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ABSTRAK

Kanser merupakan salah satu ancaman global yang membunuh ribuan manusia setiap
tahun, dengan lebih 10 juta kematian direkodkan dalam tahun 2020. Walaupun
rawatan kanser telah berkembang dari masa ke masa, pesakit yang menjalani
kemoterapi berisiko terdedah kepada penyakit kardiovaskular disebabkan oleh kesan
kardiotoksik beberapa ubatan, termasuk doksorubisin (DOX). Karvakrol (CA) dengan
nama [UPAC 5-isopropil-2-metilfenol merupakan monoterpena fenolik terkenal
dengan manfaat farmakologi, terutamanya sifat kardioprotektif. Pada masa yang sama,
asid fenolik (PA) menunjukkan potensi melawan kardiotoksik yang diaruh DOX
(DIC). Penyelidikan menyeluruh terhadap hibrid karvakrol asid fenolik (CPAH) yang
dijalankan ini dijangka mampu menghasilkan sebatian yang berpotensi memerangi
DIC secara efektif. Dua puluh satu CPAH (1-21) telah disintesis dengan peratusan
hasil yang sederhana hingga tinggi melalui pengikatan kovalen yang mengikat
perancah CA dan PA termasuk penghubung asil dan alkil. Struktur CPAH yang
disintesis telah dicirikan menggunakan spektroskopi resonans magnet nuklear (NMR)
dan spektrometri jisim beresolusi tinggi (HRMS). Selanjutnya, potensi kardioprotektif
CPAH terhadap kematian sel H9c2 yang diaruh oleh DOX telah diterokai melalui
ujian kebolehhidupan sel MTT. Kebolehidupan sel kardiomiosit berkurang secara
signifikan dalam kehadiran DOX pada kepekatan 3 pM dan 10 uM. Hal yang berbeza
bagi CPAH dan sebatian induknya; yang didapati tidak toksik terhadap kardiomiosit.
Menariknya, pada dos 0.01 pg/mL, 1-6 didapati melindungi sel H9¢2 daripada DIC,
lebih baik daripada CA dan asid 3,4-dihidroksibenzoik; maka CPAH daripada hibrid
CA dan asid hidroksibenzoik mempamerkan aktiviti kardioprotektif yang ketara.
Aktiviti ini pada dasarnya memerlukan kehadiran kumpulan hidroksil pada moieti asid
benzoik bagi PA; tetapi bilangan dan/atau kedudukan kumpulan hidroksil pada
struktur PA tidak mempengaruhi potensi aktiviti secara signifikan. Sementara itu,
CPAH yang diterbitkan daripada CA dan analog asid sinamik (7-10) mempamerkan
bahawa hanya sebatian 8, dengan kumpulan hidroksil pada kedudukan para,
menunjukkan aktiviti kardioprotektif yang positif pada kepekatan 0.01 pg/mL
terhadap kerosakan sel H9c2 yang diaruh DOX. Adalah ketara bahawa pengurangan
kumpulan hidroksil, penggantian dengan kumpulan kloro, atau penambahan kumpulan
hidroksil pada gelang sinamik terbukti mengurangkan aktiviti. Maka, kehadiran satu
kumpulan hidroksil adalah penting bagi aktiviti pelindungan CPAH terhadap kematian
sel yang diaruh DOX. Seterusnya, kesan jenis penghubung yang berbeza (11-15) dan
kesan pengenalan kumpulan CH>OH di kedudukan para pada CA (16-21) juga telah
diterokai. Hasil penerokaan mendapati hanya 15 (10 puM), yang mengandungi
penghubung eter empat karbon menunjukkan keberkesanan kardioprotektif optimum,
berdasarkan peningkatan ketara peratus kebolehidupan sel berbanding kumpulan
DOX (p < 0.05). Sebaliknya, 16-21 gagal mengurangkan kerosakan sel yang diaruh
DOX berdasarkan ketoksikan yang ketara, yang dibuktikan melalui pengurangan
kebolehidupan sel berbanding dengan kumpulan rawatan DOX. Hasil kajian ini
mencadangkan kehadiran CA mewakili perancah farmakofor dengan hubungan
aktiviti-struktur (SAR) yang paling optimum bagi aktiviti kardioprotektif.
Kesimpulannya, sintesis CPAH telah memperkenalkan entiti kimia baharu dengan
aktiviti kardioprotektif yang berpotensi terhadap DIC, dan berpotensi meningkatkan
kualiti hidup untuk bekas pesakit kanser.
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ABSTRACT

Cancer, a pervasive global threat, is killing millions of people each year, with over 10
million deaths in 2020. While cancer treatments have advanced over time,
chemotherapy patients are at risk of developing cardiovascular disease due to the
cardiotoxic effects of certain drugs, including doxorubicin (DOX). Carvacrol (CA)
with an [UPAC name 5-isopropyl-2-methylphenol is a phenolic monoterpene known
for its pharmacological benefits, particularly cardioprotective properties.
Concurrently, phenolic acids (PA) have shown promising effects against DOX-
induced cardiotoxicity (DIC). Thorough research on carvacrol phenolic acid hybrids
(CPAH) in this present study is expected to supplement the potential drug candidates
for combating the alarming DIC. Twenty-one CPAHs (1-21) were synthesized with
moderate to high yield by covalently linking the scaffolds of CA and PA via acyl or
alkyl linkers. The structures of CPAHs were characterized using nuclear magnetic
resonance (NMR) spectroscopy and high-resolution mass spectrometry (HRMS).
Subsequently, the CPAH’s cardioprotective potential against DOX-induced H9¢c2 cell
death was explored via MTT cell viability assay. The cardiomyocytes H9c2 cell
viability was significantly reduced in the presence of 3 pM and 10 pM DOX. In
contrast, the CPAHs and their parent compounds were non-toxic to cardiomyocytes.
Interestingly, at 0.01 pg/mL, 1-6 protected H9¢2 cells during DIC, better than CA and
3,4-dihydroxybenzoic acid; therefore, revealed that the CPAHs from the hybrids of
CA and hydroxylated-benzoic acid demonstrated notable cardioprotective activity.
The cardioprotective activity essentially necessitates the presence of a hydroxy group
on the benzoic acid moiety of PA; however, the numbers and/or positions of
substituted hydroxy groups on PA do not show any significant changes in its potency.
Meanwhile, the CPAHs derived from CA and cinnamic acid analogs (7-10) revealed
only 8, with p-hydroxycinnamic acid moiety, demonstrated positive cardioprotective
activity at 0.01 pg/mL concentration against DOX-induced H9¢c2 cell damages. It was
notable that diminishing the hydroxy group, replacing the hydroxy group with a
chloro group, or substituting an additional hydroxy group on the cinnamic ring were
proven to decrease the activity. Therefore, the presence of only one hydroxy
substituent is vital for the protective effect of CPAH against DOX-induced cell death.
Furthermore, the effect of different types of linkers (11-15) and an introduction of
CH20H group at the para position of CA (16-21) were explored. It is revealed that
only 15 (10 uM), with an ether linkage containing four carbons possessed an optimal
cardioprotective efficacy based on a notable increase in the percentage of viable cells
compared to the DOX group (p<0.05). Conversely, 16-21, failed to attenuate DOX-
induced cell damage based on notable toxicity, as evidenced by the reduced cell
viability compared to the DOX-treated group. This suggested that the presence of CA
represented as the pharmacophore scaffold with the most optimal SAR for
cardioprotective activity. In conclusion, the synthesis of CPAHs introduces new
chemical entities with potential cardioprotection against DIC and potentially improves
the quality of life for cancer survivors.
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CHAPTER1

INTRODUCTION

1.1 RESEARCH BACKGROUND

Cancer is a leading global cause of mortality, with 19.3 million new cases and 10
million deaths in 2020, projected to rise to 28.4 million cases by 2040—a 47%
increase (Sung et al. 2021). Malaysia mirrors this trend, driven by urbanization and
lifestyle changes, increasing non-communicable diseases (NCDs), including cancer
(Department of Statistics Malaysia 2023). Between 2007-2011, 103 507 cancer cases
were recorded, increasing to 48 639 in 2020 (Azizah et al. 2015; WHO 2022). Cancer
remains Malaysia's second leading cause of premature death, highlighting its growing

health burden.

Advances in surgery, chemotherapy, radiotherapy, and immunotherapy have
significantly improved cancer survival rates. Chemotherapy, particularly doxorubicin
(DOX), effectively targets tumors by disrupting their metabolic and mitotic processes
(Sawicki et al. 2021). However, antitumor therapies, including DOX, often harm
sensitive tissues, with DOX-induced cardiotoxicity (DIC) being a major concern
(Huang et al. 2022; Meng et al. 2024). DOX damages the heart through mechanisms
such as topoisomerase inhibition, oxidative stress, inflammation, and calcium
overload, leading to heart failure and irreversible damage (Abdelgawad et al. 2021,
Pecoraro et al. 2016; Wenningmann et al. 2019; Zhao et al. 2018). Acute
cardiotoxicity, occurring in 11% of cases within days of treatment, contrasts with the
rarer chronic effects (1.7%), which may emerge years later (Chatterjee et al. 2010).
Despite extensive studies on chronic toxicity, acute cardiotoxicity remains

underexplored, demanding urgent mitigation efforts (Dulf et al. 2023).



Reducing the risk of DIC in cancer patients through current clinical approaches
can be achieved by lowering the dosage of DOX. However, this approach fails to
achieve the desired clinical efficacy and significantly reduces the effectiveness of the
DOX (Oliveira et al. 2014). Additionally, using cardioprotective agents such as
dexrazoxane, glutathione, coenzyme Q10, leucovorin, antioxidants, and iron chelators
has highly controversial safety and efficacy. As a result, no practical measures are
currently available to prevent DIC, making the prevention of cardiotoxicity a focus

and challenge of research in recent years (van Dalen et al. 2011).

Exploring and developing new drug candidates with potent pharmacological
efficacy is crucial to addressing DIC effectively. There is a rising scientific interest in
researching the possible cardioprotective properties of natural substances against DIC.
Carvacrol (CA), is a phenolic monoterpene found in the essential oils of various
aromatic plants in the Lamiaceae family. Its pharmacological prowess spans a
spectrum, boasting anticancer, antidiabetic properties, hepatoprotective, and
antioxidant effects (Ali et al. 2024). CA's potential in combating cardiovascular
disease (CVD) is particularly intriguing. It has garnered widespread acclaim for its
influence on various facets of cardiovascular health. By targeting oxidative stress,
inflammation, and cell death processes, CA demonstrates promise in mitigating the
development and progression of CVD (Imran et al. 2022). Despite CA's potential,
challenges abound. Its low water solubility requires high doses for therapeutic plasma
concentrations, as Marinelli et al. (2019) highlighted, limiting its clinical utility.
Furthermore, Jamhiri et al. (2019) observed a decrease in the heart rate of normal
animals treated with CA, and El-Sayed et al. (2016) proposed that combining CA with
its isomer, thymol could enhance its cardioprotective effects, indicating room for

improvement.

To address these limitations, the potential of hybridizing CA with phenolic
acid (PA) to enhance CA's cardioprotective activity was investigated. Diets rich in
natural phenolic acids have been linked to reduced risk of oxidative stress-related
diseases, including cancer, diabetes, and CVD (Kumar & Goel 2019). Therefore, the
phenolic hydroxy group of CA was selected as a critical modification to find the best

way to introduce PA into the CA structure. Consequently, twenty-one carvacrol-



phenolic acid hybrids (CPAH) (1-21) were synthesized, combining the therapeutic
capabilities of both molecules to provide superior cardioprotection. Furthermore, the
efficacy of these CPAHs in mitigating DIC in H9c2 cells in vitro has been
investigated to establish a structure-activity relationship (SAR) and better understand
their therapeutic potential. These findings could inform the development of CPAHs as

adjunct therapies to counteract the progression of heart failure induced by DOX.

1.2 PROBLEM STATEMENT

According to the World Health Organization (WHO), cancer was responsible for
around 10 million fatalities worldwide in 2022, accounting for nearly one in every six
deaths. In the same year, Malaysia reported 51 650 new cancer cases and the numbers
are expected to double by 2040. Cancer treatments have evolved dramatically over the
years, resulting in a better likelihood of recovery for cancer patients. However, the
long-term use of anticancer drugs causes side effects and risks to the patients. For
example, some medications may raise the risk of CVD (Adhikari et al. 2021). DOX is
one such medicine that is particularly successful in treating solid tumors. Nonetheless,
it can result in cardiotoxicity, a potentially fatal condition that causes heart failure.
Scientists have studied a variety of pharmacological drugs and natural products to
reduce DIC. However, dexrazoxane is currently the only cardioprotective agent
approved by the US Food and Drug Administration (USFDA) and the European
Medicines Agency (EMA) (Bansal et al. 2019; Kong et al. 2022). As a result, there is
an urgent need for the development of effective medicines to reduce the risk of CVD

in cancer patients undergoing chemotherapy.

Previous studies have shown that CA and PA are cardioprotective (Abdul
Ghani et al. 2023; Liu et al. 2022). Jafarinezhad et al. (2019) demonstrated that oral
administration of 50 mg/kg CA over six weeks mitigated DOX-induced cardiac
damage in rats. Similarly, El-Sayed et al. (2016) reported that 25 mg/kg CA
administered for 14 days reduced DOX cardiotoxicity by alleviating oxidative stress,
inflammation, and apoptosis. However, CA's clinical utility is hindered by poor water
solubility and low bioavailability, necessitating large doses. Furthermore, CA reduces

heart rate in normal animals, highlighting the need for further modifications to



enhance its effectiveness. Chemical modifications, such as the development of
CPAHSs, have been explored to address these limitations. These hybrids aim to provide
superior cardioprotection by combining the therapeutic capabilities of both molecules.
This study focuses on synthesizing CPAHs and investigating their efficacy in
mitigating DIC in H9¢c2 cells in vitro, followed by establishing a SAR.

1.3 OBJECTIVES OF RESEARCH

This study embarks on the following objectives:
1. To synthesize CA derivatives by hybridizing CA with various phenolic acids.
2. To evaluate the in vitro cardioprotective effect of CA derivatives on DIC in
cardiomyocytes.
3. To establish the SAR of CA derivatives as the cardioprotective agent based on

in vitro experimental data.

14 SCOPE OF WORKS

CPAHs (1-10) were synthesized in a two-step reaction. First, CA reacted with
chloroacetyl chloride in the presence of triethylamine (TEA) and dichloromethane
(DCM) via esterification to form an intermediate. In the second step, the intermediate
underwent nucleophilic substitution with hydroxylated benzoic or cinnamic acids,
using TEA and potassium iodide (KI) as promoters, yielding the final compounds.
Compound 12 was synthesized similarly, with chloroacetyl chloride replaced by 4-
chlorobutyril chloride. A distinct method was applied for the synthesis of compound
11, where the intermediate served as a nucleophilic source in a condensation reaction
with 3-hydroxybenzoic acid (3HA), employing 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC.HCI) and 4-
dimethylaminopyridine (DMAP) as coupling agents. The synthesis of compounds 13—
15 involved nucleophilic substitution reaction between CA and appropriate alkyl
dihalide linker in the presence of potassium hydroxide (KOH), followed by
hybridization with 3HA in the presence of sodium bicarbonate (NaHCO:s3).
Compounds 16-21 were synthesized using a method similar to that employed for
compounds 1 and 11-15, with 4-hydroxycarvacrol serving as the starting material in

place of CA. A final step involved tert-butyldimethylsilyl (TBS) group removal using



tetrabutylammonium fluoride (TBAF) or hydrogen fluoride-pyridine (HF-pyridine).
All the products were purified by silica gel column chromatography using hexane and
ethyl acetate as eluents, and their structures were confirmed by nuclear magnetic
resonance (NMR) spectroscopy and high-resolution mass spectrometry (HRMS). All
synthesized compounds were evaluated for their ability to alleviate DIC in H9c2 cells
in vitro. The protective activity of their parent compounds (CA, 3,4-hydroxybenzoic
acid, 3-hydroxybenzoic acid) was also investigated for comparison. The H9¢2 cell line
(passages 4—6), cultured in Dulbecco's modified eagle medium (DMEM) with 10%
fetal bovine serum (FBS) and 1% penicillin, was used for the assays. In Stage 1, cells
were treated with tested compounds for 48 hours to assess their cytotoxicity on H9¢c2
cells. In Stage 2, cells were pre-treated with non-toxic compounds for 24 hours,
followed by co-treatment with DOX for 24 hours to evaluate their cardioprotective
activity. With successful synthesis and in vitro cardioprotective evaluation of
compounds 1-21 and their parent compounds, SAR analysis was conducted to
identify structural features—such as functional groups and chain lengths—that
influence biological activity. This analysis establishes a correlation between structural

modifications and efficacy.



CHAPTER 11

LITERATURE REVIEW

2.1 CANCER INCIDENCE WORLDWIDE AND IN MALAYSIA

Cancer is a multifaceted disease characterized by genomic and molecular changes that
result in uncontrolled cell growth and proliferation, leading to rapid increases in tissue
mass in affected areas. Under normal conditions, cells undergo programmed death,
allowing new, healthy cells to be replaced. However, cancer cells bypass these
signals, consuming the body's oxygen and nutrients, and depriving other cells of
essential resources. They manipulate their microenvironment, evade the immune
system, and exploit the physiology of nearby cells to support their growth and
survival. This uncontrolled proliferation produces aggressive malignancies, leading to

millions of deaths annually (Anand et al. 2023).

Cancer is a major challenge in the 21st century, causing nearly one in six
deaths globally and one in four deaths from NCDs. It also accounts for three in ten
premature deaths from NCDs worldwide (Bray et al. 2021). In 2022, approximately
20 million new cancer cases were reported globally, resulting in 9.7 million deaths.
Lung cancer emerged as the most frequently diagnosed cancer, with nearly 2.5 million
new cases, representing 12.4% of all global cases. Following lung cancer, the most
common diagnoses were breast cancer in females (11.6%), colorectal cancer (9.6%),
prostate cancer (7.3%), and stomach cancer (4.9%). Demographic forecasts predict
that the annual incidence of new cancer cases will rise to 35 million by 2050, marking

a 77% increase from the 2022 levels (Bray et al. 2024; Ferlay et al. 2024).



Currently, two-thirds of all cancer deaths occur in countries undergoing
societal, economic, and lifestyle changes due to globalization and rising disposable
incomes. Nearly half of all cancer cases and most cancer-related deaths are anticipated
to occur in Asia, which accounts for 59.2% of the global population. As low- and
middle-income countries (LMICs) in Asia continue to experience improvements in
their Human Development Index (HDI) levels, cancer is expected to become an

increasingly significant medical and public health concern (Rajappa et al. 2023).

In Malaysia, an LMIC with a population of 33.2 million, approximately
0.469% of the population has been diagnosed with or cured of cancer. In 2022, there
were 51 650 new cancer cases and 31 633 deaths recorded. Breast cancer was the
most prevalent, accounting for 16.2% of cases, followed by colorectal cancer (13.8%)
and lung cancer (10.7%) (WHO 2022). Cancer incidence is projected to double by
2040. A significant factor contributing to the rise in cancer cases in Malaysia is the
changing lifestyle. Malaysians are increasingly adopting behaviors associated with
Western lifestyles, which are linked to a higher cancer risk. These behaviors include
high consumption of saturated fatty acids, sugar, sweetened condensed milk, and local
sweets, resulting in over 50% of Malaysians being overweight or obese. Furthermore,
over 40% of Malaysian men were smokers, and their unhealthy dietary habits also
contribute to the risk factors for cancer (Schliemann et al. 2020). The intersection of
these demographic shifts with lifestyle changes will likely intensify the burden of
cancer in the region, necessitating comprehensive health strategies to address this

growing challenge.

2.2 CHEMOTHERAPY IN CANCER TREATMENT

Recent progress in medical treatments has enhanced survival rates for children and
adults with cancer, due to the efficacy of therapies such as chemotherapy, radiation
therapy, gene therapy, and immunotherapy. Among these options, chemotherapy is
particularly effective, especially for cancers that have metastasized. This treatment
utilizes powerful drugs or molecules specifically designed to target and destroy cancer
cells, offering a crucial strategy in managing and combating advanced stages of the

disease (Behranvand et al. 2022). Chemotherapy is often combined with radiation



therapy and surgery to enhance cancer treatment outcomes. Neoadjuvant
chemotherapy, administered before surgery or radiation, aims to shrink the tumor,
making subsequent treatments more effective and less invasive. Conversely, adjuvant
chemotherapy, given after surgery or radiation, targets any remaining cancerous cells,
reducing the risk of recurrence and improving long-term survival rates (Malik et al.

2021).

The metabolic processes of cancer cells often overlap with those of the host
cells, making cancer treatment particularly challenging. The primary goal in designing
drugs or therapeutics is to achieve selectivity, targeting and killing cancerous cells
while sparing healthy ones (Kalyanaraman 2017). According to the latest review by
(Anand et al. 2023), approximately 50 anticancer drugs are currently in use for cancer
treatment. A significant category of these drugs comprises alkylating agents, which
disrupt the formation and linkage of deoxyribonucleic acid (DNA) double strands
(Kondo et al. 2010). As primary chemotherapeutic agents for various cancer types,
alkylating drugs function by attaching an alkyl group to the guanine base in DNA.
This leads to the cross-linking of nucleic acids with proteins or peptides, altering
DNA geometry and causing incorrect base pairing and DNA strand breakage.
Ultimately, this process halts cell division and induces irreversible cell senescence

(Qin & Wang 2009).

Anthracyclines are considered some of the most effective chemotherapeutic
agents for treating cancer. Anthracyclines are a class of natural antibiotics and among
the most potent antineoplastic agents, with minimal resistance from most cancer types.
The pioneering compounds, daunorubicin and DOX, were isolated from a mutant
strain of Streptomyces peucetius. Daunorubicin was discovered in 1964, followed by
DOX in 1969, originally named “daunomycin” and “Adriamycin”. These glycoside
drugs consist of the amino sugar daunosamine (DNS) attached to a
hydroxyanthraquinone aglycone, as shown in Figure 2.1 (Martins-Teixeira &
Carvalho 2020). DOX is one of the most frequently utilized and effective
chemotherapeutic agents. Compared to daunorubicin, DOX demonstrates a wider
range of anti-cancer properties, particularly in the treatment of solid tumors (van der

Zanden et al. 2021).



Figure 2.1 The initial generation of anthracyclines: daunorubicin (R = H) and
doxorubicin (R = OH)

Anthracyclines act as potent anticancer agents through multiple mechanisms,
including the induction of oxidative stress, intercalation into DNA, and, most
critically, the inhibition of the topoisomerase II enzyme (Top2) (Marinello et al. 2018;
Minotti et al. 2004). They generate reactive oxygen species (ROS) by undergoing one-
electron reductions, transforming chelated ferric ions into ferrous ions or quinones
into semiquinones. These intermediates then react with oxygen to produce superoxide
anions, which are subsequently neutralized by superoxide dismutase into less harmful
hydrogen peroxide. This process initiates redox cycles that generate highly reactive
hydroxy radicals, causing protein alkylation, lipid peroxidation, and direct DNA
damage. These molecular events trigger cellular cascades culminating in cell death

(Angsutararux et al. 2015; Stérba et al. 2013).

The polyaromatic planar structure of anthracyclines, specifically their aglycone
component, allows these compounds to intercalate into DNA. Rings B and C of the
anthraquinone segment slide between neighboring base pairs, causing separation and
resulting in bidirectional positive torsion of the DNA double helix. Ring D situates
itself in the major groove, while ring A and the daunosamine sugar moiety extend into
the minor groove. This complex interaction disrupts the DNA structure, affecting its

stability and function (Howerton et al. 2003; Martins-Teixeira & Carvalho 2020).

Topoisomerase II, a critical nuclear enzyme, alleviates DNA supercoiling
tension during replication and transcription by creating temporary breaks in both DNA
strands, passing an intact helix through the gap, and resealing the strands.
Anthracyclines stabilize the cleavable complex formed between Top2 and DNA,

trapping the covalent intermediate within a ternary drug-DNA-enzyme complex. This
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inhibition prevents topoisomerase from repairing the broken phosphodiester bonds
effectively. Consequently, anthracyclines disrupt the enzyme’s normal functions,
converting topoisomerase into a DNA-breaking nuclease, which leads to genomic
instability and triggers apoptotic cell death (HanuSova et al. 2011; Li & Liu 2001;
Nitiss 2009).

While anthracycline treatments are highly effective, they have significant
limitations. In addition, the success of advanced cancer therapies depends on the
accessibility of cancer drugs. Unfortunately, unequal distribution of these medications
is a global issue, particularly challenging in LMICs in Asia, including Malaysia.
Various factors, such as high costs and lengthy approval processes for government
formularies, contribute to the lack of access. These issues make innovative cancer
treatments cost-ineffective, restricting patient access to essential drugs. Despite these

challenges, the use of anthracyclines remains prevalent (Tan et al. 2023).

2.3 THE SIDE EFFECT OF DOXORUBICIN: CARDIOTOXICITY

Despite DOX's pivotal role in cancer therapy for nearly fifty years, its use is
significantly constrained by severe and limiting side effects. Chief among these is
cardiotoxicity, which has consequently become the most extensively studied adverse
effect of DOX. DIC can manifest as ventricular dysfunction, cardiomyopathy,
arrhythmias, or pericarditis-myocarditis syndrome. This condition is dose-dependent
and irreversible, presenting a significant challenge in the management of patients
undergoing treatment with this potent chemotherapeutic agent (Jones et al. 2000).
Swain et al. (2003) established that the cumulative dose of DOX should be limited to
400450 mg/m? to mitigate the risk of dose-dependent cardiotoxicity. Furthermore,
research by Leger et al. (2015) revealed that even lower doses of DOX (<100 mg/m?)
administered to childhood cancer survivors can cause abnormalities in the left

ventricular structure of the cardiovascular system.

DIC can manifest in acute, subacute, or chronic forms, each with distinct
clinical features and timelines. Acute cardiotoxicity typically appears within 2-3 days
post-administration, with an incidence rate of approximately 11%. Histopathological

examination of acute cardiac injury caused by DOX often reveals cytoplasmic
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vacuolation, sparsity, and disruption of myofibrils (Kong et al. 2022). These acute
changes can set the stage for more prolonged cardiac issues if not promptly addressed.
Chronic cardiotoxicity, though less common, occurs in about 1.7% of cases. This form
of cardiotoxicity generally manifests within 30 days of the final DOX dose but can
also present itself 6-10 years later. The likelihood of developing DIC is significantly
dose-dependent. It occurs in approximately 4% of patients receiving 500-550 mg/m?,
and 18% receiving 551-600 mg/m?. It escalates to 36% in patients whose doses
exceed 600 mg/m? (Chatterjee et al. 2010). Despite extensive research into chronic
DOX toxicity, the manifestations and mechanisms of acute cardiotoxicity remain
comparatively underexplored. Dulf et al. (2023) emphasized the need for further
investigation into acute cardiotoxic effects, as understanding these early

manifestations could lead to improved prevention and treatment strategies.

The exact mechanism underlying DIC remains controversial, as clinical and
experimental data often diverge. Multiple pathways and factors contribute to the
development of this cardiotoxicity (Mobaraki et al. 2017). Songbo et al. (2019)
highlighted that oxidative stress and an imbalance in redox reactions are pivotal
factors in DIC. The accumulation of DOX in the body can result in cellular iron
overload, promoting the Fenton reaction, which generates substantial amounts of
ROS. These ROS can inflict damage on lipids, nucleic acids, and enzymes within
cardiomyocytes. Moreover, DOX's interaction with nitric oxide synthase (NOS) and
NADPH oxidase (Nox) diminishes the activity of critical antioxidant enzymes, such
as peroxidase, superoxide dismutase (SOD), and catalase, while concurrently
increasing peroxide levels. On the other hand, DOX also induces inflammation and
apoptosis (Alkreathy et al. 2012; Bagchi et al. 2021; Chen et al. 2007) and forms
complexes with DNA and topoisomerase II, leading to substantial DNA damage

(Sheibani et al. 2022).

24 RECENT ADVANCES IN MITIGATING DIC

Currently, dexrazoxane stands as the only FDA-approved cardioprotective drug
proven to prevent DIC effectively. By binding to iron, dexrazoxane neutralizes the

pro-oxidants generated by DOX, which are major contributors to oxidative stress and
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mitochondrial dysfunction. This iron-chelation mechanism significantly reduces the
cardiotoxic side effects associated with DOX therapy (Sangweni et al. 2022).
Dexrazoxane modifies topoisomerase Il beta (Top IIf), preventing DOX from causing
DNA damage and apoptosis. Its extensive cardioprotective effects benefit both adult
and pediatric cancer patients (Lipshultz et al. 2010; Wenningmann et al. 2019).
Dexrazoxane effectively protects heart function, improving left ventricular (LV)
ejection fraction in advanced breast cancer patients and long-term heart health in
pediatric cancer patients, including LV fractional shortening and wall thickness

(Lipshultz et al. 2013; Marty et al. 2000).

The use of dexrazoxane is restricted due to controversy. It is FDA-approved
solely for women with metastatic breast cancer requiring further DOX after receiving
a minimum of 300 mg/m? of chemotherapy (Vejpongsa & Yeh 2014). Moreover,
clinical trials in adult cancer patients indicated a higher risk of secondary malignant
neoplasms with dexrazoxane use (Shaikh et al. 2015). Additional limitations of
dexrazoxane include claims of providing greater cardioprotection to females than
males and its high costs, which restrict its use in poorer communities (Friedman et al.

2010). These factors strongly advocate for the investigation of alternative therapies.

Various pharmaceutical agents have been investigated for treating DIC,
including cilostazol, which improves symptoms through anti-inflammatory,
antifibrotic, and antioxidative effects (Koh et al. 2015); fidarestat, which reduces
inflammation and serum troponin I (Sonowal et al. 2017); rosuvastatin, known for its
anti-inflammatory effects (Dong-Hyuk et al. 2020); and thiamine, which minimizes
DIC through antioxidative and anti-apoptotic properties (Rankovic et al. 2021).
However, the relevance of these findings is limited by the use of non-cancer rat
models, which may not accurately reflect the effects in cancer-bearing rats receiving
DOX treatment (Kabir et al. 2022). The chemical structure of these pharmaceuticals

can be found in Figure 2.2.
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Figure 2.2 The structural features of pharmaceuticals with cardioprotective activity
against DIC

Researchers continue to investigate phytochemicals to prevent and treat DIC
due to their availability in natural foods. Numerous studies have explored natural
compounds that can mitigate DOX's side effects on the heart. These compounds have
shown potential to counteract the toxic effects of DOX through their antioxidant,
antiapoptotic, and anti-inflammatory properties (Rai et al. 2016). Phytochemical
compounds can alleviate oxidative stress by reducing ROS production, improving
DOX-induced lipid peroxidation, and enhancing cellular antioxidant mechanisms.
This is achieved by increasing the concentrations of nicotinamide adenine
dinucleotide phosphate (NADP) and glutathione (GSH), boosting the activity of
catalase, SOD, and glutathione reductase enzymes, and upregulating the expression of
Nrf2. Moreover, phytochemicals exhibit anti-inflammatory activities by reducing the
synthesis of proinflammatory mediators. They achieve this by inhibiting lipo-
oxygenase and cyclooxygenase-Il enzymes, downregulating tumor necrosis factor-
alpha (TNF-a) expression, and decreasing neutrophil adhesion molecules on vascular
endothelium (Abushouk et al. 2017). Additionally, the antiapoptotic mechanisms of
phytochemicals as cardioprotectors include the attenuation of jun N-terminal kinase
phosphorylation (Chang et al. 2011), inhibition of poly-ADP-ribose, caspases (-3, -7, -
9) (Choi et al. 2008), extracellular signal-regulated kinases, and DOX-induced

overexpression of p53 (Psotova et al. 2005).

2.5 CARDIOPROTECTIVE ACTIVITY OF PHENOLIC ACIDS

PAs, a subgroup of secondary plant metabolites within the polyphenol family, are

extensively found in a diverse range of plant sources, including vegetables, fruits,
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spices, grains, and beverages. Generally, "PAs" refer to phenolic compounds with a
single carboxylic acid group. They are categorized into hydroxylated benzoic acids
(HBA) and hydroxylated cinnamic acids (HCA)based on their unique carbon
frameworks and the specific positioning and number of hydroxygroups on the
aromatic ring (Biatecka-Florjanczyk et al. 2018; Stuper-Szablewska & Perkowski
2019).

HBAs are benzoic acid derivatives with a seven-carbon C6-C1 framework.
The main HBAs include 3-hydroxybenzoic acid (3HA), 4-hydroxybenzoic acid,
salicylic acid, gallic acid, protocatechuic acid (3,4-dihydroxybenzoic acid), gentisic
acid, vanillic acid, and syringic acid, which differ from each other based on
modifications to the aromatic ring, as shown in Figure 2.3. HCAs are derivatives of
cinnamic acid, characterized by a C6-C3 structure. The most common HCAs and their
derivatives include cinnamic acid, p-coumaric acid, caffeic acid, sinapic acid, and

ferulic acid as shown in Figure 2.4 (Rashmi & Negi 2020).

O
O H )
Q ° OH
HO OH Ho OH
OH HO
HO OH OH
3-Hydroxybenzoic acid p-Hydroxybenzoic acid Gallic acid Gentisic acid
0]
Q HsCO OH Q OH ©
HO H;CO
HO OCH3 HO
Protocatechuic acid Syringic acid Vanillic acid Salicylic acid

Figure 2.3 Structures of HBA derivatives
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HO HO
OH
HOD\/\H/ ©\/\H/OH \©\/\WOH
0 0 o)
Caffeic acid Cinnamic acid p-Coumaric acid
OCHs
HO HO
OH = OH
HSCOD\/\( H,CO
O . . . O
Ferulic acid Sinapic acid

Figure 2.4 Structures of HCA derivatives

PAs exhibit a wide range of biological activities, significantly contributing to
overall health improvement. Both HBA and HCA are particularly beneficial due to
their antioxidant, anti-inflammatory, antimicrobial, anti-mutagenic, hypoglycaemic,
and anti-platelet aggregating properties (Saxena et al. 2012). Diets rich in natural
phenolic acids have been linked to a reduced risk of oxidative stress-related diseases,
including diabetes, cancer, and CVD (Kumar and Goel 2019). Previous research has
underscored the cardioprotective potential of phenolic acids, highlighting their anti-

inflammatory, antioxidant, and anti-apoptotic properties (Liu et al. 2022).

In a literature review, gallic acid demonstrated cardioprotective activities in
isoproterenol (ISO)-induced myocardial infarction (heart attack) as reported by
Priscilla and Prince (2009). Yan et al. (2019) found that gallic acid also promotes
autophagy to treat myocardial dysfunction and hypertrophy. Additionally, Vijaya
Padma et al. (2013) highlighted that gallic acid alleviated lindane-induced myocardial
damage through its antioxidant activity. Similarly, protocatechuic acid has been
shown to prevent myocardial ischemia/reperfusion injury (Tang et al. 2014) and
exhibit cardioprotective properties in type 1 diabetic rats (Semaming et al. 2014).
Moreover, research by Koczurkiewicz-Adamczyk et al. (2021) indicated that

derivatives of cinnamic acid also possess cardioprotective.

Furthermore, recent evidence highlights the significant potential of certain PAs
in preventing DIC. Notably, gallic acid can substantially mitigate this cardiotoxicity in

rats by enhancing the activities of key antioxidants such as GSH, SOD, catalase, and
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glutathione peroxidase (GPx). Simultaneously, it lowers malondialdehyde (MDA)
levels and reduces the expression of pro-inflammatory markers, TNF-o and
cyclooxygenase-2 (COX-2). These combined effects underscore gallic acid's
protective role against oxidative stress and inflammatory responses (Ekinci Akdemir
et al. 2021; Omobowalé et al. 2018). Additionally, Ahmed et al. (2021) found that
methyl gallate, an ester derivative of gallic acid, protects against DOX-induced
cardiac injury by reducing levels of creatine kinase (CK), aspartate aminotransferase
(AST), lactate dehydrogenase (LDH), and MDA while increasing GSH levels in rat

serum.

Sinapic acid, a derivative of cinnamic acid with 3,5-dimethoxy and 4-hydroxy
substitutions, effectively counteracts DIC. An in vivo study showed that sinapic acid
significantly lowers serum CK-MB and LDH levels in rats treated with DOX.
Additionally, it reduces the expression of Bax, Caspase-3, and NF-«B, while
increasing Bcl-2 activity, suggesting it protects against oxidative stress, inflammation,
and apoptosis (Bin Jardan et al. 2020). Additionally, recent research highlights the
potent protective effects of p-coumaric acid against DIC. It ameliorates biochemical
abnormalities by enhancing SOD, CAT, and GSH activities while reducing MDA and
LDH levels in treated rats. Furthermore, p-coumaric acid improves mitochondrial
membrane potential and intracellular calcium levels. It plays a crucial role in
regulating oxidative stress, apoptosis, and autophagy, further solidifying its
cardioprotective properties (Chacko et al. 2015; Shiromwar and Chidrawar 2011;
Sunitha et al. 2018). Moreover, ferulic acid (4-hydroxy-3-methoxycinnamic acid),
another cinnamic acid derivative, exhibits cardioprotective effects against DIC by
attenuating oxidative stress and maintaining calcium homeostasis (Aswar et al. 2019).
Collectively, these studies underscore the significant therapeutic potential of PAs in

preventing DIC.

2.6 CARDIOPROTECTIVE ACTIVITY OF CARVACROL

Among aromatic monoterpenoids, CA has gained significant attention from
researchers in organic synthesis and medicinal chemistry as a building block for

developing new drugs. CA is naturally found in various plants such as Origanum
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vulgare, Origanum onites, Thymus vulgaris, Stellera chamaejasme, Carum copticum
L., and Zataria multiflora (Fachini-Queiroz et al. 2012; Hao et al. 2021). Additionally,
CA can be synthesized chemically through the alkylation of o-cresol with isopropyl
alcohol (Yadav and Kamble 2019).

The popularity of CA is based on its wide range of biological activities,
including antiacetylcholinesterase (AChE) properties (Jukic et al. 2007), antioxidant
activity (Llana-Ruiz-Cabello et al. 2015), anticancer effects (Glines-Bayir et al. 2017;
Heidarian and Keloushadi 2019), antinociceptive properties (Guimaraes et al. 2010),
anxiolytic-like effects (Melo et al. 2010), antidepressant-like activity (Melo et al.
2011), anti-inflammatory effects (Li et al. 2016), antibacterial activity (De Souza et al.
2021), and antiviral activity (Pilau et al. 2011). Moreover, CA has been recommended
for treating osteoarthritis (Xiao et al. 2018), human cystic echinococcosis (Fabbri et

al. 2016), and diabetes mellitus (Cicaldu et al. 2021).

CA's potential in combating CVD is particularly compelling. It has received
widespread recognition for its beneficial effects on various aspects of cardiovascular
health, such as improving lipid profiles, enhancing cardiac function, lowering blood
pressure, and preventing myocardial infarction and ischemic reperfusion injury. By
targeting mechanisms such as oxidative stress, inflammation, and cell death, CA
shows significant promise in mitigating the onset and progression of CVD. Despite
these promising findings, there have been no clinical trials conducted to assess CA's
potential in reducing CVD risk. CVDs continue to be the leading cause of death
worldwide, responsible for approximately 17.8 million deaths, with this number

projected to rise to around 20.5 million by 2021 (Khazdair et al. 2024).

Recently, researchers have shown a strong interest in investigating the
potential of CA in alleviating DIC. Studies by El-Sayed et al. (2016) and Khajavi Rad
and Mohebbati (2019) reported significant improvements in cardiac function and
oxidative stress parameters in rats pretreated with CA before receiving a single dose
of DOX. These beneficial effects are attributed to CA's diverse properties, including

its antioxidant, anti-inflammatory, and anti-apoptotic activities. Supporting these
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findings, Jafarinezhad et al. (2019) demonstrated CA's effectiveness in enhancing

heart function and reducing structural damage after 24 days of DOX treatment in rats.

Jamhiri et al. (2019) and Sadeghzadeh et al. (2018) have also demonstrated
that CA administration effectively prevents aortic banding-induced left ventricular
hypertrophy in rats. In hypertrophied left ventricles, an increase in cardiomyocyte
apoptosis is evident, as indicated by elevated mRNA levels of the pro-apoptotic
protein Bcl-2-associated death (BAD) promoter and the anti-apoptotic protein Bcl-2.
CA demonstrated a notable capacity to decrease the expression of the pro-apoptotic
factor BAD while simultaneously enhancing the levels of anti-apoptotic factors,
specifically Bcl-2 and Bcl-xL, within the left ventricular tissue. This dual effect
suggests a promising role for CA in modulating apoptotic processes associated with
ventricular hypertrophy. Furthermore, the anti-apoptotic properties of CA were
corroborated by Yu et al. (2013), who found that CA downregulated caspase-3 and
Bax activity while increasing Bcl-2 expression at the protein level in cases of acute

myocardial infarction.

Furthermore, Jamhiri et al. (2019) demonstrated CA's notable ability to reduce
cardiac fibrosis. The proposed mechanisms behind CA's anti-fibrotic effects on DIC
suggest that CA exerts its protective influence by inhibiting inflammatory cytokines,
specifically TNF-a and interleukin-6 (IL-6) (El-Sayed et al. 2016). In another study,
CA showed promising potential in reducing ethanol-induced hepatic fibrosis. The
study highlighted a multifaceted mechanism where CA exerted therapeutic effects by
reducing oxidative stress, downregulating the pro-fibrotic growth factor TGF-f1,
increasing the anti-inflammatory cytokine interleukin-10 (IL-10), inhibiting collagen
synthesis as evidenced by reduced 4-hydroxyproline levels, and attenuating hepatic
stellate cell activation, indicated by decreased alpha-smooth muscle actin (a-SMA)
expression in hepatocytes. These findings emphasize CA's significant antioxidant,
anti-inflammatory, and anti-fibrotic properties, offering valuable insights into its

potential therapeutic utility (Abu-Risha et al. 2023).

However, CA's poor water solubility requires large doses to reach therapeutic

plasma levels, as noted by Marinelli et al. (2019), which restricts its clinical use.
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Research by Ali et al. (2024) has shown that a large portion of orally taken CA
remains in the gastrointestinal (GI) tract, with much of it excreted in the urine and
only a small amount absorbed into the body's tissues, highlighting its low
bioavailability. Additionally, Jamhiri et al. (2019) reported a reduction in heart rate in
normal animals treated with CA. El-Sayed et al. (2016) showed that the
cardioprotective activity of CA was lower compared to the combination of CA with its

isomer, thymol.

These findings emphasize the necessity for modifications to CA to improve
its clinical effectiveness and utility. Efforts are underway to transform or chemically
modify CA and its derivatives to enhance their biological activities by reducing
toxicity, increasing membrane permeability, and improving water solubility. Such
modifications of natural compounds have been widely applied in drug development to

create new compounds with better activities (Butler et al. 2014).

2.7 METHOD FOR THE SYNTHESIS OF CARVACROL DERIVATIVES

The development of new methods for synthesizing CA derivatives has increased
significantly over the years. This section showcases examples of CA derivative
synthesis, emphasizing esterification and QO-alkylation reactions, which are
fundamental for attaching linkers to the CA scaffold. Furthermore, detailed
discussions cover modifications to the benzene ring of CA as a precursor for hybrid
synthesis, alongside the creation of hybrid CA derivatives that integrate other

pharmacophores.

2.7.1 Synthesis of Carvacryl Ester Containing Simple Alkyl or Aryl Moiety

The synthesis of various carvacryl esters containing a simple alkyl or aryl moiety has
been reported in the literature. Generally, the purpose of CA's transformation into its
ester derivatives was to enhance their hydrophobicity, making the derivatives easily
penetrate the cell membrane, or to decrease their toxicity. The carvacryl esters were
commonly synthesized by reacting CA with the appropriate acid chlorides or acid

anhydrides in the presence of a base. Figures 2.5 and 2.6 show the structural diversity
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of carvacryl esters containing a simple alkyl or aryl moiety, and their synthesis
methods can be seen in Table 2.1.

R =CHj; R = CCl;

(38) (45)
0) R (3 ) R = CH2CH3 ( ) R= CH=C(CH3)2
\n/ (40) R = CH(CHs5), (47) R = CH=CHCH;4
o) (41) R = CH,CH(CH3), (48) R =CH=C(CH3)(CH,),CH=C(CH3),
(42) R = (CH;)4CH3  (49) R = CH,CH(CH3)(CH,),CH=C(CH3),
(43) R = (CHy)1oCH3 ~ (50) R = CH=CHCgH;
(44) R = CHzcl ( ) R = CH206H5

Figure 2.5 CA ester derivatives with an alkyl moiety

R
Oﬁrl::T/ (52)R = H (55)R=Br  (57)R=NO,
(53) R = OCHj (56)R=F (58)R = CH,

o) (54)R = Cl

Figure 2.6 CA ester derivatives with an aryl moiety

The first attempt at converting CA to ester derivatives was carried out by
Nikumbh et al. (2003) using acid chlorides as an acylating agent and sodium
hydroxide (NaOH) solution (10%) as both a base and solvent. This method
successfully synthesized 38, 50, 51, and 52 with a high yield (85-92%). Another
attempt was made to obtain 38 (yielding 86%) by using TEA as a base in a different
solvent, such as DCM or tetrahydrofuran (THF) (Alokam et al. 2014; Mathela et al.
2010; Wang et al. 2019). The basicity of NaOH is higher than that of TEA, whereas
the yield of the resulting ester, as well as the reaction time, were similar. The other
method of synthesizing 38 (76% yield) was conducted by using acetic anhydride as an
acylating agent and sodium acetate or pyridine as a base. These methods necessitated
a longer reaction time and higher temperature than acetyl chloride (Andre et al. 2016;
Ben Arfa et al. 2006; Damasceno et al. 2014; De Moraes et al. 2013; Pires et al. 2013;
Pires et al. 2014).

Furthermore, De Mesquita et al. (2018) treated CA with acetic anhydride using
DMAP and TEA as bases to obtain compound 38. Unfortunately, the reaction time

was still long, and the yield of the compound was low. A different result was obtained
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when a 10% solution of NaOH was used as a base. The completion reaction was only
reached in 15 minutes at room temperature (Konig et al. 2019). It can be concluded
that the esterification reaction of CA may be affected by the acylating agent and the
basicity of the base. The acid chlorides were more reactive than acid anhydrides, and

TEA, commonly used as a base, tended to result in high yield.

Moreover, more advanced and greener methods have been developed by using
support and microwave irradiation to obtain compounds 38, 39, and 52. More et al.
(2007) used solid resins, i.e., Amberlite IRA 400, Indion 820, and Amberlyst A 26, to
support the CA anion. The CA-supported resin was then mixed with the appropriate
acid chlorides to form carvacryl ester. The mixture was stirred at room temperature
until the reaction was completed within 10-20 minutes. The yield and purity of
products are higher in comparison with conventional methods. Besides that, the resins
were reusable by regenerating their activity, which is in line with green chemistry
principles. Besides, Narkhede et al. (2008) have continuously developed greener,
simpler, and more rapid methods with higher yield and purity to obtain carvacryl
ester. The method was assisted by microwave irradiation and solid supports such as
alumina, silica gel, and fly ash. The solid supports absorbed the CA using aqueous
sodium hydroxide, and then it was further reacted with acid chlorides under
microwave irradiation. The reaction time ranged from 1 to 5 minutes. This method
was also used to successfully synthesize CA dimeric esters (59 and 60) from CA-
supported alumina, silica gel, or fly ash and the appropriate diacid chloride. The

structures of 59 and 60 can be seen in Figure 2.7.

(0]
(0] OH
e) @) (0]

(61) (62)
R = -COCO- (59)
R = -CO(CH),CO- (60)

Figure 2.7 The structures of compounds 59—-62

Unfortunately, this greener method with many advantages was only adopted

by Nesterkina et al. (2020), and the other researchers still focus on conventional
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methods, i.e., the synthesis of 39; 40; 41; 47; 50; 58 (Mathela et al. 2010), 39 (De
Santana et al. 2014), 44; 45 (Silva et al. 2017), 42 (De Mesquita et al. 2018), and 46
(Marinelli et al. 2019). Besides, 43, containing a longer alkyl chain, has been obtained
by treating CA with fatty acid in the presence of inorganic acid. This method used
different acylating agents and acids as catalysts. It was the first attempt to make
carvacryl ester using fatty acid and an inorganic acid. Moreover, the yield was low,
the time was long, and the temperature was also high (Bassanetti et al. 2016). On the
other hand, the other longer alkyl derivatives (48 and 49) have been obtained with a
higher yield by reacting CA with the appropriate acid chlorides in the presence of
TEA as a base. This method was more effective than organic acids based on yield,
time, and reaction temperature. Ester derivatives with a carboxylic acid moiety in the
terminal alkyl group have also been successfully synthesized by stirring a mixture of
CA and succinic/glutaric anhydride overnight to yield 61 and 62 (Figure 2.7).
However, dicyclohexylamine catalyzed this reaction, and the yield was still low

(Marinelli et al. 2019).

Furthermore, the ester derivatives containing a benzoyl moiety (51-56) were
also successfully synthesized using substituted benzoic acids as acylating agents. The
success of this method was supported using N,N'-dicyclohexylcarbodiimide (DCC)
and DMAP as a condensing agent and a base, respectively. This reaction was also
affected by the substituted benzoic acid derivatives. The strong electron withdrawing
group (-NO3) in the para position can increase the yield of the reaction, whereas the
electron donating group (-OCH3 and CHj3) decreases the yield of the reaction (De
Mesquita et al. 2018). Mbese et al. (2022) continuously developed CA derivatives
utilizing DCC and DMAP as catalysts, demonstrating their effectiveness in facilitating
direct esterification reactions between phenolic compounds and carboxylic acid

derivatives.



Table 2.1 The synthesis methods of ester derivatives of CA containing alkyl and aryl moieties
No The carvacryl Reagent Catalyst, Solvent Temperature Time Yield (%) References
esters activating
agent/method
1 38;50;51; 52 Sodium salt of NaOH N/A r.t 2-3h 85-92 Nikumbh et al.
CA and acid 2003
chloride
2 38 CA and the TEA DCM 0°C lh 78 Mathela et al.
corresponding 2010
39 acid chlorides it 10h s
40 85
41 75
47 78
51 82
52 78
3 38 CA and acetyl TEA DCM r.t 3h 75 Alokam et al.
chloride 2014
4 38 CA and acetyl TEA THF 0°C 15 min 86 Wang et al.
chloride 3h 2018
r.t
5 38 CA and acetic ~ Sodium acetate N/A 110 °C 24 h 76 Ben Arfa et al.

anhydride

2006; Silva et
al. 2017

To be continued. .
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2.7.2  Synthesis of Carvacryl Ether Containing Simple Alkyl or Aryl Moiety

Alkyl/benzyl carvacryl ether was another CA derivative based on hydroxy group
functionalization. The various ether derivatives of CA reported in the literature can be
shown in Figures 2.8 and 2.9. On the other hand, the variety of synthesis methods can

be seen in Table 2.2.

(63) R = CHj3 R = Farnesyl
(64) R = CH,CH; 74) R = CH,CH=CH,
O._ (65) R = CH,CH,CHs R = CH,CH=CHCH;
R (66) R = CH(CHs), R = CH,CH=C(CH3),
77

(68) R = CH(CH3)CH,CHj3
(69) R = (CH,)4CH3

(70) R = (CH2)7CH3

(71) R = (CHy)11CH3

(72) R = Geranyl

R = CH,CH=C(CH3)(CH,),CH=C(CH3),
CH,CN
CH,COOCH,

(7
(
7s
(7
(
(
(81) CH,COOH

3)
)
5)
76)
)R = CH,CCH
8)
79)
80)
81)

Figure 2.8 The ether derivatives of CA contain alkyl moiety

89)R=CH; ;R = H

(
(82) R R (90)R=CF3;R'=H
R (83)R CH3 R (91)R=Br;R' = H
o (84)R=ClI (92)R=NO,;R'=H
(85) R =Br o) (93)R=H;R'=CHjy
(86) R = CF3 (94)R=H;R' =CF4
(87) R = CgHs (95 R=H;R'=F
(88) R =CN (96) R=H ; R'= OCH,4
(107) R = NO, (97)R=H; R'= NO,
(104) R =
R
J@E“ o L
R
5 (105) R = o
N

(98) R3 R = CHy; Ry, Ry Rg = H NO, 0

(99) Rz Rs=F; Ry Ry Rg=H o

(100) R3‘ R5 = CF3, Rz’ R4‘ RG =H

(101) RZ, RG = F, R3, R4Y R5 =H N02

(102) Rz = Cl, R4 = OCH3, R3! R5‘ RG =H

(103) R3 R4 =Cl; Ry Rs Rg=H (106)

Figure 2.9 The ether derivatives of CA containing benzyl/aryl moiety
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The initial work to convert CA into its ether derivatives has been carried out
by Lupo et al. (2000). The allyl carvacryl ether (74) has already been synthesized by
refluxing overnight the mixture of CA in acetone, potassium carbonate (K>CO3), and
KI. By replacing KI and K>CO; with NaOH solution (10%), Nikumbh et al. (2003)
successfully synthesized 74 and other derivatives (63,64,67,81, and 82) using CA and
the appropriate alkyl halide as an alkylating agent. This method was modified by
Pinheiro et al. (2018) by adding acetone as a solvent to shorten the reaction time.
However, in the continuous study, Ben Arfa et al. (2006) and Concepcion et al. (2013)
obtained 63 using dimethyl sulfate as an alkylating agent and acetone as a solvent in
the presence of K2COjs as a base. This method needed a higher temperature and longer

reaction time than that of Nikumbh et al. (2003).

Similar to the development of ester derivatives, More et al. (2007) and
Narkhede et al. (2008) have demonstrated simpler, greener, and faster methods to
obtain ether derivatives of CA (63—68, 74, 81, 82, and 106) using solid support and
microwave irradiation. In these methods, alkyl halide was used as an alkylating agent,
and the reaction time was shortened. The dimeric ether of CA was also successfully
synthesized by using microwave irradiation. To obtain 108 and 109, the CA must be
supported by alumina, silica gel, or fly ash and then reacted with the corresponding
dihaloalkanes for 1-5 minutes with microwave irradiation (Figure 2.10). Furthermore,
Patil et al. (2010) has continuously developed ether derivatives under microwave
irradiation conditions without the use of solid supports. CA has been reacted with a
variety of substituted chloroacetanilides to produce a variety of carvacryl ethers with
an amide moiety. This reaction was assisted by microwave irradiation for 1-3 minutes
in the presence of NaOH as base and acetone as a solvent to give 110-115 (Figure
2.10) with a better yield and purity in mild conditions. Microwave irradiation has
several advantages over traditional methods, including a shorter reaction time, ease of

isolating and purifying products, and a simpler experimental procedure.
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. (1M0)R=H;R'=H (91%)
R" (111) R = H; R' = CHj (92%)

0

(112) R = NO, ; R' = H (90%)
O.g-0 0\)\,\, (113)R = CI; R=H (92%)
H (114) R = CI; R' = CI (94%)

(108) R = -(CHy),- (88%)

(109) R = -(CH,)4- (83%) (115) 93%

Figure 2.10 The structure of compounds 108-115

Unfortunately, this beneficial method was only imitated by Bonfim et al.
(2014) and Nesterkina et al. (2020), and the other researchers still prefer conventional
methods to develop carvacryl ether. For example, 63 has been obtained by the reaction
of CA with methyl iodide in the presence of KoCOs3 as a base and acetone as a solvent.
The reaction mixture is stirred and heated at 60 °C for 2 h (Alokam et al. 2014) or
refluxed overnight (Silva et al. 2017). Besides, 64 was also synthesized using either
iodoethane or bromoethane as alkylating agents under refluxed or stirred conditions.
A variety of bases, including K2CO3 and sodium methoxide, as well as solvents
(acetone, dimethylformamide (DMF), and acetonitrile), were used. These
conventional methods were used to develop the other ether derivatives (Aneja et al.
2018; Natal et al. 2021; Silva et al. 2017; Wang et al. 2018). The use of various
alkylating agents, bases, and solvents has affected the yield of reactions. Interestingly,
Natal et al. (2021) prefer cesium carbonate as a base over previously used base to
synthesize 65, 70, and 71. However, the performance of this base was lower than that

of those previously used.

2.7.3 The Modification of CA Based-functionalization of Benzene Ring

CA derivatives with functionalized phenyl rings, as illustrated in Figure 2.11, have
been reported. This modification facilitates the formation of CA hybrids with other
pharmacophores. The derivatization of the CA structure was started by Lupo et al.
(2000). The continued heating of allyl carvacryl ether (74) in a nitrogen atmosphere at
200 °C gave ortho/para-allylcarvacrol  (116) with a  high yield.



Table 2.2 The synthesis methods of ether derivatives of CA containing alkyl and benzyl/aryl moieties

No The ethers of Reagent Base/Activat- Solvent Temperature Time Yield (%) References
CA ing Agent
1 74 CA K,COs3 and KI Acetone Refluxed 24 h 90 Lupo et al.
(2000)
2 63, 64, 67, 74, CA and alkyl NaOH 10 % - Refluxed 5—-6h 83-90 Nikumbh et al.
81, 82 halide (2003)
3 63 CA, and K,CO;3 Acetone Refluxed 24 h 88 Ben Arfa et al.
dimethyl (2006)
sulfate Concepcion et
al. (2013)
4 63 CA-supported Polymer- Acetone r.t 20 — 35 min 92 More et al.
Amberlite IRA supported (2007)
64 400 and the reactions 96
65 corresponding (Amberlite 78
alkyl halide IRA 400
66 (chloride form) 86
67 as supporting) 38
68 90
81 94
106 86

To be continued..
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Furthermore, 117 was synthesized by hydrogenating 116 in the presence of Pd/C as a
catalyst using the Parr hydrogenation apparatus. The methods carried out to synthesize
188-125 can also be seen in Table 2.3. Furthermore, Masteli¢ et al. (2008) modified
the CA structure by inserting a hydroxymethyl moiety into its benzene ring to obtain
126-127. The modification aimed to improve the polarity and solubility of CA in
water and its antioxidant activity. CA has been reacted with methanal in the presence
of NaOH as the base to obtain 126—127. The formation of 126 occurs through the
nucleophilic addition of methanal by the phenolate ion of CA. The role of a base
(NaOH) is to promote the formation of phenolate ions by deprotonation of the
hydroxy group in the phenolic ring. The formed hydroxymethylphenol (126) can
undergo a further reaction with the parent CA through an electrophilic aromatic
substitution reaction to give 127. Moreover, De Oliveria et al. (2016) have already
synthesized 128 by reacting CA with chlorosulfonic acid at 0 °C. Compound 126
demonstrated increased antioxidant activity compared to CA alone, making it a

suitable candidate for developing hybrids with enhanced antioxidant properties.

(118) R = Br
(119) R = Cl OH
(120)R NO,
Cl\u
I

O=m=0

(128)

OH OH
OH
‘ —»HOSS T KO;S
(121)

(124) (125)

OH HO O O OH
+

(123) (122) (126) (127)

Figure 2.11 The structural diversity of CA derivatives derived from the
functionalization of the benzene ring



Table 2.3 The synthesis methods of CA derivatives based-functionalization of benzene ring
No The CA Reagent Catalyst Solvent The Tempe- Time Yield (%) References
derivatives /Base/Acid synthesis rature
method
1 116 Allyl CA - - Heated under 200 °C 4h 97 Lupo et al.
ether nitrogen (2000)
atmosphere
2 117 Allyl CA + Pd/C (5%) 10% ethanol Parr N/A 3h 98 Lupo
hydrogen gas (Catalyst) in ethyl hydrogenat- 200 _,
(40 psi) acetate ion apparatus
3 118 CA and - Acetic acid Stirred r.t N/A 47 Alokam et al.
bromine (2014)
118 CA and - Glacial acetic Cooled 0°C 20 min N/A Wang et al.
bromine acid (2019)
Stirred r.t 3h
4 119 CA and - CCly Stirred r.t 45 min 81 Alokam et al.
SO.Cl, (2014)
119 CA and LiCl Copper Acetic acid Agitated 80 °C 6h N/A Pinheiro et al.
catalyst under oxygen (2018)
(CuCly) atmosphere
5 120 CA and nitric - Acetic acid Stirred r.t N/A 33 Alokam et al.
acid (2014)
6 120 CA NaOH (base) Water Heated 60-70 °C N/A N/A Silva et al.
(2017)
Added
chloroform

To be continued...
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2.7.4 Synthesis of CA Hybrids with Diverse Pharmacophores

Several CA hybrids have been developed to enhance the biological activity of the
parent compound. For example, Pete et al. (2012) have already developed a hybrid of
CA and benzoyl phenyl urea/thiourea derivatives by incorporating benzoyl phenyl
urea/thiourea moiety into CA (129—-140). Their well-established insecticidal properties
informed the choice of benzoyl phenyl urea/thiourea linkages, while CA had
previously exhibited antifungal efficacy in studies. This strategic fusion aimed to
produce hybrid molecules with dual functionality capable of combating fungal
infections and insect pests, thus presenting a promising prospect for the agricultural
sector. The synthesis began with the reaction of compound 123 with substituted
benzoyl chloride in the presence of ammonium thiocyanate and dry acetone, yielding
benzoyl CA thiourea derivatives (129-134). Furthermore, the benzoyl CA thiourea
has been oxidized to obtain benzoyl CA urea derivatives (135-140) using formic acid,
hydrogen peroxide, and DMF, as shown in Scheme 2.1. Although the antifungal
activity against phytopathogenic fungi was lower than that of CA, some derivatives
exhibited enhanced antifungal activity against human fungal pathogens compared to

the parent compound.

128 also underwent further reactions to obtain sulfonamide derivatives of CA
(De Oliveira et al. 2016). 128 was subjected to various amines using dichloromethane
as a solvent to obtain 141-152, as shown in Scheme 2.2. These hybrids exhibited
superior antibacterial activity against methicillin-resistant Staphylococcus aureus
(MRSA) compared to the parent compound. Notably, among these derivatives, those
containing the 4-methylaniline moiety (141) displayed the most potent antibacterial
activity against MRSA, with minimum inhibitory concentration (MIC) values ranging
from 3.9 to 15.62 ppm. Another potential derivative was a sulfonamide derivative
containing a 4-fluoro aniline moiety (143), which exhibited a synergistic effect with
tetracycline and a partial synergistic effect with ampicillin with the fractional
inhibitory concentration (FIC) indices of 0.50 and 0.75, respectively. SAR
demonstrated that phenyl sulfonamide moiety plays a crucial role in antibacterial
movement. Additionally, the methyl group appended to the phenyl ring enhanced the

antibacterial activity significantly. Substituting the -CH3 group with either an electron-
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withdrawing group (-NO: or -F) or another electron-donating group (-OH or -OCH3)
decreased anti-MRSA efficacy.

Acetone, NH;SCN )kQ

(123) (129)R=H  (132)R=2-F
(130)R=2-Cl (133)R=4-F
(131)R=4-Cl (134)R=2,6-F

H,0,
DMF, Acetic
acid

H
ROB S
N~ N
TG
R

(135)R=H (138)R = 2-F
(136) R=2-Cl (139)R =4-F
(137)R=4-Cl  (140)R = 2,6-F

Scheme 2.1 The synthetic pathway of compounds 129-140

OH HO OH HO '
0 NH,R, DCM o H N/\
CIng T A g-N RHN.S
I rt, 3-6 h (,S), \Q or ~g (0]
1]
o o) (152)

(/)—O

(@]

(128) (141) R' = 4-CH; (87%) (146) R = naphthalen-2-yl (79%)
(142) R' = 4-NO, (78%)  (147) R = pyrazin-2-yl (88%)
(143) R' = 4-F (85%) (148) R = 4-(N-(thiazol-2-yl)sulfamoyl)phenyl (76%)
(144) R' = 2-OH (91%) (149)R= ", NO;
(145) R' = 4-OCHj (92%) N
(150) R’ = 2,4-di-Cl Y
(151) R’ = pyridin-2-ylmethyl NO
(82%) 2

Scheme 2.2 The synthetic pathway of compounds 141-152

In 2017, Ashraf et al. reported a synthesis method for hybrids combining CA
with phenolic acids through an ester bond. This study introduced a novel tyrosinase
inhibitor derived from CA, highlighting its potential applications in addressing

melanin-related skin disorders and fruit oxidation. The synthesis began with an
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esterification reaction between CA and chloroacetyl chloride in the presence of TEA
and DCM as solvents. The mixture was then stirred for 4 hours at room temperature.
A nucleophilic substitution reaction was conducted in the second, incorporating
benzoic acid or cinnamic acid derivatives. The deprotonated carboxy group of benzoic
acid derivatives nucleophilically attacked the terminal chloromethyl group. The
presence of TEA will assist benzoic/cinnamic acid derivatives in undergoing
deprotonation reactions. The method included stirring the mixture of
benzoic/cinnamic acid derivatives, TEA, potassium iodide, intermediate, and dimethyl
formamide for 24 h at room temperature. The various hybrids of CA and hydroxy-
substituted benzoic/cinnamic acid (1-10) can be shown in Scheme 2.3. Most of CA
derivatives demonstrated robust tyrosinase inhibition except for 5-6, with ICso values
ranging from 0.0167 to 15.9 uM, although slightly below the benchmark set by kojic
acid (ICso of 16.69 uM). 10 emerged as the most potent inhibitor, boasting an ICso of
0.0167 uM. Generally, compounds featuring a hydroxy-substituted cinnamic acid
residue exhibited superior activity compared to those with a hydroxy-substituted

benzoic acid moiety.

OH o}
cl O TEA, DCM \H/\C'

+ > O O
cl 0to-5°C,4h
T Pz
o DMF, rt, 24 h| HO
R
0

EA, KI
R 0 —
TEA, KI, DMF Y o
(0] rt, 24 h (0] R
0
? \([)]/\O)k© ) R=H(87%)
R

(7
(8) R =4-OH (80%)
(9) R =4-Cl (84%)

(10) R = 2,4-di-OH (76%)
(1) R = 3-OH (85%) (4) R = 2,4-di-OH (81%)
(2) R = 4-OH (84%) (5) R = 3,5-di-OH (86%)
(3) R = 3,4-di-OH (78%)  (6) R = 3,4,5-tri-OH (87%)

Scheme 2.3 The synthetic pathway of compounds 1-10

Bkhaitan et al. (2018) synthesized two hybrids of CA and metronidazole to
evaluate the influence of the linker on the biological activity of the resulting hybrids.

Metronidazole, a key therapeutic agent for treating Helicobacter pylori-induced
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gastric ulcers, faces limitations due to bacterial resistance and safety concerns,
creating a need for new derivatives with comparable or improved efficacy. The
development of hybrid drugs, such as the combination of metronidazole with CA,
which possesses a broad biological activity spectrum, represents a potential strategy to
overcome these challenges. The synthesis of compound 153 involved an esterification
reaction between CA and the oxidized form of metronidazole. To oxidize the
metronidazole, the mixture of metronidazole, potassium dichromate, and sulfuric acid
in water was stirred overnight. The carboxylic acid moiety product was subjected to
an esterification reaction with CA. The reaction was allowed in the presence of
DMAP and DCC in DMF and DCM. After 50 hours at room temperature, the reaction

mixture yielded 153, as shown in Scheme 2.4.

0 Nle
2
N/\
K,Cr,0 f"‘ Sﬁ
N 2LRV7  ooN [ . o . @)
oN—| s, 02N AL ®DMF, 0°C, 10 min
N —— o

rt, overr"ght (||) CA, DMAP, DCM, DCC
Lon t, 50 h

Metronidazole o
(153) 40%

Scheme 2.4 The synthetic pathway of compound 153

To synthesize compound 154 containing an ether linkage, the hydroxy group
of metronidazole was first converted into a tosylate group to serve as an effective
leaving group. This was achieved by reacting metronidazole with 4-
methylbenzenesulfonyl chloride in the presence of TEA and DCM (solvent) to obtain
the metronidazole tosylate. This compound was subjected to the etherification reaction
with CA using K2CO3 and DMF. The mixture was stirred for 14-16 h at 70-80 °C to
produce 154 (51%) as shown in Scheme 2.5.
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Scheme 2.5 The synthetic pathway of compound 154

The resulting hybrids (153&154) exhibited potent activity against Clostridium
perfringens. Notably, the ether-linked hybrid (154) displayed superior antibacterial
potency compared to the ester-linked counterpart (153), particularly demonstrating
strong efficacy against H. pylori strains. Encouragingly, the ether derivatives showed
reduced toxicity towards normal human fetal lung fibroblasts compared to
metronidazole, suggesting their potential for managing gastric ulcers effectively in the
future. These findings highlight the critical role of the linker in influencing the

biological activity of hybrid compounds.

Aneja et al. (2018) created a potential candidate for antimicrobial activity by
adding a 1,2,3-triazole moiety and sulfonate to CA. 234-241 has been synthesized in
three steps. CA was modified into its ether derivatives containing an alkyne moiety in
the first step. CA was mixed with propargyl bromide in the presence of KoCO3 and
DMF as a solvent. The mixture was stirred continuously for 24 hours. Secondly, the
substituted anilines were converted to their azide derivatives via a diazotization
reaction followed by treatment with sodium azide. The aniline derivatives were
dissolved in ethyl acetate at 0 °C, HCI and sodium nitrite were added, and stirred
continuously for 1 h. After that, the sodium azide solution was added to the mixture.
After stirring the mixture at room temperature, the azide was obtained until the
completion reaction was reached. Finally, alkyne and azide undergo a [3+2]
cycloaddition reaction catalyzed by Cu(I) from CuSO4.5H>O in sodium ascorbate's
presence to obtain a CA-triazole hybrid. This cycloaddition reaction used a
tetrahydrofuran (THF)/H>O (1:2) mixture as a solvent to obtain 155-162, as shown in
Scheme 2.6.
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Compound 159 emerged as a standout, displaying enhanced efficacy against S.
pneumoniae, E. faecalis, and E. coli, with improved ICso values (15-62 pg/mL).
Studies illustrated its bacteriostatic effect on S. pneumoniae and E. coli, potent biofilm
inhibition, and moderate activity against resistant £. coli. Additionally, in vitro assays
revealed no hemolysis or cytotoxicity, while in vivo trials on G. mellonella confirmed
its safety. These findings highlight 159 as a promising avenue for further research in
developing potent antibacterial agents. The SAR analysis revealed that introducing a
phenyl-1,2,3-triazole moiety did not significantly alter CA's antibacterial activity
against the tested bacteria. Notably, within the series 155-162, only the hybrid with a
carboxyl substituent at the para position of the phenyl ring exhibited greater potency
than CA. Substituting the -COOH group with other electron-withdrawing or electron-

donating groups resulted in reduced activity compared to the parent compound.

The development of CA derivatives incorporating a thiazole moiety was
further explored by Uddin et al. (2020). Computational studies, including molecular
docking and molecular dynamic simulations, identified a potential antimalarial
candidate capable of inhibiting Plasmodium falciparum growth without exhibiting
toxicity toward human cells. Among these candidates, CA derivatives containing a
triazole moiety were highlighted. To validate the antimalarial potential and conduct
SAR analysis, the synthesis of these CA derivatives was adapted from the method
reported by Aneja et al. (2018), resulting in compounds 161 and 163—174, as depicted
in Scheme 2.6. Of these, only compound 161 exhibited significant antimalarial
activity. SAR analysis indicated that substituting the p-methoxy (-OCH3) group with
substituents in the ortho- or meta-positions led to a gradual reduction in activity, while
optimal activity was achieved when the methoxy group was retained at the para
position of the aromatic ring. These findings underscore the critical influence of

substituent position and type on the biological activity of these derivatives.
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Scheme 2.6 The synthetic pathway of compounds 155-174
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2.8 METHOD FOR THE SYNTHESIS OF CARVACROL PHENOLIC ACID
HYBRIDS

Building on previous findings highlighting the cardioprotective properties of CA and
PA (Imran et al. 2022; Liu et al. 2022), this study examines the cardioprotective
potential of CPAHs. Molecular hybridization, a pivotal strategy in medicinal
chemistry, involves combining molecular fragments known as pharmacophores to
enhance bioactivity or create novel properties do not present in the parent molecules
alone (De Castro et al. 2020). Research suggests that this approach often yields
significant therapeutic benefits, as hybrid compounds typically exhibit increased
affinity and effectiveness compared to their parent compounds (Nepali et al. 2014).
Additionally, hybridization can enhance physicochemical characteristics, drug

delivery mechanisms, and biopharmaceutical properties (Das et al. 2010).

Forming CA derivatives, such as CPAH, may improve cardioprotective effects
through synergistic or additive mechanisms while overcoming the limitations of CA.
The formation of CA derivatives, such as CPAH, has the potential to enhance
cardioprotective effects through synergistic or additive mechanisms while addressing
the limitations of CA. According to the reported literature, hybridizing CA with
diverse pharmacophores can be achieved by introducing linkers. Common linkers
used include ester, ether, and thiazole linkers. In this study, ester and ether linkers

were selected to provide the physicochemical properties necessary for optimal
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activity. Additionally, alkyl linkers, being more flexible, may facilitate easier binding

of the hybrids to various targets, as suggested by Dong et al. (2022).

Ashraf et al. (2017) previously synthesized ten CPAHs using an ester linker
through a two-step reaction process. In the first step, CA was reacted with
chloroacetyl chloride in the presence of TEA and dry DCM for four hours, yielding an
intermediate. This intermediate was subsequently subjected to a nucleophilic
substitution reaction with various HBA or cinnamic acid derivatives over 24 hours at
room temperature, as depicted in Scheme 2.3. Expanding on this work, the CPAHs
were re-synthesized (1-10), and eleven novel CPAHs (11-21) were developed. Their
cardioprotective effects against DIC were systematically evaluated to investigate the

SAR within this series and enhance the understanding of their therapeutic potential.

2.9 IN VITRO CARDIOPROTECTOR ACTIVITY AGAINST DIC

The H9c2 cell line, originating from embryonic BD1X rat heart tissue, is widely used
in in vitro studies because it closely mimics the morphology of immature
cardiomyocytes and exhibits strong proliferative abilities. Despite their immature
state, H9c2 cells retain essential signalling components required for maturation into
cardiac muscle cells. This line is particularly valuable for studying cardiotoxicity,
especially of anticancer drugs such as DOX (Branco et al. 2012; Witek et al. 2016).
Supporting this, research by Dallons et al (2020), demonstrates that the H9c2 cell line
serves as an excellent model for investigating DIC and the protective effects of
cardioprotectant. H9¢2 cells accurately mimic key mechanisms of DIC, including
oxidative stress, cell death, apoptosis, sarcoplasmic reticulum stress, and
topoisomerase inhibition. In their evaluation of DOX toxicity on H9c2 cells in vitro,
prolonged exposure to DOX for at least 24 hours resulted in a dose-dependent
reduction in cell viability. Conversely, short-term exposure to DOX for just 4 hours
did not negatively impact the viability of H9¢c2 cells. These findings underscore the
utility of the H9c2 cell line in modeling DIC and testing cardioprotective

interventions.
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Currently, the primary strategy for managing DIC involves the concurrent
administration of a cardioprotective agent (Chung and Youn 2016). To evaluate the
cardioprotective activity of specific compounds in vitro, H9¢c2 cells were pre-
incubated with the cardioprotectant before DOX exposure. The standard prophylactic
treatment recommends administering the cardioprotectant 3 hours before DOX
exposure. However, longer-term prophylactic delivery, administered 24 hours before
DOX in an H9¢2 model of DIC, demonstrated superior cardioprotective effects in
preventing cardiomyocyte toxicity compared to the shorter-term approach. For
instance, resveratrol showed significant cardioprotective activity against DOX-
induced H9c2 cell death when administered 24 hours before DOX exposure,
compared to a 3-hour pretreatment (Monahan et al. 2021). This finding underscores
the critical importance of optimizing the timing of cardioprotectant delivery to
maximize its effectiveness in preventing cardiomyocyte toxicity. Consequently, in this
study, we employed a longer-term prophylactic delivery, administering the CPAHs 24
hours before DOX exposure for an additional 24 h in H9c2 cells, to assess the

effectiveness of CPAHs in preventing DIC.

The effects of drugs on cardiomyocytes are assessed by measuring compound
cytotoxicity, determining the percentage of necrotic cells, observing changes in
cardiomyocyte morphology, and evaluating the impact on cell proliferation (Tan et al.
2010). To evaluate cytotoxic effects, cell viability analyses are commonly performed.
Researchers calculate the number of surviving cells compared to an untreated control
group to effectively gauge the cytotoxicity of the compounds. By comparing the cell
viability of groups treated with both a cardioprotectant and DOX to those treated with
DOX alone, the effectiveness of the cardioprotectant in reducing DIC can be
determined (Sangweni et al. 2020; Sirangelo et al. 2020; Zhou et al. 2022). This
comprehensive approach enables a thorough understanding of how cardioprotective

agents can counteract the adverse effects of DOX on cardiomyocytes.

Several methods are available to determine cell survival in cell viability
analysis. Among these, the MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide) has been widely used for nearly four decades. It is a

common and reliable tool for measuring cell proliferation, viability, drug cytotoxicity,
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and mitochondrial/metabolic activity. The MTT reagent is a mono-tetrazolium salt
composed of a positively charged quaternary tetrazole ring core, which contains four
nitrogen atoms and is flanked by three aromatic rings, including two phenyl groups
and one thiazolyl ring (Berridge et al. 2005). The MTT reagent can cross both the cell
membrane and the mitochondrial inner membrane of viable cells, probably because of
its positive charge and lipophilic nature (Stockert et al. 2018). The MTT assay results
generally correlate with the number of viable cells in culture. Viable cells reduce
MTT, disrupting the core tetrazole ring and forming a violet-blue, water-insoluble
molecule called formazan. The formazan is then solubilized with a solvent such as
DMSO, and the optical density (OD) is measured by a microplate reader at around
570 nm. The OD values represent formazan concentration and, consequently, MTT

reduction (Ghasemi et al. 2021).

Recently, several water-soluble tetrazolium (WST) dyes have been developed
and utilized for cell viability analysis. These WST dyes offer a more straightforward
application, eliminating the need to dissolve formazan crystals in organic solvents,
thereby simplifying the procedure and reducing potential complications associated
with traditional assays (Berridge et al. 2005). Enhanced sensitivity WST dyes,
including WST-1, WST-5, and WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium], have been developed for cell
proliferation and cytotoxicity assays. Among these, WST-8 stands out for its superior
stability and sensitivity, making it more effective in these applications (Tiwari et al.
2015). The WST-8 assay operates on the principle of converting tetrazolium dye into
yellow formazan crystals via mitochondrial NAD-dependent succinate
dehydrogenase. These crystals are then dissolved in an aqueous solution and analyzed
with a spectrophotometer to measure absorbance values, which correlate with cell
metabolic activity or viability. This method enables precise measurement of cell
proliferation and cytotoxicity. Additionally, some WST dyes, like WST-8, are now
offered as commercial kits with ready-to-use reagents for various bioassays,
streamlining the procedure and ensuring consistent outcomes (Prabst et al. 2017). In
this study, both the MTT and the WST-8 assay were utilized to determine cell
viability and evaluate the cardioprotective activity of CPAH to prevent DIC.
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2.10 STRUCTURE-ACTIVITY RELATIONSHIP STUDY

SAR examines the correlation between a drug’s chemical structure and biological
activity. It is pivotal in drug candidates' design, optimization, and refinement. SAR
strategies focus on systematic structural modifications, such as altering substituents,
adjusting chain lengths, and modifying ring systems. These modifications enhance
pharmacokinetic and pharmacodynamic properties, improve target binding affinity,

and reduce toxicity (Andricopulo and Montanari 2005).

To establish a SAR, the process begins with the systematic collection of data
on compounds with similar structural features that demonstrate comparable biological
activities. This approach facilitates the identification of key structural elements, such
as functional groups, ring systems, and chain lengths, that significantly influence the
compound's biological activity. By methodically tracking how alterations in these
structural components correlate with changes in biological efficacy, researchers can
establish a qualitative SAR. This process identifies structural features that enhance or
diminish the compound's activity. The SAR methodology is widely applied in
medicinal chemistry and drug design. As an example, Kolldrova-Brazdova et al.
(2020) conducted a detailed investigation into the SAR of dexrazoxane derivatives,
the only approved drug for preventing DIC. They synthesized six analogs (175-180)
by modifying the dioxopiperazine rings and evaluated their cardioprotective efficacy,
as illustrated in Figure 2.12. Despite these structural alterations, none of the analogs
showed improved cardioprotective activity, emphasizing the rigid structural
constraints of bisdioxopiperazines in cardioprotective applications. Further
pharmacokinetic studies confirmed that the lack of efficacy was not due to differences
in absorption, distribution, metabolism, or excretion but attributed to changes in
pharmacodynamic interactions. Additional studies by Hasinoff et al. (2020)
demonstrated that the linker connecting the two bisdioxopiperazine rings is essential
for the cardioprotective activity of dexrazoxane. This was strongly linked to the

compounds' ability to inhibit the catalytic activity of topoisomerase II.
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Figure 2.12 Dexrazoxane analogs (175-180) showed weak cardioprotective activity
against DIC

Cuadrado and colleagues (2022) synthesized a series of labdane conjugates
(181-187) to identify more potent cardioprotective agents against DIC, as depicted in
Figure 2.13. These conjugates combined diterpene labdanodiol with various anti-
inflammatory privileged structures, such as naphthalimide, furanonaphthoquinone,
and naphthoquinone, to explore their SAR. Among the labdane conjugates with a
triazole linker, only the compound containing a naphthalimide moiety (183)
demonstrated significant cardioprotective activity. This suggests that the
naphthalimide group plays a key role in enhancing the cardioprotective effects of
these compounds. Additionally, in the series of labdane—furanonaphthoquinone
conjugates, the nature of the substituent attached to the nitrogen atom significantly
influenced the biological activity. Specifically, the labdane—furanonaphthoquinone
conjugate with an N-cyclohexyl (184) group was the most effective, showing superior
cardioprotective properties. These findings emphasize the importance of the nitrogen-
linked moiety in interacting with specific residues of the biological target, thereby
modulating the compound’s activity. The study highlights that the size, shape, and
flexibility of the nitrogen-substituent play a critical role in optimizing the compound's

interaction with the target.
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Figure 2.13 Labdane conjugates (181-187) showed weak to good cardioprotective
activity against DIC

2.11 CONCLUSION

In conclusion, CA and PA are promising phytochemicals for the treatment of CVD.
Their straightforward chemistry, ease of synthesis, and broad biological activity, both
in natural and synthetic forms, position these scaffolds as valuable candidates for
therapeutic applications, particularly in cardioprotection. Given their potent
cardioprotective effects against DIC, hybrids combining both pharmacophores have
been developed. Previous studies have highlighted the contribution of substituents on
the ring and the linker to specific biological activities. As such, varying the number
and position of substituents on the ring, as well as modifying the linker, was explored
to identify the most effective hybrids for cardioprotective activity. This study focused
on synthesizing twenty-one CPAHs (1-21) as potential cardioprotective agents by
covalently linking CA with various PA scaffolds through acyl or alkyl linkers. The in
vitro cardioprotective efficacy of these hybrids was evaluated against DOX-induced

HO9c2 cell death, providing insights into the SAR of the compounds.



CHAPTER 111

METHODOLOGY

3.1 INTRODUCTION

This chapter discusses the general information, and methods used for the synthesis of

CPAHs and in vitro study methods.

3.2 GENERAL INFORMATION

Commercially available reagents were used without further purification. Dry organic
solvents were carefully prepared using appropriate methods before use. Other organic
solvents met reagent grade standards and were used without further modification. To
prevent unwanted reactions, reactions in dry solvents were meticulously controlled
under an argon atmosphere throughout the experiment. Merck TLC plates (No. 5715)
precoated with silica gel 60 F254 were used for analytical thin-layer chromatography
(TLC). Kanto silica gel 60N, known for its spherical, neutral properties and particle
sizes ranging from 40-50 or 63-210 pum, was used for column chromatography.
Spectroscopic analyses, including 'H (400 MHz) and '*C NMR (100 MHz) spectra,
were performed on a Bruker Avance III NMR spectrometer at i-CRIM laboratory
UKM and JNM-ECS-400 spectrometer (JEOL) at Gifu University. For 'H NMR
measurements, tetramethylsilane (TMS; 0.0 ppm) was utilized as the internal standard,
while CDCl; (8 = 77.0 ppm) was used for 3C NMR measurements. 'H NMR
spectroscopic data is presented in a standardized format: chemical shift (multiplicity,
coupling constants, integration), with multiplicity designations such as s (singlet), br.
s. (broad singlet), d (doublet), dd (doublet of doublets), t (triplet), q (quartet), quin
(quintet), spt (septet), and m (multiplet). The GC-MS in the instrumental laboratory,
Faculty of Science and Technology, Universiti Kebangsaan Malaysia (UKM) is used

to analyze the molecular weight of intermediate (22). High-resolution mass spectra
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were meticulously recorded with a Waters Xevo Q-Tof mass spectrometer (ESI-TOF)

at Gifu University.

33 GENERAL PROCEDURE TO SYNTHESIZE COMPOUNDS 1 -10

Compounds 1-10 were synthesized following the protocols established by our
research team, as detailed in previously published literature (Ashraf et al. 2017). The

synthesis method involves a two-step reaction process, described below.

3.3.1 Synthesis of 5-Isopropyl-2-methylphenyl 2-chloroacetate (22)

The synthesis of compound 22 employed the previously reported

methods (Ashraf et al. 2017). TEA (5.0 mmol, 0.70 mL) and CA ?OWCI
(5.0 mmol, 0.77 mL) are mixed in DCM (25 mL) at 0°C. The O
chloroacetyl chloride (5.0 mmol, 0.40 mL) in DCM is added

dropwise to the reaction mixture under constant stirring for lh. 22

The reaction mixture is stirred at room temperature for 3 h. The reaction mixture is
washed with water and dried over anhydrous MgSO4. The MgSO4 was removed using
a filtration technique followed by solvent removal under reduced pressure. The
reaction product is analyzed using GC-MS. The silica gel column chromatography is
used to purify crude product using n-hexane: ethyl acetate (95:5) as eluent to afford
compound 22 (colorless oil, 0.78 g, 3.5 mmol, 70%). 'H NMR (400 MHz, CDCls) §
1.21 (d, /= 6.8 Hz, 6H), 2.13 (s, 3H), 2.89 (m, 1H), 4.55 (s, 2H), 6.98 (d, /= 1.6 Hz,
1H), 7.08 (dd, J= 1.6, 7.6 Hz, 1H), 7.19 (d, J= 7.6 Hz, 1H). ESI-MS: m/z 226.1 [M"].

3.3.2 Synthesis of compounds 1-10

The appropriate hydroxy-benzoic/cinnamic acid (2.5 mmol), potassium iodide (2.5
mmol, 0.42 g), TEA (2.5 mmol, 0.35 mL), and compound 22 (2.5 mmol, 0.55g) in
dimethyl formamide (25.0 mL) were mixed and stirred at room temperature for 24
hours. The mixture was poured into ice and continually stirred after the completion of
the reaction was reached. The product was extracted with ethyl acetate (3x25 mL).

The crude product was obtained after removing the solvent under reduced pressure.
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Then, the product was purified by silica gel column chromatography (n-hexane: ethyl

acetate 4:1). This procedure was performed to prepare compounds 1-10.

2-[(5-isopropyl-2-methyl)phenoxy]-2-oxoethyl 3- O
hydroxybenzoate (1) white solid (0.66 g, 2.0 Ojf\o)k@(m
mmol, 81%), '"H NMR (400 MHz, Acetone-ds) s

1.20 (d, J= 6.8 Hz, 6H), 2.17 (s, 3H), 2.88 (sept, J

= 6.8 Hz, 1H), 5.19 (s, 2H), 7.00 (d, J = 1.6 Hz,

1H), 7.05 (dd, J= 1.6, 7.6 Hz, 1H), 7.17 (d, J = 7.6 Hz, 1H), 7.19 (ddd, J = 1.2, 2.4,
8.0 Hz, 1H), 7.38 (dd, J = 7.6, 8.0 Hz, 1H), 7.66 (ddd, J= 1.2, 1.6, 7.6 Hz, 1H), 7.68
(dd, J = 1.6, 2.4 Hz, 1H), 8.84 (s, OH).!3*C NMR (100 MHz, Acetone-ds) & 15.84,
24.20, 34.14, 61.82, 117.06, 120.37, 121.57, 121.74, 125.05, 128.02, 130.60, 131.38,
131.73, 148.84, 149.72, 158.33, 166.48, 167.05.HRMS (ESI-TOF) m/z: [M+Na]"
calcd for C19H20NaOs' requires: 351.1203; found 351.1202.

2-[(5-isopropyl-2-methyl)phenoxy]-2-oxoethyl 4- 0
hydroxybenzoate (2) white solid (0.64 g, 1.9 Slij/oj(\o)b\
mmol, 78%), 'H NMR (400 MHz, Acetone-ds) & O oH
1.20 (d, J = 6.8 Hz, 6H), 2.16 (s, 3H), 2.86 (sept, J

— 6.8 Hz, 1H), 5.14 (s, 2H), 6.95 (d, J = 2.0 Hz, .

1H), 6.97 (dd, J =2.8, 9.6 Hz, 2H), 7.06 (dd, J =2.0, 8.0 Hz, 1H), 7.18 (d, J = 8.0 Hz,
1H), 8.00 (dd, J =2.8, 9.6 Hz, 1H), 9.30(s, OH)."*C NMR (100 MHz, Acetone-ds) &
15.84, 24.26, 34.30, 61.64, 116.32, 120.57, 121.40, 125.13, 128.25, 132.89, 131.82,

148.99, 149.95, 163.32, 166.34, 167.38. HRMS (ESI-TOF) m/z: [M+Na]" caled for
C19H20NaOs" requires: 351.1203; found 351.1212.

2-[(5-isopropyl-2-methyl)phenoxy]-2-oxoethyl 5?/07(\ Oi@:OH
3,4-dihydroxybenzoate (3) white solid (0.67 g, 1.9 O OH
mmol, 78%), 'H NMR (400 MHz, Acetone-ds) &

1.22 (d, J=17.2 Hz, 6H), 2.17 (s, 3H), 2.93 (sept, J = g

7.2 Hz, 1H), 5.16 (s, 2H), 7.00 (d, J = 1.6 Hz, 1H), 7.06 (dd, J =1.6, 8.0 Hz, 1H), 7.01

(d, J=8.4 Hz, 1H), 7.19 (d, J = 8.0 Hz, 1H), 7.64 (dd, J=2.0, 8.4Hz, 1H), 7.69 (d, J =
2.0 Hz, 1H), 8.61 (s, 20H).'*C NMR (100 MHz, Acetone-de) & 15.82, 24.21, 34.17,
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61.59, 117.46, 119.95, 120.42, 121.76, 123.94, 125.04, 128.06, 131.74, 145.67,
148.86, 149.79, 151.35, 166.37, 167.32.HRMS (ESI-TOF) m/z: [M+Na]" calcd for
C19H20NaOs " requires: 367.1152; found 367.1163.

2-[(5-isopropyl-2-methyl)phenoxy]-2-oxoethyl O OH
2,4-dihydroxybenzoate (4) white solid (0.689 g, Oj—(\O)k@\
1.97 mmol, 81%), 'H NMR (400 MHz, Acetone- 2 OH

ds) & 1.20 (d, J = 6.8 Hz, 6H), 2.14 (s, 3H), 2.91

(sept, J = 6.8 Hz, 1H), 5.22 (s, 2H), 6.44 (d, J=2.0

Hz, 1H), 6.50 (dd, J =2.0, 8.8Hz, 1H), 6.99 (d, J = 2.0 Hz, 1H), 7.07 (dd, J =2.0, 8.0
Hz, 1H), 7.19 (d, J = 8.0 Hz, 1H), 7.84 (d, J = 8.8 Hz, 1H), 9.467 (s, 20H).!3C NMR
(100 MHz, Acetone-ds) 6 15.83, 24.27, 34.33, 61.88, 103.58, 104.83, 109.46, 120.54,
125.25, 128.23, 131.89, 132.94, 149.08, 14991, 165.04, 165.72, 166.93,
170.25.HRMS (ESI-TOF) m/z: [M+Na]" calcd for Ci9H20NaOs" requires: 367.1152;
found 367.1164.

2-|(5-isopropyl-2-methyl)phenoxy|-2-oxoethyl @)
3,5-dihydroxybenzoate (5) white solid (0.437 g, OV\O aH
1.94 mmol, 81%), 'H NMR (400 MHz, Acetone-de) &

§1.19 (d, J=7.2 Hz, 6H), 2.14 (s, 3H), 2.87 (sept, J s Okt

= 7.2 Hz, 1H), 5.15 (s, 2H), 6.70 (t, J = 2.4 Hz),

6.96 (d, /= 1.6 Hz, 1H), 7.03 (dd, J=1.6, 9.6 Hz, 1H), 7.16 (d, J=9.6 Hz, 1H), 7.17
(d, J =2.0, 2.4 Hz, 2H), 8.68 (s, 20H).'*C NMR (100 MHz, Acetone-ds) & 15.78,
24.17, 34.14, 61.82, 108.66, 109.01, 120.36, 125.07, 128.02, 131.73, 131.99, 148.87,
149.71, 159.45, 166.49, 167.09. HRMS (ESI-TOF) m/z: [M+Na]" caled for
C19H20NaOs" requires: 367.1152; found 367.1128.

2-[(5-isopropyl-2-methyl)phenoxy]-2- O
oxoethyl3,4,5-trihydroxybenzoate (6) yellowish Oj(\o e
white solid (0.679 g, 1.21 mmol, 60%), 'H NMR & OH
(400 MHz, Acetone-de) & 1.21 (d, J =6.8 Hz, 6H), ] Eak

2.16 (s, 3H), ), 2.89 (sept, J =6.8 Hz, 1H), 5.16 (s,
2H), 6.98 (d, J=1.6 Hz, 1H), 7.06 (dd, J = 1.6, 8.0 Hz, 1H), 7.18 (d, J =8.0 Hz, 1H),
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7.29 (s, 2H), 8.35 (s, 30H). '3C NMR (100 MHz, Acetone-ds) & 15.80, 24.20, 34.18,
61.63, 110.28, 120.43, 120.67, 125.04, 128.10, 131.75, 139.40, 146.12, 148.89,
149.79, 166.53, 167.34. HRMS (ESI-TOF) m/z: [M+Na]" caled for CioH0NaO7"
requires: 383.1101; found 383.1099.

2-[(5-isopropyl-2-methyl)phenoxy]-2-oxoethyl 0
(2E)-3-phenylprop-2-enoate (7) white solid (0.59 Oj(\OJV/\Q
g, 1.7 mmol, 87%), '"H NMR (400 MHz, Acetone- =

ds) 0 1.22 (d, J = 6.8 Hz, 6H), 2.37 (s, 3H), 2.89

(sept, J =6.8 Hz, 1H), 5.14 (s, 2H), 6.70 (d, J

=16.0 Hz, 1H), 7.03 (s, 1H), 7.07 (d, /= 8.0 Hz, 1H), 7.20 (d, J = 8.0 Hz, 1H), 7.40 (t,
J =1.2 Hz, 3H), 7.63 (d, J =1.2 Hz, 2H), 7.87 (d, J =16.0 Hz, 1H). '3C NMR (100
MHz, Acetone-ds) o 15.92, 24.32, 34.11, 61.43, 117.56, 120.40, 124.99, 128.05,
129.08, 129.71, 131.40, 131.73, 134.89, 146.81, 148.76, 149.74, 166.64, 167.06.

HRMS (ESI-TOF) m/z: [M+Na]" calcd for C21H22NaO4" requires: 361.1410; found
361.1420.

2-[(5-isopropyl-2-methyl)phenoxy]-2- 0

oxoethyl (2E)-3-(4-hydroxyphenyl)prop-2- tho)b/\@\
enoate (8) white solid (0.65 g, 1.8 mmol, O OH
87%), 'H NMR (400 MHz, Acetone-ds) 1.20

(d, J= 6.8 Hz, 6H), 2.14 (s, 3H), 2.90 (sept, J

= 6.8 Hz, 1H), 5.03 (s, 2H), 6.48 (d, J = 16.0 Hz, 1H), 6.92 (ddd, J =2.0, 2.8,9.6 Hz,
2H), 6.95 (d, J= 1.6 Hz, 1H), 7.06 (dd, J =1.6, 8.0 Hz, 1H), 7.18 (d, /= 8.0 Hz, 1H),
7.59 (ddd, J=2.0, 2.8, 9.6 Hz, 2H), 7.74 (d, J = 16.0 Hz, 1H), 9.08 (s, OH). '*C NMR
(100 MHz, Acetone-ds) 6 15.84, 24.25, 34.29, 61.38, 114.19, 116.83, 120.55, 125.12,
126.75, 128.26, 131.29, 131.82, 147.02, 148.98, 149.95, 161.05, 167.17, 167.38.

HRMS (ESI-TOF) m/z: [M+Na]" calcd for C21H2NaOs" requires: 377.1359; found
377.1342.

2-[(5-isopropyl-2-methyl)phenoxy]-2- 0

oxoethyl (2E)-3-(4-chlorophenyl)prop-2- 07(\0 52
enoate (9) white solid (0.64 g, 1.7 mmol, O cl
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84%), 'H NMR (400 MHz, Acetone-ds), 1.20 (d, J = 6.8 Hz, 6H), 2.16 (s, 3H), 3.03
(sept, J = 6.8 Hz, 1H), 5.09 (s, 2H), 6.68 (d, J = 16.0 Hz, 1H), 6.97 (d, J = 1.6 Hz),
7.05 (dd, J = 8.0, 1.6 Hz, 1H), 7.18 (d, J = 8.0 Hz, 1H), 7.44 (ddd, J =1.6, 2.4, 6.86
Hz, 2H), 7.69 (ddd, J =1.6, 2.4, 6.8 Hz, 2H), 7.78 (d, J = 16.0 Hz, 1H).!3*C NMR (100
MHz, Acetone-ds) & 15.88, 24.25, 34.25, 61.58, 118.54, 120.49, 125.12, 128.18,
129.97, 130.78, 131.83, 133.93, 136.82, 145.31, 148.92, 149.87, 166.55, 167.12.
HRMS (ESI-TOF) m/z: [M+Na]" calcd for C21H21CINaO4" requires: 395.1021; found
395.1002.

2-[(5-isopropyl-2-methyl)phenoxy]-2-
oxoethyl (2E)-3-(2,4-dihydroxyphenyl)prop- 07(\ o J\/Aé\
2-enoate (10) white solid (0.57 g, 1.5 mmol, 0] 5
76%), '"H NMR (400 MHz, Acetone-ds), 1.19

(d, J=17.2 Hz, 6H), 2.14 (s, 3H), 2.88 (sept, J = 10

7.2 Hz, 1H), 5.03 (s, 2H), 6.46 (dd, J=2.4, 8.8 Hz, 1H), 6.51 (d, J = 2.4 Hz, 1H), 6.60
(d, J=16.0 Hz, 1H), 6.94 (d, J= 1.6 Hz, 1H), 7.03 (dd, J = 1.6, 8.0 Hz, 1H), 7.16 (d,
J=8.0 Hz, 1H), 7.48 (d, J = 8.8, Hz, 1H), 8.09 (d, J = 16.0 Hz, 1H), 9.07 (s, 20H).
13C NMR (100 MHz, Acetone-ds) & 15.81, 24.21, 34.19, 61.19, 103.64, 109.12,
113.52, 114.42, 120.47, 125.02, 128.16, 131.65, 131.74, 142.82, 148.88, 149.85,

159.44, 162.01, 167.47, 167.80. HRMS (ESI-TOF) m/z: [M+Na]" calcd for
C21H22NaOs" requires: 393.1309; found 393.1301.

34 GENERAL PROCEDURE TO SYNTHESIZE COMPOUND 11
The synthesis of compound 11 involves several steps, as described below.

3.4.1 5-Isopropyl-2-methylphenyl 3-chloropropanoate (23a)

CA (0.154 mL, 1.00 mmol) was dissolved in DCM (2.0 mL)

O Cl
and cooled to 0°C. Py (0.121 mL, 1.50 mmol) was then slowly 70(\/
added drop by drop, followed by chloropropionyl chloride
(0.119 mL, 1.25 mmol). The reaction mixture was stirred 233

continuously at 0°C for 2 hours. After the reaction, the mixture was quenched with
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saturated NH4Cl (2 mL) and extracted with EtOAc (3 x 10 mL). The organic layer
was washed with brine and dried with Na>SO4, and the solvent was evaporated under
a vacuum. The crude product was further purified by column chromatography on
silica gel (Hexane/EtOAc = 100:0 — 90:10, v/v) to afford compound 23a (0.16 g, 0.68
mmol, 68%) as a colorless oil. 'H NMR (400 MHz, CDCls) § 1.25 (d, J = 6.9 Hz, 6H),
2.17 (s, 3H), 2.89 (spt, J = 6.9 Hz, 1H), 3.08 (t, J = 6.4 Hz, 2H), 3.90 (t, J = 6.4 Hz,
2H), 6.89 (d, /= 1.4 Hz, 1H), 7.04 (dd, /= 1.4, 7.8 Hz, 1H), 7.17 (d, J = 7.8 Hz, 1H).
3C NMR (100 MHz, CDCls) & 15.82, 23.84, 33.50, 37.54, 38.94, 119.58, 124.32,
127.06, 130.93, 148.11, 148.95, 168.56. HRMS (ESI-TOF) m/z: [M + H]" calcd for
C13H13ClO:" requires: 241.0990, found: 241.0986.

3.4.2 S5-Isopropyl-2-methylphenyl acrylate (24)

CA (0.154 mL, 1.00 mmol) and TEA (0.139 mL, 1.00 mmol) were

mixed in DCM (2.5 mL) at 0°C. 3-chloropropionyl chloride (0.095 OY\
mL, 1.0 mmol) was added dropwise to the reaction mixture under O
constant stirring for 1 hour. The reaction mixture was stirred at

24

room temperature for 3 hours. The reaction mixture was washed

with water, extracted with ethyl acetate (10 mL x 3), and dried over anhydrous
Na»SO4. The crude product was further purified by column chromatography on silica
gel (Hexane/EtOAc = 100:0 — 90:10, v/v) to afford compound 24 (0.11 g, 0.54 mmol,
54%) as a colorless oil. '"H NMR (400 MHz, CDCl3) § 1.29 (d, J = 6.9 Hz, 6H), 2.20
(s, 3H), 2.93 (spt, J = 6.9 Hz, 1H), 6.04 (dd, J = 10.3, 1.1 Hz, 1H), 6.39 (m, 1H), 6.66
(dd,J=17.4, 1.1 Hz, 1H), 6.97 (d,J= 1.4 Hz,1H), 7.08 (dd, /= 7.8, 1.4 Hz, 1H), 7.21
(d, J = 7.8 Hz, 1H). 3C NMR (100 MHz, CDCls) & 15.64, 23.80, 33.47, 119.61,
124.08, 127.11, 127.76, 130.80, 132.23, 147.96, 149.02, 164.20. HRMS (ESI-TOF)
m/z: [M + H]" calcd for Ci3H1702" requires: 205.1223; found 205.1219.

3.4.3 S5-Isopropyl-2-methylphenyl 3-(benzyloxy)propanoate (25)

To a solution of CA (0.069 mL, 0.45 mmol) in DMF (1.0 mL)

0 OB
was added 3-(benzyloxy)propanoic acid (0.090 g, 0.50 j(\/ "
mmol), succeeded by EDC.HCI (0.13 g, 0.68 mmol) and ©

25
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DMAP (0.028 g, 0.23 mmol). The resulting mixture underwent overnight stirring at
room temperature. Post-reaction, it was diluted with 10 mL of ethyl acetate, then
subjected to sequential washing with 1 mL of 1 N HCI and 10 mL of water.
Subsequent drying with NaSOs, filtration, and concentration ensued. The crude
product was purified by column chromatography on silica gel (Hexane/DCM/EtOAc
=175:25:10, v/v) to afford compound 25 (0.13 g, 0.41 mmol, 91%) as a colorless oil.
"H NMR (400 MHz, CDCl3) § 1.23 (d, J = 6.9 Hz, 6H), 2.13 (s, 3H), 2.88 (m, 3H),
3.90 (t,J = 6.2 Hz, 2H), 4.60 (s, 2H), 6.87 (s, 1H), 7.02 (d, /= 7.8 Hz, 1H), 7.15 (d, J
= 7.8 Hz, 1H), 7.30 — 7.37 (5H, m). '*C NMR (100 MHz, CDCls) & 15.76, 23.87,
33.51, 35.21, 65.70, 73.21, 119.74, 124.13, 127.19, 127.68, 128.38, 130.83, 137.96,
148.00, 149.17, 169.92. HRMS (ESI-TOF) m/z: [M + Na]" caled for C20H24NaOs3"
requires: 335.1618; found 335.1637.

3.4.4 5-Isopropyl-2-methylphenyl 3-hydroxypropanoate (26)

In a reaction setup, compound 25 (0.094 g, 0.30 mmol) was

dissolved in 1.5 mL of ethanol. Subsequently, 0.03 mmol of Oj(\/OH
10% palladium on charcoal was added, and the solution was =
stirred under a hydrogen atmosphere at room temperature 06

overnight. The resulting suspension was then filtered through

celite©, washed with diethyl ether, and concentrated under vacuum. The crude
product obtained underwent further purification via column chromatography on silica
gel (Hexane/EtOAc = 100: 0 — 70:30, v/v) to afford compound 26 (0.060 g, 0.27
mmol, 90%) as a colorless oil. 'H NMR (400 MHz, CDCls) § 1.25 (d, J = 6.9 Hz, 6H),
2.15 (s, 3H), 2.65 (t, J= 5.7 Hz, OH), 2.89 (m, 3H), 3.99 (q, J = 5.7 Hz, 2H), 6.89 (s,
1H), 7.04 (d, J=7.8 Hz, 1H), 7.16 (d, J= 7.8 Hz, 1H). 3C NMR (100 MHz, CDCls) §
15.38, 23.49, 33.14, 36.47, 57.77, 119.28, 123.91, 126.66, 130.54, 147.74, 148.59,
170.76. HRMS (ESI-TOF) m/z: [M + Na]" calcd for C13HisNaOs" requires: 245.1148;
found 245.1159.
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3.4.5 3-((tert-Butyldimethylsilyl)oxy)benzoic acid (27) &

TBSO
OH
Compound27 (white solid, 0.44 g, 1.7 mmol, 96%) was \©)L

synthesized using the reported method, and its 'H NMR »7
spectrum was identical to that reported in the literature

(Philippe et al. 2023). TEA (0.75 mL, 5.42 mmol) was added to 3HA (0.25 g, 1.81
mmol) in DCM (2.5 mL). Subsequently, a solution of TBSCI (0.55 g, 3.63 mmol) in
DCM (1.25 mL) was added to the mixture and stirred for 2 hours at 25°C. The mixture
was concentrated under reduced pressure, yielding a residue. NaOH solution (2M, 1.0
mL) was added to the residue dissolved in THF (2.5 mL). The mixture was stirred for
0.5 hours at 25°C. Water (10 mL) was added to the solution and its pH was adjusted to
6 with HCl solution (1 M). The mixture was extracted with EtOAC (10 mL x 3). The
combined organic layer was washed with brine (10 mL), dried, filtered, and
concentrated under reduced pressure. The residue was purified by silica gel column
chromatography (Hexane/EtOAc = 100: 0 = 0:100, v/v) to give compound 27 (white
solid, 0.44 g, 1.7 mmol, 96%)."H NMR (400 MHz, CDCls) § 0.23 (s, 6H), 1.00 (s,
9H), 7.10 (m, 1H), 7.36 (t, J= 8.0 Hz, 1H), 7.57 (s, 1H), 7.73 (d, /= 8.0 Hz, 1H).

3.4.6 3-(5-Isopropyl-2-methylphenoxy)-3-oxopropyl 3-((tert-
butyldimethylsilyl)oxy)benzoate (28)

Compound 27 (0.095 g, 0.38 mmol) was dissolved OTBS
in 2.5 mL of DCM. 1-(3-Dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (EDC.HCI) (0.10 OWO

g, 0.52 mmol) was added to the solution, followed

by 4-dimethylaminopyridine (DMAP) (0.061 g, 0.50

mmol). The reaction mixture was stirred at room =

temperature for 1 hour. Then, compound 26 (0.056 g, 0.25 mmol) was added to the
reaction mixture and stirred at room temperature overnight. The mixture was diluted
with AcOEt (5 mL), washed with HCI (IN, 1 mL) and water (5 mL), then dried,
filtered, and concentrated. The crude product was purified using column

chromatography on silica gel (Hexane/DCM/EtOAc = 175:25:10, v/v) to afford
compound 28 (0.073 g, 0.16 mmol, 64%) as a colorless gel. '"H NMR (400 MHz,
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CDCl3) 6 0.22 (s, 6H), 1.00 (s, 9H), 1.22 (d, J = 6.9 Hz, 6H), 2.13 (s, 3H), 2.87 (spt, J
=6.9 Hz, 1H),3.07 (t, J = 6.2 Hz, 2H), 4.73 (t, J = 6.2 Hz, 2H), 6.87 (s, 1H), 7.05 (m,
2H), 7.14 (d, J = 7.8 Hz, 1H), 7.30 (t, J = 7.8 Hz, 1H), 7.53 (s, 1H), 7.67 (d, J= 7.8
Hz, 1H). 3C NMR (100 MHz, CDCl3) § —4.49, 15.76, 18.13, 23.83, 25.59, 33.48,
34.06, 60.40, 119.59, 121.04, 122.59, 124.25, 124.97, 127.00, 129.38, 130.87, 131.11,
148.08, 149.01, 155.72, 166.06, 168.90. HRMS (ESI-TOF) m/z: [M + Na]" calcd for
C26H36NaOsSi" requires: 479.2224; found 479.2248.

3.4.7 3-(5-Isopropyl-2-methylphenoxy)-3-oxopropyl 3-hydroxybenzoate (11)

The first trial to remove the TBS group in compound OH
28 was done using tetrabutylammonium fluoride

(TBAF). TBAF (1 M in THF, 0.130 mL, 0.130 mmol) OY\/O

was added to a solution of compound 28 (0.046 g, O O

0.10 mmol) in THF (3.0 mL). The reaction mixture

was stirred at room temperature for 4 hours. 1
Subsequently, the reaction was subjected to washing with brine, drying over Na>SOs,
and concentration in vacuo. The residue was purified by column chromatography on
silica gel (Hexane/AcOEt = 100:0 — 90:10, v/v). Unfortunately, the obtained product
was not the desired product, but compound 24 in quantitatively amount (0.020 g, 0.10
mmol). An alternative method was explored using HF-Py; however, compound 28
needed to be resynthesized first. After obtaining a sufficient quantity of compound 28,
the compound (0.046 g, 0.10 mmol) was dissolved in 1.0 mL of THF, followed by the
addition of 0.400 mL of pyridine at 0 °C. The solution was treated with 0.100 mL of
HF-pyridine and warmed to 25 °C before shaking for 1 hour. TLC (EtOAc/hexanes,
20:80) was used to monitor the progress. Once completed, a 1:1 solution of AcOEt
and saturated aqueous NaHCO; (3 mL) was added. AcOEt was used to dilute the
reaction mixture. The organic phases were washed with aqueous NaCl and dried with
Na»SO4. The crude product was purified using column chromatography on silica gel
(Hexane/EtOAc = 100:0 — 80:20, v/v) to afford compound 11(0.034 g, 0.10 mmol,
quant.) as a white solid. 'TH NMR (400 MHz, CDCls) § 1.20 (d, J = 6.9 Hz, 6H), 2.12
(s, 3H), 2.85 (spt, J = 6.9 Hz, 1H),3.06 (t, J = 6.0 Hz, 2H), 4.73 (t, J = 6.0 Hz, 2H),
6.29 (br.s., OH), 6.86 (s, 1H), 7.02 (m, 2H), 7.13 (d, J = 7.8 Hz, 1H), 7.28 (t, /= 7.8
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Hz, 1H), 7.54 (s, 1H), 7.60 (d, J = 7.8 Hz, 1H). '3C NMR (100 MHz, CDCl3) § 15.41,
23.48, 33.16, 33.77, 60.24, 115.98, 119.23, 120.20, 121.44, 124.05, 126.67, 129.35,
130.61, 147.86, 148.63, 155.74, 165.99, 168.96. HRMS (ESI-TOF) m/z: [M + Na]"
calcd for C2o0H2NaOs' requires: 365.1359; found 365.1354.

3.5 GENERAL PROCEDURE TO SYNTHESIZE COMPOUND 12

The synthesis of compound 12 involves two-step reactions, as described below.
3.5.1 S-Isopropyl-2-methylphenyl 4-chlorobutanoate (23b)

According to the procedure for the synthesis of compound 22,

compound 23b (0.13 g, 0.50 mmol, quant.) was obtained as a OW\CE
colorless oil from CA (0.078 mL, 0.50 mmol) and 4- ©
chlorobutyryl chloride (0.056 mL, 0.50 mmol). 'H NMR (400
MHz, CDCI3) ¢ 1.26 (d, J = 6.9 Hz, 6H), 2.16 (s, 3H), 2.25
(quin, J = 6.8 Hz, 2H), 2.81 (t, J = 6.8 Hz, 2H), 2.90 (spt, J = 6.9 Hz, 1H), 3.70 (t, J =
6.8 Hz, 2H), 6.89 (d, J = 1.4 Hz, 1H), 7.05 (dd, J = 7.8,1.4 Hz, 1H), 7.17 (d, J= 7.8
Hz, 1H). *C NMR (100 MHz, CDCls) § 15.40, 23.50, 27.21, 30.66, 33.15, 43.55,
119.29, 123.79, 126.64, 130.52, 147.70, 148.72, 170.55. HRMS (ESI-TOF) m/z: [M +
Na]" calcd for C14H19CINaO; " requires: 277.0966; found 277.0943.

23b

3.5.2  4-(5-Isopropyl-2-methylphenoxy)-4-oxobutyl 3-hydroxybenzoate (12)

3-hydroxybenzoic acid (3HA) (0.069 g, 0.50

mmol) was dissolved in 0.5 mL of DMF. OY\/\OJ\@/OH
Subsequently, NaHCO3 (0.13 g, 1.5 mmol) O

and KI (0.017 g, 0.10 mmol) were added to

the solution of 3HA while stirring 12
continuously for 1 hour at room temperature. Following this, a solution containing
compound 23b (0.13 g, 0.51 mmol) in 0.5 mL of DMF was added to the mixture, and
the reaction was allowed to proceed with stirring at 70 °C overnight. Upon completion

of the reaction, the resulting mixture was cautiously poured into 2 mL of water and

then subjected to extraction with EtOAc (3 x 10 mL). The organic layer was washed
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with water and subsequently dried over anhydrous Na>SOs. The solvent was then
removed under a vacuum, and the crude product was purified by column
chromatography on silica gel (Hexane/EtOAc = 100:0 — 80:20, v/v) to afford
compound 12(0.15 g, 0.41 mmol, 82%) as a white solid. '"H NMR (400 MHz, CDCls)
6 1.20 (d, J = 6.9 Hz, 6H), 2.12 (s, 3H), 2.26 (quin, J = 6.6 Hz, 2H), 2.82 (m, 3H),
4.44 (t, J = 6.6 Hz, 2H), 6.07 (br. s., OH), 6.84 (s, 1H), 7.03 (d, m, 2H), 7.14 (d, J =
7.8 Hz, 1H), 7.30 (t, J = 7.8 Hz, 1H), 7.49 (s, 1H), 7.62 (d, J = 7.8 Hz, 1H). '*C NMR
(100 MHz, CDCl3) 6 15.44, 23.50, 23.80, 30.75, 33.16, 63.90, 115.88, 119.41, 120.06,
121.48, 123.88, 126.70, 129.38, 130.61, 130.93, 147.87, 148.71, 155.64, 166.19,
171.24. HRMS (ESI-TOF) m/z: [M + Na]" caled for C21H24NaOs" requires: 379.1516;
found 379.1504.

3.6 GENERAL PROCEDURE TO SYNTHESIZE COMPOUND 13

The synthesis of compound 13 consists of a two-step reaction process, detailed below.
3.6.1 2-(2-Bromoethoxy)-4-isopropyl-1-methylbenzene (29a)

CA (0.102 mL, 0.658 mmol) was heated at 70°C and stirred with

1,2-dibromoethane (0.75 mL). Subsequently, the reaction W Br
mixture was treated with KOH (0.055 g, 1.0 mmol), which was

continuously stirred for 6 hours. Upon completion of the

reaction, the mixture was cooled to room temperature and 2%

filtered to eliminate the colorless solid precipitate. The crude product was purified by
column chromatography on silica gel (Hexane/EtOAc = 100:0 — 95:5, v/v) to afford
compound 29a (0.12 g, 0.47 mmol, 72%) as a colorless oil. 'H NMR (400 MHz,
CDCl3) 6 1.28 (d, J= 6.9 Hz, 6H), 2.26 (s, 3H), 2.90 (spt, J = 6.9 Hz, 1H), 3.69 (t,J =
6.4 Hz, 2H), 4.33 (t, /= 6.4 Hz, 2H), 6.71 (s, 1H), 6.81 (dd, J= 7.6, 1.1 Hz,1H), 7.11
(d, J=7.6 Hz, 1H). *C NMR (100 MHz, CDCl;) & 15.74, 24.08, 29.54, 34.05, 67.98,
109.97, 118.87, 124.49, 130.66, 147.93, 156.12. HRMS (ESI-TOF) m/z: [M + H]"

calcd for C12HsBrO™ requires: 257.0536; found: 257.0551.
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3.6.2 2-(5-Isopropyl-2-methylphenoxy)ethyl 3-hydroxybenzoate (13)

According to the procedure for the synthesis of 0
compound 12, compound 13 (0.15 g, 0.48 mmol, O\/\O)KQ/OH
96%) was obtained as a white solid from compound

29a (0.13 g, 0.51 mmol) and 3HA (0.069 g, 0.50
mmol). 'H NMR (400 MHz, CDCl3) § 1.24 (d, J =
6.9 Hz, 6H), 2.19 (s, 3H), 2.85 (m, 1H), 4.32 (m, 2H), 4.68 (m, 2H), 5.25 (s, OH),
6.73 (s, 1H), 6.77 (d, J= 7.8 Hz,1H), 7.06 (m, 2H), 7.31 (t, J = 8.0 Hz, 1H), 7.50 (d, J
= 1.4 Hz, 1H), 7.63 (d, J = 7.8 Hz, 1H). 3C NMR (100 MHz, CDCl3) § 15.47, 23.78,
33.78, 63.41, 65.85, 109.66, 115.99, 118.36, 119.97, 121.84, 124.21, 129.41, 130.30,
131.01, 147.69, 155.31, 156.30, 166.07. HRMS (ESI-TOF) m/z: [M + Na]" caled for
C19H22NaO4" requires: 337.1410; found 337.1432.

13

3.7 GENERAL PROCEDURE TO SYNTHESIZE COMPOUND 14

The synthesis of compound 14 consists of a two-step reaction process, detailed below.
3.7.1 2-(3-Bromopropoxy)-4-isopropyl-1-methylbenzene (29b)

According to the procedure for the synthesis of compound

29a, compound 29b (0.17 g, 0.63 mmol, 96%) was obtained as W e W
a colorless oil from CA (0.102 mL, 0.658 mmol) and 1,3-

dibromopropane (0.75 mL). '"H NMR (400 MHz, CDCls) §

1.27 (d, J = 6.9 Hz, 6H), 2.20 (s, 3H), 2.36 (quin, J = 6.4 Hz,

2H), 2.89 (spt, J = 6.9 Hz, 1H), 3.66 (t, J = 6.4 Hz, 2H), 4.13 (t, /= 6.4 Hz, 2H), 6.73
(s, 1H), 6.77 (d, J = 7.8 Hz, 1H), 7.08 (d, J = 7.8 Hz, 1H)."*C NMR (100 MHz,
CDCl) ¢ 15.77, 24.11, 30.20, 32.64, 34.11, 65.13, 109.49, 118.27, 124.05, 130.45,
147.95, 156.61. HRMS (ESI-TOF) m/z: [M + H]" caled forCi3H20BrO™ requires:
271.0692; found 271.0704.

29b
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3.7.2  3-(5-Isopropyl-2-methylphenoxy)propyl 3-hydroxybenzoate (14)

According to the procedure for the synthesis of OH
compound 12, compound 14 (0.14 g, 0.43 mmol,

86%) was obtained as a white solid from compound o _~_0

29b (0.14 g, 0.52 mmol) and 3HA (0.069 g, 0.50 O
mmol). 'H NMR (400 MHz, CDCl3) § 1.23 (d, J=6.9

Hz, 6H), 2.19 (s, 3H), 2.27 (quin, J = 6.4 Hz, 2H), "4

2.85 (spt, J = 6.9 Hz, 1H), 4.14 (t, J = 6.4 Hz, 2H), 4.54 (t, J = 6.4 Hz, 2H), 6.22 (s,
OH), 6.71 (s, 1H), 6.74 (d, J= 7.8 Hz,1H), 7.05 (m, 2H), 7.29 (m, 1H), 7.51 (m, 1H),
7.59 (d, J = 7.8 Hz, 1H). '*C NMR (100 MHz, CDCls) § 15.80, 24.11, 28.93, 34.11,
62.07, 64.20, 109.45, 116.30, 118.16, 120.21, 121.66, 124.18, 129.60, 130.47, 131.59,
147.93, 156.07, 156.81, 166.46. HRMS (ESI-TOF) m/z: [M + Na]" caled for
C20H24NaO4" requires: 351.1567; found 351.1560.

3.8 GENERAL PROCEDURE TO SYNTHESIZE COMPOUND 15

The synthesis of compound 15 consists of a two-step reaction process, detailed below.
3.8.1 2-(4-Bromobutoxy)-4-isopropyl-1-methylbenzene (29¢)

According to the procedure for the synthesis of compound

0]
29a, compound 29c¢ (0.18 g, 0.63 mmol, 96%) was obtained g
as a colorless oil from CA (0.102 mL, 0.658 mmol) and 1,4-
dibromobutane (0.75 mL). 'H NMR (400 MHz, CDCls) § 20¢

1.26 (d, J = 6.9 Hz, 6H), 1.98 (m, 2H) 2.12 (m, 2H), 2.20 (s, 3H), 2.88 (spt, J = 6.9
Hz, 1H), 3.53 (t, J = 6.6 Hz, 2H), 4.03 (t, J = 6.6 Hz, 2H), 6.70 (s, 1H), 6.75 (d, J =
7.3 Hz,1H), 7.07 (d, J = 7.3 Hz, 1H).3C NMR (100 MHz, CDCls) § 15.83, 24.12,
27.99, 29.64, 33.62, 34.13, 66.64, 109.24, 118.03, 124.01, 130.40, 147.88, 156.84.
HRMS (ESI-TOF) m/z: [M + H]J" caled for Ci14H2BrO™ requires: 285.0849; found
285.0846.
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3.8.2  4-(5-Isopropyl-2-methylphenoxy)butyl 3-hydroxybenzoate (15)

According to the procedure for the synthesis of o
compound 12, compound 15 (0.14 g, 0.40 0\/\/\0 OH
mmol, 81%) was obtained as a white solid

from compound 29c¢ (0.14 g, 0.49 mmol) and
3HA (0.069 g, 0.50 mmol). 'H NMR (400
MHz, CDCl3) 5 1.24 (d, J = 6.4 Hz, 6H), 2.04 (m, 4H), 2.21 (s, 3H), 2.87 (spt, J = 6.4
Hz, 1H), 4.07 (t, J = 4.8 Hz, 2H), 4.43 (t, J = 4.8 Hz, 2H), 5.24 (s, OH), 6.71 (s, 1H),
6.76 (d, J = 7.8 Hz,1H), 7.06 (m, 2H), 7.31 (t, J = 7.8 Hz, 1H), 7.45 (s, 1H), 7.62 (d, J
= 7.8 Hz, 1H). 3C NMR (100 MHz, CDCl3) § 15.53, 23.78, 25.12, 26.04, 33.81,
64.80, 66.65, 109.03, 115.81, 117.63, 119.80, 121.61, 123.82, 129.37, 130.09, 131.33,
147.64, 155.37, 156.63, 166.21. HRMS (ESI-TOF) m/z: [M + Na]" caled for
C21H26NaO4" requires: 365.1723; found 365.1709.

15

3.9 GENERAL PROCEDURE TO SYNTHESIZE COMPOUND 16

The synthesis of compound 16 consists of a three-step reaction process, detailed

below.

3.9.1 4-(((tert-Butyldimethylsilyl)oxy)methyl)-5-isopropyl-2-methylphenyl 2-

chloroacetate (31a)

According to the procedure for the synthesis of
o]
compound 22, compound 31a (0.15 g, 0.40 mmol, Y\CI
80%) was obtained as a colorless oil from compound 30 TBSO ©
31a

(0.15 g, 0.51 mmol) and chloroacetyl chloride (0.040

mL, 0.50 mmol). '"H NMR (400 MHz, CDCl3) § 0.12 (s,

6H), 0.95 (s, 9H), 1.21 (d, J = 6.9 Hz, 6H), 2.16 (s, 3H), 3.10 (spt, J = 6.9 Hz, 1H),
4.32 (s, 2H), 4.73 (s, 2H), 6.93 (s, 1H), 7.27 (s, 1H). 3C NMR (100 MHz, CDCl;) §
—5.62, 15.39, 18.04, 23.31, 25.61, 27.86, 40.42, 62.14, 117.67, 126.19, 12991,
135.55, 145.15, 147.93, 165.34. HRMS (ESI-TOF) m/z: [M + Na]" caled for
C19H31CINaOsSi™ requires: 393.1623; found 393.1622.



64

3.9.2 2-(4-(((tert-Butyldimethylsilyl)oxy)methyl)-5-isopropyl-2-methylphenoxy)-2-
oxoethyl 3-hydroxybenzoate (32a)

3HA (0.028 g, 0.20 mmol), KI (0.003 g, o
0.2 mmol), TEA (0.028 mL, 0.20 mmol), OWK\O OH
and compound 31a (0.059 g, 0.20 mmol) TBSO O

in DMF (0.5 mL) were mixed and stirred

at room temperature for 12 hours. After 24
the completion of the reaction, the mixture was poured into ice (2 mL) and
continuously stirred. The product was extracted with ethyl acetate (3x10 mL). The
crude product was obtained after the solvent was removed under reduced pressure.
Subsequently, the product was purified by silica gel column chromatography on silica
gel (Hexane/EtOAc = 100:0 — 60:40, v/v) to afford compound 32a (0.085 g, 0.18
mmol, 90%) as a colorless gel.'H NMR (400 MHz, CDCIl3) & 0.10 (s, 6H), 0.94 (s,
9H), 1.19 (d, J = 6.9 Hz, 6H), 2.17 (s, 3H), 3.09 (spt, J = 6.9 Hz, 1H), 4.71 (s, 2H),
5.11 (s, 2H), 5.39 (s, OH), 6.95 (s, 1H), 7.04 (d, J = 8.0 Hz, 1H), 7.25 (br.s., 1H), 7.31
(t,J= 8.0 Hz, 1H), 7.56 (s, 1H), 7.69 (d, J = 8.0 Hz, 1H)."3*C NMR (100 MHz, CDCls)
o —5.61, 15.49, 18.05, 23.32, 25.62, 27.88, 60.78, 62.19, 116.24, 117.86, 120.45,
122.03, 126.39, 129.47, 129.95, 130.02, 135.40, 145.13, 147.71, 155.42, 165.45,
166.03. HRMS (ESI-TOF) m/z: [M + Na]" calcd for Cz6H3sNaOsSi® requires:
495.2173; found 495.2163.

3.9.3 2-(4-(Hydroxymethyl)-5-isopropyl-2-methylphenoxy)-2-oxoethyl 3-
hydroxybenzoate (16)

According to the procedure for the o

synthesis of compound 11, compound 16 OT(\OL@OH

(0.029 g, 0.080 mmol, 80%) was obtained HO @)

as a white solid from compound 32a (0.047

g, 0.10 mmol) and HF-pyridine (0.100 16

mL). 'H NMR (400 MHz, Methanol-ds) 8 1.17 (d, J = 6.4 Hz, 6H), 2.11 (s, 3H), 3.19
(m, 1H), 4.59 (s, 2H), 5.09 (s, 2H), 6.96 (s, 1H), 7.01 (m, 1H), 7.19 (s, 1H), 7.27 (t, J
= 8.0 Hz, 1H), 7.47 (s, 1H), 7.53 (d, J = 8.0 Hz, 1H).!*C NMR (100 MHz, Methanol-
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d4) 615.71, 24.11, 29.46, 62.17, 62.33, 117.18, 119.55, 121.72, 121.84, 128.18,
130.67, 131.56, 132.29, 137.01, 147.49, 149.84, 158.83, 167.47, 168.14. HRMS (ESI-
TOF) m/z: [M + Na]" calcd for C20H22NaOs"™ requires: 381.1309; found 381.1298.

3.10 GENERAL PROCEDURE TO SYNTHESIZE COMPOUND 17

The synthesis of compound 17 consists of a four-step reaction process, detailed below.

3.10.1 4-(((tert-Butyldimethylsilyl)oxy)methyl)-5-isopropyl-2-methylphenyl 3-
(benzyloxy)propanoate (33)

According to the procedure for the synthesis of

o) OB
compound 25, compound 33 (0.43 g, 0.94 mmol, j(\/ n
94%) was obtained as a colorless oil from TBSO ©
compound 30 (0.29 g, 0.10 mmol) and 3-

33

(benzyloxy)propanoic acid (0.22 g, 1.2 mmol).'H

NMR (400 MHz, CDCls) 6 0.13 (s, 6H), 0.96 (s, 9H), 1.22 (d, J = 6.9 Hz, 6H), 2.13
(s, 3H), 2.90 (t, J = 6.2 Hz, 2H), 3.12 (m, 1H), 3.91 (t, J = 6.2 Hz, 2H), 4.61 (s, 2H),
4.74 (s, 2H), 6.91 (s, 1H), 7.26 (s, 1H), 7.31-7.39 (m, 5H). '3*C NMR (100 MHz,
CDCl3) 6 —5.62, 15.51, 18.03, 23.34, 25.61, 27.84, 34.87, 62.25, 65.39, 72.88, 118.08,
126.49, 127.33, 128.05, 129.81, 134.94, 137.64, 144.92, 148.33, 169.57. HRMS (ESI-
TOF) m/z: [M + Na]" calcd for C27H40NaO4Si" requires: 479.2588; found 479.2597.

3.10.2 4-(((tert-Butyldimethylsilyl)oxy)methyl)-5-isopropyl-2-methylphenyl 3-
hydroxypropanoate (34)

According to the procedure for the synthesis of

compound 26, compound 34 (0.22 g, 0.60 mmol, Oj(\/OH
80%) was obtained as a colorless oil from TBSO ©
compound 33 (0.34 g, 0.75 mmol). 'H NMR (400

MHz, CDCI3) 6 0.11 (s, 6H), 0.95 (s, 9H), 1.21 (d, J

= 6.9 Hz, 6H), 2.15 (s, 3H), 2.40 (m, OH), 2.86 (t, J = 5.5 Hz, 2H), 3.10 (spt, J=6.9
Hz, 1H), 4.00 (q, J = 5.5 Hz, 2H), 4.72 (s, 2H), 6.90 (s, 1H), 7.26 (s, 1H). 13C NMR
(400 MHz, CDCl3) & —5.61, 15.54, 18.05, 23.35, 25.61, 27.85, 36.43, 57.88, 62.21,

34
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117.99, 126.33, 129.86, 135.18, 145.05, 148.08, 170.89. HRMS (ESI-TOF) m/z: [M +
Na]" calcd for C20H34NaO4Si" requires: 389.2119; found 389.2133.

3.10.3 3-(4-(((zert-Butyldimethylsilyl)oxy)methyl)-5-isopropyl-2-methylphenoxy)-3-
oxopropyl 3-((tert-butyldimethylsilyl)oxy)benzoate (35)

According to the procedure for the OTBS
synthesis of compound 28, compound 35

(0.096 g, 0.16 mmol, 64%) was obtained OT(\/O

as a colorless gel from compound 34 TBSO

(0.092 g, 0.25 mmol) and compound 27

(0.10 g, 0.38 mmol). "H NMR (400 MHz, 35

CDCI) 6 0.10 (s, 6H), 0.21 (s, 6H), 0.94 (s, 9H), 0.99 (s, 9H), 1.18 (d, J = 6.9 Hz,
6H), 2.13 (s, 3H), 3.09 (m, 3H), 4.72 (m, 4H), 6.88 (s, 1H), 7.05 (m, 1H), 7.24 (s, 1H),
7.29 (t, J = 8.0 Hz, 1H), 7.52 (m, 1H), 7.66 (d, J = 8.0 Hz, 1H). 3C NMR (100 MHz,
CDCl) 6 —5.61, —4.78, 15.57, 17.85, 18.05, 23.33, 25.30, 25.62, 27.83, 33.79, 60.12,
62.19, 117.95, 120.77, 122.28, 124.67, 126.34, 129.08, 129.81, 130.82, 135.15,
145.01, 148.17, 155.43, 165.78, 168.64. HRMS (ESI-TOF) m/z: [M + Na]" calcd for
C33Hs2NaOeSiz" requires: 623.3195; found 623.3186.

3.10.4 3-(4-(Hydroxymethyl)-5-isopropyl-2-methylphenoxy)-3-oxopropyl 3-
hydroxybenzoate (17)

According to the procedure for the synthesis OH

of compound 11, compound 17 (0.056 g, 0.15

mmol, quant.) was obtained as a white solid O\[(\/O

from 35 (0.090 g, 0.15 mmol) and HF- HO O O

pyridine (0.200 mL). 'H NMR (400 MHz,

Methanol-ds) & 1.12 (d, J = 6.9 Hz, 6H), 2.05 17

(s, 3H), 3.04 (t, J = 6.0 Hz, 2H), 3.16 (spt, J = 6.9 Hz, 1H),4.57 (s, 2H), 4.62 (t, J =
6.0 Hz, 2H), 6.86 (s, 1H), 6.99 (dd, J = 1.8, 8.0 Hz, 1H), 7.16 (s, 1H), 7.24 (t, J = 8.0
Hz, 1H), 7.41 (d, J = 2.3 Hz, 1H), 7.47 (m, 1H)."*C NMR (100 MHz, Methanol-d4) &
15.82, 24.10, 29.42, 34.83, 61.17, 62.36, 117.03, 119.65, 121.36, 121.54, 128.11,
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130.59, 132.22, 132.27, 136.76, 147.46, 150.31, 158.84, 167.65, 170.99. HRMS (ESI-
TOF) m/z: [M + Na]" calcd for C21H24NaOg" requires: 395.1465; found 395.1463.

3.11 GENERAL PROCEDURE TO SYNTHESIZE COMPOUND 18

The synthesis of compound 18 involves three-step reactions, as described below.

3.11.1 4-(((tert-Butyldimethylsilyl)oxy)methyl)-5-isopropyl-2-methylphenyl 4-
chlorobutanoate (31b)

According to the procedure for the synthesis of

compound 23b, compound 31b (0.20 g, 0.50 07(\/\0;
mmol, 98%) was obtained as a colorless oil from TesQ =
compound 30 (0.15 g, 0.51 mmol) and 4-

31b

chlorobutyryl chloride (0.056 mL, 0.50 mmol).

"H NMR (400 MHz, CDCls) § 0.12 (s, 6H), 0.95 (s, 9H), 1.22 (d, J = 6.9 Hz, 6H),
2.15 (s, 3H), 2.24 (quin, J = 6.6 Hz, 2H), 2.80 (t, J = 6.6 Hz, 2H), 3.12 (m, 1H), 3.70
(t, J = 6.6 Hz, 2H), 4.73 (s, 2H), 6.90 (s, 1H), 7.26 (s, 1H). *C NMR (100 MHz,
CDCl3) 6 —5.32, 15.82, 18.32, 23.64, 25.90, 27.56, 28.14, 31.03, 43.92, 62.53, 118.30,
126.60, 130.15, 135.32, 145.31, 148.54, 170.92. HRMS (ESI-TOF) m/z: [M + Na]"
calcd for C21H3sCINaOsSi* requires: 421.1936; found 421.1952.

3.11.2 4-(4-(((tert-Butyldimethylsilyl)oxy)methyl)-5-isopropyl-2-methylphenoxy)-4-
oxobutyl 3-hydroxybenzoate) (32b)

According to the procedure for the 0

synthesis ~ of compound 12, O OH
compound 32b (0.20 g, 0.40 mmol, TBSO TO(\/\OJ\Q/
80%) was obtained as a white solid
from compound 31b (0.20 g, 0.50
mmol) and 3HA (0.069 g, 0.50 mmol). 'H NMR (400 MHz, CDCl3) § 0.12 (s, 6H),
0.95 (s, 9H), 1.19 (d, J = 6.9 Hz, 6H), 2.13 (s, 3H), 2.26 (quin, J = 6.8 Hz, 2H), 2.79

(t, J=6.8 Hz, 2H), 3.10 (m, 1H), 4.45 (t, J= 6.8 Hz, 2H), 4.72 (s, 2H), 6.82 (br. s.,
OH), 6.89 (s, 1H), 7.01 (dd, J = 2.1,8.0 Hz, 1H), 7.25 (s, 1H), 7.28 (m, 1H), 7.53 (s,

32b
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1H), 7.60 (d, J = 8.0 Hz, 1H). '*C NMR (100 MHz, CDCls) § —5.30, 15.87, 18.36,
23.62, 24.17, 25.93, 28.17, 30.92, 62.54, 64.06, 116.26, 118.33, 120.32, 121.78,
126.65, 129.66, 130.19, 131.32, 135.38, 145.36, 148.55, 155.94, 166.44, 171.34.
HRMS (ESI-TOF) m/z: [M + Na]" caled for C23H40NaOeSi" requires: 523.2486; found
523.2477.

3.11.3 4-(4-(Hydroxymethyl)-5-isopropyl-2-methylphenoxy)-4-oxobutyl 3-
hydroxybenzoate (18)

TBAF (1 M in THF, 0.192 mL, 0.192 0

mmol) was added to a solution of O 0 OH
compound 32b (0.080 g, 0.16 mmol) HO TO(\/\ /UU
in THF (3.0 mL). The reaction mixture

was stirred at room temperature for 4 18
hours. Subsequently, the reaction was subjected to washing with brine, drying over
NaySOs4, and concentration in vacuo. The resulting residue was purified by column
chromatography on silica gel (Hexane/EtOAc = 100:0 - 60:40, v/v) to afford
compound 18 (0.032 g, 0.11 mmol, 70%) as white solid. 'HNMR (400 MHz,
Methanol-ds) & 1.15 (d, J = 6.9 Hz, 6H), 2.06 (s, 3H), 2.15 (quin, J = 6.8 Hz, 2H),
2.75 (t, J = 6.8 Hz, 2H), 3.18 (spt, J = 6.9 Hz, 1H), 4.37 (t, J = 6.8 Hz, 2H), 4.58 (s,
2H), 6.88 (s, 1H), 6.98 (dd, J= 2.1, 7.6 Hz, 1H), 7.17 (s, 1H), 7.23 (m, 1H), 7.41 (d, J
= 2.3 Hz, 1H), 7.46 (d, J = 7.6 Hz, 1H). '*C NMR (100 MHz, Methanol-d4) & 16.24,
24.55, 25.56, 29.89, 31.80, 62.81, 65.38, 117.37, 120.18, 121.67, 121.99, 128.50,
131.01, 132.64, 132.94, 137.05, 147.83, 150.83, 159.20, 168.39, 173.41. HRMS (ESI-
TOF) m/z: [M + Na]" calcd for C2oH26NaOsg" requires: 409.1622; found 409.1605.

3.12 GENERAL PROCEDURE TO SYNTHESIZE COMPOUND 19

The synthesis of compound 19 involves three-step reactions, as described below.
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3.12.1 ((4-(2-Bromoethoxy)-2-isopropyl-5-methylbenzyl)oxy)(zert-butyl)dimethylsilane
(36a)

According to the procedure for the synthesis of o~
compound 29a, compound 36a (0.18 g, 0.46 mmol, - Br
70%) was obtained as a colorless oil from compound

30(0.19 g, 0.66 mmol) and 1,3-dibromoethane (0.75 36a
mL). 'H NMR (400 MHz, CDCl3) § 0.14 (s, 6H), 0.97 (s, 9H), 1.27 (d, J = 6.9 Hz,
6H), 2.26 (s, 3H), 3.22 (spt, /= 6.9 Hz, 1H), 3.69 (t, J = 6.4 Hz, 2H), 4.33 (t, /= 6.4
Hz, 2H), 4.72 (s, 2H), 6.76 (s, 1H), 7.16 (s, 1H). 3C NMR (100 MHz, CDCls) &
—5.24, 15.71, 18.35, 23.92, 25.95, 28.46, 29.54, 62.86, 68.20, 108.75, 124.07, 130.26,
130.78, 145.48, 155.77. HRMS (ESI-TOF) m/z: [M + H]" calcd for CioH34BrO,Si*

requires: 401.1506; found 401.1523.

3.12.2 2-(4-(((tert-Butyldimethylsilyl)oxy)methyl)-5-isopropyl-2-methylphenoxy)ethyl 3-

hydroxybenzoate (37a)
According to the procedure for the 0
synthesis of compound 12, compound 37a O%OJ©/OH
(0.22 g, 0.48 mmol, 96%) was obtained as TBSO

a white solid from compound 36a (0.20 g,

0.50 mmol) and 3HA (0.069 g, 0.50

mmol). '"H NMR (400 MHz, CDCl3) § 0.12 (s, 6H), 0.95 (s, 9H), 1.22 (d, J = 6.9 Hz,
6H), 2.19 (s, 3H), 3.19 (spt, J = 6.9 Hz, 1H), 4.33 (m, 2H), 4.68 (m, 4H), 6.27 (br. s.,
OH), 6.79 (s, 1H), 7.03 (dd, J = 8.0, 2.1 Hz, 1H), 7.12 (s, 1H), 7.28 (m, 1H), 7.42 (s,
1H), 7.61 (d, J = 8.0 Hz, 1H). '*C NMR (100 MHz, CDCl;) § —4.24, 15.73, 18.41,
23.90, 25.98, 28.51, 62.96, 63.96, 66.51, 109.04, 116.33, 120.56, 121.86, 124.23,
129.61, 129.92, 130.93, 131.03, 145.63, 155.97, 156.42, 166.69. HRMS (ESI-TOF)
m/z: [M + Na]" caled for Co6H3sNaOsSi* requires: 481.2381; found 481.2397.

37a
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3.12.3 2-(4-(Hydroxymethyl)-5-isopropyl-2-methylphenoxy)ethyl  3-hydroxybenzoate

a9
According to the procedure for the o
synthesis of compound 18, compound 19 O\/\O OH
(0.069 g, 0.20 mmol, quant.) was obtained HO
as a white solid from compound 37a (0.092
g, 0.20 mmol) and TBAF (1 M in THF, 19

0.336 mL, 0.336 mmol). '"H NMR (400 MHz, Methanol-d4) & 1.19 (d, J = 6.9 Hz,
6H), 2.10 (s, 3H), 3.21 (m, 1H), 4.29 (m, 2H), 4.52 (s, 2H), 4.59 (m, 2H), 6.83 (s, 1H),
6.97 (m, 1H), 7.02 (s, 1H), 7.23 (t, /= 7.8 Hz, 1H), 7.38 (m, 1H), 7.44 (d, /= 7.8 Hz,
1H). *C NMR (100 MHz, Methanol-d4) & 15.97, 24.58, 30.04, 62.84, 64.93, 67.91,
110.24, 117.23, 121.47, 121.82, 125.25, 130.74, 131.35, 132.66, 132.92, 147.63,
158.23, 158.97, 168.15. HRMS (ESI-TOF) m/z: [M + Na]" calcd for C20H24NaOs"
requires: 367.1516; found 367.1525.

3.13 GENERAL PROCEDURE TO SYNTHESIZE COMPOUND 20

The synthesis of compound 20 involves three-step reactions, as described below.

3.13.1 (4-(3-Bromopropoxy)-2-isopropyl-5-methylbenzyl)oxy)(zert-butyl)dimethylsilane
(36b)

According to the procedure for the synthesis of

@) Br
compound 29a, compound 36b (0.26 g, 0.62 mmol, — e o
94%) was obtained as a colorless oil from compound
30(0.19 g, 0.66 mmol) and 1,3-dibromopropane (0.75 36b

mL).'H NMR (400 MHz, CDCl3) & 0.17 (s, 6H), 1.00 (s, 9H), 1.31 (d, J = 6.9 Hz,
6H), 2.26 (s, 3H), 2.39 (quint, J = 6.4 Hz, 2H), 3.26 (m, 1H), 3.69 (t, /= 6.4 Hz, 2H),
4.17 (t, J = 6.4 Hz, 2H), 4.74 (s, 2H), 6.82 (s, 1H), 7.17 (s, 1H). '*C NMR (100 MHz,
CDCl3) 6 —5.24, 15.72, 18.33, 23.94, 25.95, 28.50, 30.13, 32.64, 62.90, 65.25, 108.12,
123.56, 129.59, 130.65, 145.48, 156.24. HRMS (ESI-TOF) m/z: [M + H]" calcd for
C20H36BrO,Si" requires: 415.1662; found 415.1674.



71

3.13.2 3-(4-(((tert-Butyldimethylsilyl)oxy)methyl)-5-isopropyl-2-methylphenoxy)propyl
3-hydroxybenzoate (37b)

According to the procedure for the synthesis OH
of compound 12, compound 37b (0.21 g,

0.44 mmol, 88%) was obtained as a white O pirm

solid from compound 36b (0.21 g, 0.50 TESO o

mmol) and 3HA (0.069 g, 0.50 mmol). 'H

NMR (400 MHz, CDCl3) 6 0.11 (s, 6H),

0.94 (s, 9H), 1.22 (d, J = 6.9 Hz, 6H), 2.19 (s, 3H), 2.27 (quin, J = 6.0 Hz, 2H), 3.19
(spt, J = 6.9 Hz, 1H), 4.15 (t, J = 6.0 Hz, 2H), 4.55 (t, J = 6.0 Hz, 2H), 4.68 (s, 2H),
5.99 (br. s., OH), 6.75 (s, 1H), 7.04 (dd, J = 8.0, 2.3 Hz, 1H), 7.10 (s, 1H), 7.29 (t, J =
8.0 Hz, 1H), 7.52 (s, 1H), 7.60 (d, J = 8.0 Hz, 1H). '*C NMR (100 MHz, CDCls) &
—5.24, 15.72, 18.38, 23.93, 25.97, 28.52, 28.85, 62.26, 62.96, 64.40, 108.14, 116.30,
120.32, 121.77, 123.77, 129.45, 129.62, 130.79, 131.42, 145.51, 155.91, 156.40,
166.70. HRMS (ESI-TOF) m/z: [M + Na]" calcd for C7H4NaOsSi* requires:
495.2537; found 495.2548.

37b

3.13.3 3-(4-(Hydroxymethyl)-5-isopropyl-2-methylphenoxy)propyl 3-hydroxybenzoate
(20)

According to the procedure for the synthesis of OH
compound 18, compound 20 (0.036 g, 0.10

mmol, quant.) was obtained as a white solid O s0

from compound 37b (0.047 g, 0.10 mmol) and HO O
TBAF (1 M in THF, 0.120 mL, 0.120 mmol).
'"H NMR (400 MHz, Methanol-d4) & 1.22 (d, J
= 6.4 Hz, 6H), 2.15 (s, 3H), 2.25 (quin, J = 6.0 Hz, 2H), 3.24 (m, 1H), 4.16 (t, /= 6.0
Hz, 2H), 4.51 (t, J= 6.0 Hz, 2H), 4.55 (s, 2H), 6.82 (s, 1H), 7.00 (dd, J= 8.0, 2.3 Hz,
1H), 7.05 (s, 1H), 7.27 (t, J = 8.0 Hz, 1H), 7.42 (s, 1H), 7.48 (d, J = 8.0 Hz, 1H).!3*C
NMR (100 MHz, Methanol-ds) 6 15.99, 24.58, 30.04, 30.17, 62.87, 63.29, 65.88,
109.60, 117.15, 121.39, 121.72, 124.90, 130.74, 130.88, 132.84, 132.89, 147.58,

20
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158.32, 159.00, 168.24. HRMS (ESI-TOF) m/z: [M + Na]" caled for C2iH26NaOs"
requires: 381.1672; found 381.1682.

3.14 GENERAL PROCEDURE TO SYNTHESIZE COMPOUND 21

The synthesis of compound 21 involves three-step reactions, as described below.

3.14.1 (4-(4-Bromobutoxy)-2-isopropyl-5-methylbenzyl)oxy)(tert-butyl)dimethylsilane
(36¢)

According to the procedure for the synthesis of

@)
compound 29a, compound 36¢ (0.27 g, 0.63 mmol, TBSO B
96%) was obtained as a colorless oil from
compound 30 (0.19 g, 0.66 mmol) and 1,3- 36c

dibromobutane (0.75 mL). 'H NMR (400 MHz, CDCls) § 0.19 (s, 6H), 1.03 (s, 9H),
1.33 (d, J= 6.9 Hz, 6H), 2.04 (m, 2H), 2.18 (m, 2H), 2.28 (s, 3H), 3.28 (m, 1H), 3.58
(t, J= 6.6 Hz, 2H), 4.10 (t, J = 6.6 Hz, 2H), 4.77 (s, 2H), 6.82 (s, 1H), 7.19 (s, 1H).
3C NMR (100 MHz, CDCl3) § —5.26, 15.75, 18.29, 23.94, 25.93, 27.96, 28.47, 29.60,
33.45, 62.92, 66.73, 107.81, 123.43, 129.31, 130.62, 145.39, 156.44. HRMS (ESI-
TOF) m/z: [M + H]" caled for C21H3sBrO»Si* requires: 429.1819; found 429.1806.

3.14.2 4-(4-(((tert-Butyldimethylsilyl)oxy)methyl)-5-isopropyl-2-methylphenoxy)butyl 3-

hydroxybenzoate (37¢)
According to the procedure for the 0
synthesis  of  compound 12, O\/\/\OJ\©/OH
compound 37¢ (0.20 g, 0.42 mmol, TBSO

84%) was obtained as a white solid

from compound 36¢ (0.22 g, 0.50

mmol) and 3HA (0.069 g, 0.50 mmol). 'H NMR (400 MHz, CDCl3) § 0.16 (s, 6H),
0.99 (s, 9H), 1.27 (d, J = 6.9 Hz, 6H), 2.03 (m, 4H), 2.24 (s, 3H), 3.24 (spt, J = 6.9
Hz, 1H), 4.08 (t, J = 5.5 Hz, 2H), 4.46 (t, J = 5.5 Hz, 2H), 4.74 (s, 2H), 6.78 (s, 1H),
6.93 (br. s., OH), 7.06 (dd, J = 8.0, 2.1 Hz, 1H), 7.15 (s, 1H), 7.30 (t, J = 8.0 Hz, 1H),
7.62 (m, 2H). *C NMR (100 MHz, CDCl3) § —5.25, 15.74, 18.35, 23.90, 25.46,

37c
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25.95, 26.17, 28.50, 62.99, 65.18, 67.20, 107.99, 116.35, 120.42, 121.49, 123.61,
129.08, 129.54, 130.79, 131.23, 145.49, 156.16, 156.54, 167.10. HRMS (ESI-TOF)
m/z: [M + Na]" calcd for C2gH42NaOsSi" requires: 509.2694, found 509.2685.

3.14.3 4-(4-(Hydroxymethyl)-5-isopropyl-2-methylphenoxy)butyl  3-hydroxybenzoate

1)
According to the procedure for the 0
synthesis of compound 18, compound O\/“\/\Q/LKQ/OH
21 (0.12 g, 0.32 mmol, quant) was HO

obtained as a white solid from

compound 37¢ (0.16 g, 0.32 mmol) and 2

TBAF (1 M in THF, 0.384 mL, 0.384 mmol). 'H NMR (400 MHz, Methanol-ds) §
1.18 (d, J= 6.9 Hz, 6H), 1.93 (m, 4H), 2.11 (s, 3H), 3.21 (m, 1H), 4.01 (t, J=6.0 Hz,
2H), 4.34 (t, J = 6.0 Hz, 2H), 4.51 (s, 2H), 6.75 (s, 1H), 6.96 (dd, J = 8.0, 1.6 Hz,
1H), 7.00 (s, 1H), 7.21 (t, J = 8.0 Hz, 1H), 7.38 (m, 1H), 7.42 (d, J = 8.0 Hz, 1H)."*C
NMR (100 MHz, Methanol-d4) 6 16.27, 24.82, 27.17, 27.71, 30.25, 63.10, 66.37,
68.89, 109.52, 117.34, 121.55, 121.90, 124.94, 130.80, 130.95, 133.06, 133.12,
147.71, 158.63, 159.19, 168.52. HRMS (ESI-TOF) m/z: [M + Na]" caled for

C22H2sNaOs" requires: 395.1829; found 395.1827.

3.15 INVITRO EVALUATION METHOD

3.15.1 In vitro Cardioprotective Evaluation of CA and CPAHs 1-10 (Department of
Physiology, Faculty of Medicine, UKM)

The HO9c2 cardiomyocyte cell line, procured from Thermo Fisher Scientific, was
cultured in DMEM supplemented with 10% FBS and 1% penicillin. Cells were
maintained in monolayer culture conditions at 37°C and 5% CO., with media
refreshed every two days. Subculturing was performed when cells reached 80%

confluence.

The wviability of H9c2 cardiomyocytes was measured using 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. H9c2 cells were
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seeded in 96-well plates at a density of 5000 cells/well and allowed to attach for 48 h.
To assess the cytotoxicity of the parent compounds (CA and 3,4-dihydroxybenzoic
acid) and CPAHs 1-10, cardiomyocytes were treated with compounds at
concentrations ranging from 0.01 to 100 ug/mL for 48 h. Following the treatment,
MTT reagent (5 mg/mL) was added to the culture medium for 4 h at 37°C. Formazan
formed in each well was dissolved in 100 pL of dimethyl sulfoxide (DMSO), and
absorbance at 570 nm was measured using a microplate reader. Subsequently, to
determine the protective effects of the parent compounds and CPAHs 1-10 on the
viability of DOX-induced cardiomyocytes, H9c2 cells were pre-treated with or
without non-toxicparent compounds and CPAHs 1-10 concentrations for 24 h prior to

induction with 10 pM DOX for another 24 h.

3.15.2 In vitro Cardioprotective Evaluation of CPAHs 11-21 (Department of Chemistry

and Biomolecular Sciences, Faculty of Engineering, Gifu University)

The H9c2 cardiomyocyte cell line from the American Type Culture Collection was
cultured in DMEM supplemented with 5% heat-inactivated fetal bovine serum, 100
units/mL penicillin, and 100 pg/mL streptomycin. Cultures were maintained in a
monolayer format at 37°C and 5% COz. When the confluence reached 80%,

subculturing took place.

The cell viability of H9c2 cardiomyocytes was determined using the Cell
Counting Kit 8 (WST-8) from Dojindo, Kumamoto, Japan. H9¢c2 cells were seeded
into 96-well plates at a density of 5000 cells per well and left to adhere for about 24 h.
Cardiomyocytes were exposed to 10 uM concentrations of compounds 11-21, CA,
3HA, or vehicle (dimethyl sulfoxide) for 48 h to assess the cytotoxicity of both parent
compounds and conjugates. During the final two hours of treatment, WST-8 solution
was added to the culture medium and incubated at 37°C per the manufacturer's
instructions. The difference in absorbance at 450 and 620 nm was used to determine
cell viability, with the absorbance of untreated cells set to 1.0. Subsequently, to test
the compounds’ protective effects against DOX-induced cardiomyocyte damage,
HO9c¢2 cells were pre-treated with or without compounds 11-21, CA, or 3HA at a
concentration of 10 uM, or vehicle for 24 h before being exposed to 3 uM DOX
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(Cosmo Bio Co. Ltd., Tokyo, Japan) for an additional 24 h. The cell viability was then

measured as described above.

3.16 STATISTICAL ANALYSIS OF DATA

GraphPad Prism 8.0 software was used to analyze data, with results presented as mean
+ standard deviation (SEM). One-way ANOVA with post hoc Tukey was used to

analyze normally distributed data. p-values less than 0.05 were considered significant.

3.17 SAR ANALYSIS

With the successful synthesis of compounds 1-21 and the subsequent evaluation of
their cardioprotective activity in vitro, a SAR analysis becomes feasible. This analysis
starts by identifying critical structural features—such as functional groups, ring
systems, and chain lengths—that significantly influence the compounds' biological
activity. By systematically assessing how modifications to these structural
components affect biological efficacy, a qualitative SAR framework can be
developed. This approach builds upon the research framework presented in the study

by Kollarova-Brazdova et al. (2020); Cuadrado et al. (2022); Sarian et al. (2017).



CHAPTER IV

RESULTS AND DISCUSSION

4.1 INTRODUCTION

This chapter presents the research findings from the study on the design and synthesis
of CPAHSs. The results of the in vitro cardioprotector evaluation of CPAHs against
DOX-induced cardiomyocyte cell death and the establishment of SAR among the
CPAHSs, respectively are discussed in this chapter.

4.2 SYNTHESIS OF CPAH

Due to previous findings suggesting the cardioprotective nature of CA and PA (Imran
et al. 2022; Liu et al. 2022), this study focused on investigating the cardioprotective
potential of CPAH. The combination or hybridization of two molecules with distinct
pharmacophores yet similar pharmacological properties is known to yield a
synergistic effect or enhance the targeted delivery of the parent drug to a specific site.
This strategy is commonly employed in treating various diseases, including
cardiovascular, neurodegenerative, cancerous, inflammatory, and infectious disorders,
as extensively documented (Aljuffali et al. 2016). Additionally, this approach could
enhance physicochemical characteristics, drug delivery mechanisms, and

biopharmaceutical properties, as highlighted in previous research (Das et al. 2010).

Previous studies have identified the active sites at C-4, C-6, and the hydroxy
group (-OH) of CA as promising targets for developing potent pharmaceutical
candidates (Retnosari et al. 2024). To optimize the integration of PA into the CA
structure, the phenolic group of CA was selected as a critical site for modification.

Furthermore, compounds (1-10) were synthesized, consisting of hybrid CA
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derivatives with various hydroxybenzoic or cinnamic acids connected via a diester
linker (Ashraf et al. 2017). In the first series, six CPAHs (1-6) were initially
developed based on HBA and a diester linker, as shown in Figure 4.1. This
investigation explored benzoic acids featuring varying numbers and positions of -OH

groups, aiming to establish a comprehensive SAR.

R

o 1 R=3-OH

HO 5 2 R=4-OH
3 R =3,4-di-OH

o :
\ﬂ/\ R 4 R =24-di-OH
Hydroxy- benzom acid o 5 R=3,5di-OH
6 R=34,,5-tri-OH

e

7 R=-H
\n/\o - 8 R=4-0H
Cinnamic acid derivatives 9 R = 4-Cl
10 R =2,4-di-OH

Figure 4.1 Structures of the synthesized CA conjugated hydroxy-benzoic/cinnamic
acid (1-10)

In the second series, compounds 7-10 were specifically designed by replacing
the benzoic acid with cinnamic acid derivatives, as shown in Figure 4.1. This
innovative approach aimed to explore the role of the cinnamic acid scaffold in
modulating the activity of CPAH. Both benzoic acid and cinnamic acid derivatives
demonstrated potential as cardioprotective agents. Various parameters were
systematically examined to understand the SAR further, including the substitution of -
OH groups with -Cl groups, the reduction in the number of -OH groups, and the

manipulation of both the number and position of -OH groups.

A further exploration involved the manipulation of the linker structure,
focusing on the modification of 3HA and CA. Consequently, in this investigation,
3HA was linked with CA via alkyl or acyl linkers comprising two, three, or four
carbons at the hydroxyphenol position, yielding two series of conjugates, as shown in
Figure 4.2. In Series 1, the 3HA moiety was incorporated into the phenolic hydroxy
group of CA through acyl (11-12) or alkyl (13—15) linkers of varying lengths.



78

To confirm the key role of the CA scaffold and further enhance modification,
CA was also transformed into 4-hydroxymethylcarvacrol. Masteli¢ et al. (2008)
reported that 4-hydroxymethylcarvacrol exhibits superior antioxidant activity
compared to CA. Introducing the 3HA moiety into 4-hydroxymethylcarvacrol could
potentially augment the cardioprotective properties of CA. Consequently, two
additional series (1618 and 19-21) were devised and synthesized (Figure 4.2). These
series mirrored the previous ones (11-12 and 13—15), but CA was substituted with 4-

hydroxymethylcarvacrol. As a result, a total of 21 conjugates were synthesized.

o 11 (n=2,R=H)
OH o OH 12 (n=3,R=H)
o Ao} 16 (n=1, R = CH,0H)
. 0 17 (n=2, R = CH,0H)
18 (n =3, R = CH,0H)
CA .
13 (h=1,R=
o 0 14 (-2 Rom)
0 OH e
\/Hﬁo 15 (n=3,R=H)
HO — 19 (n=1,R = CH,0H)
R
20 (n=2, R = CH,OH)
o 21 (n=3, R = CH,OH)
3HA

Figure 4.2 Structures of the synthesized CA conjugated 3HA (11-21)

As previously described, the synthesis of 1-10 has been reported in the
literature (Ashraf et al. 2017). However, these compounds were re-synthesized and
their protective effects against DIC were evaluated in this study to further explore the
SAR within this series. There are two-step reactions to synthesize compounds 1-10,
as shown in Scheme 4.1. In the first step, an intermediate (22) was formed via an
esterification reaction by mixing CA and chloroacetyl chloride in the presence of TEA
as a base and DCM as a solvent. The mixture was then stirred for 4 hours at room
temperature. The plausible mechanism for the formation of compound 22 involves the
deprotonation of the phenolic hydroxy group of CA by TEA, yielding deprotonated
CA as a nucleophile. The deprotonated CA then attacks the carbonyl group of
chloroacetyl chloride, forming compound 22 and releasing CI°, which is subsequently

neutralized by the protonated TEA. The structure of compound 22 was further
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confirmed by 'H-NMR data, i.e., singlet peak at § 4.55 ppm representing methylene
protons of chloroacetyl moiety, as shown in Appendix A. Furthermore, the typical
singlet at 6 7.98 ppm representing phenolic hydroxy of CA was absent. The EI-MS
further confirmed these predictions with a peak at m/z = 226.1 [M '], representing the

molecular mass of compound 22.

Moreover, the reaction proceeded to the second step, where appropriate
benzoic acid or cinnamic acid derivatives were incorporated via nucleophilic
substitution reaction to obtain compounds 1-10. The terminal methylene carbon-
containing chloro group was attacked by the deprotonated carboxyl group of benzoic
acid derivatives (nucleophile). The presence of TEA assists the appropriate
benzoic/cinnamic acid derivatives to undergo a deprotonation reaction. The reaction
was executed by stirring the mixture of benzoic/cinnamic acid derivatives, TEA, KI,
compound 22, and dimethyl formamide for 24 h at room temperature. The reaction

scheme for synthesizing compounds 1-10 can be seen in Scheme 4.1.

o
H+ CI/YO EtsN, DCM T(\C'

Cl 0to0-5°C, 4 h
o Et3N, KI, DMF
CA rt,24 h
HO)KQ

R
EtsN, KI, DMF o 9z
rt, 24 h TK\O)K/\(;‘
o) R
W
()R = -H (87%)
(8) R = 4-OH (80%)

(9) R = 4-C (84%)
(10) R = 2,4,di-OH (76%)

(1) R = 3-OH (81%) (4) R = 2,4-di-OH (81%)
)R = 4-OH (78%) (5) R = 3,5-di-OH (80%)
(3)R 3,4-di- OH( 8%)  (6) R = 3,4,5-tri-OH (60%)

Scheme 4.1 The synthetic pathway of compounds 1-10

The structures of compounds 1-10 were confirmed by 'H-NMR, *C-NMR,
and mass spectroscopic data. Compound 1 was obtained as a yellowish-white solid.
The *C-NMR spectrum of compound 1 showed 18 signals corresponding to 19
carbons, consisting of 14 sp” and 5 sp’ carbons, as shown in Appendix B. Two signals
at a chemical shift of 167.05 and 166.48 ppm represent two ester carbonyl bonds. The
"H-NMR spectrum of compound 1 showed a series of aromatic signals corresponding
to one unit of 1-substituted-3-hydroxyphenyl [ 7.68 (dd, 1H), 7.66 (dd, 1H), 7.38 (dd,
1H), 7.19 (ddd, 1H)] from the benzoic acid skeleton, and one unit of 1,2,5-
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trisubstituted-phenyl [6 7.17 (d, 1H), 7.05 (dd, 1H) and 7.00 (d, 1H) from the CA
skeleton. The signal at & 8.84 (s, 1H) indicated the presence of a substituted -OH
group on the 1-substituted-3-hydroxyphenyl skeleton. Furthermore, the 'H-NMR
spectrum revealed aliphatic proton signals [0 2.88 (sept, 1H), 2.17 (s, 3H), and 1.19
(d, 6H)] representing the sp® carbon on the CA skeleton. Furthermore, the signal at §
5.199 (s, 2H) is the methylene signal that connects the CA skeleton and benzoic acid.
The HRMS further confirmed the structure of compound 1 identified by a peak at m/z
= 351.1202 ([M + Na]"), representing the molecular mass of compound 1. A
comparison of 'H and "*C-NMR data from compound 1 reported in the literature
provides additional evidence for its structure (Ashraf et al. 2017). Compounds 2-10's

structure was confirmed using the same method.

Furthermore, compounds 11-12 were synthesized using a two-step reaction
process, adopting the method used for synthesizing compound 1, as shown in Scheme
4.2. Initially, the phenol of CA was functionalized to form an appropriate chloroacyl
intermediate (23a—b) via the esterification reaction with a proper acid chloride in the
presence of TEA and DCM. Surprisingly, only compound 23b was successfully
synthesized under these conditions. The formation of compound 23a was
conspicuously absent, with the reaction predominantly yielding an a,B-unsaturated
carbonyl compound (24) through an elimination process. To address this unexpected
challenge, the strength of the base was strategically modulated using pyridine (Py),
which effectively reduced the formation of compound 24. This modification
facilitated the desired esterification reaction, allowing for the synthesis of compound

23b.

Subsequently, 3HA was introduced via nucleophilic substitution. Only
compound 12 was successfully obtained in high yields using KI as a nucleophile and
TEA or NaHCO;3 as a base. On the other hand, compound 11 was not obtained during
an attempt to react compound 23a with 3HA in the presence of various bases such as
TEA, potassium carbonate (K>COs3), and NaHCOs. Instead, the most common
byproduct observed was compound 24. Using Py as a base reduced the formation of

compound 24 but did not promote the formation of compound11 (data not shown).
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Scheme 4.2 The synthetic pathway of compounds 11-12

The predominance of compound 24 emphasizes the importance of thoroughly
investigating alternative synthetic routes to produce compound 11 effectively. As a
result, compound 26 was used as an intermediate instead of 23a, serving as a
nucleophilic source to prevent the possibility of an elimination reaction. This change
facilitated the condensation reaction with 3HA, which resulted in the successful

synthesis of compound 11, as illustrated in Scheme 4.3.
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HF-Py, THF, Py TBAF
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Scheme 4.3 The synthetic pathway of compound 11

The synthesis of compound 11 was initiated with a condensation reaction

between 3-(benzyloxy)propanoic acid and CA, involving an esterification reaction
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between the aliphatic carboxylic acid group of 3-(benzyloxy)propanoic acid and the
hydroxyphenolic group of CA. The Steglich esterification method was selected for
this study due to its widespread application in similar reactions. This method utilized
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCI) as a
coupling agent and 4-dimethylaminopyridine (DMAP) as a catalyst (Tomoda et al.
2010), resulting in the formation of compound 25. The proposed reaction mechanism
is illustrated in Figure 4.3. In this reaction, EDC-HCI activates the carboxylic acid by
forming an O-acylisourea intermediate, which exhibits reactivity akin to a carboxylic
acid anhydride. DMAP, acting as a nucleophilic catalyst, enhances the reaction rate by
initially reacting with the O-acylisourea to generate a more reactive amide
intermediate. This intermediate then rapidly reacts with CA to form compound 25. By
functioning as an acyl transfer reagent, DMAP facilitates the overall esterification

process.

J J BnO
Q ,I\Il (0] /\N NJ
BnO/\)J\OH/:\ﬁ ~e o+t 0-C
N ———> BnO O @ - ]
3-(benzyloxy) | J/ N@ o NH
propa_noic ~ | J/ J/
acid T@ o \N® P _'LG) P

EDC.HCI O-acylisourea intermediate

25

Figure 4.3 Proposed mechanism for the formation of compound 25

The benzyl group in compound 25 was successfully removed through
palladium-catalyzed hydrogenation, affording compound 26 in a satisfactory overall

yield (Kinarivala et al. 2016). The proposed mechanism for this deprotection reaction
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is illustrated in Figure 4.4. The deprotection reaction follows a catalytic cycle that
begins with the coordination of the benzyl-protected compound (25) to a Pd(0)
catalyst, which undergoes oxidative addition to form a palladium(Il) complex.
Subsequently, excess molecular hydrogen (H:) binds to the Pd(II) center, facilitating
the heterolytic cleavage of H: and the formation of two Pd—H bonds. One hydrogen
atom is transferred to the benzyl group, resulting in the cleavage of the benzyl moiety
and the formation of compound 26. Reductive elimination then occurs, releasing
toluene as a by-product and regenerating the Pd(0) catalyst. This regeneration
completes the catalytic cycle, enabling the Pd(0) species to participate in further

hydrogenation steps.

Pd(0) o 0\/©
o T
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25
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Figure 4.4 Proposed mechanism for the formation of compound 26

Before the condensation reaction between compound 26 and 3HA was
performed, protecting the phenolic hydroxy group in 3HA was imperative to avoid
undesired products. This protective modification was accomplished by treatment with

tert-butyldimethylsilyl chloride (TBSCI), as reported by Philippe et al. (2023),
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resulting in the formation of compound 27 with a high yield. Subsequent condensation
of compound 26 with 27, employing EDC.HCI and DMAP yielded compound 28 in a
moderate yield. However, removing the TBS group from compound 28 posed a slight
challenge. Using tetrabutylammonium fluoride (TBAF) as a deprotection reagent
(James et al. 2007) resulted in the elimination reaction, yielding compound 24
quantitatively. In contrast, when HF-pyridine (HF-Py) was employed as the
deprotection reagent (Boger 2010), the reaction proceeded smoothly, yielding the
desired product (compound 11) in quantitative yield. The deprotection mechanism
involves the nucleophilic attack of the fluoride ion (F~) on the silicon atom of the TBS
group. HF-Py serves as the source of fluoride ion in solution, where the fluoride ion
coordinates to the silicon atom, promoting the cleavage of the Si-O bond. This results
in the liberation of the phenolic hydroxy group (—OH), restoring the original hydroxyl
functionality in the molecule, yielding compound 11. This optimized synthetic route
highlights the importance of selecting appropriate protective group reagents and

reaction conditions, ensuring the efficient synthesis of compound 11.

Additionally, the investigation extended to synthesizing compounds13-15, as
delineated in Scheme 4.4. The initial step necessitated the attachment of the alkyl
linker to CA via an O-alkylation reaction. The appropriate alkyl linkers were
introduced to CA with potassium hydroxide (KOH) as a base (Attanasi et al. 2004).
The reaction mixture was maintained at 70°C for 6 hours, forming appropriate
intermediates (29a—c). Subsequently, the nucleophilic reaction was conducted
between the corresponding intermediates in the presence of NaHCO3; and KI in the

second step. This led to the successful synthesis of compounds 13—15 in high yield.
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Scheme 4.4 The synthetic pathway of compounds 13-15

To synthesize compounds 16-21, it is imperative to initially modify the
structure of CA by incorporating the -CH,OH group at the para position. This
structural alteration was achieved by employing the previously reported methodology
for the hydroxymethylation of CA (Masteli¢, et al. 2008). Compounds 16 and 18 were
obtained by a process similar to that used for compounds 1 and 12, with CA being
substituted by 4-(((tert-butyldimethylsilyl)oxy)methyl)-5-isopropyl-2-methylphenol
(30), as shown in Scheme 4.5. However, removing the TBS protecting group from
compound 32a was challenging. Initial experiments with TBAF were complicated,
involving an additional step of breaking the ester bond in the linker (data not shown).
Remarkably, the pursuit of an optimized deprotection strategy led to the adoption of
HF-Py (Boger 2010), as a more efficient reagent. This alternative approach facilitated
the selective removal of the TBS group and effectively mitigated the unintended
cleavage of the ester bond, resulting in compound 16 with an exceptionally high yield.
Surprisingly, a different result was observed in the attempt to remove the TBS group
in compound 32b. By using TBAF (James et al. 2007), the TBS group was removed
successfully, yielding moderate results of compound 18. In addition to successfully
synthesizing compounds 16 and 18, compound 17 was also synthesized using a
method similar to that employed for compound 11 to prevent the formation of
unwanted elimination products. However, CA was substituted with the structurally

distinct precursor compound 30, as depicted in Scheme 4.6.
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Scheme 4.5 The synthetic pathway of compounds 16 and 18
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Scheme 4.6 The synthetic pathway of compound 17

Furthermore, to expand the synthetic scope of compound 30, a series of
transformations were carried out to introduce an alkyl linker moiety through an O-
alkylation reaction, followed by a strategically designed nucleophilic reaction with

3HA. This approach resulted in the successful synthesis of a diverse range of
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compounds, specifically compounds 19-21, as illustrated in Scheme 4.7. Notably, the
TBS group in compounds 37a—c¢ was easily removed without producing any
degradation products in the presence of TBAF. This result contrasts sharply with that
observed in hybrids with a diester linker, indicating a significant difference in stability

favoring the ether linkage over the ester linker.
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21 ( 3) quant. 37c (n=23), 84%

Scheme 4.7 The synthetic pathway of compounds 19-21
4.3 CARDIOPROTECTOR EVALUATION OF CPAH AGAINST DIC

4.3.1 Cardioprotective Evaluation of CA

The protective effects of CA, as a parent compound, against DIC were evaluated in
vitro. After 48 hours of exposure to CA concentrations ranging from 0.067 to 670 uM
(0.01-100 pg/mL), cardiomyocyte viability was assessed using the MTT assay. CA
exhibited a non-toxic profile to cardiomyocytes within the concentration range of
0.067 to 0.670 uM. However, at higher concentrations (6.70 to 670 uM), a significant

reduction in cardiomyocyte viability was observed (Figure 4.5a) (p<0.05). These
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findings are consistent with the results of Jamhiri et al. (2019), who reported that CA
concentrations between 0.01 and 1 pM did not induce toxicity in H9c2 cells.
Consequently, CA concentrations between 0.067 and 0.670 uM were considered non-

toxic and used in the subsequent phase of the MTT assay.

Figure 4.5 Protective effect of CA against DIC in H9¢2 cardiomyocytes.
(a) Toxicity of CA in H9¢2 cardiomyocytes was determined by MTT
assay following treatment with CA (0.067-670 uM) for 48 h. (b) H9c2
was pretreated with non-toxic CAconcentrations (0.067-0.670 pM)
followed by induction with 10 uM DOX for an additional 24 h. Data are
shown as mean = SEM, n = 6. *p<0.05 vs. control, *p<0.05 vs. DOX-
induced group.

In the second phase, H9c2 cells were pre-treated with non-toxic CA
concentrations prior to DOX induction to assess CA’s cardioprotective effect. The
results demonstrated that 10 uM DOX significantly reduced cardiomyocyte viability
to 46.61 + 0.55% compared to the control (p<0.05), confirming DOX’s potent
cardiotoxicity (Figure 4.5b). Notably, pre-treatment with 0.067 pM CA significantly
improved cardiomyocyte viability compared to the DOX-only group (p<0.05).
However, higher CA concentrations (0.67 uM) did not yield a further increase in
viability relative to the DOX-treated group, indicating that higher concentrations of
CA did not offer enhanced protection against DIC. This observation aligns with
Jamhiri et al. (2019), who also reported the absence of a dose-dependent protective

response in the context of cardiac hypertrophy.
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The lack of a dose-dependent protective response may be influenced by
several factors, including CA’s mechanism of action, pharmacodynamics, and
biological modulation pathways. These factors can affect CA’s efficacy at different
concentrations, leading to the observed non-linear response. For instance, certain
drugs, such as SGLT-2 inhibitors, known for their cardioprotective properties, exhibit
variable efficacy depending on factors like heart health, the type of cardiac damage,
and dosing. In some cases, lower doses provide protection, while higher doses do not
confer additional benefits (Lahnwong et al. 2018). Similarly, volatile anesthetics used
for cardioprotection in ischemia-reperfusion injuries activate protective pathways,
such as K-ATP channels, but their effectiveness does not always correlate with higher
doses (Van Allen et al. 2012). A comparable non-linear dose-response has also been
observed with folic acid in cardioprotection, where efficacy depends on factors like

dose, ischemia duration, and anesthetic regimen (Zuurbier et al. 2014).

4.3.2 Cardioprotective evaluation of CPAHs 1-10 and 3,4-dihydroxybenzoic acid

The method used to evaluate the cardioprotective effect of CA was applied to assess
the cardioprotective potential of CPAHs (1-10). Additionally, 3,4-dihydroxybenzoic
acid (3,4-HB), representing the phenolic acid scaffold, was investigated to determine
the contribution of this scaffold to the activity of the hybrids. Prior to this, the toxicity
of the CPAHs and 3,4-HB was evaluated. Cardiomyocyte viability was measured
using the MTT assay after 48 hours of exposure to concentrations ranging from 0.01

to 100 pg/mL. The cytotoxicity results are presented in Figure 4.6.
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To be continued...
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... continuation

Figure 4.6 The effect of 3,4-HB and CPAHs (1-10) on H9¢2 cells. Data are shown
as mean + SEM, n = 6. ***p<(.001 vs. control, ****p<0.0001

Exposure to varying concentrations of the 3,4-HB and CPAHs (1-10), up to
100 pg/mL, revealed a wide range of toxicity in H9c2 cells. 3,4-HB exhibited a non-
toxic profile at concentrations of 0.01-1 ug/mL. However, at 10 pg/mL (64.88 uM),
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3,4-HB demonstrated significant toxicity, reducing H9¢c2 cell viability to below 80%
(p <0.001). This finding contradicts the results of Shafiee et al. (2023), who reported
that 3,4-HB did not show toxicity in H9c2 cells at concentrations ranging from 1 to
100 uM. The discrepancy might arise from differences in experimental protocols. In
the current study, H9c2 cells were exposed to 3,4-HB for 48 hours, whereas Shafiee et
al.'s experiments involved a shorter incubation period of 24 hours. Prolonged
exposure could potentially increase the likelihood of observing toxic effects, as it
allows more time for compound interaction with cellular targets, accumulation, or

metabolic activation.

The CPAHs containing CA and HBAs (1-6) did not exhibit any cytotoxicity at
concentrations ranging from 0.01 to 1 pg/mL (0.03—30 pM), maintaining cell viability
at 80% or above. In contrast, among the CA-HCA hybrids (7-10), only compound 8
displayed a remarkably non-toxic profile against cardiomyocytes within the 0.01 to 10
pg/mL concentration range. Meanwhile, compounds 7, 9, and 10 demonstrated non-
toxicity only at a concentration of 0.01 pg/mL. Based on these findings,
concentrations ranging from 0.01 to 1 ug/mL, categorized as non-toxic, were chosen
for subsequent experiments to assess the cardioprotective activity of CPAHs against

DIC-induced damage in the H9¢2 cell model.

Furthermore, a DIC model in H9¢2 cardiomyocytes was used to explore the
synthesized compounds' cardioprotective activity. The potential of CPAHs as
cardioprotective agents was evaluated in cells treated with DOX in the presence of
tested compounds. The cell viability of H9¢c2 cells after being treated with DOX (10
uM) or co-treated with test compound at 0.01, 0.1, and 1 pg/mL was determined. As
shown in Figure 4.7, 10 uM DOX significantly reduced cardiomyocyte viability

compared to the control, indicating the potent cardiotoxic effect of DOX.
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Figure 4.7 Protective effect of the parent compounds and 1-10 against DIC in H9c2
cardiomyocytes at concentration (a) 0.01 pg/mL, (b) 0.1 pg/mL, (c) 1
pg/mL. Data are shown as mean = SEM, n = 6. ****p < 0.0001 vs.
DOX-induced group

Forming cardioprotective agent hybrids (CPAHs) by combining CA with HBA

and HCA resulted in compounds 1-10. These compounds demonstrated increased cell
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viability in H9c2 cells treated with DOX. These results indicated that such
modification promotes protective activity. Specifically, linking 3-hydroxybenzoic
acid, 4-hydroxybenzoic acid, 3,4-dihydroxybenzoic acid, 2,4-dihydroxybenzoic acid,
3,5-dihydroxybenzoic acid, or gallic acid to CA through a diester linker produced
compounds 1-6, all of which exhibited strong protective activity. These compounds
significantly increased cell viability in DOX-treated H9c2 cells at concentrations of
0.01-1 pg/mL (0.03-30uM, p<0.0001), surpassing the protective effects of CA, the
parent compound. The introduction of HBA into CA was crucial for their enhanced
activity. Data confirmed that the protective effect of 3,4-HB, as a representative HBA
scaffold, against DIC in the H9c2 cell model was higher than that of CA.
Additionally, linking cinnamic acid, 4-hydroxycinnamic acid, 4-chlorocinnamic acid,
or 2.4-dihydroxycinnamic acid yielded compounds 7-10. These compounds
significantly increased the survival rate of H9c2 cells treated with DOX at a
concentration of 0.01 pg/mL (0.03 uM) (p<0.0001). Notably, compound 8 exhibited a
protective effect comparable to CPAHs containing the HBA scaffold, enhancing the
viability of H9c2 cells across the same concentration range (p<0.0001). However,
higher concentrations of compounds 7, 9, and 10 did not correlate with increased
cardioprotective effects and instead tended to exhibit toxic effects, indicating a narrow
therapeutic window. In conclusion, at a low concentration of 0.01 pg/mL (0.03 uM),
the hybrids (1-10) demonstrated a protective effect against DIC in H9c2 cells,
exhibiting greater efficacy than CA alone.

4.3.3 Cardioprotective evaluation of CPAHs 11 — 21

To deepen the understanding of the structure-activity relationship (SAR) related to the
cardioprotective activity of CPAHs, compounds 11-15 were synthesized to evaluate
the impact of the linker on their efficacy. Similarly, compounds 1621 were prepared
to investigate the role of the CA scaffold. This section presents the in vitro
cardioprotective evaluation of the parent compounds (CA and 3HA) alongside
compounds 11-21. Compound 1 was included as a comparator, given its incorporation
of hydroxybenzoic acid (3HA), which was utilized in the transformations essential for

synthesizing compounds 11-21.
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Initially, to elucidate the cytotoxic effects of DOX and to ensure the selected
dosage of the synthetic compounds would not induce toxicity in the HO9c2
cardiomyoblasts, H9¢2 cells were exposed to DOX, the parent compounds, and the
synthetic compounds. Cell viability was determined 48 h post-treatment using the Cell
Counting Kit, employing a WST-8 reagent. As Figure 4.8demonstrates, the exposure
of H9¢2 cells to DOX (3 uM) for 48 h induced significant cytotoxicity (p<0.05),
resulting in a decrease in cell viability, in line with the previous study (Sangweni et al.
2020; Zhou et al. 2022). However, treating the parent compounds and their hybrids (1,
11-21) for 48 h showed no significant toxic effect on H9¢2 cells.
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Cont. DOX CA 3HA

Cell viability (ratio of control)

Figure 4.8 Effect of DOX (3 uM), 1, 11-21 (10 uM), and the parent compounds (10
uM) on H9¢2 cell viability after 48 h treatment. Values represent the
mean + SEM from three individual experiments. *P<0.05 vs. control.

The potential of the hybrids as cardioprotective agents was evaluated in cells
treated with DOX in the presence of non-toxic compounds. Cell viability decreased to
64% in the DOX group compared to the untreated control group. Following a 24 h
pre-incubation period with the parent compounds and their hybrids, it became evident
that 15 exhibited significant cardioprotective efficacy, as evidenced by a notable
increase in the percentage of viable cells compared to the DOX group (p<0.05, Figure
4.9). Furthermore, it can be observed that CA and 3HA, as the parent compounds, did
not demonstrate cardioprotective activity against DOX-induced H9c2 cell death. The

result was contrasted with CA’s in vivo results (El-Sayed et al. 2016; Jafarinezhad et
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al. 2019). This suggests that the presence of both the CA unit and the 3HA moiety is

essential for cardioprotective effects, as the highest protection is achieved with 15.
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Figure 4.9 Protective effect of the parent compounds and 1, 11-21 against DIC in
HO9c¢2 cardiomyocytes. H9¢c2 was pretreated with non-toxic compounds
(10 uM) for 24 h followed by induction with 3 uM DOX for an
additional 24 h. Data are shown as mean + SEM, n = 3. *p<0.05 vs.
DOX-induced group.

4.4 SAR OF CPAH AS POTENT CARDIOPROTECTOR AGAINST DIC

The SAR analysis, as summarized in Figure 4.10, offers critical insights into the
cardioprotective potential of the hybrids. Compounds containing both CA and HBA
scaffolds (1-6) demonstrated cardioprotective activity at concentrations ranging from
0.01 to 1 pg/mL (0.03-30 uM), exhibiting greater efficacy than CA alone. These
results indicate that the integration of HBA into the CA framework plays a pivotal
role in enhancing cardioprotective activity. The findings further suggest that HBA
represents the scaffold with the most favorable SAR for cardioprotective efficacy,

aligning with and reinforcing conclusions from prior research.



97

The optimal activity was observed when
the ether linkage contained three carbon chains

Hydroxy -benzoic acid or

O-\--;.ﬁ\ OH' 4-hydroxycinnamic acid
! H ‘ 70 was essential for
- 72 activity

Replacing carbonyl group

Adding CH,0H to CA moiety (C=0) with -CH, played crucial
decreased the activity against DIC. ~ role in the activity against
CA moiety was optimal for activity. DOX-induced cell death

Figure 4.10 SAR analysis of CPAHs

HBAs have been widely recognized for their potential to mitigate DIC through
antioxidant and anti-inflammatory mechanisms. Shafiee et al. (2023) reported that 3,4-
HB protects cardiomyocytes from DIC-related damage by reducing total oxidant
capacity and suppressing inflammatory processes via inhibition of Toll-like receptor 4
(TLR4) signaling. Furthermore, 3,4-HB exhibits a range of pharmacological activities,
including anti-inflammatory, antioxidant, anti-cell death, anti-apoptotic, and
chemoprotective effects, which collectively contribute to its cardioprotective efficacy
(Okpara et al. 2022). Similarly, gallic acid has demonstrated significant
cardioprotective effects against DIC. It alleviates electrocardiographic (ECG)
abnormalities, reduces oxidative stress, and mitigates pathological tissue damage.
These effects are accompanied by decreased levels of creatinine kinase-muscle brain
(CK-MB), lactate dehydrogenase (LDH), and expression of pro-inflammatory markers
such as TNF-a and Cox-2 (Ekinci et al. 2021; Omobowalé et al. 2018). Additionally,
methyl gallate, a derivative of gallic acid, has been shown to confer cardioprotection
against DIC in female rats by suppressing oxidative stress (Ahmed et al., 2021). The
esterification of gallic acid appears to preserve its cardioprotective properties,
highlighting the importance of the HBA scaffold in its activity. Collectively, these
findings suggest that the antioxidant properties of the HBA scaffold in hybrids of CA

and benzoic acid play a pivotal role in mitigating DIC.

Variations in the number and position of hydroxy groups within the benzoic
acid scaffold did not significantly affect the cardioprotective activity of CPAHs (1-6).
This observation indicates that the configuration of hydroxy groups is not a primary

factor influencing their cardioprotective effects. Similar trends have been observed for
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HBA, where HBAs with differing numbers of hydroxy groups consistently exhibited
cardioprotective efficacy. This pattern aligns with findings from studies on flavonoids
and their cardioprotective effects against DIC. For example, quercetin (Dong et al.
2014) and kaempferol (Xiao et al. 2014), both members of the flavonol group, differ
only in the number of hydroxyl groups on their B rings but exhibit similar
cardioprotective activities. Likewise, flavones such as baicalein (Sahu et al. 2016),
7,8-dihydroxyflavone (Zhao et al. 2019), and 7,8,3'-trihydroxyflavone (Zhao et al.
2023), which vary in the number and position of hydroxyl groups across two rings, as
illustrated in Figure 4.11, have also demonstrated cardioprotective efficacy against
DIC. These findings collectively emphasize that the antioxidant properties of these
compounds, rather than the exact number or position of hydroxygroups, play a pivotal

role in their cardioprotective activities.

7,8,3'-Trihydroxyflavone 7,8-dihydroxyflavone Baicalein

Quercetin Kaempferol

Figure 4.11 Examples of flavonoids demonstrating cardioprotective activities against
DIC

Among the CPAHs derived from cinnamic acid and its derivatives (7-10),
only compound 8, containing a 4-hydroxycinnamic acid scaffold, demonstrated
notable cardioprotective activity against DIC across a range of concentrations (0.03—
30 uM). At higher concentrations (3—30 puM), compounds 7, 9, and 10 failed to
significantly protect H9¢c2 cells from DIC. This pattern suggests that the absence of a
hydroxygroup, as in compound 7, or the substitution of the para-position hydroxy

group with a chloro group, as in compound 9, reduces activity. Furthermore,
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introducing an additional hydroxy group on the cinnamic ring, as in compound 10,
also diminishes activity. These findings highlight the critical role of the 4-
hydroxycinnamic acid moiety as an essential scaffold for the cardioprotective activity
of CPAHSs. This conclusion is supported by previous findings that 4-hydroxycoumaric
acid exhibits antioxidant potential (Foti et al. 1996). Additionally, studies have shown
that 4-hydroxycinnamic acid provides significant protection against DIC by reducing
oxidative stress (Abdel-Wahab et al. 2003; Shiromwar and Chidrawar 2011). Further
research indicates 4-hydroxycinnamic acid modulates autophagy and apoptosis
induced by DOX, as evidenced by increased expression of protective markers such as
Bcl-2, mTOR, Nrf-2, and Akt, and decreased levels of apoptotic markers including
Bad, caspase-3, Bax, Atg-6, and Atg-8 (Sunitha et al. 2018). These findings strongly
suggest that the cardioprotective activity of CPAHs is closely linked to their

antioxidant properties.

To identify the physicochemical properties critical for optimal cardioprotective
activity, the influence of linker structure on the efficacy of the hybrids was
systematically investigated. This analysis aimed to elucidate the relationship between
linker variation and biological activity, thereby providing insights into optimizing the
pharmacological potential of these hybrids. Replacing the ester bond attached to the
CA skeleton with an ether linkage significantly enhanced activity, as demonstrated in
compounds 13—15. The increased flexibility of alkyl linkers likely facilitates better
interaction of the hybrids with their biological targets (Dong et al. 2022). Furthermore,
the number of carbons in the ether linkage emerged as a crucial determinant, with
maximum activity observed when the linker contained four carbons, as exemplified by
compound 15. In contrast, for hybrids with an ester linkage, optimal activity was
achieved with a two-carbon linker, as observed in compound 1. This finding aligns
with research by Wang et al. (2023), which reported that the length of the alkyl linker
between artemisinin and isatin significantly influenced activity, with two-carbon
linkers outperforming three-carbon linkers. These results underscore the importance
of linker flexibility and length in determining the physicochemical properties of the
hybrids. Variations in linker structure affect lipophilicity and solubility, which, in
turn, influence the bioavailability of the compounds, further highlighting their role in

optimizing cardioprotective efficacy.
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Extensive research has established that oxidative stress is a major contributor
to DIC (Jambhiri et al. 2019). To enhance antioxidant properties, a CH,OH moiety was
incorporated into the CA scaffold, an approach previously reported to improve
antioxidant activity of CA (Masteli¢ et al. 2008). However, efforts to improve the
antioxidant capacity by modifying the CA structure, as seen in compounds 16-21,
were unsuccessful in mitigating DOX-induced cellular damage. Instead of providing
cardioprotective benefits, these compounds demonstrated significant toxicity,
evidenced by a decrease in cell viability compared to the DOX-treated control group.
These findings suggest that the unmodified CA scaffold retains the most favorable
SAR for cardioprotective activity. This conclusion is further supported by previous in
vitro and in vivo studies that consistently validate the efficacy of the original CA
scaffold in providing cardioprotection. Yu et al. (2013) found that CA had
cardioprotective properties against myocardial ischemic damage in a rat model of
acute myocardial infarction. Similarly, Chen et al. (2017) discovered that CA had a
cardioprotective effect in a rat model of myocardial ischemia-reperfusion injury,
which was linked to the activation of the MAPK/ERK and Akt/eNOS intracellular
signaling pathways.

On the other hand, Jambhiri et al. (2019) observed the protective effect of CA
against cardiac hypertrophy both in vitro and in vivo. CA reduced the size of rat
cardiomyocyte H9c2 cells and inhibited the transcriptional expression of atrial
natriuretic peptide (ANP) mRNA, a prominent indicator of cardiac hypertrophy.
Furthermore, CA treatment induces hypotension and bradycardia in hypertensive rats
by inhibiting extracellular Ca*" influx, which modulates the cardiovascular system
(Dias et al. 2022). CA also prevents endothelial dysfunction in hypertensive animals
by increasing endothelial progenitor cell mobilization and lowering oxidative stress
and senescence (Gongalves et al. 2023). CA can potentially treat sepsis-induced
cardiomyopathy by inhibiting lipopolysaccharide-induced changes through NLRP3
inflammasome inhibition and autophagy activation, thereby mitigating oxidative
damage, histopathological changes, inflammation, and cardiac dysfunction (Joshi et
al. 2023). However, the current research only covers validating the potential

cardioprotective activity of the hybrids through in vitro assessment. Further
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investigations are warranted to elucidate the mechanisms of action at the molecular

level governing this observed potency in strategizing future therapy to mitigate DIC.



CHAPTER V

CONCLUSION AND FUTURE WORKS

5.1 SUMMARY

In summary, this research successfully met all its objectives, culminating in
synthesizing and characterizing 21 CPAHs with moderate to high yield. These
included ten previously known hybrids (1-10) and eleven novel hybrid compounds
(11-21). CPAHs (1-10) were synthesized by attaching a linker through the reaction of
CA with chloroacetyl chloride in the presence of TEA and DCM to form an
intermediate (22). This intermediate was then hybridized with the appropriate HBA or
HCA to produce the final compounds (1-10). For compound 12, the synthesis method
was modified by replacing TEA with sodium bicarbonate as a base in the final step.
Additionally, a different approach was used to synthesize compound 11. The reaction
between CA and 3-choropropionyl chloride in the presence of a strong base typically
results in an unwanted product (24) due to esterification followed by an elimination
reaction. By using the intermediate as a nucleophilic source, this adjustment facilitated
a successful condensation reaction with 3HA, resulting in the synthesis of compound
11. Furthermore, the synthesis of compounds 13-15 involved a nucleophilic
substitution reaction in the presence of potassium hydroxide to attach a linker
(appropriate alkyl dihalide) via the O-alkyl chain to CA. This was followed by
hybridization with 3HA through another nucleophilic substitution, facilitated by
sodium bicarbonate. For the synthesis of compounds 16-21, a similar method was
employed as for compounds 1 and 11-15, with the key difference being the use of 4-
hydroxycarvacrol as the starting material instead of CA. Additionally, there was a

final step involving the removal of the TBS group using tetrabutylammonium fluoride
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(TBAF) or HF-pyridine. All the synthesized product was characterized by using NMR
spectroscopy and HRMS.

Moreover, the cytotoxic evaluation against cardiomyocytes (H9c2 cells)
revealed that compounds 1-6 and 8 exhibited no toxicity at concentrations ranging
from 0.01 to 1 pg/mL (0.03 — 30 uM). In contrast, compounds 7, 9, and 10 were non-
toxic only at the lowest concentration of 0.01 pg/mL (0.03 puM). Additionally,
compounds 11-21 showed no significant toxic effect on cell viability at a
concentration of 10 uM. The examinations on the cardioprotector efficacy of all the
synthesized hybrid compounds against DIC in the H9¢c2 cell model showed that the
hybrid making from CA and HBA (1-6) has strong protective activity at varied
concentrations (0.03 — 30 uM), surpassing the protective effects of CA, the parent
compound. Moreover, among the hybrids derived from CA and cinnamic acid
derivatives, only compound 8 exhibited a protective effect similar to CPAHs with a
HBA scaffold at comparable concentrations. However, compounds 7, 9, and 10 did
not demonstrate enhanced cardioprotective effects at higher concentrations and
instead showed toxic effects. Interestingly, for the cardioprotective evaluation of
compounds 11-21, only compound 15 has protector activity against DOX-induced

cell death in the H9¢2 cell model.

The SAR analysis based on our outcomes uncovered that conjugating HBA
with CA is crucial for enhancing the cardioprotective activity of the parent compound.
Additionally, while the number and position of hydroxygroups did not significantly
impact efficacy, the presence of at least one hydroxy group attached to the benzoic
acid moiety was essential for activity. Moreover, the 4-hydroxycinnamic acid moiety
emerged as a vital scaffold for the cardioprotective activity of CPAH. It became
evident that the type and number of carbons in the linker were crucial, with optimal
activity achieved when the linker contained an ether linkage with four carbon atoms.
Additionally, the current CA scaffold possesses the most favorable SAR for

cardioprotection activity.

The results of this study indicate that hybrid compounds 1-6, 8, and 15

demonstrated good cardioprotective activity against DIC in the H9¢c2 cell model.
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These findings highlight the promising therapeutic potential of these hybrid
compounds as cardioprotective agents, warranting further experimental validation and

development.

5.2 FUTURE STUDIES

The CA and PA moieties demonstrate significant potential across various applications,
and CPAHs present an exciting opportunity for exploration in other biological
applications and detection methods. Future work should focus on hybridizing CA with
other natural phenolic acids known for their cardioprotective activity, such as salicylic
acid, vanillic acid, syringic acid, caffeic acid, sinapic acid, and ferulic acid.
Additionally, further investigation into the role of linkers on activity is recommended,
particularly by lengthening the chain. However, hybrids with linkers longer than four
carbons tend to have limited water solubility, so synthesizing CPAHs containing a
sugar moiety should be explored to address this limitation. Overall, the CPAHs
reported (1-21) exhibited a broad range of cardioprotective activity against DIC in the
HO9c2 cell model. This provides new insights into studying their in vivo effects and
elucidating the molecular mechanisms underlying their ability to suppress DIC.
Furthermore, developing novel CPAHs could lead to additional biological

applications, including enhanced cardioprotective activity.
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APPENDIX A
'H NMR SPECTRUM OF 5-ISOPROPYL-2-METHYLPHENYL 2-
CHLOROACETATE (22)
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APPENDIX B
"H AND BC NMR SPECTRA OF 2-[2-METHYL-5-(PROPAN-2-YL)PHENOXY]-2-
OXOETHYL 3-HYDROXYBENZOATE (1)
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APPENDIX C
"H AND BC NMR SPECTRA OF 2-[2-METHYL-5-(PROPAN-2-YL)PHENOXY]-2-
OXOETHYL 4-HYDROXYBENZOATE (2)
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APPENDIX D

"H AND BC NMR SPECTRAOF 2-[2-METHYL-5-(PROPAN-2-YL)PHENOXY|-2-
OXOETHYL 3,4-DIHYDROXYBENZOATE (3)
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APPENDIX E

'H-AND *C NMR SPECTRA OF 2-[2-METHYL-5-(PROPAN-2-YL)PHENOXY]-2-
OXOETHYL 2,4-DIHYDROXYBENZOATE (4)
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APPENDIX F

'"H AND C NMR SPECTRA OF 2-[2-METHYL-5-(PROPAN-2-YL)PHENOXY]-2-
OXOETHYL 3,5-DIHYDROXYBENZOATE (5)
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APPENDIX G

'H AND 3C NMR SPECTRA OF 2-[2-METHYL-5-(PROPAN-2-YL)PHENOXY]-2-
OXOETHYL 3,4,5-TRIHYDROXYBENZOATE (6)
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APPENDIX H

'"H AND C NMR SPECTRA OF 2-[2-METHYL-5-(PROPAN-2-YL)PHENOXY]-2-
OXOETHYL (2E)-3-PHENYLPROP-2-ENOATE (7)
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APPENDIX I

'H AND 3C NMR SPECTRA OF 2-[2-METHYL-5-(PROPAN-2-YL)PHENOXY]-2-
OXOETHYL (2E)-3-(4-HYDROXYPHENYL)PROP-2-ENOATE (8)

('H, 400 MHz, (CD3),CO)

(3C, 100 MHz, (CD3),CO)
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APPENDIX J

'H AND 3C NMR SPECTRA OF 2-[2-METHYL-5-(PROPAN-2-YL)PHENOXY]-2-
OXOETHYL (2E)-3-(4-CHLOROPHENYL)PROP-2-ENOATE (9)

("H, 400 MHz, (CD4),CO)

(3C, 100 MHz, (CD3),CO)
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APPENDIX K

'"H AND C NMR SPECTRA OF 2-|2-METHYL-5-(PROPAN-2-YL)PHENOXY]-2-
OXOETHYL (2E)-3-(2,4-DIHYDROXYPHENYL)PROP-2-ENOATE (10)
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APPENDIX L

'"H AND BC NMR SPECTRA OF 5-ISOPROPYL-2-METHYLPHENYL 3-
CHLOROPROPANOATE (23a)
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APPENDIX M

'H AND "*C NMR SPECTRA OF 5-ISOPROPYL-2-METHYLPHENYL ACRYLATE
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APPENDIX N

'"H AND C NMR SPECTRA OF 5-ISOPROPYL-2-METHYLPHENYL 3-
(BENZYLOXY)PROPANOATE (25)
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APPENDIX O

IH AND 3C NMR SPECTRA OF 5-ISOPROPYL-2-METHYLPHENYL 3-
HYDROXYPROPANOATE (26)
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APPENDIX P

'H-NMR SPECTRUM OF 3-(TERT-BUTYLDIMETHYLSILYL)OXY)BENZOIC
ACID (27)
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APPENDIX Q

'H AND *C NMR SPECTRA OF 3-(5-ISOPROPYL-2-METHYLPHENOXY)-3-
OXOPROPYL 3-(TERT-BUTYLDIMETHYLSILYL)OXY)BENZOATE (28)
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APPENDIX R

'"H AND BC NMR SPECTRA OF 3-(5-ISOPROPYL-2-METHYLPHENOXY)-3-
OXOPROPYL 3-HYDROXYBENZOATE (11)
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APPENDIX S

"H AND C NMR SPECTRA OF 5-ISOPROPYL-2-METHYLPHENYL 4-
CHLOROBUTANOATE (23b)
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APPENDIX T

'"H AND BC NMR SPECTRA OF 4-(5-ISOPROPYL-2-METHYLPHENOXY)-4-
OXOBUTYL 3-HYDROXYBENZOATE (12)
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APPENDIX U

'"H AND BC NMR SPECTRA OF 2-2-BROMOETHOXY)-4-ISOPROPYL-1-
METHYLBENZENE (29a)
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APPENDIX V

'H AND *C NMR SPECTRA OF 2-(5-ISOPROPYL-2-METHYLPHENOXY)ETHYL
3-HYDROXYBENZOATE (13)
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APPENDIX W

'"H AND BC NMR SPECTRA OF 2-(3-BROMOPROPOXY)-4-ISOPROPYL-1-
METHYLBENZENE (29b)
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APPENDIX X

'"H AND C NMR SPECTRA OF 3-(5-ISOPROPYL-2-METHYLPHENOXY)PROPYL
3-HYDROXYBENZOATE (14)
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APPENDIX 'Y

' AND BC NMR SPECTRA OF 2-(4-BROMOBUTOXY)-4-ISOPROPYL-1-
METHYLBENZENE (29¢)
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APPENDIX Z

'"H AND BC NMR SPECTRA OF 4-(5-ISOPROPYL-2-METHYLPHENOXY)BUTYL
3-HYDROXYBENZOATE (15)
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APPENDIX AA

'H AND *C NMR SPECTRA OF 4-((TERT-
BUTYLDIMETHYLSILYL)OXY)METHYL)-5-ISOPROPYL-2-METHYLPHENYL 2-

CHLOROACETATE (31a)
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APPENDIX BB

'H AND *C NMR SPECTRA OF 2-(4-((TERT-
BUTYLDIMETHYLSILYL)OXY)METHYL)-5-ISOPROPYL-2-
METHYLPHENOXY)-2-OXOETHYL 3-HYDROXYBENZOATE (32a)
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APPENDIX CC

'"H AND C NMR SPECTRA OF 2-(4-(HYDROXYMETHYL)-5-ISOPROPYL-2-
METHYLPHENOXY)-2-OXOETHYL 3-HYDROXYBENZOATE (16)
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APPENDIX DD

H AND 3C NMR SPECTRA OF 4-((TERT-
BUTYLDIMETHYLSILYL)OXY)METHYL)-5-ISOPROPYL-2-METHYLPHENYL 3-
(BENZYLOXY)PROPANOATE (33)
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APPENDIX EE

'H AND *C NMR SPECTRA OF 4-((TERT-
BUTYLDIMETHYLSILYL)OXY)METHYL)-5-ISOPROPYL-2-METHYLPHENYL 3-
HYDROXYPROPANOATE (34)
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APPENDIX FF

'H AND *C NMR SPECTRA OF 3-(4-((TERT-
BUTYLDIMETHYLSILYL)OXY)METHYL)-5-ISOPROPYL-2-
METHYLPHENOXY)-3-OXOPROPYL 3-((TERT-
BUTYLDIMETHYLSILYL)OXY)BENZOATE (35)
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APPENDIX GG

'"H AND C NMR SPECTRA OF 3-(4-(HYDROXYMETHYL)-5-ISOPROPYL-2-
METHYLPHENOXY)-3-OXOPROPYL 3-HYDROXYBENZOATE (17)
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APPENDIX HH

'H AND *C NMR SPECTRA OF 4-((TERT-
BUTYLDIMETHYLSILYL)OXY)METHYL)-5-ISOPROPYL-2-METHYLPHENYL 4-
CHLOROBUTANOATE (31b)

O\n/\/\CI
TBSO (@]

31b
('H, 400 MHz, CDCl3)
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TBSO e}
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APPENDIX II

'H AND *C NMR SPECTRA OF 4-(4-((TERT-
BUTYLDIMETHYLSILYL)OXY)METHYL)-5-ISOPROPYL-2-
METHYLPHENOXY)-4-OXOBUTYL 3-HYDROXYBENZOATE) (32b)

TBSO O

32b
("H, 400 MHz, CDCl3)

TBSO 0]

32b
(*3c, 100 MHz, CDCls)
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APPENDIX JJ

'"H AND C NMR SPECTRA OF 4-(4-(HYDROXYMETHYL)-5-ISOPROPYL-2-
METHYLPHENOXY)-4-OXOBUTYL 3-HYDROXYBENZOATE (18)

&%m“”*@’

("H, 400 MHz CD;0D)

o
OWO OH
HO 0

18
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APPENDIX KK

'"H AND BC NMR SPECTRA OF ((4-(2-BROMOETHOXY)-2-ISOPROPYL-5-
METHYLBENZYL)OXY)(TERT-BUTYL)DIMETHYLSILANE (36a)

O\/\ Br
TBSO

36a
(‘H, 400 MHz, CDCl3)
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APPENDIX LL

'"H AND C NMR SPECTRA OF 2-(4-(((TERT-BUTYLDIMETHYLSILYL)
OXY)METHYL)-5-ISOPROPYL-2-METHYLPHENOXY)ETHYL 3-
HYDROXYBENZOATE (37a)

Bl s OH
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APPENDIX MM

'"H AND C NMR SPECTRA OF 2-(4-(HYDROXYMETHYL)-5-ISOPROPYL-2-
METHYLPHENOXY)ETHYL 3-HYDROXYBENZOATE (19)

B, v OH
HO

19
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APPENDIX NN

'"H AND C NMR SPECTRA OF ((4-(3-BROMOPROPOXY)-2-ISOPROPYL-5-
METHYLBENZYL)OXY)(TERT-BUTYL)DIMETHYLSILANE (36b)

O ~_FPBr
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("H, 400 MHz, CDCl5)

O ~_FPBr
TBSO

36b
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APPENDIX OO

'H NMR AND *C NMR SPECTRA OF (3-(4-((TERT-
BUTYLDIMETHYLSILYL)OXY)METHYL)-5-ISOPROPYL-2-
METHYLPHENOXY)PROPYL 3-HYDROXYBENZOATE) (37b)

O\/\’OW/@

TBSO (@]

37b
("H, 400 MHz, CDCl3)
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APPENDIX PP

'"H AND C NMR SPECTRA OF 3-(4-(HYDROXYMETHYL)-5-ISOPROPYL-2-
METHYLPHENOXY)PROPYL 3-HYDROXYBENZOATE (20)
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APPENDIX QQ

'"H AND BC NMR SPECTRA OF ((4-(4-BROMOBUTOXY)-2-ISOPROPYL-5-
METHYLBENZYL)OXY)(TERT-BUTYL)DIMETHYLSILANE (36¢)

(6]
NNy
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("H, 400 MHz, CDCl3)
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APPENDIX RR

'H AND *C NMR SPECTRA OF 4-(4-((TERT-
BUTYLDIMETHYLSILYL)OXY)METHYL)-5-ISOPROPYL-2-
METHYLPHENOXY)BUTYL 3-HYDROXYBENZOATE (37¢)

TBSO

37c
("H, 400 MHz, CDCIy)

TBSO

37c
(3, 100 MHz, CDCls)
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APPENDIX SS

'"H AND C NMR SPECTRA OF 4-(4-(HYDROXYMETHYL)-5-ISOPROPYL-2-
METHYLPHENOXY)BUTYL 3-HYDROXYBENZOATE (21)

Jl:r*cr
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R OH
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