. Summary of batch synthesis

A novel four step synthetic method for the preparation of efavirenz 8, with an overall
yield of 51% was obtained. The method presently used for the synthesis of efavirenz 8
by Merck research laboratories consist of seven steps with an overall yield of 62%
however the process described in this thesis gave us 51% overall yield in three less
steps; hence overall we propose that this process is going to be more economical
because of less reaction steps. The detailed yields conditions for each step was
presented in Scheme 32 below. However we must clarify that this process was not
optimized further in batch as the aim was to transfer to flow and fully optimize the

process at that stage.
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(B)THF:H,O, 3 h, 92%
(C) PEG-200, 2.5 h, 96%
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-20 °C, THF, 82%

Scheme 32: Synthesis of efavirenz 8
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2B. Semi continuous flow protocol

The inaccessibility of efavirenz 8, a common drug used in combination therapy for AIDS,
to millions of people worldwide, prompted us to develop an efficient process for its
synthesis in classic batch chemistry as well as further optimizing all process parameters
by incorporating a semi continuous flow protocol. The bench top synthesis has its limits
(if conducted at larger scale), which include inefficient temperature and pressure controls
as well as the inability to handle hazardous reagents safely. The application of continuous
flow microreactors to reaction chemistries such as this one, could provide a potential
practical solution that could be used to overcome some of these drawbacks and also to

give new opportunities for efficient local drug manufacture.[3

In continuous flow reactors, the reaction takes place in microcapillaries, which result in
rapid mixing of reagents within seconds,!*31-134l the temperature and pressure can be
controlled fast and very accurately,[135-13¢] clean products are obtainable, safe handling of
reagents and easy scale up of reaction processes is possible [1371and as such ultimately
improving drug manufacturing.*38 Based on the advantages that continuous flow reactors
present, we investigated the preparation of efavirenz 8 using a semi-continuous flow

protocol in an attempt to meet the rising global needs for life-saving medicines.

The synthetic route employed in our study involved the use of the inexpensive starting
material 4-chloroaniline and proceeds through protection, trifluoroacetylation, nucleophilic
addition and finally cyclization to yield optically pure efavirenz 8 (Scheme 33). The optical
purity was tested by using HPLC in order to compare the results obtained in batch

processing.
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Scheme 33: Synthesis of efavirenz 8 by semi continuous flow protocol

2B.1. Step-1

Having developed the synthetic methodology in batch, our first investigation was to see if

we could improve the Boc protection reaction by exploiting flow chemistry (Scheme 34).

C|\© (BOC),0, NaHCO4 CI\© o
NH, THF:H,0,10.5 min O><

N
30 °C, 100 % H

68 26

Scheme 34: Preparation of tert-butyl-4-chloro phenyl carbamate 26

Preparation of tert-butyl-4-chloro phenyl carbamate 26 (Scheme 34) in flow was done by

using Chemyx Fusion syringe pumps and LTF microreactors. This reaction was first
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established in traditional batch chemistry where the reaction parameters attained were

transferred into flow chemistry technology for further investigation and optimization.

We started the preparation of efavirenz 8 from 4-chloroaniline 68, which undergoes
protection with di-tert-butyl dicarbamate in the presence of agueous sodium bicarbonate
as a base. This preliminary flow reaction was carried out as shown in Figure 18 below,
these concentrations of compound 68 and Boc anhydride (0.78 M and 0.93 M
respectively) were selected from batch studies and the reaction carried out at the room
temperature. The reason behind the taking the concentrations from batch study was to

compare the results of batch study to flow protocol results.

T
NH

0.78 M

BOC),0| — - D .
(0.93 .l‘"":n 0.2 mL/min 0.3 mL'min 0.3 mL/min

Figure 18: Schematic diagram for step-1 preliminary flow reaction

Z

It needs to be emphasized that in batch we showed that the reaction worked well under
solvent free conditions. Clearly this was not possible and we needed to use solvent as
we cannot use solids in the flow reactors. We used THF and water as the solvent for this
reaction as this was the best solvent system previously studied. THF and water was
taken in 1:1 ratio. Water used in this reaction to make an aqueous sodium bicarbonate

solution.
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In this study, we investigated the effect of residence time, temperature and reagent
concentration on the conversion of 4-chloroaniline 68. The results of the study are

represented here in graphical form.

2B.1.1. Effect of residence time on conversion of 68

After preliminary conformation in the flow protocol the reaction was first investigated for
the effect of residence time by keeping the concentration of the starting material 68 at
0.78 M and the Boc anhydride at 0.93 M (1.2 equiv) and the reaction was carried out at
the room temperature. For completeness the reason we used this concentration, was that
calculations showed that the batch reaction also correlated to a concentration of 0.78 M.
We knew that the reagents were soluble under these conditions and furthermore by using
identical concentrations enabled detailed comparison of batch and flow conditions. This

study of residence time was conducted from 0.35 min to 21 min.

In this reaction it was found that as the residence time decreases, the conversion of 68
decreased. According to the flow chemistry, residence time is defined as the amount of
time that the reaction mixture is in the microreactor. The relationship between the flow

rate and residence time is best explained by the equation 1

R=— (Equation 1)

where R=residence time, V= volume of the reactor, TF= total flow rate.

From the reaction, residence time is directly proportional to the volume of reactor and
inversely proportional to the total flow rate. From the graph (Figure 19) presented below,

a decrease in the residence time shows that the conversion also decreased as expected.
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The findings of this investigation are illustrated in Figure 19 below. Where the maximum

conversion is observed at a residence time of 7 min (100%).
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Figure 19: Effect of residence time on conversion of 68 at 0.78 M of 68, 0.93 M of Boc

anhydride and at room temperature.

The data in the graph shows that it is possible to use reaction times greater than 7 mins,
however the goal is to use as little time as possible in order to gain maximum throughput
from the reactor per unit time. As such if one transferred these conditions into an

industrial scenario these would be the conditions used.

2B.1.2. Effect of concentration of di-tert-butyl dicarbamate at different residence
times on conversion of 68
After the study of residence time we moved to see the effect of concentration of di-tert-

butyl dicarbamate. Our initial objective was to minimize the concentration of di-tert-butyl
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dicarbamate for the production of 26. To achieve this, we started our investigation by
changing the molar concentration of di-tert-butyl dicarbamate. The initial concentration
was 0.93 M and we investigated the molar concentration from 0.93 M to 0.70 M at different

residence times. This study was conducted at room temperature.

In earlier batch studies, 1.2 equiv (0.93 M) of di-tert-butyl dicarbamate to the starting
material 68 was used, by considering this we started our flow study with 1.2 equiv for
initial conformation and after attaining the results our aim was to decrease the
concentration of di-tert-butyl dicarbamate to 1 equiv (0.78M) in try to make the process

more ‘green’.

The reaction was performed at different residence times of 5.25 min, 10.5 min and 21.5
min and concentration of di-tert-butyl dicarbamate 0.70 M, 0.78 M, 0.93 M by keeping the
other reagents concentration constant (0.78 M of starting material 68) in order to study
the effect of concentration of di-tert-butyl dicarbamate and residence time on conversion

of 4-chloroaniline 68.

As the concentration decreases the conversion of 4-chloroaniline 68 decreased because
of less availability of the reagent, which led to an insufficient ratio of the reactants in a
microreactor. In the batch reaction of di-tert-butyl dicarbamate (0.93 M) and 4-
chloroaniline 68 (0.78 M) a reaction conversion of 96% was attained, however, at similar
reagent concentrations, 100% conversion was achieved in semi continuous flow protocol.
We also found that even at a lower concentration of di-tert-butyl dicarbamate (0.78 M) the

same conversion was sustained in the flow protocol.
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At the lowest concentration of di-tert-butyl dicarbamate (0.70 M), it was observed that a
higher residence time (21 min) was required to achieve a reaction conversion of 70%.This
means that a lower concentration of di-tert-butyl dicarbamate can also be used for the
reaction, however, a higher residence time may be required to achieve comparable
reaction conversions. But clearly the yield would never go to 100% under these

conditions, but we were interested to observe the effect.

The results of this study are shown below in Figure 20. It is seen that the maximum
conversion is attained at 0.78 M concentration of di-tert-butyl dicarbamate for a residence

time of 21 min.
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Figure 20: Effect of concentration of di-tert-butyl dicarbamate on conversion of 68 at

different residence times, room temperature and the concentration of 68 was 0.78 M.
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As the residence time decreases from 21 min to 5.25 min, the conversion of 4-
chloroaniline 68 to 26 is seen to decrease with a decrease in the concentration of Boc
anhydride. At a residence time of 10.5 min, for example, an increase in the concentration
of Boc anhydride from 0.70 M to 0.93 M led to a 41% decrease in conversion of 4-

chloroaniline 68 to desired product 26.

From this, it can be stated that the best residence time of reaction reagents and
concentration of Boc anhydride that provides an optimum conversion of 4-chloroaniline
68 (100%) is residence time 10.5 min and concentration of 0.78 M of all the reagents. As
described above with this optimization of concentration of Boc anhydride we got optimum

results for a stoichiometric ratio (1 equiv to starting material 68).

2B.1.3. Effect of temperature at different residence times on conversion of 68

After getting the optimum results for residence time (7 min) and concentration (0.78 M of
68 and 0.78 M of Boc anhydride) at room temperature we moved forward to investigate
the effect of temperature for the same reaction. As a third variable towards the
optimization, a range of temperatures (30 °C to 120 °C) were investigated at different
residence times (5.3 min, 10.5 min, 21.5 min) as detailed in Chapter 4. The above
mentioned concentrations was kept constant throughout the reaction. Previous to this

study the reaction carried out at room temperature.

As the temperature increases the conversion of 4-chloroaniline 68 decreased which was
slightly surprising. However we observed that at higher temperatures blockage of
channels were observed because the precipitation of solid compound in the

microchannels of the reactor, which decreased the conversion of 4-chloroaniline 68.
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The findings of this study illustrated by graphical form in below (Figure 21)
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Figure 21: Effect of Temperature on the conversion of 68 at different residence times and

at a concentration of 0.78M of compound 68 and Boc anhydride

As the residence time decreases from 21 min to 5.25 min, the conversion of 4-

chloroaniline 68 to 26 is seen to decrease with an increase in the temperature.

At a temperature of 30 °C, a decrease in residence time from 21 min to 5.25 min led to
an 8% decrease in conversion of 4-chloroaniline 68 to the desired product 26, but as the
temperature increases from 30 °C to 120°C the conversion difference is increased with

the decrease of residence time. At 60 °C, a decrease in residence time from 21 min to
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5.25 min, the conversion decreased to 26%, at 90 °C the conversion decreased to 38%

and at 120 °C the conversion decreased to 40%.

From this, it can be stated that the best residence time of reaction reagents and
temperature that provides an optimum conversion of 4-chloroaniline 68 (100%) is
residence time of 10.5 min and temperature 30 °C at a concentration of 0.78M of

compound 68 and Boc anhydride.

In this investigation of reaction reagent parameters i.e. residence time, concentration,
temperature has a significant effect on the conversion of 68 to a desired product 26.The

summary of results of this study listed in below Table 12.

Tablel2: Optimized conditions for step-1

Residence time (min) Concentration (M) Temperature (°C)
0.78 M of Boc
10.5 anhydride 30

2B.1.4. Comparison between the synthesis of 26 in batch and microreactors
As explained earlier, this reaction was first established in traditional batch chemistry,
further optimization of the reaction reagent parameters transferred into a continuous flow

protocol.

In traditional batch chemistry this reaction took 3 hours (180 min) at room temperature
and the conversion was 92%, but in the continuous flow microreactor the reaction taken
place in comparatively less time i.e.10.5 min at 30 °C and the conversion was 100%, at

lower concentration of di-tert-butyl dicarbamate 73 (Batch 1.2equiv i.e. 0.93 M, Flow 1

90| Page



CHAPTER 2 SECTION B SYNTHESIS OF EFAVIRENZ SEMI CONTINUOUS FLOW CHEMISTRY
RESULTS AND DISCUSSION

equiv, i.e. 0.78 M). The findings from the traditional batch process and a semi continuous

flow protocol are presented below (Table 13).

Table 13: Comparison between the synthesis of tert-butyl-4-chloro phenyl

carbamate 26 in batch and microreactors

1 Batch Room 180 | 0.78 0.93 92
temperatu re
2 M'Cm:ea"to 30 105 | 0.78 0.78 100

2B.2. Step 2
Having developed a method for the continuous flow synthesis of the Boc protected
derivative 26 in very high yield, our attention then turned to the trifluoroacetylation reaction

in flow (Scheme 35).
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26
70% 27

Scheme 35: Preparation of tert-butyl-4-chloro-2-(2, 2, 2-trifluoroacetyl) phenyl carbamate

27
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This reaction was first established by using traditional batch chemistry; the parameters
from batch chemistry were transferred into a continuous flow protocol for further
investigation and optimization. The preliminary flow reaction was performed, as shown in
Figure 22 below. The concentration of reagents was selected based on the preliminary

batch study for easy comparability to the flow reaction.

)k

03mL/min 0.3 mL/min

Figure 22: Schematic diagram for the step-2 preliminary flow reaction

After preliminary conformation of the reaction in microreactor the reaction further explored

for effect of temperature, residence time and concentration on conversion of 26.

2B.2.1. Effect of temperature on conversion of 26

As a first trial towards the optimization for the preparation of 27, the reaction investigated
for the effect of temperature. In the batch reactor this reaction was performed at a
temperature of -78 °C, maintaining low temperatures for a long time always need more
attention and also literature reveling the most of the lithiation reactions in flow can work
at higher temperatures than compared to batch.[*°”] These points made us interested
towards the study of temperature. To achieve this, we started our investigation by varying

the temperature of the reaction from -70 °C to 0°C.
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This reaction was carried out at a concentration of 0.5 M of n-butyllithium, 0.1 M of
compound 27, 0.14 M of compound 67. All these concentrations was taken based on
batch results and the flow rate of the reaction was maintained at 0.3 mL/min (8.6 min)

throughout study.

As the temperature increases the conversion of 26 decreased because of decomposition
of n-butyllithium at higher temperatures in THF. The findings of this study represented
below in Figure 23 by graphical form, maximum conversion observed at -70 °C and 45

°C.
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Figure 23: Effect of temperature on % conversion of 26 at 0.5 M of n-butyllithium, 0.1 M

of compound 27, 0.14 M of compound 67 and at a residence time of 8.6 min.
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As can be seen from the graph the study performed for a temperature range of -70 °C to
0 °C, at -70 °C the conversion was 30% and it decreased with increases in temperature
because of instability of generated carbanion or less formation of carbanion. The key step

of this reaction is a generation of carbanion, which is more favored at low temperatures.

In batch chemistry, the generation of the carbanion occurred at -78 °C (28%) however on
warming to -45° C the reaction was unsuccessful. In the case of semi continuous flow
protocols the reaction proceeded at a higher temperature and comparatively more
conversion (70%) attained because of equal distribution of temperature throughout the
reactor; this is in agreement with the literature protocols described by Yoshida on butyl

lithium based chemistry.

2B.2.2. Effect of concentration of piperidine trifluoroacetic acid 67 on conversion
of 26

Towards the optimization of compound 27, the other reaction parameter i.e. concentration
of trifluoro acetylating agent 67 was investigated. The other two reagents concentrations
kept constant at 0.25 M of n-butyllithium and 0.1 M of compound 26, the residence time
8.6 min and the temperature at -45 °C. These concentrations, temperature and residence
time were selected as a result of previous optimization studies. We started our
investigation by varying the concentration of 67. The initial concentration of compound 67
was 0.14 M, at this concentration we achieved 30% conversion. To improve the results

the concentration of compound 67 was investigated.

The results of this study illustrated below in Figure 24 show that as the concentration

increases the conversion of 26 increased to a certain level after that it is started to
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decrease. Maximum conversion was observed at 0.2 M concentration of 67, this suggests

two equivalents to be optimal.

From the graph, the conversion of 27 is highly influenced by the concentration of 67, at a
concentration of 0.14 M the conversion is 30% further the conversion of 27 reached 70%
as increase in concentration to 0.2 M but the same trend was not followed throughout the
investigation after further increase from 0.2 M to 0.25 M the conversion decreased. The

concentration is further increased from 0.25 M to 0.3 M to further confirm the effect.
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Figure 24. Effect of concentration of 67 on the conversion of 26 at 0.25 M of n-

butyllithium, 0.1 M of compound 26 at -10 °C
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The chemical possible reason for this inverted V graph, at higher concentrations of 67 the
reaction between the newly formed compound 27 and compound 67 generates the other
undesired compound, as a result of proposed Boc deprotection under the acidic

conditions.[93

2B.2.3. Effect of residence time on conversion of 26

After attaining the optimum results for the concentration (0.25 M of n-butyllithium, 0.1 M
of compound 26, 0.2 M of compound 67), temperature (-45 °C) we moved forward
towards the optimization of compound 27, the effect of residence time on conversion of
26 was investigated. The above mentioned concentrations and temperature were kept
constant throughout the study. To achieve this, we started our investigation by varying

the residence time from 4.3 min to 17.3 min as detailed in Chapter 4.

Effect of residence time on the conversion of 26 represented below in Figure 25 by
graphical form, as the residence time decreases the conversion of 26 decreased. The
shorter residence time led to insufficient contact of the reactants in a microreactor. This
is explained by equation 1 above where it is shown that the residence time is inversely
proportion to the flow rate. Maximum conversion observed at a residence time of 17.3

min and 8.6 min.
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Figure 25: Effect of residence time on conversion of 27 at 0.25 M of n-butyllithium, 0.1 M

compound 26, 0.2 M compound 67 at -10 °C

This study started at a residence time of 17.3 min (as used previously), where we
achieved 70% conversion and it continued until 8.6 min, after this the conversion slowly
started to decrease because of decreased residence time. These residence times were
investigated at a range of 17.3 min to 4.3 min and the conversion led to decrease from

70% to 50%.

By keeping the preliminary results in mind the reaction was further investigated for

residence times by creating an experimental domain using central composite design.
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2B.2.4. Experimental design for residence times

2B.2.5. Experimental results

The trifluoroacetylation reaction with piperidine trifluoroacetic acid in the presence of
TMEDA was initially optimized in LTF microreactor plates using n-butyllithium a lithiating
agent. After preliminary screening of the reaction an experimental domain was
established in order to try to get a better understanding of this complex process. The
developed experimental domain was further used to create the central composite design
to execute the experiments in a well-developed fashion (Table 14). For this reaction all
the reagents concentrations was kept constant (n-butyllithium at 0.25 M, compound 67 at

0.2 M and compound 26 at 0.1 M) and temperature was -45 °C

Tablel4: Experimental domain for residence times (min) of step 2

n-Butyllithium Piperidine trifluoroacetic acid N-Boc aniline

(min) (min) (min)
Minimum 52 260 86.6
Maximum 13 5.2 5.2

During the study, a total of 20 experiments were carried out from the central composite
design. Before the actual study was resumed, the reactor system was tested for
repeatability. Additionally, a systematic error was also analyzed on the gas

chromatography to determine its repeatability.
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2B.2.6. Central composite design and observations

The central composite design (CCD) was established from the experimental domain
(Table 14) to optimize the residence time. The optimization process was carried out by
varying residence time. The central composite design of the experiments and the

observations are detailed below (Table 15).

Table 15: Central composite design for trifluoro acetylation reaction

n-Butyllithium Piperidine trifluoroacetic N-Boc aniline % Conversion
Entry
(min) acid (min) (min)
21.6
2 21.6 86 9.6 20
3 325 9.6 325 60
4 15.2 20 86 35
5 21.6 9.6 43.3 14
6 15.2 6.5 86 23
7 21.6 9.6 26 45
8 21.6 5.2 43.3 11
9 32.5 20 86 45
10 21.6 9.6 43.3 24
11 32.5 6.5 86 24
12 32.5 6.5 32.5 18
13 21.6 9.6 260 7.7
14 15.2 20 325 70
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15 21.6 9.6 43.3 26
16 21.6 9.6 43.3 26.2
17 52 9.6 43.3 7.1
18 21.6 9.6 43.3 26
19 13 9.6 43.3 35
20 15.2 6.5 32.5 37

The reaction variable residence times were investigated for their statistical significant
influence on the observed experimental data (Table 15). The study was carried out by
using a logistic regression model (explained in Chapter 4). The outcome of the analysis
will bring a better understanding of the residence times that have an effect towards the
trifluoro acetylation reaction. Moreover, to deduce the optimum conditions that leads to

the optimum conversion.

2B.2.7. Effect of residence time on conversion of 26

The effect of residence time on conversion has been investigated at three levels i.e.
minimum, mid, maximum residence times of n-butyllithium and piperidine trifluoroacetic

acid. The observed results are summarized below (Figure 26).
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Figure 26: Effect of residence time on conversion of 26 at 0.25 M of n-butyllithium, 0.1 M

of compound 26, 0.2 M of compound 67 at -45 °C

From the graph above (Figure 26) as the residence time decreased the conversion of
compound 26 decreased. As the residence time decreased, the time of contact of reaction

reagents also decreased which is responsible for less conversion.

To achieve the best conversion in this step, we have screened the temperature, residence
time, concentration and the optimum concentration of reaction reagents from the study
are shown below Table 16. From the study, the optimum residence time of the reaction

is 7.7 min and the temperature is -45 °C.
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Table 16: Optimum conditions for step-2

Reagents Concentration M

n-butyllithium 0.25
piperidine trifluoroacetic acid 0.2
compound 26 0.1

By using a semi continuous flow microreactor the reaction takes place in less time,
concentration and temperature, whereas in batch it requires several hours (3 hours) to

complete the reaction.

The comparison between the synthesis of tert-butyl-4-chloro-2-(2,2,2-trifluoroacetyl)
phenyl carbamate 27 in batch and microreactors are shown in Table 17. As compared to
the batch in the flow process the reaction time is greatly decreased and the conversion is

also increased.

Table 17: Comparison between the synthesis of compound 27 in batch and

microreactors

Reactio Temperatur L

ntime Concentration (M) po Conversio
. e (°C)
(min) n
Pip. compoun
n-BulLi | Trifluoroaceti d F2)6
c acid
Batch 180 0.5 0.14 0.1 -70 28
M'Crg;ea‘:t 7.7 0.25 0.2 01 45 70
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2B.3. Step-3

After optimization of trifluoroacetylation reaction (step 2), we moved to the alkylation
reaction (step 3) which is one of the important step in the synthesis of efavirenz 8 as this
generates the chiral center of the molecule. In this reaction compound 27 converted to
compound 56 in the presence of chiral axillary 60 by the addition of compound 53

(Scheme 36).

OH
F %
i v P Z
Cl cl
E 60
- OH
NH >—=- NH,
A >< 53
0”0

07 -45 °C, THF, 85% 56

4.3 min

Scheme 36: Preparation of tert-butyl-4-chloro-2-(4-cyclo propyl-1,1-trifluoro-hydroxybut-

3-yn-2-yl) phenyl carbamate 56

By considering the batch conditions, the preliminary flow reaction was established as
shown in Figure 27 below. The concentration of reagents was maintained the same as
the batch study for better comparability and at this concentrations the compounds are

highly soluble in the solvent.
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............

-

0.3 mL/min 0.3 mLimin

Figure 27: Schematic diagram for step-3 preliminary flow reaction

After reaction conformation in the flow reactor the reaction was further optimized by
screening the reaction parameters i.e. residence time, concentration and temperature for

a better conversion of 27.

2B.3.1. Effect of residence time on conversion of 27

As a first attempt towards the optimization investigation of residence time was chosen.
For this investigation the concentration 0.45 M of n-butyllithium, 0.5 M of compound 53,
0.35 M of compound 27 was taken as a result of previous optimization studies. The
reaction temperature was maintained at -45 °C. The above mentioned concentrations

were prepared by using THF.

Effect of residence time on the conversion of 27 represented below in Figure 28 by
graphical form, as the residence time decreases the conversion of 27 decreased. The
shorter residence time led to insufficient contact of the reactants in a microreactor. This

is further explained by equation 1 above where it is shown that the residence time is
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inversely proportion to the flow rate. The maximum conversion observed at a residence

time of 8.6 min.
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50 T T T T T T T
1 2 3 4 5 6 7 8 9

Residence time (min)

Figure 28: Effect of residence time on % conversion of 27 at 0.45 M of n-butyllithium, 0.5

M of compound 53, 0.35 M of compound 27 at-45 °C

We started our investigation of residence time at 8.6 min, at this residence time the
conversion is 85% and at 5.7 min 81% conversion and the same pattern continued
throughout the investigation as decreasing residence time. We investigated residence

time in a range of 8.6 min to 1.7 min and the conversion led to decrease from 85% to 54%
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2B.3.2. Effect of temperature on conversion of 27

Towards the optimization of the alkylation reaction, after residence time we focused on
the effect of temperature on the % conversion of 27. For the previous investigations we
worked at -45 °C and we made this study to see how a temperature increase effects the
reaction. The concentrations were kept constant throughout the study at 0.45 M of n-
butyllithium, 0.5 M of compound 53, 0.35 M of compound 27.The residence time was 4.3

min.

Effect of temperature on the conversion of 27 represented below in Figure 29 by graphical
form. As the temperature increases the conversion of 27 to a desired product 56
decreased because of decomposition of n-butyllithium, maximum conversion observed at

-45 °C.
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Figure 29: Effect of temperature on conversion of 27 0.45 M of n-butyllithium, 0.5 M of

compound 53, 0.35 M of compound 27

The study performed for a temperature range of -45 °C to 20 °C, at -45 °C the conversion
is 80% and it decreased with increasing temperature because of the instability of In batch
chemistry, the generation of the carbanion occurred at -55 °C and at higher temperatures
there is no progress in the reaction but in the case of semi continuous flow protocol the
reaction proceeded even at higher temperature and comparatively more conversion

attained because of equal distribution of temperature throughout the reactor.
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2B.3.3. Effect of concentration of cyclopropyl acetylene 53 on conversion of 27
In order to get fine reaction conditions, the investigation was continued by focusing on the
concentration of reaction reagents, in this the first attempt made to study the effect of

cyclopropyl acetylene 53 concentration on conversion of 27.

Before this study the concentration of compound 53 was 0.45 M. At this concentration we
attained 85% conversion for a residence time of 4.8 min, after we focused to vary the
concentration of compound 53 to see how it effect the rate of conversion by keeping the
other reagents concentration at 0.45 M of n-butyllithium, 0.35 M of compound 27. The

temperature of the reaction was maintained constant at -45 °C.

The effect of concentration of cyclopropyl acetylene 53 on conversion is represented in
the graph below (Figure 30). As the concentration increases, conversion of 27 is
increased to a certain level after further increase shows no difference in conversion

observed.
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Figure 30: Effect of concentration of 53 on conversion of 56 at a concentration of 0.45 M

of n-butyllithium, 0.35 M of compound 27.

We started this study at a concentration of 0.3 M of cyclopropyl acetylene 53 at this the
conversion is 52%, at 0.35 M concentration of cyclopropyl acetylene 53 the conversion
increased by 12% and this pattern continued to a concentration of 0.45 M to 21%. After
0.45 M further increase in concentration of cyclopropyl acetylene 53 to significantly no

effect on conversion.

2B.3.4. Effect of concentration of n-butyllithium on conversion of 27
As a second attempt in the investigation of concentration of the reagents towards the
conversion of 27, we choose to change the concentration of n-butyllithium. Before this

109 |Page



CHAPTER 2 SECTION B SYNTHESIS OF EFAVIRENZ SEMI CONTINUOUS FLOW CHEMISTRY
RESULTS AND DISCUSSION

study, the concentration of n-butyllithium was maintained at 0.45 M. We focused to
decrease the concentration of n-butyllithium, by considering the readily reactive nature
with air and moisture, flammability of the n-butyllithium. The concentration of cyclopropyl
acetylene was 0.45 M, compound 27 at 0.35 M and temperature -45 °C was maintained

throughout the reaction.

As the concentration of n-butyllithium increases from 0.27M to 0.45M, conversion of 27

increased, which represented below in graphical form (Figure 31).
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Figure 31: Effect of n-butyllithium concentration on conversion of 27 at a concentration

of 0.45 M of compound 53, 0.35 M of compound 27.

We started the study at 0.45 M of n-butyllithium at this point the conversion is 85% and
at 0.43 M n-butyllithium the conversion is decreased by 2% and it’s continued throughout

the study as the decrease in concentration the conversion is decreased. This
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concentration investigated for a range of 0.45 M to 0.27 M and the conversion led to
decrease from 85% to 34%. Because n-butyllithium used in this reaction for the
generation of the anion, which is a crucial step in this reaction so as the decrease of
concentration of n- butyllithium, decreased the generation of anion and decreased the

conversion of 27.

2B .4. Step-4
After attaining a well-developed flow method for the alkylation reaction (step 3) we moved
onto the final step of the synthesis i.e. cyclisation reaction, to afford the desired product

of our research programme

FF F% /\O)OL)

\\\

Cl @)
OH
NH, DBU, THF, 90 °C N
56 2.41 min, 91% 8

Scheme 37: Preparation of 6-chloro-2-(4-cyclopropylethynyl)-4-(trifluoromethyl)-1H-

benzo[d][1,3] oxazin-2-(4H)-one 8

The cyclisation reaction (Scheme 37) in flow was done as shown in Figure 32 below.
Firstly this reaction was established in batch chemistry and then the same reactions
conditions were applied for preliminary flow reaction, however under these conditions
there is a clear possibility of reaction and the results can be easily compared with the

batch study.
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Figure 32: Schematic diagram for step-4 preliminary flow reaction

After preliminary conformation of the cyclization reaction in flow, we further investigated

for the effect of residence time, temperature and concentration on the conversion of 56.

2B.4.1. Effect of residence time on conversion of 56

Residence time investigation on conversion of 56 chosen as a first attempt in cyclisation
reaction where the reagent concentrations was maintained at 0.60 M of compound 56,
0.40 M of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 0.70 M of diethyl carbonate (DEC)
and temperature was maintained at 90 °C. These concentrations were taken from the

preliminary flow reaction.

As the residence time decreases the conversion of 56 decreased because of shorter
residence time which led to insufficient contact of the reactants in a microreactor. This is
explained by equation 1 below where it is shown that the residence time is inversely

proportion to the flow rate.

Effect of residence time on the conversion of 56 represented below in Figure 33 by
graphical form. Maximum conversion observed at a residence time of 17.3 min and it

sustained until the residence time of 2.8 min (92%)
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Figure 33: Effect of residence time on conversion of 56 at a concentrations of 0.60 M of

56, 0.40 M of DBU, 0.70 M of DEC and temperature 90 °C.

This study was started at a residence time of 17.3 min and the conversion is 92%. The
same conversion was continued until the residence time of 2.8 min. After this, the
conversion started to decrease with decreasing residence time. From 2.41 min to 1.7 min
the conversion decreased by the difference of 19% and it continued until the end of the
study. The residence times were investigated at a range of 17.3 min to 0.43 min and the

conversion led to decrease 92% to 41%.
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2B.4.2. Effect of temperature on conversion 56

To achieve the optimized conditions for the reaction reagents, the other parameter
temperature was investigated after residence time. Before this study the temperature was
maintained at 90 °C. In this study we investigated the effect of temperature when
increased and decreased from 90 °C on conversion of 56. For this study the
concentrations was maintained at 0.60 M of 56, 0.40 M of DBU, 0.70 M of DEC with a
residence time of 2.41 min. The findings of the study showed in graphical form below

(Figure 34).As the temperature increases, conversion of 56 increased.
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Figure 34: Effect of temperature on % conversion of 56 at a concentration of 0.60 M of

compound 56, 0.40 M of DBU, 0.70 M of DEC.
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The study started at a temperature of O °C at this point the reaction did not proceed, the
reaction started to work at 20 °C with 7% conversion and after that, the conversion
increased to 48% and it continued until the end of the study. The investigation of
temperature was done in a range of 0 °C to 120 °C and the conversion increased from 0

% to 93%.

2.B.4.3. Effect of concentration of diethyl carbonate on conversion of 56

As a final attempt towards the optimization of compound 8, the last reaction reagent
parameter i.e. concentration of DEC was investigated. Before this investigation the
concentration was 0.70 M, during this study the concentrations investigated for a range
of 0.40 M to 1 M. For this study the concentration of other reagents i.e. 0.60 M of
compound 56, 0.40 M of DBU kept constant and the temperature was maintained at 90

°C. The findings from the study described in graphical form below (Figure 35)
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Figure 35: Effect of concentration of 70 on conversion of 56

This reaction in traditional batch chemistry performed at a concentration of 0.70 M of
compound 70, the same concentration was used in flow protocol for preliminary
confirmation. In the study of optimization the concentration of compound 70 investigated
in a range of 1 M — 0.40 M, from 0.70 M to 1 M the conversion of compound 56 remain
unchanged but when the concentration of 70 changed from 0.70 M to 0.40 M the

conversion is drastically decreased as shown in above graph from 91% to 43%.
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2B.5. Conclusion of flow study
The results from the flow study summarized below in Scheme 38. As a result of
optimization of reaction reagents for every step, most of the yields were improved over

the batch studies.

P 67 0
cl F N i
cl (BOC),0 o cl
L T —= F
NH, THF:H,0, 10.5 min N O n-BuLi, TMEDA, THF

NH -
68 30 °C, 100% H -45 °C, 8.6 min, 70% 5 )\o><
27

26

OH F . 0]
Q_;Nij o~ e Oko/\ cl
60 OH 70
>—= NH, DBU, THF, 90 °C,
53 2.41 min, 91%
-45 °C, THF, 4.3 min, 80% 56 8

Scheme 38: Synthesis of efavirenz 8 in flow chemistry
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3. General experimental section

All the reagents (analytical grade) were purchased from Sigma Aldrich and were used
without purification. Air and moisture sensitive reactions were carried out under an
atmosphere of nitrogen in oven-dried glassware (reagent flasks) that was allowed to cool
to room temperature under high vacuum. Tetrahydrofuran (THF) was dried by the
published procedure, 48! stored over activated 4A° molecular sieves and subjected to
Karl-Fisher analysis. All the solvents used were anhydrous and the solvents removed by
rotary evaporator. Brine solution refers to saturated sodium chloride solution. (1R,2S)-N-
Pyrrolidinylnorephedrine,*”] cyclopropyl acetylene and#8l piperidine trifluoroacetic
acid,['*9 were prepared as shown in the literature. Reactions were monitored by thin-layer

chromatography (TLC) and gas chromatography (GC).

TLC carried out on 0.25 mm E. Merck silica gel plates (60F-254) using UV light as a
visualizing agent, and either ninhydrin, cerium sulfate, cerium ammonium molybdate or

potassium permanganate staining solutions and heat as developing agents.

GC was carried out on Agilent 7820A instrument using a DBs column equipped with a
flame ionization detector and ultra-high purity nitrogen carrier gas at a flow rate of
2.8mL/min. Oven temperature was maintained at 100 °C for 3 min and then ramped to

324 °C (hold time 5 min) at 35 °C/min with a total run time of 16.4 min.

Chiral HPLC was carried out using an Agilent 1220 Infinity LC instrument using Cyclobond
| 2000 column equipped with diode array detector, flow rate 1 mL/min, mobile phase:
methanol/DI water; 80:20, DAD, which gave optimum detection at 252 nm with a total

runtime of 30 min
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Nuclear magnetic resonance (NMR) spectra were recorded using Bruker spectrometer
(Bruker Ultrashield ™ 400 plus) which was operated at 400 MHz for proton and 100 MHz
for carbon. Spectra were calibrated using the residual 'H chemical shift in CDCls
(7.26ppm) or DMSO ds (2.62ppm) which was used as the internal reference standards
for IH NMR and *C NMR Spectroscopy. The chemical shift values for all spectra are given
in parts per million (ppm). The following abbreviations were used to explain NMR data, s

= singlet, d = doublet, t = triplet, q = quartet, m= multiplet.

The FTIR characteristic peaks were recorded on a Bruker Platinum Tensor 27
spectrophotometer with an ATR fitting. The analyses of samples were recorded in the
range 4000—400 cm™ and the peaks are reported in wavenumbers (cm™"). The solid and

liquid samples were analyzed without any modification.

Elemental analysis was performed using a CHNS analyzer (Rhodes University, chemistry

department, Grahamstown) and the data reported in percentages.
3.1. Experimental procedures

3.1.1. Preparation of 4-cyclopropylactylide 53

n-BuLi
Cl~_Z [>—=n
18 0°C-10°C, 1h -
78°C,3h

Scheme 39: Preparation of 4-cyclopropylactylide 53[1°]
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A three-necked round-bottomed flask was equipped with a pressure-equalizing addition
funnel and a reflux condenser that is fitted with a nitrogen inlet. The flask was charged
with 5-chloro-1-pentyne (5 g, 49.01 mmol) and cyclohexane (50 mL), and the mixture
cooled to -20 °C. To this reaction mixture, n- butyllithium (49 mL, 2.5 M in cyclohexane,
122.5 mmol) was added dropwise via the addition funnel over 1 hour maintaining the
temperature at -20 °C. After the addition was completed the reaction mixture turned into
a thick precipitate at this time the reaction mixture was heated to reflux (78 °C) and
maintained at reflux for 3 hours. The completion of the reaction was monitored by TLC
(20% ethyl acetate in hexane) and GC. After completion, the reaction was cooled to 0 °C
to =10 °C and then quenched carefully by the dropwise addition of aqueous
saturated ammonium chloride (35 mL). The aqueous layer was separated and the organic
layer is fractionally distilled. The boiling range of 35-78 °C was collected. Which consists
of 60-80% of cyclopropyl acetylene 53 (1.4 g, 50%); this fraction was distilled a second
time and the boiling range of 52 -55 °C collected (Scheme 39). After the distillation, the
obtained pure product was analyzed by NMR and IR spectroscopy, the resulting spectra
correlating with reported standard compound spectra.

IH-NMR-(400MHz) in CDClz: 6 0.69-0.80 (m, 4H); 1.21-1.27 (m, 1H); 1.76 (s, 1H).13C-
NMR in CDCls (100 MHz): 2.1.4.0, 11.0, 70.2, 87.4. IR (cm') 1157, 2120, 2873, 3302,

3374.
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3.1.2. Preparation of 4-cyclopropyl-1, 1, 1-trifluoro-but-3-yn-2-one 29

_ n-BuLi 67 E
Cla_~_*~ [>—=—H |>—:)J\’<F

-28 °C-0 °C, 4h 53 55 °¢

Scheme 40: Preparation of 4-cyclopropyl-1,1,1-trifluoro-but-3-yn-2-one 29092

n-Butyllithium (49 mL, 2.5 M in cyclohexane) was slowly added via an addition funnel to
250 mL two-neck round-bottomed flask which was charged with 5-chloro-1-pentyne (5 g,
49.01 mmol) in THF (50 mL) at -28 °C, then the reaction mixture temperature was kept
below 0 °C and stirred for 4 hours. After that the reaction mixture was cooled to -55 °C
and piperidine trifluoroacetic acid (8.12 mL, 53.91 mmol) was added slowly. After 1 hour
at same temperature, the reaction mixture was quenched with 2N HCI and the organic
and aqueous layers were separated. After evaporation of the organic layer using a rotary
evaporator the residue was washed with water (100 mL) and brine solution (100 mL) and
extracted with ethyl acetate (3x100 mL). The combined organic layers were dried over
anhydrous Na2S0O4 and the crude product was distilled in vacuo. After distillation, the
product was obtained as a pale yellow oil 29 (2.76 g, 40%) (Scheme 40).This resulting
compound was further subjected to analytical techniques (NMR and IR) that matched with

the reported product.?

1H-NMR-(400MHz) in CDCla: & 1.20-1.25 (m, 4H); 1.55 (m, 1H). 3C-NMR in CDCl3 (100

MHz): 11.1, 68.2, 72.5, 114.3, 166.3. IR (cm™) 2209, 1705, 1217, 1163, 1066, 920.
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3.1.3. Preparation of N-piperidine trifluoro acetic acid 67

O O o
R F DCM, TEA
Nt o N F
H F e F F n3an
£ F
71 72 67

Scheme 41: Preparation of N-piperidine trifluoroacetic acid 67

Piperidine (5.8 mL, 58.8 mmol) was added to a 250 mL two neck round-bottomed flask
which is previously charged with a mixture of dichloromethane (45 mL) and triethylamine
(12.2 mL, 88.2 mmol). To this mixture trifluoroacetic anhydride (11.5 mL, 81.8 mmol) was
added, the resulting reaction mixture was stirred at room temperature for 3-4 hour and
the completion of reaction was monitored by TLC (20% ethyl acetate in hexane) and GC.
After completion of the reaction, the reaction mixture extracted with water, sodium
bicarbonate and dil HCI. The organic layer separated and was dried in vacuo. The
resulting pale yellow liquid 67 (8.5 g, 79.8%) (Scheme 41) subjected to NMR & IR

spectroscopy.

1H-NMR-(400MHz) in CDCls: & 1.57-1.63 (m, 6H); 3.47-3.54 (m, 4H).13C-NMR in CDCls

(100 MHz): 6 4.5, 26.7, 28.0, 44.5, 130.9, 132.1.IR (cm™) 1184, 1286, 1465, 1682, 2863.
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3.1.4. Preparation of (1R,2S)-N-pyrrolidinylnorephedrine 60

H,N OH
@_27 NaHCOg,toluene
+ g SN NBY
on B 118 °C, 24h, 80% Nij
72 73 60

Scheme 42: Preparation of (1R,2S)-N-pyrrolidinylnorephedrine 60[0.81]

A round-bottomed flask equipped with a mechanical stirrer, condenser with Dean-Stark
trap and with a nitrogen inlet, was charged with toluene (20 mL), (1R,2S) norephedrine
(5 g, 33 mmol), 1,4-dibromobutane (4.2 mL, 36.2 mmol) and Na2COs (5.6 g, 68 mmol).
The stirred heterogeneous reaction mixture was heated to reflux under a nitrogen
atmosphere. Completion of reaction monitored by TLC and GC. After completion of the
reaction the reaction mixture was cooled to ambient temperature, filtered through a
sintered glass funnel to remove inorganic salts, and the cake was washed with toluene
(3x10 mL). The combined filtrate washed with water (2x25 mL). The organic layer was
separated and concentrated under reduced pressure. The toluene solution was cooled to
10-15 °C and hydrochloric acid (HCI) in 2-propanol (0.275 mol) was added slowly. During
the acid addition, the product precipitates as its hydrochloride salt (5.4 g, 80%) (Scheme
42).The salt compound analyzed by 'H-NMR & 3C-NMR and IR for the structural

conformation.

1H-NMR-(400MHz) in CDClz: & 1.14-1.27 (m, 3H); 2.08-2.29 (m, 4H); 3.04 (s, 2H); 3.31
(d, J = 6.24, 1H); 3.85 (d, J = 2.28, 1H); 4.15 (d, J = 4.56, 1H); 5.59 (d, J = 9.36, 1H);

7.42-7.20 (m, 5H); 11.85 (d, J = 2.28, 1H).13C-NMR-(100 MHz) in CDClz: & 14.5, 28.0,
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56.3,69.7, 72.7,130.9, 132.1, 133.1. IR-(cm™) 960, 1199, 1356, 1467, 1602, 2838, 2985,

3177.

3.1.5. Preparation of tert-butyl-4-chloro phenyl carbamate 26°2

Cl \@\ (BOC),0 CI\©\ io><

NH, (A) DCM/TEA, RT H

68 24 h, 40 % 26
(B)THF:H,0, 3 h, 92%

(C) PEG-200, 2.5 h, 96%

Scheme 43: Preparation of tert-butyl-4-chloro phenyl carbamate 26

Preparation of compound 26 was done by using three different methods, as presented

below, to improve the reaction yield and reduce the reaction time.

3.1.5.1. Method A

Triethylamine (7 mL, 78.74 mmol) was added to a solution of 4-chloroaniline 68 (5 g, 39.3
mmol) in dichloromethane (50 mL), and to this ZnCl2 (5.35 g, 39.37 mmol) was added
and stirred for 30 min at room temperature. Subsequently di-tert-butyl dicarbamate (9.13
mL, 43.3 mmol) was added dropwise to the above reaction mixture and stirred for 24
hours. The completion of the reaction was monitored by TLC (20% ethyl acetate in
hexane) and GC. After completion of the reaction, the reaction mixture was poured into
ice cold water and the product was precipitated as a lumpy cream-colored solid. Which is
further extracted with ethyl acetate (3x50 mL), the combined organic layers were washed

with water (25 mL), brine solution (25 mL) and dried over anhydrous Na2SOas. The
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resulting organic layers evaporated by rotary to give product 26 as a white colored solid
(3.56 g, 40%) (Scheme 43). This compound was analyzed by NMR, IR spectroscopy and

elemental analysis.

IH-NMR (400 MHz) in CDCls: 8 1.22 (s, 9H); 7.33 (d, J = 8.44, 2H); 7.69 (d, J = 8.40, 2H):
9.31 (s, 1H). 3C-NMR in CDCl3 (100 MHz): & 27.6, 40.2, 81.0, 122.1, 127.1, 128.4, 138.8,
177.0. IR (cmY): 1172, 1368, 1475, 1652, 2872, 2910, 3290. Anal.calcd for C11H14CINO2:

C 58.03, H 6.20, N 6.15, Found: C 58.08, H 6.16, N 6.11.
3.1.5.2. Method B

4-Chloroaniline 68 (5 g, 39.3 mmol) was added into a 100 mL round bottom flask charged
with a 1:1 ratio of THF and water (50 ml) and stirred until the compound dissolved, to this
di-tert-butyl dicarbamate (9.13 mL, 43.3 mmol) was added dropwise and stirred for 3
hours at room temperature. The completion of the reaction was monitored by TLC (20%
ethyl acetate in hexane) and GC. After completion, the reaction mixture extracted with
ethyl acetate (3x50 mL), washed with water (50 mL) and brine solution (50 mL). The
resulting organic layer dried over anhydrous Na.SO4 and evaporated under reduced
pressure to get product as white colored solid (8.1 g, 92%) (Scheme 43) which was

analytically compared with Method A results.
3.1.5.3. Method C

A mixture of 4-chloroaniline 68 (5 g, 39.3 mmol) and di-tert-butyl dicarbamate (9.13 mL,
43.3 mmol) in PEG-200 (5 mL, 7.8 mmol) was stirred at ambient temperature until TLC
indicated the total disappearance of the aniline (2.5 hours). After completion, the reaction
mixture was poured into ice cold water where the product precipitated as a cream colored
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solid. Which was extracted into dry ether (3x25 mL) and the organic layer was dried over
anhydrous Na2S0O4 and concentrated under reduced pressure to afford the compound 26
(8.54 g, 96%) as a white colored solid. The compound was subjected to analysis by NMR,

IR spectroscopy and elemental analysis and compared with the reported product.®?

Analysis same as above

3.1.6. Preparation of tert-butyl-4-chloro-2-(2, 2, 2-trifluoroacetyl) phenyl carbamate

27192

(O
N = o
cl J& cl i
Tl e——mer, 3
¢) n-BuLi, TMEDA NH
o)\o><

RT-70 °C, 28%

Scheme 44: Preparation of tert-butyl-4-chloro-2-(2, 2, 2-trifluoroacetyl) phenyl carbamate

27

A 250 mL two neck round bottom flask equipped with mechanical stirrer and nitrogen inlet
was charged with compound 26 (5 g, 23.6 mmol), THF (50 mL) and TMEDA (3.9 mL, 25.9
mmol). The resulting mixture stirred at ambient temperature until the total disappearance
of solid. After that the temperature of reaction was brought down to -20 °C and then n-
butyllithium (84.2 mL, 106 mmol) was added dropwise, the addition of n-butyllithium is an
exothermic reaction so the temperature of the reaction was controlled by the rate of
addition. After addition was completed, the reaction mixture was stirred at 0 °C-5 °C for 2

hours, the temperature of resulting mixture was again brought down to -15 °C, at this
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temperature piperidine trifluoroacetic acid 67 (10.17 mL, 78.74 mmol) was added at once
(addition of piperidine trifluoroacetic acid 67 at once, to avoid the formation of side
products because of dimerization). The progress of the reaction was monitored by TLC
(20% ethyl acetate in hexane) and GC. After completion of the reaction, the reaction
mixture quenched with dropwise addition of previously cooled saturated ammonium
chloride (25 mL), the organic layer was separated and washed with water (50 mL), brine
solution (50 mL) and dried over anhydrous Na2SOa4. The resulting organic layer
evaporated by rotary evaporator to afford compound 27 (1.99 g, 28%); as yellow solid
(Scheme 44). TLC and GC of the obtained product indicated the presence of 10% starting
material. The crude product was purified by flash column chromatography by using 60-
120 mesh silica gel. The pure product was eluted with ethyl acetate and hexane (1:9) as
the mobile phase. The appropriate fractions were combined and the solvent evaporated
in vacuo to give the product. The purified compound was confirmed by FT-IR, *H-NMR

13C-NMR spectroscopy and elemental analysis.

1H-NMR-(400 MHz) in CDCls: & 1.38 (s, 9H); 7.67 (d, 1H); 7.93 (s, 1H); 8.91 (d, J = 9.24,
1H); 11.16 (brs, 1H).3C-NMR in CDCls (100 MHz): & 27.4, 81.0, 116.7, 122.7, 127.8,
131.0, 137.5, 142.5, 182.5.19FNMR in CDCls: & -69.45. IR (cm-): 1093, 1247, 1411,
1636, 2972, 3374. Anal.calcd for C13H13CIFsNOs C, 48.24; H, 4.05; N, 4.33. Found: C,

48.15; H, 4.11; N, 4.36.
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3.1.7. Preparation of tert-butyl-4-chloro-2-(4-cyclo propyl-1,1-trifluoro-2-hydroxy

but-3-yn-2-yl) phenyl carbamate 56

OH
F %
2 F NG F~ A
Cl cl o

E 60

. OH

NH ¢ >—=n NH,
53

o O

- -20 °C, THF, 82% 56

Scheme 45: Preparation of tert-butyl-4-chloro-2-(4-cyclo propyl-1,1-trifluoro-2-hydroxy

but-3-yn-2-yl) phenyl carbamate 56 (Method A)

The N-pyrrolidinylnorephedrine 60 (7.3 g, 35.75 mmol) was added in a round bottomed
flask (with nitrogen inlet) which is previously charged with dry degassed THF (50 mL).
The resulting mixture was cooled to -25 °C. To this mixture, cyclopropyl acetylene 53
(3.55 mL, 35.78 mmol) and n-butyllithium (34.75 mL, 69.5 mmol) were added dropwise.
After that, the reaction mixture temperature was raised to 0 °C and stirred for 30 min.
Again the reaction mixture was cooled to -55 °C, at this temperature compound 27 (5 g,
16.25 mmol) in dry THF (25 mL) under nitrogen was added to the reaction mixture. After
addition, the resulting orange colored solution was stirred for 1 hour at the same
temperature. The reaction progress was monitored by TLC and GC, after completion the
reaction was quenched with dropwise addition of 6N HCI and the final reaction mixture
extracted with ethyl acetate (3x50 mL) and dried over anhydrous Na2SOa4. The combined
organic layers were evaporated to get the product as yellow color solid 56 (4.62 g, 84%)

(Scheme 45). The chiral purity of the product was determined by using HPLC. A chiral
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column Cyclobond | 2000 was used as stationary phase and the methanol: water (80:20)
as the mobile phase, flow rate 1 mL/min, DAD, which gave optimum detection at 252 nm.

The final product was confirmed by FT-IR, tH-NMR and 3C-NMR and elemental analysis.

1H-NMR-(400 MHz) in CDCls: 8 0.74 (t, J = 3.36, 2H); 0.83 (t, J = 5.96, 2H); 1.21-1.55 (m,
1H) 4.17 (s, 1H); 7.25 (d, J = 8.92, 1H); 7.61 (s, 1H); 8.30 (d, J = 8.96, 1H); 9.41 (s,
1H).23C-NMR in CDCI3 (100 MHz): 5 0.003, 9.1, 14.1, 27.1, 70.1, 75.2,94.2,120.5, 121.3,
125.0, 128.9, 130.9, 177.1%FNMR in CDCls: 8 -79.72 IR (cm™) 1262, 1360, 1487, 2235,
2794, 3330, 3419. Anal.calcd for Ci3H11CIFsNO; C, 53.90; H, 3.83; N, 4.84; Found: C,

53.87; H, 3.89; N, 4.81.

Alternatively the reaction mixture was quenched by using saturated ammonium chloride
and extracted with ethyl acetate, the combined organic layers were washed with brine
solution and evaporated in vacuo to afford compound 51. The chiral purity of the product
was determined by using HPLC. A chiral column Cyclobond | 2000 was used as stationary
phase and the methanol: water (80:20) as the mobile phase, flow rate 1 mL/min, DAD,
which gave optimum detection at 252 nm. And finally product was confirmed by FT-IR,

H-NMR, ¥C-NMR and elemental analysis.

IH-NMR-(400 MHZ) in CDCls: & 0.74 (t, J = 3.36, 2H); 0.83 (t, J = 5.96, 2H); 1.14 (m, 9H);
1.21-1.55 (m, 1H); 4.17 (s, 1H); 7.25 (d, J = 8.92, 1H); 7.61 (s, 1H); 8.30 (d, J = 8.96,
1H); 9.41 (s, 1H).13C-NMR in CDCls (100 MHz): & 0.003, 9.2, 14.7, 27.9, 70.5, 77.9, 85.7,
122.6, 124.3, 124.8, 128.8,130.7, 137.4, 177.5, .®FNMR in CDClz: & -79.72 IR (cm™)
1262, 1360, 1487, 2235, 2794, 3330, 3419. Anal.calcd for C13H11CIFsNO; C, 59.76; H,

5.83; N, 4.27; Found: C, 59.77; H, 5.84; N, 4.27.

130 | Page



CHAPTER 2 SECTION B SYNTHESIS OF EFAVIRENZ SEMI CONTINUOUS FLOW CHEMISTRY
RESULTS AND DISCUSSION

3.1.7. 2. Method B (preparation of 56 by using 53 from 26)[102]

OH
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-55 °C-45PC, 47%

Scheme 46: Preparation of tert-butyl-4-chloro-2-(4-cyclo propyl-1,1-trifluoro-2-
hydroxybut-3-yn-2-yl) phenyl carbamate 56 by using cyclopropylethynyl trifluoromethyl

ketone 53

N-Boc-4-Chloroaniline 26 (5 g, 21.27 mmol) was dissolved in THF (50 mL) and the
resulting mixture was cooled to -55 °C and at this temperature n-butyllithium (42 mL,
106.3 mmol) was added slowly. The mixture was held at the same temperature for 1 hour.
A mixture of compound 29 and 60 in dry THF (10 mL) was added to the above reaction
and stirred for until completion of the reaction. The reaction progress was monitored by
TLC and GC. After completion of the reaction, the reaction mixture quenched with
dropwise addition of 6N HCI and the mixture was warmed to ambient temperature and
extracted with MTBE. The combined organic layers dried over anhydrous Na2SOa4
evaporated in vacuo, to afforded compound as yellow color solid 56 (Scheme 46) (1.8 g,
47%). Analytically pure sample obtained by recrystallization with hexane. The chiral purity
of the product was determined by using HPLC. A chiral column Cyclobond | 2000 was

used as stationary phase and the methanol: water (80:20) as the mobile phase, flow rate
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1 mL/min, DAD, which gave optimum detection at 252 nm. Finally the compound structure

was confirmed by FT-IR, *H-NMR, C-NMR and elemental analysis.

1H-NMR-(400 MHz) in CDCls: 8 0.74 (t, J = 3.36, 2H); 0.83 (t, J = 5.96, 2H); 1.21-1.55 (m,
1H) 4.17 (s, 1H); 7.25 (d, J = 8.92, 1H); 7.61 (s, 1H); 8.30 (d, J = 8.96, 1H); 9.41 (s,
1H).23C-NMR in CDCI3 (100 MHz): 5 0.003, 9.1, 14.1, 27.1, 70.1, 75.2,94.2,120.5, 121.3,
125.0, 128.9, 130.9, 177.1%FNMR in CDCls: 8 -79.72 IR (cm™) 1262, 1360, 1487, 2235,
2794, 3330, 3419. Anal. calcd for Ci3H11CIFsNO; C, 53.90; H, 3.83; N, 4.84; Found: C,

53.87; H, 3.89; N, 4.81

3.1.8. Preparation of 6-chloro-2-(4-cyclopropylethynyl)-4-(trifluoromethyl)-1H-

benzo[d][1,3] oxazin-2-(4H)-one 8

\\\

R % 0
F g7z )
= /\O)Lo cl
70

Cl
OH
NH, DBU, THF, 60 °C
56 2 h, 84.4%

Scheme 47: Preparation of 6-chloro-2-(4-cyclopropylethynyl)-4-(trifluoromethyl)-1H-

benzo[d][1,3] oxazin-2-(4H)-one 8.

((S)-Amino alcohol 56 (5 g, 17.3 mmol) was added to a round bottomed flask which was
previously charged with the THF (50 mL), to this DBU (5.67 mL, 11.42 mmol) was added
at room temperature. To this above stirred mixture diethyl carbonate 70 (7.5 mL, 19.38
mmol) was added and the mixture was further stirred at 60 °C for 2 hours. The completion

of the reaction was monitored by TLC and GC. After completion, the reaction mixture was
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evaporated with rotary evaporator, diluted with water and extracted with ethyl acetate
(3x50 mL). The combined organic layers were successively washed with aqueous
hydrochloric acid, demineralized water and dried over anhydrous Na2S0a4, concentrated
in vacuo and purified on silica gel (60-120 mesh) column chromatography, the compound
eluted with ethyl acetate and hexane (10:90) as mobile phase. Solvent evaporated to get
the compound as white colored solid (5.8 g, 84.4%) (Scheme 47). The chiral purity of the
product was determined by using HPLC. A chiral column Cyclobond | 2000 was used as
stationary phase and the methanol: water (80:20) as the mobile phase, flow rate 1
mL/min, DAD, which gave optimum detection at 310 nm. Finally the structure of the

compound was confirmed by FT-IR, *H-NMR, 3C-NMR and elemental analysis.

IH-NMR-(400 MHz) in CDCls: & 0.85-0.96 (m, 4H); 1.38-1.45 (m, 1H); 6.85 (d, J = 8.52,
1H); 7.39 (dd, J = 8.52, 2.2 1H); 7.5 (s, 1H); 9.1 (s, 1H).13C-NMR in CDClz (100 MHz): &
0.003, 9.4, 66.7, 77.9, 96.5, 116.8, 121.3, 124.1, 128.4, 133.8, 149.5, 19FNMR in CDClz:
5 -80.9. IR (cm) 1165, 1261, 1315, 1428, 1742, 2249, 3311. Anal.calcd for

C14HoCIF3NO2; C, 53.27; H, 2.87; N, 4.44; Found C, 53.21; H, 2.89; N, 4.49.
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CHAPTER 4 FLOW CHEMISTRY EXPERIMENTAL PROCEDURES

4.1. Flow experimental procedures

4.1.1. Preparation of tert-butyl-4-chloro phenyl carbamate 26

Preparation of tert-butyl-4-chloro phenyl carbamate 26 (Scheme 48) in flow was done by
using microreactor setup shown in Figure 32. This microreactor setup was constructed
by using Chemyx Fusion syringe pumps, 5 mL SGE glass syringes, and LTF reactor
plates. Chemyx Fusion syringe pumps connected to four LTF microreactor plates via
PTFE tubing, two of them are LTF-MX reactor plate which used for mixing the two

reagents, another two are LTF-V reactor used for increasing the residence time.

cl Cl
(BOC),0, NaHCO; o)
T LI

NH, THF:H,0,10.5 min H
30 °C, 100 %

68 26

Scheme 48: Preparation of tert-butyl-4-chloro phenyl carbamate 26

Preparation of stock solutions:

Stock solution A was prepared by dissolving 4-chloroaniline 68 (5 g, 39.3 mmol) in THF

(50 mL).

Stock solution B was prepared by dissolving di-tert-butyl dicarbamate (9.13 mL, 43.3

mmol) in THF (50 mL).

Stock solution C was prepared by dissolving sodium bicarbonate ((5 g, 78 mmol) in

water (50 mL).
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The stock solutions A, B and C were pumped into LTF microreactor plates using Chemyx
Fusion syringe pumps and three 5 mL SGE glass syringes. These reactor plates were
kept at a temperature of 30 °C and the samples collected at the end of the microreactor
tubing were analyzed by using offline gas chromatography (GC). After completion, the
reaction mixture extracted with ethyl acetate (3x50 mL), washed with water (50 mL) and
brine solution (50 mL). The resulting organic layer dried over anhydrous Na2SO4 and
evaporated under reduced pressure and finally compound analyzed by FT-IR, *H-NMR
13C-NMR spectroscopy and elemental analysis. Based on the results of GC the reaction
further scrutinized towards the optimization by investigating the effect residence time,

concentration and temperature on conversion of 68.

4.1.1.1. Effect of residence time on conversion of 68

4-Chloroaniline 68 (5 g, 39.3 mmol), di-tert-butyl dicarbamate (9.13 mL, 43.3 mmol) were
dissolved in anhydrous, degassed tetrahydrofuran to a concentration of 0.78 M each and
sodium bicarbonate (5 g, 78 mmol) was dissolved in water to a concentration of 1.1 M.
These reagent solutions were fed into microreactor as shown in Figure 33 at various
residence times ranging from 0.35 min to 21 min into an LTF—MX reactor using three 5
mL SGE glass syringes, one syringe was filled with 4-chloroaniline 68, another one with
ag. sodium bicarbonate and the last one with di-tert-butyl dicarbamate. To increase the
residence time of the reaction, a residence plate reactor was added to the set up (LTF-V

reactor). A sample was thereafter collected and analyzed by offline GC.
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Figure 36: Step 1 microreactor set up

After collection of the sample, the reaction mixture washed with brine solution and dried
over anhydrous Na>SOa4. The resulting organic layer was evaporated under vacuum to
afford white colored solid as product. Which used in step-2 without any purification and
finally characterized by using *HNMR, *CNMR, infrared spectroscopy and elemental

analysis.

IH-NMR (400 MHz) in CDCls: 8 1.22 (s, 9H); 7.33 (d, J = 8.44, 2H); 7.69 (d, J = 8.40, 2H):
9.31 (s, 1H). 3C-NMR in CDCl3 (100 MHz): 5 27.6, 40.2, 81.0, 122.1, 127.1, 128.4, 138.8,
177.0. IR (cml): 1172, 1368, 1475, 1652, 2872, 2910, 3290. Anal.calcd for C11H14CINO2:

C 58.03, H 6.20, N 6.15, Found: C 58.08, H 6.16, N 6.11.
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Figure 37: Step-1 microreactor set up block diagram

After looking the results of above study we further investigated the reaction by changing

the concentration of di-tert-butyl dicarbamate as described below

4.1.1.2. Effect of concentration of di-tert-butyl dicarbamate on conversion of 68

4-Chloroaniline 68 (5 g, 39.3 mmol), was dissolved in anhydrous, degassed
tetrahydrofuran to a concentration of 0.78 M, sodium bicarbonate was dissolved in water
to a concentration of 1.1 M and di-tert-butyl dicarbamate (9.13 mL, 43.3 mmol) was also
dissolved in anhydrous, degassed tetrahydrofuran to get a concentration ranging from
0.70 M -0.98 M. These reagent solutions were fed into microreactor as shown in Figure
33 at various concentrations ranging from 0.93 M to 0.70 M of di-tert-butyl dicarbamate
into an LTF—MX reactor using 5 mL SGE glass syringe, at a constant residence time (10.5
min) and temperature. One syringe was filled with 4-chloroaniline 68 another one with
ags sodium bicarbonate, third syringe was with di-tert-butyl dicarbamate. To increase the

residence time of the reaction, a residence plate reactor was added to the set up (LTF-V
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reactor). All the microreactor plates were arranged as shown in Figure 32. A sample was
thereafter collected at the end of the microreactor were analyzed by offline GC and the
peak areas were used for calculating the % conversion of the product. After collection of
the sample, the reaction mixture washed with brine solution and dried over anhydrous
Na2S0a4. The resulting organic layer was evaporated under vacuum to afford white
colored solid as product which was directly used in step-2 without any purification and
finally characterized by using *HNMR, *CNMR, infrared spectroscopy and elemental

analysis.
Analysis same as above.

As moving forward we looked at the effect temperature on the reaction although in the
batch we worked out this reaction at room temperature but we find an interest to see how

the temperature of the reaction effect the conversion of 68.

4.1.1.3. Effect of temperature on conversion of 68

4-Chloroaniline 68 (5 g, 39.3 mmol), di-tert-butyl dicarbamate (9.13 mL, 43.3 mmol) was
dissolved in anhydrous, degassed tetrahydrofuran to a concentration of 0.78 M each and
sodium bicarbonate was dissolved in water to a concentration of 1.1 M. These reagent
solutions were fed into an into microreactor (Figure 32) using three 5 mL SGE glass
syringes at various temperatures ranging from room temperature to 60 °C at constant
residence time (10.5 min) and concentration, one syringe was filled with 4-chloroaniline
68 another one with ags sodium bicarbonate and the third syringe was with di-tert-butyl
dicarbamate. All these syringes connected to microreactor plates as shown in Figure 32,

to increase the residence time of the reaction, a residence plate reactor was added to the
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set up (LTF-V reactor). A sample was thereafter collected at the end of the microreactor
were analyzed by offine GC and the peak areas were used for calculating the %
conversion of the product. After collection of the sample, the reaction mixture washed
with brine solution and dried over anhydrous Na2SOa4. The resulting organic layer was
evaporated under vacuum to afford white colored solid as product which was used in step
2 without any purification and finally characterized by using 'HNMR, 13CNMR, infrared

spectroscopy and elemental analysis.

Analysis same as above.

After optimizing the conversion of 4-chloroaniline 68 by changing concentration,
residence time and temperature of reaction reagents we moved forward to step 2 i.e.
preparation and optimization of tert-butyl-4-chloro-2-(2,2,2-trifluoroacetyl)phenyl

carbamate 27.

4.1.2. Preparation of tert-butyl-4-chloro-2-(2, 2, 2-trifluoroacetyl) phenyl carbamate
27

Preparation of tert-butyl-4-chloro-2-(2, 2, 2-trifluoroacetyl) phenyl carbamate 27 in this
thesis also called as trifluoro acetylation reaction. This reaction in flow (Scheme 49) was
done by using microreactor setup shown below (Figure 34).The microreactor setup was
built using MR-Q pump (Figure 36), Chemyx Fusion syringe pumps (Figure 37), PTFE
tubing, LTF reactor plates (Figure 38) and quench columns. Quench columns were made
using unigsis glass column reactor with adjustable end fittings and which is filled with
required amount of silica. Four LTF reactor plates (two LTF-MX reactor plate and two

LTF-VS reactor plates) were used for this setup. These plates arranged in two beakers
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each beaker one mixing plate one residence plate and they marked as beaker land
beaker 2 (Figure-34). MR-Q pump is used for pumping n-butyllithium, tert-butyl-4-chloro
phenylcarbamate 26 and piperidine trifluoroacetic acid 67 in THF are pumped by using
Chemyx Fusion syringe pumps. Two LTF-MX and two LTF-VS microreactor plates were

used (Figure 38).

QO F
o o a
\©\ﬁ\J< SRR > ]
N

F
N
H O n-BuLi, TMEDA )\H ><
-45 °C, 8.6 min o~ O
26
70 % 27

Scheme 49: Preparation of tert-butyl-4-chloro-2-(2, 2, 2-trifluoroacetyl) phenyl carbamate

27

Preparation of stock solutions

Stock solution A was prepared by dissolving tert-butyl-4-chloro phenyl carbamate 26 (5

g, 23.6 mmol) in THF (50 mL).

Stock solution B was prepared by diluting 2.5 M of n-butyllithium (42.4 mL, 106.2 mmol)

in dry degassed HPLC grade hexanes (50 mL).

Stock solution C was prepared by dissolving piperidine trifluoroacetic acid 67 (10.17 mL,

78.74 mmol) in THF (50 mL).
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The stock solution A pumped into LTF microreactor plates with the help of MR-Q syringe
pump, stock solution B also pumped into same reactor plate with the help of Chemyx
Fusion syringe pump and SGE glass syringe. In this microreactor plate, n-butyllithium
reacts with compound 26 and generates dianion (Scheme 49) which enters into LTF V
microreactor plate, these two reactor plates kept at -75 °C and these plates are connected
to another LTF MX microreactor plate where stock solution C enters into the plate with
the help of other Chemyx Fusion syringe pump, the generated dianion in the first plate
guenched with stock solution C. These reactor plates kept at a temperature of -45 °C at
the end microreactor plate connected to a quench column. Quench column made with
silica to bind the piperidine by product. The sample collected at the end of the quench
column were analyzed by using offline gas chromatography (GC). After conformation of
reaction progress, the reaction mixture quenched with saturated ammonium chloride. The
organic layer extracted with ethyl acetate and evaporated in vacuo and the compound
analyzed by FT-IR, H-NMR 3C-NMR spectroscopy and elemental analysis. Based on
the results of GC the reaction further scrutinized towards the optimization by investigating

the effect residence time, concentration and temperature on conversion of 26.

'H-NMR-(400 MHz) in CDCl3: 8 1.38 (s, 9H); 7.67 (d, 1H); 7.93 (s, 1H); 8.91 (d, 1H); 11.16
(brs, 1H).13C-NMR in CDCIz (100 MHz): & 27.4, 81.0, 116.7, 122.7, 127.8, 131.0, 137.5,
142.5, 182.5.2°FNMR in CDCls: 8 -69.45. IR (cm™): 1093, 1247, 1411, 1636, 2972, 3374.
Anal.calcd for C13H13CIFsNOs C, 48.24; H, 4.05; N, 4.33. Found: C, 48.15; H, 4.11; N,

4.36.
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Nitrogen baloon

Beaker-2

Beaker-1

Figure 38: Tri-fluoro acetylation (step-2) microreactor set up

ay

n-Butyllithium

N2 cylinder

Figure 39: Tri—fluoro acetylation (Preparation of tert-butyl-4-chloro-2-(2,2,2-

trifluoroacetyl) phenyl carbamate 27) micro reactor set up block diagram.
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Figure 40: MR-Q pump. Itis a self-priming continuous flow pump ranging from 80uL/hour-

3.5L/hour and works with PC software

Figure 41: Chemyx Fusion syringe pump.
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Figure 42: LTF MX mixer (left), for intensive mixing and LTF VS (right) for intensive

mixing and residence time.

After the preliminary reaction, the reaction reagent parameters were further examined for

a better conversion where residence time, concentration, temperature were investigated.

4.1.2.1. Effect of residence time on conversion of 26

The tert-butyl-4-chloro phenyl carbamate 26 (5 g, 23.6 mmol) was dissolved in anhydrous
degassed THF to a concentration of 0.1 M and n-butyllithium (2.5 M in hexanes from
Sigma-Aldrich) was diluted to a concentration of 0.25 M in dry degassed hexanes and the
trifluoro acetylating agent, piperidine trifluoroacetic acid 67 (10.17 mL, 78.74 mmol) was
dissolved to a concentration of 0.14 M in a dry degassed THF. All the reagent solutions
kept under the atmosphere of dry nitrogen. The temperature of the first beaker maintained
at -45 °C and second beaker at -10 °C using dry ice. The quench column and the reactor

loops were first flushed with anhydrous degassed solvent THF. The reagents were
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introduced into the reactor as shown in the block diagram (Figure 35) at different
residence times ranging from 17.3 min - 4.3 min by keeping the concentration of reagents
and temperature constant. The tert-butyl-4-chloro phenyl carbamate 26 and piperidine
trifluoroacetic acid 67 were introduced into the reactor with the help of Chemyx Fusion
syringe pumps and 10 mL SGE glass syringes, n-butyllithium fed into the reactor with the
help of MR-Q syringe pump. Sample collected at the end of the microreactor were
analyzed by offline GC and the % conversion was calculated by measuring peaks areas.
The product obtained after evaporation of solvent subjected to the 'THNMR, 13CNMR, IR

and elemental analysis.
Analysis same as above

4.1.2.2. Effect of concentration of n-butyllithium on conversion of 26

The tert-butyl-4-chloro phenyl carbamate 26 (5 g, 23.6 mmol) was dissolved in anhydrous
degassed THF to a concentration of 0.1 M and n-butyllithium (2.5 M in hexanes from
Sigma-Aldrich) was diluted to a concentrations from 0.5-0.25 M in dry degassed hexanes
and the trifluoro acetylating agent, piperidine trifluoroacetic acid 67 (10.17 mL, 78.74
mmol) was dissolved to a concentration of 0.14 M in a dry degassed THF. All the reagent
solutions kept under the atmosphere of dry nitrogen. The temperature of the first beaker
maintained at -45 °C and second beaker at -10 °C using dry ice. The quench column and
the reactor loops were first flushed with anhydrous degassed solvent THF. The reagents
were introduced into the reactor as shown in the block diagram (Figure 35) at constant
residence time (8.6 min), temperature (beaker 1 at -45 °C, beaker 2 at -10 °C) and by
varying concentration of n-butyllithium from 0.5 M to 0.25 M. The tert-butyl-4-chloro

phenyl carbamate 26 and piperidine trifluoroacetic acid 67 were introduced into the
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reactor with the help of Chemyx Fusion syringe pumps and 10 mL SGE glass syringes,
n-butyllithium fed into the reactor with the help of MR-Q syringe pump. A sample collected
at the end of the microreactor were analyzed by offline GC and the % conversion was

calculated by measuring peaks areas.

The product obtained after evaporation of solvent subjected to the *HNMR, 13CNMR, IR

and elemental analysis.

Analysis same above

4.1.2.3. Effect of concentration of trifluoro acetylating agent on conversion of 26

The tert-butyl-4-chloro phenyl carbamate 26 (5 g, 23.6 mmol) was dissolved in anhydrous
degassed THF to a concentration of 0.1 M. n-butyllithium (2.5 M in hexanes from Sigma-
Aldrich) was diluted to a concentration of 0.25 M in dry degassed hexanes and the trifluoro
acetylating agent, piperidine trifluoroacetic acid 67 (10.17mL, 78.74 mmol) was dissolved
to concentrations from 0.14-0.3 M in a dry degassed THF. All the reagent solutions kept
under the atmosphere of dry nitrogen. The temperature of the first beaker maintained at
-45 °C and second beaker at -10 °C using dry ice. The quench column and the reactor
loops were first flushed with anhydrous degassed solvent. The reagents were introduced
into the reactor as shown in the block diagram (figure 35) at constant residence time (8.6
min), temperature (beaker 1 at -45 °C, beaker 2 at -10 °C) and at different concentrations
of piperidine trifluoroacetic acid 67 ranging from 0.14 M-0.3 M. The tert-butyl-4-chloro
phenyl carbamate 26 and piperidine trifluoroacetic acid 67 were introduced into the
reactor with the help of Chemyx Fusion syringe pumps and 10 mL SGE glass syringes,

n-butyllithium fed into the reactor with the help of MR-Q syringe pump. A sample collected
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at the end of the microreactor were analyzed by offline GC and the % conversion was

calculated by measuring peak areas.

The product obtained after evaporation of solvent subjected to the *HNMR, 13CNMR, IR

and elemental analysis.

Analysis same above

4.1.2.4. Investigating the effect of temperature on conversion of 26

The tert-butyl-4-chloro phenyl carbamate 26 (5 g, 23.6 mmol) was dissolved in anhydrous
degassed THF to a concentration of 0.1 M. n-butyllithium (2.5 M in hexanes from Sigma-
Aldrich) was diluted to a concentration of 0.25 M in dry degassed hexanes and the trifluoro
acetylating agent, piperidine trifluoroacetic acid 67 (10.17 mL, 78.74 mmol) was dissolved
to a concentration of 0.14 M in a dry degassed THF. All the reagent solutions kept under
the atmosphere of dry nitrogen. The temperature of the beakers maintained at lower
temperatures by using dry ice. The quench column and the reactor loops were first flushed
with anhydrous degassed solvent. The reagents were introduced into the reactor as
shown in the block diagram (Figure 35) at constant residence time (8.6 min),
concentration and at different temperatures ranging from room temperature to -70 °C.
The tert-butyl-4-chloro phenyl carbamate 26 and piperidine trifluoroacetic acid 67 were
introduced into the reactor with the help of Chemyx Fusion syringe pumps and 10 mL
SGE glass syringes, n-butyllithium fed into the reactor with the help of MR-Q syringe
pump. A sample collected at the end of the microreactor were analyzed by offline GC and

the % conversion was calculated by measuring peaks areas.
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The product obtained after evaporation of solvent subjected to the 'THNMR, 13CNMR, IR

and elemental analysis.
Analysis same above

After a preliminary investigation of residence times, temperature and concentration of
trifluoro acetylation reaction residence times further examined by central composite

design at constant concentration and temperature for further optimization.

4.1.2.5. Optimization of residence times by central composite design

The trifluoro acetylation reaction was optimized in microreactor setup showed in Figure
34, an experimental domain was established by using primary investigation results. The
developed experimental domain was further used to create the central composite design
to execute the experiments in a well-developed fashion (Table 18). For this reaction all
the reagent concentrations was kept constant (0.25 M of n-butyllithium, 0.1 M of

compound 26, 0.2 M of 67)

Table 18: Experimental domain for residence times (min) step 2

n-Butyllithium Piperidine trifluoroacetic acid N-Boc aniline

(min) (min) (min)
Minimum 52 260 86.6
Maximum 13 5.2 5.2
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During the study, a total of 20 experiments were carried out from the central composite
design including replications. The percentage of product conversion was investigated by

GC by measuring the peak areas and finally, the data was analyzed by a statistical model.

4.1.2.6. Model derivation
The observed experimental data of tert-butyl-4-chloro phenyl carbamate 26 conversion

was fitted on the logistic regression model (Equation 2).

Yy =100/ 1+e bot+biF1+b2F2+bsFa+ba F21+ bs F22+ be F23+ b7 F1*Fo+ bgF1Fa+ baF2Fs/F
(Equation 2)

Where: Y is the predicted conversion, F = Flow-rate and, i = 1, 2, 3, 4 are the estimated

regression coefficients.

The estimated regression coefficients from the analyzed experimental data are
summarized below (Table 19). In this work, all estimated coefficients whose p-value is
below 5%, will be assumed to be statistically significant. Therefore, the corresponding

variables play a significant role in the conversion.
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Table 19: Estimated regression coefficients & associated statistics

Co efficient Term Standard error t-Test
b0 Intercept -1.06 1.023 -1.04 0.305
n_
bl 18.28 8.637 2.117 0.041
butyllithium
Boc
b2 2.78 0.801 3.474 0.001
anhydride
Piperidine
b3 trifluoro 35.19 17.769 1.98 0.055
acetic acid
n-
butyllithium*
b4 Piperidine -414.7 149.043 -2.783 0.008
trifluoro
acetic acid

In order to obtain the final response surface model, all the insignificant terms (p-value >

0.05) must be eliminated from the predicted model. However, some of the observed

estimated coefficients are not significant enough to define the model. After elimination of

insignificant values (p-value > 0.05) final regression model is presented below (Equation

3).

=100/ 1+e b0+b1F1+b2F2+b3F3+ h4F1F3/F
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From data presented in Table 19 above, the final model shows that residence time of n-
butyllithium and piperidine trifluoroacetic acid has an antagonistic effect towards the
conversion. This means a smaller decrease in the residence time, result to the significant

decrease in the conversion.
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Figure 43: Outlier scattered plot for standard residuals and predicted logit

From the above graph, (Figure 39) the residuals are randomly distributed around the

regression line (no observed heteroscedasticity). There is one outlier observed (-2.1).
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4.1.3. Preparation of tert-butyl-4-chloro-2-(4-cyclo propyl-1, 1-trifluoro-2-

hydroxybut-3-yn-2-yl) phenyl carbamate 56

OH
F
o N:j FF
Cl cl w
F 60
c OH
o” O
27

-45 °C, THF, 85% 56
4.3 min

Scheme 50: Preparation of tert-butyl-4-chloro-2-(4-cyclopropyl-1,1-trifluoro-2-

hydroxybut-3-yn-2-yl) phenyl carbamate 56.

MR-Q pump

Nitrogen baloon

___Chemtrix syringe pump

Beaker-1

Beaker-2

Collection vial

Stock solutions

Figure 44: Alkylation reaction flow microreactor setup
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In this thesis preparation of compound 56 generally known as alkylation reaction (Scheme
50) this reaction in flow was done by using microreactor setup shown below (Figure 40).
The flow reactor setup was built using MR-Q pump, Chemyx Syringe Pumps, PTFE
tubing, LTF reactor plates. Four LTF reactor plates (two LTF-MX reactor plate and two
LTF-VS reactor plates) was used for this setup. These plates arranged in two beakers
each beaker one mixing plate one residence plate and they marked as beaker land
beaker 2. MR-Q pump is used for pumping n-butyllithium, N-pyrrolidinylnorephedrine 60,
cyclopropyl acetylene 53 and tert-butyl-4-chloro-2-(2,2,2-trifluoroacetyl) phenyl
carbamate 27 in THF were pumped using Chemyx Fusion syringe pump as shown in

Figure 41.

N2 Cylinder F
;‘_‘1\ ———/]

c TI\::[~ OH

NH;

Figure 45: Alkylation reaction micro reactor set up block diagram
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Preparation of stock solutions

Stock solution A was prepared by dissolving N-pyrrolidinylnorephedrine 60 (7.3 g, 35.75

mmol) and cyclopropyl acetylene 53 (3.35 mL, 35.78 mmol) in THF (50 mL).

Stock solution B was prepared by diluting 2.5 M of n-butyllithium (26 mL, 41.25mmol) in

dry degassed HPLC grade hexanes (50 mL).

Stock solution C was prepared by dissolving tert-butyl-4-chloro-2-(2,2,2-trifluoroacetyl)

phenyl carbamate 27 (5 g, 16.25 mmol) in THF (50 mL).

The stock solution B pumped into LTF microreactor plates with the help of MR-Q syringe
pump, stock solution A also pumped into same reactor plate with the help of Chemyx
Fusion syringe pump and SGE glass syringe. In this microreactor plate n-butyllithium
reacts with compound 60 & 53 and generates complex 74 which enters into LTF V
microreactor plate, these two reactor plates kept at -45 °C and these plates are connected
to another LTF MX microreactor plate where stock solution C enters into the plate with
the help of another Chemyx Fusion syringe pump, the generated complex 74 in first plate
attacks onto the compound 27 to get compound 56 These reactor plates kept at a
temperature of -45 °C at the end microreactor plate connected to a reservoir. The sample
collected from the reservoir were analyzed by using offline Gas chromatography (GC)
and the peak areas were used for calculating % conversion. After conformation from GC
the reaction mixture extracted with ethyl acetate (3x50 mL) and dried over anhydrous
Na2S0a4. The combined organic layers were evaporated to get the product. The structure
of the compound was confirmed by FT-IR, H-NMR 13C-NMR spectroscopy and elemental

analysis. Based on the results of GC the reaction further scrutinized towards the
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optimization by investigating the effect residence time, concentration and temperature on

conversion.

1H-NMR-(400 MHz) in CDCls: 8 0.74 (t, J = 3.36, 2H); 0.83 (t, J = 5.96, 2H); 1.21-1.55 (m,
1H) 4.17 (s, 1H); 7.25 (d, J = 8.92, 1H); 7.61 (s, 1H); 8.30 (d, J = 8.96, 1H); 9.41 (s,
1H).23C-NMR in CDCI3 (100 MHz): 5 0.03, 9.1, 14.1, 27.1, 70.1, 75.2,94.2,120.5, 121.3,
125.0, 128.9, 130.9, 177.1%FNMR in CDCls: 8 -79.72 IR (cm™) 1262, 1360, 1487, 2235,
2794, 3330, 3419. Anal.calcd for Ci3H11CIFsNO; C, 53.90; H, 3.83; N, 4.84; Found: C,

53.87; H, 3.89; N, 4.81

4.1.3.1. Effect of residence time on conversion of 27

The tert-butyl-4-chloro-2-(2,2,2-trifluoroacetyl) phenyl carbamate 27 (5 g, 16.25 mmol)
was dissolved in anhydrous degassed THF to a concentration of 0.35 M. n-Butyllithium
(2.5 M in hexanes from Sigma-Aldrich) was diluted to a concentration of 0.45 M in dry
degassed hexanes and N-pyrrolidinylnorephedrine 60 (7.3 g, 35.75 mmol), cyclopropyl
acetylene 53 (3.55 mL, 35.78 mmol) were dissolved in THF to a concentration of 0.45 M.
All the reagent solutions kept under the atmosphere of dry nitrogen. The temperature of
the first beaker maintained at -45 °C and second beaker at -10 °C using dry ice. The
reagents were introduced into the reactor as shown in the block diagram (Figure 41) at
different residence times ranging from 8.6 min 1.7 min by keeping the concentration of
reagents and temperature constant. A sample collected at the end of the microreactor
were analyzed by offline GC and the % conversion was calculated by measuring peaks
areas. The product obtained from the reaction analyzed by HNMR, *CNMR, IR and

elemental analysis.
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Analysis same as above

Based the results of residence time investigation on conversion of 27 we further examined

the reaction reagents concentration.

4.1.3.2. Effect of Concentration of n-butyllithium on conversion of 27

The tert-butyl-4-chloro-2-(2,2,2-trifluoroacetyl) phenyl carbamate 27 (5 g, 16.25 mmol)
was dissolved in anhydrous degassed THF to a concentration of 0.35 M. n-Butyllithium
(2.5 M in hexanes from Sigma-Aldrich) was diluted to a concentrations ranging from 0.25
M-0.45 M in dry degassed hexanes and N-pyrrolidinylnorephedrine 60 (7.3 g, 35.75
mmol), cyclopropyl acetylene 53 (3.55 mL, 35.78 mmol) were dissolved in THF to a
concentration of 0.45 M. All the reagent solutions kept under the atmosphere of dry
nitrogen. The temperature of first beaker maintained at -45 °C and second beaker at -10
°C using dry ice. The reagents were introduced into reactor as shown in block diagram
(Figure 41) at constant residence time (4.3 min), temperature (beaker-1 at -45 °C, beaker-
2 at -10 °C) and by varying concentration of n-butyllithium from 0.27 M to 0.45 M. A
sample collected at the end of the microreactor were analyzed by offline GC and the %

conversion was calculated by measuring peaks areas.

The product obtained from the reaction after purification subjected to *HNMR, 3CNMR,

IR and elemental analysis

Analysis same as above

4.1.3.3. Investigating the effect of concentration of cyclopropyl acetylene
The tert-butyl-4-chloro-2-(2,2,2-trifluoroacetyl) phenyl carbamate 27 (5 g, 16.25 mmol)
was dissolved in anhydrous degassed THF to a concentration of 0.35 M. n-Butyllithium
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(2.5 M in hexanes from Sigma-Aldrich) was diluted to a concentration 0.45 M in dry
degassed hexanes and N-pyrrolidinylnorephedrine 60 (7.3 g, 35.75 mmol), cyclopropy!
acetylene 53 (3.55 mL, 35.78 mmol) were dissolved in THF to concentrations ranging
from 0.5 M-0.65 M. All the reagent solutions kept under the atmosphere of dry nitrogen.
The temperature of the first beaker maintained at -45 °C and second beaker at -10 °C
using dry ice. The quench column and the reactor loops were first flushed with anhydrous
degassed solvent. The reagents were introduced into the reactor as shown in the block
diagram (Figure 41 ) at constant residence time (4.3 min), temperature (beaker-1 at -45
°C, beaker-2 at -10 °C) and at different concentrations of cyclopropyl acetylene 53 ranging
from 0.5 M-0.65 M. A sample collected at the end of the microreactor were analyzed by

offline GC and the % conversion was calculated by measuring peaks areas.

The product obtained from the reaction after purification subjected to THNMR, *CNMR,

IR and elemental analysis

Analysis same as above

After attaining the results of residence time and concentration investigation of reaction
reagents we moved on to the investigation of reaction temperature for better conversion

of 27.

4.1.3.4. Investigating the effect of temperature

The tert-butyl-4-chloro-2-(2 2,2-trifluoroacetyl) phenyl carbamate 27 (5 g, 16.25 mmol)
was dissolved in anhydrous degassed THF to a concentration of 0.35M. n-Butyllithium
(2.5 M in hexanes from Sigma-Aldrich) was diluted to a concentration of 0.45 M in dry

degassed hexanes and N-pyrrolidinylnorephedrine 60 (7.3 g, 35.75 mmol), cyclopropyl
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acetylene 53 (3.55 mL, 35.78 mmol) were dissolved in THF to a concentration of 0.5 M.
All the reagent solutions kept under the atmosphere of dry nitrogen. The temperatures of
the beakers maintained at lower temperatures by using dry ice. The reagents were
introduced into the reactor as shown in the block diagram (Figure 41) at constant
residence time (4.3 min), concentration and at different temperatures ranging from room
temperature to -70 °C. A sample collected at the end of the microreactor were analyzed

by offline GC and the % conversion was calculated by measuring peaks areas.

The product obtained from the reaction after purification subjected to THNMR, *CNMR,

IR and elemental analysis

Analysis same as above

4.1.4. Preparation of 6-chloro-2-(4-cyclopropylethynyl)-4-(trifluoromethyl)-1H-
benzo[d][1,3] oxazin-2-(4H)-one 8

Preparation of compound 8 from compound 56 in this thesis often called as cyclisation
reaction (Scheme 51). This reaction in flow was done by using microreactor setup shown
in Figure 42. The set up were constructed by using two Chemyx Fusion syringe pumps,
three SGE glass syringes, PTFE tubing and four LTF microreactors, these LTF
microreactors arranged in two beakers each beaker accommodated with one mixing plate
(LTF- MX microreactor) and one residence plate(LTF-MS microreactor). Chemyx Fusion

syringe pumps connected to the LTF microreactors through PTFE tubing.
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Scheme 51: Preparation of 6-chloro-2-(4-cyclopropylethynyl)-4-(trifluoromethyl)-1H-

benzo[d][1,3] oxazin-2-(4H)-one 8.

PTFE Tubing
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Beaker-2
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Product collection vial

Figure 46: Microreactor set up for cyclisation reaction

Preparation of stock solutions

Stock solution A was prepared by dissolving (S)-amino alcohol 56 (5 g, 17.3 mmol) in

THF (50 mL).

160 | Page



CHAPTER 4 FLOW CHEMISTRY EXPERIMENTAL PROCEDURES

Stock solution B was prepared by dissolving 1,8-diazabicyclo[5.4.0Jundec-7-ene (5.67

mL, 11.42 mmol) in THF (50 mL).

Stock solution C was prepared by dissolving diethyl carbonate (7.5 mL, 19.38 mmol) in

THF (50 mL).

The stock solution A & B pumped into LTF microreactor plates with the help of Chemyx
Fusion syringe pump and SGE glass syringes where they get mixed well and enters into
another set of microreactor plates, where stock solution C enters into the plate with the
help of another Chemyx Fusion syringe pump. The cyclisation occurs in this microreactor
plates. The second set of microreactor plates kept at a temperature of 60 °C. End of the
microreactor connected to a back pressure regulator and to a reservoir. The sample
collected from the reservoir were analyzed by using offline Gas chromatography (GC).
The organic layers collected at the end of reactor washed with aqueous hydrochloric acid,
demineralized water and dried over anhydrous Na.SOs, concentrated in vacuo and
purified on silica gel (60-120 mesh) column chromatography, the compound eluted with
ethyl acetate and hexane (10:90) as mobile phase. Solvent evaporated to get the
compound as white colored solid. The structure of the compound was confirmed by FT-
IR, 'H-NMR, 13C-NMR and elemental analysis. Based on the results of GC the reaction
further examined towards the optimization by investigating the effect residence time,

concentration and temperature on conversion.

1H-NMR-(400 MHz) in CDCl3: & 0.85-0.96 (m, 4H); 1.38-1.45 (m, 1H); 6.85 (d, J = 8.52,
1H); 7.39 (dd, J = 8.52, 2.2 1H): 7.5 (s, 1H): 9.1 (s, 1H).13C-NMR in CDClz (100 MHz): &

0.003, 9.4, 66.7, 77.9, 96.5, 116.8, 121.3, 124.1, 128.4, 133.8, 149.5, 1 FNMR in CDCls:
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O -80.9. IR (cm?) 1165, 1261, 1315, 1428, 1742, 2249, 3311. Anal.calcd for

C14HoCIF3NO2; C, 53.27; H, 2.87; N, 4.44; Found C, 53.21; H, 2.89; N, 4.49.

O
o ———— ~o%
— | N
DBU in THF ‘ Y i

Figure 47: Microreactor set up block diagram for cyclisation reaction

4.1.4.1. Investigating the effect of residence time

(S)-Amino alcohol 56 (5 g, 17.3 mmol) was dissolved in anhydrous THF to a concentration
of 0.60 M, 1,8-diazabicyclo[5.4.0Jlundec-7-ene (5.67 mL, 11.42 mmol) was dissolved in
anhydrous THF to a concentration of 0.40 M and diethyl carbonate (7.5 mL, 19.38 mmol)
was dissolved in anhydrous THF to a concentration of 0.70 M. The temperatures of the
first beaker maintained at room temperature and second beaker at 60 °C. The reagents
were introduced into the reactor as shown in the block diagram (Figure 43) at various

residence times ranging from 17.3 min — 0.43 min, at constant concentration and
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temperature. A sample was collected at the end of the microreactor were analyzed by

offline GC and the % conversion was calculated by measuring peaks areas.

The product obtained from the reaction analyzed by 1ITHNMR, 13CNMR, IR and elemental

analysis.

Analysis same as above

4.1.4.2. Investigating the effect of temperature

(S)-Amino alcohol 56 (5 g, 17.3 mmol) was dissolved in anhydrous THF to a concentration
of 0.60 M, 1,8-diazabicyclo[5.4.0Jlundec-7-ene (5.67 mL, 11.42 mmol) was dissolved in
anhydrous THF to a concentration of 0.40 M and diethyl carbonate (7.5 mL, 19.38 mmol)
was dissolved in anhydrous THF to a concentration of 0.70 M. The reagents were
introduced into reactor as shown in block diagram (Figure 43) at constant residence time
(2.4 min), concentration and at different temperatures of beaker 2 ranging from room
temperature to 120 °C while keeping the beaker 1 temperature constant. A sample
collected at the end of the microreactor were analyzed by offline GC and the % conversion

was calculated by measuring peaks areas.

The product obtained from the reaction analyzed by THNMR, **CNMR, IR and elemental

analysis.

Analysis same as above

4.1.4.3. Investigating the effect of concentration
(S)-Amino alcohol 56 (5 g, 17.3 mmol) was dissolved in anhydrous THF to a concentration

of 0.60 M, 1,8-diazabicyclo[5.4.0Jlundec-7-ene (5.67 mL, 11.42 mmol) was dissolved in
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anhydrous THF to a concentration of 0.40 M and diethyl carbonate (7.5 mL, 19.38 mmol)
was dissolved in anhydrous THF to get a concentrations ranging from 0.40 M — 1 M. The
reagents were introduced into reactor as shown in block diagram (Figure 43) at constant
residence time (2.4 min), temperature and at different concentrations ranging from 0.40
M — 1 M. A sample collected at the end of the microreactor were analyzed by offline GC

and the % conversion was calculated by measuring peaks areas.

The product obtained from the reaction analyzed by THNMR, ¥*CNMR, IR and elemental

analysis.

Analysis same as above
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CHAPTER 5 CONCLUSION

The aim of present study was to develop an efficient synthesis route for the preparation
of efavirenz 8, used in the treatment of HIV/AIDS. This drug not only decreases the viral
load but also decrease the chance of getting other infections associated with HIV/AIDS.
Not only as a single drug, efavirenz 8 may also be used in combination with other

antiretroviral drugs (HIV regimen) for better and greater effect.

Considering the above mentioned advantageous, lack of local manufacturing of the drug
and high requirement and low availability of the drug in South Africa prompted us to

design a suitable synthetic route for the preparation of efavirenz 8.

In this thesis, we described the synthetic route for efavirenz 8 in traditional batch
chemistry as well as semi continuous flow chemistry. Semi continuous flow chemistry is
an enabling technique, which is shown to be most economical, safe, and facilitates easy

upscaling.

In this thesis the preparation of efavirenz 8, was started from commercially available
starting material 4-chloroaniline 68 which undergoes amino group protection, trifluoro
acetylation, the addition of cyclopropyl acetylene in the presence of chiral axillary and
finally cyclization with diethyl carbonate to get the title compound. The same synthetic
steps were followed from traditional batch chemistry and semi continuous flow chemistry

and the results are compared.

To a great extent, this work has accomplished the aims and objectives of the study, where

the flow process took approximately 10% time of the traditional batch process.

Improved safety, one of the major challenges that we faced in this work was n-butyllithium,
was used as lithiating agent in two major steps of the synthesis, high flammability of the

166 |Page



CHAPTER 5 CONCLUSION

reagent nature, when exposed to environment, gave us some safety issues during the
synthesis in traditional batch process which were successfully overcome during semi
continuous flow protocol. The traditional batch process was done by using traditional
glassware like round bottomed flasks, beakers etc. The contents of this flask always have
a chance to get exposed to the environment whereas flow process was done in closed
microreactors and no chance for the environmental exposure so the artificial inert
environment was quite easy to control in microreactors, which increase the safety of the

reactions.

Improved yield, most of the reaction yields improved by the semi continuous flow protocol
compared with traditional batch chemistry. Especially trifluoroacetylation reaction in batch
gave us 28% yield where as in flow 70% was achieved. The uniform heat transfer, efficient

mixing contributed for the high yield.

The highlights of this research work can be stated in terms of novelty, and the first semi
continuous flow protocol for the synthesis of (-)-efavirenz 8 by using 4-chloroaniline 68 as
starting material. The Seeberger approach for the synthesis of (+)-efavirenz by used 1,4-

dichloro benzene.

In future, the synthetic methodology proven here can be developed into a process and
incorporated into approaches to meet the rising needs for the antiretroviral drugs in South

Africa.

Derivatives of efavirenz 8 can also be synthesized and evaluated for activity for an

enhanced effect. And also a continuous flow protocol can also be established
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However, our results clearly contributed towards the successful establishment of an
efficient synthetic route for the preparation of efavirenz 8 in traditional batch chemistry
and semi continuous flow protocol. As an additional benefit of the synthetic schemes
demonstrated in this thesis, derivatives of efavirenz could also be synthesized and

evaluated for a potential enhanced effect as future drugs.
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I3CNMR Spectrum (100 MHz) of tert-butyl 4-chloro phenyl carbamate 26 in DMSO-ds
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IHNMR Spectrum (400 MHz) of N-pyrrolidinyl nor ephedrine 60
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'HNMR Spectrum (400 MHz) of piperidine trifluoro acetic acid 67 in CDCls
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IHNMR Spectrum (400 MHz) of 4-cyclopropyl-1,1,1-trifluorobut-3-yn-2-one
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Chiral HPLC chromatogram of 6-chloro-2-(4-cyclopropylethynyl)-4-(trifluoromethyl)-1H-benzo[d][1,3] oxazin-2-

(4H)-one 8
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