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Abstract

Heat Shock Protein 90 (HSP90) is a molecular chaperone that mediates the stability and maturation
of many important proteins for oncogenesis. There is an overexpression of the Heat Shock Protein
70/Heat Shock Protein 90 Organising Protein- HSP90 (HOP-HSP90) protein-protein interaction
(PPI) complex in tumour tissues unlike in healthy cells. This PPI complex of HSP90 displayed a
potential druggable target because of the crucial role it plays in cancer development. However, the
challenge is the development of HOP-HSP90 PPI inhibitors. The literature showed the activity of
valsartan (27) for the inhibition of HOP-HSP90 PPI as it entails the features of ortho-biphenyl
tetrazole fragments that were obtained from the Structural-Binding Relationship (SBR) of the
active fragments using fragment-based drug discovery (FBDD). These fragments bound to the
tetratricopeptide repeat 2A (TPR2A) domain of HOP and inhibited the PPl of HOP-HSP90. As a
result, this study aimed to synthesise and assay ortho-biphenyl tetrazole fragments as inhibitors of
HOP-HSP90 for novel anticancer inhibitors, triple-negative breast cancer (TNBC).

Valsartan (27) and its analogues were synthesised following reported procedures and modified
methods. A series of 13 ortho-biphenyl tetrazole desired fragments were successfully synthesised
using a Suzuki-Miyaura cross-coupling reaction and [3 + 2] cycloaddition of nitrile with sodium
azide. The cross-coupling of 2-iodobenzonitrile or 2-(2-bromophenyl) acetonitrile with para-
substituted phenylboronic acid was conducted using different substrates including CI, Br, F, CH3,
CF3, H, and OCHa. Cycloaddition was done after the cross-coupling to skip the protection step of
the tetrazole.

With the desired ortho-biphenyl tetrazole fragments in hand, the PPI inhibition activity was
evaluated at different concentrations from 0 mM to 2.0 mM. It is interesting to observe that some
of these fragments showed PPI activity at different concentrations including compounds 76, 80,
82, 83 and 84. No activity was observed following the incorporation of the benzylic carbon. The
data presents the successful lead optimisation for the development of HOP-HSP90 novel PPI
inhibitors for the treatment of TNBC.
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Chapter 1

Introduction

1.1Cancer versus Triple Negative Breast Cancer (TNBC)

Cancer is the abnormal growth of cells that spreads uncontrollably throughout the body [1]. It is
recognised as having the second highest global mortality rate after cardiovascular disease [2].
Every year, several cancer types are diagnosed, including breast, lung, prostate, and skin, to name
a few [3]. Among these, lung cancer is the most diagnosed in both males and females and breast
cancer is the second most diagnosed among females [3].

The classification of breast cancer is based on immunohistochemical strains according to the
expression of estrogen receptor (ER), the progesterone receptor (PR), and human epidermal
growth factor 2 (HER2) [4, 5]. The breast cancer treatment plan depends on the molecular
subtypes. The treatment plan includes radiation and surgery therapy, and systematic therapy.
Systematic therapy includes chemotherapy, immunotherapy, hormone therapy for hormone-
positive disease, and anti-HER2-positive disease. Tamoxifen (1) was the first cancer
chemopreventive drug approved by the Food and Drug Administration (FDA) targeting estrogen
receptor-positive patients whereas testuzumab (2), margetuximab and pertuzumab were for HER2-

positive patients (Figure 1.1) [6, 7].
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Figure 1.1: Cancer therapies.

Triple-negative breast cancer (TNBC) is defined by the absence of estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor 2 (HER2). About 15-20%

accounts for TNBC of all breast cancer and it presents a therapeutic challenge due to low response
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to the mentioned systematic therapies. It affects about 10-15% of women across the globe with
aggressive behaviour, associated with early metastatic spread to the lungs, liver, central nervous
system, and brain with fewer chances for survival [8]. In addition, women from Sub-Saharan
Africa are more likely to die from TNBC before 75 compared to high-income countries in Europe
and North America [9]. While the rate of cancer deaths is predicted to remain unchanged in the
next 20 years, the numerical burden will double in Sub-Saharan Africa because of population
growth [10]. TNBC is classified as a heterogeneous disease due to its diversity associated with
gene expression that is studied to find a therapeutic target. Each subtype responds differently to
chemotherapy because each displays a unique oncology. Different authors report different
subtypes which shows that TNBC is a difficult disease to treat [11]. However, the recurrence of

this disease and the lack of the target make this subtype have a poor prognosis.

Early cancer detection can improve the effectiveness of treatments, reduce side effects, and
increase long-term survival. It can be challenging to distinguish between insignificant changes and
lesions that will develop into life-threatening cancer, even though screening techniques are
becoming more sensitive. Progress depends on a thorough comprehension of individual risk, a
precise classification of the stages of cancer development, a variety of testing techniques with the
best performance characteristics, and a thorough analysis of the implications for individuals and
society. Future developments in sensors, contrast agents, molecular techniques, and artificial
intelligence will make it easier to identify signals associated with cancer quickly. Risk-based
detection and prevention must be affordable and widely available to lessen the financial and social

toll that cancer takes on society [12].

A significant clinical challenge continues to be the survival of cancer cells resistant to treatment.
The highest probability of recurrence among breast cancer subtypes is found in triple-negative
breast cancer due to treatment resistance. Although nongenetic characteristics appear to be
substantially responsible for the drug-tolerant state, the underlying mechanisms are not well known
[13].

Due to its limited response to treatment and extremely invasive nature, it provides a therapeutic
challenge and is therefore of considerable study interest. Based on cancer biology and early patient
response to therapy, future therapeutic approaches for breast cancer seek to individualise

treatment, de-escalate the situation, and intensify the situation [14].



TNBC has six different subtypes which were reported by Lehman et al. in 2011 including basal-
like 1 and 2, immunomodulatory, mesenchymal, mesenchymal stem-like, and luminal androgen
receptor [15]. In 2016, Lehman then regrouped these tumours into 4 groups, including, basal-like
1, basal-like 2, mesenchymal, and luminal androgen receptor [11] whereas Burstein et al. reported
a different classification of TNBC including luminal androgen, mesenchymal, basal-like immune-
suppressed and basal-like immune-activated [16]. Classification of TNBC subtypes of tumours is
done by investigating DNA profiling and mRNA expression to identify a target. To date, there is
no FDA-approved therapeutic target for TNBC. Therefore, treatment requires generalised

chemotherapy and subsequently has a poor prognosis [11].

TNBC provides a challenge for patients and physicians since it has a worse prognosis, fewer
available treatments, and a lack of targeted therapy utilisation, all of which are reflected in its high
incidences compared to other breast cancer subtypes’ mortality. Although TNBC is a more
aggressive illness, the decision to operate is likely based on more conventional clinicopathological

factors (such as patient age, tumour size, and tumour grade) and personal preference [17].

The luminal androgen receptor (LAR) expresses the androgen receptor which is a potential target
for the treatment of TNBC. Clinical results display that this subtype has a better prognosis and
responds poorly to chemotherapies. Therefore, anti-androgen therapies including bicalutamide (3),
enzalutamide (4) and abiraterone (5) (Figure 1.2) are chemo-free and are used in patients that are

unresponsive to chemotherapies [18].
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Figure 1.2: Anti-androgen therapy drugs that are used in patients who are not responsive to

chemotherapies.

It has been pointed out that there is no target for small molecule TNBC therapy and treatment is

generalised. However, recently, immunotherapy drugs have had a positive response. Atezolizumab



and pembrolizumab are the immune checkpoint inhibitors that have been approved for phase 3

clinical trials, but they are used in combination with frontline chemotherapy [19-21].

Targeting regulated cell death (RCD) is another strategy that has been explored to overcome this
heterogeneous breast cancer with a poor prognosis. RCD is divided into many subroutines, such
as apoptosis, pyroptosis, necroptosis, ferroptosis, mitotic catastrophe, anoikis, and autophagy
dependent. This strategy involves the use of small-molecule compounds to achieve a therapeutic
potential for TNBC. Moreover, to regulate the RCD subroutines, drugs are used as combined or
as singular to achieve a great therapeutic capacity [22]. The combination of curcumin (Cur) (6)
and gallic acid (GA) (7) was investigated by Moghtaderi in 2018 and the findings imply that GA
combined with Cur may have potential as a chemopreventive medication for triple-negative breast
cancer because they decrease the human cancer cell line MDA-MB-231 growth vigorously [23].
The use of artesunate (8) not only caused apoptosis but also resulted in an in vitro suppression of
Heat Shock Protein 70 (HSP70) ATPase activity (P 0.001). With rising artesunate M
concentrations, the degree of HSP70 refolding inhibition grew [24]. The above-mentioned are a
few drugs that are active against TNBC but are still under clinical trials and they display the power

of utilising fragment-based drug discovery (FBDD) (Figure 1.3).
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Figure 1.3: Small-molecule compounds that are in clinical trials for targeting regulated cell death
for TNBC.

With the available therapies for the treatment of breast cancer, the challenge for the treatment of
TNBC patients is the absence of expression of the three receptors which define the tumour subtype
that is the target for the FDA-approved drugs e.g., tamoxifen (1), testuzumab (2), margetuximab,
and pertuzumab; and they are designed to inhibit them. In addition, these therapies have low
efficacy for the treatment of TNBC since it is defined as the absence of these three hormonal drug
targets, therefore, they generalise chemotherapies. However, PPI has shown to be a possible target
for the treatment of TNBC [6, 7].



1.2Drug Discovery

Drug discovery is the process where new medicines are discovered by firstly understanding the
biological process in which the disease operates in a human cell and therefore being able to find a
drug that will inhibit that process [25]. Some stages need to be followed for a drug to be taken to
a clinical trial/tested in humans. The process begins with target identification and verification, new
molecule development, molecule screening, hit identification, drug-lead optimisation, and lastly

the selection of the perfect lead for a clinical trial (Figure 1.4).

Figure 1.4: The flow chart of drug discovery.

The target identification process involves the examination of a target which can be a gene, RNA,
enzyme, receptor, or protein that can be druggable [26]. Data mining is one of the techniques used
for target identification, in which biomedical data is used to study the disease and be able to study
and prioritise a potential disease target [27]. A good source for target identification is relevant
literature from different scientists around the world because they reveal the pathway of genes and
proteins. Merging three strategies which are: the basic understanding of molecular mechanisms,
the understanding of the disease, and the ability to access technologies and models, helps succeed
in identifying novel drug targets [28]. Hints of finding a target could also be the evaluation of data
studied from protein or RNA expressed in the targeted tissue of the disease versus health tissue.
Activity-based protein profiling (ABPP) is a focused proteomics strategy that does target
identification by analysing the difference in enzymic activity of healthy and infected tissue,
widening the target space [29]. This approach demonstrates the mechanism between the protein
and the compound [30].

Although each step is vital in its confidence, each step allows one to proceed with relevant data
that has been verified in the following step. Target verification is to assess a biological target
whether it's druggable or not. Verification of the target is crucial because it helps in eliminating
false data. Different methods are used to validate a target, including antisense technology that uses
antisense agents to study the function of genes thereby extracting specific data of what causes that
disease. The successful use of this technique was demonstrated by Honore and co-workers when



they examined the P2X3 receptor in rats using the antisense probes they developed [31]. Cell-based
mechanistic studies are done in vitro to interpret the pathways in which targets are involved as
well as their regulative characteristics. Lastly, it could be necessary to validate the importance of
a chosen target for a disease in a suitable animal model [28].

The hit development stage involves different screening processes that confirm the activity against
the validated target of a disease [26]. The hit identification step in drug discovery involves the
identification of compounds that interact with a validated target. To get good hits, different
strategies are used with high-quality and diverse potential libraries coupled with either of these

two techniques, visual screening, and fragment-based screening.

Visual screening is one of the hit identification techniques that uses computational techniques to
select molecules that are likely to bind to a target using different methods, including ligand-based
and structural-based visual screening. This technique typically applies different analytical models
to create libraries. Ligand-bases use a pharmacophore model scanning the database of two-
dimensional (2D) and three-dimensional (3D) molecular structures to obtain new hits and help to
optimise lead compounds [32, 33]. Whereas structural-based visual screening investigates hits
through docking and scoring large compounds if the 3D structure of a target is available. X-ray or
NMR are techniques used for 3D structures for receptors, and as for a protein, if the structure is
not available other techniques such as protein-structure prediction could be used so that docking

could commence [34].

High Throughput Screening (HTS) is an experimental method to identify whether a molecule is
biologically active or not. HTS is a method used to screen multiple samples of about 100,000 per
day rather than one compound at a time method because it has an automated robot system,
therefore, it is highly efficient, simple, and cost-effective [35]. Due to the high rate of compound
screening using HTS, this maximises the searching of hits although it does not guarantee lead
compounds. An example of the approved drug that was discovered using HTS is eltrombopag (9)
(Figure 1.5) which was approved by FDA in 2008 for chronic idiopathic thrombocytopaenic
purpura. The success of this journey was achieved by the collaboration of SmithKline Beecham
and Ligand Pharmaceuticals in screening that was done in 1997 which led to the discovery of
eltrombopag (9) [36]. Large compounds screened from combinatorial chemistry libraries are

difficult to optimise especially during the lead optimisation stage because they violate the Lipinski



rule of five parameters of drug-like characteristics [37] [38]. Regardless of the advantages HTS
possesses there are drawbacks such as the use of high molecular weight compounds that are more

likely to be hydrophobic and, hence, difficult to infiltrate into a cell membrane [39].
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Figure 1.5: Eltrombopag (9) is the approved drug that was discovered through HTS.

1.3Fragment-Based Drug Discovery

A complementary strategy to high-throughput screening (HTS) is already well-established and is
known as FBDD) While huge libraries of drug-like molecules are screened in HTS, smaller, less
complicated molecules are used in FBDD screening because they exhibit more ‘atom-efficient'
binding interactions than larger molecules, despite having a lower affinity for protein targets.
Therefore, fragment hits can act as a more effective starting point for future optimisation,

especially for targets that are difficult to drug [40].

With a lot fewer molecules, fragment libraries can sample a far larger chemical region than HTS
libraries. Contrary to fragments, which are more likely to generate atom-efficient binding contacts,
complex molecules have a higher likelihood of forming ineffective interactions and/or collisions
with the desired target [41, 42].

Considering that HTS fails in some cases to generate hits, alternatively, FBDD is another screening
method defined as a method that uses small molecules (fragments) to find hits. This is done by
screening molecules that have a low molecular weight of less than 300 Da, called fragments.
Fragment libraries are generated based on the concepts called ‘Lipinski rule’, stating that the
fragment must have a maximum molecular weight of 300 Da, the number of hydrogen bond donors
and acceptors must be equal or less than three, and a calculated logP less or equal to three [43].
Since fragments have low potency, they are screened with biophysical techniques including NMR
[44], SPR (Surface Plasmon Resonance), thermal shift, X-ray [45], and native mass spectrometer
[46]. This method has brought a powerful shift in medicinal chemistry/drug discovery because

fragments exhibit high ligand binding affinity and, therefore, are drug-led. This technique

7



originated in the early 1980s, gained momentum, and became practical in the mid-1990s [47].
FBDD has shown to be very effective in drug discovery because of the high hit rate compared to
HTS. Previously, it had been concluded that PPIs are undruggable but FBDD has proven to
overcome that by developing potent inhibitors for PPI targets [48]. The first drug that was
successfully discovered using FBDD is vemurafenib (10) which was approved in 2012 by the FDA
for BRAF-mutant cancer [49, 50]. There are other five drugs found utilizing FBDD that are
currently on the market, namely, erdafitinib (11) [51], asciminib (12) [52], venetoclax (13) [53],
pexidartinib (14) [54], sotorasib (15) [55] (Figure 1.6) and a large number of clinical candidates.
In 1976, Beddell used protein crystal structures that were available to demonstrate the importance
of modifying and elaborating compounds that inhibited the targeted protein [56]. The above
knowledge was supported by the detailed study of protein-ligand interaction that was done to get
the target renin for anti-hypertensives [57, 58], and the target for AIDS [59, 60] is HIV protease.
Furthermore, FBDD technologies have been shown to overcome the difficulties that scientists face

through powerful outcomes of finding lead compounds that inhibit PPI [40].



Figure 1.6: Examples of drugs that were discovered through FBDD.

The discovery of vemurafenib (10) as the BRAF inhibitor was done by screening 20,000
compounds and the compounds that inhibited the enzymic activity were identified. The co-
crystallography was used to analyse the ligand-protein binding selectivity. A high binding affinity

was observed on the compounds that contained 7-azaindole (16) moiety (Scheme 1.1) [61].



Scheme 1.1: The discovery of vemurafenib (10) from 7-aziandole (16) as a hit compound to lead

optimisation compound PLX4720 (17).

The power of FBDD has brought a positive shift in medicinal chemistry, especially for
undruggable targets such as PPI. In addition, erdafitinib (11) is another drug that was approved as
a fibroblast growth factor receptor (FGFR) inhibitor in 2019. It targets cancer cell lines that consist
of FGFR alterations. The journey of this drug began with the fragment-based screening which
produced imidazopyridine series (19-21), (11); that were active through oral intake in vivo.
However, these compounds show a lack of action against FGFR-independent xenograft models,
proving the drugs' FGFR selectivity. Therefore, further investigation was done resulting in
quinoline fragments that were further optimised until erdafitinib (11) was discovered (Scheme 1.2)
[51]. The FBDD path has many steps and techniques that are used to validate the data until the

drug is tested in vivo.
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Scheme 1.2: The summary discovery of erdafitinib (11) from fragment imidazopyridine (18).
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One of the hit identification processes used in FBDD is the DOCK model used to screen
commercially available molecules with a selected target. This computational method was used by
Shoichet and co-worker to find inhibitors of Thymidylate Synthase (TS) screening molecules from
Fine Chemical Directory, solisobenzone (22), and phenolphthalein (23) (Figure 1.7) were one of
the fragments that showed inhibition which led to the screening of their respective derivatives [62].
Other docking algorithm methods other than DOCK include FlexX, GOLD, and CDOCKER [63].
There are other computational approaches for finding fragments including fragment-based which
was reported by Dean in 1992 [64], linked-fragment reported by Verlinde [65], and dynamic ligand
design suggested by Kurplus [66]. All of the mentioned approaches help in pre-screening

fragments and also optimise their linkage [67].
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Figure 1.7: Thymidylate Synthase (TS) inhibitors

After hit compounds have been identified through screening, their safety properties are assessed.
Absorption, Distribution, Metabolism, Excretion, and Toxicology (ADME/Tox) properties are
examined in each lead molecule to prioritise a promising hit. Researchers perform ADME/Tox
studies via computational models, in animals as well as in living cells. Scientists investigate the
absorption of each lead into the bloodstream, correct distribution to a desired target in the body,
and effective and efficient metabolism. One of the important requirements for the lead compound

is to get excreted completely from the body and a successful drug must be non-toxic [68].

1.4 Protein-Protein Interactions

Protein-protein interactions (PPIs) are the physical connections between two or more proteins and
are important for the execution and regulation of most biological processes [69, 70]. PPIs involves
many biological pathways including bonding that regulate protein folding [71]. Some challenges
make a target difficult to be druggable, namely, the deficiency of hydrogen-bond acceptor and

donor, featureless binding sites, the conformation instability, the metal ion existence, and the
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residues' lipophilicity at the protein-ligand interaction. Protein-protein interfaces of multiprotein
assemblies have many of these unfavourable characteristics. However, those that entail concerted
binding and folding in their construction have better-defined grooves or pockets, and these can
present chances for hit identification and lead optimisation [72].

Heat shock proteins (HSP) are proteins that are expressed in response to stress with a molecular
weight ranging between 14 to 120 kDa present in all living organisms [73]. Almost all living things
contain HSPs, and they express more of them in reaction to a variety of cellular insults, such as
oxidative stress, high temperatures, and heavy metal presence [74]. In addition to heat shock,
several other conditions result in the induction of heat shock proteins. Most heat shock proteins
are big oligomeric proteins, and several cofactors and cochaperones often control how they
operate. Heat shock proteins are a component of the cellular chaperone network and do not work
in isolation. The main heat shock protein families' overall structural and functional characteristics
are described, along with their functions in human disease. Due to increased cellular stress, their
role is particularly crucial in diseases [75]. On the other hand, HSPs, especially HSP90 are
frequently overexpressed and found in activated multichaperone complexes in neoplastic cells,
which are linked to a worse prognosis [76]. The increase in the expression of HSP tends to stabilise
the proteins that are crucial for oncogenesis. Therefore, HSPs promote the independence of
proliferation, tumour-cell survival, growth factors, immortalisation, neovascularisation, and
metastasis [76-79]. Lastly, cancerous cells seem to be more dependent on HSPs compared to
normal cells and they are sensitive to HSP inhibition [80].

HSP90 is a chaperone that clients about 300 cellular proteins that are important for cellular
function. This molecular chaperone plays a huge part in stabilising the activity of oncogenic
proteins and tumour biology, also HSP90 is found as a complex in cancer cells with its client
proteins and co-chaperones. Therefore, the inhibition of HSP90 is considered a drug target because
many of its client proteins depend on this chaperone for the essential cellular processes and are
regarded as hosts for viruses. At present, there are ongoing studies to find suitable HSP90
inhibitors for the treatment of cancer [81-83]. However, the HSP90 inhibitors have shown

demonstrated resistance, hence they induce the pro-survival heat shock response [84].

The initial development of direct HSP9O0 inhibitors was encouraged by the discovery that natural
annamycin antibiotic geldanamycin (GA) possessed anticancer activity by inhibiting HSP90 [85].
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This was through the binding competition of GA with ATP to the N-terminal domain of HSP90.
These positive outcomes led to the development of GA derivatives that were to target the N-
terminal of HSP90 as its first inhibitors. However, the promising compounds ((17-AAG
(tanespimycin) (24) and 17-DMAG (alvespimycin)) (25) (Figure 1.8) in the clinical trials stage
showed poor results with the side effect of hepatotoxicity [86]. The direct inhibition of the N-
terminal was not a good target because of the stress response that was observed which led to the
over-expression of other heat shock proteins (HSP70 and HSP27) [87]. The over-expression of
HSP arrays and the increase of chaperone lead to the cytoprotection resulting in the resistance of
N-terminal inhibitors. These are unwanted outcomes for cancer therapy, therefore, scientists had

to look for alternatives [88].
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Figure 1.8: 17-AGG (24) and 17-DMAG (25) are the N-terminal inhibitors for HSP90 to HOP
[86].

HSP70/HSP90 Organising Protein (HOP) is a co-chaperone that forms PPl simultaneously
between HSP90 and HSP70 molecular chaperones and regulates their chaperone activities [89].
Kubota and co-workers [90] investigated the level expression of co-chaperone HOP with HSP90
and complex formation in colonic carcinoma, the results showed an expression of HOP-HSP90
complex in cancerous tissue compared to normal tissue. Being able to regulate the protein folding,
opens a potential druggable space for the treatment of many diseases. However, the challenge is
finding new protein-protein interaction inhibitors [91]. Since some PPIs including HOP-HSP90

are crucial for oncogenic signal transduction and rely on HSP9O0 for stability and maturation, it is
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worth noticing the role HSP90 plays, therefore, its inhibition will result in the disruption of HSP90
activity. Furthermore, the understanding of the HOP-HSP90 complex interaction presents an

opportunity to develop PPI inhibitors.

A sequence of salt bridges between a C-terminal MEEVD pentapeptide motif of HSP90 and the
carboxylate clamp region of the tetratricopeptide repeat 2A (TPR2A) domain of HOP serves as
the key mediators of the PPI interaction between HSP90 (Figure 1.9) and HOP [92, 93]. HOP
optimises HSP70 and HSP90's functional collaboration without acting as a molecular chaperone

but by acting as an adaptor protein for them [94-96].

charged region
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Figure 1.9: Schematic diagram of HSP90 consisting of three domains: an N-terminal ATP-binding

domain (N); a middle domain (M); and a C-terminal dimerisation domain (C) with the MEEVD
sequence. Between the N and M domains is a charged region. All three domains interact with a

substrate protein [97].

In addition to being involved in the course of disease and malignant transformation in normal cells,

HSP90 is also important for a variety of cellular functions (Figure 1.10) [89].
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Figure 1.10: HOP makes high molecular weight complexes under a cancerous environment as it

complexes with HSP90 and HSP70 unlike in normal cells.

Researchers validated the role of HOP as a drug target in cancer cells since it is found in the cancer
cell as a complex along with HSP90 and is an oncogenic co-chaperone. This has widened the
research space to find a drug target and given hope that these aggressive illness therapies can still
be found [98]. Beraldo et al. demonstrated that the inhibition of HOP is another alternative
anticancer drug target because HOP modulates the important cellular processes for cancer biology
[99]. The strategy to inhibit HOP with HSP90 or HSP70 is currently underway with a different
approach. Fragment-based drug discovery is the main common approach that is used to find small
molecule analogues that will block the interaction of HOP TPR domains with HSP90 or HSP70
so that the chaperone cycle will be disrupted (Figure 1.11) [100-104].
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Figure 1.11: The schematic diagram illustrating the role of HOP-HSP90 PPI inhibitors in
preventing the activity of HSP90 that leads to oncogenic protein degradation [89].

Given the challenges faced in targeting the HSP90 N-terminal domain with GA derivatives,
Kawakami et al. investigated the hybrid TPR peptides to interact with the acidic MEEVD region
of HSP90, therefore blocking its pro-oncogenic interaction with TPR2A of HOP [102]. McAlpine
and Rahimi expanded the idea by reporting the cyclic TPR peptides that bound to the C-terminal
MEEVD motif of HSP9O0 that disrupts PPI [105]. The other face of the PPl was investigated by
Pimienta et al. [104] and Derby et al. [83], where they independently reported small molecules
that bound to TPR2A, disrupting the binding of the MEEVD region of HSP90 without
investigating the PPI inhibition.

The great potential of this target had been enlightened, therefore Veale and co-workers reported
the tetrazole peptides that bound to TPR2A disrupting the PPI of HSP90 to HOP [46]. Tetrazoles
are a group of five-membered heterocyclic compounds having planar structural characteristics rich
in polynitrogen electrons. Tetrazole derivatives are valuable as medications, explosives, and other
functional compounds with a variety of uses in many industries, including medicine, agriculture,
material science, etc. thanks to their unique structure [106]. In addition to having a similar pKa to
carboxylic acid, the tetrazolyl functional group was frequently regarded as a bioisoster for

carboxylic acids since it offered pharmaceutical formulations with the highest nitrogen
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concentration of any heterocyclic molecule making them metabolically stable with higher
lipophilicity [107]. The reported study by Veale et al. of PPI inhibitors was conducted using a
native mass spectrometer (MS) that had many advantages compared to other traditional methods
[46].

The fragment strategy elaboration was built from the results reported by Vaaltyn et al. [108]. The
Structural-Binding Relationship (SBR) was developed and showed that the six-membered ring,
tetrazole, ortho-substituted with a benzene ring or halogen and benzoic acid analogues were
binding to TPR2A. In addition, losartan (26) showed inhibition to the target since it entails the
features that were described by the structural overlay of the fragments that were binders to TPR2A.
The fragment strategy found was further confirmed by the other sartan family [valsartan (27) and
irbesartan (28)] which inhibited the PPI although they were dose dependent. These features
encouraged us to use valsartan (27) (Figure 1.12) as the proof of concept since it entails some of
these features. Ortho-substituted phenyl tetrazole derivatives were therefore synthesised and then
investigated for the inhibition of HOP-HSP90 PPI for the present study.
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Figure 1.12: Losartan (26), valsartan (27) and irbesartan (28).
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1.5Aims and Objectives

The fight to find both effective and efficient therapies for TNBC has long been a losing battle for
researchers over the years. Since  TNBC does not contain hormones that are expressed in other
cancers it does not respond to hormonal treatment or trastuzumab-based treatments [17], hence
these therapies are ineffective for the treatment of TNBC. With all the techniques that have been
used to come up with therapies for TNBC, none of them have been successful. It has been
mentioned that the HOP-HSP90 PPI inhibition seemed to be a promising era for the development
of TNBC therapies. Different authors have reported different approaches that intend to inhibit
HOP-HSP90 PPI. Hybrid TPR peptides [102] and cyclic peptides [105] were investigated to
interact with the HSP90 motif to inhibit HOP-HSP90 PPI. Alternatively, different authors reported
fragments that interacted with the TPR2A domain without demonstrating PPI inhibition activity
[83, 104]. Whereas Veale et al. investigated tetrazole peptides that disrupted HOP-HSP90 PPI
[46]. With the aid of FBDD techniques, Vaaltyn et al. [108] investigated fragments hit that
inhibited HOP-HSP90 PPI, with structural overlap resulting in ortho-phenyl tetrazole having
valsartan (27) as one of the active compounds. Building from the knowledge that had been
mentioned about the potential of ortho-phenyl tetrazole motifs, this project aimed at developing
and elaborating valsartan derivatives to inhibit HOP-HSP90 PPI. This will provide a novel strategy

for the development of TNBC therapies.

i.  The objective was to synthesise the valsartan derivatives and then fully characterise them
using NMR, IR, and TOF-MS.
ii.  Elaborate their anti-cancer activity inhibitors in vitro.

18



Chapter 2

Results and Discussion

Breast cancer is caused as the overexpression of genes that are drug targets, including the
expression of estrogen receptor (EP), human epidermal receptor 2 (HER2), and progesterone
receptor (PR). Whereas triple-negative breast cancer (TNBC) is the absence of these genes that are
the drug targets and that complicates the treatment plan for patients with this heterogeneous
subtype of breast cancer. Chemotherapy is the backbone for the treatment of TNBC since it is
resistant to HER2-targeted medicines e.g. trastuzumab and hormonal therapies include tamoxifen
and aromatase inhibitors [109]. Although chemotherapy is currently the cornerstone of systemic
medical care, triple-negative illness patients, when viewed as a group, have a worse prognosis
following chemotherapy than patients with breast cancers of other subtypes, a result that
underscores the disease's inherently poor prognosis [110, 111]. For TNBC, there isn't yet a
recognised standard form of chemotherapy; instead, the course of treatment should be decided as
it does for other cancer subtypes. The dearth of effective targeted treatments has increased interest
in this patient population and is currently being researched [112]. Even though the pool of
knowledge is wide, it is never enough; therefore, room for improvement is always available.
However, TNBC targeted therapies still have a long way and scientists are working tirelessly to
find suitable drugs to circumvent this heterogeneous disease.

Among the drug targets that have been mentioned in Chapter 1, protein-protein interaction (PPI)
is regarded as the difficult target to drug, but fragment-based drug discovery (FBDD) has been
shown to overcome that gap with its technologies since there are drugs available in the markets
that were discovered using this technique. Over the past 20 years, the development of HSP90
inhibitors has gained a focus, especially the N-terminal inhibitors, and none of them have
succeeded to date [5-7]. However, the N-terminal inhibitors lead to heat shock response (HSR)
that causes drug resistance. Therefore, this has shifted the focus to C-terminal domain inhibitors
whether they could potentially prevent induction of the pro-survival HSR while effectively

suppressing oncogenic signalling [8-11].

The study that was conducted by Scheufler and co-workers [113] showed the interaction interface
of HOP-HSP90 between peptides which then made it easy for researchers to have a starter point

19



for the development of protein-protein interaction (PPI) inhibitor for HOP-HSP90. Kawakami et
al. [102] developed the hybrid TPR peptides and McAlpine et al. [13] developed cyclic peptides
that bound to the C-terminal domain of HSP90 to inhibit the interaction with TPR2A of HOP.
However, Pimienta et al. [14], and Darby et al. [15] reported the opposite phase to investigate the
small molecules that bound to TPR2A disrupting the binding of the C-terminal to HOP. Veale et
al. [16] studied the tetrazole peptides that bound to TPR2A disrupting the interaction with HSP90.
With FBDD in hand as a new technique to use for hit identification, Vaaltyn and co-workers [108]
identified different fragments that showed PPI inhibitory activity by binding to the TPR2A
domain. They discovered binding and non-binding fragments which helped in illustrating their
binding mode and structural binding relationship (SBP) pattern where the structural overlaps of
fragments resulted in features like losartan (26). Coupling the knowledge that has been reported
by the above-mentioned authors, this project was aimed at synthesising and elaborating ortho-
substituted biphenyl tetrazole scaffolds (Figure 2.1) that would bind to the TPR2A domain to
inhibit HOP-HSP90 protein-protein interaction (PPI) for the treatment of TNBC. To begin the
investigation, valsartan (27) was used as the proof of concept since it contains the features that
were reported by Vaaltyn’s findings, it was also demonstrated that valsartan (27) along with
losartan (26) and irbesartan (28) also inhibited the HOP-HSP90 PPI [108].

HN /N
Valsartan 27 g/‘/

R =H, OCHs, CHs, F, ClI, Br, CFs

Figure 2.1: Valsartan (27) and its derivatives desired for the HOP-HSP90 PPI inhibition.

The investigation started by looking at the retrosynthesis of valsartan (27) in Scheme 2.1 which

helped with the method to synthesise its derivatives. Retrosynthesis for ortho-substituted phenyl
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tetrazole scaffolds pointed out the important functional groups that were converted to get the
desired product. Both routes firstly demonstrate the based-catalysed hydrolysis of a methyl ester
in Step A compared to the debenzylation that use large amount of Pd/C under high pressure of H»
gas and produce a benzyl alcohol as a byproduct [114]. As indicated by Route A and Route B, the
cycloaddition of tetrazoles could be done from the [3 + 2] cycloaddition of sodium azide (33) with

nitrile in the presence of a Lewis acid in Step B [115].

As it showed from Scheme 2.1 that compound 32 was the crucial intermediate since it could be
achieved via two different routes, we envisioned that the difficulties associated with the purity in
the acylation Step D* because of the polarity of compound 37 and 38 being very close that could
make purification step difficult. The cyclisation reaction was presented as the last step to avoid
triphenylmethylation step and the deprotection. Acylation reactions are sensitive to moisture
especially when an acyl chloride is used because it decomposes to an unreactive carboxylic acid,
leading to an uncomplete reaction. For that reason, we decided to do an acylation reaction before
(Step D%, Route B) or after (Step C, Route A) the cross-coupling reaction to assess the best
method. Suzuki-Miyara cross-coupling reaction in Step D! seemed to be a smooth but the side
reaction of homocoupling could reduce the yield of the desired product (32), whereas the
unreactive compound 38 along with excess of compound 37 could result to high impurities (Route
B). The cross-coupling reaction of compound 36 was predicted to be produced in Route B as the
side product, therefore, we thought if we coupled directly, that could reduce the number of side
product because alkylation of compound 40 is simple without any impurities.

In designing alternative synthetic route for valsartan (27), our goal was to explore chemical space
in developing a safe, robust, industrial applicable route for the synthesis valsartan (27) which will

then be applied for the synthesis of valsartan derivatives (29 & 30).
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Scheme 2.1: Valsartan (27) retrosynthesis following two different routes.



2.1. Functional Group Conversion Optimisation

2.1.1 The synthesis of benzonitrile (42)

The retrosynthesis of valsartan (27) above (Scheme 2.1) indicated the important steps: the
cycloaddition reaction for the conversion of nitrile to tetrazole as well as the formation of C-C
bond using the Suzuki-Miyaura cross-coupling reaction. Since benzonitrile was not available in
our lab, therefore, the first step was to synthesise a benzonitrile (42) to be cyclised with sodium
azide (33) to form a tetrazole as illustrated in the retrosynthesis (Scheme 2.1). With the aim of
synthesising benzonitrile, readily available benzaldehyde (40) was reacted with sodium azide (33)
in the presence of phosphoryl chloride under inert conditions as reported by Sribalan et al.
However, the reaction was not successful because benzaldehyde was not dry enough making
phosphoryl chloride to react with water leading to an explosion. An alternative safer method, using
hydroxylamine-O-sulfonic acid reported by Quinns was adopted (Scheme 2.2B). Even with the
direct synthesis using hydroxylamine-O-sulfonic acid following Quinns’s method, the reaction
was unsuccessful which might be due to the autoxidation of benzaldehyde (40) to benzoic acid
given the fact that benzoic acid is unreactive unless activated with thionyl chloride (Scheme 2.2)
[116].

o NaNs, POCl;
A
H CN
NH,0SO3H
41 8
H,O, CH;00H 42

Scheme 2.2: Optimisation reaction for the synthesis of benzonitrile (42).

With the attempted conversion above using benzaldehyde as a starting material being unsuccessful,
we thought of using a more stable benzamide [compared to benzaldehyde (41)] as a starting
material might yield different outcome. In literature, we came across the conversion of primary
amide from the dehydration of primary amide to nitrile functional group using POCls, P20Os, and
SOCI: reported by Rickborn and Jensen [117]. With the above information at hand three different
methods to dehydrate amides using POCIz and P.Os under different reaction conditions were
attempted (Scheme 2.3). The solvent free dehydration reaction of benzamide (43) with POCl3
(Scheme 2.3 A) and the use of P2Os in dry solvent (Scheme 2.3 B), did not give the desired
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benzonitrile (42) product because of the less contact between starting materials in solvent free
reaction and P2Os reacted with the solvent, respectively. The desired product was formed when
DMF was used as a solvent along with POCI3 as a dehydrating agent following Kusurkar and co-
workers’ procedure (Scheme 2.3 C) [118].

POCI3, 50°C, 3 hr

A -
i CN
NH, B P,Os, EtOH ©/
60°C, 16 hrs
DMF, POCI
43 o 3 42 (77%)

0 - 20°C, 24 hrs

Scheme 2.3: Optimisation reaction for the dehydration of benzamide (43).

The successful synthesis of benzonitrile (43) from benzamide (43) was confirmed using the IR
spectrum in Figure 2.2 by the appearance of the -CN stretching band at 2224 cm™. Nuclear
Magnetic Resonance (NMR) spectroscopy further confirmed the formation of the desired product
especially the *C NMR spectrum (Figure 2.4) with the appearance of a carbon signal at 118.8
ppm indicating the presence of nitrile functionality [119].
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Figure 2.4: 3C NMR spectrum for benzonitrile (42).

Now that we have successfully found a method that produces benzonitrile, our next step was to
convert the benzonitrile to tetrazole. Tetrazoles are unsaturated five-membered heterocyclic
compounds that contain four nitrogen atoms and one carbon atom (Figure 2.5) [120]. Because of
the tetrazole structural features of being polynitrogen electron-rich planar ring, they give important
application to their derivatives in medicine, explosives, agriculture, and material science [121]. In
medicinal chemistry, tetrazoles are used as bioisosters of carboxylic acids because they are
metabolic stable to the biological transformations present in the liver that decomposes carboxylic
acids [122, 123]. In some prodrug procedures, the use of tetrazole moieties as bioisosters has been
shown to improve bioavailability and lipophilicity [124, 125]. The reason behind tetrazoles being
bioisoster of carboxylic acids is because their pKa values are close to each other and they almost
have the same delocalised planar system [126]. Furthermore, tetrazoles can form noncovalent
bonds with the target in the biological system since their moieties have different pharmacological
properties such as anticancer [127], antibacterial [128], antimalarial [129], antifungal [130],
antitubercular [131], antiviral [132], anti-Alzheimer’s diseases [133], and antiangiogenic [134]
activities. With all the different synthetic routes reported in the literature for the preparation of

tetrazole functional group from different precursors, the conversion of aryl nitriles to tetrazole
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moieties was the chosen method since it is easy to work with aryl nitrile including their preparation
(Figure 2.5) [135].

(0]
_R' ~y-N,
R)L” R vy
=N
3
2
~N
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— /N
/ R N
4
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5 N
| //N
N
NH
_NH
N 2
H

Figure 2.5: Different procedures for the synthesis of tetrazole.

2.1.2 The synthesis of 5-phenyl-1H-tetrazole (44)
With the above-mentioned methods for the synthesis of tetrazole, in our group we discovered that
the addition of both zinc bromide and ammonium chloride as additives affords the [3 + 2]
cycloaddition of tetrazole. Following the same method, 5-phenyl-1H-tetrazole (44) was produced
in 61% yield as a white solid Scheme 2.4.

N=N
GN NaNg, ZnBr,, NH,CI HN__N
© H,0, 100°C, 20 hrs
42
44 (61%)

Scheme 2.4: [3 + 2] Cycloaddition of benzonitrile (42) with sodium azide (33).

The successful synthesis of 5-phenyl-1H-tetrazole (44) was confirmed using the *H NMR
spectrum which corresponded with the structure (Figure 2.6). The disappearance of a nitrile peak
at 119 ppm from the 3C NMR spectrum confirmed the full conversion of the nitrile to tetrazole
after 20 hours of reflux (Figure 2.7) [136].
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Figure 2.7: 3C NMR spectrum for 5-phenyl-1H-tetrazole (44).
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Since we have mastered the conversion of the benzamide to benzonitrile as well as its conversion

to a tetrazole, this model method was further used for the substituted benzonitrile.

2.1.3 The synthesis of 2-iodobenzonitrile (47)
The preparation of tetrazole form benzamide was treated as a model reaction. With the model
reaction successfully achieved, we then turn our attention in converting 2-iodobenzoic acid (45)
to 2-iodobenzonitrile (47). 2-lodobenzonitrile was prepared following the method reported by Al-
Huniti et al. [137] and Kusurkar et al. [118] in an isolated yield of 93% as a cream solid from the
conversion of 2-iodobenzoic acid (45) to 2-iodobenzamide (46) which was later dehydrated to the
desired product (47) (Scheme 2.5).

[ o [ |
1. THF, SOCl,, 50°C,1 hr 9 DMF, POCI; CN
OH > NH2 >
2. NH4OH, OOC, 5 min 0-2000, 24 hrs

45 46 (76%) 47 (93%)

Scheme 2.5: Synthesis of 2-iodobenzonitrile (47).

The conversion of carboxylic acid to nitrile functionality has been afforded and was confirmed
using *H NMR and 3C NMR spectra. All four signals orientate in the aromatic region between
7.26-7.93 ppm, and they all integrate for one proton each and the multiplicity corresponds to the
neighbouring protons (Figure 2.8). 3C NMR (Figure 2.9) has a nitrile peak at 119.3 ppm with a
minimal intensity because the carbon is not attached to any hydrogen atom, which therefore
confirms the dehydration of an amide [138, 139]. The IR spectrum (Appendix Al.1) confirmed
the dehydration reaction with the nitrile peak at 2224 cm™ and the absence of a strong carbonyl
peak around 1670-1780 cm™ and a medium peak of -NH group for a primary amide around 3300-
3500 cm™* [140].
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Figure 2. 9: 3C NMR spectrum for 2-iodobenzonitrile (47). The peak of interest at 119.3 ppm
indicates the presence of the nitrile group, confirming the successful dehydration of the primary

amide.

2.2, Suzuki-Miyaura Cross-coupling Optimisation
With the ortho-substituted benzonitrile at hand, our next step on the preparation of valsartan
derivatives (48) was to perform a carbon-carbon bond forming reaction using a Suzuki -Miyaura

cross-coupling reaction highlighted in Scheme 2.6.
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50 51

X =1orBror B(OH)z, X! =1or Br or B(OH), :(Note: X and X* will never be the same at the same time.)

Z = tetrazole or benzylic tetrazole, Z’ = nitrile or benzylic nitrile

Scheme 2.6: Retrosynthesis for the synthesis of valsartan derivatives (48).

2.2.1 The synthesis of [1, 1’-biphenyl]-2-carbonitrile (53)
An optimisation reaction of phenylboronic acid (52) and 2-iodobenzonitrile (47) was performed

using Suzuki-Miyaura cross-coupling reaction with the aim to achieve the best method to perform
carbon-carbon bond (Scheme 2.7).
CN
B(OH) Pd-catalyst, base CN

I+ >
+
Solvent O O

47 52 53 54

Scheme 2.7: General Suzuki-Miyaura cross-coupling optimisation reaction.

Table 2.1: Optimisation reactions for Suzuki cross-coupling @.

Entry Catalyst Solvent Base Conditions | Yield (%)°
1 Pd(PPhs).Cl Toluene Na2COs3 60°C 22
2 Pd(PPh3)4 Toluene/ K2COs 80°C 86
H20
3 Pd(OAC)2/PPhs THF K2COs 80°C 81

Entry 2 and 3 are optimised reaction conditions (bold text). ®Reaction conditions: 2-iodobenzonitrile (1 mmol), phenylboronic
acid (1.2 mmol), Pd catalyst (5 mol%), ligand (10 mol%), 24 hours. PIsolated yields after purification.

The cross-coupling was observed between phenylboronic acid (52) and 2-iodobenzonitrile (47)
across the table in the presence of a palladium catalyst (Table 2.1). Hussain and co-workers

emphasised that the ligand plays a significant role in cross-coupling because of their binding ability
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to the metal centre which is influenced by their electronic structure [141]. The Suzuki-Miyaura
cross-coupling reaction between phenylboronic acid (52) and 2-iodobenzonitrile (47) proceeded
smoothly producing predominantly the homo-coupling product (54), and the reaction was not
complete even after 24 hours (Table 2.1, entry 1). Li and co-workers argued that as much as the
excess amount of a base in Suzuki-Miyaura cross-coupling reaction is necessary but adding too
much of a base promote side reaction i.e. protodeboronation of arylboronic acid, homo-coupling
and it suppresses the formation of the cross-coupling desired product [142]. The use of a freshly
prepared Pd(PPhs)s as well as Pd(OAc)./PPhz catalysts produced excellent yield, and both of these
methods were adopted for the synthesis of valsartan derivatives (Table 2.1, entry 2 and entry 3).
A slight decrease in yields was observed when Pd(OAc). was used along with the phosphine
ligands but good separation and high purity was observed which made these conditions also be

considered optimal conditions (Table 2.1, entry 3).

With the optimised tetrazole cyclisation reaction conditions and cross-coupling reaction conditions
at our disposal, the retrosynthesis (Scheme 2.1) of valsartan (27) suggested that we could do a
cross-coupling reaction of compound 36 & 34 or 36 & 37 before the formation of tetrazole. The
next section presents the preparation of valsartan (27) employing the optimised reaction conditions

explored above.
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Scheme 2.1: Valsartan (27) retrosynthesis following two different routes.



2.3 The Synthesis of Valsartan

2.3.1 The synthesis of methyl (4-bromobenzyl)-L-valinate (38)

To begin the synthesis of valsartan (27), the initial step was the synthesis of methyl (4-
bromobenzyl)-L-valinate (38) from the alkylation reaction of 4-bromobenzyl bromide (40) and L-
valine methyl ester (39) (Scheme 2.8). The desired product was obtained as a colourless liquid
with 93% vyield [143].

Br - K,COs, 3 hrs )COzCH3
" coe s . T
HsCO,C” “NH, HCI DMF, 80°C H
Br Br

40 39 38 (93%)

Scheme 2.8: Alkylation reaction of methyl (4-bromobenzyl)-L-valinate (38).

The structure of the desired product corresponds to the *H NMR and 3C NMR spectra obtained.
All signals integrate for all the protons on the structure, which indicates that the alkylation reaction
was a success. There are two doublets in the downfield region in *H NMR with the chemical shift
in the range 7.18-7.40 ppm integrating for two protons each. They indicate protons from the ring
and both their coupling constants were 8.17 Hz which indicate that these protons are in the adjacent
carbons (para). In the upfield region, the triplet at 0.89 ppm indicates the two methyls as it
integrates for six protons since they are in the same chemical environment (Figure 2.10). 3C NMR
spectrum has a peak at 175.4 ppm that corresponds to an ester functionality in the structure which
is within the expected range from the literature and all the signals correspond to the carbons in the

structure (Figure 2.11).
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Figure 2.11: *3C NMR spectrum for methyl (4-bromobenzyl)-D-valinate (38).
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2.3.2 The synthesis of methyl N-(4-bromobenzyl)-N-pentanoyl-L-valinate (37)

To introduce the acyl group on the secondary amine, the acylation of methyl (4-bromobenzyl)-L-
valinate (38) with valeroyl chloride (35) was initiated. The reaction was conducted in the presence
of triethylamine base in dichloromethane at 0°C, producing methyl N-(4-bromobenzyl)-N-
pentanoyl-L-valinate (37) with 73% vyield as a yellow liquid (Scheme 2.9).

PN
37 (73%)

C::OZCHS Br O
- (0] DCM, 0°C
N/\( + e, \©\/N CO,CH
| ~— 2 3
Br/gH \/\)J\cn EtsN :
38 35

Scheme 2.9: Acylation reaction of methyl (4-bromobenzyl)-L-valinate (37).

The *H NMR spectrum elucidation of the furnished methyl N-(4-bromobenzyl)-N-pentanoyl-L-
valinate (37) confirmed that indeed the acylation reaction step was a success evidenced by the
appearance of aliphatic peaks of pentanoyl moiety (Figure 2.12) [144]. IR spectrum gives
evidence that the structure has two carbonyl groups that are indicated by the signals at 1651 and
1732 cm ** (Figure 2.13).
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Figure 2.12: *H NMR spectrum for methyl N-(4-bromobenzyl)-N-pentanoyl-D-valinate (37).
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Figure 2.13: IR spectrum for methyl N-(4-bromobenzyl)-N-pentanoyl-D-valinate (37).
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2.3.3 The synthesis of methyl ((2°-cyano-[1, 1’-biphenyl]-4-yl)methyl)-L-valinate (34)

Retrosynthesis showed two possible routes that could lead to the synthesis of valsartan (27).
Compound 38 can also undergo Suzuki-Miyaura cross-coupling before acylation. Scheme 2.10
shows the successful cross-coupling of 2-cyanophenylboronic acid (36) with methyl (4-
bromobenzyl)-D-valinate (38) producing methyl ((2’-cyano-[1, 1’-biphenyl]-4-yl)methyl)-L-

CN Pd(OAc),/PPhy N\/(Co CH
. B(OH), - O H 2
H CO,CHjy THF, K,CO3, 80°C
24 hrs

CN
38 36 34 (26%)

valinate (34) as a colourless liquid in 26% vyield.

Br

Scheme 2.10: The Suzuki-Miyaura cross-coupling reaction to produce a compound (34).

The successful synthesis of methyl ((2°’-cyano-[1, 1’-biphenyl]-4-yl) methyl)-L-valinate (34) was
confirmed using spectroscopic techniques. *H NMR spectrum had signals integrating for eight
protons in the downfield region between 7.39-7.75 ppm indicating the successful carbon-carbon
bond formation of biaryl moiety. The alkyl wing of the structure was still connected to the structure
since all the signals’ integration corresponded with all the protons in the structure (Figure 3.14).
13C NMR spectrum in Figure 3.15 had the number of signals corresponding to the number of
carbons in the structure. The peak at 118.6 ppm corresponds to the nitrile functional group and the

peak at 175.7 ppm corresponds to the carbonyl ester functional group [145].
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Figure 2.14: TH NMR for methyl ((2’-cyano-[1, 1’-biphenyl]-4-yl)methyl)-L-valinate (34).
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Figure 2.15: 3C NMR for methyl ((2’-cyano-[1, 1’-biphenyl]-4-yl)methyl)-L-valinate (34).



2.3.4 The synthesis of methyl N-((2’-cyano-[1, 1’-biphenyl]-4-yl)methyl-/N-pentanoyl-L-
valinate (32)
The cross-coupling reaction of 2-cyanophenylboronic acid (36) and methyl N-(4-bromobenzyl)-
N-pentanoyl-D-valinate (37) afforded methyl N-((2’-cyano-[1, 1’-biphenyl]-4-yl)methyl-N-
pentanoyl-L-valinate (32) as a yellow liquid in 11% yield after 24 hours (Scheme 2.11). The low
yield was attributed by the side reactions including the homo-coupling of 2-cyanophenyl boronic
acid (36) to produce compound (55) and the Suzuki-Miyaura cross-coupling reaction of methyl
(4-bromobenzyl)-D-valinate (38) with 2-cyanophenyl boronic acid (36). This indicates that the
acylation reaction did not go to completion perhaps because the pentanoyl chloride (35) could have
been hydrolysed. The challenge with the isolation of the acylated product was its close polarity
with the starting material methyl N-(4-bromobenzyl)-N-pentanoyl-D-valinate (37) which led to
almost equal R values, therefore, making it difficult to purify using a column chromatographic

technique.

CN OH Y
: H\fo Pd(OAC),, PPhg CN O N™ "CO,CHs \/(

Boow + FBr o CN O N”>CO,CH;
N\/COZCH3 THF, K,C03,80°C O + H

2 24 hrs O
36 PN

37

32 (11%) 34

+

Je
Y

55

Scheme 2.11: The Suzuki-Miyaura cross-coupling reaction to produce compound (32).

The acylation reaction of methyl ((2’-cyano-[1, 1’-biphenyl]-4-yl)methyl)-L-valinate (34) with
valeroyl chloride (35) has afforded compound 32 in 86% yields as a yellow liquid after purification
using column chromatographic technique (Scheme 2.12).
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Scheme 2.12: Acylation reaction of compound (32).

The appearance of the nitrile group stretching frequency at 2224 cm, in an IR spectrum, as well
as the presence of two carbonyl stretching frequencies at 1642 cm™ and 1735 cm™ confirmed the
successful synthesis of methyl N-((2°-cyano-[1, 1°-biphenyl]-4-yl)methyl-N-pentanoyl-L-valinate
(32) (Figure 2.16).
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Figure 2. 16: *H NMR spectrum for methyl N-((2’-cyano-[1, 1’-biphenyl]-4-yl)methyl-N-
pentanoyl-L-valinate (32).

Methyl N-((2’-cyano-[1, 1’-biphenyl]-4-yl)methyl-N-pentanoyl-L-valinate (32) was the key
intermediate for the synthesis of valsartan (27). The *H NMR spectrum of the two routes showed

the expected peaks corresponding with the structure (Figure 2.17). *C NMR spectrum for Route
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A was clean and had all the expected peaks especially the highlighted peaks indicate the terminal
methyl group at 13.8 ppm, the methoxy peak at 51.8 ppm and the nitrile peak at 118.7 ppm
indicating the successful acylation reaction Scheme 2.12 (Figure 2.18) [144].

SOP Sk
Shtal ROUTE B
ML O
ROUTE A
MULA MJl_L
.

Figure 2.17: Comparative 'H NMR spectrum for methyl N-((2’-cyano-[1, 1’-biphenyl]-4-
yl)methyl-N-pentanoyl-L-valinate (32) following Route B (top) with impurities from the side

reaction and the cleaner spectrum (bottom) following Route A.
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Figure 2.18: ®C NMR spectrum for methyl N-((2’-cyano-[1, 1’-biphenyl]-4-yl)methyl-N-
pentanoyl-L-valinate (32) showing the presence of the terminal peak at 13.8 ppm, the methoxy

peak at 51.8 ppm and the nitrile peak at 118.7 ppm.

2.3.5 The synthesis of methyl N-((2’-(1H-tetrazol-5-yl)-[1, 1’-biphenyl]-4-yl)methyl)-/V-
pentanoyl-D-valinate (31)

[3 + 2] Cycloaddition reaction of nitrile to afford tetrazole scaffold has shown to be a useful method
since tetrazoles are widely used in medicinal chemistry as bioisosters of carboxylic acids. Having
successfully synthesise compound (30), the next step was the transformation of a nitrile to a
tetrazole. The cyclisation reaction of methyl N-((2’-cyano-[1, 1’-biphenyl]-4-yl)methyl-N-
pentanoyl-L-valinate (32) with sodium azide (33) afforded the desired product (31) with 90% yield
as a yellow liquid (Scheme 2.13).
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Scheme 2.13: Cyclisation of tetrazole reaction.

32 31 (90%)

The *H NMR and 3C NMR spectroscopic techniques were consistent with the structure of the
desired product (31) (Appendix Al.4). The IR spectrum indicate the disappearance of the nitrile

peak at 2224.35 cm™ as it undergoes cycloaddition with sodium azide (33) to produce the tetrazole
ring (Figure 2.19) [144].
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Figure 2.19: IR spectrum for methyl N-((2’-(1H-tetrazol-5-yl)-[1, 1’-biphenyl]-4-yl)methyl)-N-
pentanoyl-D-valinate (31) that proves the successful cyclisation the tetrazole by the absence of the

nitrile peak around 2224 cm™ and the appearance of the NH peak at 3415 cm™ of the tetrazole.

45



2.3.6 The synthesis of N-((2’-(1H-tetrazol-5-yl)-[1, 1’-biphenyl]-4-yl)-/N-pentanoyl-L-valine
(Valsartan) (27)

The hydrolysis of methyl N-((2’-(1H-tetrazol-5-yl)-[1, 1’-biphenyl]-4-yl)methyl)-N-pentanoyl-D-

valinate (31) to produce N-((2’-(1H-tetrazol-5-yl)-[1, 1’-biphenyl]-4-yl)-N-pentanoyl-L-valine

(27) was a success Yyielding the expected carboxylic acid derivative with 95% yield as a yellow

solid (Scheme 2.14).

O o) NaOH, MeOH O O o
O N._-CO,CHg rfx, 3 hrs HN SN N._-CO:H

N=N P N=N N
31 27 (95%)

Scheme 2.14: Base catalysed hydrolysis of ester.

The successful synthesis of valsartan (27) was confirmed with HRMS showing the expected base
peak at 434.2191 in the negative mode (M* - H") corresponding with the calculated molar mass of
434.2148 (Figure 2.20). The disappearance of a singlet methoxy peak around 3.5 ppm on the 'H
NMR spectrum of the desired carboxylic acid product 27 compared to the proton *H NMR of

valsartan ester (31) was evidence of a successful hydrolysis (Figure 2.21) [144].
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Figure 2.21: 'H NMR spectrum for valsartan (27) suggest the successful hydrolysis of the

valsartan ester (31).
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2.4 Valsartan Derivatives

Having successful synthesised valsartan (27), our next focus was to apply the synthetic knowledge
we gathered from the previous section to the preparation of valsartan derivatives. In the synthesis
of valsartan, we have learned that the sequence between cyclisation and the C-C bond forming is
crucial. We have realised that starting with Suzuki-Miyaura cross-coupling reaction followed by
the cyclisation reaction has some advantages such as high yields, cleaner product, easy

purification, and fewer steps.

Reviewing the synthetic methods followed, the biphenyl backbone moiety optimised procedure
was able to accommodate a sensitive amine functional group and the substituted phenylboronic
acid. Therefore, this indicates that this method could accommodate a wide range of functional
groups under mild reaction conditions. The developed method for the synthesis of valsartan (27)
displayed high efficacy and would be industrial viable following Route A with low impurities and
the use of environmentally friendly solvent, water for the [3 + 2] cycloaddition reaction.

The cross-coupling reaction was conducted between synthesised 2-iodobenzonitrile and different

commercially available substituted phenylboronic acids.

2.4.1 The synthesis of [1, 1’-biphenyl]-2-carbonitrile (53)

The cross-coupling reaction of 2-iodobenzonitrile (47) with phenylboronic acid (52) afforded [1,
1’-biphenyl]-2-carbonitrile (53) successfully in 86% yield as a white solid (Scheme 2.15) (Table
2, entry 1).

CN B(OH), CN
| Pd(OAC),/PPhs, K,CO4 O
* THF, 80°C, 24 hrs O

47 52 53 (86%)

Scheme 2.15: Synthesis of compound (53).

The successful preparation titled compound (53) was confirmed using *H NMR and *C NMR
spectra that correspond to the structure. All signals resonate downfield between the aromatic
region range and the integration counts for all nine protons present in the structure (Figure 2.22).
The number of signals on **C NMR corresponded to the number of carbons in the structure (Figure
2.23) [146].

48



Je

WU

S0 795 7S0 785 780 775 770 745 780 756 780 745 740 735 130 735 pem

T T T T
10 9 8 7 6 5 4 3 2 1 0 ppm

ofo|ae
Qr::r‘!
P YT

Figure 2.22: 'H NMR spectrum for [1, 1’-biphenyl]-2-carbonitrile (53).
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Figure 2.23: 3C NMR spectrum for [1, 1°-biphenyl]-2-carbonitrile (53).

2.4.2 The synthesis of 4’-(trifluoromethyl)-[1, 1’-biphenyl]-2-carbonitrile (57)
(4-(Trifluoromethyl)phenyl)boronic acid (56) was reacted with 2-iodobenzonitrile (47) to afford
the titled compound (57) in a yield of 65% (Scheme 2.16).

CN B(OH), CFy
| Pd(PPhs)s, KoCOs CN O
¥ THF, 80°C, 24 hrs O
CF
47 3
57 (65°
56 (65%)

Scheme 2.16: Synthesis of compound (57).

The obtained product (57) was afforded as a white solid and *H NMR and 3C NMR spectra were
in good agreement with the structure (Figure 2.24 & 2.25) [147].
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Figure 2.25: *3C NMR spectrum for 4’-(trifluoromethyl)-[1, 1°-biphenyl]-2-cabonitrile (57).
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Table 2.2: Suzuki-Miyaura cross-coupling of 2-iodobenzonitrile (45) with aryl boronic acids °.

Entry Benzonitrile Boronic acid Product Yield (%)
1 CN B(OH), CN O
|
ST
53
47
2 CN CN CF;
|
©/ /©/ O O 65°
56
47 7
3 CN /©/B(OH)2 CN O
|
Oy C
58
47 59
4 CN N OMe
|
©/ /©/ O ‘ 28P
61
47
5 CN N F
|
o &
63
47
6 CN B(OH), N cl
|
S N
47 65
7 CN B(OH), N Br
|
©/ /©/ O O 792
47 67

4Reaction conditions: 2-iodobenzonitrile (1 eq), nucleophile (1.2 eq), Pd(OAC)2 (5 mol%), PPhs (10 mol%), K2COs (3eq), THF (10
mL). PReaction conditions: 2-iodobenzonitrile (1 eq), nucleophile (1.2 eq), Pd(PPhs)s (5 mol%), K2COs (3eq), toluene (10 mL),
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water (1 mL). All reactions were conducted for 24 hours under an argon or nitrogen atmosphere at 80°C. All yields were isolated

using flash column chromatography.

2.4.3 The synthesis of 2-([1, 1’-biphenyl]-2-yl)acetonitrile (65)

Part of our work was to investigate the influence of the addition of the benzylic carbon between
the phenyl and the nitrile functional group. For this reason, we opted to synthesise benzylated
biphenyl from the coupling reaction of 2-bromophenylacetonitrile and different substituted phenyl
boronic acids. The cross-coupling reaction of compound (68) and phenyl boronic acid (52)
furnished 2-([1, 1’-biphenyl]-2-yl)acetonitrile (69) in moderate 74% yield in 24 hours (Scheme
2.17).

+ L
Br @ Toluene/H 0,
80°C, 24 hrs
68 52 69 (74%)

Scheme 2.17: Synthesis of compound (69).

The formation of the desired coupled product was confirmed using spectroscopic techniques that
were consistent with the structure (69). *H NMR spectrum has proton peaks which integrate eight
protons in the aromatic region and two protons upfield for alkyl protons in the structure (Figure
2.26). The 3C NMR spectrum has the number of signals equal to the number of non-equivalent
carbons in the structure (Figure 2.27) [148].
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Figure 2.27: 13C NMR spectrum for 2-([1, 1°-biphenyl]-2-yl)acetonitrile (69).



2.4.4 The synthesis of 2-(4’-methoxy-[1, 1’-biphenyl]-2-yl)acetonitrile (70)

The preparation of 2-(4’-methoxy-[1, 1’-biphenyl]-2-yl)acetonitrile (70) was successfully
achieved through the cross-coupling reaction of 2-bromophenylacetonitrile (68) with
4-methoxyphenylboronic acid (60) following the optimised reaction condition (Scheme 2.18). The

desired product (70) was produced as a yellow liquid with an excellent yield of 96% in 24 hours.

NC B(OH), Pd(PPhs),, K,CO3 NC O OMe
+
Br Toluene/H 50,
80°C, 24 hrs
OMe
68

70 (96%)

60

Scheme 2.18: Synthesis of compound (70).

The purity and the structure of the product (70) were confirmed using *H NMR and *C NMR
spectra. The *H NMR spectrum showed two different singlets, one resonating at 3.46 ppm
integrating to two protons indicating a methylene proton, and the other singlet resonating at 3.87
ppm integrating to three protons indicating a methoxy group. The other signals resonating between
7.00-7.56 ppm indicates the protons in the aromatic rings and their integration correspond to the
number of protons in the structure (Figure 2.28). The *C NMR spectrum also showed the expected
number of signals that correspond to the structure, especially the methylene, methoxy, and nitrile

signals resonating at 22.1, 55.4, and 118.4 ppm, respectively (Figure 2.29).
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Figure 2.29: 13C NMR spectrum for 2-(4’-methoxy-[1, 1’-biphenyl]-2-yl)acetonitrile (70).
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Table 2.3: Suzuki cross-coupling of 2-bromophenylacetonitrile (68) with arylboronic acids 2

Entry Benzyl nitrile Boronic acid Product Yield (%)
1 NC B(OH), NC
E)/Br [ j O 74
69
68
2 NC OMe
ED/E” /[ j ‘ 92
70
68
3 NC NC CF3
(E(Br O 64
71
68
4 NC NC
ED/BF /©/ 96
72
68
5 NC NC F
E)/Br /[ j g 84
73
68
6 NC NC ! Cl
E)/Br /[ j 55
74
68
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Entry Benzyl nitrile Boronic acid Product Yield (%)

7 NC /©/B(OH)2 NC O Br
Br
Br O 0

66

75
68

8Reaction conditions: (2-bromophenyl)acetonitrile (1 eq.), nucleophile (1.2 eq.), Pd(PPhs)s (5 mol%), K2COs (3 eq.), toluene (10
mL), water (1 mL). All reactions were conducted for 24 hours under an argon or nitrogen atmosphere at 80°C. All yields were
isolated using flash column chromatography.

2.5 Cyclisation Reaction of Biaryls

Now that we have managed to synthesise the library of both benzonitriles and benzylic nitriles in
moderate to excellent yields, our next step was to perform a cyclisation of our nitriles with sodium
azides to form tetrazole. It is worth noticing the high yields that were obtained from the optimised
Suzuki-Miyaura cross-coupling reactions that also accommodated the ortho-benzylic nitrile. Since
a tetrazole pharmacophore is important in novel drug discovery it has the capacity to interact via

noncovalent interaction with biological targets and it is a bioisoster of carboxylic acid [120].

2.5.1 The synthesis of 5-([1, 1’-biphenyl]-2-yl)-1H-tetrazole (76)
The preparation of 5-([1, 1’-biphenyl]-2-yl)-1H-tetrazole (76) was achieved by reacting [1, 1°-
biphenyl]-2-carbonitrile (53) with sodium azide (33) for 20 hours to afford. The titled compound
(72) was produced as a white solid with a 33% yield (Scheme 2.19).

N=N
HN__N

CN O NaNs, ZnBr,, NH,CI O
O H,O/DMF, 100°C O
20 hrs

53 76 (33%)

Scheme 2.19: Synthesis of compound (76).

The *H NMR spectrum of the desired product (76) confirmed the structure of the product, showing
the signals resonating in the aromatic region and they integrate for eight protons that are in the
structure (Figure 2.30). To confirm a conversion of a nitrile functional group to a tetrazole was

illustrated by the disappearance of the nitrile peak at 3C NMR spectrum (Figure 2.31) [149].
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Figure 2.30: *H NMR spectrum for 5-([1, 1°-biphenyl]-2-yl)-1H-tetrazole (76).
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Figure 2.31: 13C NMR spectrum for 5-([1, 1°-biphenyl]-2-yl)-1H-tetrazole (76).
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2.5.2 The synthesis of 5-(bromobenzyl)-1H-tetrazole (77)
Utilising the model procedure discovered in Scheme 2.4, it was worth practising whether it will
be applicable for the benzylic nitriles. Indeed, the synthesis of 5-(bromobenzyl)-1H-tetrazole (77)
was achieved through the cyclisation of 2-bromophenylacetonitrile (68) with sodium azide (33)
under reflux in water for 20 hours (Scheme 2.20).

N-N

NC NaNs, ZnBr,, NH,CI N,

N
Br H
H,0, 100°C, 20 hrs

Br

68 77 (42%)

Scheme 2.20: Synthesis of compound (77).

The successful synthesis of the compound (77) was confirmed using *H NMR and *C NMR
spectroscopic techniques that corresponded to the structure (Appendix A1.16) [150]. The X-ray
structure also confirmed that the desired product was obtained (Figure 2.32).

Figure 2.32: X-ray structure for 5-(bromobenzyl)-1H-tetrazole (77).
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2.5.3 The synthesis of 5-((4’-methyl-[1, 1’-biphenyl]-2-yl)methyl)-1H-tetrazole (78)
5-((4’-Methyl-[1, 1’-Biphenyl]-2-yl)methyl)-1H-tetrazole (78) was prepared in an isolated yield
of 14% as white solid from the reaction of 2-(4’-methyl-[1, 1’-biphenyl]-2-yl)acetonitrile (72) and
sodium azide (33) (Scheme 2.21).

N-N

NC O NaN, ZnBr,, NH,CI N
- N
H
O H,O/DMF, 100°C ‘
20 hrs O

72

78 (14%)

Scheme 2.21: Synthesis of compound (78).

The desired product (78) was achieved following the structural elucidation of *H NMR and *C

NMR spectra showing expected peaks that corresponded to the structure (Figure 2.33 & 2.34).

R IR o] o -
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Figure 2.33: *H NMR for 5-((4’-methyl[1, 1’-biphenyl]-2-yl)methyl)-1H-tetrazole (78).
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Figure 2.34: 13C NMR for 5-((4’-methyl[1, 1’-biphenyl]-2-yl)methyl)-1H-tetrazole (78).

2.5.4 The synthesis of 5-((4’-fluoro-[1, 1’-biphenyl]-2-yl)methyl)-1H-tetrazole (79)

The titled compound (79) was synthesised in 29% yield as a white solid from the cyclisation of
2-(4’-fluoro-[ 1, 1°-biphenyl]-2-yl)acetonitrile (73) with sodium azide (33) following the procedure
below (Scheme 2.22).

N-N
NC F Nl' \
NaNs, ZnBr,, NH,CI " F
Y1 Q)
O H,O/DMF, 100°C
20 hrs

73

79 (29%)

Scheme 2.22: Synthesis of compound (79).

The structural elucidation of the furnished compound (79) was done and the signals in *H NMR
and *C NMR spectra corresponded to the structure (Appendix A1.18). The HRMS of the product
showed the molecular peak [M™ - H*] resonating at m/z 253.0892 which agrees with the calculated
m/z value for C14H10N4F of 253.26 (Figure 2.35).
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Figure 2. 35: HRMS for 5-((4’-fluoro-[1, 1’-biphenyl]-2-yl)methyl)-1H-tetrazole (79).

63



Yield (%)

Product

Organic nitrile

Table 2.4: Cyclisation of the nitrile with sodium azide (33) @.

Entry

33

15

24

21

42

56
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65

Yield (%)
21
14
59
16
17
29

Product

Organic nitrile

Entry
7
8
9
10
11
12




Entry

Organic nitrile

Product

Yield (%)

13

NC Cl ,N\N
O ND |

N

P :

!CI

74 O
89

15

8Reaction conditions: nitrile (1 eq.), NaNs (1 eq.), ZnBr2 (2 eq.), NH4ClI (1 eq.), water (10 mL), DMF (1 mL). All reactions were

heated at 100°C for 20 hours and the yields were isolated using the flash column chromatography.

66



Chapter 3

3.1Results of Biological Studies

After the successful synthesis of ortho-substituted phenyl tetrazoles displayed in Figure 3.1, they
were submitted for protein-protein interaction (PPI) inhibition evaluation of HOP-HSP90 at
Rhodes University in collaboration with Prof. Adriene Atkins. It has been mentioned in Chapter
1 that the PPI is a promising drug target; however, the challenge is finding new PPI inhibitors.
Vaaltyn and co-workers [108] reported the potential of targeting the HOP-HSP90 PPI using ortho-
substituted biphenyl tetrazoles as an inhibitor that interacted with the TPR2A domain of HOP,
inhibiting PPI. From the suggestion that was observed from the structural overlap of the fragments
that they investigated, losartan (26) and valsartan (27) showed PPI inhibition activity. Drawing
information from Vaaltyn’s study, we hypothesised that valsartan derivatives would inhibit the
PPI of HOP-HSP90.

27 - Valsartan 78 R’ =CHs
76 R=H 79 R’=F

80 R =CHs 86 R’=H

81 R=CF; 87 R’ =CF3
82 R =0OCHjs 88 R’ =O0CHj3
83 R=F 89 R’ =Cl

84 R=ClI

85 R=Br

Figure 3.1: Synthesised and assayed compounds.

3.1.1 TPR2A and HSP90 CTD Solid phase binding PPI

Significantly, some of the assayed compounds displayed weak inhibitory PPl dose-dependent
activity including 76, 80, 82, 83 and 84 (Figure 3.2), where the electron-donating R-group (OCHs
and CHj3) showed the highest activity compared to the electron-withdrawing group (Cl and F). The
predictions of Vaaltyn and co-workers [108] about the fragments that would bound to the TPR2A
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domain from studying MEEVD structure did not correlate especially the six-membered ring
fragments since the MEEVD contains long glutamic acid chains residues and no aromatics.
However, the features that they noted from their active fragments had aromatic moiety, mostly
being a six-membered aromatic ring being either directly bonded through a benzylic carbon or to
a tetrazole ring. In addition, ortho-substituents to the tetrazoles either halogen or an aromatic ring
fragment were part of the active fragments. With the mentioned structural features from the
literature, this project reports the active fragments that had the same features. Even though the
aromatic ring was predicted not to be active, the above-mentioned authors suggested that the
TPR2A aromatic residues including the hydrophobic Val4 binding site, two tyrosine residues
(Tyr236 and Tyr248) whereas a third aromatic residue (Phe270) is positioned next to the Glu2
binding region interact with the aromatic fragments, hence facilitating the formation of the salt
bridge.

From the results in Figure 3.2 the addition of benzylic carbon to the tetrazole did not improve the
activity even at a high concentration of 2 mM as Vaaltyn et al. [108] suggested. In his results, the
halogen ortho-substituted to the benzylic position agreed with this prediction, but our fragments
had a bulky ortho-substituted six-membered ring to the benzylic position imposing hindrance.
Together these data suggest that the synthesised valsartan derivatives with a benzylic carbon
tetrazole (78, 79, 86, 87, 88 and 89) were not inhibiting HOP-HSP90 PPI but they showed PPI
stabiliser activity since they displayed higher PPI formation. This might be due to allosteric
regulation by stabilizing the protein bound structure or by increasing PPI indirectly [151]. Since
valsartan (27) showed higher PPI inhibitory activity compared to its derivatives presented in this
report, the effect was induced by the R-group that contained a straight chain similarly to glutamic
acids chains that are featured in the MEEVD region.
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Figure 3.2: CTD Solid phase binding PPI assay, between the HPS90 C-terminal domain and HOP
TPR2A domain in the presence of synthesised compounds. Compound 76, 80, 82, 83 and 84
showed significant PPI inhibitory activity. * p <.05, ** p<.01, *** p<.001, **** p<.0001.
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Chapter 4

Conclusion

The discovery of the PPI’s potential to be a drug target has opened a new era in drug discovery
that seems promising, with valsartan (27) being one of the hit compounds that were previously
reported [108]. The challenges that were reported with drugging PPl are the unfavourable
characteristics in the protein-protein interface of multiprotein assemblies resulting in difficulties
in the development of the inhibitors [77]. Therefore, we envisioned the addition of benzyl tetrazole
while varying the ortho-phenyl substrate would improve the PPI inhibitory activity using FBDD
techniques (Figure 2.1).

This study has successfully synthesised valsartan (27) and its analogues as hit compounds for
HOP-HSP90 PPI inhibition for the treatment of TNBC using developed methods and well-
modified procedures. Since the Suzuki-Miyaura cross-coupling reaction and [3 + 2] cycloaddition
reaction were the main backbone reactions, functional group conversion was done to obtain a
nitrile group for the cycloaddition reaction. Valsartan (27) synthesis had challenges with the
purification of the intermediates, with two routes in hand in Scheme 2.1. Route A was shown to
be superior as the cross-coupling reaction was done before acylation; this reduced the number of
spots that had the same R value to be isolated, therefore, better purification. The modified
procedure for the synthesis of valsartan (27) brought a powerful shift in industrial application since
it applied a mild Suzuki-Miyaura cross-coupling reaction for the synthesis of biphenyl moiety that

accommodated sensitive functional groups.

Following the optimised methodologies as shown in Chapter 2, 13 valsartan analogues were
synthesised and assayed for HOP-HSP90 PPI inhibition. The hypothesis was for these fragments
to bind to the TPR2A domain of HOP, therefore inhibiting the interaction with the MEEVD
C-terminal of HSP90. The findings were consistent with the hypothesis, ortho-biphenyl tetrazole
fragments showed dose-dependent PPI inhibitory activity, namely, compound 76, 80, 82, 83 and
84. However, none of the fragments had higher PPI activity above valsartan (27). Upon the
introduction of benzylic tetrazole to our fragments, no PPI activity was observed, hence, higher
PPI formation indicating that these fragments had high PPI stabiliser ability at high concentration.

This study highlights the development of novel active fragments for the treatment of TNBC by
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targeting one of the difficult drug targets, PPI. Further extensive structure-activity relationship
(SAR) investigation is required and to further optimise the active fragments to increase their
efficacy. We can conclude that the ortho-biphenyl tetrazole fragments displayed promising activity
against the HOP-HSP90 PPI inhibition for new TNBC therapies and this study report their

synthetic method that accommodate a wide range of functional groups.
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Chapter 5

Experimental

5.1 General Experimental Procedures.

5.1.1 Chemical and instrumental
All reactions were carried out in oven-dried glassware with a magnetic stirrer bar on a hot plate.
All reagents (including solvents) purchased from Sigma Aldrich and Honeywell were used without
further purification. Moisture-sensitive reactions were carried out in dry solvents under a nitrogen
or argon atmosphere. All products were confirmed with *H NMR (400 MHz) and **C NMR (100
MHz) spectra recorded on Bruker Avance 111 400 MHz (9.4 T) using a normal NMR tube in
deuterated solvent and are reported in part per million downfield from tetramethylsilane (TSM) as
an internal standard. High-resolution mass spectrometry (HRMS) was used to determine the
molecular mass of the products in a negative mode, obtained on a Waters Acquits LCT premier
(TOF) mass-spectrometer and reported in m/z. Infrared spectra were recorded on Bruker Alpha Il
FTIR Base Spectrometer using Platinum ATR diamond 1 Bounce. Column chromatography was
carried out using Fluka silica gel 60 cat No.70-230 mesh (0.063-0.2 mm) to purify products. Thin
layer chromatography (TLC) was performed on aluminium-supported silica gel 60 TLC plates,

coated with fluorescent indicator F254 and visualised under an ultraviolet (UV) light.

5.1.2 Protein expression and purification

E. coli BL21(DE3) cells were transformed with the pGEX-3X-1400 plasmid containing the coding
region for the TPR2AB region (residues 208-543) from murine HOP (which shares 98% amino
acid sequence identity with human HOP) [152, 153]. The production of GST-TPR2AB protein was
induced by the addition of 1 mM isopropylthio-p-galactoside (IPTG) for 3 hours at 37°C and GST-
TPR2AB purified by native GSHaffinity chromatography [154]. The GST tag was removed to
yield the untagged TPR2AB domain using the Factor Xa Cleavage Capture Kit (Merck Millipore)
according to the manufacturer’s instructions. The stages of protein purification and proteolytic
cleavage of the GST tag were monitored by SDS-PAGE and Western blot analysis [154]. The
average yield of TPR2AB was 0.70 + 0.05 mg/L.
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5.1.3 X-ray crystallography
X-ray diffraction data were recorded on a Bruker Apex Duo diffractometer equipped with an
Oxford Instruments Cryojet operating at 100 (2) K and an Incoatec microsource operating at 30 W
power. The data were collected with Cu Ka (A = 1.54184 A) radiation at a crystal-to-detector
distance of 50 mm using omega and phi scans with exposures taken at 30 W X-ray power and
0.50° frame widths using APEX4 [155].

The data were reduced with the programme SAINT [155] using outlier rejection, scan speed
scaling, and standard Lorentz and polarisation correction factors. A SADABS semi-empirical
multi-scan absorption correction [155] was applied to the data. Intrinsic Phasing methods
SHELXT-2014 [156] and Olex2-1.5 [157] were used to solve the structures. All non-hydrogen
atoms in each of the structures were located in the difference density map and refined
anisotropically with SHELXL-2014 [156]. All hydrogen atoms in each of the structures were
included as idealised contributors in the least-squares process with standard SHELXL-2014
[156] parameters. All diagrams were rendered using Mercury 2023.2.0. The final ligand structure
was validated using an IUCR checkcif.

Table 5.1: Crystal data for compound 77.

Crystal Data

Chemical formula CgH7BIN4

Formula weight 239.09

Crystal system Orthorhombic

Space group Pbca

Temperature (K) 100 (02)

Unit cell dimension

a(A) 4.89670(10)

b (A) 13.5160(4)

c (A) 26.7090(7)

a (A) 90

B(A) 90

7 (A) 90

Crystal size (mm) 0.225 x 0.105 x 0.035
V (AY) 1767.70 (8)

Z 8

Radiation type Cu Ka

1 (mm™) 5.981

Data collection

Diffractometer Bruker APEX-I1 Duo
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Absorption correction Multi-scan SADABS, Bruker
2010

Refinement

Rint 0.0488

No. of reflections 1666

No. of parameters 122

No. of restraints 0

Final R indices, [1>26>(1)] R1=0.0285
WR2 = 0.0648

5.2 Synthesis of Amide

5.2.1 Synthesis of 2-iodobenzamide (46)
| O

©)‘\NH2

2-lodobenzamide (46): In an oven-dried 100 mL round-bottomed flask, SOCI> (12.3 mmol) was
added in 2-iodobenzoic acid (45) (8.81 mmol) dissolved in dry THF (20 mL). The mixture was
heated to 50°C for 1 hour then cooled to room temperature then to 0°C. The cooled mixture was
added to ice cooled NH4OH (10 mL, 25%) and then stirred for 5 minutes at 0°C. Extraction was
done using chloroform (75 mL X 3), the organic layer was dried with anhydrous magnesium
sulphate and then concentrated under a vacuum. The crude was soaked in hexane and then filtered
to obtain a pure product [137]. The compound was afforded as a white solid (76%). *H NMR (400
MHz, CDCl3) & ppm: 7.10-7.14 (m, 1H), 7.37-7.41 (m, 1H), 7.47-7.49 (dd, J = 7.64, 1.33 Hz, 1H),
7.88-7.90 (d, J =8.02 Hz, 1H).

5.3 Synthesis of Nitriles

5.3.1 General procedure A

In an oven-dried 50 mL round-bottomed flask with a magnetic stirrer bar POCl3z (2 mmol) was
added to dry DMF (8 mmol) then the mixture turned yellow under anhydrous condition. An amide
(2 mmol) was dissolved in DMF (1 mL) then the mixture was added dropwise with a syringe in
the flask at 0°C and kept at this temperature stirred for 20 hours. The solution was quenched with
ice then liquid extraction was done using dichloromethane (50 mL x 3), dried with magnesium
sulphate, and dried over a vacuum. Column chromatography was used to obtain a pure product
using hexane (90%): ethyl acetate (10%) [118].
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5.3.2 Synthesis of benzonitrile (42)
CN

O

Benzonitrile (42): Following the general procedure A, the compound 42 was produced as a white
liquid (77%). 'H NMR (400 MHz, CDCl3) 6 ppm: 7.46-7.50 (t, J = 7.48 Hz, 2H), 7.60-7.64 (tt,
1H), 8.12-8.15 (dd, J = 8.45, 1.35 Hz, 2H). *C NMR (100 MHz, CDCls) & ppm: 112.4, 118.8,
129.1, 132.1, 132.8. IR (vmax cm™): 1447, 1490, 2228, 3064.

5.3.3 Synthesis of 2-iodobenzonitrile (47)
CN

2-lodobenzonitrile (47): Following the general procedure A, the compound 47 was synthesised
as a cream solid (93%). 'H NMR (400 MHz, CDCls) & ppm: 7.26-7.30 (td, J = 7.80, 1.64 Hz, 1H),
7.43-7.47 (td, J = 7.62, 1.03 Hz, 1H), 7.59-7.62 (dd, J = 7.77, 1.57 Hz, 1H), 7.91-7.93 (dd, J =
8.06, 0.77 Hz, 1H). 3C NMR (100 MHz, CDCls) § ppm: 98.3, 119.3, 120.7, 128.3, 133.6, 134.2,
139.5.

5.4Synthesis of Valsartan
5.4.1 Synthesis of methyl(4-bromobenzyl)-L-valinate (38)

H
Br

Methyl(4-bromobenzyl)-L-valinate (38): 1-Bromo-4-(bromomethyl)benzene (40) (1 mmol), L-
valine methyl ester hydrochloride (39) (1 mmol), potassium carbonate (3 mmol) and DMF (5 mL)
were added in a 100 mL round-bottomed flask with a magnetic stirrer bar, a rubber septum and the
mixture was stirred at 80°C for 3 hours. The residue was extracted with ethyl acetate and washed
with ice-cooled water (50 mL x 2) and the organic layer was washed with brine, dried with

magnesium sulphate then concentrated. The crude was purified with flash column chromatography
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using hexane (90%): ethyl acetate (10%) and R¢ value = 0.36, colourless liquid was obtained with
93% yield. *H NMR (400 MHz, CDCls) 6 ppm: 0.89-0.93 (t, 6H), 1.81-1.94 (m, 1H), 2.94-2.96
(d, J = 6.91 Hz, 1H), 3.47-3.51 (d, J = 13.86 Hz, 1H), 3.69 (s, 3H), 3.74-3.77 (d, J = 13.39 Hz,
1H), 7.18-7.20 (d, J = 8.25 Hz, 2H), 7.38-7.40 (d, J = 8.25 Hz, 2H). 13C NMR (100 MHz, CDCls)
o ppm: 18.5,19.3,31.6,51.2, 51.7, 66.3, 120.6, 129.8, 131.2, 139.1, 175.3.

5.4.2 Synthesis of methyl N-(4-bromobenzyl)-N-pentanoyl-L-valinate (37)

(0] Br
H3C02(31Nv©/

Methyl N-(4-bromobenzyl)-N-pentanoyl-L-valinate (37): methyl(4-bromobenzyl)-L-valinate
(38) (0.9291 mmol) was dissolved in dichloromethane (20 mL) as triethylamine (1.9 mmol) was
added dropwise at 0°C in a 100 mL round-bottomed flask with a stirrer bar. As the mixture was
stirred, valeryl chloride (35) (0.9291 mmol) was added then the mixture was stirred at 25°C for 16
hours. The residue was washed with water (50 mL x 2), dried with magnesium sulphate then
concentrated. Flash-column chromatography was used to purify the product using hexane (90%):
ethyl acetate (10%) and the Rs value = 0.4, the yellow liquid was obtained with a 73% yield. *H
NMR (400 MHz, CDCl3) & ppm: 0.78-0.88 (m, 9H), 0.99-1.09 (tt, 1H), 1.17-1.29 (m, 2H), 1.43-
1.53 (m, 1H), 1.80-1.85 (m, 1H), 2.18-2.31 (tt, 1H), 2.89-2.90 (d, J = 6.18 Hz, 1H), 3.20-3.30 (m,
1H), 3.42-3.45 (d, J = 13.80 Hz, 1H), 3.61 (s, 3H), 3.67-3.71 (d, J = 13.32 Hz, 1H), 7.11-7.13 (d,
J =7.45 Hz, 2H), 7.30-7.32 (d, J = 8.45 Hz, 2H). 13C NMR (100 MHz, CDCls3) & ppm: 13.7 (d),
18.7,19.1,19.7,22.2,22.8,25.8,31.4,51.2, 51.5, 66.2, 120.5, 129.8, 131.1, 138.8, 175.2. IR (Vmax
cm™): 1195, 1487, 1651, 1732, 2959.

5.4.3 Synthesis of methyl ((2’-cyano-[1, 1’-biphenyl]-4-yl)methyl)-L-valinate

(34)
CN O ”Icoch3
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Methyl ((2’-cyano-[1, 1’-biphenyl]-4-yl)methyl)-L-valinate (34): Following Procedure C,
compound 34 was produced as a colourless liquid in 26% yield from the cross-coupling of 2-
cyanophenylboronic acid (36) with methyl (4-bromobenzyl)-D-valinate (38). *H NMR (400 MHz,
CDCl3) 6 ppm: 0.95-0.98 (d, J = 6.59 Hz, 6H), 1.92-197 (m, 1H), 3.05-3.07 (d, J = 5.91 Hz, 1H),
3.64-3.67 (d, J = 13.36 Hz, 1H), 3.73 (s, 3H), 3.88-3.91 (d, J = 13.36 Hz, 1H), 7.39-7.43 (td, J =
7.62, 0.88 Hz, 1H), 7.45-7.52 (m, 5H), 7.60-7.64 (td, J = 7.73, 1.10 Hz, 1H), 7.73-7.75 (dd, J =
7.79, 0.69 Hz, 1H). 3C NMR (100 MHz, CDCl3) & ppm: 18.7, 19.4, 31.8, 51.5, 52.2, 66.8, 111.3,
118.8, 127.5, 128.6, 128.7, 130.1, 133.8, 136.9, 140.8, 145.4, 175.7.

5.4.4 Synthesis of methyl N-((2’-cyano-[1, 1’-biphenyl]-4-yl)methyl)-N-
pentanoyl-L-valinate (32)

Methyl N-((2’-cyano-[1, 1’-biphenyl]-4-yl)methyl)-N-pentanoyl-L-valinate (32): Following
general procedure B, methyl N-(4-bromobenzyl)-N-pentanoyl-L-valinate (37) (0.6784 mmol) and
2-cyanophenyl boronic acid (36) (0.8141 mmol) was reacted with the rest of the regents mentioned
in the general procedure B. Rf value = 0.3, hexane (80%): ethyl acetate (20%). A yellow liquid
was produced with a yield of 11%. Following a different method to afford compound 32 in 86%
yield, methyl ((2’-cyano-[1, 1’-biphenyl]-4-yl)methyl)-L-valinate (34) was dissolved in
dichloromethane (20 mL) and triethylamine (1.9 mmol) was added dropwise at 0°C in a 100 mL
round-bottomed flask with a stirrer bar. As the mixture was stirred, valeryl chloride (35) (0.9291
mmol) was added then the mixture was stirred at 25°C for 16 hours. The residue was washed with
water (50 mL x 2), dried with magnesium sulphate then concentrated and flash-column
chromatography was used to purify the product using hexane (90%): ethyl acetate (10%). *H NMR
(400 MHz, CDCl3) & ppm: 0.85-0.93 (m, 6H), 0.97-0.99 (m, 3H), 1.25-1.43 (m, 2H), 1.57-1.74
(m, 2H), 2.28-2.37 (m, 3H), 3.36 (s, 3H), 4.05-4.08 (d, J = 10.72 Hz, 0.4H), 4.25-4.28 (d, J = 15.66
Hz, 0.4H), 4.69 (s, 1H), 4.94-4.97 (d, J = 10.26 Hz, 0.5H), 5.05-5.09 (m, 0.5H), 7.28-7.31 (m, 2H),
7.40-7.54 (m, 4H), 7.61-7.63 (d, J = 8.54 Hz, 1H), 7.71-7.75 (m, 1H). 3C NMR (100 MHz, CDCls)
o ppm: 13.8, 13.9, 14.0, 18.8, 20.0, 22.0, 22.5, 22.6, 27.5, 27.6, 27.9, 33.4, 45.4, 48.2, 51.8, 52.1,
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53.5,61.8,65.9,111.4, 118.6, 126.4, 127.5, 127.7, 128.0, 128.6, 129.1, 130.0, 132.9, 133.9, 136.7,
137.3, 138.9, 141.7, 144.9, 145.4, 170.3, 171.2, 174.4, 174.7. IR (vmax cm%): 1239, 1435, 1642,
1735, 2224, 2959.

5.4.5 Synthesis of methyl N-((2°-(1H-tetrazol-5-yl)-[1, 1’-biphenyl]-4-
yl)methyl)-N-pentanoyl-L-valinate (31)

Methyl N-((2¢-(1H-tetrazol-5-yl)-[1, 1’-biphenyl]-4-yl)methyl)-N-pentanoyl-L-valinate (31):
Following the general procedure D, methyl N-((2’-cyano-[1, 1’-biphenyl]-4-yl)methyl)-N-
pentanoyl-L-valinate (32) (0.07894 mmol) was reacted affording a yellow liquid with 90 % yield.
'H NMR (400 MHz, DMSO/MeOD) § ppm: 0.67-0.88 (m, 10H), 1.09-1.21 (m, 2H), 1.25-1.30
(m, 1H), 1.36-1.54 (m, 2H), 2.07-2.31 (m, 2H), 3.31 (s, 3H), 3.56 (s, 0.5H), 4.54-4.63 (m, 1H),
4.69-4.74 (d, J = 18.07 Hz, 0.5H), 4.84-4.97 (m, 0.5H), 7.14-7.16 (d, J = 8.80 Hz, 1H), 7.23-7.25
(d, J =8.06 Hz, 1H), 7.35-7.37 (d, J = 8.80 Hz, 1H), 7.43-7.50 (m, 3H), 7.66-7.69 (m, 1H), 7.76-
7.79 (m, 1H). 13C NMR (100 MHz, DMSO/MeOD) & ppm: 13.7, 18.4, 19.9, 22.0, 27.2, 32.7, 51.6,
51.8,62.2,65.2,110.5,118.8, 126.6, 127.4, 128.4, 128.5, 129.0, 130.2, 131.5, 133.7, 133.9, 136.9,
138.6, 170.4, 170.8, 174.3. IR (vmax cm™): 1087, 1459, 1629, 2852, 2921, 3415.

5.4.6 Synthesis of N-((2°(1H-tetrazol-5-yl)-[1, 1’-biphenyl]-4-yl)methyl)-/V-
pentanoyl-L-valine (27)

N-((2’(1H-tetrazol-5-yl)-[1, 1’-biphenyl]-4-yl)methyl)-N-pentanoyl-L-valine (27): To a
solution of compound 31 (0.07103 mmol) in methanol (5 mL), sodium hydroxide (1 M, 0.5 mL)

was added in the round-bottomed flask then stirred under reflux for 21 hours. After cooling the
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mixture, hydrochloric acid (3 M) was added dropwise until the pH was 4 then the agueous solution
was washed with ethyl acetate (30 mL x 3) and then concentrated under vacuum after drying with
anhydrous magnesium sulphate. The pure desired product was obtained by recrystallisation using
ethyl acetate affording a yellow solid with a 95% yield. *H NMR (400 MHz, CDCls/MeOD) §
ppm: 0.73-0.99 (m, 9H), 1.16-1.23 (m, 1H), 1.33-1.39 (m, 1H), 1.51-1.65 (m, 1H), 2.07-2.29 (m,
2H), 2.49-2.64 (m, 0.6H), 3.93-3.96 (m, 0.7H), 4.52-4.65 (m, 1H), 4.83-4.92 (m, 0.7H), 5.05-5.11
(m, 0.6H), 7.35-7.50 (m, 6H), 7.60-7.66 (m, 1H), 7.70-7.75 (m, 1H). 3C NMR (100 MHz,
CDClI3/MeOD) 6 ppm: 13.3, 18.9, 19.1, 19.2, 19.8, 22.2, 22.4, 22.8, 27.3, 27.4, 27.9, 28.5, 33.5,
33.9,65.9,67.0,126.7,127.6, 127.9, 128.2, 128.7, 128.9, 130.0, 133.1, 133.5, 133.6, 136.0, 136.9,
137.7, 138.9, 140.1, 156.9, 175.6, 176.3, 176.7. HR-ESI-(-)-MS, m/z: 434.2192 (calculated for
CasH2sN503, 434.2148).

5.5Synthesis of Biaryls

5.5.1 General procedure B
In an oven-dried round-bottomed flask with a magnetic stirrer bar, iodo/bromobenzene (1 mmol),
phenylboronic acid (1.2 mmol), potassium carbonate (3 mmol), palladium acetate (5 mol%),
triphenylphosphate (10 mol%) were added. A condenser was placed with a rubber septum and then
closed tight with a teflon and parafilm. The contents of the flask were kept under nitrogen then dry
tetrahydrofuran (5 mL) was added then stirred at 80°C. After 24 hours, the residue was
concentrated, and dichloromethane (0.3 mL) was added to dissolve the concentrate to be purified
using flash-column chromatography using hexane (80%): ethyl acetate (20%) to afford a desired

product.

5.5.2 General procedure C
In an oven-dried round-bottomed flask with a magnetic stirrer bar, 2-iodobenzonitrile (47) (1
mmol), boronic acid (1.2 mmol), potassium carbonate (3 mmol), Pd(PPhs)4 (5 mol%) were added.
A condenser was placed with a rubber septum and then closed tight with a teflon and parafilm.
The contents of the flask were kept under nitrogen then toluene (4 mL) and water (0.5 mL) were
added and then stirred at 80°C. After 24 hours, the residue was concentrated, and dichloromethane
(0.3 mL) was added to dissolve the concentrate to be purified using flash-column chromatography

using hexane (80%): and ethyl acetate (20%) to obtain the desired product.
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5.5.3 Synthesis of 4’-chloro-[1, 1’-biphenyl]-2-carbonitrile (65)

Cl
Je

4’-Chloro-[1, 1’-biphenyl]-2-carbonitrile (65): Following the general procedure B, the
compound 65 was successfully synthesised to afford a white solid in 44% yield. *H NMR (400
MHz, CDCl3) & ppm: 7.43-7.50 (m, 6H), 7.62-7.67 (td, J = 1.30, 7.71 Hz, 1H), 7.75-7.77 (dd, J =
7.79, 0.87 Hz, 1H). 1*3C NMR (100 MHz, CDCl3) 8 ppm: 111.2, 118.4, 127.9, 129.0, 129.9, 130.0,
132.9, 133.8, 135.0, 136.5, 144.2.

5.5.4 Synthesis of 4’-methyl[1, 1’-biphenyl]-2-carbonitrile (59)

L

4’-Methyl[1, 1’-biphenyl]-2-carbonitrile (59): Following the general procedure B, the
compound 59 was produced as a white solid (81%). 'H NMR (400 MHz, CDCls) & ppm: 2.43 (s,
3H), 7.30-7.32 (d, J = 7.87 Hz, 2H), 7.39-7.43 (td, J = 7.63, 1.11 Hz, 1H), 7.46-7.48 (d, J = 8.02
Hz, 2H), 7.49-7.51 (d, J = 7.88 Hz, 1H), 7.59-7.66 (td, J = 7.63, 1.25 Hz, 1H), 7.73-7.76 (m, 1H).
13C NMR (100 MHz, CDCl3) & ppm: 21.2, 111.2, 118.9, 127.3, 128.3, 129.4, 130.0, 132.8, 133.7,
135.3, 138.7, 145.5.

5.5.5 Synthesis of [1, 1’-biphenyl]-2-carbonitrile (53)

Je

[1, 1’-Biphenyl]-2-carbonitrile (53): Following the general procedure B, [158] compound 53 was
afforded as white solid yielding 86%. 'H NMR (400 MHz, CDCI3): § ppm: 7.42-7.53 (m, 5H),
7.56-7.59 (m, 2H), 7.62-7.66 (m, 1H), 7.75-7.78 (dd, J = 7.70, 0.64 Hz, 1H). 13C NMR (100 MHz,
CDClz) 6 ppm: 111.3, 118.7, 127.6, 128.7, 128.7, 130.1, 132.8, 133.7, 138.2, 145.5.
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5.5.6 Synthesis of 4’-bromo-[1, 1’-biphenyl]-2-carbonitrile (67).

Br
™

4’-Bromo-[1, 1’-biphenyl]-2-carbonitrile (67): Following the general procedure B, the
compound 67 was afforded as white solid (79%). *H NMR (400 MHz, CDCI3) § ppm: 7.42-7.44
(d, J = 8.40 Hz, 2H), 7.46-7.49 (m, 2H), 7.61-7.67 (m, 3H), 7.75-7.77 (s, J = 7.74 Hz, 1H). 13C
NMR (100 MHz, CDCIs3) & ppm: 111.2, 118.4, 123.3, 127.9, 129.8, 130.3, 131.9, 132.9, 133.8,
137.0, 144.2.

5.5.7 Synthesis of 4’-fluoro-[1, 1’-biphenyl]-2-carbonitrile (63)

F
g

4’-Fluoro-[1, 1’-biphenyl]-2-carbonitrile (63): Following the general procedure C, 73% yield of
the compound 63 was afforded as a white solid. *H NMR (400 MHz, CDCI3) & ppm: 7.15-7.19
(m, 2H), 7.41-7.48 (m, 2H), 7.51-7.54 (m, 2H), 7.61-7.65 (m, 1H), 7.73-7.76 (dd, J = 7.72, 0.90
Hz, 1H). 13C NMR (100 MHz, CDCl3) & ppm: 111.2, 115.6, 115.9, 118.6, 127.7, 130.0, 130.5,
130.6, 132.9, 133.7, 144.4, 161.8, 164.3.

5.5.8 Synthesis of 4’4-methoxy-[1, 1’-biphenyl]-2-carbonitrile (61)

oM

4’4-Methoxy-[1, 1’-biphenyl]-2-carbonitrile (61): Following the general procedure C, the
compound 61 was afforded as white solid (28%). *H NMR (400 MHz, CDCls) & ppm: 3.86 (s,
3H), 7.01-7.03 (d, J = 8.89 Hz, 2H), 7.73-7.40 (m, 1H), 7.47-7.52 (m, 3H), 7.58-7.62 (m, 1H),
7.72-7.74 (d, J = 7.49 Hz, 1H). *C NMR (100 MHz, CDCl3) § ppm: 55.3, 111.0, 114.2, 118.9,
127.0, 129.9, 130.0, 130.5, 132.8, 133.7, 145.2, 160.1.
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5.5.9 Synthesis of 4’-(trifluoromethyl)-[1, 1’-biphenyl]-2-carbonitrile (57)

CF

4’-(Trifluoromethyl)-[1, 1’-biphenyl]-2-carbonitrile (57): Following the general procedure C,
the compound 57 was synthesised as a white solid (65%). *H NMR (400 MHz, CDCI3) § ppm:
7.48-7.53 (m, 2H), 7.67-7.71 (m, 3H), 7.74-7.80 (m, 3H). 13C NMR (100 MHz, CDCls) & ppm:
111.3,118.2, 122.6, 125.3, 125.7, 125.8, 128.4, 129.2, 130.0, 133.0, 133.8, 141.6, 143.9.

5.5.10 Synthesis of 2-(4’-(trifluoromethyl)-[1, 1’-biphenyl]-2-yl)acetonitrile

(71)
NC ! CF,

2-(4’-(Trifluoromethyl)-[1, 1’-biphenyl]-2-yl)acetonitrile (71): General procedure C was
followed. Colourless liquid was produced with a yield of 64%. 'H NMR (400 MHz, CDCls) §
ppm: 3.61 (s, 2H), 7.28-7.30 (m, 1H), 7.43-7.46 (m, 4H), 7.56-7.59 (m, 1H), 7.73-7.75 (d, J = 8.10
Hz, 2H). 13C NMR (100 MHz, CDCls) § ppm: 22.0, 117.9, 125.6, 125.7, 128.5, 128.9, 129.3,
129.4,129.9, 130.2, 130.3, 140.4, 143.6.

5.5.11 Synthesis of 2-(4’-fluoro-[1, 1’biphenyl]-2-yl)acetonitrile (63)
NC ! F
2-(4’-Fluoro-[1, 1’biphenyl]-2-yl)acetonitrile (63): General procedure C was followed.
Colourless liquid was produced as a desired product, yielding 84%. 'H NMR (400 MHz, CDCl3)
8 ppm: 3.62 (s, 2H), 7.13-7.17 (t, J = 8.54 Hz, 2H), 7.26-7.30 (m, 3H), 7.39-7.42 (m, 2H), 7.53-

7.56 (m, 1H). 3C NMR (100 MHz, CDCl3) § ppm: 22.0, 115.6, 115.8, 118.2, 128.0, 128.3, 128.4,
129.1, 130.6, 130.6, 130.7, 135.9, 140.8, 161.2, 163.6.
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5.5.12 Synthesis of 2-(4’-methoxy-[1, 1’-biphenyl]-2-yl)acetonitrile (70)

NC ! OMe

2-(4-Methoxy-[1, 1’-biphenyl]-2-yl)acetonitrile (70): Following the procedure C, the
compound 70 was produced as a yellow liquid (96%). 'H NMR (400 MHz, CDCls) & ppm: 3.63
(s, 2H), 3.87 (s, 3H), 7.00- 7.02 (m, 2H), 7.23-7.25 (m, 2H), 7.28-7.30 (m, 1H), 7.37-7.39 (m, 2H),
7.53-7.56 (m, 1H). *C NMR (100 MHz, CDCls) § ppm: 22.1, 55.4, 114.2, 118.4, 128.0, 128.1,
128.2, 129.0, 130.1, 130.7, 132.2, 141.6, 159.3.

5.5.13 Synthesis of 2-([1, 1’-biphenyl]-2-yl)acetonitrile (69)

NC i

2-([1, 1°-Biphenyl]-2-yl)acetonitrile (69): General procedure C was used. Colourless liquid, with
yield of 74% [159]. 'H NMR (400 MHz, CDCls) & ppm: 3.63 (s, 2H), 7.31-7.33 (m, 3H), 7.41-
7.50 (m, 5H), 7.57-7.59 (m, 1H). 33C NMR (100 MHz, CDCls) 6 ppm: 22.1, 118.3, 127.8, 127.9,
128.3, 128.7, 129.0, 129.0, 130.5, 139.9, 141.9.

5.5.14 Synthesis of 2-(4’-chloro-[1, 1’-biphenyl]-2-yl)acetonitrile (74)

NC ! Cl

2-(4’-Chloro-[1, 1’-biphenyl]-2-yl)acetonitrile (74): Prepared following the general procedure
C as a colourless liquid, yield 55%. *H NMR (400 MHz, CDCls) & ppm: 3.60 (s, 2H), 7.23-7.27
(m, 3H), 7.39-7.44 (m, 4H), 7.53-7.54 (d, J = 6.57 Hz, 1H). *C NMR (100 MHz, CDCls) § ppm:
22.0,118.0, 127.7, 128.4, 128.6, 128.9, 129.1, 130.3, 130.4, 134.0, 138.3, 140.6.
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5.5.15 Synthesis of 2-(4’-methyl-[1, 1’-biphenyl]-2-yl)acetonitrile (72).

NC i

2-(4’-Methyl-[1, 1’-biphenyl]-2-yl)acetonitrile (72): Compound 72 was prepared following
general procedure C as a colourless liquid, yielding 92%. *H NMR (400 MHz, CDCls) § ppm:
2.46 (s, 3H), 3.66 (s, 2H), 7.21-7.23 (d, J = 8.01 Hz, 2H), 7.29-7.32 (m, 3H), 7.40-7.42 (m, 2H),
7.56-7.59 (m, 1H). 3C NMR (100 MHz, CDCl3) & ppm: 21.2, 22.3, 118.4, 127.9, 128.0, 128.2,
128.8, 128.9, 129.4, 130.5, 137.0, 137.5, 141.9.

5.6 Synthesis of Tetrazole

5.6.1 General procedure D

Nitrile (1 mmol), sodium azide (1 mmol), zinc bromide (2 mmol), ammonium chloride (1 mmol),
and water (5 mL) were added in a 50 mL round-bottomed flask with a magnetic stirrer bar then a
condenser was placed with the rubber septum as the reaction was refluxed for 20 hours. After
cooling the mixture, hydrochloric acid (3 M) was added dropwise until the pH was 4 then ethyl
acetate (30 mL x 2) was added for extraction. Magnesium sulphate was used to dry the organic
layer after brine wash filtered with gravitation filtration then concentrated under vacuum. Hexane
(70%): ethyl acetate (30%) and ethyl acetate (100%) elute were used to purify the product.

5.6.2 Synthesis of S-phenyl-1H-tetrazole (44)
N=N

\

HN_ _N

5-Phenyl-1H-tetrazole (44): Following the general procedure D, the compound was afforded as
a 5-phenyl-1H-tetrazole white solid (61%). *H NMR (400 MHz, DMSO) & ppm: 7.60-7.61 (m,
3H), 8.03-8.05 (m, 2H). 13C NMR (100 MHz, DMSO) & ppm: 124.7, 127.4, 129.8, 131.6, 155.8.
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5.6.3 Synthesis of 5-(2-bromobenzyl)-1H-tetrazole (77)

N-N
N |

\

H
Br

5-(2-Bromobenzyl)-1H-tetrazole (77): Following the General procedure D, the compound was
produced as a white solid with 42% yield. 'H NMR (400 MHz, DMSO) § ppm: 4.39 (s, 2H), 7.23-
7.26 (m, 1H), 7.37-7.38 (d, J = 4.17 Hz, 2H), 7.62-7.64 (d, J = 7.84 Hz, 1H), 13C NMR (100 MHz,
DMSO) & ppm: 30.2, 124.3, 128.5, 129.8, 131.9, 133.2, 135.6, 154.9.

5.6.4 General procedure E
Nitrile (1 mmol), sodium azide (1 mmol), zinc bromide (2 mmol), ammonium chloride (1 mmol),
DMF (0.5 mL), and water (5 mL) were added in a 50 mL round-bottomed flask with a magnetic
stirrer bar then a condenser was placed with the rubber septum as the reaction was refluxed for 20
hours. After cooling the mixture, hydrochloric acid (3 M) was added dropwise until the pH was 4
then ethyl acetate (30 mL x 2) was added for extraction. Magnesium sulphate was used to dry the
organic layer after brine wash filtered with gravitation filtration then concentrated under vacuum.
Hexane (70%): ethyl acetate (30%) and ethyl acetate (100%) elute were used to purify the product.

5.6.5 Synthesis of 5-(4’-chloro-[1, 1’-biphenyl]-2-yl)-1H-tetrazole (84)
N=N

H'\i /i\l g Cl

5-(4’-Chloro-[1, 1’-biphenyl]-2-yl)-1H-tetrazole (84). Following general procedure E, the
compound 84 was synthesised affording yellow liquid with 56% vyield. 'H NMR (400 MHz,
DMSO) & ppm: 7.11-7.13 (d, J = 8.80 Hz, 2H), 7.37-7.39(d, J = 8.80 Hz, 2H), 7.54-7.62 (m, 2H),
7.68-7.71 (m, 2H). 13C NMR (100 MHz, DMSO) é ppm: 123.8, 128.6, 128.7, 131.0, 131.0, 131.1,
131.6, 132.9, 138.6, 140.6, 162.7. HR-ESI-(-)-MS, m/z: 255.0432 (calculated for C13HgN4Cl,
255.0437).
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5.6.6 Synthesis of 5-(4’-methoxy-[1, 1’-biphenyl]-2-yl)-1H-tetrazole (82)

N=N
g OMe

HN_ N
5-(4’-Methoxy-[1, 1’-biphenyl]-2-yl)-1H-tetrazole (82): Following the general procedure E,
[160] cream wax was afforded, yielding 21%. *H NMR (400 MHz, DMSO) & ppm: 3.74 (s, 3H),
6.85-6.88 (d, J = 8.87 Hz, 2H), 7.00-7.02 (m, 2H), 7.51-7.54 (m, 2H), 7.61-7.65 (m, 2H). 13C
NMR (100 MHz, DMSO) 6 ppm: 55.5, 114.2, 123.7, 127.7, 130.4, 130.9, 131.0, 131.5, 131.8,
141.6, 159.1. HR-ESI-(-)-MS, m/z: 251.0926 (calculated for C14H11N4O, 251.0933).

5.6.7 Synthesis of 5-(4’-methyl-[1, 1’-biphenyl]-2-yl)-1H-tetrazole (80)

N=N
\

HN. N
C

5-(4’-Methyl-[1, 1°-biphenyl]-2-yl)-1H-tetrazole (80): Following general procedure E, [161] a

white solid was produced, yielding 15%. 'H NMR (400 MHz, DMSO) & ppm: 2.28 (s, 3H), 6.96-

6.98 (d, J = 8.36 Hz, 2H), 7.10-7.12 (d, J = 7.84 Hz, 2H), 7.52-7.56 (m, 2H), 7.62-7.67 (m, 2H).

13C NMR (100 MHz, DMSO) 6 ppm: 21.0, 123.8, 127.9, 129.1, 129.3, 130.9, 131.0, 131.5, 136.7,

137.2, 141.9. HR-ESI-(-)-MS, m/z: 235.0989 (calculated for C14H11Na4, 235.0984).

5.6.8 Synthesis of 5-([1, 1’-biphenyl]-2-yl)-1H-tetrazole (76)

N=N

HN_ _N
5-([1, 1’-Biphenyl]-2-yl)-1H-tetrazole (76): Following the general procedure E, [162] white solid
(33%) was afforded. *H NMR (400 MHz, DMSO) & ppm: 7.08-7.10 (m, 2H), 7.29-7.31 (m, 3H),
7.54-7.59 (m, 2H), 7.65-7.68 (m, 2H). 3C NMR (100 MHz, DMSO) & ppm: 123.4, 127.4, 1282,
128.7, 130.5 (d), 131.0, 139.2, 141.5, 155.0. HR-ESI-(-)-MS, m/z: 221.0826 (calculated for
C13HaN4, 221.0827).
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5.6.9 Synthesis of 5-(4’-fluoro-[1, 1’-biphenyl]-2-yl)-1H-tetrazole (83)
N=N
HN_ _N

g

5-(4’-Fluoro-[1, 1’-biphenyl]-2-yl)-1H-tetrazole (83): Prepared following the general procedure
E, yellow liquid, yield 42%. *H NMR (400 MHz, DMSO) & ppm: 7.13-7.15 (m, 4H), 7.53-7.56
(m, 2H), 7.58-7.60 (m, 2H), 7.66-7.70 (m, 2H). 3C NMR (100 MHz, DMSO) & ppm: 115.4, 115.7,
124.0, 128.3, 131.0, 131.1, 131.2, 131.3, 131.5, 136.1 (d), 140.9, 160.9, 163.3. HR-ESI-(-)-MS,
m/z: 239.0732 (calculated for C13HsN4F, 239.0733).

5.6.10 Synthesis of 5-(4’-(trifluoromethyl)-[1, 1’-biphenyl]-2-yl)-1H-tetrazole
81)

5-(4’-(Trifluoromethyl)-[1, 1’-biphenyl]-2-yl)-1H-tetrazole (81): Following the general
procedure E, [163] compound 81 was afforded as a yellow liquid, yield 24%.*H NMR (400 MHz,
DMSO) & ppm: 7.32-7.34 (d, J = 8.18 Hz, 2H), 7.58-7.60 (m, 1H), 7.62-7.72 (m, 4H), 7.74-7.76
(m, 1H). 13C NMR (100 MHz, DMSO) & ppm: 123.4, 125.3 (d, CF), 126.1, 127.9, 128.7, 130.2,
130.8, 131.0, 140.2, 144.6. HR-ESI-(-)-MS, m/z: 289.0709 (calculated for C14HsN4F3, 289.0701).

5.6.11 Synthesis of 5-(4’-bromo-[1, 1’-biphenyl]-2-yl)-1H-tetrazole (85)
N=N

5-(4’-Bromo-[1, 1’-biphenyl]-2-yl)-1H-tetrazole (85): Compound 85 was produced following
the general procedure E. White wax, yield 21%. 'H NMR (400 MHz, DMSO) 8 ppm: 7.03-7.06
(d, J = 8.03 Hz, 2H), 7.49-7.52 (m, 2H), 7.53-7.62 (m, 2H), 7.67-7.71 (m, 2H). 13C NMR (100
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MHz, DMSO) é ppm: 121.5, 123.8, 128.6, 131.0, 131.0, 131.4, 131.6, 139.0, 140.6. HR-ESI-(-)-
MS, m/z: 289.9930 (calculated for C13HgN4Br, 298.9932).

5.6.12 Synthesis of 5-(1, 1’-biphenyl]-2-ylmethyl)-1H-tetrazole (86)

N-N
a

DY
H

5-(1, 1’-Biphenyl]-2-ylmethyl)-1H-tetrazole (85): Following the general procedure E, a white
solid was synthesised (14%).*H NMR (400 MHz, DMSO) & ppm: 4.20 (s, 2H), 7.25-7.27 (m, 2H),
7.30-7.33 (m, 2H), 7.34-7.38 (m, 3H), 7.40-7.44 (m, 2H). 3C NMR (100 MHz, DMSO) & ppm:
27.4, 127.7, 128.2, 129.4, 130.2, 130.5, 133.4, 140.7, 142.0. HR-ESI-(-)-MS, m/z: 235.0978
(calculated for C14H11Na4, 235.0984).

5.6.13 Synthesis of 5-((4’-methyl-[1, 1’-biphenyl]-2-yl)methyl)-1H-tetrazole
(78)

5-((4’-Methyl-[1, 1’-biphenyl]-2-yl)methyl)-1H-tetrazole (78): Prepared following the general
procedure E. White solid, yield 59%. 'H NMR (400 MHz, DMSO) & ppm: 2.33 (s, 3H), 4.20 (s,
2H), 7.22-7.27 (m, 6H), 7.32-7.34 (m, 2H). 13C NMR (100 MHz, DMSO) & ppm: 21.2, 27.3,
127.6, 128.0, 129.3, 129.4, 130.1, 130.6, 133.4, 136.9, 137.8, 142.0, 155.0. HR-ESI-(-)-MS, m/z:
249.1135 (calculated for C15H13N4, 249.1140).

5.6.14 Synthesis of 5-((4’-chloro-[1, 1’-biphenyl]-2-yl)methyl)-1H-tetrazole
89)
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5-((4’-Chloro-[1, 1’-biphenyl]-2-yl)methyl)-1H-tetrazole (88): Following the general procedure
E, the compound 88 was afforded as a white solid (15%). *H NMR (400 MHz, DMSO) § ppm:
4.19 (s, 2H), 7.24-7.30 (m, 2H), 7.32-7.39 (m, 4H), 7.45-7.48 (d, J = 8.52 Hz, 2H). 13C NMR (100
MHz, DMSO) & ppm: 27.4, 127.8, 128.5, 128.8, 130.4, 130.5, 131.2, 132.6, 133.5, 139.5, 140.7.
HR-ESI-(-)-MS, m/z: 269.0589 (calculated for C14H10N4Cl, 269.0594), melting point: 199.4-
200.1°C.

5.6.15 Synthesis of 5-((4’-fluoro-[1, 1’-biphenyl]-2-yl)methyl)-1H-tetrazole
(79)

5-((4’-Fluoro-[1, 1°-biphenyl]-2-yl)methyl)-1H-tetrazole (79): Afforded following the general
procedure E. White solid, yield 29%. *H NMR (400 MHz, DMSO) & ppm: 4.19 (s, 2H), 7.21-7.29
(m, 4H), 7.32-7.37 (m, 4H). 3C NMR (100 MHz, DMSO) & ppm: 26.9, 115.0, 115.2, 127.2, 127.9,
129.8, 130.1, 130.7, 130.8, 130.9, 133.1, 136.5 (d), 410.5, 160.2, 162.6. HR-ESI-(-)-MS, m/z:
253.0892 (calculated for C14H10N4F, 253.0889).

5.6.16 Synthesis of 5-((4’-trifluoromethyl-[1, 1’-biphenyl]-2-yl)methyl)-1H-
tetrazole (87)

5-((4’-Trifluoromethyl-[1, 1’-biphenyl]-2-yl)methyl)-1H-tetrazole (87): Following the general
procedure E, the compound 87 was afforded as a white solid (16%). *H NMR (400 MHz, DMSO)
8 ppm: 4.20 (s, 2H), 7.28-7.34 (m, 2H), 7.37-7.42 (m, 2H), 7.54-7.56 (d, J = 8.03 Hz, 2H), 7.76-
7.78 (d, J = 8.03 Hz, 2H). 13C NMR (100 MHz, DMSO) 6 ppm: 27.4, 125.6, 125.6, 125.7, 127.9,
128.1, 128.5, 128.9, 130.3, 130.4, 130.5 (d), 133.5, 140.6, 144.9. HR-ESI-(-)-MS, m/z: 303.0857
(calculated for C15H10N4F3, 303.0858).

89



5.6.17 Synthesis of 5-((4’-methoxy-[1, 1’-biphenyl]-2-yl)methyl)-1H-tetrazole
(88)

5-((4’-Methoxy-[1, 1’-biphenyl]-2-yl)methyl)-1H-tetrazole (88): Produced following the
general procedure E. White solid, yield 17%. 'H NMR (400 MHz, DMSO) & ppm: 3.77 (s, 3H),
4.19 (s, 2H), 6.95-6.98 (m, 2H), 7.21-7.25 (m, 4H), 7.30-7.32 (m, 2H). 3C NMR (100 MHz,
DMSO) é ppm: 27.4,55.5, 114.2,127.6, 130.1, 130.5, 130.7, 132.9, 133.5, 141.7, 158.9. HR-ESI-
(-)-MS, m/z: 265.1081 (calculated for C15H14N4O, 265.1089), melting points: 185.6-186.1°C.
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Appendix

Appendix Al.1: IR spectrum for 2-iodobenzonitrile (47).

/w

& ;ﬂ‘. " f‘ |},’ I ’
] /‘ | l/ /) (1|
/ / I T
g 3 1 CH CN |i |t l \ '
8 ’ l
5 o -
/ |
= .
S8 :
’g Aromatic ‘
& |
Q -
X -
CN | |
| | MY TV
g T 5 £ gEEy gmasss
T T = T —~ l‘_ — ._Fl'_‘_ FFFFF I'_ T
3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

100



Appendix A1.2: 3C NMR for spectrum for methyl N-(4-bromobenzyl)-N-pentanoyl-L-valinate

(37).
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Appendix A1.3: *H NMR and **C NMR spectra for methyl N-((2’-cyano-[1, 1’-biphenyl]-4-

yl)methyl)-N-pentanoyl-L-valinate (32).
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Appendix Al.4: *H NMR and **C NMR spectra for methyl N-((2°-(1H-tetrazol-5-yl)-[1, 1°-

biphenyl]-4-yl)methyl)-N-pentanoyl-D-valinate (31).
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Appendix A1.5: 3C NMR spectrum for N-((2’-(1H-tetrazol-5-yl)-[1, 1’-biphenyl]-4-yI)-N-
pentanoyl-L-valine (27).
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Appendix A1.6: *H NMR and *3C NMR spectra for 4’-methyl[1, 1’-biphenyl]-2-carbonitrile

(59).
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Appendix A1.7: *H NMR and *3C NMR spectra for 4’4-methoxy-[1, 1’-biphenyl]-2-carbonitrile

(61).
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Appendix A1.8: 'H NMR and *C NMR spectra for 4’-fluoro-[1, 1’-biphenyl]-2-carbonitrile
(63).
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Appendix A1.9: *H NMR and *C NMR spectra for 4’-chloro-[1, 1°-biphenyl]-2-carbonitrile
(65).
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Appendix A1.10: *H NMR and *3C NMR spectra for 4’-(bromo)-[1, 1°-biphenyl]-2-carbonitrile
(67).
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Appendix A1.11: *H NMR and *3C NMR spectra for 2-(4’-methyl-[1, 1°-biphenyl]-2-
yDacetonitrile (72).
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Appendix A1.12: *H NMR and *3C NMR spectra for 2-(4’-trifluoromethyl-[1, 1°-biphenyl]-2-
yDacetonitrile (71).

nnnnnnnnnnnnnnnnnn
nnnnnnnnnnnnnnnnn

3.61

NC l CF;

10 9 8 7 6 5 4 3 2 1 ppm

22.01

CN

L

T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O ppm




Appendix A1.13: *H NMR and *C NMR spectra for 2-(4’-fluoro-[1, 1°-biphenyl]-2-
ylacetonitrile (73).
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Appendix A1.14: 'H NMR and 3C NMR spectra for 2-(4’-chloro-[1, 1°-biphenyl]-2-
yl)acetonitrile (74).
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Appendix Al1.15: HRMS for 5-([1, 1’-biphenyl]-2-yl)-1H-tetrazole (76).

Single Mass Analysis

Tolerance =5.0 PPM / DBE: min = -1.5, max = 500.0 N=N

Element prediction: Off HN._ N

Number of isotope peaks used fori-FIT =3 O

Monoisotopic Mass, Even Electron lons O

2 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Elements Used:

C:10-15 H:5-10 N:0-5

P28 19 (0.607) Cm (1:61) TOF MS ES-
5.43e+005

100+ 2210826

%_
222.0864
1211.00262129754  216.9899218.9306. 2207933 | [223.0900224.0774225.9737

228.9553230.9203 233.1541235.0996 237.0865 239,053%1,2
T ; T T L e e e e e e e e e LI B m e e e e e e e R W e
2125 215.0 217.5 220.0 2225 225.0 227.5 230.0 2325 2350 237.5

o
on
n

Mass Zalc. Mass mDa PPM DBE i-FIT i-FIT
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Appendix A1.16: *H NMR and *C NMR for spectra for 5-(bromobenzyl)-1H-tetrazole (77).
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Appendix A1.17: HRMS for 5-((4’-methyl[1, 1°-biphenyl]-2-yl)methyl)-1H-tetrazole (78).

Single Mass Analysis N-n
Tolerance =50.0 PPM / DBE: min =-1.5, max = 500.0 N

|:\|k
Element prediction: Off ﬁ O
Number of isotope peaks used for i-FIT = 3 O

Monoisotopic Mass, Even Electron lons

4 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Elements Used:

C:10-15 H:5-15 N:0-5

P55 53 (1.754) Cm (1:61) TOF MS ES-
5.01e+005

100+ 2491135

250.1177

247.0893 2488464 2611202 2521261 261.9514

255.2320 2580303 2608744
R o o o o L I MR EaEE ey s ey o T
2440 2460 2480 250.0 2520 254.0 256.0 258.0 260.0 262.0

P43.0117 2449044

256.2411
I 4 M
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Appendix A1.18: *H NMR and 3C NMR for spectra for 5-((4’-fluoro[ 1, 1’-biphenyl]-2-
yl)methyl)-1H-tetrazole (79).

10 9 8 7 6 5 4 3 2 1 0 ppm

-
o
) )
it
a

/NL-
N
N F
H
e TR TSP TS T AT T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

117



Appendix A1.19: *H NMR, C NMR and HRMS for 5-(4’-methyl-[1, 1’-biphenyl]-2-yl)-1H-

tetrazole (80).
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Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min =-1.5, max = 500.0

N=N
Element prediction: Off HN_ _N
Number of isotope peaks used for i-FIT = 3 O
Monoisotopic Mass, Even Electron lons O
3 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Elements Used:
C:10-15 H:10-15 N:0-5
P3B 2 (0.034) Cm (1:61) TOF MS ES-
1.01e+006
100 235.0989
%_
] 236.1048
1 224.8008 5,7 491 230.1087 233.1544 234.8477 237.1083 2381134559 5500
R A e e R R et e e
226.0 228.0 230.0 232.0 234.0 236.0 238.0 240.0 2420 244.0 246.0
Mass Calc. Mass PPM DBE i-FIT i-FIT
235.0989 235 5 2.4 11.5 €93.7 cl4 H11 N4
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Appendix A1.20: *H NMR, **C NMR and HRMS for 5-(4’-trifluoromethyl-[1, 1’-biphenyl]-2-
yl)-1H-tetrazole (81).
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Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min =-1.5, max = 500.0

Element prediction: Off
Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Even Electron lons

NN
HN__N

O CF3

27 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Elements Used:
C:10-15 H:5-15 N:0-5 F:0-5
P187(0.203) Cm (1:61) TOF MS ES-
7.37e+004
100+ 289.0709
%
] 290.0859
279.1479 2812741 2832775 286.9883 2884687% 291‘9923 292.0947 1293.7069 395.1689 397.1469 -
UL AL IR RN L I BUR UL S BN UL UL UL L IULRUE I UL UL S I L LRI L
278.0 280.0 2820 2840 286.0 288.0 290.0 2920 2940 296.0 298.0
Minimum: =15
Maximum: S+ 5 S00.1
Mass Calc. Mass mDa PEM DBE i-FIT i-FIT (Norm) Formula
288.070¢ 286.0701 2.8 13.5 445.3 Cl4 #H8 N4 F3
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Appendix A1.21: *H NMR, **C NMR and HRMS for 5-(4>-methoxy-[1, 1°-biphenyl]-2-yl)-1H-
tetrazole (82).
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Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min =-1.5, max = 500.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Even Electron lons

8 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:10-15 H:5-15 N:0-5 O:0-1

P26 2 (0.034) Cm (1:61) TOF MS ES-
2.83e+005
100+ 251.0926
%]
252.0961
S . amdiEm ST 2530987 254.8313.255.2321 2562366 200-0242 2589355 2600519
"""""""" %Al RATED ARl RESCA N AN RES AL R Bt r i B AR AN LRAD] B GRS RELFN RN RS RO A Pl Bl Pl £ 0 ORI LRI H G Rl Rl B AR R B Pl Al
2490 2500 251.0 2520 2530 2540 2550  256.0 257.0 258.0 259.0 260.0
-1 5§

Mass Calc. Mass mDa 2EM DBE -FIT i-FIT (Norm) Formula
251.0826 251.0933 -0.7 -2.8 11.5 568.7 ) Cl4 HIL N4 O
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Appendix A1.22: *H NMR, **C NMR and HRMS for 5-(4’-fluoro-[1, 1’-biphenyl]-2-yl)-1H-
tetrazole (83).
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Single Mass Analysis

Tolerance =5.0 PPM / DBE: min = -1.5, max = 500.0 N=N
Element prediction: Off HN_ N F
Number of isotope peaks used for i-FIT = 3 O
Monoisotopic Mass, Even Electron lons O
8 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:10-15 H:5-15 N:0-5 F:041
P27 6 (0.169) Cm (1:61) TOF MS ES-
4.63e+005
100~ 239.0732
%]
240.0778
2271979228.9362 2309187 2331564 2350980 238378 | | 2410808 2420861 244 0046 2468935 2489039 2510062
UABAES RSN RN LY ML RARAN RSN RESAN WAL RRALN KRR RS RAAEE EREAN RAALE LA RARRE RASLN RLREE RALRN RRALE RALLN RALLE RN RN R
226.0 228.0 230.0 2320 234.0 236.0 238.0 240.0 2420 2440 246.0 2480 250.0
Minimum: -1.5
Maximum: 5.0 5.0 500.0
Mass Calec. Mass mDa PPM DBE i-FIT i-FIT (Norm) Formula
238,0732 236.0733 -0.1 -0.4 11.5 g2, 1l 0.0 Cl3 HE N4 F
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Appendix A1.23: *H NMR, *C NMR and HRMS for 5-(4’-chloro-[1, 1’-biphenyl]-2-yl)-1H-
tetrazole (84).
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Single Mass Analysis

Tolerance =5.0 PPM / DBE: min =-1.5, max = 500.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Even Electron lons

8 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:10-15 H:5-15 N:0-5 CI.0-1

P2B 9 (0.270) Cm (1:61) TOF MS ES-
4.71e+005
100+ 255.0432
%_
. 257.0420
- 256.0479
: 258.0451
i 248.98282%0 1487 551 0036 257 836124 8922 Lo 2220980560 91910615772 2651485
L L AL L UL L UL L LR B L L L L L L L B B BRI
246.0 2480 250.0 252.0 254.0 256.0 258.0 260.0 262.0 264.0 266.0
-1.5
5 5 500.0
Mass Calc. Mass mDa PPM DBE 1-FIT 1-FIT (Norm) Formula
255.0432 255.0437 -0.5 -2 11.5 629. Cl3 H8 N4 Cl
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Appendix A1.24: *H NMR, **C NMR and HRMS for 5-(4>-bromo-[1, 1°-biphenyl]-2-yl)-1H-
tetrazole (85).
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Single Mass Analysis

Tolerance =5.0 PPM / DBE: min = -1.5, max = 500.0 N=N
Element prediction: Off HN. N Br
Number of isotope peaks used for i-FIT = 3 O
Monoisotopic Mass, Even Electron lons O
10 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:10-15 H:515 N:0-5 Br.0-1
P19 20 (0.640) Cm (1:61) TOF MS ES-
2.55e+005
100— 298.9930 300.9909
%—
299 9967 301.9948
1294 1870 297.1483 298.7?9% 202.9993 304.0045305_2193 306.3??5 09,1769 310680
2040 = 2060 2980 300.0 3020 = 2040 3060 3080 3100

Minimum: -1.5
Maximum: 5.0 5.0 500.0
Maszs Calc. Mass mDa M DBE i-FIT i-FIT (Norm) Formula
283,083 263.8832 -0.2 -0.7 11.5 $38.7 ) 12 H 4 EBr
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Appendix A1.25: 'H NMR, 3C NMR and HRMS for spectra for 5-(([1, 1’-biphenyl]-2-

yl)methyl)-1H-tetrazole (86).

N-N
ol
N
H
W LJJ_—J\‘& . | L.
T T T T T T T T
10 9 8 7 6 5 4 3 2 ppm
ST fgj
NN o™~
N
N
H
N A
T T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

130



Single Mass Analysis N'N \
Tolerance =5.0 PPM / DBE: min = -1.5, max = 500.0 N

Element prediction: Off H O
Number of isotope peaks used for i-FIT = 3 O

Monoisotopic Mass, Even Electron lons

4 formula(e) evaluated with 1 resuits within limits (all results (up to 1000) for each mass)

Elements Used:

C:10-15 H:5-15 N:0-5

P522(0.034) Cm (1:61) TOF MS ES-
8.72e+005

100+ 235.0978

236.1029

2405722259803 r0035 2331551 2348787 | |237.1059 239.0763 2400807 544 6613 2448077 2470773 291292,

L L L L L L L L N R R N R NN RN R SRS EEEE R
1 U i | 1 1 ) 1 1 LM 1 1 1 |7 T 1 1 1 1 I Ll I 1 1 1 1 |l

2240 2260 2280 2300 2320 2340 2360 2380 2400 2420 2440 2460 2480

Minimum o L

Maximum O S $00.0

Mass Calc. Mass mDa PEM DBE i-FIT i-FIT (Norm) Formula
235.0978 235.0684 -0.€ -2.6 11.5 710.3 ) Cl4 H11I N4
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Appendix A1.26: *H NMR, 3C NMR and HRMS for spectra for 5-((trifluoromethyl[1, 1°-
biphenyl]-2-yl)methyl)-1H-tetrazole (87).
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Single Mass Analysis

Tolerance =5.0 PPM / DBE: min =-1.5, max = 500.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Even Electron lons

28 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:10-15 H:5-15 N:0-5 F:0-5

P49 39 (1.281) Cm (1:61) TOF MS ES-
9.16e+005
— 303.0857
%—
304.0910
203.18242%4-1804597 1601 300.9229302.6714 5.0046306.0984 309 1056311 1706 314.0547_315.0402317.0914319.0724 i
T S0 R e LS C T 3 R P B o B A T e B R R e [, I B 7 1 ) s i ] RS
2025 2050 2975 3000 3025 3050 3075 3100 3125 3150 3175 3200
Minimum: -1.5
Maximum: 5. 5 $00.0
Mass Calc. Mass mDa PEM DBE i-FIT i-FIT (Norm) Formula
303.0857  303.0858 Sitg -0.3 11.5 618.6 ) c15 HIO N4 F3
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Appendix A1.27: *H NMR, 3C NMR and HRMS for spectra for 5-((methoxy[1, 1’-biphenyl]-2-
yl)methyl)-1H-tetrazole (88).
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Single Mass Analysis

Tolerance =50.0 PPM / DBE: min = -1.5, max = 500.0 N OMe
Element prediction: Off H O
Number of isotope peaks used for i-FIT = 3 O
Monoisotopic Mass, Even Electron lons
8 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:10-15 H:5-15 N:0-5 0:0-1
P51 27 (0.877) Cm (1:61) TOF MS ES-
4.46e+005
100+ 265.1081
%—
266.1125
2562381 9590031 260.8816 __ 263.8268204-9643 2671153 081181569 798 ZT1OTI7 2729978 150817
DL LU N BN AL N BN N BRI S BLELEAAL I B R BN N B IR AL I LR B L
256.0 2580 260.0 262.0 2640 266.0 268.0 2700 2720 2740 276.0
Minimum -1.5
Maximum 5 50.0 500.10
lass Calec. Mass mDa PEM DBE i-FIT i-FIT (Norm) Formula
265.1081 2€5.108¢ -0.8 -3.0 11.5 562.0 0 c15 H13 & 0
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Appendix A1.28: *H NMR, 3C NMR and HRMS for 5-((4’-chloro[1, 1’-biphenyl]-2-
yl)methyl)-1H-tetrazole (89).
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Single Mass Analysis

Tolerance =50.0 PPM / DBE: min =-1.5, max = 500.0
Element prediction: Off

Number of isotope peaks used for i-FIT =3

Monoisotopic Mass, Even Electron lons

8 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Elements Used:
C:10-15 H:5-15 N:0-5 CI:0-1
P54 59 (1.956) Cm (1:61) TOF MS ES-
2.95¢+005

o 260.0589
%—

] 271.0572

270.0629
2589200 2608755 2630342 2651435 2087778 2720603 273.0638  275.0542 2792365 2812506
SR 27 LR T LK A PSSR S WU DU S S - . .- W 1 = N

258.0 260.0 262.0 2640 266.0 268.0

Minimum: -1.5
Maximum: 5.0 50.0 $00.0
Mass alc. Mass mDa PEM DBE

aEG NS2G
=

PLA RT3

[
L
o
wn
w
ot
I
wn
I
o

B
-

270.0 272.0 2740 276.0

i-FIT

68,7 cl4

i-FIT (Norm) Formula

278.0 2800
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