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Abstract

Breast cancer is a malignant tumour that starts in the cells of the breast. Many studies
revealed aromatase (CYP19Al) and cyclin-dependent kinase 2 (CDK2) as possible
therapeutic targets regarding breast cancer treatment, because they play crucial roles in
anti-apoptotic processes during cell proliferation. Quinoxaline derivatives have attracted
a great deal of attention due to their biological activities against fungi, virus, bacteria and
cancer. Computer modelling was employed in order to reduce time and cost by searching

the library of molecules and identifying those which are likely to bind to the drug target.

A library of new one hundred (100) nitro and amino quinoxaline alkyne derivatives were
successfully designed and screened against target proteins (CYP19A1 and CDK2) using
virtual screening technique and thirteen (13) molecules were identified to be hit
compounds against both targets with the docking score ranging from -6.143 to -8.372
kcal/mol as a measure of binding affinity. The hit compounds were subjected to IFD in
order to identify tight binding through intermolecular interactions with active site residues

of the binding pocket of the target proteins.

All identified nitro and amino quinoxaline alkyne derivatives were successfully
synthesised in a multi-step reaction sequence and their spectroscopic analysis (NMR,
FTIR and MS) were in good agreement with the proposed structures in a good to
moderate yield. The newly synthesised novel amino and nitro-quinoxaline derivatives
were evaluated for anti-proliferative activity against breast cancer (MCF-7). Compound
59 showed to possess good inhibition against MCF-7 with an 1Cso of 9.102 yM, whereas
compounds 34, 54, 56 and 61 showed promising activity against MCF-7 with an ICso value
of < 50 yM. However, the MTT assay results showed that 59 was found to be toxic with
an ICsp value of 0.205 puM against Raw 264.7 cell line. The dose response investigations
showed that 31 and 34 have the promising anti-cancer activity against CYP19A and the

correlation between molecular modelling (in-silico) and CYP19A inhibition activities (in-



vitro), was established as compounds 31 and 34 were identified to bind to the drug target
(CYP19A) with the docking score of -8.372 and 7.630 kcal/mol respectively.

All the synthesized compounds were evaluated for the antitubercular activity against Mtb
H37Rv strain as a secondary study. Compounds 57-62 with nitro-quinoxaline derivatives
exhibited stronger inhibitory effects on Mtb H37Rv strain. In addition, compounds 60 and
62 were found to be most active against Mtb H37Rv with the high activity at MICgo of
<0.65 and <0.64 pM respectively. All active compounds are currently investigated for their

cytotoxicity which have not been investigated before.



Chapter 1

Introduction



1. Cancer
Cancer is a deadly disease caused by asymmetrically unregulated cell growth resulting
in a tumour.! Cancer cells have lost the ability to follow the normal control that the body
exerts on all cells during the cell cycle. Cancer can occur everywhere in the body because
there are cells everywhere in the body.? Cancer cells have been reported to be more
metabolically active than normal cells and this results in cancer cells replicating faster
than normal cells. If left untreated, tumour can grow and invade or spread into the

surrounding normal tissues or over a large area in the body i.e malignant tumour.3

According to World Health Organisation (WHO), cancer is a major cause of morbidity (26
%) and mortality (13 %).# Most of the cancers are labelled based on the organ where they
originated from, namely: breast cancer, cervical cancer, prostate cancer, liver cancer,
lung cancer, brain cancer, and many others refer to where the abnormal cells started to
develop.? However, the present study will focus on breast cancer which is the most
common malignancy and the leading cancer in women, with 30 % estimated new cases

of all cancer types and 14 % estimated deaths annually.*

1.1. Types of breast cancer
Breast cancer is more likely to occur either in the ducts and lobules of the breast. Ductal
breast cancer refers to cancer that starts at the cells of ducts, and lobular breast cancer
starts at the wall of the lobules.® It is also classified as non-invasive (does not spread)
and invasive (spread). Invasive breast cancer is much more common, and it can spread
to the lymph nodes and even other parts of the body. About 80% of all breast cancers are
invasive ductal carcinomas (IDC). Invasive lobular carcinoma (ILC) is the second most

common type of breast cancer (approximately 10%) after invasive ductal carcinoma.®



1.2. Causes of cancer
A small mutation can interfere with genes, causing the loss of control during cell division.
A genetic mutation is the main cause of uncontrolled cell growth which leads to the
carcinoma condition.? Common factors that causes cancer includes life-style choices
such as use of tobacco, alcohol abuse, lack of physical exercise, ultraviolet radiation from
the sun and unhealthy diet.” Not only acquired or somatic mutation leads to cancer, but
an individual can also inherit damaged genes from parents. The standard procedure is to
develop drugs that aim on the specific therapeutic targets in order to kill or inhibit cancer

cells. Once mutations begin to change the cells, treatment requires new therapy.?

1.3. Therapy
There are various primary therapies for cancer treatment, namely: surgery, radiation,
systematic treatments (chemotherapy and hormonal therapy) and combination therapy.®
Surgery works by directly removing the tumour. Radiation therapy provides high energy
X-ray to Kill tumour cells. Systemic treatments provide medicines that can kill those
individual cells or inhibit their cell division. Modern breast cancer treatment uses a
combination or sequence of different treatments (surgery, radiation, and systemic
treatments) according to each patient’s requirements and preferences. The complexity of
the disease at every stage and each individual's different genes, makes the process

difficult to point one universal treatment.®

There are two main types of surgery treatment to remove breast cancer: lumpectomy,
where only a portion of the breast comprising the cancer is removed, and mastectomy
where the entire breast is removed, including all of the breast tissues and sometimes
other adjacent tissues. The treatment depends on the location of cancer cells and there
are risk factors which include the development of tenacious pain® and slightly elevated
probabilities of recurrences over a relatively long time.® Radiation therapy has an
advantage of accessing localised cancer cells in a very confined space, however the

radiation may also damage the healthy cells and that may cause severe heart diseases.!



1.3.1 Systemic treatments
Systemic treatments are the most preferred methods, because drugs can travel through
the bloodstream and reach cancer cells anywhere in the body.° Breast cancer cells need
hormones in order to grow. Hormone therapy works by blocking cancer cells from
receiving natural hormones that they need to survive.l> Many studies revealed several
possible therapeutic targets such as aromatase (CYP19Al) and cyclin-dependent
kinases2 (CDK2) regarding breast cancer treatment because they play crucial roles in

anti-apoptotic processes during cell proliferation.33

Nakata and co-workers!* reported that most of postmenopausal women have higher
chances of developing breast cancer. In postmenopausal women, estrogen hormones
are produced in non-ovarian tissue such as breast tissue or are synthesized incidentally
by aromatase. Breast cancer in postmenopausal women is due to local formation of
estrogen which fuel their own growth. The estrogen blockage is clinically important in
treatment of hormone-dependent breast cancer.® The study demonstrated two significant
ways of interfering with endogenous hormone production in an attempt to treat hormone-
dependent breast cancer. One is to use anti-estrogen which act by binding on the
estrogen-receptor and another way is to use anti-enzyme (anti-aromatase) to prevent

breast cancer from making more estrogen to sustain its survival.l*
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O
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Figure 1.1: Clinically used anti-estrogen drugs.



Non-steroidal estrogen receptor inhibitors such as tamoxifen 1, raloxifene 2 or
arzoxifene 3 are used to block the actions of estrogen during treatment of hormone

dependent breast cancer as depicted in figure 1.1.16

Tamoxifen 1 was initially synthesised in 1962 by Dora Richardson and was originally
designed as a contraceptive drug. Later, tamoxifen was developed as anti-estrogen for
the treatment of breast cancer because of its ability to suppress ovulation in women.
When the clinical trials revealed that the drug could also be useful in preventing re-
occurrence of breast cancer or occurrence in women at high risk of breast cancer, the
drug became the best-selling anti-estrogen medicine in the 1980s.1” However, it was
later realised that it caused uterine cancer in some women and it may also increase the

possibilities of blood clots and stroke.®

A benzothiophene derivative, raloxifene 2 was approved for remedial use in the United
States in 1997 as a selective estrogen receptor modulator used for the treatment of breast
cancer. Furthermore, 2 was used to reduce the occurrence of invasive breast cancer in
postmenopausal women, who are at high risk for developing the disease.'® However,
raloxifene 2 may cause serious blood clots leading to the increased risk for deep vein

thrombosis, pulmonary embolism and stroke.1®

Arzoxifene 3 is another benzothiophene derivative which is structurally similar to
raloxifene 2, except that it has an ether functional group at 3 position of benzothiophene
instead of ketone functional group on raloxifene 2.2° Arzoxifene 3 is also a selective
estrogen receptor modulator which possesses superior anti-tumour activity to both
raloxifene 2 and tamoxifen 1 in an in-vitro studies against MCF-7 human breast cancer
cells.’® Compound 3 never completed all of the clinical trial phases. The clinical results of
phase Il trial showed that arzoxifene 3 possessed side effects such as deep vein
thrombosis, pulmonary embolism similar to raloxifene 2, thus 3 was relegated from

further investigations.?°



1.3.2. Aromatase (CYP19A1)
Selective estrogen receptor modulators (SERMs) may act as incomplete agonists or
exercise some estrogenic action in other tissues, leading to an increased risk of
endometrial cancer or stroke. Aromatase inhibitor was used as an alternative for
treatment of hormone dependent breast cancer, which lack estrogenic effects and cause
fewer side effects.!® As a matter of fact, down-regulation of estrogen biosynthesis by
aromatase inhibition signifies an effective approach for the treatment of hormone-
sensitive breast cancer. This approach has already yielded several molecules with

significant clinical activity.®

Several aromatase inhibitors possessing either steroidal or nonsteroidal scaffolds have
been developed as competitive or mechanism-based inhibitors. Steroidal aromatase
inhibitors have a similar appearance with androstenedione 4 (figure 1.2), a molecular
structures of the natural substrate of aromatase which is a common precursor of
estrogen.?! CYP19A1 enzyme is a metal-containing enzyme, which has an iron atom at
the heme moiety in its active site i.e. Ferric heme porphyrin which is important for metal
coordination and other intermolecular interactions with inhibitors.® The aromatase
inhibitors compete with natural substrate inside an active site of an enzyme and form

interaction through intermolecular forces and metal coordination.?!

Aromatase (CYP19A1) is an enzyme that catalyses the metabolism of androgens
(androstenedione 4 and testosterone) into estrogens such as estrone and estradiol.®
Aromatase catalyses the final and limiting step in estrogen biosynthesis. Its inhibition will
only affect estrogen biosynthesis without affecting the production of the other significant
steroids needed by the body.?? Estrogen is a hormone responsible for development and
regulation of female reproductive system. Estrogen plays a key role in the development
of hormone-dependent breast cancer.?®> Recent studies reported high expression of
aromatase in or near breast tumour spots, therefore, aromatase is marked as a suitable

therapeutic target in hormone therapy for breast cancer.*?
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Figure 1.2: Molecular structures of the aromatase natural substrate, androstenedione 4

and commonly used aromatase inhibitors for the treatment of breast cancer.

The medical use of aminoglutethimide 5 was discovered in 1960 as an anticonvulsant
drug. Aminoglutethimide is one of the derivatives of hypnotic sedative agent, glutethimide.
Aminoglutethimide 5 was the first nonsteroidal aromatase inhibitor to be approved in 1969
by the Food and Drug Administration (FDA) and has been used in the treatment of breast
cancer in postmenopausal women. However, its use was terminated due to its toxicity
which caused severe side effects such as hypertension, liver damage and adrenal

insufficiency, among others.?*

Fadrozole 6 is a second-generation nonsteroidal aromatase inhibitor to reach the clinical
stage. It has higher specificity for aromatase than aminoglutethimide 5 and it has been

used in many countries for the treatment of both early stage and advanced hormone-



depended breast cancer in postmenopausal women as one of the standard
chemotherapies. However, fadrozole 6 possess some severe side effects such as
vomiting of blood, hot flashes and somnolence, and that prompted the development of

the next generation of aromatase inhibitors.2®

The third generation of aromatase inhibitors used clinically includes the steroid,
exemestane 7 and the non-steroidal triazole derivatives, anastrozole 8 and letrozole 9
which are very potent, specific and selective aromatase inhibitors that allow almost
complete estrogen suppression. They have been approved for the treatment of estrogen-

dependent breast cancer in postmenopausal women.26:27

Exemestane 7 works by lowering the estrogen level in postmenopausal women, which
may slow down the growth of estrogen-dependent breast tumour that require estrogen to
grow. It binds irreversibly to aromatase, inactivating it through suicide aromatase
inhibition. Exemestane 7 reduces the amount of estrogen in the body which can result in

osteoporosis, which is one of the side effects, together with vaginal bleeding and fatigue.?!

Anastrozole 8 was approved for medical use in 1995 and it has been used in the treatment
and prevention of breast cancer in postmenopausal women. However, the severe side
effects which include an increased risk of heart disease and osteoporosis limited further
clinical application of anastrozole 8.2 Letrozole 9 was approved for medical use in 1996
and it has been used as an aromatase inhibitor for the treatment of either local or
metastatic breast cancer in postmenopausal women. However, the most common side
effects associated with letrozole 9 are sweating, hot flashes, arthralgia (joint pain), and
fatigue. Therefore, the development of resistance to the above-mentioned aromatase
inhibitors and their related side effects prompted the need to develop novel and improved
alternative aromatase inhibitors.?” Furthermore, the occurrence of significant side effects

accompanying the prolonged clinical use of current available aromatase inhibitors
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demands for the exploration of new, potent, more selective, and less toxic aromatase

inhibitors.28

1.3.2 Cyclin-dependent kinases2 (CDK?2)

Cells grow and divide as part of the normal cell cycle. The cell cycle is regulated by small
signalling molecules that control cell division and growth at a molecular level. There are
checkpoints during the cell cycle where the cell must receive a specific signal to proceed
through G1 (pre-synthetic growth, or gap 1), S (DNA synthesis), G2 (pre-mitotic growth,
or gap 2), and M (mitotic) phases in a normal physiological cell division.?® The cell cycle
progression is regulated by specific proteins called CDKs. CDK4/6 and CDK2 regulate
the restriction point at the boundary of the G1/S phase. CDK2, a crucial target that may
offer a therapeutic advantage based on potential CDK4/6 inhibitor resistance, has been
a hot subject for research in drug discovery.3°

CDK2 plays a key role in the progression of the cell cycle, where it is supremely active
during the G1 phase and G1/S transition.®! If the cell failed its checkpoint, it undergoes
apoptosis but if the genetic mutation occur which lead to loss or the relative down
regulation of apoptotic pathway, the cell divide in an uncontrollable manner and results in
the formation of cancer. Loss of cell cycle control as the results of dysregulation is one of
the hallmarks of cancer as highlighted by Hanahan and Weinberg in a classical review of
the Hallmarks of cancer.®? Proliferation of breast cancer cells through the deregulation of
cell cycle control such as CDK2 (which is one of the important therapeutic targets in
cancer treatment) has prompted the development of CDK2 inhibitors as one of the cancer
therapeutic targets.3® The competitive CDK2 inhibitors in breast cancer works by blocking
the cyclin E-CDK2 complex, thereby preventing the phosphorylation of retinoblastoma
(RB) protein to stop the cell cycle from progressing to S phase in order to prevent

proliferation of cancer.?®
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Figure 1.3: Common cyclin-dependent kinase2 (CDKZ2) inhibitors that are currently in

clinical trials as an anticancer agent.

Figure 1.3 shows drugs that are currently in clinical investigation for the treatment of
breast cancer as CDK2 inhibitors. Seliciclib 10 is a novel trisubstituted purine derivative
which exerted some anti-tumour activity. The compound inhibited multiple enzyme targets
such as CDK2, CDK7 and CDK9 enzymes that are essential in the process of cell division
and cell cycle control. CDK7 and CDK9 enzymes are responsible for the regulation of
transcription. The drugs distract the transcription and expression of the genes that are
very important for maintaining cells in oncogenic state.?® The phase | clinical trials results
of seliciclib 10 demonstrated its potential to inhibit CDK2 in cancer cells through the down
regulation of the enzyme. Tourneau et al,3* reported that based on pharmacokinetic data
and dose—intensity analyses, seliciclib 10 was taken forward to phase Il trials.3* The side-
effects reported in Phase | trials associated with seliciclib 10 included asthenia, anorexia,
nausea, vomiting, liver function abnormalities, hypokalaemia and serum creatinine
increase.?®3* Because of the absence of significant antitumor responses and the level of

toxicity, seliciclib 10 did not gain FDA approval.?®

AT7519 11 is a small-molecule inhibitor of numerous cyclin-dependent kinases (CDK1,
CDK2, CDK4, CDK5, CDK6 and CDK9) showed a strong anti-proliferative activity against
a wide range of human cancer cell lines, including breast cancer. AT7519 11 is currently

12



in early stage clinical development as an anti-cancer agent and it showed encouraging
anti-cancer activity by inducing tumour cell apoptosis at very low concentration.3® Dose-
limiting toxicities included fatigue and electrocardiographic prolongation, nausea,
vomiting, anorexia, constipation, peripheral edema, pyrexia, and hypotension occurred in
approximately half of the patients. Roskoski®® stated in the review that “it is unlikely that

AT7519 will gain FDA approval unless better clinical outcomes are observed”.3¢

Pyrazolopyrimidine derivative, dinaciclib 12 is a novel, potent, small-molecule inhibitor of
numerous cyclin-dependent kinases (CDKs) including CDK2 in breast cancer cell lines.
Based on many studies, dinaciclib 12 has proven to be a potent inducer of apoptosis in
tumour cell lines.3”:*® In addition, Mita and co-workers®® reported that the results from
phase Il clinical trials showed dinaciclib 12 had good antitumor activity in breast cancer
patients.®® The most common side effects associated with dinaciclib 12 are leukopenia,
thrombocytopenia, gastrointestinal symptoms, alopecia, and fatigue.3® Based on the
results of numerous clinical trials, dinaciclib 12 appears to be safe and generally tolerated
as monotherapy in patients with advanced breast cancer and is currently under clinical

evaluation in combination studies with other anticancer agents.3°

Even though both clinical and advanced research for breast cancer has been improved,
the overall survival of patients has, however, not been significantly improved regarding
late diagnosis, resistance and early metastasis. The development of more effective,

selective, and less toxic anticancer agents remains a major challenge.?

1.4. Heterocyclic compounds
There is a need for development of new drugs for breast cancer treatment that are more
effective with minimum side effects. Chemistry of heterocyclic compounds is one of the
most complex and growing branches in medicinal chemistry for drug discovery.

Heterocyclic chemistry deals with heterocyclic organic compounds containing one or
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more atoms other than hydrogen and carbon in the ring structure, such as nitrogen (N),
sulfur (S) and oxygen (0).4°

Ferlin and colleagues?*! reported several pyrrologuinoline incorporated with imidazole and
triazole derivatives which showed potency against aromatase similar to that of letrozole.
Functional groups such as imidazole, triazole, phenol, thiophene and pyridine are able to
form nitrogen heme iron coordination. The active site of aromatase is dominated by
aliphatic amino acid residues such as Met 374, Val 373, Val 370, lle 305, Ala 306, lle 133,
Trp 224, Leu 372, Leu 477, Phe 134 and Thr 310. Hence, inhibitors with aromatic
scaffolds are expected to bind with high affinity.® Ibrahim and colleagues*? reported
several 4-aminopyrido[2,3-d]pyrimidine derivatives as anti-proliferative CDK2 inhibitors.
The presence of lone-electron pairs on heteroatoms may also contribute to the formation
of hydrogen bonding, which increases the solubility, and binding affinity of the molecule

to its potential targets.*°

1.4.1. Nitrogen-containing heterocyclic compounds
Nitrogen-containing heterocyclic compounds is a huge class of compounds containing
nitrogen atoms along with carbon atoms in the rings.*® Nitrogen-containing heterocyclic
compounds have attracted a great deal of attention due to their biological activities
against various diseases such as leishmania, tuberculosis, malaria, cancer, depression,
and neurological problems.** Many pharmacologically important molecules consist of
nitrogen-containing heterocyclic compounds as a core scaffold. Some examples of
nitrogen-containing heterocyclic compounds are illustrated in Figure 1.4. Compounds

with aryl moieties often exhibit improved solubility and stability.*3
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Figure 1.4: Examples of heterocyclic compounds: (a) Pyrrole 13, (b) Pyridine 14, (c)

Indole 15, (d) Benzimidazole 16, (e) Quinoline 17, (f) Phthalazine 18, (g) Cinnoline 19, (h)

Quinazoline 20 and (i) Quinoxaline 21.

1.4.1.1. Quinoxaline derivatives
Quinoxaline 21 nucleus is one of the most popular class of nitrogen-containing
heterocyclic compounds in medicinal chemistry. The nucleus consists of a benzene ring
and a pyrazine ring fused together.*>46 Quinoxaline derivatives are rare in nature and
most of them are synthetic.* Quinoxaline derivatives have attracted much interest due to
the versatility in their biological properties such as antitumor, anti-inflammatory,
antimicrobial and antiviral.*¢4” Quinoxaline nucleus serves as a scaffold to assemble a
large number of compounds in an effort to obtain better derivatives with diverse medicinal
applications.* Examples of drugs containing quinoxaline currently on the market are

brimonidine 22 used to treat glaucoma, quinacillin 23 that has antibacterial properties,

15



varenicline 24 as a smoking cessation agent,*® and erdafitinib (balversa) 25 which is one
of the small molecule drugs approved recently as anti-cancer agent to treat bladder

cancer.36
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Figure 1.5: Examples of clinically approved drugs which comprise quinoxaline scaffold.

1.4.1.2. Quinoxaline derivatives as anticancer agents against breast cancer
There are many potential drugs consisting of quinoxaline scaffolds that are currently being
investigated as potential anticancer agents. Galal et al,*® synthesized a series of novel
guinoxaline derivatives and evaluated them for their in vitro antiproliferative activity
against breast cancer cell line (MCF-7) and discovered that 1-allyl-3-(2-(4-
(dimethylamino)benzylidene)hydrazinyl)quinoxalin-2(1H)-one 26 showed good activity,
with the ICso value of 2.90 + 0.04 pmol/ml compared to doxorubicin 29 (3.20 + 0.02
pmol/ml) which was used as a standard and the compound was subjected to in vivo study
(Figure 1.6).%°
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Figure 1.6 shows some examples of compounds containing quinoxaline scaffold that
showed promising results against breast cancer cell line (MCF-7) in an in vitro study.
Abbas and colleques® also reported 2-(6-bromo-3-methyl-2-oxoquinoxalin-1(2H)-
yl)acetohydrazide 27 and 2-(7-bromo-2-methylquinoxalin-3-yloxy)benzenamine 28 with
the ICso values of 0.01 + 0.001 and 0.02 £ 0.001 ug/L, respectively against breast cancer
cell line (MCF-7). Compounds 27 and 28 showed more effective inhibition activity than
doxorubicin 29 (0.04 = 0.008 ug/L) which is a well-known chemotherapy medication used
to treat cancer.”® Sibiya and co-workers*® reported 3-(quinoxaline-3-yl) prop-2-yn-1-ol 30

with a good anti-cancer property against MCF-7 breast cancer cells in an in vitro study.*®
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Figure 1.6: Examples of compounds containing quinoxaline scaffold that showed
promising results against breast cancer and doxorubicin 29 (which was used as

reference).
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1.5. Molecular modeling
The development of new drugs is extremely important in medicinal chemistry, but the
process is expensive, time-consuming and with low rate of success.>>>?> Computer-aided
drug design (CADD) offers an in silico (computer-based) approach which shortens time
and expenses by searching potential novel drugs before synthesis.>® The integration of
computational and experimental approaches has been of great value in drug design and
synthesis.> Several approved drugs such as HIV protease inhibitors,*® saquinavir,
ritonavir, indinavir and tirofiban have benefited a lot from the use of this particular
technique.>® CADD tool is classified into structure-based drug design and ligand-based
drug design. Ligand-based design uses only knowledge about the ligands, for example in

cases where the structure of the target protein is not known.®

Computational methods involve “docking” of small molecules into the active site of the
receptor (enzyme) in a variety of positions, orientations and conformations. Then the
computer model predicts the best pose and the binding affinity or score which represent
the strength of binding. The method mimics the binding of ligand to a protein and it has
some remarkable successes in drug discovery.>® Molecular docking can be undertaken
by employing a rigid body docking (lock and key), rigid receptor-flexible ligand approach,
and flexible receptor and ligand approach (induced fit docking).>2

1.5.1. Molecular docking programs
A variety of commercial software programs are available for personal computer-based
systems as well as supercomputer-based systems. Currently, there are many molecular
modeling software programs that are available for commercial and academic molecular
modeling functions.®” These include molecular docking programs such as DOCK,
AutoDock, Gold, FlexX, GLIDE, ICM, PhDOCK and Surflex that are currently available.
New programs are continuously being developed and many existing programs are
frequently being upgraded with new technology. The performance of numerous molecular

docking programs was studied intensively and the general conclusion drawn from the
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studies was that no docking program is consistently superior to all other programs, and
that the success or failure was dependent on the combination of ligand and receptor

characteristics.>5:%8

1.5.2. Molecular docking
In order to design a drug for a particular disease, scientists must understand the disease
they wish to treat at a molecular level, so that they can predict the structure of a target
enzyme. The 3D structure of the target can be obtained either from X-ray crystallography,
multidimensional NMR spectroscopy or homology modeling to do docking. Homology
modeling can produce practical protein structures by providing a three dimensional model
from a template protein sequence based on the structure of one or more homologous

proteins of which the structures have been reported before.>*

Computer docking is a vital tool in understanding the binding mode between small
molecules and a receptor, which is a driving force in the field of computer-aided drug
design. Hydrogen bonding and metal coordination keeps molecules tightly bound to the
enzyme. Hydrophobic protein atoms enclose hydrophobic ligand atoms. Other special
interactions that attract ligands to proteins include pi-cation and pi-pi stacking interactions
between aromatic groups of the ligand and protein. Potent ligands fit tightly inside the
binding site of a protein while avoiding steric conflict. Molecular docking is used for both
exploring possible positions, orientations and conformations of a small molecule inside
the binding site of a protein as well as estimation of the binding affinity which represent

the strength of ligand-protein interactions.%*
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1.5.2.1. Schrodinger modules applied in the present study

1.5.2.1.1. Ligprep
Ligand preparation is an important step for the preparation of chemical compounds before
performing screening. The concept involves converting two-dimensional structure into
three-dimensional structure with the option to expand each import structure by generating
variation on minimization, optimization, low energy conformers, enantiomers tautomer,
ring conformers and also generate possible ionization states at target pH using Epik to
not only predict the ionization states but also the energetic penalty associated with

them59:60

1.5.2.1.2. Protein Preparation Wizard
The protein structure from protein data bank (PDB) is not suitable for immediate use in
molecular modeling calculations. They usually consist of heavy atoms and may include
co-crystallised ligands, water molecules, metal ions and cofactors. Some structures are
multimeric and may need to be reduced to a single unit. PDB structures may also be
missing atoms and connectivity information, which must be assigned along with bond
order and formal charges. Therefore, targeted protein must be pre-processed using
Protein Preparation Wizard of the Schrédinger Suite to assign bond orders, filling missing
hydrogens, side chains and loops, capping termini using prime, and deleting unnecessary
water molecules.’® The refine tab/panel involves optimization of hydrogen bonding
network and minimization in which heavy atoms can be restrained with the OPLS3e force
field until a final root mean square deviation (rmsd) of 0.030 A to eliminate steric clashes

and relaxing side chains.15:60

1.5.2.1.3. Virtual screening workflow
Virtual screening is a computational technique used in drug discovery to search the library

of chemical compounds in order to screen and identify structures which are most likely to
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bind to the drug target with high affinity. This experiment is performed using rigid receptor

- flexible ligand.%®

1.5.2.1.4. Induced Fit docking

Induced-fit docking (IFD) accounts for protein flexibility in the entire protein and the ligand,
in order to capture the real binding event. The flexibility allows the receptor to alter its
binding site so that it can accommodate the shape and binding mode of the ligand, since
in reality many proteins undergo sidechain or backbone movements, upon ligand
binding.5! The induced-fit docking process involves the prediction of ligand conformation
and orientation (or posing) within a targeted binding site and measure the glide score in
order to identify the energetically most favourable pose, each pose is evaluated or scored
based on its fit to the target in terms of shape and properties such as hydrogen bonding,
pi-pi bonding and electrostatic interactions as well as metal coordination.>®

1.5.2.1.5. QikProp
QikProp module on the Schrodinger suit is used to predict the suitable physicochemical
and pharmacokinetic properties (ADME: absorption, distribution, metabolism, excretion)
of the ligands. It provides the detailed analysis of significant pharmaceutical and drug-like
properties, including percentage of human oral absorption, aqueous solubility,
octanol/water partition coefficient, central nervous system activity, brain/blood partition
coefficient, molecular weight, number of hydrogen bond donors and acceptors. In
addition, a drug-like molecule should satisfy Lipinski rule of five which state that a
compound to be drug-like need to satisfy the following parameters which include:
molecular weight < 500 daltons, hydrogen bond donor < 5, hydrogen bond acceptor <10

and predicted octanol/water partition coefficient < 5.5°
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The present study aims to design a large library of small molecules (amino and nitro
guinoxaline with functionally substituted alkyne derivatives) and perform virtual screening
workflow (VSW) for hits identifications to reduce the number of false negatives in the
subset of compounds. Once the hits are identified, they are subjected to Induced Fit
Docking (IFD) for the optimization of their binding affinity and ADME prediction for
pharmacokinetics studies. The identified hit compounds will then be synthesised in the

hope of obtaining new potential anticancer agents.

1.6. Aim
The aim of the study was to design and synthesise de novo the quinoxaline derivatives

and evaluate their biological activity against breast cancer cells.

1.7. Objectives
The objectives of the study were to:

I.  design library of compounds determined by our research group, using structure
based virtual screening workflow (VSW) to filter all compounds and perform
Induced Fit Docking (IFD) to predicting ligand-receptor binding modes.

II.  synthesise ligand inhibitors which were predicted by VSW to have high negative
docking score value against various enzymes such as CYP19A1 and CDK2.

lll.  evaluate the synthesised compounds against breast cancer cells and recombinant

enzymes.
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Chapter 2

Results and discussions



2.1. Molecular modelling

Computational strategies for structure-based visual screening grants a crucial opportunity
to the expensive and time taking process of random screening. Docking is used to
describe the enzyme-drug candidate recognition profile at molecular level. In order to
explain the binding affinity obtained experimentally. In some cases, docking is used to
predict the binding affinities of new compounds prior to synthesis. The end goal is to
prioritize active compounds for synthesis, prior to bioanalysis. 2 In the presents study, a
highly advantageous visual screening approach was applied to identifying a novel

inhibitor against target enzymes (aromatase and CDK2).

2.1.1. Cross docking against aromatase (PDB code: 3EQM)
For validation of the docking process, the investigation began with re-docking of a known
co-crystallized structure, androstenedione 4 (natural substrate) into the active site of the
crystal structure of aromatase in order to relate analysis of ligand binding confirmation
with interactive residue, total number of interactive bonds, docking score and glide
energy, and verify the performance of the docking process as well. In cross-docking, the
co-crystalized ligand of the receptor is removed from the protein-ligand complex and then

re-docked into the native receptor using cross-docking script.*

In breast cancer the binding of a drug to the CYP19A1 follows type | and type II
interaction. Type | interaction follows a binding mode of the natural substrate to the
enzyme. Where two amino acid residues are involved in binding, which are ASP309 and
MET374. On the other hand, type Il interaction involves the metal coordination of the
inhibitor to ferric heme, as well as the involvement of ASP309 and MET374 in binding.?
Androstenedione 4 (natural substrate) follows a type | interaction, with the carbonyl group
of the steroid showing a hydrogen bond with MET374.
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Table 2.1: Re-docking result of 3EQM co-crystallized structure, androstenedione 4.

Compound Docking Glide E Glide Total no. of Interactive IFD score
score model energy Interactive )
ID bond Residues- (kcal/mol)
on
(kcal/mol) (kcal/mol) (kcal/mol) distance (&)

-5.205 -82.329 -54.370 01 Met 374 - 1.88 -939.90

L

N
LE
L 305

-

Figure 2.1: Model representation of molecular interaction analysis of both native (carbon
in green colour) and docked (carbon in grey colour) structures of 4 (androstenedione) in
the active site of aromatase (3EQM) and its 2D interaction profile respectively, the

hydrogen bond is shown by the purple line.

The highest docking score of Compound 4 was found to be -5.205 kcal/mol, glide energy
-54.370 kcal/mol, glide Emodel -82.329 kcal/mol, and IFD score -939.90 kcal/mol as
depicted in Table 2.1. Only one interaction was observed through hydrogen bond
between the amino group of Met 374 and the oxygen on one of the carbonyl group on
both native and docked structures of 4 with a distance of 1.88 A. A degree of alignment
was observed between native and docked structure with the RMSD value of 1.2433,

indicating a successful docking procedure (fig. 2.1).
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2.1.2. Structure based virtual screening against aromatase (PDB code:
3EQM)
Virtual screening is a computational technique used in drug discovery to search the library
of chemical compounds in order to identify structures which are most likely to bind to the

drug target.?

Virtual screening workflow was applied on a new chemical library of one hundred (100)
different quinoxaline derivatives which were designed based on the chemical we have in
our laboratory catalogue and eleven (11) were identified to be those structures which are
most likely to bind to the therapeutic target, aromatase (3EQM). The docking score and
glide energy of top 11 hit compounds are shown in Table 2.2. Docking results revealed
the strong binding of hit compounds with active site residues of binding pocket in the
crystal structure of human placental aromatase. The values such as the Glide energy
scores are used to rank-order compounds. However, one usually uses a criteria to select
the candidate compounds based on the interactive amino acids, metal coordination and

the docking score.

Table 2.2: Docking results of 11 hit compounds identified from virtual screening as well

as letrozole 9 as a positive control inhibitor against crystal structure of aromatase.

Compound Docking Glide Glide Glide Total no. of | Interactive
D score Evdw Ecoul energy Interactive residues
bond
(kcal/mol) (kcal/mol) | (kcal/mol) | (kcal/mol)

-8.372 -38.092 -5.213 -43.305 02 Leu 372

(o)
S
ey
Q S Leu 477
HoN N 31
o -7.918 -41.565 -4.742 -46.307 02 Leu 372
S
N FZ O)J\L) Leu 477
HoN” : :N/ 32
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Nj/\/\/\ -7.762 -30.851 -3.117 -33.968 01 Ala 375
HZN/@N/ 33
o -7.630 -38.801 -4.647 -43.448 02 Leu 477
— o)
Nj/ J\© Gly 614
HoN” : :N/ 34
-7.628 -24.617 -3.449 -28.065 03 Leu 372
N & NH,
/@ : Trp 224
H,N N 35
Ala 306
OH -7.536 -34.381 -5.103 -39.848 01 Asp 378
e z
H,oN N/ 3%
-7.137 -25.988 0.119 -25.869 01 Leu 372
N P
Nj/\/\ -6 489 -29 950 -1 940 -31.980 01 Leu 372
Nj/\OH -6 457 -28 193 -2 759 -30.952 01 Ala 306
HZN/E:[N/ 39
o -6.421 -44.687 -1.018 -45.705 02 Leu 372
= o
: N )J\@ Arg 115
H,N N 40
0 -6.143 -35.303 -6.586 -41.889 03 Leu 372
= OJ\
N =z
/@ X Arg 115
HoN N7 4
Arg 115
Ej\N -6.502 -32.510 0.118 -32.392 03 Met 374
N
Trp 224
NC CN Hem 600

35




2.1.3. Induced fit docking and binding mode analysis
The identified 11 compounds were subsequently subjected to the flexible docking process
through induced fit docking (IFD) in order to identify tight binding and also to establish
whether protein flexibility improves the docking scores of the molecules that were
prioritized for synthesis. All compounds as well as the known ligand 9 interact with
different amino acids in different mode of interactions and a distance, hence different

docking scores are observed.

Table 2.3: Induced fit docking result of the 11 hit compounds identified from virtual

screening as well as letrozole as a positive control inhibitor.

Compound Docking Glide E Glide Total no. of Interactive IFD score
D score model energy Interactive Residues. (keal Jmol)
(kcal /mol) | (kcal /mol) (kcal /mol) bond distance (A)
36 -8.814 -63.528 -44.990 03 Leu 477 - 1.98 -943.16
Leu 372 -1.84
Glu 302 - 2.22
41 -8.749 -40.779 -40.286 02 Leu 477 -1 .98 -944.89
Leu 372 -1.92
37 -8.438 -43.622 -37.037 02 Leu 477 -2.04 -942.66
Leu 372 - 1.87
35 -7.709 -47.916 -40.619 03 Leu 477 -1.87 -945.56
Leu 372 -2.04
Glu 302 - 2.00
39 -7.684 -56.115 -40.216 01 Asp 309 -1.70 -942.54
38 -7.511 -34.329 -34.351 01 Asp 309 - 2.08 -942.85
33 -7.160 -49.642 -43.332 02 Leu 477 -1.87 -941.18
Leu 372 - 2.05
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31 -6.934 -58.226 -40.241 05 lle 305 - 2.54 -942.13
Met 374 - 1.93
Trp 224 - 4.14
Trp 224 - 3.77
Hem 600
40 -6.455 -74.460 -55.232 03 Glu 302 - 2.77 -942.43
Hem 600
Hem 600
32 - - - B _ N
34 - - - - - -
Letrozole 9 -8.018 -91.501 -55.542 032 Met 374 - 2.03 -941.16
Hem 600- 5.48
Hem 600- 4.41

The binding mode of different compounds will be discussed in the following sections in

order of the best to the poorest docking score.

Figure 2.2: Model representation of molecular interaction analysis of 36 in the active site
of aromatase (BEQM) and its 2D interaction profile respectively, the hydrogen bond is

shown by the purple line.
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2.1.3.21. Binding mode of 36 in the active site of aromatase enzyme.

The highest docking score of compound 36 was found to be -8.814 kcal/mol, glide energy
-44.990 kcal/mol, glide Emodel -63.523 kcal/mol, and IFD score -943.16 kcal/mol as
depicted in Table 2.3. A total of three interactions were observed, two interactions were
through hydrogen bonding between amino group from 36 and the carboxyl group of Leu
477 as well as of Leu 372 with a distance of 2.08 and 1.84 A respectively. Another
interaction was through hydrogen bond between hydroxyl group of 36 and the oxygen on
carboxyl group of Glu 302 with a distance of 2.22 A (fig. 2.2).
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Figure 2.3: Model representation of molecular interaction analysis of 41 in the active site
of aromatase (BEQM) and its 2D interaction profile respectively, the hydrogen bond is

shown by the purple line.
2.1.3.2. Binding mode of 41 in the active site of aromatase enzyme.

The highest docking score of compound 41 was found to be -8.749 kcal/mol, glide energy
-40286 kcal/mol, glide Emodel -40.779 kcal/mol, and IFD score -944.89 kcal/mol as
depicted in Table 2.3. A total of two interactions were observed, both interactions were
through hydrogen bonding between amino group from 41 and the carboxyl group of Leu
477 as well as of Leu 372 with a distance of 1.98 and 1.92 A respectively (fig. 2.3).
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Figure 2.4: Model representation of molecular interaction analysis of 37 in the active site
of aromatase (3EQM) and its 2D interaction profile respectively, the hydrogen bond is

shown by the purple line.

Binding mode of 37 in the active site of aromatase enzyme.

The highest docking score of compound 33 was found to be -8.438 kcal/mol, glide energy
-37.037 kcal/mol, glide Emodel -43.622 kcal/mol, and IFD score -942.66 kcal/mol. A total
of two interactions were observed, both interactions were through hydrogen bonding

between amino group from 33 and the carboxyl group of Leu 477 as well as of Leu 372

with a distance of 2.04 and 1.87 A respectively (fig. 2.4).

Figure 2.5: Model representation of molecular interaction analysis of 35 in the active site
of aromatase (3EQM) and its 2D interaction profile respectively, the hydrogen bond is

shown by the purple line.
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2.1.3.3. Binding mode of 35 in the active site of aromatase enzyme.

The highest docking score of compound 35 was found to be -7.709 kcal/mol, glide energy
-40.619 kcal/mol, glide Emodel -17.916 kcal/mol, and IFD score -945.56 kcal/mol as
depicted in Table 2.3. A total of three interactions were observed, two interactions were
through hydrogen bonding between amino group from 35 with the oxygen on carboxyl
group of Leu 477 and Leu 372 with a distance of 2.04 and 1.87 A respectively, and the
other interactions was also through hydrogen bond between amino group at the
propargylic position on 35 with the carboxyl group of Glu 302 with a distance of 2.00 A
(fig. 2.5).
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Figure 2.6: Model representation of molecular interaction analysis of 39 in the active site
of aromatase (3EQM) and its 2D interaction profile, the hydrogen bond is shown by the

purple line.

2.1.3.4. Binding mode of 39 in the active site of aromatase enzyme.

The highest docking score of compound 39 was found to be -7.684 kcal/mol, glide energy
-40.216 kcal/mol, glide Emodel -56.115 kcal/mol, and IFD score -942.54 kcal/mol as
depicted in Table 2.3. Only one interaction was observed which was hydrogen bond
between hydroxyl group of 39 and the oxygen on carboxyl group of Asp 309 with a
distance of 1.70 A (fig. 2.6).
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Figure 2.7: Model representation of molecular interaction analysis of 38 in the active site
of aromatase (BEQM) and its 2D interaction profile respectively, the hydrogen bond is

shown by the purple line.

2.1.3.5. Binding mode of 38 in the active site of aromatase enzyme.

The highest docking score of compound 38 was found to be -7.511 kcal/mol, glide energy
-34.351 kcal/mol, glide Emodel -34.329 kcal/mol, and IFD score -942.85 kcal/mol as

depicted in Table 2.3. Only one interaction was observed which was through hydrogen

bond between amino group from 38 and the carboxyl group of Asp 309 with a distance of
2.11 A (fig. 2.7).

LEU
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148

Figure 2.8: Model representation of molecular interaction analysis of 33 in the active site
of aromatase (3EQM) and its 2D interaction profile respectively, the hydrogen bond is

shown by the purple line.
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2.1.3.6. Binding mode of 33 in the active site of aromatase enzyme.

The highest docking score of compound 33 was found to be -7.160 kcal/mol, glide energy
-43.642 kcal/mol, glide Emodel -49.642 kcal/mol, and IFD score -941.18 kcal/mol as
depicted in Table 2.3. A total of two interactions were observed, both interactions were

through hydrogen bonding between amino group from 33 and the carboxyl group of Leu
477 as well as of Leu 372 with a distance of 2.04 and 1.87 A respectively (fig. 2.8).

Figure 2.9: Model representation of molecular interaction analysis of 31 in the active site
of aromatase (3EQM) and its 2D interaction profile respectively, pi-pi stacking is shown

by green line and the hydrogen bond is shown by the purple line.

2.1.3.7. Binding mode of 31 in the active site of aromatase enzyme.

The highest docking score of compound 31 was found to be -6.934 kcal/mol, glide energy
-40.241 kcal/mol, glide Emodel -58.226 kcal/mol, and IFD score -942.13 kcal/mol as
depicted in Table 2.3. A total of five interactions were observed, two hydrophobic
interactions were also observed through pi-pi stacking between phenyl group and
pyrazine group of 31 with the indole side chain of Trp 224 with a distance of 4.14 and
3.77 A respectively. One pi-pi stacking between thiophenyl group of 31 and ferric heme
moiety. Another interaction was through hydrogen bond between amino group from 31
and the carboxyl group of lle 305 with a distance of 2.54 A and the other interaction was
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through hydrogen bond between the amino group of Met 374 and the oxygen on the
carbonyl group of 31 with a distance of 1.93 A (fig. 2.9).

\ N

Figure 2.10: model representation of molecular interaction analysis of 40 in the active
site aromatase (3EQM) and its 2D interaction profile respectively, pi-pi stacking is shown
by green line and the hydrogen bond is shown by the purple line.

2.1.3.8. Binding mode of 40 in the active site of aromatase enzyme.

The highest docking score of compound 40 was found to be -6.455 kcal/mol, glide energy
-55.232 kcal/mol, glide Emodel -74.460 kcal/mol, and IFD score -942.43 kcal/mol as
depicted in Table 2.3. A total of three interactions were observed, two pi-pi stacking
between pyrazine group of 40 and the ferric heme moiety. The other interaction was
through hydrogen bond between the amino group of Glu 302 and the oxygen on the
carbonyl group of 40 with a distance of 2.77 A (fig. 2.10).
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Figure 2.11: Model representation of molecular interaction analysis of 8 (std1) in the
active site of aromatase (3EQM) and its 2D interaction profile respectively, pi-pi stacking

is shown by green line and the hydrogen bond is shown by the purple line.

2.1.3.9. Binding mode of 8 in the active site of aromatase enzyme.

The highest docking score of compound 8 was found to be -8.630 kcal/mol, glide energy
-52.351 kcal/mol, glide Emodel -78.366 kcal/mol, and IFD score -936.20 kcal/mol as
depicted in Table 2.3. A total of three interactions were observed, two pi-pi stacking
between triazole ring and one of the Benzonitrile rings of 8 with the ferric heme moiety.
The other interaction was through hydrogen bond between the amino group of Met 374

and the nitrogen on one the cyanide group of 44 with a distance of 2.03 A (fig. 2.11).

Compound 32 and 34 did not show any results from IFD. Therefore, that could suggest
that they are considered to be false positive, however the enzyme-based assay results

will confirm that.

2.1.4. Cross docking against CDK2 (PDB code: 3QQJ)
The following results show the docking studies of another target enzyme (CDK2). To
verify the performance of the docking process, cross-docking of the co-crystalized ligand
of the receptor is removed from the protein-ligand complex and then re-docked into the

native receptor.
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Table 2.4: Re-docking result of known co-crystallized structure, 2-(4,6-diamino-1,3,5-

triazin-2-yl)phenol 42.

Compound Docking Glide E Glide Total no. of Interactive IFD score
score model energy Interactive )
ID residues (kcal/mol)
bond
(kcal/mol) (kcal/mol) (kcal/mol)
OH NH, -7.566 -54.584 -38.677 05 GIn 131 - 2.69 -615.35
N
yo N\
@—( N Asp 86- 2.00
N=(
42 NH, Leu 83 -2.08
Glu81-2.17
H20 - 1.92
e T 8 — B = ﬂ’
Il N\ <
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Figure 2.12: Model representation of molecular interaction analysis of both native (carbon
in green colour) and docked (carbon in grey colour) structures of 42 (2-(4,6-diamino-1,3,5-
triazin-2-yl)phenol) in the active site of cyclin dependent kinase 2 (3QQJ) and its 2D
interaction profile, the hydrogen bond is shown by the purple line.

The highest docking score of compound 42 was found to be -7.566 kcal/mol, glide energy
-38.677 kcal/mol, glide Emodel -54.584 kcal/mol, and IFD score -615.35 kcal/mol as
depicted in Table 2.4. The total of five interactions were observed, two interactions were

through hydrogen bonding between two hydrogens of one the amino group on 42 and the
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carboxyl group of Gln 131 as well as of Asp 86 with a distance of 2.11 and 1.91 A
respectively. One interaction was through hydrogen bond between hydrogen of another
amino group on 42 and the carboxyl group of Leu 83 with a distance of 2.11 A. Another
one interaction was through hydrogen bond between hydroxyl group of 42 and the oxygen
on carboxyl group of Glu 81 with a distance of 1.90 A and another interaction was through
hydrogen bond between H20 and one of the nitrogen atoms in the ring on 42 with a
distance of 2.18 A. A degree of alignment was observed between native and docked
structure with the RMSD value of 5.6011, indicating a successful docking procedure (fig.
2.12).

2.1.5. Structure based virtual screening against CDK2 (PDB code: 3QQJ)
Virtual screening workflow was applied on new chemical library of one hundred (100)
different quinoxaline derivatives and four (4) were identified to be those structures which
are most likely to bind to the therapeutic target, cyclin dependent kinase 2 (3QQJ). The
docking score and glide energy of top 4 hit compounds are shown in Table 2.5. Docking
results revealed the strong binding of top 4 hit compounds as well as the known molecule
(dinaciclib 12) with active site residues of binding pocket in the crystal structure of cyclin-

dependent kinase 2.

Table 2.5: Docking results of the top 4 hit compounds identified from virtual screening as

well as dinaciclib as a positive control inhibitor.

Compound Docking Glide Glide Glide Total no. | Interactive
D score Evdw Ecoul energy of residues

Interactive

(kcal/mol) | (kcal/mol) | (kcal/mol) | (kcal/mol)

bond
o -8.147 -27 902 -6 842 -34.744 03 Leu 83
N F o Lys 129

N

Thr 14
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OH -7.158 -31 103 -5742 -36.845 02 Leu 83

N P Glu 12
N
HoN N
0 -6.330 -31 518 -3294 -34.812 02 Leu 83
= Glu 12

N
N
H-oN N
= on 6.154 31 868 5500 37.367 02 Leu 83
N
/@ A Glu 12
O,N N 45
6.937 -14.073 -5.552 -19.625 03 Glu 12
N /N
\[r = Leu 83
HO X N\N

NH Asp 145

-NY 12

2.1.6. Induced fit docking and binding mode analysis
The identified four compounds were subsequently subjected to the flexible docking
process through IFD in order to identify tight binding and also to establish whether protein

flexibility improves the docking scores of the molecules that were prioritized for synthesis.

Table 2.6. Induced fit docking results of the top 4 hit compounds identified from virtual

screening as well as dinaciclib as a positive control inhibitor.

Compound Docking Glide E Glide Total no. of Interactive IFD score
score model energy Interactive )
ID bond Residues- (kcal /mol)
on

kcal /mol kcal /mol kcal /mol
(kcal /mol) | (kcal /mol) | (kcal /mol) distance (A)

36 -7.931 -50.668 -41.495 03 Asp 145 -1.78 -599.59

Hie 84 - 2.18
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H20 - 2.00
44 -7.882 | -51.596 -36.292 02 Leu 83-2.17 -599.10
Glu 12 - 2.00
43 -7.752 | -55.207 -37.312 01 Leu 83 - 2.60 -600.27
45 -6.351 | -59.881 -43.175 02 Leu 83-2.14 -594.90
Asp 145 - 1.79
Dinaciclib 12 -11.301 | -88.094 -51.693 02 Leu 83 - 2.28 -605.02
Leu 83 - 2.60

The binding mode of different compounds will be discussed in the following sections in

order of the best to the poorest docking score.

Figure 2.13: Model representation of molecular interaction analysis of 36 in the active
site of cyclin dependent kinase 2 (3QQJ) and its 2D interaction profile, the hydrogen bond

is shown by the purple line.
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Binding mode of 36 in the active site of cyclin dependent kinase 2.

The highest docking score of compound 36 was found to be -7.931 kcal/mol, glide energy
-41.495 kcal/mol, glide Emodel -50.668 kcal/mol, and IFD score -599.59 kcal/mol as
depicted in Table 2.6. A total of three interactions were observed, two interactions were
through hydrogen bonding between amino group from 36 and with the carboxyl group of
Asp 145 and hydroxyl group with the carboxyl group of Hie 84 through a distance of 1.78
and 2.18 A respectively. The other interaction was through hydrogen bond between
Oxygen on the hydroxyl group of 36 with H20 through a distance of 2.00 A (fig. 2.13).

« A

Figure 2.14: Model representation of molecular interaction analysis of 44 in the active
site of cyclin dependent kinase 2 (3QQJ) and its 2D interaction profile respectively, the

hydrogen bond is shown by the purple line.

Binding mode of 44 in the active site of cyclin dependent kinase 2.

The highest docking score of compound 44 was found to be -7.882 kcal/mol, glide energy
-36.292 kcal/mol, glide Emodel -51.596 kcal/mol, and IFD score -599.10 kcal/mol as
depicted in Table 2.6. A total of two interactions were observed, both interactions were
through hydrogen bonding between amino group from 44 with Glu 12 through a distance
of 2.00 A and the amino group of Leu 83 with the oxygen on the carbonyl group of 44 with
a distance of 2.17 A (fig. 2.14).
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Figure 2.15: Model representation of molecular interaction analysis of 43 in the active

site of cyclin dependent kinase 2 (3QQJ) and its 2D interaction profile respectively, the

hydrogen bond is shown by the purple line.

Binding mode of 43 in the active site of cyclin dependent kinase 2.

The highest docking score of compound 43 was found to be -7.752 kcal/mol, glide energy
-37.312 kcal/mol, glide Emodel -55.207 kcal/mol, and IFD score -600.27 kcal/mol as

depicted in Table 2.6. Only one interaction was observed, amino group of Leu 83 interact

with the nitrogen on the pyrazine ring of 43 through hydrogen bond with a distance of 2.60
A (fig. 2.15).

Figure 2.16: Model representation of molecular interaction analysis of 45 in the active
site of cyclin dependent kinase (3QQJ) and its 2D interaction profile, the hydrogen bond

is shown by the purple line.
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Binding mode of 45 in the active site of cyclin dependent kinase 2.

The highest docking score of compound 45 was found to be -6.351 kcal/mol, glide energy
-43.175 kcal/mol, glide Emodel -59.881 kcal/mol, and IFD score -594.90 kcal/mol as
depicted in Table 2.6. A total of two interactions were observed, one interactions was
through the amino group of Leu 83 with one of the oxygen on the nitro group of 45 through
a distance of 2.14 A, and another interaction was through hydrogen bond between
hydrogen on the hydroxyl group of 45 with the carboxyl group of Asp 145 through a
distance of 1.79 A (fig. 2.16).
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Figure 2.17: Model representation of molecular interaction analysis of 12 (dinaciclib) in
the active site of cyclin dependent kinase (3QQJ) and its 2D interaction profile, the

hydrogen bond is shown by the purple line.

Binding mode of 12 in the active site of cyclin dependent kinase 2.

The highest docking score of compound 12 was found to be -11.301 kcal/mol, glide
energy -51.693 kcal/mol, glide Emodel -88.094 kcal/mol, and IFD score -605.02 kcal/mol
as depicted in Table 2.6. A total of two interactions were observed, both interactions were
through hydrogen bonding between the amino group and the carboxyl group of Leu 83
with nitrogen on the triazole group and the hydrogen on the secondary amine of 12

respectively with a distance of 2.60 and 2.28 A (fig. 2.17).
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There is no accurate correlation between docking score and the corresponding binding
affinity, the docking scores can be employed just for classifying active ligands from in-
actives, but furthermore the in-vitro studies are required to check the potency of the

compounds.
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2.1.7. Physicochemical properties and ADME prediction
Physicochemical properties of hit compounds selected from both 3EQM and 3QQJ
screening including known ligands from both enzymes were analysed to predict suitable
ADME and drug like properties. The following results reveal the physicochemical
properties of all identified compounds and all of them were found to have satisfactory
ADME properties according to the criteria mentioned below and none of the compounds

violated Lipinski’s rule of five.

Table 2.7. ADME prediction of all selected compounds.

ID MW [ CNS [HBD [HBA | QPlogPo/w | QPlogS | QPlogBB | QPlogkp | %HOA | Rule
Of
Five
31 309.3 | -2 1.500 | 5.000 | 2.824 -4.809 -1.342 -2.774 87.598 |0
42
32 3514 | -2 1.500 | 5.000 | 3.991 -6.170 -1.428 -2.448 96.358 | 0
22
33 253.3 | -1 1.500 | 3.000 | 3.491 -4.531 -0.936 -1.989 100.00 | O
46
34 303.3 | -2 1500 | 5.000 | 2.833 -4.341 -1.381 -2.422 88.791 | 0O
20
35 226.2 | -1 3.500 | 4.000 | 0.996 -1.987 -0.743 -5.316 67.501 0
80
36 241.2 | -2 2.500 | 4.700 | 1.832 -3.494 -1.277 -2.945 83.989 0
92
37 209.2 | O 1.500 | 3.000 | 2.300 -3.488 -0.583 -2.380 94530 |0
50
38 2252 | -1 1.500 | 3.000 | 2.859 -4.041 -0.754 -2.181 100.00 | O
93
39 199.2 | -2 2.500 | 4.700 | 0.688 -2.230 -1.173 -3.384 74.728 0
12
40 3454 | -2 1.500 | 5.000 | 4.083 -6.123 -1.478 -2.140 100.00 0
00
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41 2412 | -2 1.500 | 5.000 | 1.545 -3.638 -1.411 -3.523 78.465 | O
49

43 2833 | -2 1.500 | 5.000 | 2.723 -4.835 -1.460 -3.102 88.023 | O
29

44 239.2 | -2 1.500 | 5.000 | 1.726 -3.486 -1.331 -3.292 81.097 | O
76

45 229.1 | -2 1.000 | 4.700 | 0.678 -2.897 -1.602 -4.188 67.691 | O
95

8 2853 | -2 0.000 | 6.000 | 1.554 -3.947 -1.544 -3.202 75.737 | O
07

12 396.4 | -2 2.000 | 5.700 | 4.097 -5.722 -1.214 -2.662 100.00 | O
91

Predicted properties concurred with standardized molecular descriptors criteria:
MW -Molecular weight of the molecule = (130.0 to 725.0).
CNS - Predicted central nervous system activity on a -2 (inactive) to +2 (active).

HBD - Estimated number of hydrogen bonds that would be donated by the solute to water

molecules in an aqueous solution = (0.0 to 6.0).

HBA - Estimated number of hydrogen bonds that would be accepted by the solute from water

molecules in an aqueous solution = (2.0 to 20.0).

QPlogPo/w - Predicted octanol/water partition coefficient = (-2.0 to 6.50).

QPlogS - Predicted aqueous solubility = (-6.5 to 0.5).

QPlogBB - Predicted brain/blood partition coefficient = (-3.0 to 1.2).

QPlogKp - Predicted skin permeability, log Kp = (-8.0 to —1.0).

%HOA - Predicted human oral absorption on 0 to 100% scale = >80% is high <25% is poor.

Rule of Five - The rules are: MW < 500, QPlogPo/w < 5, HBA < 5, HBA < 10. Compounds that
satisfy these rules are considered drug-like. (The “five” refers to the limits, which are multiples of

5.) Number of violations of Lipinski’s rule of five = (maximum is 4).2
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2.2. Chemistry

Based on the modelling results, it was decided that the compounds which were identified
would be synthesised. Scheme 2.0 shows a complete retrosynthetic route for the
identified target molecules to the commercially available starting materials. Most of the
step involves FGI because of the familiar reaction that can be used to introduce those
groups. All amino quinoxalines derivatives 31- 43 can be obtained from nitro quinoxalines
derivatives through amination reaction. The ketone derivative 44 and ester derivatives
57-62 can be obtained from derivatives with OH group through oxidation and esterification
reactions respectively, whereas the alkyne can be introduced by Sonogashira cross-
coupling reaction. The disconnection of 50 between O-S which can be connected by
nucleophilic substitution reaction from hydroxyl group on 49. The nitro group is cleaved,
and it can be introduced by electrophilic aromatic substitution through nitration reaction.
48 is cleaved in two positions and it can easily be contracted by available reagents (o-

phenylenediamine 46 and glyoxylic acid 47) through cyclocondensation reaction.

e T e

31, 32, 34, 40- 43 57- 62
OH ﬂ OH
R N 0SsO,Ph  FGI N._OH
N2 R Fal N F Gl N 2 X N
N ———> N | e— _ _
— P O,N N O,N N
H,N N O,N N 50 49

36, 39 45,51

ﬂ

FGI
0 o) N, _OH
= = @E ’j/
N =
N\ = FGI N FGI N
_ _ 48
H,N N O:N N
44 64 ﬂ
N R2 EGI N Re NH, o _OH
o= 1y - J
H2N N O,N N7 NH, o7

o
33,35-38 53-56 46 47

Scheme 2.0: Retrosynthesis of target molecules.
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The table shows the possible representations of R, R1 and Rz on the scheme 2.0.

Table 2.8: Possible representation of R, R1 and Ro.

R R R2
(o]
}J\© /LNH
-H 3‘9 7 2
/
-CH,CH,CHs |/ ’
=

}ﬁ\ w\
Q/W\

7

The target quinoxaline derivatives were synthesized in a multi-step reaction sequence.
The route to obtain the selected targets began with the synthesis of quinoxalin-2-ol 48
through cyclocondensation reaction between o-phenylenediamine 46 and glyoxylic acid
47 in a mixture of methanol and acetic acid. The resulting cream crude material was
purified by recrystallization using dimethylformamide (DMF) to afford 75% yield of the
desired product, quinoxaline-2-ol 48 as a tan solid following reaction A in Scheme 2.1.
The nitration reaction was carried out following reaction B in Scheme 2.1. The nitronium
ion, which was generated by mixture of potassium nitrate and sulfuric acid, underwent
electrophilic aromatic substitution on the benzene ring of quinoxalin-2-ol 48 at six position
to give 6-nitroquinoxalin-2-ol 49 in 97 % yield. The NMR analysis was found to be in good

agreement with those reported in literature.*
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NH, Oy _~OH N. _OH N._OH N._0OSO,Ph
+ A = B C =
— — B P — _
NH, O N O,N N O,N N

46 47 48 49 50

Reagents and conditions: (A) Acetic acid, MeOH, 0 °C, 90 min, (B) KNOs, H2SOg, rt, 120
min, (C) Benzenesulfonyl Chloride, DMAP, EtsN, DCM, 0 °C, 90 min.

Scheme 2.1: Synthesis of quinoxalin-2-ol 48, 6-nitroquinoxalin-2-ol 49 and 6-

nitroquinoxalin-2-yl benzenesulfonate 50.

Hydroxyl group is not a good leaving group, so it was converted into benzene sulphonyl
group which was reported to be a good leaving group during Sonogashira cross coupling
reaction.* 6-Nitroquinoxalin-2-ol 49 underwent base catalysed sulfonic esterification with
benzene sulfonyl chloride in the presence of triethylamine and 4-dimethylaminopyridine
(DMAP) using dichloromethane (DCM) as a solvent to afford 92% vyield of 6-
nitroquinoxalin-2-yl benzenesulfonate 50 as a yellow solid, which is a suitable starting
material for the Sonogashira cross coupling reaction.

The disappearance of hydroxyl broad singlet signal around 12 ppm and the appearance
of additional 3 signals which integrated for 5 hydrogens in the aromatic region on the
proton NMR spectrum of compound 50 confirmed the successful incorporation of the
benzene sulphonyl group. The sulphonyl intermediate 50 was subjected to Sonogashira
cross-coupling reaction with propargyl alcohol in the presence of bis(tryphenylphosphine)
palladium(ll) dichloride and copper iodide as catalysts and triethylamine as a base in
tetrahydrofuran at 50 °C for 18 hour following a procedure from literature.® The reaction
was however unsuccessful, with starting material recovered. When the reaction was
attempted at 25 °C, NMR spectrum revealed trace amounts of the product, 3-(6-
nitroquinoxalin-2-yl) prop-2-yn-1-ol 45 together with a large amount of the starting
material. When the reaction was attempted at 30 °C, a 66 % yield of 45 was obtained and
it was confirmed by spectroscopic analysis as illustrated in Table 2.9. The -CH2 protons
signal was observed on the *H NMR spectrum at 4.44ppm integrating for two protons.
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The new signals at 82.1 and 97.5 ppm on the 3C NMR spectrum are consistent with
carbons on the alkyne group, and the FTIR spectrum confirmed the presence of alkyne
and hydroxyl functional groups with —C=C- stretching at 2340 cm™ and OH stretching at
3282 cm’?, respectively.

The Sonogashira cross coupling reaction was extended using numerous terminal alkynes
under the same reaction conditions and the corresponding results are reported in Table
2.9.

Table 2.9. Sonogashira cross-coupling reaction on 6-nitroquinoxalin-2-yl

benzenesulfonate using different terminal alkynes.

@ N j/o\/ /s\/© PACI,(PPhyyp, Cul, EtsN, alkyne N R
-~ 00 THF, 30 °C, 18 h z
N ' ' 02N N

50

45, 51-56
ID R % Vmax Expected | Found mp. (°C)
yield c=C mass mass
(cm ) (g/mol) (m/z)
45 /\OH 66 2340 | 230.9466 | 230.9597 | 117.3-118.5
4
}L' [M+HY | [M+H']
51 OH 89 2218 | 272.1037 | 272.1042 | 119.1-121.0
57 M+ HT | M+ H
52 )A 84 2226 | 258.0850 | 258.0886 | 195.0-195.9
‘31// OH M+ H | [M+HY
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53 )L 98 | 2214 | 257.1040 | 257.1036 | 184.9-184.1
5 M+HT | [M+H]
54 f 76 | 2210 | 240.9845 | 240.9881 | 197.4-199.1
3,77// M+HT | M+ HY
55 /\/\ 63 | 2218 | 256.1088 | 256.1092 | 129.0-130.9
7
[M+HY | [M+H
56 /\/\/\ 67 | 2214 | 284.1401 | 284.1404 | 200.5-202.5
'7,77 7
- M+HT] | [M+H"]

All synthesized derivatives were purified using either column chromatography or
trituration technique to obtain the products in a moderate to good yield (ranging from 63
to 98%). The '*H NMR spectrum of compound 51 showed a triplet signal at 0.99 ppm,
which integrated for three protons and that is consistent with a methyl group next to the
methylene group. The two signals at 1.60 and 1.90 ppm, which both integrated for two
protons are consistent with two methylene groups. The triplet signal at 4.74 ppm, which
integrated for one proton is consistent with the methine group next to the electron
withdrawing oxygen atom. A broad singlet signal at 2.8 ppm, which integrated for one
proton is consistent with hydrogen of the hydroxyl group and that was also confirmed by
the presence of OH stretching at 3249 cm™ in the FTIR spectrum. The signals at 81.8 and
98.0 ppm on the 13C NMR spectrum are consistent with carbons of the alkyne group and
that was also confirmed by the presence of —-C=C- stretching at 2281 cm™ in the FTIR

spectrum.

The 'H NMR spectrum of compound 52 showed a singlet signal at 1.71 ppm, which
integrated for six protons and that is consistent with two methyl groups on the tertiary
alcohol. The signals at 79.6 and 99.9 ppm on the 3C NMR spectrum are consistent with
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carbons of the alkyne group, and the FTIR spectrum confirmed the presence of alkyne
and hydroxyl groups by showing —C=C- stretching at 2226 cm™ and OH stretching at
3433 cm?.

The 'H NMR spectrum of compound 53 showed a singlet signal at 1.51 ppm, which
integrated for six protons and that is consistent with two methyl groups on the tertiary
carbon next to NH2. The signals at 77.2 and 78.0 ppm on the 3C NMR spectrum are
consistent with carbons of the alkyne group, and the FTIR spectrum confirmed the
presence of alkyne and primary amine groups by showing —C=C- stretching at 2214 cm-
1 and NH:2 stretching at 3290 and 3319 cm™.

The *H NMR spectrum of compound 54 showed a doublet signal at 0.96 ppm, which
integrated for four protons and that is consistent with two CH2 groups that are chemically
equivalent. The signals at 74.3 and 103.5 ppm on the 3C NMR spectrum are consistent
with carbons on the alkyne group, and the FTIR spectrum confirmed the presence of

alkyne by showing —C=C- stretching at 2210 cm-2.

The H NMR spectrum of compound 55 showed a triplet signal at 0.96 ppm, which
integrated for three protons and that is consistent with a methyl group next to the
methylene group. The two signals at 1.51 and 1.58 ppm, which each integrated for two
protons are consistent with two methylene groups. The triple signal at 2.57 ppm, which
integrated for two protons is consistent with the methylene group next to another
methylene group and alkyne group. The **C NMR spectrum showed signals at 78.8 and
99.9 ppm that are consistent with carbons of the alkyne group and that was also confirmed

by the presence of —-C=C- stretching at 2218 cm™ on the FTIR spectrum.

The H NMR spectrum of compound 56 showed a triplet signal at 0.88 ppm, which
integrated for three protons and that is consistent with a methyl group next to the
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methylene group. The three signals at 1.31, 1.47 and 1.68 ppm, each integrating for two
protons are consistent with three methylene groups. The triplet signal at 2.55 ppm, which
is integrated for two protons, is consistent with a methylene group next to another
methylene group and alkyne group. The *3C NMR spectrum showed signals at 78.8 and
99.9 ppm which are consistent with carbons of the alkyne group and that was also
confirmed by the presence of —-C=C- stretching at 2214 cm on the FTIR spectrum. The
high-resolution mass spec of 45, 51-56 gave the expected masses within 0.005 units as
depicted in Table 2.9.

Taking advantage of hydroxyl group at the propargylic position of 3-(6-nitroquinoxalin-2-
yl) prop-2-yn-1-ol 45 and 1-(6-nitroquinoxalin-2-yl)hex-1-yn-3-ol 51, esterification reaction
was performed using the method by Hussein M et al.® To a solution of alcohol in DCM,
triethylamine (3.5 eq.), 0.2 mol % of DMAP, was added 1.2 eq. of acyl chloride and the

reaction mixture was stirred under nitrogen for 1 hour at room temperature.®

Table 2.10. Esterification reaction of alcohol at the propargylic position.

R

R
=~ ~OH Ry

/@:N\ = Acid chloride, DMAP, EtN Nj/\ ©

— DCM, rt, 1 h Q —
45, 51 57- 63
ID R Ri1 % vmax | Expected | Found mp. (°C)

yield C=0 Mass mass
cm?) | (@gmolny | M2

57 -H 42 1741 | 272.0693 | 272.0668 153.7-

[M+H* | [M+HT] | 1553
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58 i JOJ\ 69 | 1741 | 314.1143 | 314.1146 | 109.2-

CH:.CH:.CHs | % Mot | Mar | 1101

59 H o 46 | 1716 | 334.0830 | 334.0833 | 177.0-

% M | e | 1793

60 i 43 | 1724 | 376.1299 | 376.1309 | 78.5-
CH2CH2CH3 M+ HY | [M+H] 79.1

61 H 0 40 | 1712 | 340.0394 | 340.399 | 168.0-
s 170.

\ [M+HY | [M+H'] 0.0

/)

62 i 54 | 1708 | 382.0863 | 382.0876 | 76.4-
CH2CH2CHs Men | meng | 772

63 H 0 0 33 146.5-

N
AN _ _ _ 148.9

A series of 6-nitroquinoxaline with functionally substituted alkynyl ester derivatives 57- 62
were isolated after purification using column chromatography with yields ranging from 40
to 69 % and their structures were confirmed by FTIR, NMR and mass spectroscopy, the
physical property (melting point) was also recorded. The FTIR spectra of the compounds
57- 62 revealed the presence of -C=0 stretching at around 1741-1708 cm™ and
asymmetrical -C-O-C and -C-O stretching at 1246-1171 cm in addition to the —C=C—
stretch which appeared as a weak stretch at 2340-2100 cm. On the other hand, the 'H
NMR spectra of compounds 57- 62 showed additional proton signals corresponding to
the hydrogens of the incoming acid chloride. The 3C NMR spectra of the compounds 57-
62 showed additional signals around 160 ppm which is consistent with the carbonyl
carbon of the ester group. Mesylate ester derivative 63 was obtained in 33 % yield from
45. The 'H NMR spectrum of compound 63 showed the appearance of a singlet signal at

3.21 ppm, which integrated for three protons and that is consistent with CHs on the mesyl
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group and that triggered CH:2 signal to shift from 4.44 to 5.19 ppm due the inductive effect
caused by the introduced group. The high-resolution mass spec of 57-62 gave the

expected masses within 0.005 units as depicted in Table 2.10.

Attempts to synthesise a ketone derivative from corresponding alcohol via oxidation
reaction using Dess-Martin Periodinane for 16 hours following literature method,” was
unsuccessful. The NMR spectrum showed a trace amount of the product, together with a
large amount of the starting material. The crude material was then further reacted with
Jones reagent for same duration following the method previously reported by Mercier at
al., where full conversion was observed with 77 % vyield obtained. The requirement for
strong acidic conditions was demonstrated by the incapability of Dess-Martin Periodinane

to promote oxidation reaction on 51 according Scheme 2.4.8

OH o)
—
N~ CrO4, H,S0,, H,0 N F
X -
~
O,N N acetone, rt, 16 h O,N N/
51 64

Scheme 2.4: Oxidation reaction.

The *H NMR spectrum (Figure 2.19) showed the disappearance of the OH singlet signal
which was at 2.8 ppm on the structure of 51. The disappearance of the hydrogen on the
tertiary carbon signal which was at 4.7ppm, triggered the signal for hydrogens at alpha
carbon (C12) to change from multiplet to triplet. The *3C NMR spectrum of 64 showed a
signal at 186.7 ppm as depicted in Figure 2.20, which is consistent with the carbonyl
carbon at ketonic region and that was also confirmed by FTIR spectrum showing the
disappearance of OH stretching and the appearance of -C=0 stretching at 1671 cm™.
The high-resolution mass spectrum is also in agreement with the molecular weight of
structure (C14H12N303=270.0880) , where [M + H*] = m/z 270.0883 is observed in Figure
2.21, which is within 0.005 unit as expected.
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Figure 2.19: 'H NMR spectrum of 1-(6-nitroquinoxalin-2-yl)hex-1-yn-3-one 64
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Figure 2.20: 3C NMR spectrum of 1-(6-nitroquinoxalin-2-yl)hex-1-yn-3-one 64

When the reduction reactions were attempted on 3-(6-nitroquinoxalin-2-yl) prop-2-yn-1-ol
45 and 1-(6-nitroquinoxalin-2-yl)hex-1-yn-3-ol 51 following Scheme 2.5 and its

conditions, the reaction was unsuccessful.
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Figure 2.21: Mass spectrum of 1-(6-nitroquinoxalin-2-yl)hex-1-yn-3-one 64

OH OH
R
N SnCl,, EtOAc, 60 °C, 3 h N
N
/©i _ NaHCOg, rt, 10 min ) { /@: _
O5N N H,N

Where R = -H, -CH2CH2CH3s

Scheme 2.5: Reduction reaction of 6-nitroquinoxaline with alkynol functionality.

Both attempts at reduction of the nitro group of 6-nitroquinoxaline with functionally
substituted alkyne derivatives constituting hydroxyl group were not tolerated under the
above reaction conditions (Scheme 2.5). The reason could be the molecule had both
nucleophilic (NH2) and electrophilic centre (C-OH) which could result in polymerisation as
the starting materials were not recovered and the mixture could not be properly

characterised.

When the reduction reaction was attempted on 3-(6-nitroquinoxalin-2-yl)prop-2-
ynylthiophene-2-carboxylate 61 under the same above-mentioned conditions, SnClz as a
mild reducing agent was able to reduce the nitro to amino group in the presence of
another reducible group. Following a literature procedure, to a suspension of 61 in ethyl
acetate was added SnCl2 (5 eq.) and the reaction mixture was refluxed for 3 hours. After
cooling to room temperature, saturated sodium hydrogen carbonate solution was added
and stirred for a minimum of 10 minutes, insoluble SnCIOH precipitated out of the solution

to form a sticky residue which was filtered through gravitational filtration, followed by
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normal workup and a 43 % of 31 was obtained after purification with prep-TLC.® The
structure of 31 was confirmed through NMR, IR and mass spectroscopy. The NH2 protons
were observed in the 'H NMR spectrum as a broad singlet signal at 4.38 ppm which
integrated for two protons and was also confirmed by the presence of doublet vibrational
signal of NHz stretching at 3225 and 3335 cm*. The reduction reaction was extended to
other 6-nitroquinoxaline with functionally substituted alkyne under the same reaction

conditions and the corresponding results are reported in Table 2.11.

Table 2.11. Reduction reaction of 6-nitroquinoxaline with alkynes functionality.

Nap R SnCl,, EtOAc, 60 °C, 3 h Nap R
/]/ NaHCOg, rt, 10 min /]/
02N N 31 th H2N N

53-62 31-35,37-38,41-43
ID R % Vmax | Expected Found Mp. (°C)
yield NH> mass mass
cm?) | @mon | M2
31 O 43 3335 | 310.0652 | 310.0660 140.3-
}%/\ OJKE’/) & M+HT | mene | O
3225
32 o 66 3339 | 352.1121 | 352.1134 220.5-
}BQ\OJK@ & | M+r] | Men | 22O
3217
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33 )¢¢//“\V/A\V/”\\ 57 | 3347 | 254.1659 | 254.1664 | 341.6-
i< 343.1
& [M+HY | [M+H'] '
3221
34 o 75 | 3335 | 304.1088 | 304.1094 | 199.3-
/O)b . Mat | e | 2015
3221
35 ////>1\ 77 | 3323 | 227.1298 | 227.1298 | 97.5-99.2
3 = N & | M+HT | [M+HY
3196
37 /////zfx 65 | 3307 | 210.1033 | 210.1042 | 92.1-93.4
af; & M+HT | [M+HY
3188
38 P 95 | 3335 | 226,1346 | 226.1340 | 273.8-
Z 274.7
& M+HT | [M+HY '
3218
40 o 89 | 3339 | 346.1557 | 346.1572 | 250.5-
1’7’// o) & [M+HY | [M+H] 251.2
3217
41 o 51 | 3307 | 242.0931 | 242.0941 | 95.6- 96.9
/\O)J\ + +
7 & [M + H* [M + H*

3192
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43 o) 96 3343 284.1401 | 284.1410 114.9-
= o & | Ml | merg | MO
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The target 6-aminoquinoxaline substituted alkynyl derivatives from Table 2.11 were
obtained in moderate to good yields by the reduction reaction of the nitro group. All
synthesized derivatives from Table 2.11 were confirmed by various spectroscopic
techniques such as FTIR, NMR and mass spectrometry; the physical property (melting
points) were also recorded as uncorrected. The *H NMR spectra of the compounds from
Table 2.11 showed the additional broad singlet signals at around 4 ppm which integrated
for two protons and that is consistent with NH2, and it was confirmed by the appearance
of NH2 stretching as two bands at around 3188-3343 cm in the FTIR spectra. In addition,
the H NMR spectra of compounds from Table 2.11 also demonstrated that conversion
of -NO2to NH2z group triggered the doublet and doublet of doublet signals of protons at
C5 and C7 to shift to lower chemical shift due to the lesser inductive effect of NH2 as
compared to the nitro group. The high-resolution mass spec of 31-35,37-38,40-43 gave

the expected masses within 0.005 units as depicted in Table 2.11.

The reduction reaction of the nitro group on 1-(6-nitroquinoxalin-2-yl)hex-1-yn-3-one did
not yield the expected product. Surprisingly, the mild reducing agent SnCl> was also able
to reduce the triple bond to single bond in addition to reducing nitro group and compound
65 was isolated in low 22 % yield as shown in Scheme 2.7. It is likely that the conjugated
pi system between carbonyl and alkyne groups weakened the triple bond. Oxygen is more
electronegative than carbon, so it will withdraw pi election towards itself causing carbon

to be more electropositive leading to the weakening of the triple bond.
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Scheme 2.7: Reduction reaction of 1-(6-nitroquinoxalin-2-yl)hex-1-yn-3-one

The 'H NMR spectra of compound 65 (Figure 2.22) showed a broad singlet signal at 4.11
ppm which integrated for two protons, that is consistent with -NH2. The appearance of two
triplet signals, each integrating for 2 hydrogens at 2.97-3.22 ppm suggest additional two
CH2’s and is consistent with hydrogens at C9 and C10.
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Figure 2.22: IH NMR spectrum of 1-(6-aminoquinoxalin-2-yl)hexan-3-one 65
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COSY spectrum (Figure 2.23) confirmed that hydrogen at C9 is only correlating with

hydrogen at C10 and hydrogens at C13 is correlating with both hydrogens at C12 and

C14. The high-resolution mass spectrum is also in agreement with the molecular weight

of structure (Ci14H1sN3O= 244.1452), where [M + H*] = m/z 244.1466 is observed in
Figure 2.24. The DEPT spectrum (Figure 2.25) also confirmed the suggestion by

showing the 4 negative signals at up field region which is consistent with four CHz’s on

65.
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Figure 2.23: COSY NMR spectrum of 1-(6-aminoquinoxalin-2-yl)hexan-3-one 65
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Figure 2.24: Mass spectrum of 1-(6-aminoquinoxalin-2-yl)hexan-3-one 65
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Figure 2.25: DEPT NMR spectrum of 1-(6-aminoguinoxalin-2-yl)hexan-3-one 65
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Scheme 2.8: Hydrolysis reaction of 6-aminoquinoxaline with acetate group.

The two esters, 41 and 43 underwent hydrolysis reactions (scheme 2.8) after being
dissolved in a solution of methanol (10 ml) and KOH (1 eq.), and stirred for 30 min at

room temperature to yield both 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-ol 36 in 13 % vyield
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and 3-(6-aminoquinoxalin-2-yl)prop-2-yn-1-ol 39 in 25 % vyield separately according to
Scheme 2.8 following literature method reported elsewhere.°

The yields of both 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-ol 36 and 3-(6-aminoquinoxalin-
2-yl)prop-2-yn-1-ol 39 were increased to 83 % and 87 %, respectively, by allowing the
methanol to evaporate without concentrating it on a rotary evaporator because it was
realised that both crude materials changed colour from yellow to black when heated. This
suggested that both crude materials were heat sensitive and could be undergoing
polymerisation, as observed previously. The products were obtained as yellow solids and

FTIR, NMR and mass spectral data were consistent with both proposed structures.
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Figure 2.26: The stacked 3C NMR spectrum of 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-yl
acetate 43 (in blue) and 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-ol 36 (in red)

The FTIR spectra of both 36 and 39 showed the disappearance of C=0 stretching at
1741-1708 cm and that was also confirmed by **C NMR spectra of both compounds 36
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and 39 showing the disappearance of -CHs of the acetyl group C17 signal at aliphatic

region and the carbonyl carbon of the ester group C16 signal at around 170 ppm. The 13C

NMR spectrum (in red) showed a total number of 14 carbons, which correspond to the

total number of carbons in the 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-ol 36 (Figure 2.26).

The high-resolution mass spectrum is also in agreement with the molecular weight of
structure (C14aH1sN3OH= 242.1295), where [M + H*] = m/z 242.1264 is observed in Figure
2.27, which is within 0.005 unit as expected.

Inten.(x100,000)

0.00-—64-015254 104.106834

242.1;

224.118424

170.034079
155060177 ||

199.030796
L L Ll )

6348

282.279401

264.110951
304.261397

396.802216

L

 326.150423 365.106126

I
T

463

4812}5277
!

495.2
453.344223
437.194732 | |

)

T T T
50.0 75.0 100.0 125.0

= T T T
150.0 175.0 200.0 225.0

T T T T
250.0 275.0 300.0 325.0 350.0 375.0 400.0

T T T
425.0 450.0 475.0 m/z

Figure 2.27: Mass spectrum of 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-ol 36
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2.3. Biological evaluation

2.3.1. Evaluation of synthesised compounds against breast cancer (MCF-7)
The biological activity of the newly synthesised series of amino and quinoxaline
derivatives were evaluated against breast cancer (MCF-7) at the University of Limpopo,
biochemistry department. The cell viability was assessed by MTT (3-(4,5-
Dimethylthiazol2-yl)-2,5-Diphenyltetrazolium Bromide) assay on human breast cancer
cell line (MCF-7) in the concentration range of 0 - 100 uM. The preliminary data obtained

is shown in Table 2.12.

Table 2.12: The preliminary results of the in vitro evaluation of synthesised compounds
against breast cancer (MCF-7).

Entry Compound MCF-7 Raw 264.7
ID ICso (MM) ICso (M)

1 31 69.660 >100

2 32 >100

3 33 >100 >100
4 34 35.597 >100

5 35 >100 79.983
6 36 >100 >100

7 37 >100 >100

8 38 >100 >100

9 39 >100

10 40 >100

11 41 69.807 >100
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12 43 >100 >100
13 45 >100
14 51 >100
15 54 29.116 20.214
16 55 >100
17 56 16.328 81.703
18 59 9.102 0.205
19 61 32.115 41.559
20 65 >100

Quinoxaline nucleuses exhibit potential anticancer activity, some quinoxaline derivatives
have been previously reported to show very promising activity against breast cancer
(MCF-7).1* The newly synthesised novel amino and nitro-quinoxaline derivatives were
evaluated for anti-proliferative activity against breast cancer (MCF-7). Based on the
results on Table 2.12, the synthesized quinoxaline derivatives showed dose dependent
inhibitory activities, with most of them showing activity at high concentrations. Compound
59 was shown to possess more potent inhibition against MCF-7 with ICsp of 9.102 uM,
whereas compounds 34, 54, 56 and 61 showed promising activity against MCF-7 with an
ICso value of < 50 uM. Compounds 31 and 41 had low activity against MCF-7 with an 1Cso
value of > 50 uM, while the other compounds had no activity against MCF-7. In addition,
the results of MTT assay illustrated that 59 had an ICso value of 0.205 pM against Raw
264.7 cell line, which confirmed that 59 could not selectively kill tumour cells. Compound
34 was the only compound with ICso value of < 50 uM activity against MCF-7 which had
ICs0 value of > 100 uM against Raw 264.7 cell line and that confirmed its selectivity to

inhibit only tumour cells.
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The in vitro anti-aromatase activity of the compounds 31 and 34 was valued using a
commercial Aromatase (CYP19A) assay kit (fluorimetric).The results are shown in Figure
2.28.

(A) (B)

Figure 2.28: The dose-response plots of (A) compound 31 with ICso of 12.166 uyM and
compound 34 with 1Cso of 66.744 uM.

Compounds 31 and 34 were evaluated for anti-proliferative activity against CYP19A
enzyme. Compound 31 was shown to possess good inhibition against CYP19A with an
ICs0 of 12.166 uM, whereas compound 34 had low activity against CYP19A enzyme with
an ICso value of > 50 yM. Compounds 31 and 34 served as a starting point toward
studying the correlation between molecular modelling (in-silico) and CYP19A inhibition
activities, and a good correlation between them (Fig. 2.28) was observed as compounds
31 and 34 were identified to be those molecules which are most likely to bind to the drug
targets (CYP19A) with the docking score of -8.372 and 7.630 kcal/mol in Table 2.2.

2.3.2. Evaluation of synthesised compounds against M tuberculosis
Small molecules with quinoxaline moiety were recently reported as potent inhibitors of
Mycobacterium tuberculosis Hs7Rv strain. Some of the compounds have shown
promising inhibition activity against Mycobacterium tuberculosis. Because of the

structural similarities, a series of novel amino and nitro-quinoxaline derivatives were
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evaluated for antimycobacterial activity as part of the secondary study against
Mycobacterium tuberculosis since their antimycobacterial properties on the Hs7Rv strains

were not evaluated before.12:13

The in-vitro antimycobacterial activity of the synthesised compounds was performed at
the drug discovery and development centre (HsD), university of Cape Town. The
preliminary results are presented in Table 2.13 for in-vitro antimycobacterial activity was
obtained following broth dilution method in 7H9 CAS GLU TX media. The compounds
were assayed within a 14-day period using Mtb H37RV strain with rifampicin as a
reference drug. A compound was considered inactive when it showed activity at a

concentration >100 M.

N R
N
Ly
X N
Table 2.13: The preliminary results of amino and nitro-quinoxaline with functionally

substituted alkyne derivatives against Mtb Hsz7Rv strain.

Entry Compound X R MICgo
ID (uM)
1 45 -NO; 4,26
OH ’
ﬁ/\
2 39 -NH; g >100
3 51 -NO; OH 9,51
4 36 -NH; % Z 29.77
5 64 -NO, o) 14,36
}LJ/K/\
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6 52 -NO- 4.97
‘%‘// OH

7 53 -NO- >100

8 35 “NH, :, ~= N >100

9 54 -NO. 60,52

10 37 -NH. %, FZ 86,62

11 55 -NO- 63.92
G

12 38 “NH; >100

13 56 -NO- /\/\/\ >100
7

14 33 “NH; % >100

In previous studies 3-(quinoxalin-3-yl)prop-2-yn-1-ol 30 and 3-(6-chloroquinoxalin-3-
yh)prop-2-yn-1-ol found to possess potential antimycobacterial properties with MICgo of
52.77 and 1.63 uM respectively.'® As a part of our ongoing program, 3-(6-nitroquinoxalin-
2-yl) prop-2-yn-1-ol 45 was assessed against Mtb Hs7Rv strain and it was found to
possess antimycobacterial activity at MICoo of 4.26 uM. However, its corresponding amino
derivative 39 was found to exhibit poor antimycobacterial at MICgo> 100 yM. Compound
51 with a secondary alcohol was shown to be one of the most active compounds with
MICoo value of 9.51 yM. When the nitro group of 51 was replaced with the amino group
at C-6 of quinoxaline moiety, there was a significant decrease in antitubercular activity
(compound 36, MICgo = 29.77 uM). However, when the secondary alcohol of 51 was
replaced with the ketonic group, there was a minor decrease in activity for compound 64
(MICg0 = 14.36 uM). Compound 52 with a terminal tertiary alcohol was found to possess
antimycobacterial activity at MICoo of 4.97 yM. However, compound 53 with a terminal
tertiary amine and its corresponding amino derivative 35 were found to exhibit poor
antimycobacterial at MICg0> 100 uM. Compounds 54, 37, 55, 38, 56 and 33 with aliphatic
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groups were found to be ranging from slightly poor activity to completely inactive with
MICgo values of 60.52 to >100 pM.

Table 2.14: The preliminary results of amino and nitro-quinoxaline ester derivatives
against Mtb Hs7Rv strain.

Entry Compound R R MICgo
ID (uM)
1 57 -NO, -H 1.80
2 41 -NH; O >100
3 58 “NO ~CH2CH2CHs }‘J\ 1,56
4 43 -NH; >100
5 59 -NO; -H 93.76
6 34 -NH;, 0 25,83
7 60 -NO, -CH,CH,CHj % <0.65
8 40 -NH;, >100
9 61 -NO, -H 2.74
10 31 -NH;, 0 50,52
11 62 -NO; -CH,CH,CHs \ S/ <0.64
12 32 -NH;, >100
13 63 -NO; -H ) 1.59
% S
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Quinoxaline alkynyl ester derivatives 57 - 63 bearing a nitro group at C-6 were found to
exhibit improved antimycobacterial activity at MICo < 2.74 uM except a compound 59
with a phenyl ester which exhibited poor activity at MICgo value of 93.76 uM. Compounds
60 and 62 were found be most active against Mtb H37Rv with the high activity at MICgo
of <0.65 and <0.64 uM respectively. As shown in Table 2.14, compounds 57 - 62 with
nitro-quinoxaline derivatives exhibited potent activities on the Mtb Hs7Rv strain as
compared to their corresponding amino derivatives with the exception of compound 59

and its corresponding amino derivative.
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Chapter 3

Conclusions



3.1. Conclusion

A Library of novel one hundred (100) quinoxaline derivatives were successfully designed
based on the chemical we have in our laboratory catalogue and screened against target
proteins (CYP19A1 and CDK2) using virtual screening technique and thirteen (13)
molecules were identified to be hit compounds against both targets with the docking
score ranging from -6.143 to -8.372 kcal/mol representing the binding affinity. The hit
compounds were subjected to IFD in order to identify tight binding through the
intermolecular interactions with active site residues of the binding pocket of the target
proteins. Docking results exposed the solid interactions of hit compounds with active
residues of binding pocket in the crystal structure of human placental aromatase (SEQM)
and the active site residues of binding pocket in the crystal structure of cyclin-dependent
kinase 2 (3QQJ). All identified nitro and amino quinoxaline alkyne derivatives were
successfully synthesised in moderate to good yields and their spectroscopic analysis
(NMR, FTIR and MS) were in good agreement with the proposed structure.

The newly synthesised novel amino and nitro-quinoxaline derivatives were evaluated for
anti-proliferative activity against breast cancer (MCF-7). In conclusion, compound 59 was
shown to possess good inhibition against MCF-7, whereas compounds 34, 54, 56 and 61
showed promising activity against MCF-7. Compounds 31 and 41 had low activity against
MCF-7, while the other compounds (32, 33, 35-40, 43, 45, 51, 55, 65) had no activity
against MCF-7. Based on the MTT results, it was concluded that 59 was shown to be
toxic with an I1Cso value of 0.205 pM against Raw 264.7 cell line. The results have
indicated that 31 and 34 had the promising anti-cancer activity against CYP19A and the
correlation between molecular modelling (in-silico) and CYP19A inhibition activities (in-
vitro), was established as compounds 31 and 34 were identified to bind to the drug target
(CYP19A).

All the synthesized compounds were evaluated for the antitubercular activity against Mtb
Hs7Rv strain. As the results shown in Tables 2.13 and 2.14, these derivatives showed
different inhibitory effects against Mtb and most of the compounds 36, 37, 45, 51, 52, 54,
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55, 57- 64 showed quite moderate to excellent antitubercular activities. In specific,
compounds 57 - 62 with nitro-quinoxaline derivatives exhibited potent activities on the
Mtb Hs7Rv strain as compared to their corresponding amino derivatives with the exception
of compound 59 and its corresponding amino derivative. This indicates that the most
electron withdraw group (NO2) at C-6 position on quinoxaline moiety may play a part on
the potency in this structural class of compounds.

3.2.  Future work
In future, the evaluation for in-vitro antiproliferative activity against breast cancer cell lines
(MCF-7) for the rest of the synthesised compounds will be performed. The enzyme-based
assay for the rest of the predicted compounds will be performed in order to establish the
correlation between the biological results and the molecular modeling studies.
Furthermore, all compounds showing promising antimycobacterial and antiproliferative
activity will be evaluated for cytotoxicity to determine the safety of the compounds. Due
to the current COVID-19 situation, we couldn’t finish all the outstanding work and we can
never be certain on when results will be ready, and this may delay us even more.
Furthermore, new derivatives containing electron withdrawing groups (MeO) at C-6 can
be explored for anticancer and antimycobacterial activity and perform docking by

incorporating metal coordination constraints, to design drugs that follow type Il interaction.
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Chapter 4

Methodology



4.1. Molecular modelling
All computational studies were performed on Schrodinger Suite 2018. Maestro was used
to access Schrodinger modules: LigPrep, Protein Preparation Wizard Prime, Visual
Screening workflow, Induced Fit Docking and QikProp. The crystal structure of human
placental aromatase (PDB code: 3EQM with the resolution of 2.90 A) and cyclin
dependent kinase (PDB code: 3QQJ with the resolution of 1.70 A) were retrieved from
the protein data bank (www.rcsb.org). Cross-docking was employed to verify the
performance of the docking process. Virtual Screening process was executed in the VSW
using in silico protocol such as high-throughput virtual screening (HTVS), standard
precision, and extra precision with default parameters to screen a library of one hundred
(100) compounds and filter best possible compounds with higher score of docking. The
identified hit compounds (according to docking score) were subjected to the flexible
docking process through Induced Fit Docking (IFD) using default parameters with a
maximum number of 10 poses. Physicochemical properties of all identified compounds
were analysed by QikProp module to predict suitable ADME and drug like properties

following the method ascribed in the literature.'?

4.2. Chemistry

General information

Commercially available reagents and solvents were purchased from Sigma Aldrich and
Merck (South Africa). All materials were used as received from commercial sources
without further purification, unless stated otherwise. All reactions involving moisture-
sensitive reagents were performed under nitrogen (N2) atmosphere using oven-dried
glassware. Tetrahydrofuran (THF) was freshly distilled over sodium/benzophenone under
N2 atmosphere before use. Teflon-coated magnetic stir bars were soaked in concentrated
nitric acid for at least 5 minutes, washed repeatedly with deionized water then acetone
prior to use. All measurements were performed at room temperature. Thin layer
chromatography was conducted on self-cut Merck silica gel F254 0.255 mm plates, and
spots were visualised where appropriate, by ultraviolet fluorescence at 254 or 297 nm.

Flash column chromatography was performed using Merck Kiesel gel 60 (230-400
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mesh). Analytical preparative thin layer chromatography (TLC) on silica gel plates was
employed during some of the purification.

The structural properties of the compounds were recorded and confirmed by: High-
resolution mass spectra were recorded using Waters Synapt G2, ESI probe, ESI Pos,
Cone Voltage 15 V (Waters Corp., Milford, MA, USA); Melting points were obtained using
Lasec/SA-melting point apparatus from Lasec company, SA (Johannesburg, South
Africa) and were recorded as uncorrected; IR spectra were recorded using Bruker Alpha
platinum-ATR, FTIR spectrometer; and Nuclear Magnetic Resonance (NMR) (Bruker
Ascend 400 MHz Topspin 3.2). All chemical shifts are reported in parts per million
downfield from tetramethylsilane. Peak multiplicities are denoted by brs (broad singlet), s
(singlet), d (doublet), t (triplet), g (quartet), quin (quintet), sex (sextet) and m (multiplet) or
by a combination of these e.g. dd (double of doublet), with coupling constants (J) given
in Hz. 'H NMR and 13C NMR spectra were referenced internally using solvent signals, *H
NMR: 7.25 ppm for CDCls, 2.50 ppm for DMSO-ds, 3.31 ppm for MeOD; 3C NMR: 77.0
ppm for CDClz, 39.9 ppm for DMSO-ds, 49.1 ppm for MeOD respectively at room

temperature.

4.2.1. Preparation of quinoxalin-2-ol (48) 2
N -OH

Ly

O-phenylenediamine 46 (10.0 g, 92 mmol) was dissolved in a mixture of acetic acid (20
mL) and methanol (20 mL). The solution was cooled to 0 °C with stirring. A solution of 50
% glyoxylic acid 47 in water (8.50 g, 92 mmol, 1eq.) was added dropwise over 30 minutes
and the solution was further stirred for 90 minutes at 0°C. The solvent was removed by
filtration, then the residue was washed with water (15 mL), followed by methanol (15 mL)
and air dried to give a cream white solid. The resulting solid was purified by

recrystallization in dimethylformamide (DMF) to give quinoxaline-2-ol 48 as a tan solid
(10.069 g, 75%); M.p 265-267 °C (Lit. 266-267 ‘C);® *H NMR (400 MHz, DMSO-ds, ppm)
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7.29-7.32 (m, 2H), 7.53-7.57 (m, 1H), 7.78 (d, 1H, J = 8.0 Hz), 8.17 (s, 1H), 12.46 (brs,
1H); 13C NMR (100 MHz, DMSO-ds, ppm) 116.2,123.8, 129.2, 131.2, 132.2, 132.5, 152.0,
155.4.

4.2.2. Preparation of 6-nitroquinoxalin-2-ol (49) 4

N_ _OH
R
O,N N

Potassium nitrate (3.459 g, 34 mmol, leq.) was added to the solution of quinoxalin-2-ol
48 (5.0 g, 34 mmol) in concentrated sulfuric acid (30 mL). The resulting solution was
stirred for 30 minutes at 0 °C and further stirred for 120 minutes at room temperature,
then poured into ice water (50 mL). The resulting powder was collected after filtration and
washed with water and dried to give 6-nitroquinoxalin-2-ol 49 as a light brown solid (6.353
g, 97%); M.p 222-225 °C (Lit 224-226 °C);3 'H NMR (400 MHz, DMSO-ds, ppm) 7.44 (d,
1H,J =9.0 Hz), 8.32 (s ,1H), 8.38 (dd, 1H, J = 9.2 and 2.8 Hz), 8.55 (d, 1H, J = 2.5 Hz),
12.95 (brs, 1H); 3C NMR (100 MHz, DMSO-ds, ppm), 117.3, 124.9, 125.9, 131.7, 137.8,
143.0, 154.8, 155.4.

4.2.3. Preparation of 6-nitroquinoxalin-2-yl benzenesulfonate (50) 3
0

O
N 1
SO
=
O,N
In a round bottom flask, 6-nitroquinoxaline-2-ol 49 (1.250 g, 6.5 mmol), DMAP (79 mg,
0.65 mmol, 10 mol % ), and benzene sulfonyl chloride (1.66 mL, 13 mmol, 2 eq.) were
dissolved in dry DCM (40 mL), cooled to 0°C and stirred for 5 minutes. EtsN (1.81 mL,
19.5 mmol, 3 eq.) was added dropwise over 5 minutes. The solution was stirred at room

temperature for 1 hour and then quenched with 20 mL of saturated NaHCOz3 solution, two

layers were separated, and the aqueous layer washed with DCM (2 x 15 mL). The
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combined organic layers were dried with anhydrous Na2SOs4, concentrated and then
purified by silica gel column chromatography eluting with 0.5:9.5 MeOH: DCM to give 6-
nitroguinoxalin-2-yl benzenesulfonate 50 as a yellowish solid (1.995 g, 92 %); M.p 158.1—
160.4 °C; *H NMR (400 MHz, CDCls, ppm) 7.61-7.66 (m, 2H), 7.72-7.77 (m, 1H), 8.03 (d,
1H, J = 9.2 Hz), 8.18-8.21 (m, 2H), 8.54 (dd, 1H, J = 9.2 and 2.5 Hz), 8.77 (s, 1H), 8.99
(d, 1H, J = 2.4 Hz); 13C NMR (100 MHz, CDCls, ppm), 124.6, 125.4, 129.2, 129.3, 129.9,
135.1, 136.0, 139.8, 141.4, 142.6, 147.6, 152.7.

4.2.4. General procedure for the Sonogashira coupling reaction on 6-
nitroguinoxalin-2-yl benzenesulfonate
To an oven-dried 100 mL round bottom flask equipped with a teflon-coated magnetic
stirrer bar, was added 6-nitroquinoxalin-2-yl benzenesulfonate, PdCl2(PPhs)2 (5 mol %),
Cul (10 mol %), EtsN (2 eg.) and the corresponding terminal alkyne (1.2 eq.) in dry THF
(10 mL). The reaction was allowed to stir at 30 °C for 18 hours. Upon completion, the
reaction mixture was quenched with saturated ammonium chloride solution (10 mL) and
extracted with EtOAc (2 x 15 mL). The organic layers were combined and dried over
anhydrous Na2S0a4, concentrated and purified by either flash silica or trituration

techniques.®

4.2.4.1. Synthesis of 3-(6-nitroquinoxalin-2-yl) prop-2-yl-1-ol (45)

OH

Following procedure for Sonogashira coupling, compound 50 (200 mg, 0.6 mmol) was
treated with propargyl alcohol (0.04 mL, 0.72 mmol, 1.2 eq.). Purification by trituration
technique (Suspend & Filter) with diethyl ether and washed with n-hexane afforded 3-(6-
nitroquinoxalin-2-yl) prop-2-yn-1-ol 45 as a brown solid (91 mg, 66 %). M.p 117.3-118.5
°C; 'H NMR (400 MHz, DMSO-ds, ppm) 4.44 (s, 2H), 8.23 (d, 1H, J = 9.2 Hz), 8.55 (dd,
1H,J=9.2 and 2.4 Hz), 8.87 (d, 1H, J = 2.4 Hz), 9.08 (s, 1H); 3C NMR (100 MHz, DMSO-
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ds, ppm) 49.9, 82.1, 97,5, 124.8, 125.5, 131.3, 139.7, 142.1, 144.4, 148.3, 149.9; Vmax
(FTIR) 538,742,791, 1031,1182, 1341, 1521, 2340,2923, 3282 cm; HRMS (ESI) [M +
H*]: m/z 230.9597; Calculated mass for C11HsN3Os is 230.9466.

4.2.4.2. Synthesis of 1-(6-nitroquinoxalin-2-yl)hex-1-yn-3-ol (51)
OH

Following procedure for Sonogashira coupling, compound 50 (80 mg, 0.24 mmol) was
treated with hex-1-yn-3-ol (0.03 mL, 0.29 mmol, 1.2 eq.). Purification on flash silica,
eluting with 1:1 EtOAc: n-hexane afforded 1-(6-nitroquinoxalin-2-yl)hex-1-yn-3-ol 51 as a
brown solid (58 mg, 89%). M.p 119.1-121.0 °C; *H NMR (400 MHz, CDClIz, ppm) 0.99 (t,
3H,J=7.4 Hz), 1.56-1.62 (m, 2H), 1.85-1.90 (m, 2H), 2.79 (brs, 1H), 4.74 (t, 2H, J = 6.7
Hz), 8.17 (d, 1H, J=9.2 Hz), 8.52 (dd, 1H, J =9.2 and = 2.4 Hz), 8.95 (d, 1H, J = 2.4 Hz),
8.96 (s, 1H); 13C NMR (100 MHz, CDClIs, ppm) 13.7, 18.4, 39.2, 62.5, 81.8, 98.0, 124.1,
125.5, 130.7, 139.7, 141.8, 144.2, 147.9, 149.0; Vmax (FTIR) 530, 742, 791, 1015, 1341,
1521, 2218, 2960, 3046, 3249 cm; HRMS (ESI) [M + H*]: m/z 272.1042; Calculated
mass for C14H14N3O0s3 is 272.1037.

4.2.4.3. Synthesis of 2-methyl-4-(6-nitroquinoxalin-2-yl)but-3-yn-2-ol
(52)

Following procedure for Sonogashira coupling, compound 50 (100 mg, 0.3 mmol) was
treated with 2-methyl-3-butyn-2-ol (0.04 mL, 0.36 mmol, 1.2 eq.). Purification by trituration

technigue (Solvent then Anti-Solvent) with 2 mL of acetone then 8 mL of n-hexane
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afforded 2-methyl-4-(6-nitroquinoxalin-2-yl) but-3-yn-2-ol 52 as a brown solid (60 mg,
84%). M.p 195.0-195.9 °C. H NMR (400 MHz, CDCls, ppm) 1.71 (s, 6H), 8.21 (d, 1H, J
= 9.2 Hz), 8.54 (dd, 1H, J = 9.2 and 2.4 Hz), 8.98 (s, 1H), 8.99 (d, 1H, J = 2.4 Hz); 13C
NMR (100 MHz, CDCIs, ppm) 30.9, 65.7, 79.6, 99.9, 124.2, 125.6, 130.8, 139.8, 141.9,
144.3, 147.9, 149.1; Vmax (FTIR) 534, 742, 941, 1158, 1345, 1516, 2226, 2915, 3050,
3433 cm*; HRMS (ESI) [M + H*]: m/z 258.0886; Calculated mass for C12H12N303 is
258.0850.

4.2.4.4. Synthesis of 2-methyl-4-(6-nitroquinoxalin-2-yl)but-3-yn-2-

amine (53)

Following procedure for Sonogashira coupling, compound 50 (200 mg, 0.6 mmol) was
treated with 2-methylbut-3-yn-2-amine (0.07 mL, 0.72 mmol, 1.2 eq.). Purification on flash
silica, eluting with 1:9 MeOH: DCM afforded 2-methyl-4-(6-nitroquinoxalin-2-yl)but-3-yn-
2-amine 53 as a black solid (151 mg, 98 %). M.p 184.9-184.1 °C; *H NMR (400 MHz,
CDClIs, ppm) 1.57 (s, 6H), 8.18 (d, 1H, J =9.2 Hz), 8.52 (dd, 1H, J =9.2 and 2.4 Hz), 8.94
(s, 1H), 8.96 (d, 1H J = 2.4 Hz); 13C NMR (100 MHz, CDCls, ppm) 31.1, 45.9, 77.2, 78.0,
124.1, 125.6, 130.7, 139.6, 142.4, 144.4, 147.4, 149.2; Vmax (FTIR) 550, 742,
941,1072,1337,1516, 2214, 2972, 3290, 3319 cm'}; HRMS (ESI) [M + H*]: m/z 257.1036;
Calculated mass for C12H13N4Oz2 is 257.1040.

4.2.45. Synthesis of 2-(2-cyclopropylethynyl)-6-nitroquinoxaline (54)
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Following procedure for Sonogashira coupling, compound 50 (200 mg, 0.6 mmol) was
treated with cyclopropyl acetylene (0.06 mL, 0.72 mmol, 1.2 eq.). Purification by trituration
technique (Suspend & Filter) with acetone and washing with n-hexane afforded 2-(2-
cyclopropylethynyl)-6-nitroquinoxaline 54 as a brown solid (108 mg, 76 %). M.p 197.4-
199.1 °C; 'H NMR (400 MHz, CDCls, ppm) 0.96 (d, 4H, J = 6.6 Hz), 1.60 (quin, 1H, J =
5.2 Hz), 8.14 (d, 1H, J = 9.2 Hz), 8.51 (dd, 1H, J = 9.2 and 2.4 Hz), 8.90 (s, 1H), 8.95 (d,
1H, J = 2.4 Hz); 3C NMR (100 MHz, CDCls, ppm) 9.7, 30.9, 74.3, 103.5, 124.0, 125.5,
130.48, 139.3, 142.9, 144.5, 147.5, 149.3; Vmax (FTIR) 521, 742, 852, 941, 1064, 1178,
1333, 1516, 2210, 2046 cmt; HRMS (ESI) [M + H*]: m/z 240.9881; Calculated mass for
C13H10N302 is 240.9845.

4.2.4.6. Synthesis of 2-(hex-1-ynyl)-6-nitroquinoxaline (55)

Following procedure for Sonogashira coupling, compound 50 (200 mg, 0.6 mmol) was
treated with 1-hexyne (0.04 mL, 0.72 mmol, 1.2 eq.). Purification on flash silica, eluting
with 3:7 EtOAc: n-hexane afforded 2-(hex-1-ynyl)-6-nitroquinoxaline 55 as a brown solid
(97 mg, 33 %). M.p 129.0-130.9 °C; 'H NMR (400 MHz, CDClz, ppm) 0.96 (t, 3H,J=7.4
Hz), 1.51 (sex, 2H, J = 7.6 Hz), 1.68 (quin, 2H, J = 7.2 Hz), 2.57 (t, 2H, J = 7.2 Hz), 8.16
(d, 1H, J = 9.2 Hz), 8.51 (dd, 1H, J = 9.2 and 2.4 Hz), 8.92 (s, 1H), 8.95 (d, 1H, J = 2.4
Hz); 13C NMR (100 MHz, CDCls, ppm) 13.6, 19.4, 22.1, 30.0, 78.8, 99.9, 124.0, 125.6,
130.6, 139.5, 142.9, 144.5, 147.6, 149.4; Vmax (FTIR) 538, 742, 946, 1072, 1182, 1341,
1516, 2318, 2923, 3042 cm*; HRMS (ESI) [M + H*]: m/z 256.1092; Calculated mass for
C14H14N302 is 256.1088.
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4.2.4.7. Synthesis of 6-nitro-2-(oct-1-ynyl) quinoxaline (56)

Following procedure for Sonogashira coupling, compound 50 (300 mg, 0.9 mmol) was
treated with 1-octyne (0.15 mL, 1 mmol, 1.2 eq.). Purification on flash silica, eluting with
1:9 EtOAc: n-hexane afforded 6-nitro-2-(oct-1-ynyl) quinoxaline 56 as a brown solid (172
mg, 67 %). M.p 200.5-202.5 °C; 'H NMR (400 MHz, CDCls, ppm) 0.88 (t, 3H, J = 6.8 Hz),
1.31 (m, 4H), 1.47 (quin, 2H, J = 7.2 Hz), 1.68 (quin, 2H, J = 7.2 Hz), 2.55 (t,2H,J=7.2
Hz), 8.15 (d, 1H, J = 9.2 Hz), 8.50 (dd, 1H, J = 9.2 Hz and 2.4 Hz), 8.91 (s, 1H), 8.93 (d,
1H, J = 2.4 Hz); 13C NMR (100 MHz, CDCls, ppm) 14.0, 19.7, 22.5, 28.0, 28.6, 31.2, 78.8,
99.9, 123.9, 125.5, 130.6, 139.4, 142.9, 144.5, 147.6, 149.4; Vmax (FTIR) 538, 742, 741,
1072, 1182, 1337, 1516, 2214, 2923, 3037 cm*; HRMS (ESI) [M + H*]: m/z 284.1404 ;
Calculated mass for Cis6H1sN3Oz2 is 284.1401.

4.2.5. General esterification reaction at alcohol group
To a solution of alcohol in DCM, triethylamine (3.5 eq.), 0.2 mol % of DMAP, 1.2 eq. of
acyl chloride (protecting group) were added and the reaction mixture was stirred under
nitrogen for 1 hour at room temperature. The reaction was quenched with a saturated
ammonium chloride solution, extracted with EtOAc (10 mL x 3). The combined organic
layers were washed with water, dried over anhydrous MgSOa4 and concentrated under

vacuum.®

4.25.1. Synthesis of 3-(6-nitroquinoxalin-2-yl)prop-2-ynyl acetate (57)

94



Following the procedure for esterification reaction, compound 45 (200 mg, 0.87 mmol)
was treated with acetyl chloride (0.07 mL, 1 mmol, 1.2 eq.). After purification by column
chromatography on silica gel, using DCM as eluent, 3-(6-nitroquinoxalin-2-yl)prop-2-ynyl
acetate 57 was obtained as orange solid (98 mg, 42 %). M.p 153.7-155.3 °C ; 'H NMR
(400 MHz, CDCls, ppm) 2.17 (s, 3H), 5.01 (s, 2H), 8.21 (d, 1H, J = 9.2 Hz), 8.55(dd, 1H,
J=9.2 and 2.4 Hz), 8.99 (d, 1H, J = 2.4 Hz), 9.00 (s, 1H); 13C NMR (100 MHz, CDCls,
ppm) 20.6,51.9, 83.2,90.3, 124.2,125.6, 130.9, 139.9, 141.3, 144.3, 148.1, 148.9, 170.0;
Vmax (FTIR) 588, 787, 1015, 1031, 1341,1516, 1741, 2238, 2850, 2919 cm™; HRMS (ESI)
[M + H]* :m/z 272.0668; Calculated mass for C13H10N30a4 is 272.0693.

4.2.5.2. Synthesis of 1-(6-nitroquinoxalin-2-yl)hex-1-yn-3-yl| acetate (58)

Following the procedure for esterification reaction, compound 51 (200 mg, 0.74mmol)
was treated with acetyl chloride (0.06 mL, 0.89 mmol, 1.2 eq.). After purification by column
chromatography on silica gel using 2:8 EtOAc: n-hexane as eluent, 1-(6-nitroquinoxalin-
2-yl)hex-1-yn-3-yl acetate 58 was obtained as yellow solid (159 mg, 69 %). M.p 109.2-
110.1 °C. *H NMR (400MHz, CDCls, ppm) 0.99 (t, 3H, J = 7.4 Hz), 1.52-1.61 (m, 2H),
1.90-1.95 (m, 2H), 2.14 (s, 3H), 5.66 (t, 2H, J = 6.7 Hz), 8.16 (d, 1H, J = 9.2 Hz), 8.54
(dd, 1H, J=9.2 and 2.4 Hz), 8.97 (m, 2H); 13C NMR (100 MHz, CDCls, ppm) 13.57, 18.38,
20.89, 36.25, 63.61, 82.12, 94.02, 124.13, 125.60, 130.84, 139.84, 141.53, 144.29,
147.97, 149.06, 169.9; Vmax (FTIR) 530, 742, 852, 1015, 1211, 1345, 1521, 1741, 2226,
2923 cm't; HRMS (ESI) [M + H]* :m/z 314.1146; Calculated mass for C16H16N304 is
314.1143.
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4.2.5.3. Synthesis of 3-(6-nitroquinoxalin-2-yl)prop-2-ynyl benzoate
(59)

Following the procedure for esterification reaction, compound 45 (200 mg, 0.87 mmol)
was treated with benzoyl chloride (0.12 mL, 1 mmol, 1.2 eq.). After purification by column
chromatography on silica gel, using DCM as eluent, 3-(6-nitroquinoxalin-2-yl)prop-2-ynyl
benzoate 59 was obtained as orange solid (132 mg, 46 %). M.p 177.0-179.3 °C; 'H NMR
(400 MHz, CDCls, ppm) 5.27 (s, 2H), 7.46-7.50 (m, 2H), 7.59-7.63 (m, 1H), 8.10-8.12 (m,
2H), 8.21 (d, 1H, J = 9.2 Hz), 8.55 (dd, 1H, J = 9.2 and = 2.4 Hz), 8.99 (d, 1H, J = 2.4 Hz),
9.03 (s, 1H); 13C NMR (100 MHz, CDCIs, ppm) 52.50, 83.4, 90.4, 124.2, 125.7, 128.6,
128.9, 129.9, 130.9, 133.6, 140.0, 141.3, 144.3, 148.1, 148.9, 165.7; Vmax (FTIR) 538,
701, 795, 1019, 1260, 1525, 1716, 2234, 2864, 2960 cm*; HRMS (ESI) [M + H]* :m/z
334.0833; Calculated mass for CisH12N304 is 334.0830.

4.2.5.4. Synthesis of 1-(6-nitroquinoxalin-2-yl)hex-1-yn-3-yl benzoate
(60)

Following the procedure for esterification reaction, compound 51 (0.1 g, 0.37mmol) was
treated with benzoyl chloride (0.05 mL, 0.44 mmol, 1.2 eq.). After purification by column
chromatography on silica gel using 2:8 EtOAc: n-hexane as eluent, 1-(6-nitroquinoxalin-
2-yl)hex-1-yn-3-yl benzoate 60 was obtained as yellow solid (60 mg, 43 %). M.p 78.5-
79.1 °C; 'H NMR (400 MHz, CDClz, ppm) 1.04 (t, 3H, J = 7.4 Hz), 1.64-1.70 (m, 2H),
2.07-2.16 (m, 2H), 5.92 (t, 2H, J = 6.7 Hz), 7.46-7.50 (m, 2H), 7.45-7.48 (m, 1H), 8.08-
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8.10 (m, 2H), 8.20 (d, 1H, J = 9.2 Hz), 8.53 (dd, 1H, J = 9.2 and 2.4 Hz), 8.97 (d, 1H, J =
2.4 Hz), 8.99 (s, 1H); 13C NMR (100 MHz, CDCls, ppm) 13.7, 18.5, 36.4, 64.1, 82.3, 94.1,
124.1,125.6, 128.5, 129.4, 129.8, 130.8, 133.5, 139.8, 141.5, 144.3, 148.0, 149.1, 165.4;
Vmax (FTIR) 664, 705, 848, 1064, 1260, 1341, 1521, 1724, 2234, 2931 cm™*; HRMS (ESI)
[M + H]* :m/z 376.1309; Calculated mass for C21H1sN30a4 is 376.1299.

4.2.5.5. Synthesis of 3-(6-nitroquinoxalin-2-yl)prop-2-ynyl thiophene-2-
carboxylate (61)

Following the procedure for esterification reaction, compound 45 (200 mg, 0.87 mmol)
was treated with thiophene-2-carbonyl chloride (0.11 mL, 1 mmol, 1.2 eq.). After
purification by column chromatography on silica gel, using DCM as eluent, 3-(6-
nitroguinoxalin-2-yl)prop-2-ynylthiophene-2-carboxylate 61 was obtained as orange solid
(118 mg, 40 %). M.p 168.0-170.0 °C; *H NMR (400 MHz, CDCls, ppm) 5.24 (s, 2H), 7.14
(dd, 1H, J = 4.8 and = 1.0 Hz), 7.63 (dd, 1H, J = 4.8 and 1.2 Hz), 7.90 (dd, 1H, J = 3.6
and 1.2 Hz), 8.21 (d, 1H, J = 9.2 Hz), 8.55 (dd, 1H, J =9.2 and 2.4 Hz), 8.99 (d, 1H, J =
2.4 Hz), 9.02 (s, 1H); 13C NMR (100 MHz, CDCls, ppm) 52.5, 83.5, 90.1, 124.2, 125.7,
127.9, 130.9, 132.2, 133.5, 134.5, 139.9, 141.3, 144.3, 148.1, 148.9, 161.2; Vmax (FTIR)
542, 721, 787, 1064, 1243, 1516, 1712, 2340, 2846, 3042 cm™; HRMS (ESI) [M + H]*
:m/z 340.0399; Calculated mass for C16H10N304S is 340.0394.
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4.2.5.6. Synthesis of 1-(6-nitroquinoxalin-2-yl)hex-1-yn-3-yl thiophene-
2-carboxylate (62)

Following the procedure for esterification reaction, compound 51 (100 mg, 0.37 mmol)
was treated with thiophene-2-carbonyl chloride (0.05 mL, 0.44 mmol, 1.2 eq.). After
purification by column chromatography on silica gel using 2:8 EtOAc: n-hexane as eluent,
1-(6-nitroquinoxalin-2-yl)hex-1-yn-3-yl thiophene-2-carboxylate 62 was obtained as
yellow solid (76 mg, 54 %). M.p 76.4-77.2 °C.*H NMR (400 MHz, CDCls, ppm) 1.03 (t,
3H, J = 7.4 Hz), 1.60-1.70 (m, 2H), 2.03-2.10 (m, 2H), 5.88 (t, 2H, J = 6.7 Hz), 7.13 (dd,
1H,J=4.8 and 1.0 Hz), 7.61 (dd, 1H, J=4.8 and 1.2 Hz), 7.88 (dd, 1H, J=3.6 and 1.2
Hz), 8.21 (d, 1H, J = 9.2 Hz), 8.54 (dd, 1H, J = 9.2 and 2.4 Hz), 8.99 (d, 1H, J = 2.4 Hz),
8.99 (s, 1H); 13C NMR (100 MHz, CDClIs, ppm) 13.6, 18.5, 36.4, 64.3, 82.5, 93.8, 124.2,
125.6, 127.9, 130.9, 132.7, 133.2, 134.2, 139.9, 141.5, 144.3, 148.0, 149.1, 161.1; Vmax
(FTIR) 415, 742, 933, 1068, 1251, 1341, 1525, 1708, 2234, 2960 cm*; HRMS (ESI) [M +
H]* :m/z 382.0876; Calculated mass for (C19H16N304S) 382.0863.

4.2.5.7. Synthesis of 3-(6-nitroquinoxalin-2-yl)prop-2-ynyl methane
sulfonate (63)
o. .0

\\S//
=z o

Following the procedure for esterification reaction, compound 45 (200 mg, 0.87 mmol)
was treated with methane sulfonyl chloride (0.08 mL, 1 mmol, 1.2 eq.). After purification
by column chromatography on silica gel, using 1:1 EtOAc: n-hexane as eluent, 3-(6-

nitroquinoxalin-2-yl)prop-2-ynyl methane sulfonate 63 was obtained as black solid (89mg,
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33 %). M.p 146.5-148.9 °C; 'H NMR (400MHz, CDClIs, ppm) 3.21 (s, 3H), 5.19 (s, 2H),
8.23 (d, 1H, J =9.2 Hz), 8.58 (dd, 1H, J=9.2 and 2.4 Hz), 9.01 (d, 1H, J = 2.4 Hz), 9.03
(s, 1H); 3C NMR (100 MHz, CDClIs, ppm) 38.9, 56.6, 85.5, 87.2, 124.4, 125.7, 131.0,
140.2, 140.5, 144.2, 148.3, 148.6; Vmax (FTIR) 460, 521, 791, 1166, 1260, 1345,
1451,1525, 2854, 2923 cm.

4.2.6. Oxidation reaction

4.2.6.1. Synthesis of 1-(6-nitroquinoxalin-2-yl)hex-1-yn-3-one (64) ’

To a solution of compound 51 (180 mg, 0.66 mmol) in acetone (10 mL) was added mixture
of chromium trioxide (99 mg, 0.99 mmol, 1.5 eq.), concentrated sulphuric acid (0.065 mL)
and water (1 mL) dropwise over a period of 15 minutes at 0 °C. After a further 16 hours
stirring at room temperature, the reaction was diluted further with water (4 mL) and the
product was isolated by extraction into ether (3 x 30 mL), drying over anhydrous NazSOa4
and concentration. After purification by column chromatography on silica gel using 2:8
EtOAc: n-hexane as eluent, 1-(6-nitroquinoxalin-2-yl)hex-1-yn-3-one 64 was obtained as
brown solid (137 mg, 77 %). M.p 135.4-138.0 °C; *H NMR (400 MHz, CDCls, ppm) 1.01
(t, 3H,J=7.4 Hz), 1.80 (sex, 2H, J = 7.4 Hz), 2.76 (t, 2H, J = 7.3 Hz), 8.26 (d, 1H, J=9.2
Hz), 8.59 (dd, 1H, J = 9.2 and 2.4 Hz, 9.02 (d, 1H, J = 2.4 Hz) ), 9.09 (s, 1H); 3C NMR
(100 MHz, CDCls, ppm) 13.5, 17.3, 47.4, 83.7, 90.1, 124.5, 125.74, 131.3, 140.0, 140.5,
144.3, 148.6, 148.9, 186.7; Vmax (FTIR) 546, 742, 787, 982, 1068, 1341, 1521, 1671,
2214, 2923 cm; HRMS (ESI) [M + H]* :m/z 270.0883; Calculated mass for C14H12N303
is 270.0880.
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4.2.7. General reduction reaction at nitro group
To a suspension of nitro quinoxaline with alkyne derivatives in EtOAc (10 mL) was added
SnClz (5 eq.) and the reaction mixture refluxed for 3H. After cooling to room temperature,
NaHCOs solution (10 mL) was added and stirred for 10 minutes. The suspension was
partitioned, and aqueous layer was washed with EtOAc, the combined organic layers
were washed with brine and concentrated after drying with anhydrous Na2S04.8

4.2.7.1. Synthesis of 3-(6-aminoquinoxalin-2-yl)prop-2-ynyl thiophene-
2-carboxylate (31)

To a suspension of compound 61 (90 mg, 0.27 mmol) in EtOAc (10 mL) was added SnCl>
(256 mg, 1.35 mmol, 5 eq.) according to procedure of reduction reaction. Purification on
prep TLC with EtOAc: n-hexane (8.5:1.5) afforded 3-(6-aminoquinoxalin-2-yl)prop-2-ynyl
thiophene-2-carboxylate 31 as yellow solid (35 mg, 43 %). M.p 140.3-141.9; *H NMR (400
MHz, CDCIsz, ppm) ** NMR (400 MHz, CDCls, ppm) 4.38 (brs, 2H), 5.19 (s, 2H), 7 .08 (d,
1H,J=2.5Hz),7.11 (dd, 1H, J=4.8 and 1.0 Hz), 7.18 (dd, 1H, J =9.0 and 2.6 Hz), 7.59
(dd, 1H, J= 4.8 and 1.2 Hz), 7.82 (d, 1H), 7.87 (dd, 1H, J = 3.6 and 1.2 Hz), 8.72 (s, 1H);
13C NMR (100 MHz, CDCls, ppm) 52.9, 84.4, 85.5, 107.5, 122.8, 127.9, 130.4, 132.6,
133.2,133.9,134.3, 137.1, 143.2, 147.3, 148.9, 161.4; Vmax (FTIR) 546, 742, 1076, 1227,
1353, 1614, 1704, 2091, 2919, 3225, 3335 cmt; HRMS (ESI) [M + H]* :m/z 310.0660;
Calculated mass for Ci6H12N302S is 310.0652.

100



4.2.7.2. Synthesis of 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-yl
thiophene-2-carboxylate (32)

To a suspension of compound 62 (50 mg, 0.13 mmol) in EtOAc (10 mL) was added SnCl2
(2123 mg, 0.65 mmol, 5 eq.) according to procedure of reduction reaction. Purification on
prep TLC with EtOAc: n-hexane (2:8) afforded 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-yl
thiophene-2-carboxylate 32 as yellow solid (30 mg, 66 %). M.p 220.5-221.6 °C. *H NMR
(400 MHz, CDCls, ppm) 1.01 (t, 3H, J = 7.4 Hz), 1.60-1.65 (m, 2H), 2.01-2.04 (m, 2H),
4.26 (brs, 2H), 5.88 (t, 2H, J = 6.7 Hz), 7..08 (d, 1H, J = 2.5 Hz), 7.11 (dd, 1H, J = 4.8 and
1.0 Hz), 7.17 (dd, 1H, J = 9.0 and 2.6 Hz), 7.69 (dd, 1H, J =4.8 and 1.2 Hz), 7.82 (d, 1H,
J=9.0 Hz), 7.86 (dd, 1H, J = 3.6 and 1.2 Hz), 8.71 (s, 1H); 13C NMR (100 MHz, CDCls,
ppm) 13.7, 18.5, 36.7, 64.7, 83.2, 89.1, 107.7, 122.6, 127.8, 130.4, 132.9, 133.2, 134.0,
134.2,137.1, 143.1, 147.6, 148.7, 161.2; Vmax (FTIR) 448, 827, 1068, 1227, 1353, 1414,
1614, 1704, 2923, 3217, 3339 cm; HRMS (ESI) [M + H]* :m/z 352.1134; Calculated
mass for C19H1sN302S is 352.1121.

4.2.7.3. Synthesis of 2-(oct-1-ynyl)quinoxalin-6-amine (33)

N 4

N

/
H,N : :N

To a suspension of compound 56 (50 mg, 0.18 mmol) in EtOAc (10 mL) was added SnCl>
(171 mg, 0.9 mmol, 5 eq.) according to procedure of reduction reaction. Purification on
prep TLC with EtOAc: n-hexane (1:1) afforded 2-(oct-1-ynyl)quinoxalin-6-amine 33 as
orange solid (26 mg, 57 %). M.p 341.6-343.1 °C; 'H NMR (400 MHz, CDCls, ppm) 0.89
(t, 3H, J = 7.0 Hz), 1.27-1.32 (m, 4H), 1.42-1.50 (m, 2H), 1.65 (quin, 2H, J = 7.2 Hz), 2.49
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(t, 2H, J = 7.2 Hz), 4.25 (brs, 2H), 7 .08 (d, 1H, J = 2.5 Hz), 7.15 (dd, 1H, J=9.0 and 2.6
Hz), 7.81 (d, 1H, J = 9.0 Hz), 8.65 (s, 1H); 13C NMR (100 MHz, CDCls, ppm) 14.1, 19.5,
22.48, 28.3,28.7,31.3,78.8,94.4,107.9, 122.3, 130.2, 135.9, 137.1, 142.6, 147.7, 149.1,;
Vmax (FTIR) 574, 685, 799, 1019, 1260, 1467, 618, 2222, 2919, 3221, 3347 cmt; HRMS
(ESI) [M + H]" :m/z 254.1664; Calculated mass for (C16H20N3) 254.1659.

4.2.7.4. Synthesis of 3-(6-aminoquinoxalin-2-yl)prop-2-ynyl benzoate
(34)

N 4 ©

AN

/@i =
H,oN N

To a suspension of compound 59 (60 mg, 0.18 mmol) in EtOAc (10 mL) was added SnClz
(171 mg, 0.9 mmol, 5 eq.) according to procedure of reduction reaction. Purification on
prep TLC with EtOAc: n-hexane (1:1) afforded 3-(6-aminoquinoxalin-2-yl)prop-2-ynyl
benzoate 34 as yellow solid (41 mg, 75 %). M.p 199.3-201.5 °C. *H NMR (400 MHz,
CDCls, ppm) 4.35 (brs, 2H), 5.22 (s, 2H), 7 .08 (d, 1H, J = 2.5 Hz), 7.18 (dd, 1H, J =9.0
and 2.6 Hz), 7.43-7.47 (m, 2H), 7.55-7.60 (m, 1H), 7.82 (d, 1H, J = 9.0 Hz), 8.08-8.10 (m,
2H), 8.73 (s, 1H); ¥3C NMR (100 MHz, CDCls, ppm) 52.9, 84.3, 85.7, 107.6, 122.7, 128.4,
129.3, 129.9, 130.4, 133.4, 133.9, 137.1, 143.3, 147.3, 148.9, 165.8; Vmax (FTIR) 546,
705, 1096, 1260, 1476, 1614, 1708, 2087, 2919, 3221, 3335 cm™*; HRMS (ESI) [M + H]*
:m/z 304.1094; Calculated mass for C1sH14N30O2 is 304.1088.

4.2.7.5. Synthesis of 2-(3-amino-3-methylbut-1-ynyl)quinoxalin-6-amine
(35)
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To a suspension of compound 53 (100 mg, 0.39 mmol) in EtOAc (10 mL) was added
SnCl2 (379 mg, 2 mmol, 5 eq.) according to procedure of reduction reaction. Purification
on prep TLC with MeOH: DCM (3:7) to 2-(3-amino-3-methylbut-1-ynyl)quinoxalin-6-amine
35 as yellow solid (68 mg, 77 %). M.p 97.5-99.2 °C; 'H NMR (400 MHz, CDClIs, ppm)
1.52(s, 6H), 4.32 (brs, 2H), 7 .07 (d, 1H, J = 2.5 Hz), 7.15 (dd, 1H, J = 9.0 and 2.6 Hz),
7.81 (d, 1H, J = 9.0 Hz), 8.65 (s, 1H); 3C NMR (100 MHz, CDCls, ppm) 31.5, 19.5, 45.9,
78.5, 100.2, 107.9, 122.37 130.4, 135.4, 137.2, 143.0, 147.7, 148.6; Vmax (FTIR) 546,
823, 1080, 1349, 1480, 1614, 2087, 2919, 3196, 3323 cm; HRMS (ESI) [M + H]* :m/z
227.1298; Calculated mass for CizHisN4 is 227.1298.

4.2.7.6. Synthesis of 2-(2-cyclopropylethynyl)quinoxalin-6-amine (37)

To a suspension of compound 54 (50 mg, 0.2 mmol) in EtOAc (10 mL) was added SnCl:
(198 mg, 1 mmol, 5 eq.) according to procedure of reduction reaction. Purification on prep
TLC with EtOAc afforded 2-(2-cyclopropylethynyl)quinoxalin-6-amine 37 as maroon solid
(27 mg, 65 %). M.p 92.1-93.4 °C; *H NMR (400 MHz, CDCls, ppm) 0.92 (d, 4H, J = 6.6
Hz), 1.52 (quin, 1H, J = 6.7 Hz), 4.26 (brs, 2H), 7.06 (d, 1H, J = 2.5 Hz), 7.13 (dd, 1H, J
=9.0and 2.6 Hz), 7.78 (d, 1H, J = 9.0 Hz), 8.62 (s, 1H); 3C NMR (100 MHz, CDClz, ppm)
8.94,29.7,74.1,97.3,107.9,122.3, 130.1, 135.8, 137.0, 142.6, 147.6, 148.1; Vmax (FTIR)
550, 799, 994, 1227, 1366, 1476, 1614, 2214, 2919, 3188, 3307 cm™; HRMS (ESI) [M +
H]* :m/z 210.1042; Calculated mass for C13H12N3 is 210.1033.
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4.2.7.7. Synthesis of 2-(hex-1-ynyl)quinoxalin-6-amine (38)

To a suspension of compound 55 (40 mg, 0.15 mmol) in EtOAc (10 mL) was added SnClz
(142 mg, 0.75 mmol, 5 eq.) according to procedure of reduction reaction. Purification on
prep TLC with EtOAc: n-hexane (8:2) afforded 2-(hex-1-ynyl)quinoxalin-6-amine 38 as
green solid (32 mg, 95 %). M.p 273.8-274.7 °C. *H NMR (400 MHz, CDCls, ppm) 0.94 (t,
3H, J = 7.3 Hz), 1.49 (sex, 2H, J = 7.3 Hz), 1.60-1.67 (m, 2H), 2.49 (t, 2H, J = 7.2 H2z),
4.26 (brs, 2H),7 .08 (d, 1H, J = 2.5 Hz), 7.15 (dd, 1H, J =9.0 and 2.6 Hz), 7.80 (d, 1H, J
= 9.0 Hz), 8.65 (s, 1H); **C NMR (100 MHz, CDCls, ppm) 13.6, 19.2, 22.1, 30.3, 78.8,
94.2,107.9,122.3,130.1, 135.8, 137.0, 142.6, 147.6, 148.1; Vmax (FTIR) 570, 795, 1088,
1230, 1353, 1467, 1565, 2222, 2923, 3218, 3335 cm?; LRMS (ESI) [M + H]* :m/z
226.1340; Calculated mass for C14H16N3 is 226.1346.

4.2.7.8. Synthesis of 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-yl benzoate
(40)

N P
N
/

HoN i :N

To a suspension of compound 60 (50 mg, 0.13 mmol) in EtOAc (10 mL) was added SnCl:

0]

(123 mg, 0.65 mmol, 5 eq.) according to procedure of reduction reaction. Purification on
prep TLC with EtOAc: n-hexane (2:8) afforded 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-yl
benzoate 40 as yellow solid (40 mg, 89 %). M.p 250.5-251.2°C; 'H NMR (400 MHz,
CDCls, ppm) 1.04 (t, 3H, J = 7.4 Hz), 1.64-1.70 (m, 2H), 2.06-2.09 (m, 2H), 4.34 (brs,
2H), 5.96 (t, 2H, J = 6.7 Hz), 7 .11 (d, 1H, J = 2.5 Hz), 7.20 (dd, 1H, J = 9.0 and 2.6 Hz),
7.46-7.50 (m, 2H), 7.58-7.62 (m, 1H), 7.85 (d, 1H, J = 9.0 Hz), 8.11-8.13 (m, 2H), 8.74

104



(s, 1H); 13C NMR (100 MHz, CDCls, ppm) 13.7, 18.6, 36.8, 64.5, 82.3, 89.4, 107.7, 122.7,
128.4,129.8, 129.9, 130.4, 133.3, 134.3, 137.1, 143.2, 147.6, 148.7, 165.6; Vmax (FTIR)
448, 827, 1060, 1231, 1353, 1447, 1557, 1716, 2923, 3217, 3339 cm; HRMS (ESI) [M
+ H]* :m/z 346.1572; Calculated mass for C21H20N30:2 is 346.1557.

4.2.7.9. Synthesis of 3-(6-aminoquinoxalin-2-yl)prop-2-ynyl acetate (41)

To a suspension of compound 57 (40 mg, 0.18 mmol) in EtOAc (10 mL) was added SnCl2
(142 mg, 0.75 mmol, 5 eq.) according to procedure of reduction reaction. Purification on
prep TLC with EtOAc afforded 3-(6-aminoquinoxalin-2-yl)prop-2-ynyl acetate 41 as
orange solid (18 mg, 51 %). M.p 95.6- 96.9 °C. 'H NMR (400 MHz, CDClz, ppm) 2.14 (s,
3H), 4.34 (brs, 2H), 4.97 (s, 2H), 7 .09 (d, 1H, J = 2.5 Hz), 7.18 (dd, 1H, J = 9.0 and 2.6
Hz), 7.82 (d, 1H, J = 9.0 Hz), 8,71 (s, 1H); 13C NMR (100 MHz, CDCls, ppm) 20.7, 52.4,
84.1, 85.6, 107.6, 122.7, 130.4, 133.9, 137.1, 143.2, 147.3, 148.7, 170.2; Vmax (FTIR)
591, 827, 1023, 1223, 1357, 1618, 1741, 2083, 2919, 3192, 3307 cm™; HRMS (ESI) [M
+ H]* :m/z 242.0941; Calculated mass for Ci3H12N302 is 242.0931.

4.2.7.10. Synthesis of 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-yl acetate
(43)

To a suspension of compound 58 (150 mg, 0.48 mmol) in EtOAc (10 mL) was added
SnClz (455 mg, 5 eq, 2.4 mmol) according to procedure of reduction reaction. Purification
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on prep TLC with EtOAc: n-hexane (2:8) afforded 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-
yl acetate 43 as yellow solid (93 mg, 69 %). M.p 114.9-116.1°C; *H NMR (400MHz,
CDCls, ppm) 0.97 (t, 3H, J = 7.4 Hz), 1.54 (sex, 2H, J = 7.4 Hz), 1.85-1.91 (m, 2H), 2.11
(s, 3H), 4.36 (brs, 2H),5.65 (t, 2H, J = 6.7 Hz), 7 .07 (d, 1H, J = 2.5 Hz), 7.16 (dd, 1H, J =
9.0 and 2.6 Hz), 7.81 (d, 1H, J = 90 Hz), 8.68 (s, 1H); 13C NMR (100 MHz, CDCls, ppm)
13.6, 18.4, 20.9, 36.5, 63.9, 82.8, 89.3, 107.6, 122.6, 130.3, 134.2, 136.9, 143.1, 147.4,
148.7, 170.0; Vmax (FTIR) 550, 827, 1015, 1223, 1347, 1435, 1614, 1733, 2923, 3217,
3343 cmt; HRMS (ESI) [M + H]* :m/z 284.1410; Calculated mass for C1sH1sN3Oz2 is
284.1401.

4.2.7.11. Synthesis of 1-(6-aminoquinoxalin-2-yl)hexan-3-one (65)
0

To a suspension of 1-(6-nitroquinoxalin-2-yl)hex-1-yn-3-one 64 (50 mg, 0.19 mmol) in
EtOAc (10 mL) was added SnCl2 (176 mg, 0.65 mmol, 5 eq.) according to procedure of
reduction reaction. Purification on prep TLC with EtOAc: n-hexane (8:2) afforded 1-(6-
aminoquinoxalin-2-yl)hexan-3-one 65 as yellow solid (10 mg, 22 %); M.p 97.0-97.6 °C;
I1H NMR (400MHz, CDCls, ppm) 0.90 (t, 3H, J = 7.4 Hz), 1.57-1.66 (m, 2H), 2.46 (t, 2H, J
= 7.3 Hz), 2.99 (t, 2H, J = 7.1 Hz), 3.20 (t, 2H, J = 7.1 Hz), 4.11 (brs, 2H), 7.11-7.13 (m,
1H), 7 .15 (d, 1H, J = 2.6 Hz), 7.75 (d, 1H, J = 8.9 Hz), 8.60 (s, 1H);3C NMR (100 MHz,
CDCls, ppm) 13.8, 17.3, 29.2, 40.7, 44.9, 108.5, 121.8, 129.6, 136.9, 142.9, 146.0, 147.1,
151.8; HRMS (ESI) [M + H]* :m/z 244.1466; Calculated mass for C1aH1sN3O 244.1452.

4.2.8. General hydrolysis reaction of ester
Ester was dissolved in methanol (10 mL) containing KOH (1 eq.) and stirred at rt for 30
minutes after which all acetate had been consumed. The solvent from reaction mixture
was left to evaporate in the fume hood to leave a waxy, solid residue that was taken up
in Et20 (20 mL). The solids were filtered off and the ethereal solution was washed with
water (10 mL), followed by brine (5 mL).°
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4.2.8.1. Synthesis of 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-ol (36)
OH

=

Compound 43 (50 mg, 0.18 mmol) was dissolved in methanol (10 mL) containing KOH
(10 mg, 0.35 mmol, 1 eq.) according to procedure of hydrolysis reaction. The organic
layer was dried over anhydrous Na2SO4 and concentrated to afford 1-(6-aminoquinoxalin-
2-yl)hex-1-yn-3-ol 36 as yellow solid (37 mg, 87 %). M.p 107.1-108.3 °C; *H NMR (400
MHz, CDClIs, ppm) 0.96 (t, 3H, J = 7.4 Hz), 1.54-1.59 (m, 2H), 1.81-1.86 (m, 2H), 4.68 (t,
2H, J=6.7 Hz), 7 .09 (d, 1H, J = 2.5 Hz), 7.16 (dd, 1H, J =9.0 and 2.6 Hz), 7.79 (d, 1H,
J =9.0 Hz), 8.69 (s, 1H); 3C NMR (100 MHz, CDClIz, ppm) 13.7, 18.5, 39.5, 62.4, 82.4,
93.7,107.4,122.7,130.2, 134.4, 137.0, 142.8, 147.2, 148.8; Vmax (FTIR) 550, 827, 1015,
1223, 1353, 1614, 1704, 2083, 2923, 3217, 3343 cm?; HRMS (ESI) [M + H]* :m/z
242.1264; Calculated mass for C14H1sN3OH is 242.1295.

3.2.8.1. Synthesis of 3-(6-aminoquinoxalin-2-yl)prop-2-yn-1-ol (39)
// OH

Compound 41 (50 mg, 0.20 mmol) was dissolved in methanol (10 mL) containing KOH
(12 mg, 0.20 mmol, 1 eq.) according to procedure of hydrolysis reaction. The organic
layer was dried over anhydrous Na2SO4 and concentrated to afford 3-(6-aminoquinoxalin-
2-yl)prop-2-yn-1-ol 39 as orange solid (33 mg, 83 %). M.p 163.3-166.0 °C; 'H NMR (400
MHz, MeOD, ppm) 4.49 (s, 2H), 6.98 (d, 1H, J = 2.5 Hz), 7.31 (dd, 1H, J = 9.1 and 2.6
Hz), 7.68 (d, 1H, J = 9.1 Hz), 8.62 (s, 1H); 3C NMR (100 MHz, MeOD, ppm) 51.2, 83.0,
92.2, 106.0, 124.9, 130.3, 134.2, 137.6, 144.7, 148.1, 153.4 ppm; Vmax (FTIR) 587, 819,
1003, 1231,1353, 1614, 2104, 2919, 3209, 3335 cm’; HRMS (ESI) [M + H]* :m/z
200.0824; Calculated mass for C11H9oN3OH is 200.0826.

107



4.3. Biological evaluation

4.3.1. MTT Assay
The synthesised compounds were evaluated for cytotoxicity assay against raw (264.7)
and breast cancer (MCF-7) cell lines. Cell viability was determined using MTT [3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide] assay. Briefly MCF-7 and raw
264.7 cells were seeded at a density of 6 x 10° pre-well in a 96 well-plate and incubated
at 37 °C in a COz incubator, overnight. Cells were then treated with active compounds at
various concentrations (25 pM, 50 uM and 100 uM), 0.5% DMSO in culture medium and
50 pg/mL Curcumin (positive control) for 24 hours. Subsequently, 10 pl of MTT reagent
(5 mg/mL, Sigma Aldrich, Saint Louis, MI, USA) was added into each well-plate and
incubated for 3 hours at 37 °C in a CO2 incubator, followed by replacement of the aqueous
medium with 100 pL DMSO. The blue formazan crystals were allowed to dissolve in
DMSO by incubating in the dark for 30 min. Absorbance was then measured at 560 nm
using GloMax-Multi microplate reader (Promega, USA). The relative cell viability was

expressed as [(Abs sample/Abs control) x 100%].°

4.3.2. Broth micro-dilution method
The synthesised compounds were evaluated for in-vitro anti-mycobacterial activity
against Mtb Hs7Rv strain. The inhibitory activity against Mtb was conducted at the
University of Cape Town, drug discovery and development centre (H3-D), following broth
micro-dilution method. The broth micro-dilution method allows a range of antibiotic
concentrations to be tested on a single 96-well microtitre plate in order to determine the
minimum inhibitory concentration (MIC). Briefly, a 10 mL culture of a mutant Mtb (Hs7Rv)
strain constitutively expressing recombinant alamar blue assay of a plasmid integrated at
the attB locus is grown to an OD600 of 0.6—0.7. The Hs7Rv strain culture is then diluted
1:100 in 7H9 GLU CAS TX. In a 96-well microtitre plate, 50 yL of 7H9 GLU CAS TX
medium is added to all wells from Rows 2-12. The compounds to be tested are added to
Row 2-12 in duplicate, at a final concentration of 640 uM (stocks are made up to a
concentration of 12.8 mM in DMSO and diluted to 640 uM in 7H9 GLU CAS TX medium).
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A two-fold serial dilution is prepared, by transferring 50 uL of the liquid in Row 1 and 2 to
mix. 50 pL of the liquid in Row 2 is then transferred to Row 3 and aspirated. The procedure
is repeated until Row 12 is reached, from which 50 pL of the liquid is discarded to bring
the final volume in all wells to 50 uL. Finally, 50 uL of the 1:100 diluted Mtb cultures are
added to all wells in Rows 2-12. Row 1 serves as a contamination control which includes
media, 5 % DMSO and rifampicin. The microtitre plate is stored in a secondary container
and incubated at 37 °C with humidifier to prevent evaporation of the liquid. The lowest
concentration of compounds which inhibit growth of more than 90% of the bacterial
population is considered to be the MICg0. The pellet data is reported as visual score and
calculated MIC during 14-day post inoculation.°
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Chapter 5
APPENDIX



The spectral analysis of all compounds identified from molecular docking.
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Figure 5.1: 'H NMR spectrum of 3-(6-aminoquinoxalin-2-yl)prop-2-ynyl thiophene-2-
carboxylate 31
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Figure 5.2: 13C NMR spectrum of 3-(6-aminoquinoxalin-2-yl)prop-2-ynyl thiophene-2-
carboxylate 31
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Figure 5.3: The FTIR spectrum of 3-(6-aminoquinoxalin-2-yl)prop-2-ynyl thiophene-2-
carboxylate 31
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Figure 5.4: Mass spectrum of 3-(6-aminoquinoxalin-2-yl)prop-2-ynyl thiophene-2-
carboxylate 31
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Figure 5.6: 13C NMR spectrum of 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-yl thiophene-2-

carboxylate 32
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Figure 5.7: The FTIR spectrum of 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-yl thiophene-2-

carboxylate 32

T:MS(+) RT:[0.202-0.612]
38208757

4085 25409345
3.0e5
40406922
2083 38200035
W
. 25500631
' 282.28004 36810779 || 38408711 | 40507214 ozt
35211281 4
11098982 19578 0 gpcy, 19206867 20805560 24009008 || 5soi0036 | 30azeeiz . 31411463 Y ‘/sss‘oslszs |/40505338 453,34537

00e0 T T T T T T T t T t Tt T bl t T - il

6 80 100 120 140 160 180 200 20 240 260 280 300 20 340 360 380 400 20 440 460 480

m/z

Figure 5.8: Mass spectrum of 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-yl thiophene-2-

carboxylate 32
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Figure 5.9: 'H NMR spectrum of 2-(oct-1-ynyl)quinoxalin-6-amine 33
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Figure 5.10: 13C NMR spectrum of 2-(oct-1-ynyl)quinoxalin-6-amine 33
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Figure 5.11: The FTIR spectrum of 2-(oct-1-ynyl)quinoxalin-6-amine 33
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Figure 5.12: Mass spectrum of 2-(oct-1-ynyl)quinoxalin-6-amine 33
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Figure 5.14: 3C NMR spectrum of 3-(6-aminoquinoxalin-2-yl)prop-2-ynyl benzoate 34
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Figure 5.15: The FTIR spectrum of 3-(6-aminoquinoxalin-2-yl)prop-2-ynyl benzoate 34
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Figure 5.16: Mass spectrum of 3-(6-aminoquinoxalin-2-yl)prop-2-ynyl benzoate 34
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Figure 5.17: *H NMR spectrum of 2-(3-amino-3-methylbut-1-ynyl)quinoxalin-6-amine 35
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Figure 5.18: 3C NMR spectrum of 2-(3-amino-3-methylbut-1-ynyl)quinoxalin-6-amine
35
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Figure 5.19: The FTIR spectrum of 2-(3-amino-3-methylbut-1-ynyl)quinoxalin-6-amine
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Figure 5.20: Mass spectrum of 2-(3-amino-3-methylbut-1-ynyl)quinoxalin-6-amine 35
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Figure 5.21: 'H NMR spectrum of 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-ol 36
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Figure 5.22: 13C NMR spectrum of 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-ol 36
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Figure 5.23: The FTIR spectrum of 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-ol 36
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Figure 5.25: IH NMR spectrum of 2-(2-cyclopropylethynyl)quinoxalin-6-amine 37
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Figure 5.26: 3C NMR spectrum of 2-(2-cyclopropylethynyl)quinoxalin-6-amine 37
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Figure 5.27: The FTIR spectrum of 2-(2-cyclopropylethynyl)quinoxalin-6-amine 37
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Figure 5.28: Mass spectrum of 2-(2-cyclopropylethynyl)quinoxalin-6-amine 37
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Figure 5.29: 'H NMR spectrum of 2-(hex-1-ynyl)quinoxalin-6-amine 38
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Figure 5.30: 3C NMR spectrum of 2-(hex-1-ynyl)quinoxalin-6-amine 38
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Figure 5.31: The FTIR spectrum of 2-(hex-1-ynyl)quinoxalin-6-amine 38

1:MS(+) RT{0.225-0.537) 3.66e5
22613399
3.0e5
22713790
s
20e5
336.15404
1.0e5
27016089 26227999
18303083 26211127 304.26204 337571 396.80308 449.24654 48325208
000 141.95878 21010317 Ll L | 3atadsas |f 38018099 |/ 39930964 44333606 | 45384691 |
el L e e L e e B e e
60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 40 460 480
m/z

Figure 5.32: Mass spectrum of 2-(hex-1-ynyl)quinoxalin-6-amine 38
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Figure 5.33:

H NMR spectrum of 3-(6-aminoquinoxalin-2-yl)prop-2-yn-1-ol 39

L] ~N > smn o ~
o - - “w - r3 o« el ~ T ™M™ ar- -
& €8 BRS5 3 & g 3 S BP3 Py o
g § 538 & g 8 o M : T
- - - - - - -3 @ o 98 |
| L | | /% ] | | | I 1 e o
-
@
OH I
Nj/
) :
< !
H,N N 39 |
-
MeOD, 100 MHz i
-
o
gl gl ] | T — -
o
T T T X

200

T T T T T T T T T T T

150 100 50

[ppm]

Figure 5.34: 13C NMR spectrum of 3-(6-aminoquinoxalin-2-yl)prop-2-yn-1-ol 39
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Figure 5.35: The FTIR spectrum of 3-(6-aminoquinoxalin-2-yl)prop-2-yn-1-ol 39
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Figure 5.36: Mass spectrum of 3-(6-aminoquinoxalin-2-yl)prop-2-yn-1-ol 39
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Figure 5.37: *H NMR spectrum of 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-yl benzoate 40
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Figure 5.40: Mass spectrum of 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-yl benzoate 40
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Figure 5.41: *H NMR spectrum of 3-(6-aminoquinoxalin-2-yl)prop-2-ynyl acetate 41
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Figure 5.42: 13C NMR spectrum of 3-(6-aminoquinoxalin-2-yl)prop-2-ynyl acetate 41
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Figure 5.43: The FTIR spectrum of 3-(6-aminoquinoxalin-2-yl)prop-2-ynyl acetate 41
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Figure 5.44: Mass spectrum of 3-(6-aminoquinoxalin-2-yl)prop-2-ynyl acetate 41
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Figure 5.45: IH NMR spectrum of 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-yl acetate 43
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Figure 5.46: 13C NMR spectrum of 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-yl acetate 43
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Figure 5.47: The FTIR spectrum of 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-yl acetate 43

T:MS(+) RT0200-1.025] 4215
28414099
4065 ]
3065
20e5 285.14352
22411888
30612210
1.0e5 32615075
2251219 286,14700 | 30712520
11698587 14195872 w73.9esoz\182'?7152 Jos0872s |/ 28227985 | / 345‘L328° 36316156 38406552 45334514
00e0 A e e e e e
60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480
m;

Figure 5.48: Mass spectrum of 1-(6-aminoquinoxalin-2-yl)hex-1-yn-3-yl acetate 43
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Figure 5.49: *H NMR spectrum of 3-(6-nitroquinoxalin-2-yl) prop-2-yl-1-ol 45
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Figure 5.50: 13C NMR spectrum of 3-(6-nitroquinoxalin-2-yl) prop-2-yl-1-ol 45
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Figure 5.51: The FTIR spectrum of 3-(6-nitroquinoxalin-2-yl) prop-2-yl-1-ol 45

KL778

MS_Direct_190130_MN_UL25 25 (0.168) Cm (20:27) 1: TOF MS ES+

256.9607 1.38e4
100

258.9607
352.1404
< 305.1582
225.0112
240.9873
349.1837
261.1321 2790036 308.9208 365.1577
301.0758|
246.9297 202:9593 3211308 353.1424
217.1061 287.0788 | 300,987 344.2281
277.1076
214.9604 283.1739
2629508 3109283 | 327.2026331.1763 365.111
30.9507 366.1654
[220.9492 343.9127] oS 72.9432
L L, Il UL Ly e lilzzz b
A1 A e I TR T I iy ]MMI TR [rrsrmi 1T T

138

190 195 200 205 210 215 220 225 230 235 240 245 250 255 260 265 270 275 280 285 290 295 300 305 310 315 320 325 330 335 340 345 350 355 360 365 370 375

Figure 5.52: Mass spectrum of 3-(6-nitroquinoxalin-2-yl) prop-2-yl-1-ol 45
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Ereast cancer k= 3 malignani burmour that starts In the o=lls of the breast.’ According o Worid Health
Crganisation (WHOY, breast cancer |5 the s2cond leading causs of deah In women with 0%
esimaled new cases and 14% sstimansd deam anmually.® Many sudles revealed Aromatase
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aporoved dugs 5uch 35 Neuraminidsse Inhitors and HIV probease Infilsions has heavily benafad
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a lbrary o 100 aming- and noecaing with vlens In order 1o idenify hose
siructuras which are lkaly o bind fo the: dnug Ergets (CYP1841 and COK2), and it was found hat
10 were Bkehy o potentialy Inhiohors with e ocking SCone rmRging froem -5, 154 to 0,391 Kealima
repregenting the bondng FTnity. The 10 idenified compounds were successiully synthesisad In
the laboratory and comfimed by MMR, FTIR and MS.
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ARTICLEINFO ABSTRACT
Enpwonds The: study Feport on the synthesis of & serles of povel quincaaline allomyl destvatives that were svaluated for
Afrcabes mum bdemalen chisir acivity againg Myeobos i nbercednss (Meb) Hfoe strain. A wtal of 19 compoands bering an sleobol,

Creincrealine-alkyuy] derteaives
Soregmolvina coepling
Esteri Brmation

aldetyde, mesylate and ester groups on the allyely group, wed also containiag o chlono and nitm groups ot the &
position, were prepased. Seven compounds (3¢, d4a-h, Sa, Se, e and 68), were found 1o have MICy, < 10 pM,
while five compounds (3b, Ga, 6, 6d and 6h) had MIC in the Fange 10-20 b Compounds bearing a nitse
subariteent In the G-posltion were generally more sctive and demonstratiol & betier safery profile, when
comnpired to the unasbatiooted and G-chioro derivatives. Of the: seven most active compounds, four contained
nitrn group ot the: Gpiton.
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