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Abstract 
 

Tuberculosis (TB) is a lethal disease considered a direct threat to human wellbeing in 

all regions worldwide Mycobacterium tuberculosis (Mtb) is a species of bacteria that causes 

almost all cases of TB in humans. Currently, multidrug therapy is a key strategy for treating 

TB. However, TB can mutate to resist the common TB drugs; therefore, more potent drugs, 

which commonly come with greater side effects, are required to cure MDR-TB. One of the 

potent second-line drugs with a high success rate is Bedaquiline (BDQ). However, it carries a 

risk of arrhythmias, which is potentially lethal. Nonetheless, the BDQ binding site of Mtb F1F0 

ATP synthase remains a promising drug target. In this work, the development of novel Mtb 

ATP synthase inhibitors was studied. 

Recently, GaMF1 was reported to exhibit good inhibition in ATP synthesis of Mtb by 

binding at a unique and crucial peptide loop in the γ-subunit of Mycobacterium FoF1-ATP 

synthase. Nevertheless, the water solubility and in vivo stability of GaMF1 are potentially 

problematic. In this work, 28 GaMF1 analogs are synthesized to overcome those issues and 

improve both ATP synthesis and mycobacterial growth inhibition. Inverted Membrane Vesicle 

(IMV) and M. smeg. growth inhibition assays were done to evaluate the synthetic analogs’ 

properties. The pyrimidine (ring C) substituents are crucial moieties for inhibition, and the 

modification of this ring results in a significant decrease in potency. However, the modification 

of the middle p-phenylenediamine (ring B) is quite well-tolerated, and aromatic or cyclic 

alkanes are favored for efficiency.  
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Recently, EGCG was discovered to have promising enzymatic activity at the nanomolar 

level to inhibit Mycobacterium ATP synthesis by interfering with Mycobacterium FoF1-ATP 

synthase at the ε subunit. However, EGCG does not show mycobacterial growth activity. In 

this work, 16 EGCG analogs are synthesized to understand the structure-activity relationship 

in which both catechin and gallate ester moieties are required for mycobacterial ATP synthesis 

inhibition. However, catechin gallate and gallocatechin gallate derivatives revealed different 

patterns in structural activity relationships. Additionally, catechol ester can improve the 

effectiveness of inhibiting ATP synthesis in catechin analogs. The bacterial growth assay 

showed that EGCG analogs still lack the mycobacterial growth inhibition property. The 

lipophilic ester-protected catechin gallate could not solve the bacterial growth inhibition 

problem.  
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CHAPTER 1: Introduction 

1.1 Background and Epidemiology of Tuberculosis 

Tuberculosis (TB) is one of the top 10 deadly diseases caused by Mycobacterium 

tuberculosis (Mtb).1 In 2019, approximately 10 million active TB cases and around 1.2 million 

deaths were reported, equating to 1 death every 26 seconds.1 In particular, most TB cases 

occurred in Southeast Asia and Africa, contributing to two-thirds of the worldwide TB cases. 

The eight most affected countries in these regions were India (26%), Indonesia (8.5%), China 

(8.4%), the Philippines (6.0%), Pakistan (5.7%), Nigeria (4.4%), Bangladesh (3.6%) and South 

Africa (3.6%). Another one-third was in the Western Pacific (18%), Eastern Mediterranean 

(8.2%), the Americas (2.9%), and Europe (2.5%).1 Therefore, TB directly threatens human 

well-being in all regions of the world. 

 

Figure 1.1 Estimated TB incidence with at least 10,000 cases in 2019.1 Reprinted with 

permission from Global Tuberculosis Report 2020, Progress towards global TB targets – an 

overview, page 8, Copyright (2021). 
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Nowadays, TB is known to be a widespread disease since bacteria can be easily 

transmitted from one person to another through airborne transmission. When a patient excretes 

droplets containing Mtb by coughing or sneezing, each droplet will evaporate to a size of 

around 1 µm suspended in the air and can be inhaled into the lungs by people nearby.2  In 

general, TB that targets the lungs, or pulmonary TB, commonly results in chest pains and 

prolonged coughs (sometimes including blood) in patients.1 Moreover, in immunosuppressed 

people, Mtb can spread from the lungs to other organs, called extrapulmonary TB. This causes 

a variety of symptoms, depending on the infected organ.3 

 

1.2 Pathophysiology of TB 

There are four bacteria species that can cause TB: Mycobacterium tuberculosis (Mtb), 

Mycobacterium bovis (M. bovis), Mycobacterium aficanum (M. aficanum), and 

Mycobacterium microti (M. microti). However, only Mtb has been reported to be a causative 

agent for almost all causes of human TB.4  

Mtb is an aerobic, non-spore producing, slow-growing, non-motile bacterium in the 

Mycobacteriaceae family. In general, the Mtb bacillus shape and size vary from short oval 

about 0.5 to 1 µm in length to the rod shape with a length of 2-4 µm, and long filamentous 

forms over 6-7 µm in length. Nevertheless, the width does not significantly differ at 0.2 – 0.5 

µm.5 The envelope of Mycobacteria has a unique structure, providing special properties to the 

organism. The outer layer of the bacterial cell wall is composed of a combination of lipid and 

lipoglycan, which covers a layer of mycolic acid, a long-chain fatty acid.6 This lipophilic layer 

accounts for 50% of the dry cell wall weight and is not classified as a real membrane.7 The 

next two inner layers, arabinogalactan, and peptidoglycan, provide rigidity and optimal osmotic 

stability to the bacteria. These two layers cover the phospholipid bilayer cell membrane (Figure 

1.2).6 The Mycobacteria envelope structure is waxy and highly lipophilic, which is more 
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complex than the cell walls of most bacteria, and other organisms, resulting in unique 

properties that enable Mtb to survive the immune system of the host and prevent drug 

penetration through its cell membrane. 

 

Figure 1.2 Lipid-rich Mycobacteria envelop structure.7 Reprinted with permission from 

Ghazaei, C. J Res Med Sci 2018, 23, 63-63. Copyright © 2018 Journal of Research in 

Medical Sciences 

 

Mtb infection in humans is initiated when the bacilli enter the lower respiratory tract. 

Alveolar macrophages then take up the bacilli as a common immune response (Scheme 1.1a). 

However, the bacilli can prevent lysosomal degradation by inhibiting phagosome-lysosome 

fusion. This defense mechanism involves sulfatide (anionic glycolipid) in the unique bacterial 

cell wall, which has an anti-fusion effect.8 Moreover, phagosomal acidification by vesicular 

proton-adenosine triphosphatase (ATPase) is interrupted to make the environment in the 

phagosome less acidic.9 In addition, reactive oxygen species from the environment are 

encountered by overexpressing a protein that increases the amount of cyclopropanated mycolic 

acid double bonds on the cell wall.10 Therefore, the bacteria are to survive, grow, and undergo 

cell division inside the infected macrophage. 
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The infected macrophage produces and releases various chemokines and cytokines, 

mainly Tumor Necrosis Factor alpha (TNF) and interleukin 12 (IL-12), to recruit other immune 

cells such as more macrophages, dendritic cells, and lymphocytes (Thymus cells (T-cells), and 

bone marrow cells (B-cells)) to the infected area (Scheme 1.1b).11 The bacilli grow and 

multiply in the macrophage until the host cell bursts. These multiplied bacilli infect more 

macrophages in the infected site.  

Lymphocytes form a spherical structure with the infected macrophages in the middle 

to initiate granuloma formation. In this state, the macrophages can fuse to give multinucleated 

Langhans giant cells (MGCs) or differentiate into lipid-rich Foamy Cells (FM). B-cells are 

accumulated into a follicular structure beside the granuloma (Scheme 1.1c).11 After that, 

necrosis occurs at the center of the granuloma to form a necrotic area (Caseum) (Scheme 

1.1d).11 However, the key factors that cause necrosis are still not fully understood. Finally, the 

granuloma collapses and releases Mtb to other parts of the lung (Scheme 1.1e).11 

Extrapulmonary TB occurs when the bacilli invade the arteries or other blood vessels.3 

Moreover, extracellular Mtb escaping from the granuloma can spread via airborne transmission 

to other individuals by coughing or sneezing.  

Long-term infection of Mtb results in permanent lung impairment, even after Mtb 

infection is cured.12-14 Currently, the factors and specific conditions that lead to post-TB lung 

injury remain unclear. However, it has been hypothesized that host immune responses to the 

pathogen may play a dominant role by triggering excessive inflammation and large expression 

of lung-matrix degrading proteases.15 
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Scheme 1.1 Maturation of lung Mtb; macrophage phagocytosis (a), induction of immune 

cells (b), formation of the granuloma (c), Necrosis of the macrophage at the center of the 

granuloma (d), and breakdown of the granuloma (e).11 Reprinted with permission from Silva 

Miranda, M. et al. Clinical and Developmental Immunology 2012, 2012, 139127. 

Copyright © 2012 Mayra Silva Miranda et al. 

 

1.2.1 Latent TB infection  

Latent TB is a non-contagious and asymptomatic infection. However, there is a roughly 

5-10% probability that latent TB develops into active TB (contagious and symptomatic TB) 

during the lifetime of the human host.16 In 2019, an estimated 1.9 billion people (approximately 

24.8% of the world population) are infected with latent TB.17  

The mechanism of the latent infection can be described as follows. During granuloma 

formation (Scheme 1.1), the granuloma becomes a good shelter to prevent the elimination of 

Mtb by active immune cells. This shelter allows Mtb to survive in the host for decades.18 
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Although the exact factors that trigger the necrosis step remain unclear; this step is a crucial 

mechanism for reactivating the latent state of symptomatic TB.     

Nowadays, latent TB infection is treated only in specific groups, for instance, 

immunosuppressed patients (mostly HIV-infected patients and immunosuppressant drug users) 

or high-risk people (prisoners, homeless, drug addicts, and healthcare workers in contact with 

TB). The latent TB treatment also depends on the resource availability of each country. For 

example, countries with high TB incidents or limited resources must prioritize treatment of 

active TB over latent TB.19  

1.2.2 Human Immunodeficiency Virus (HIV) coinfection 

HIV coinfection increases the mortality rate massively due to the patient’s weakened 

immune system. In 2019, approximately 208,000 additional deaths resulting from 820,000 

HIV-TB coinfected patients were reported by WHO.1 Moreover, HIV is known to dramatically 

increase the risk of reactivating latent TB to active TB.20  

 

1.3 Predicted impacts of the Coronavirus disease 2019 (COVID-19) pandemic on the TB 

situation 

In late 2019, Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory 

syndrome Coronavirus 2 (SARS-CoV 2), spread worldwide, creating a global pandemic. 

Symptoms differ from patient to patient but generally include headaches, loss of taste and 

smell, runny nose, cough, muscle pain, sore throat, diarrhea, fever, and breathing difficulty.21 

In some cases, the severity of the symptoms progresses to death through respiratory failure, 

shock, and organ dysfunction.22 

TB-COVID-19 coinfection typically causes fever, dry cough, and shortness of breath. 

The mortality rate was reported to be more than 10%, which is much higher than the COVID-

19 infection alone (1.1% death rate in unvaccinated patients)23, and a higher rate in elderly 
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patients24. An in vitro investigation25 revealed that the immune response to Mtb antigen in 

COVID-19 patients infected with either symptomatic or latent TB was substantially related to 

TB status. However, the patients had a lower immune response to SARS-CoV 2.25 

During the COVID-19 pandemic, reported TB cases significantly decreased, especially 

in India (Graph 1.1).1 One of the reasons for this was a strict social distancing policy. However, 

essential TB services (diagnosis and treatment) were also limited since medical facilities and 

services were prioritized for COVID-19.1 Thus, the number of TB cases detected during this 

period did not reflect the actual number of TB infections. The actual number of TB incidents 

and deaths is likely much higher than reported.  

 

Graph 1.1 Trend of TB detection in India in 2020 under COVID-19 pandemic.1 Reprinted 

from Global Tuberculosis Report 2020, The COVID-19 pandemic and TB – impact and 

implications, page 15, Copyright (2021). 
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The WHO estimated that the disruption in healthcare services and facilities for TB 

could lead to 1.4 million more TB deaths during the 2020 – 2025 period.1, 26, 27 Therefore, TB 

cannot be ignored during the COVID-19 pandemic. The development of effective TB drugs 

and treatments remains crucial. 

 

1.4 Current TB Treatments 

To date, many drugs have received United States Food and Drugs Administration 

(FDA) approval to treat TB. The main treatment option for TB is multi-drug therapy, using a 

combination of several TB drugs for 6 – 9 months.28 The types of drugs and doses in the drug 

combination depend on the patients’ medical condition and the infecting TB strain. In general, 

first-line drugs are used as the first response. However, some patients are infected with first-

line drug-resistant TB.1 In such cases, more potent drugs with more severe side effects must be 

considered to achieve the treatment. 

1.4.1 First-line TB drugs 

Isoniazid (INH), rifampicin (RIF), ethambutol (EMB), and pyrazinamide (PZA) are 

four TB drugs that are fairly effective against TB and exhibit low-risk side effects.28 Therefore, 

these drugs have been used in combination as the first response to TB, so-called first-line drugs. 

The structures of these drugs are shown in Figure 1.3. The treatment regimens begin with an 

intensive phase in which a patient is treated with all four first-line drugs for two months. The 

following is a continuous phase in which only INH and RIF are required for 4 to 7 months.29 
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Figure 1.3 Structures of Isoniazid, Rifampicin, Ethambutol, and Pyrazinamide. 

 

1.4.1.1 Isoniazid (INH)  

Isoniazid (INH) is one of the major TB drugs which is commonly used for the entire 

treatment. The mechanism of action involves interfering with the synthesis of the Mtb cell wall 

component, mycolic acid. INH is a prodrug and has the following mechanism of action. First, 

INH is activated by the bacterial catalase-peroxidase enzyme (KatG). The activated species 

then reacts with nicotinamide adenine dinucleotide (NAD) (Scheme 1.2). The isonicotinic acyl-

NADH inhibits mycolic acid synthesis by blocking enoyl-acyl carrier protein reductase 

(InhA).30 However, this drug may cause side effects, including nausea, vomiting, and 

peripheral neuropathy.31 

Scheme 1.2 Mechanism by INH, which generates Isonicotinic acyl-NADH 
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1.4.1.2 Rifampicin (RIF) 

Rifampicin (RIF) is one of the major TB drugs required for both intensive and 

continuous phases.29 The mechanism of action involves the interruption of RNA polymerase 

by inhibiting the synthesis of the second or third phosphodiester bond between RNA 

nucleotides.32 This process disrupts protein synthesis in Mtb cells and terminates the binary 

fission process in the bacteria. Common side effects of RIF include nausea, vomiting, diarrhea, 

and loss of appetite.31 

1.4.1.3 Ethambutol (EMB) 

Ethambutol (EMB) is commonly used as a bacteriostatic agent in the treatment's first 

two months (intensive phase).29 The proposed mechanism of action involves inhibition of the 

synthesis of a cell wall component, arabinogalactan, by blocking arabinosyl transferase.32 

There are some side effects, including vision problems, joint pain, nausea, headaches, and 

exhaustion.31 

1.4.1.4 Pyrazinamide (PZA) 

Pyrazinamide (PZA) is required during the intensive phase (the first eight weeks) of the 

treatment.29 PZA is classified as a prodrug. Its mechanism involves the degradation of PanD, 

the critical enzyme for coenzyme A biosynthesis. The process begins with PZA hydrolysis to 

generate the active species, Pyrazinoic acid (POA). Then, POA binds with the aspartate 

decarboxylase enzyme (PanD). Finally, the PanD-POA complex triggers the ClpP-ClpC1 

bacterial protease to digest PanD itself (Scheme 1.3).33 Side effects include neuropathy, 

anorexia, nausea, vomiting, and skin hypersensitivity.31 

 

Scheme 1.3 Mechanism of action for PZA 
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1.4.2 Problems with the current TB treatments  

Recent findings highlight three main problems in current TB treatment strategies. First, 

HIV-positive patients are reported to have a higher chance of being coinfected by Mtb. 

Treatment needs to be adjusted as HIV drugs are incompatible with TB drugs, resulting in less 

effective treatment than the standard TB treatment.34 Second, the long-term nature of the TB 

treatment (at least 6–9 months) reduces patients’ compliance with the doctor’s prescription. 

Commonly, patients may feel better within a few weeks after starting the therapy and tend to 

avoid their remaining treatments.35 Third, incomplete treatment can also allow Mtb to mutate 

to become drug-resistant Mtb. This mutation can accelerate its spread.35 

1.4.3 Second-line TB drugs 

In some cases, TB may mutate to resist more than one anti-TB drug. TB may be resistant 

to at least one of the main first-line drugs (INH and RIF) and is called Multidrug-resistant TB 

(MDR-TB).1 In such situations, the first-line drugs are not an effective strategy. More potent 

drugs with higher-risk side effects, called second-line TB drugs, are required to overcome 

MDR-TB. Nowadays, there are many approved second-line TB drugs to treat MDR-TB, for 

instance, Fluoroquinolones (Levofloxacin and Moxifloxacin), Linezolid, Pretomanid, 

Delamanid, and Bedaquiline. 

1.4.3.1 Fluoroquinolones  

Fluoroquinolones are a family of antibacterial agents that are effective against Gram-

positive and Gram-negative bacteria, as well as Mycobacteria.36 These compounds are 

generally used for the treatment of bacterial infections in the respiratory, urinary, and 

gastrointestinal tracts, as well as sexually transmitted infections and osteomyelitis.37  

Fluoroquinolones are some of the most valuable second-line TB drugs since they show 

interesting in vivo and in vitro activities against Mtb.38, 39 
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The mechanism of action of compounds in this class involves inhibition of the bacterial 

DNA gyrase and topoisomerase IV.40 Since DNA gyrase is involved in supercoiling DNA, and 

the topoisomerase IV is responsible for DNA strand separation during DNA replication, 

inhibition of both enzymes leads to incomplete bacterial cell division, which eventually kills 

the bacteria. Herein, two of the most potent Fluoroquinolones on the WHO model list of 

essential medicines, Levofloxacin and Moxifloxacin,41 are discussed. The structures of both 

drugs are shown in Figure 1.4. 

 

Figure 1.4 Structures of Levofloxacin and Moxifloxacin 

 

1.4.3.1.1 Levofloxacin 

Levofloxacin is currently in a phase IV clinical trial to treat pulmonary and 

meningitis TB42 and a phase II clinical trial for MDR-TB. This compound is 

recommended for use in a drug regimen for treating isoniazid-resistant TB.1 Common 

side effects include nausea, diarrhea, and insomnia. In some patients, rare severe side 

effects, such as tendon rupture, tendon inflammation, seizures, psychosis, and 

permanent peripheral nerve damage, have been reported.43  

1.4.3.1.2 Moxifloxacin 

Moxifloxacin is currently undergoing phase III clinical development for treating 

TB,42 and is one of the preferred component drugs for an intensive phase treatment of 

MDR-TB for the first four months.44 This compound is also under a component in a 

longer drug regime for the treatment of MDR-TB and rifampicin-resistant TB.1 
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However, common side effects of Moxifloxacin include diarrhea, dizziness, and 

headaches. There are rarely observed severe side effects, such as tendon ruptures, nerve 

damage, and myasthenia gravis.45 

1.4.3.2 Linezolid  

Linezolid (Figure 1.5) is one of the priority compounds in the class of second-line TB 

drugs to treat rifampicin-resistant TB and MDR-TB. This compound is also on the WHO model 

list of essential medicines.41 Its mechanism involves the binding to the bacterial 23S ribosomal 

RNA component of the 50S subunit, leading to the inhibition of the initiation step of the protein 

synthesis process, thus, disrupting protein synthesis.46 

Linezolid is safer than other antibiotic agents as long as it is used over a short period. 

Common side effects of short-term use include headaches, diarrhea, and nausea.47 However, 

side effects are reported to be more severe with long-term use of over two weeks. More severe 

symptoms are observed, such as serotonin syndrome, bone marrow suppression, high blood 

lactate levels,48 and nerve damage.49 

 

Figure 1.5 Structure of Linezolid 

 

1.4.3.3 Pretomanid  

Pretomanid (Figure 1.6) is a drug currently undergoing a phase III clinical trial to treat 

MDR-TB. It is approved only when used with Linezolid and Bedaquiline (details as shown in 

1.4.3.5) by the FDA.1 Its mechanism of action remains unclear.50 However, it is believed to 

involve mycolic acid synthesis inhibition.51 Common side effects include nerve damage, 

vomiting, headaches, hypoglycemia, diarrhea, and liver inflammation.52 
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Figure 1.6 Structure of Pretomanid 

 

1.4.3.4 Delamanid  

Delamanid (Figure 1.7) is currently undergoing phase III clinical development.1 This 

drug is included in a longer drug regime to treat rifampicin-resistant TB and MDR-TB.1 It is 

approved for MDR-TB treatment by the European Medicines Agency (EMA) in 2014.53 Even 

though this molecule is effective in curing TB, there are some side effects. Common side effects 

include headaches, dizziness, and nausea. One serious side effect is QT prolongation, which 

may lead to cardiac arrest.54 

Delamanid is a prodrug whose entire mechanism of action is not fully understood. The 

generation of the active species is believed to involve the mycobacterial F420 system, including 

the nitroreductase Rv3547.55 The active species then inhibits the mycolic acid synthesis, 

resulting in the disruption of bacterial cell wall synthesis.56 

 

Figure 1.7 Structures of Delamanid 
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1.4.3.5 Bedaquiline  

Bedaquiline (BDQ, Figure 1.8a), approved by the FDA in 2012,57 is also undergoing 

the second stage of phase III clinical development to treat MDR-TB.1 BDQ was reported to 

bind with the F-ATP synthase of Mycobacterium species. This limits the amount of 

intracellular ATP, eventually killing the bacteria.58, 59 There are currently two widely accepted 

mechanisms of action: interrupting the rotation of the c-ring by binding with one of the c-ring 

subunits (Figure 1.8b),58 or binding with the ε subunit, resulting in miscommunication between 

the c-ring and other subunits.59 (The details of F-ATP synthase are discussed in Section 1.6.)    

 

a 

 

b 

Figure 1.8 Structure of BDQ (a) and two mechanisms of action of BDQ to inhibit the F-ATP 

synthase of Mycobacterium species58 (b) Reprinted with permission from Sarathy, J. P. et al. 

Antibiotics (Basel) 2019, 8 (4), 261. Copyright © 2019 by Sarathy, J. P. et al. 
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BDQ exhibits excellent efficiency against both general Mtb and MDR-TB strains,60 but 

it causes side effects such as coughing, fever, and headaches. Other serious side effects include 

arrhythmia, which may cause BDQ treatment to be lethal. The clinical treatment of BDQ to 

MDR-TB showed a favorable success rate of 65.8%.61 However, an 11.7% mortality rate by 

the BDQ’s side effects was also observed.61  

The side effects of BDQ are a result of its ionophore property. BDQ can insert into the 

cell membrane and transfer H+ and K+ ions between the inner membrane space and the cell 

matrix, leading to equilibration of the transmembrane pH and K+ gradient. This process 

interferes with the cardiac K+ channel, resulting in arrhythmia.62 Moreover, it can also 

unspecifically inhibit cellular ATP synthesis without affecting the respiratory chain and ATP 

synthase by disconnecting the electron transport from phosphorylation reactions, called the 

uncoupler effect,63 leading to human cell death.  

1.4.4 Drug regimen strategy to overcome multi-drug resistant TB (MDR-TB) 

Currently, the main strategy for treating MDR-TB is to use a second-line drug. However, 

most of these drugs can induce severe side effects that may lead to patients’ deaths. One 

strategy to improve the efficacy of the medicines while decreasing their side effects is to use a 

combination of drugs that are synergistic with each other.  

Recently, the drug combination named SimpliciTB, which contains BDQ as the main 

compound along with Pretomanid, Moxifloxacin, and Pyrazinamide was developed to treat 

drug-sensitive TB and MDR-TB.1 This drug cocktail is currently in phase III clinical trial, and 

the results to date show that the treatment exhibits a very high success rate of about 90% for 

both drug-sensitive TB and drug-resistant TB within six months.64 Through the synergistic 

effects of the combined drugs, the amount of BDQ can be decreased to make use of its 

therapeutic effect while avoiding its severe side effects. Analysis of the results shows that 
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patients’ deaths were not related to the drug effects, but there were some instances of liver 

toxicity arising from the drug cocktail.65 

Although using BDQ in the drug combination increased the success rate and decreased 

the side effects, some severe side effects were still reported. Therefore, developing new TB 

drugs with milder side effects is of great importance in curing MDR-TB. From the high success 

rate of BDQ, the inhibition of ATP synthase on the electron transport chain appears to be a 

promising target for the next generation of TB drugs. 

 

1.5 Mycobacterial ATP synthesis by Electron Transport Chain and ATP synthase 

 The mycobacterial electron transport chain (ETC) is a series of enzymes embedded in 

the cell membrane involving NADH dehydrogenase (NDH), succinate dehydrogenase (SDH), 

NADH dehydrogenase (NDH), and succinate dehydrogenase (SDH) that create an 

electrochemical gradient to produce the majority of the cell’s ATP energy source by ATP 

synthase.66  In mycobacteria, the process begins with the conversion of menaquinone (MK) to 

menaquinol (MKH2) by NADH dehydrogenase (NDH) and succinate dehydrogenase (SDH). 

The subsequent MKH2 is passed through two electron-accepting complexes – Cytochrome bc 

complex and Cytochrome bd oxidase – leading to the reduction of O2 to water. This redox 

process allows NDH and electron-accepting complexes to pump H+ from the intercellular space 

to the extracellular matrix against the H+ gradient. Finally, energy in the form of the 

electrochemical H+ gradient is converted to ATP by ATP synthase (Figure 1.9).66  
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Figure 1.9 Mycobacterial electron transport chain and ATP synthase67 Reprinted with 

permission from Hotra, A. et al. Angew. Chem. Int. Ed. 2020, 59, 2-12. Copyright 2021 

Angewandte Chemie International Edition. 

 

Recently, there has been great interest in targeting the electron transport chain and ATP 

synthase for Mtb drug development. For instance, NDH is the drug target for clofazimine,68 a 

Mtb drug currently undergoing a phase III clinical trial.69 Another example is Telacebec (Q203), 

a drug in phase II clinical development that interferes with the Cytochrome bcc complex.70 In 

addition, one of the most potent MDR-TB drugs, BDQ, also disrupts the mycobacterial ATP 

synthasis by inhibiting ATP synthase activity.58, 59 Based on the effectiveness of BDQ in 

treating MDR-TB, the F-ATP synthase has proven to be a promising Mtb drug target. Hence, 

developing ATP synthase inhibitors is of great importance in creating the next generation of 

Mtb drugs. 
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Figure 1.10 Structures of Clofazimine and Telacebed (Q203) 
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1.6 F1F0 ATP synthase 

F1F0 ATP synthase is a protein on the Mtb cell membrane that acts as an enzyme for 

ATP synthesis and hydrolysis in the electron transport chain. The structure of the enzyme can 

be divided into two parts designated F0 and F1, as illustrated in Figure 1.11. The F0 part is 

located in the cell membrane and consists of the a, b, b’, and c-ring subunits (a : b2 : c9). The 

F1 part is placed in the intracellular space, and it comprises the α, β, γ, δ, and ε subunits (α3 : 

β3 : γ : δ : ε). The core structure of this enzyme is a stalk formed by the γ and ε subunits that 

link the α3β3 hexamer complex and the c-ring subunit. The δ subunit is located at the top of the 

hexamer complex and interacts with the b subunits, which are also connected to the a subunit 

(Figure 1.11). The c-ring contacts the a subunit to allow the two-half channel system to 

maintain the coupling of ATP synthase to the transmembrane proton motive force. Protons can 

enter the inlet channel from the a subunit, pass through the c-ring, and escape through the a 

subunit outlet channel. This process initiates the c-ring rotation from the transmembrane proton 

gradient,71 causing conformational changes through the γ, and ε subunits, which connect to the 

α3β3 hexamer complex to trigger ATP synthesis and hydrolysis at the hexamer complex.72 
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Figure 1.11 Overall structure of Mtb F-ATP synthase.73 Subunits α (orange) and β (green) form 

the hexamer complex. In this figure, one α and β subunits were removed to reveal the subunit 

γ (yellow). The regulatory ε subunit is shown in blue. The unique mycobacterial γ-loop is 

shown in the expansion (red loop) in the vicinity of the c-ring loop residues Q46 to E48 of M. 

phlei. The subunits a, b, b’, and δ are shown as cartoon figures and colored in red, light blue, 

and light green, respectively. Reprinted with permission from Hotra, A. et al. FEBS J. 2016, 

283 (10), 1947-1961. Copyright 2021 FEBS J. 

 

The Mtb F-ATP synthase has unique features that distinguish it from human and other 

bacterial enzymes. First, the C-terminal domain of the ε subunit (α-helix) of Mtb has a shorter 

amino acid sequence than in other bacteria. (The ε subunit consists of an β-barrel at the N-

terminal domain and two α-helices at the C-terminal. The C-terminal helical domain interacts 

with the β subunit of the hexamer complex.)59 The C-terminal domain of the α subunit is also 

longer than in other species. The Mtb δ subunit is fused to the b subunit, while the shorter b' 

subunit is missing the C-terminal part usually present in other species.74 Lastly, the 

Mycobacterium γ subunit contains a 13 amino acid loop.73 These unique features suggest that 
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it is possible to develop a drug that specifically targets Mtb F-ATP synthase without affecting 

ATP synthase in humans and other bacteria. 

 

1.7 Drug discovery and development  

The discovery of novel drugs is a complicated process. After the target is validated, 

compounds that bind to the target have to be then identified and screened by suitable biological 

assays to get hit or lead compounds. The structural activity relationship (SAR) of the selected 

potent compounds has to be investigated so that the potency, target specificity, stability, and 

drug-likeness can be optimized. Subsequently, the developed compounds from SAR are animal 

tested, after which the successful compounds are chosen for clinical trials.75  

High-throughput screening (HTS) is a useful method to identify hit or lead compounds 

by screening a large number of chemical substrates against a biological target (commonly more 

than 10,000 to 1,000,000 studied substrates). Even though HTS is an effective approach to find 

hits or leads to be the starting point for further drug development, it is a costly technique as a 

massive number of compounds must be tested.76 

In silico screening is a computational approach for screening possible drug candidates, 

which is widely used in drug discovery.77 As long as detailed structural knowledge of the 

targeted enzyme is adequate, this approach can be applied to lessen the burden of experimental 

work by providing guidance to drug development, resulting in more efficient discovery and 

lower costs.77 

Recently, Mtb F-ATP synthase at γ and ε subunits, for which the protein structures and 

amino acid sequences are different from human and other bacterial enzymes (discussed in 1.6), 

were investigated using in silico screening to discover GaMF1 (targeting mycobacterial γ 

subunit)78 and EGCG (targeting mycobacterial ε subunit)79. Both GaMF1 and EGCG show 

promising mycobacterial ATP synthesis inhibition properties with minimum inhibitory 
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concentrations at the micromolar and nanomolar levels, respectively (Figure 1.12). However, 

although GaMF1 has an interesting bacterial growth inhibition property against M. smeg. and 

Mtb in micromolar, its water solubility is limited, restricting future research on this species.78 

EGCG is unable to inhibit mycobacterial growth.79 

 

Figure 1.12 Structure of GaMF1 and epigallocatechin gallate (EGCG) 

 

Hence, in this work, SAR investigations of GaMF1 and EGCG were performed to 

understand the relationship between the chemical structures and ATP synthesis inhibition 

activities; consequently, more potent compounds can be discovered. It is hoped that, from the 

SAR results, the GaMF1 water solubility problem could be solved, and the lack of 

mycobacterial growth inhibition of EGCG could be resolved.  
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CHAPTER 2: Synthesis and investigation of Mycobacterium tuberculosis F-ATP 

synthase inhibitors with GaMF1 

2.1 Introduction 

The mycobacterial F-ATP synthase γ subunit is an essential component of the engine 

for ATP synthesis and ATP hydrolysis activities. The protein structure and amino acid 

sequence of the γ subunit of Mtb are significantly different from other organisms.1 Thus, the γ 

subunit may be a potential target with high selectivity to cure Mtb for the next drug generation. 

2.1.1 Mycobacterial F-ATP synthase subunit γ: An interesting binding site for 

the next drug generation 

The role of the mycobacterial γ subunit is to communicate between the rotation of the 

c-ring and the α3β3 hexamer catalytic site, which is essential for both ATP synthesis and 

hydrolysis. This subunit is composed of two different protein structures. The first element is 

an extended coiled-coil that links to the α3β3 cavity and is produced by the N- and C-terminal 

helices.2 Another component is a globular structure of mixed an α-helical/β-sheet 

domain located near the c-ring3, 4 (Figure 2.1). 

According to amino acid sequence analysis of the γ subunit, the mycobacterial coiled-

coil component has a high degree of sequence similarity to other organisms (Escherichia coli 

(E. coli) and Homo sapiens (H. sap.)). In contrast, the mycobacterial globular amino acid 

sequence is largely unmatched by E. coli. and H. sap. with 63% and 75% differences, 

respectively.1 One of the main differences in this globular region is a unique 13-amino acid 

loop (γ-loop), which is found only in Mycobacterium species.1 This region, therefore, 

represents a valuable drug target as a molecule that binds to this region would unlikely affect 

ATP synthase in other organisms, including humans and our microbiome. 
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A 

 
b 

Figure 2.1 Homology model for the Mtb subunit γ (yellow) superimposed on the E. coli. 

subunit γ homolog (blue). Lower part: expansion of the mixed helical/sheet domain with the 

unique 13 amino acid residues in Mtb (red loop). (a), and amino acid sequence of γ subunit, 

comparing between M.tub (Mtb), M.sme (M. smegmatis), E. coli (Escherichia coli), B.ps3 

(Bacillus PS3), and H.sap (Homo sapiens). Blue rods below the sequences indicate the coiled-

coil α-helices. The boxed region highlights the Mtb unique γ-loop.5 Reprinted from Lu, P. et 

al. Biochim. Biophys. Acta. Bioenerg. 2014, 1837 (7), 1208-1218. Copyright (2021), reprinted 

with permission from Elsevier. 
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The γ-loop deletion of the F-ATP synthase of inversed membrane vesicle (IMV) 

experiments in M. smegmatis (M. smeg.) recently demonstrated a 46% decrease in ATP 

synthesis and 34% increase in ATP hydrolysis.6 Thus, the mutation in this region to avoid the 

impact of an inhibitor would lead to greater ATP consumption than its synthesis and eventually 

eliminate the mycobacteria. Furthermore, the acceleration of ATP hydrolysis would also 

activate the H+ pump of the F-ATP synthase, consequentially disrupting the membrane 

potential, resulting in cell respiration failure. Hence, the γ subunit globular region could be a 

possible inhibitor target for growth inhibition and killing of Mtb while preventing 

mycobacterial mutation and with no effect on human or other bacterial F-ATP synthases. 

2.1.2 GaMF1; the mycobacterial F-ATP synthase γ subunit inhibitor 

 GaMF1 was discovered by in-silico screening at the Mtb γ subunit. The computed 

binding site was proposed to be the interface between the γ subunit and the c-ring with two 

hydrogen bonds from amide N-H and ethyl amine N-H to E212 (Glutamic acid) as the key 

interactions, shown in Figure 2.2.7 Furthermore, this molecule fits with Lipinski's rule of five 

by possessing drug-like characteristics, as shown in Table 2.1.7 
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Table 2.1 GaMF1 drug likeliness analysis toward Lipinski’s rule of five 

 

Properties Lipinski’s rule of five7 GaMF18  

Molecular mass < 500 g/mol 426.3 g/mol 

XlogP3 ≤ 5.009 4.7 

Number of hydrogen bond donors ≤ 5 3 

Number of hydrogen bond acceptors ≤ 10 5 

Number of rotatable bonds10 ≤ 10 6 

 

The metabolic stability of GaMF1 was initially hypothesized to be problematic as a 

result of the in vivo oxidation of the 1,4-phenylenediamine moiety to form a conjugated imine 

species (Scheme 2.1).11 The Michael acceptor of the conjugated imine could cause protein 

degradation through 1,4-addition of nucleophilic side chains of amino acids. However, the 

metabolic stability examination by the mouse liver microsomes experiment showed that 

GaMF1 had good in vivo stability (T1/2 with or without NADPH of 47.5 min and 68 min, 

respectively; Clint of 14.6 μLmin-1mg of protein-1). Hence, this ceased to be a concern. 

 

Scheme 2.1 in vivo oxidation of GaMF1 
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ATP synthesis inhibition experiments in M. smeg. IMV demonstrated that GaMF1 

inhibits bacterial ATP synthesis with half-maximum inhibitory concentration (IC50) of 0.3 µM 

and suppressed ATP hydrolysis by 52% at 100 µM of GaMF1.8 These findings are consistent 

with many ATP synthase inhibitors (such as BDQ, quercetin, and 4-chloro-7-

nitrobenzofurazan), which suggest that GaMF1 probably targets the F-ATP synthase as well.  

 

Figure 2.2 In-silico screening model of GaMF1 interacting with the interface between γ 

subunit and c-ring.8  

 

These results are also consistent with minimum inhibitory concentrations (MIC50s) 

inhibiting 50% growth of M. smeg. and Mtb, which are 11 and 33 µM, respectively.8 

Furthermore, GaMF1 has a synergistic effect with BDQ against M. smeg., allowing for lower 

doses of both BDQ and GaMF1, which is possible to develop a combination drug.8 

Nevertheless, GaMF1 has a low water solubility with a saturated concentration at around 23.8 

µM in a pH 7.4 solution at room temperature.8 Normally, acidification should improve GaMF1 

solubility, but the solubility was lower at 7.7 µM and 2.0 µM in pH 6.0 and 2.0 solutions, 

respectively.8 Hence, this limitation would provide a problem for future research on this species. 
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The preliminary structure-activity relationship (SAR) of GaMF1 was studied by Hotra, 

A. et al.8 to increase its enzymatic and bacterial growth inhibitory activities by focusing on 

substituents and their positions on ring A and C. Overall, GaMF1 remains the most effective 

molecule in the series in inhibiting M. smeg. IMV ATP synthesis and M. smeg. growth 

inhibition. Although the substituents on ring A have little influence on enzymatic inhibition, 

bromide is suggested for its bacterial growth inhibition. The enzymatic activity can be retained 

by a short alkyl group (methyl or ethyl) on the pyrimidine ring C. The secondary amine of ethyl 

amine is crucial for activity, whereas the methyl group on the ring C is not necessary for 

potency, as shown in Figure 2.3.8 

 

Figure 2.3 Summary of GAMF1 SAR by Hotra et al.8 

 

2.1.3 Previously reported synthesis of GaMF1 

GaMF1 was successfully synthesized by a five-step sequence in 26% overall yield, 

starting from m-bromobenzoic acid 2.1 and 2,4-dichloro-6-methylpyrimidine 2.5.8 The 

synthesis began with amidation between m-bromobenzoic acid 2.1 and p-nitroaniline 2.2, 

followed by selective hydrogenation to produce aniline 2.4. Nucleophilic Aromatic 

Substitution (NAS) of 2,4-dichloro-6-methylpyrimidine 2.5 with ethylamine formed 

pyrimidine 2.6. However, this reaction lacked regioselectivity, resulting in the formation of 

pyrimidine 2.7 as a by-product. This issue and purification difficulties resulted in a low isolated 
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yield of 2.6 of 33%. Finally, the second NAS between aniline 2.4 and pyridine 2.6 gave 

GaMF1 in high yield (Scheme 2.2).8 

 

Scheme 2.2 Synthesis of GaMF1 by Hotra et al.8 

 

2.2 Drugs design of the next generation of GaMF1 

 In Hotra’s SAR,8 only ring A and C were investigated, and the ring C examples were 

also limited to only pyrimidine analogs. Furthermore, even though Hotra’s SAR study 

generated a batch of GaMF1 analogs, they remain water-insoluble. Therefore, in this work, 

SAR investigation on ring B, which was not mentioned in Hotra’s research, and further ring C 

SAR would be studied, as well as the prospect of improving water solubility. 

 Based on the Hotra’s SAR pattern, the methyl on the pyrimidine ring C was not required 

for mycobacterial ATP synthesis inhibition.8 This finding was consistent with the in silico 

screening model, which demonstrated that the ring C methyl group does not have any 

significant interaction with the mycobacterial F-ATP synthase binding site.8 Hence, replacing 

the methyl group with a polar substituent should improve the water solubility and help in 

understanding SAR on ring C.  
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 In this work, a 1,3,5-triazine was considered to replace the pyrimidine (ring C) since 

the 1,3,5-triazine has an extra nitrogen atom to benefit the water solubility and is well-known 

to show antimicrobial properties.12 Additionally, the use of a 1,3,5-triazine will likewise benefit 

the analog synthesis (discussed in 2.3.1), which will enable the study of different polar 

substituents. Moreover, the investigation of ring B SAR, which has not been investigated yet, 

would be studied by varying the chemical structure of ring B to be a cyclic or linear alkane or 

a m-phenylene diamine. Length between the two nitrogen atoms would be explored by 

adjusting the number of carbons on the structure (Figure 2.4). 

 

Figure 2.4 Modification of ring B and ring C on GaMF1 
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2.3 Synthesis of GaMF1 analogs for SAR investigation 

 GaMF1 analogs approach could be modified from GaMF1 synthesis by Hotra’s 

strategy8, beginning with amidation between m-bromobenzoic acid (ring A) and diamine 

derivatives (ring B). The subsequent product would then be coupled with triazine or pyrimidine 

(ring C) to yield GaMF1 analogs (Scheme 2.3). 

 

Scheme 2.3 Plan for our GaMF1 analogs synthesis 

 

2.3.1 Synthesis of triazine GaMF1 analogs 
 

All triazine analogs could be synthesized in three steps of NAS, starting from cyanuric 

chloride 2.8. Because of the symmetrical structure of 1,3,5-triazine, none of these NASs have 

the regioselectivity problem as found in the previously reported GaMF1 synthesis. The final 

NAS of the chlorotriazine 2.10 could allow us to couple to different kinds of nucleophiles 

containing a polar group to access our triazine analogs (Scheme 2.4). 

 

Scheme 2.4 Synthetic plan of triazine analogs; PG means the polar group 
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2.3.1.1 Synthesis of triazine analogs with the polar moiety  

The approach began with coupling between ring A and ring B. The aniline 2.4 was 

synthesized by a three-step sequence from Hotra’s strategy.8 m-Bromobenzoic acid 2.1 was 

converted to the acid chloride using oxalyl chloride and dimethylformamide as a catalyst, 

followed by a reaction with p-nitro aniline 2.2 in the presence of K2CO3
13 to produce nitro-

amide 2.3 in 96% yield over two steps. Common Pd/C hydrogenation under normal 

atmospheric pressure of H2 is an effective method to convert nitro groups to amines in high 

yield. However, this results in dehalogenation, as reported by Richey et al.14 Thus, selective 

hydrogenation with sulfided Pd/C under 100 psi. H2 at 100 °C was used to prevent 

debromination,14 giving rise to aniline 2.4 in 99% yield (Scheme 2.5).8 

 

Scheme 2.5 Synthesis of N-(4-aminophenyl)-3-bromobenzamide 2.4 

 

The chloro-triazine 2.10 was produced in a two-step sequence. The NAS reaction 

between cyanuric chloride (2.8) and ethylamine provided 2,4-dichlorotriazine 2.9 in 76% 

yield.15 The reaction temperature was strictly controlled at 0 °C to avoid side products from 

multiple substitutions. The second NAS coupled between aniline 2.4 and 2,4-dichlorotriazine 

2.9 in dioxane at reflux8 generated chloro-triazine 2.10 in an excellent yield of 88% (Scheme 

2.6). 
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Scheme 2.6 Synthesis of chlorotriazine 2.10 

 

NAS between chlorotriazine 2.10 and different nucleophiles afforded 12 triazine 

analogs (2.11–2.22) in moderate to high yield (41–92% yield), as summarized in Table 2.2.8 

The reaction conditions were selected depending on the kind of nucleophiles. For the amine 

nucleophiles, the amine was used in excess (> 2 eq.) so that the amines function as both base 

and nucleophile. However, Cs2CO3 was necessary as a base for non-basic nucleophiles, e.g., 

thiols (Entry 11-12) and salt species (Entry 8).   
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Table 2.2 Nucleophilic Aromatic Substitution of polar moiety into triazine ring 

 

Entry Equivalents 
of substrate Substrate Temperature Product (PG) % yield 

1 2.5 HN NH
 

RT 
 

82% 

2 5 HN NMe
 

RT 
 

89% 

3 2.5 HN
 

RT 
 

73% 

4 7.5 HN O
 

RT to 80 °C 
 

92% 

5 2.5 H2N
NH2

 RT to 50 °C 
 

86% 

6 2.5 H2N NH2  RT 
 

77% 

7 5 H2N
OH

 RT to 50 °C 
 

86% 

8a 4  80 °C 
 

81% 

9 10 N
H  80 °C 

 
41% 

10 5 H2N  80 °C 
 

91% 

11b 2 HS
OH

 80 °C  79% 

12b 4 HS  80 to 100 °C  63% 
a Cs2CO3 (2 eq.) was used as a base 
b Cs2CO3 (1 eq.) was used as a base 
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2.3.1.2 Synthesis of 2-(piperazin-1-yl)-1,3,5-triazine GaMF1 analogs 

Several 2-(piperazin-1-yl)-1,3,5-triazines (e.g., compounds 2.23 and 2.24) have 

recently shown antibacterial and anti-TB micromolar activities with minimum inhibitory 

concentrations at the micromolar level (5 – 40 μM).16, 17 According to the biological activities 

of our triazine series (2.11–2.22, discussed in 2.6.1), 2-(4-methylpiperazin-1-yl)-1,3,5-triazine 

(2.12), which is structurally related to 2.23/2.24, was the most effective analog in this series. 

Therefore, understanding SAR on the piperazine ring could lead to further modifications to 

GaMF1 for greater efficacy. The designed molecules in the piperazine series are shown in 

Figure 2.5. 

 

Figure 2.5 Examples of 2-(piperazin-1-yl)-1,3,5-triazines with antimicrobial and anti TB 

properties, and our 2-(piperazin-1-yl)-1,3,5-triazines GaMF1 analogs 

 

The synthesis of 2-(piperazin-1-yl)-1,3,5-triazines GaMF1 analogs could be 

synthesized by a four-step sequence, in which NAS between the chlorotriazine 2.10 and 

piperazines, containing the desired alkyl group (2.32–2.36) was a key step. The approach began 
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with mono-Boc protection of piperazine 2.30, which resulted in a 74% yield of Boc-protected 

piperazine (2.31).18 The remaining free amino group of Boc-piperazine (2.31) was subjected to 

reductive amination with aldehydes using sodium acetate as a water absorber to promote the 

generation of imine intermediates, which were reduced immediately by H2 with a Pd catalyst 

to generate the Boc-protected alkylated piperazines 2.32–2.36.19 The Boc group was 

deprotected using 50% trifluoroacetic acid in DCM, followed by NAS with compound 2.10, 

using Cs2CO3 as a base, as described in Table 2.3. 

Table 2.3 Reductive amination and NAS to obtain piperazine derivatives 

 

Entry Aldehyde Product (R) % yield of Step A % yield of Step B 

1 
 

n-Pr (2.25) Quantitative yield 71% 

2 
 

i-Pr (2.26) 91% 36% 

3 

 

n-hex (2.27) 54% 77% 

4 

 

c-hexCH2 (2.28) 47% 80% 

5 

 

Bn (2.29) 47% 62% 

O

H

O

H

O

H
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2.3.1.3 Synthesis of triazine-hydride (2.37)  

In this section, the impact of the triazine ring alone on the biological activities of 

GaMF1 was examined by comparing the bioactivities of the triazine-hydride GaMF1 analog 

2.37 to those of pyrimidine analog 2.38 (Scheme 2.7). As reported by Hotra et al.,8 the 

pyrimidine analog 2.38 was synthesized and found to have the IC50 of M. smeg. IMV and MIC50 

against M. smeg. at 1.03 and 16.82 µM, respectively,8 while the triazine-hydride 2.37 was a 

new compound that had not been reported before. Therefore, in this work, this compound (2.37) 

must be synthesized and evaluated for those bioactivities. 

The strategy to obtain triazine-hydride 2.37 could begin with synthesizing the 

chlorotriazine 2.39, starting from p-nitroaniline 2.2 and 2,4-dichlorotriazine 2.9. Then, the 

dechlorination of the chlorotriazine 2.39 could be a key step to producing triazine-hydride 2.40, 

which would then be amidated with the m-bromobenzoyl moiety to furnish the target triazine 

2.37 (Scheme 2.7). 

 

Scheme 2.7 Structures of compound 2.37 and 2.38, and synthetic plan of triazine 2.37 
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In the synthesis, di-Boc protection of p-nitroaniline 2.2, followed by selective Boc 

deprotection, was performed to provide Boc-protected p-nitroaniline 2.42 in 45% yield over 

two steps.20 The nitrobenzene 2.42 was subsequently transformed to aniline 2.43 by standard 

hydrogenation in 99% yield. NAS with triazine 2.9 then gave the key intermediate 

chlorotriazine 2.40 in 92% yield. The dechlorination step14 was carried out in the presence of 

hydrogen gas with Pd/C as a catalyst and K2CO3 as the base to generate triazine-hydride 2.41 

in 32%. Finally, Boc-protected aniline 2.41 was deprotected in DCM with 50% TFA and 

amidated in the presence of K2CO3 with m-bromobenzoyl chloride13 to generate target 2.37 in 

59% yield over three steps (Scheme 2.8). 

 

Scheme 2.8 Synthesis of triazine 2.37 from p-nitroaniline 2.2 
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2.3.2 Synthesis of ring B analogs 

The influence of the middle ring (ring B) on ATP synthesis inhibition and 

mycobacterial growth inhibition was investigated by varying ring B to be m-phenylene 

diamine, cyclic, or linear alkane. Furthermore, the inhibitory effect of ring B was examined 

together with the effect of ring C by comparing ring B analogs with the original pyrimidine 

ring C and ring B analogs with the 4-methylpiperazine-triazine ring C (the best IC50 and MIC50 

in the triazine series). In this section, the synthesis of all ring B analogs (Figure 2.6) is explained. 

The synthetic strategy for ring B GaMF1 analogs was modified from Hotra's approach8 by 

coupling between rings A and B, after which ring C would be attached (discussed in section 

2.3, scheme 2.3). 

 

Figure 2.6 Ring B GaMF1 analogs 
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The aniline 2.46 was synthesized by using the same procedure as compound 2.4. It 

starts with amide formation between m-bromobenzoic acid (2.1) and m-nitroaniline (2.44)13 to 

obtain amide 2.45 in 91% yield over two steps, followed by medium pressure hydrogenation 

using sulfided Pd/C as the catalyst8 to yield aniline 2.46 in 52% (Scheme 2.9). 

 

Scheme 2.9 Synthesis of aniline 2.46 from m-bromobenzoic acid 2.1 

 

Other amides (2.47–2.49) required the monoamidation of m-bromobenzoic acid (2.1) 

and diamine (2.50–2.52). All results are summarized in Table 2.4. The core problem 

encountered in this reaction is the undesirable side reaction of diamidation of diamines forming 

bis(3-bromobenzamide). Attempting to suppress this side reaction using an excess of diamine 

resulted in low yields of 2.47-2.49 (14–23%).   
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Table 2.4 Monoamidation between m-bromobenzoic acid and diamine 

 

Entry Eq. of 
diamine Structure of diamine Product (ring B) %isolated 

yield 

1 4 eq. 

  

22% 

2 10 eq. 
  

14% 

3 4 eq. 
  

23% 

 

Boc protection proved to be a reliable method for curbing the diamidation. Thus, the 

monoBoc-protected amines (2.55–2.57) were produced in 50–91% yield by treating an excess 

of the diamine with Boc2O.21 Finally, amidation between m-bromobenzoic acid 2.1 through 

converting to the acid chloride by oxalyl chloride and amines (2.55–2.57) furnished amide 

2.58–2.60 in 27–32% yield, as summarized in Table 2.5. 
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Table 2.5 MonoBoc protection following by amidation

 

Entry n Starting materiala product % yield of Step A % yield of Step B 

1 0 diamine 2.52 Boc-amine 2.58 50% 32% 

2 1 diamine 2.53 Boc-amine 2.59 74% 27% 

3 2 diamine 2.54 Boc-amine 2.60 91% 31% 

a 10 eq. of diamines (43, 47-48) were used 

To synthesize the ring B analogs with the original pyrimidine ring C, the pyrimidine 

2.6 was prepared by Hotra’s method.8 The NAS of 2,4-dichloro-6-methylpyrimidine 2.5 with 

EtNH2, which was generated from EtNH3Cl salt in the presence of DIPEA, furnished the 

pyrimidine 2.6 in 33% yield. As reported by Hotra et al., the second NAS of amines to the 

pyrimidine 2.6 in the presence of DIPEA in dioxane (boiling point: 101 oC) at reflux required 

a lengthy 2–5 days to complete.8 Thus, a higher temperature was applied to shorten the time 

for the reaction to reach completion. The reaction involved NAS between 2.6 and 2.48 with 

DIPEA and DMF heated at 120 °C in a sealed tube, which yielded 2.63 in 71% with a reaction 

time of 2 days (Table 2.6, Entry 3).  

Another approach to shortening the reaction time was the microwave irradiation 

condition. The reactions were performed at a high temperature (220 °C) using DIPEA as the 

base. However, the Boc-protected linear amines needed to be deprotected before NAS. 

Therefore, even though the target 2.61–2.66 was successfully synthesized and the reaction time 

was decreased to 30 minutes to 1.5 hours, this harsh condition (at 160-220 °C) resulted in 
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burning, leading to low yields, as shown in Table 2.6 (Entry 1 and 5). All results are shown in 

Table 2.6. 

Table 2.6 Synthesize target 2.61-2.66 starting from 2,4-dichloro-6-methylpyrimidine 2.5 

 

Entry Structure of 
substrate 

Conditiona Product (ring B) Temperature % isolated 
yield 

1 

 

A 

 

220 °C 26% 

2 

 

A 

 

220 °C 63% 

3 

 

B 

 

120 °C 71% 

4 
 

C N
H

H
N

2.64  
160 °C 62% 

5 
 

C 
 

160 °C 28% 

6 C 
 

160 °C 56% 

a Condition A: 1 eq. pyrimidine, 1 eq. amine or aniline, 1 eq. DIPEA, microwave, dioxane; 
Condition B: 1 eq. pyrimidine, 1 eq. amine, 1 eq. DIPEA, sealed tube, DMF; 
Condition C: 50% TFA in DCM (v/v) was treated with 1 eq. Boc-protected amine, then 1 eq. 
pyrimidine, 2.5 eq. DIPEA, microwave, dioxane; 
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The synthesis of the ring B analogs with the triazine ring-containing methyl piperazine 

was followed by the same strategy to synthesize the triazine GaMF1 analogs (discussed in 

2.3.1.1). The monoamides 2.46, 2.47, and 2.49 were subjected to NAS with triazine 2.9 in the 

presence of DIPEA in dioxane at reflux8 to obtain 2.67–2.69 in 54–84% yield. The subsequent 

NAS was performed on methyl piperazine to give 2.70–2.72 in 42–92% yield, as shown in 

Table 2.7.  

Table 2.7 Synthesis of 2.70–2.72 starting from monoamide species 

 

Entry Substrate Product (ring B) % yield of Step A % yield of Step B 

1 

  

54% 92% 

2 

  

83% 84% 

3 
 

N
H

H
N

2.72  
84% 42% 
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2.4 Biological activity evaluation 

All GaMF1 analogs’ ATP synthesis and mycobacterial growth inhibitions (2.4, 2.11–

2.22, 2.25–2.29, 2.37, 2.61–2.66, 2.70–2.72) were evaluated by our collaborators from the 

Experimental Drug Development Centre (EDDC); the Agency for Science, Technology, and 

Research, Singapore (A*star), and the National University of Singapore (NUS). For safety 

purposes, since Mtb is a harmful pathogen that causes severe disease, which must be handled 

with special biosafety equipment (Biosafety level 3)22, the less harmful organism M. smeg., 

which is a well-known pathogen often used as a representative of Mtb in many Mtb studies23, 

was employed in this research instead. 

Basically, the series of ETC enzymes and ATP synthase are embedded in the inner cell 

membrane, restricting the direct measurement of the ATP synthesis activity. Therefore, in this 

work, the inverted membrane vesicle (IMV) strategy, which can flip the inner side of the cell 

membrane out, was applied to allow all analogs (2.4, 2.11–2.22, 2.25–2.29, 2.37, 2.61–2.66, 

2.70–2.72) to inhibit the ATP synthesis directly.24 The inverted membrane vesicle (IMV) 

would be prepared by disrupting the M. smeg. cell membrane in the French press or the 

microfluidizer (The procedure is described in section 2.10).25 The ATP synthesis evaluation 

was performed by treating M. smeg. IMV with the inhibitors (2.4, 2.11–2.22, 2.25–2.29, 2.37, 

2.61–2.66, 2.70–2.72). The ATP synthesis was measured by the chemiluminescence of the 

reaction between Luciferin and ATP in the presence of Luciferase enzyme, magnesium ion, 

and oxygen in the air (Scheme 2.10).8 The intensity of light emission, quantified by relative 

light unit (RLU), is proportional to the concentration of ATP in the system.8 The ATP synthesis 

inhibition was presented as the concentrations of molecules to inhibit 50% of ATP synthesis, 

termed IC50 (done by Umayal Lakshmanan26) 
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Scheme 2.10 Chemiluminescence of the reaction between Luciferin and ATP 

 

Conversely, the bacterial growth inhibition assay was conducted by treating M. smeg. 

directly with the inhibitors (2.4, 2.11–2.22, 2.25–2.29, 2.37, 2.61–2.66, 2.70–2.72) and then 

measuring the optical density value (loss of light intensity from light scattering) in the studied 

cell culture.7 The bacterial growth inhibition was reported as the concentration of analogs to 

inhibit bacteria growth by half, termed MIC50 (done by Jickky Palmae Sarathy27).  

2.4.1 Investigation of the substituent on triazine derivatives 

The triazine analogs (2.11–2.22) were designed based on Hotra’s SAR and the in silico 

screening model of GaMF1 in Figure 2.2, as discussed in Section 2.1.2, so that modification 

of the methyl group on the pyrimidine ring C, as well as replacing the pyrimidine ring with the 

triazine, should have no effect on enzymatic inhibition.8 However, the IC50 and MIC50 values 

of the triazine analogs (2.11–2.22) were found to be higher than that of GaMF1, which revealed 

that the compounds were less effective in inhibiting ATP synthesis and M. smeg. bacterial 

growth as compared to the original GaMF1, as shown in Graph 2.1. These IC50 results show 

that the triazine ring, or the investigated substituents, influence ATP synthesis property that is 

unexpected based on the computational model (Figure 2.2, Section 2.1.2). Similarly, the MIC50 

results reflected that the majority of triazine analogs totally lose the mycobacterial growth 

inhibition property. Only two analogs (2.12 and 2.16) showed activities against M. smeg. in the 

study concentration range (100 µM); however, both were still significantly lower in potency 

than GaMF1. 
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Graph 2.1 IC50s and MIC50s of GaMF1, and the triazine analogs 2.11–2.22; IMV experiment 

was done by U. Lakshmanan26; M. smeg. growth inhibition experiment was done by J. P. 

Sarathy27; the experiments were performed in triplicate; deep blue bars indicate incomplete 

inhibition curve (2.13, and 2.21–2.22); pattern red bars exhibit MIC50 above studying range at 

100 μM; provided error is the standard error of the mean (SEM). 

 

According to the IC50 inhibitory curves, compounds 2.13 and 2.21–2.22 show only 40 

– 60% ATP synthesis inhibition at high concentrations (incomplete inhibition), as shown in 

Figure 2.7a. This pattern could be caused by ineffective molecular binding to the target or poor 

water solubility in the testing media at high concentrations,28 whereas the rest of the analogs 

remained with their complete IC50 curves. The analog 2.12's IC50 curve is shown in Figure 2.7b 

as a representative of this series of analogs. Nonetheless, only piperazine-containing analogs 

2.11 and 2.12 have IC50 values (2.2 µM for 2.11 and 0.7 µM for 2.12) close to the original 
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molecule (GaMF1, 0.328 µM). Thus, the SAR investigation of piperazine ring analogs was 

further studied. 

 
a 

 
b 

Figure 2.7 inhibitory curves of GaMF1 as compared to 2.13 and 2.21–2.22 (a), and the 

inhibitory curve of 2.12 (b). 

 

2.4.2 Investigation of the piperazine derivatives  

 Recently, some triazines containing piperazine compounds (Figure 2.5 in 2.3.1.2) were 

reported to inhibit Mtb growth with 90–95% inhibition at 5–40 µM concentration16, 17, and the 

N-substituent on the piperazine ring was observed to influence the potency (more detail was 

discussed in 2.3.1.2).16 Hence, SAR studies on the N-substituent on the piperazine ring of the 

piperazine analogs could improve mycobacterial growth inhibition (Graph 2).   

ATP synthesis inhibition experiment revealed that a small alkyl group (e.g., methyl) on 

the piperazine ring tended to increase potency, as methyl piperazine analog 2.12 had a three-

fold lower IC50 than non-alkylated piperazine 2.11. However, the larger size of the alkyl chain 

(compound 2.25–2.29) led to less potency to inhibit ATP synthesis, especially the high steric 

hindrance of cyclohexyl methyl (2.28) and benzyl groups (2.29), which displayed incomplete 

inhibitory curves, presumably due to weak binding affinity to the enzyme target (Graph 2.2). 

The M. smeg. growth inhibition of the piperazine analogs with MIC50 above 75 µM was 

significantly less efficient than the original GaMF1 (MIC50 = 11 µM). 
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Graph 2.2 IC50s and MIC50s of GaMF1, analog 2.11–2.12, and 2.25–2.29; IMV experiment 

was done by U. Lakshmanan26; M. smeg. growth inhibition experiment was done by J. P. 

Sarathy27; the experiments were performed in triplicate; deep blue bars indicate incomplete 

inhibitory curve (2.28–2.29); pattern red bars exhibit MIC50s above studying range at 100 

μM; provided error is the standard error of the mean (SEM).  
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2.4.3 Investigation of the effect of ring C 

In this section, the influence of the triazine ring on the ATP synthesis inhibition and M. 

smeg. growth inhibition was discussed in comparison to the original pyrimidine ring. In section 

2.6.1, ring C was verified to be essential for the potency as N-(4-aminophenyl)-3-

bromobenzamide 2.4 lost both IC50 and MIC50 inhibitions. Furthermore, triazine 2.37 exhibited 

no inhibition in both IC50 and MIC50 assays, whereas pyrimidine 2.38 had IC50 and MIC50 in 

the same range as GaMF1.8 This finding indicated that ring C of GaMF1 is a crucial moiety 

for ATP inhibitory effect and that even adding one nitrogen atom can wholly change the 

potency (Graph 2.3). 

 
Graph 2.3 IC50s and MIC50s of GaMF1, analog 2.4, and 2.37–2.38; IMV experiment was 

done by U. Lakshmanan26; M. smeg. growth inhibition experiment was done by J. P. 

Sarathy27; the experiments were performed in triplicate; purple bars indicate IC50s and 

MIC50s above the studying range at 100 μM (2.37–2.38). 
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2.4.4 Investigation of ring B 

The ATP synthesis and M. smeg. growth inhibitory effects of ring B analogs (2.61–2.66 

and 2.70–2.72) were investigated. The results are shown in Graph 2.4. In both ATP synthesis 

inhibition and bacterial growth assays, all ring B analogs (2.12, 2.61–2.66, 2.70–2.72) had less 

potency than the original GaMF1. Nonetheless, despite the fact that the variation of the ring B 

analogs had largely different molecular structures, the IC50 and MIC50 results of aromatic and 

cyclic linkage in both pyrimidine (2.61–2.62) and triazine analogs (2.70–2.71) did not show 

significantly different activities from the original GaMF1, indicating significant variation in 

ring B is quite well-tolerated.  

The ATP synthesis inhibition property of the piperazine linker (2.63) was poorer than 

that of GaMF1, and this could reflect that one of the two N-H on the linker has a crucial 

interaction with the binding area or that the linker's range is insufficient. Nonetheless, only the 

linear linkage in both pyrimidine (2.64–2.66) and triazine analogs (2.72) showed a significantly 

lower ATP synthesis inhibitory effect than other analogs in the series (2.12, 2.61–2.62, 2.70–

2.71) and completely lost M. smeg. growth inhibition, presumably due to the linear linkages, 

led the molecules (2.64–2.66, 2.72) to be highly flexible, which resulted in difficulty fitting the 

inhibitors into the binding site. By comparing the activities of pyrimidine (2.61–2.63) and 

triazine analogs (2.70–2.71), both IC50 and MIC50 assays showed insignificantly different 

inhibitory effects. However, only the p-phenylene diamine linker (GaMF1 versus 2.12) showed 

a significant difference in bacterial growth inhibition, which remains inexplicable.  
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Graph 2.4 IC50s and MIC50s of GaMF1, analog 2.12, 2.61–2.66, and 2.70–2.72; IMV 

experiment was done by U. Lakshmanan26; M. smeg. growth inhibition experiment was done 

by J. P. Sarathy27; the experiments were performed in triplicate; a blue pattern bar (2.72) 

represents that the IC50 value was 74.3 µM.; pattern red bars exhibit MIC50s above the 

studying range at 100 μM; provided error is the standard error of the mean (SEM). 

 

2.5 1H-15N HSQC-NMR titration molecular modeling analysis    

1H-15N HSQC-NMR titration is a technique to determine the binding area between the 

targeted enzyme and the inhibitor. The binding interactions of each 15N-labeled amino acid 

residue in the protein sequence to the inhibitor result in distinct changes in the chemical shift 

position of the inhibitor-bound protein to the pure protein, which can assign the interacting 15N-

labeled amino acid residue.29 Therefore, the NMR titration experiment was used to 

experimentally determine the GaMF1 binding site at the Mtb γ subunit. 
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 The HSQC-NMR titration was performed by Priya Ragunathan30 and analyzed by Joon 

Shin31. The molecular model (Figure 2.2) was then simulated based on the NMR titration 

outcome done by Amaravadhi Harikishore32. The NMR titration experiment suggested a 

binding site between the γ-loop and the globular component of the Mtb γ subunit (Figure 2.8a)., 

which was different from the in-silico screening model's originally hypothesized binding site 

at the interface between the subunit and the c-ring.  

 The pyrimidine ring (ring C) interacted with the Mtb γ globular region by hydrogen 

bonding from the amine at the ethyl amine group to R71 (Arginine), and the π-anion interaction 

between the pyrimidine ring and E70 (Glutamic acid). The main interactions with the Mtb γ-

loop were the π-anion interaction from the p-phenylene ring (the middle ring) to R169 

(Arginine) and hydrogen bonding from the carbonyl on the amide linkage to Q171 (Glutamine), 

where the N-H amide had the hydrogen bonding to D64 (Aspartic acid), as shown in Figure 

2.8b. 

According to the recent model based on the HSQC-NMR titration experiment,30-32 the 

ring C of GaMF1 became a key component in interacting with the enzyme and fitting into the 

binding pocket (Figure 2.8b). This explained the loss of enzymatic activity caused by the ring 

C substituent modification, as the steric hindrance from the substituent tends to clash with the 

globular component of the subunit at the binding site. However, the model was unable to 

explain the loss of activity caused by replacing the pyrimidine ring with a triazine ring. The 

middle ring B modification could influence the π interaction from the phenylene ring and two 

hydrogen bonding from the amide linkage, which explains the lower efficacy in m-phenylene 

and trans-cyclohexyl linkers.  
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Therefore, the model from the HSQC-NMR titration experiment can be used to explain 

the experimental SAR results in this work, demonstrating that the utilization of that 

computational modeling based on the experimental data is valuable and useful as a supporting 

tool to understand the experimental results.  

  

a b 
Figure 2.8 Recent modeling of GaMF1 binding to γ subunit of F-ATP synthase (a), detailed 

interaction between GaMF1 and the enzyme (b) 

 

2.6 Future work 

In this work, the SAR investigation reveals that ring C modification affects the 

enzymatic inhibition by decreasing the activity, whereas ring B is quite well-tolerated for 

modification. However, the effects of two N-Hs on ring B remain unclear. Thus, the methylated 

N-H analogs (2.79–2.81) will be synthesized to perform further SAR investigation. 

According to the model from the HSQC-NMR titration experiment (Figure 2.8), the 

additional substituent on ring B, such as carboxylic acid, hydroxy, or amine, or replacing the 

phenylene moiety with a heterocyclic aromatic component, could increase the interaction of 

ring B to the enzyme. Therefore, ring B analogs (2.82–2.85) will be made and studied. 

The SAR investigation into ring A will be studied by replacing the m-bromo phenyl 

with a cyclic alkane and extending the ring A by naphthalene or a larger group. Thus, analogs 

(2.73–2.75) become interesting for further studies. According to Hotra’s SAR investigation on 
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ring A,8 the Br substituent caused the water solubility problem by having a highly lipophilic 

atom. In contrast, the F substituent on ring A led to lower bacterial growth inhibition.8 Hence, 

the Cl substituent on ring A, which has not been studied yet, could improve the water solubility 

and retain the bacterial growth inhibition property. Thus, the Cl substituent ring A analogs 

(2.76–2.78) will be synthesized and SAR studied (Figure 2.9). 

 

 

Figure 2.8 Proposed future work 
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2.7 Conclusion  

In conclusion, 28 GaMF1 analogs (2.4, 2.11–2.22, 2.25–2.29, 2.37, 2.61–2.66, and 

2.70–2.72) were synthesized by a modification of Hotra’s approach.8 By the ring C SAR 

investigation, bulky substituents on 1,3,5-triazine analogs (2.11–2.22, and 2.25–2.29) tend to 

decrease both ATP synthesis and M. smeg. growth inhibitions, which are correlated with the 

recent HSQC-NMR titration molecular modeling. The original pyrimidine ring C is crucial for 

both inhibitory properties as removal of ring C (2.4) and replacing the original pyrimidine ring 

C with 1,3,5-triazine (2.37) result in complete loss of potency. However, modification of the 

middle ring B is quite well-tolerated, and aromatic (2.12, 2.61, and 2.70) or cyclic alkanes (2.62 

and 2.71) are favored for efficacy, as shown in Figure 2.10. 

 

 

Figure 2.9 Summary of SAR results 
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2.8 Experimental section 

Biological assays 

Preparation of M. smeg. Inverted membrane vesicle (IMV) 

The IMV preparation was done according to Koul et al.’s method33 and was done by 

Priya Ragunathan30. Briefly, M. smeg. cells (5 g wet weight) were resuspended in 10 mL of the 

50 mM MOPS buffer solution and 2 mM MgCl2 at pH 7.5, containing an EDTA-free protease 

inhibitor cocktail (1 tablet/20 mL buffer, cOmpleteTM, Roche-USA) and 1.2 mg/mL of 

lysozyme. The suspension was stirred at room temperature for 45 minutes and added with 150 

μL of 1 M aqueous MgCl2 and 25 μL DNAse I (Thermo Fischer, USA), which was stirred 

continually for another 15 minutes at room temperature. All the subsequent steps were 

performed on ice. The cells were lysed by four passages through a pre-cooled Model M-110L 

Microfluidizer processor at 18,000 psi. The resulting suspension was centrifuged at 4,200 x g 

for 20 minutes at 4 °C. Supernatant liquor containing the membrane fraction was put through 

ultracentrifugation at 4,500 x g at 4 °C for 1 hour. The supernatant was discarded and 

precipitated membrane fractions were resuspended in the buffer of 15% glycerol, aliquoted, 

snap-frozen, and kept at -80 °C. The concentration of the protein in the vesicles was quantified 

by the BCA assay,33 for which BCA reagent was available in kit form from Pierce (Rockford, 

IL, USA). The membrane fraction solution was diluted, and the optical density was measured 

at 562 nm against a blank in triplicates. The resulting OD562 was fitted into the standard 

calibration curve at 50–250 μg/mL, and the concentration was calculated. 
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ATP synthesis inhibition assay 

The ATP synthesis inhibition of all inhibitors (2.4, 2.11–2.22, 2.25–2.29, 2.37, 2.61–

2.66, 2.70–2.72) in this work was evaluated in terms of IC50 by chemoluminescence.6 The assay 

was performed in the flat-bottom white microtiter 96 or 384 well plates (Corning USA). A 

solution of 10 μM ADP, 250 μM Pi, and 1 mM NADH in the buffer of 50 mM MOPS and 10 

mM MgCl2 at pH 7.5 was prepared. The Pi concentration was adjusted by the solution of 100 

mM KH2PO4. The inverted membrane vesicles at the final concentration of 5 μg/mL were 

added to initialize the ATP synthesis. The mixed solution was incubated at room temperature 

for 30 minutes, followed by adding 50 μL CellTiterglow reagent and incubating for another 10 

minutes in the dark at room temperature. Luminescence correlates to the amount of synthesized 

ATP, which was determined by Tecan plate reader Infinite 200 Pro (Tecan USA) using the 

following parameters: luminescence, integration time of 500 msec, attenuation none, settle time 

0. Synthesis of ATP. 

 

Antimycobacterial activity and minimum inhibitory concentration determination 

The M. smeg. growth inhibition dose-response assay was carried out using the broth 

microdilution method as described previously.34 Briefly, clear 96-well flat-bottom Costar cell 

culture plates (Corning) were filled with 100 μL of complete 7H9 medium in each well. Each 

compound (2.4, 2.11–2.22, 2.25–2.29, 2.37, 2.61–2.66, 2.70–2.72) was added to the first well 

in each row to create two times the desired highest final concentration. Subsequently, a 10-

point, 2-fold serial dilution was carried out starting from the first well in each row. The 

mycobacterial strains used for the assay were grown to the mid-log phase and subsequently 

diluted to an OD600 of 0.1. 100 μL of the diluted culture was added to each well to create a final 

OD600 of 0.05 in all wells. For M. smegmatis strains, the plates were incubated at 37 °C on an 

orbital shaker set at 110 rpm for 1 day. At the end of the incubation period, the culture in all 
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wells was manually resuspended, and the OD600 was read using a TECAN Infinite Pro 200 

plate reader. The MIC50 reported represents the concentration that inhibits 50% of growth 

compared to the untreated culture. 

 

Table 2.8 IC50 and MIC50 values of GaMF1 analogs in this work 

Compound IC50 (μM)a MIC50 (μM)a 

 

0.3288 10.88 

 

2.20 ± 0.04 >100c 

 

0.708 ± 0.011 79.8 ± 13.9 

 

2.94 ± 0.03b >100c 

 

18.0 ± 0.2 >100c 

 

22.0 ± 1.1 >100c 
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14.7 ± 2.9 97.4 ± 8.7 

 

38.3 ± 0.6 >100c 

 

29.4 ± 2.6 >100c 

Br
N
H

O
H
N

N N

N NHEt

N2.19  

40.7 ± 1.3 >100c 

Br
N
H

O
H
N

N N

N NHEt

HN2.20  

5.15 ± 0.25 >100c 

 

26.0 ± 0.7b >100c 

 

0.993 ± 0.106b >100c 

 

1.69 ± 0.06 >100c 
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1.86 ± 0.02 92.7 ± 26.2 

 

2.55 ± 0.02 >100c 

 

1.58 ± 0.10b 89.6 ± 5.9 

 

1.99 ± 0.02b >100c 

 

> 100c >100c 

 

> 100c >100c 
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1.28 ± 0.09 22.4 ± 1.1 

 

3.41 ± 0.08 52.7 ± 4.5 

 

6.78 ± 0.28 82.4 ± 13.9 

 

12.7 ± 0.1 >100c 

 

5.89 ± 0.73 >100c 

 

5.09 ± 0.87 >100b 

 

1.67 ± 0.04 19.9 ± 3.3 

 

2.79 ± 0.08 35.7 ± 4.5 
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74.3 ± 29.1 >100c 

a All experiments were performed in triplicate 
b Subinhibitory concentrations were determined (the curve showed an incomplete curve) 
c IC50s or MIC50s were above the studying range at 100 μM 

 

Synthetic procedures 

All moisture-sensitive reactions were carried out under a nitrogen atmosphere using 

oven-dried glassware (120 oC), which was cooled under vacuum. Syringes and needles were 

dried under vacuum for at least 30 minutes before use. Anhydrous THF was freshly distilled 

from sodium metal with benzophenone under a nitrogen atmosphere before use, while 

Anhydrous DCM was distilled from CaH2 under nitrogen. Anhydrous DMF was distilled under 

reduced pressure from CaH2 under nitrogen and stored under 4Å molecular sieves. All other 

solvents and reagents were used as received. Flash column chromatography was performed on 

230–400 mesh particle-sized silica gel. 

All synthetic compounds in this research were structurally elucidated by 1H-NMR, 13C-

NMR, IR spectroscopy, or mass spectrometry. The minimum purity of target compounds (2.4, 

2.11–2.22, 2.25–2.29, 2.37, 2.61–2.66, 2.70–2.72) for biological assays was accepted at 90%, 

and the purity was confirmed by 1H- and 13C- NMR spectroscopy. All supporting spectra 

information (1H- and 13C-NMR spectra) for this chapter were shown in Appendix A. 

1H- and 13C- NMR spectra were recorded in deuterated solvents (CDCl3 or DMSO-d6) 

at 400 MHz and 100 MHz, respectively, using JEOL ECA 400 and ECA 400SL spectrometers. 

Chemical shifts are reported in part per million (ppm), and coupling constants are recorded in 

Hertz (Hz). Infrared spectra were recorded using Spectrum 100 ATR-IR spectrometer (Perkin-
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Elmer) and reported in cm-1. Molecular weights were recorded using a high-resolution mass 

spectrometer equipped with Waters acquity UPLC (Waters Xeco G2-X2 MS) or a low-

resolution mass spectrometer (Thermo Scientific LTQ XL MS). Melting points were recorded 

using Optimelt.  

 

General Procedure 1: Synthesis of N-(4-nitrophenyl)benzamides13 

To the corresponding benzoic acid (1 eq.) in dichloromethane (1 mL/1 mmol of benzoic acid) 

was added dropwise oxalyl chloride (1.2 eq) in the presence of a catalytic amount of 

dimethylformamide. The mixture was stirred at room temperature for 1 hour and then 

concentrated. The residue was taken up in THF (2.5 mL/1 mmol of benzoic acid). 4-

Nitroaniline (1 eq) and K2CO3 (2 eq) were added, and the mixture was stirred for 16 hours at 

room temperature. The product was filtered and washed with water and hexane. 

 

3-Bromo-N-(4-nitrophenyl)benzamide (2.3) 

 

General procedure 1 was followed using m-bromobenzoic acid 2.1 (4.02 g, 20 mmol), oxalyl 

chloride (2.15 mL, 24 mmol), and anhydrous DMF (150 μL) in anhydrous DCM (20 mL). The 

resulting acid chloride was coupled to 4-nitroaniline (2.2; 2.77 g, 20 mmol) using K2CO3 (5.54 

g, 40 mmol) in anhydrous THF (30 mL). After completion, as indicated by TLC 

(hexanes:EtOAc 1:1; UV), THF was evaporated, and an aqueous solution of 2 M HCl was 

added to the crude reaction. The precipitate 2.3 was collected by filtration, followed by washing 

with water to obtain 3-bromo-N-(4-nitrophenyl)benzamide 2.3 as a yellow solid (6.19 g, 96% 

yield). 1H NMR (396 MHz, DMSO-d6) δ 10.85 (s, 1H), 8.25 (d, J = 9.0 Hz, 2H), 8.16 (s, 1H), 

8.04 (d, J = 9.0 Hz, 2H), 7.97 (d, J = 7.7 Hz, 1H), 7.82 (d, J = 7.8 Hz, 1H), 7.52 (t, J = 7.9 Hz, 
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1H); 13C NMR (100 MHz, DMSO-d6) δ 165.22, 145.70, 143.17, 136.88, 135.37, 131.26, 

130.99, 127.66, 125.28, 122.27, 120.49, 100.00. The analytical data are in agreement with those 

reported before.8 

 

N-(4-Aminophenyl)-3-bromobenzamide (2.4) 

 

3-Bromo-N-(4-nitrophenyl)benzamide (2.3; 6.19 g, 19.3 mmol) was hydrogenated in EtOAc 

(50 mL) with sulfur poisoned platinum on carbon (10% wt), for two days under 100 psi of H2 

at 100°C. The reaction mixture was filtered through celite, and the solvent was evaporated 

under reduced pressure. N-(4-Aminophenyl)-3-bromobenzamide 2.4 was obtained as a yellow 

solid (5.58 g, 99% yield). 1H NMR (396 MHz, DMSO-d6) δ 9.97 (s, 1H), 8.10 (t, J = 1.8 Hz, 

1H), 7.92 (ddd, J = 8.0, 2.0, 1.0 Hz, 1H), 7.75 (ddd, J = 8.0, 2.0, 1.0 Hz, 1H), 7.47 (t, J = 7.9 

Hz, 1H), 7.37 d, J = 8.8 Hz, 2H), 6.57 – 6.51 (d, J = 8.8 Hz, 2H), 4.96 (s, 2H); HRMS calcd 

for C13H12N2O79Br (M+ H+) 291.0133; found 291.0126; IR (KBr, cm-1) υmax 3267, 3063, 1643, 

1535, 1516; mp: dec. The analytical data are in agreement with those reported before.8 

  

4,6-Dichloro-N-ethyl-1,3,5-triazin-2-amine (2.9)  

 

A solution of cyanuric chloride (2.8; 1.02 g, 5.4 mmol) in CHCl3 (40 mL) was added dropwise 

to a solution of NaHCO3 (1.37 g, 16.3 mmol) and ethylamine hydrochloride (1.33 g, 16.3 mmol) 

in water (20 mL) at 0 °C. The mixture was stirred vigorously at 0 °C for 21 hours. After 

completion, as monitored by TLC (hexanes:EtOAc 1:4; UV), the organic layer was then 
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separated and washed with water twice and with brine. The CHCl3 was evaporated under 

reduced pressure to afford 4,6-dichloro-N-ethyl-1,3,5-triazin-2-amine 2.9 as a colorless solid 

(794 mg, 76% yield). 1H NMR (400 MHz, CDCl3) δ 5.90 (s, 1H), 3.53 (qd, J = 7.3, 6.0 Hz, 

1H), 1.26 (t, J = 7.3 Hz, 1H). The 1H NMR is in agreement with those reported before.15 

 

3-Bromo-N-(4-((4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 

(2.10) 

 

A solution of N-(4-aminophenyl)-3-bromobenzamide 2.4 (2.92 g, 10 mmol), 4,6-dichloro-N-

ethyl1,3,5-triazin-2-amine 2.9 (1.93 g, 10 mmol), and di-isopropylethylamine (1.75 mL, 10 

mmol) in dioxane (50 mL) was heated at reflux under nitrogen for 3 hours. The reaction was 

monitored by TLC (hexanes:EtOAc 1:1; UV). After the completion, water was added to the 

reaction mixture. The mixture was filtered and the precipitate was washed with a solution of 

5% 2-methoxyethanol in EtOAc to afford 3-bromo-N-(4-((4-chloro-6-(ethylamino)-1,3,5-

triazin-2-yl)amino)phenyl) benzamide 2.10 as a colorless solid (2.83 g, 63% yield). 1H NMRa 

(396 MHz, DMSO-d6) δ 10.30 (s, 1H), 10.05 and 9.91 (2 br s, 1H, rotamer), 9.91 (s, 1H), 8.13 

(s, 2H), 7.95 (d, J = 7.6 Hz, 1H), 7.84 – 7.57 (m, 4H), 7.49 (t, J = 7.8 Hz, 1H), 3.52 – 3.10 (m, 

2H), 1.67 – 0.95 (m, 3H); 13C NMRa (100 MHz, DMSO-d6) δ 168.4, 167.7, 165.2, 163.6, 163.1, 

137.1, 135.0, 134.2, 134.0, 130.6, 130.2, 126.8, 121.7, 120.8, 120.3, 35.4, 35.2, 14.6, 14.2; 

HRMS calcd for C18H17N6O35Cl79Br (M+ H+) 477.0336; found 477.0327; IR (KBr) 3433, 3333, 

3260, 3121, 2982, 1678, 1639, 1585, 1551, 1512, 1420 cm-1; mp: dec. 

aThe compound exists as a mixture of rotamers. 
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General Procedure 2: Nucleophilic aromatic substitution of chlorotriazine 2.10 with 

nucleophiles  

The chlorotriazine (1 eq.) and the nucleophile (2.5 – 10 eq.) were dissolved in dioxane (7 mL 

/1 mmol of chlorotriazine). The reaction was stirred and heated at the indicated temperature. 

After completion, the mixture was poured into water. The desired product was collected by 

filtration and washed with water. 

 

3-Bromo-N-(4-((4-(ethylamino)-6-(piperizin-1-yl)-1,3,5-triazin-2-yl)amino)phenyl) 

benzamide (2.11) 

 

General procedure 2 was followed using piperazine hexahydrate (164 mg, 0.84 mmol) and 3-

bromo-N-(4-((4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.10 (150 

mg, 0.34 mmol) in dioxane (2 mL). After stirring at room temperature for 1 day, the reaction 

was monitored by TLC (hexanes:EtOAc 2:3; UV). 3-Bromo-N-(4-((4-(ethylamino)-6-

(piperizin-1-yl)- 1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.11 was obtained as a colorless 

solid (137 mg, 82% yield). 1H NMRa (396 MHz, DMSO-d6) δ 10.21 (s, 1H), 8.97, and 8.82 (2 

br s, 1H, rotamer), 8.13 (t, J = 1.7 Hz, 1H), 7.94 (d, J = 7.9 Hz, 1H), 7.78 (d, J = 7.9 Hz, 1H), 

7.70 (d, J = 9.0 Hz, 2H), 7.61 (d, J = 8.9 Hz, 2H), 7.49 (t, J = 7.9 Hz, 1H), 6.82 (br s, 1H), 3.63 

(br s, 4H), 3.40 – 3.25 (m, 2H), 2.69 (br s, 4H), 1.11 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, 

DMSO-d6) δ 165.6, 164.6, 164.0, 163.5, 137.2, 136.9, 134.1, 132.4, 130.6, 130.1, 126.7, 121.7, 

120.7, 119.5, 45.6, 44.0, 34.8, 15.1; HRMS calcd for C22H26N8O79Br (M+ H+ ) 497.1413; found 
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497.1417; IR (KBr, cm-1) υmax 3418, 3300, 3066, 2968, 2927, 2857, 1654, 1582, 1543, 1508, 

1420; mp: dec. 

aThe compound exists as a mixture of rotamers. 

 

3-Bromo-N-(4-((4-(ethylamino)-6-(4-methylpiperizin-1-yl)-1,3,5-triazin-2-yl)amino) 

phenyl)benzamide (2.12) 

 

General procedure 2 was followed using 1-methylpiperazine (160 μL, 1.4 mmol) and 3-bromo-

N-(4-((4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.10 (125 mg, 

0.28 mmol) in dioxane (2 mL). After stirring at room temperature for 1 day, the reaction was 

monitored by TLC (hexanes:EtOAc 2:3; UV). 3-Bromo-N-(4-((4-(ethylamino)-6-(4-

methylpiperizin-1-yl)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.12 was obtained as a 

colorless solid (127 mg, 0.25 mmol, 89% yield). 1H NMRa (400 MHz, DMSO-d6) δ 10.21 (s, 

1H), 9.00, and 8.85 (2 br s, 1H, rotamer), 8.13 (s, 1H), 7.95 (s, 1H), 7.87 – 7.31 (m, 6H), 6.87 

(br s, 1H), 3.70 (s, 4H), 3.45 – 3.20 (m, 2H), 2.31 (s, 4H), 2.19 (s, 3H), 1.11 (s, 3H); 13C NMR 

(100 MHz, DMSO-d6) δ 165.5, 164.5, 164.0, 163.5, 137.2, 136.9, 134.1, 132.5, 130.6, 130.1, 

126.7, 121.7, 120.7, 119.5, 54.5, 45.9, 42.6, 34.8, 15.1; HRMS calcd for C23H28N8O79Br (M+ 

H+ ) 511.1569; found 511.1564; IR (KBr, cm-1) υmax 3422, 3321, 3075, 2936, 2801, 1651, 1582, 

1543, 1508, 1420; mp: dec. 

aThe compound exists as a mixture of rotamers. 
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3-Bromo-N-(4-((4-(ethylamino)-6-(piperidin-1-yl)-1,3,5-triazin-2-yl)amino)phenyl) 

benzamide (2.13) 

 

General procedure 2 was followed using piperidine (110 μL, 1.1 mmol) and 3-bromo-N-(4-((4-

chloro-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.10 (100 mg, 0.22 mmol) 

in dioxane (1.5 mL). After stirring at room temperature for 2 hours, the reaction was monitored 

by TLC (hexanes:EtOAc 2:3; UV). 3-Bromo-N-(4-((4-(ethylamino)-6-(piperidin-1-yl)-1,3,5-

triazin-2-yl)amino)phenyl)benzamide 2.13 was obtained as a colorless solid (80.5 mg, 73% 

yield). 1H NMRa (396 MHz, DMSO-d6) δ 10.21 (s, 1H), 8.87 (2 br s, 1H, rotamer), 8.13 (s, 

1H), 7.94 (d, J = 7.8 Hz, 1H), 7.78 (d, J = 8.2 Hz, 1H), 7.71 (d, J = 8.9 Hz, 2H), 7.60 (d, J = 

8.7 Hz, 2H), 7.49 (t, J = 7.9 Hz, 1H), 6.81 (s, 1H), 3.70 (s, 4H), 3.45 – 3.25 (m, 2H), 1.62 (s, 

2H), 1.51 (m, 4H), 1.11 (t, J = 7.1 Hz, 3H); 13C NMRa (100 MHz, DMSO-d6) δ 165.7, 165.5, 

164.4, 164.3, 164.1, 163.5, 137.2, 137.0, 134.1, 132.4, 130.6, 130.1, 126.7, 121.7, 120.7, 119.4, 

43.5, 34.8, 25.4, 24.5, 15.1; HRMS calcd for C23H27N7O79Br (M+ H+) 496.1460; found 

496.1458; IR (KBr, cm-1) υmax 3437, 3294, 2936, 2855, 1651, 1593, 1508, 1423; mp: dec.  

aThe compound exists as a mixture of rotamers. 
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3-Bromo-N-(4-((4-(ethylamino)-6-morpholino-1,3,5-triazin-2-yl)amino)phenyl) 

benzamide (2.14) 

Br
N
H

O
H
N

N N

N NHEt

N

O

2.14

 

General procedure 2 was followed using morpholine (216 μL, 2.5 mmol) and 3-bromo-N-(4-

((4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.10 (150 mg, 0.34 

mmol) in dioxane (2 mL). After stirring at 80 °C for 1 day, the reaction was monitored by TLC 

(hexanes:EtOAc 1:1; UV). 3-Bromo-N-(4-((4-(ethylamino)-6-morpholino-1,3,5-triazin-2-

yl)amino)phenyl)benzamide 2.14 was obtained as a colorless solid (154 mg, 92% yield). 1H 

NMRa (396 MHz, DMSO-d6) δ 10.21 (s, 1H), 9.03, and 8.88 (2 br s, 1H, rotamer), 8.13 (s, 

1H), 7.94 (d, J = 7.9 Hz, 1H), 7.78 (d, J = 7.8 Hz, 1H), 7.70 (d, J = 8.9 Hz, 2H), 7.61 (d, J = 

8.8 Hz, 2H), 7.49 (t, J = 7.9 Hz, 1H), 6.87 (br s, 1H), 3.68 (s, 4H), 3.62 (s, 4H), 3.40 – 3.25 (m, 

2H), 1.11 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, DMSO-d6) δ 165.6, 164.8, 163.9, 163.5, 

137.2, 136.8, 134.1, 132.6, 130.6, 130.1, 126.7, 121.7, 120.7, 119.6, 66.0, 43.3, 34.8, 14.9; 

HRMS calcd for C22H25N7O2
79Br (M+ H+) 498.1253; found 498.1252; IR (KBr, cm-1) υmax 

3321, 3065, 2968, 1680, 1562, 1501; mp: dec. 

aThe compound exists as a mixture of rotamers. 
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N-(4-((4-((2-Aminoethyl)amino)-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)-3-

bromobenzamide (2.15) 

 

General procedure 2 was followed using ethylenediamine (56 μL, 0.84 mmol) and 3-bromo-N-

(4-((4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.10 (151 mg, 0.34 

mmol) in dioxane (2 mL). After stirring at 50 °C for 2 days, the reaction was monitored by 

TLC (hexanes:EtOAc 2:3; UV). N-(4-((4-((2-Aminoethyl)amino)-6-(ethylamino)-1,3,5-

triazin-2-yl)amino)phenyl)-3-bromobenzamide 2.15 was obtained as a colorless solid (138 mg, 

0.29 mmol, 86% yield). 1H NMRa (396 MHz, DMSO-d6) δ 10.20 (s, 1H), 8.95, 8.83, and 8.72 

(3 br s, 1H), 8.13 (s, 1H), 7.94 (d, J = 7.6 Hz, 1H), 7.83 – 7.69 (m, 3H), 7.60 (d, J = 8.2 Hz, 

2H), 7.49 (t, J = 7.8, 1H), 6.90 – 6.49 (m, 2H), 3.50 – 3.00 (m, 4H), 2.68 (s, 2H), 1.10 (t, J = 

6.4 Hz, 3H); 13C NMR (100 MHz, DMSO-d6) δ 165.8, 165.5, 163.9, 163.4, 137.2, 137.1, 134.1, 

132.3, 130.6, 130.1, 126.7, 121.6, 120.7, 119.4, 43.6, 41.4, 34.7, 15.1; HRMS calcd for 

C20H24N8O79Br (M+ H+) 471.1256; found 471.1262; IR (KBr, cm-1) υmax 3418, 3294, 3065, 

2970, 2929, 2872, 1654, 1564, 1423; mp: dec. 

aThe compound exists as a mixture of rotamers. 
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N-(4-((4-((3-Aminopropyl)amino)-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)-3-

bromobenzamide (2.16) 

 

General procedure 2 was followed using 1,3-diaminopropane (70 μL, 0.84 mmol) and 3-

bromo-N-(4-((4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.16 (150 

mg, 0.34 mmol) in dioxane (2 mL). After stirring at 50 °C for 2 days, the reaction was 

monitored by TLC (hexanes:EtOAc 2:3; UV). N-(4-((4-((3-Aminopropyl)amino)-6-

(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)-3-bromobenzamide 2.16 was obtained as a 

colorless solid (126 mg, 77% yield). 1H NMRa (396 MHz, DMSO-d6) δ 10.19 (s, 1H), 8.91, 

and 8.77 (2 br s, 1H), 8.13 (s, 1H), 7.94 (d, J = 7.9 Hz, 1H), 7.83 – 7.68 (m, 3H), 7.60 (d, J = 

8.9 Hz, 2H), 7.49 (t, J = 7.9 Hz, 1H), 6.74 (br s, 1H), 3.63 – 3.45 (m, 4H), 3.40 – 3.24 (m, 2H),  

1.18 – 1.06 (m, 5H); 13C NMR (100 MHz, DMSO-d6) δ 165.6, 163.9, 163.4, 137.2, 137.1, 

134.1, 132.3, 130.6, 130.1, 126.7, 121.7, 120.7, 119.4, 37.8, 37.6, 34.7, 33.0, 15.1; HRMS 

calcd for C21H26N8O79Br (M+ H+) 485.1413; found 485.1409; IR (KBr, cm-1) υmax 3415, 3294, 

3065, 2970, 1651, 1564, 1512; mp: dec. 

aThe compound exists as a mixture of rotamers. 
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3-Bromo-N-(4-((4-(ethylamino)-6-((2-hydroxyethyl)amino)-1,3,5-triazin-2-yl)amino) 

phenyl)benzamide (2.17) 

 

General procedure 2 was followed using ethanolamine (140 μL, 2.2 mmol) and 3-bromo-N-(4-

((4- chloro-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.10 (201 mg, 0.45 

mmol) in dioxane (2 mL). After stirring at 50 °C for 2 day, the reaction was monitored by TLC 

(hexanes:EtOAc 2:3; UV). 3-Bromo-N-(4-((4-(ethylamino)-6-((2-hydroxyethyl)amino)-1,3,5-

triazin-2-yl)amino)phenyl)benzamide (2.17) was obtained as a colorless solid (183 mg, 0.39 

mmol, 86% yield). 1H NMRa (396 MHz, DMSO-d6) δ 10.20 (s, 1H), 8.95, 8.85, and 8.72 (3 br 

s, 1H, rotamer), 8.13 (t, J = 1.7 Hz, 1H), 7.94 (d, J = 7.9 Hz, 1H), 7.84 – 7.70 (m, 3H), 7.60 (d, 

J = 8.8 Hz, 2H), 7.49 (t, J = 7.9 Hz, 1H), 7.00 – 6.38 (m, 2H), 4.67 (br s, 1H), 3.51 (s, 2H), 

3.34 – 3.20 (m, 4H), 1.10 (t, J = 7.0 Hz, 3H); 13C NMR (100 MHz, DMSO-d6) δ 165.8, 165.5, 

163.9, 163.4, 137.2, 137.0, 134.1, 132.4, 130.6, 130.1, 126.7, 121.7, 120.7, 119.4, 60.2, 42.8, 

34.7, 15.1; HRMS calcd for C20H23N7O2
79Br (M+ H+) 472.1097; found 472.1090; IR (KBr, 

cm-1) υmax 3428, 3321, 2930, 1651, 1543, 1514; mp: dec. 

aThe compound exists as a mixture of rotamers. 
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3-Bromo-N-(4-((4-(diethylamino)-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl) 

benzamide (2.19) 

 

General procedure 2 was followed using diethylamine (240 μL, 2.2 mmol) and 3-bromo-N-(4- 

((4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.10 (101 mg, 0.22 

mmol) in dioxane (1.5 mL). After stirring at 80 ᵒC for 5 days, the reaction was monitored by 

1H NMR spectroscopy. 3-Bromo-N-(4-((4-(diethylamino)-6-(ethylamino)-1,3,5-triazin-2-

yl)amino)phenyl) benzamide 2.19 was obtained as a brown solid (43.4 mg, 41% yield). 1H 

NMRa (396 MHz, DMSO-d6) δ 10.19 (s, 1H), 8.84 (2 br s, 1H, rotamer), 8.13 (t, J = 1.7 Hz, 

1H), 7.94 (d, J = 7.9 Hz, 1H), 7.82 – 7.67 (m, 3H), 7.60 (d, J = 8.9 Hz, 2H), 7.49 (t, J = 7.9 Hz, 

1H), 6.75 (br s, 1H), 3.64 – 3.43 (m, 4H), 3.34 – 3.27 (m, 2H), 1.18 – 1.07 (m, 9H); 13C NMR 

(100 MHz, DMSO-d6) δ 164.1, 163.9, 163.4, 137.2, 137.1, 134.1, 132.3, 130.6, 130.1, 126.7, 

121.6, 120.6, 119.2, 34.7, 15.1, 13.4; HRMS calcd for C22H27N7O79Br (M+ H+) 484.1460; 

found 484.1467; IR (KBr, cm-1) υmax 3426, 3294, 2972, 2930, 1653, 1618, 1585, 1543, 1510; 

mp: dec. 

aThe compound exists as a mixture of rotamers. 
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N-(4-((4-(Allylamino)-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)-3-

bromobenzamide (2.20) 

 

General procedure 2 was followed using allylamine (170 μL, 2.2 mmol) and 3-bromo-N-(4-

((4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.10 (202 mg, 0.44 

mmol) in dioxane (2.5 mL). After stirring at 80 °C for 3 days, the reaction was monitored by 

TLC (hexanes:EtOAc 2:3; UV). N-(4-((4-(Allylamino)-6-(ethylamino)-1,3,5-triazin-2-

yl)amino) phenyl)-3-bromobenzamide 2.20 was obtained as a colorless solid (188 mg, 0.40 

mmol, 91% yield). 1H NMR (396 MHz, DMSO-d6) δ 10.20 (s, J = 18.5 Hz, 1H), 9.09 – 8.61 

(m, 1H), 8.13 (t, J = 1.7 Hz, 1H), 7.94 (d, J = 7.9 Hz, 1H), 7.83 – 7.68 (m, 3H), 7.60 (d, J = 8.9 

Hz, 2H), 7.49 (t, J = 7.9 Hz, 1H), 7.14 – 6.56 (m, 2H), 5.90 (ddd, J = 22.1, 10.3, 5.2 Hz, 1H), 

5.15 (d, J = 17.2 Hz, 1H), 5.05 (dd, J = 10.3, 1.6 Hz, 1H), 3.90 (s, 2H), 3.37 – 3.23 (m, 2H), 

1.10 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, DMSO-d6) δ 165.6, 165.5, 164.0, 163.4, 137.2, 

137.0, 136.4, 134.1, 132.4, 130.6, 130.1, 126.7, 121.6, 120.6, 119.4, 114.5, 42.4, 34.7, 15.1; 

HRMS calcd for C21H23N7O79Br (M+ H+) 468.1147; found 468.1146; IR (KBr, cm-1) υmax 3429, 

3397, 3277, 3179, 2934, 1645, 1608, 1578, 1543, 1491; mp: dec. 
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General Procedure 3: Nucleophilic aromatic substitution of chlorotriazine 2.10 with 

nucleophiles using Cs2CO3  

The chlorotriazine (1 eq.) and the nucleophile (2 – 4 eq.) were dissolved in dioxane (7 mL/1 

mmol of chlorotriazine). Cs2CO3 (1 eq.) was added to the solution. The mixture was stirred at 

the indicated temperature. After the completion, the reaction mixture was poured into water. 

The desired product was collected by filtration, washing with a suitable solvent, as indicated 

below. 

 

N-(4-((4,6-Bis(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)-3-bromobenzamide (2.18) 

 

General procedure 3 was followed using ethylamine hydrochloride (74.5 mg, 0.91 mmol), 3-

bromo-N-(4-((4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.10 (101 

mg, 0.22 mmol), and Cs2CO3 (151 mg, 0.44 mmol) in dioxane (1.5 mL). After stirring at 50 ᵒC 

for 2 days, the reaction was monitored by TLC (hexanes:EtOAc 2:3; UV). N-(4-((4,6-

Bis(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)-3-bromobenzamide 2.18 was obtained as a 

colorless solid (81.0 mg, 0.18 mmol, 81% yield). 1H NMR (396 MHz, DMSO-d6) δ 10.19 (s, 

1H), 9.13 – 8.55 (m, 1H), 8.13 (s, 1H), 7.94 (d, J = 7.8 Hz, 1H), 7.85 – 7.67 (m, 3H), 7.59 (d, 

J = 8.7 Hz, 2H), 7.49 (t, J = 7.9 Hz, 1H), 6.97 – 6.51 (m, 2H), 3.35 – 3.21 (m, 4H), 1.10 (t, J = 

6.8 Hz, 6H); 13C NMR (100 MHz, DMSO-d6) δ 165.6, 165.4, 164.0, 163.4, 137.2, 137.1, 134.1, 

132.3, 130.6, 130.1, 126.7, 121.6, 120.7, 119.4, 34.7, 15.1; HRMS calcd for C20H23N7O79Br 

(M+ H+) 456.1147; found 456.1146; IR (KBr, cm-1) υmax 3397, 3275, 2972, 2932, 1645, 1611, 

1578, 1510; mp: dec. 
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3-Bromo-N-(4-((4-(ethylamino)-6-((2-hydroxyethyl)thio)-1,3,5-triazin-2-

yl)amino)phenyl)benzamide (2.21) 

 

General procedure 3 was followed using 2-mercaptoethanol (42 μL, 0.60 mmol), 3-bromo-N- 

(4-((4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.10 (134 mg, 0.30 

mmol), and Cs2CO3 (98.3 mg, 0.30 mmol) in dioxane (2 mL). After stirring at 80 ᵒC for 2 days, 

the reaction was monitored by TLC (hexanes:EtOAc 2:3; UV). 3-Bromo-N-(4-((4-

(ethylamino)-6-((2-hydroxyethyl)thio)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.21 was 

obtained as a colorless solid (116 mg, 0.24 mmol, 79% yield). 1H NMRa (396 MHz, DMSO-

d6) δ 10.26 (s, 1H), 9.53, and 9.42 (2 br s, 1H), 8.13 (s, 1H), 7.95 (d, J = 7.8 Hz, 1H), 7.77 (d, 

J = 7.8 Hz, 1H), 7.74 – 7.60 (m, 4H), 7.50 (t, J = 7.9 Hz, 1H), 4.94 – 4.89 (m, 1H), 3.68 – 3.60 

(m, 2H), 3.39 – 3.28 (m, 2H), 3.15 (t, J = 6.6 Hz, 2H), 2.87 – 2.76 (m, 1H), 1.19 – 1.07 (m, 

3H); 13C NMRa (100 MHz, DMSO-d6) δ 178.7, 178.2, 163.9, 163.7, 163.6, 162.5, 162.2, 137.2, 

135.8, 134.1, 133.3, 130.6, 130.2, 126.8, 121.7, 120.7, 120.0, 34.9, 23.4, 23.2, 15.1, 14.8, 14.5; 

HRMS calcd for C20H22N6O2S79Br (M+ H+) 489.0708; found 489.0704; IR (KBr, cm-1) υmax 

3277, 3059, 2968, 2930, 1686, 1655, 1578, 1560, 1508; mp: dec. 

aThe compound exists as a mixture of rotamers. 
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3-Bromo-N-(4-((4-(ethylamino)-6-(ethylthio)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 

(2.22) 

Br
N
H

O
H
N

N N

N NHEt

S2.22  

General procedure 3 was followed using ethanethiol (64 μL, 0.88 mmol), 3-bromo-N-(4-((4- 

chloro-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.10 (101 mg, 0.22 mmol), 

and Cs2CO3 (80 mg, 0.22 mmol) in dioxane (1.5 mL). After stirring at 80 ᵒC for 5 days, the 

reaction was monitored by TLC (hexanes:EtOAc 1:1; UV). 3-Bromo-N-(4-((4-(ethylamino)-

6-(ethylthio)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.22 was obtained as a colorless solid 

(65.7 mg, 0.14 mmol, 63% yield). 1H NMRa (396 MHz, DMSO-d6) δ 10.26 (s, 1H), 9.52, and 

9.41 (2 br s, 1H), 8.14 (s, 1H), 7.95 (d, J = 7.9 Hz, 1H), 7.78 (d, J = 8.1 Hz, 1H), 7.75 – 7.60 

(m, 4H), 7.49 (t, J = 7.9 Hz, 1H), 3.38 – 3.27 (m, 2H), 3.08 – 3.00 (m, 2H), 1.31 (q, J = 7.2 Hz, 

3H), 1.13 (q, J = 7.1 Hz, 3H); 13C NMRa (100 MHz, DMSO-d6) δ 164.1, 163.9, 163.8, 162.6, 

162.4, 137.4, 136.0, 136.0, 134.4, 133.6, 133.5, 130.8, 130.4, 127.0, 121.9, 120.9, 120.2, 60.5, 

41.4, 35.1, 32.1, 31.9, 15.0, 14.8; HRMS calcd for C20H22N6OS79Br (M+ H+) 473.0759; found 

473.0768; IR (KBr, cm-1) υmax 3397, 3273, 3138, 2970, 2928, 1643, 1616, 1547, 1510; mp: dec. 

aThe compound exists as a mixture of rotamers. 
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tert-Butyl piperazine-1-carboxylate (2.31) 

 

An aqueous solution of NaOH (2 M, 12.5 mL) was added dropwise to a solution of piperazine 

hexahydrate 2.30 (12.16 g, 62.5 mmol) and di-tert-butyl dicarbonate (Boc2O; 4.86 g, 25 mmol) 

in tert-butyl alcohol (75 mL). The mixture was stirred at ambient temperature for 12 hours. 

Volatiles were evaporated under reduced pressure. Water was added, solids were removed by 

filtration, and the filtrate was extracted with DCM 3 times. The combined organic layers were 

dried (Na2SO4) and evaporated under reduced pressure to give tert-butyl piperazine-1-

carboxylate 2.31 as a white solid (3.45 g, 18.5 mmol, 74% yield). 1H NMR (400 MHz, CDCl3) 

δ 3.56 – 3.28 (m, 4H), 2.92 – 2.70 (m, 4H), 1.46 (s, 9H). The 1H NMR is in agreement with 

those reported before.18 

 

General procedure 4: reductive amination of tert-butyl piperazine-1-carboxylate with 

aldehydes  

tert-butyl piperazine-1-carboxylate 2.31 (1 eq.), and the aldehyde (1 – 4 eq.) were dissolved in 

MeOH (2 mL/1 mmol of 2.31). NaOAc (2.2 eq.) and 10% Pd/C (10% wt of starting material) 

were added. The mixture was stirred under hydrogen (1 atm) at ambient temperature. After the 

completion, the mixture was filtered through celite. The filtrate was evaporated under reduced 

pressure. Water was added, and the solution was basified to pH 10 with a 2 M aqueous NaOH 

solution. The solution was extracted with DCM 3 times. The combined organic layers were 

washed with water and brine, followed by evaporation under reduced pressure. 
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tert-Butyl 4-propylpiperazine-1-carboxylate (2.32) 

 

General procedure 4 was followed using tert-butyl piperazine-1-carboxylate 2.31 (378 mg, 2 

mmol), propionaldehyde (0.290 mL, 4 mmol), 10% Pd/C (38.4 mg), and anhydrous NaOAc 

(366 mg, 4.4 mmol) in MeOH (4 mL). After stirring at ambient temperature under hydrogen 

for 2 days, the reaction was monitored by TLC (EtOAc; KMnO4). tert-Butyl 4-

propylpiperazine-1-carboxylate 2.32 was obtained as yellow liquid (477 mg, quantitative). 1H 

NMR (400 MHz, CDCl3) δ 3.47 – 3.37 (m, 4H), 2.42 – 2.33 (m, 4H), 2.32 – 2.25 (m, 2H), 1.53 

(sex, J = 7.6 Hz, 2H), 1.46 (s, 9H), 0.90 (t, J = 7.4 Hz, 3H). The 1H NMR is in agreement with 

those reported before.35 

 

tert-Butyl 4-isopropylpiperazine-1-carboxylate (2.33) 

 

General procedure 4 was followed using tert-butyl piperazine-1-carboxylate 2.31 (378 mg, 2 

mmol), acetone (300 μL, 4 mmol), 10% Pd/C (40.0 mg), and anhydrous NaOAc (366 mg, 4.4 

mmol) in MeOH (4 mL). After stirring at ambient temperature under hydrogen for 2 days, the 

reaction was monitored by TLC (EtOAc; KmnO4). tert-Butyl 4-isopropylpiperazine-1-

carboxylate 2.33 was obtained as yellow liquid (417 mg, 91% yield). 1H NMR (400 MHz, 

CDCl3) δ 3.46 – 3.36 (m, 4H), 2.70 (sep, J = 6.5 Hz, 1H), 2.52 – 2.37 (m, 4H), 1.46 (s, 9H), 

1.04 (d, J = 6.5 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 154.8, 79.6, 54.7, 48.5, 44.0, 28.5, 
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18.4; HRMS calcd for C12H25N2O2 (M+ H+) 229.1916; found 229.1920; IR (ATR, cm-1) υmax 

3266, 2973, 2933, 2862, 2814, 1695. 

 

tert-Butyl 4-hexylpiperazine-1-carboxylate (2.34) 

 

General procedure 4 was followed using tert-butyl piperazine-1-carboxylate 2.31 (377 mg, 2 

mmol), n-hexanal (250 μL, 2 mmol), 10% Pd/C (39.0 mg), and anhydrous NaOAc (365 mg, 

4.4 mmol) in MeOH (4 mL). After stirring at ambient temperature under hydrogen for 2 days, 

the reaction was monitored by TLC (EtOAc; KMnO4). The crude mixture was purified by 

column chromatography on silica gel using EtOAc as an isocratic eluent to afford tert-butyl 4-

hexylpiperazine-1-carboxylate 2.34 as yellow liquid (294 mg, 1.1 mmol, 55% yield). 1H NMR 

(400 MHz, CDCl3) δ 3.48 – 3.38 (m, 4H), 2.42 – 2.28 (m, 6H), 1.52 – 1.47 (m, 2H), 1.46 (s, 

9H), 1.34 – 1.24 (m, 6H), 0.88 (t, J = 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 154.8, 79.6, 

58.9, 53.1, 43.6, 31.8, 28.5, 27.3, 26.8, 22.6, 14.1; HRMS calcd for C15H31N2O2 (M+ H+) 

271.2386; found 271.2401; IR (ATR, cm-1) υmax 2957, 2929, 2810, 2774, 1696. 
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tert-Butyl 4-(cyclohexylmethyl)piperazine-1-carboxylate (2.35)  

 

General procedure 4 was followed using tert-butyl piperazine-1-carboxylate 2.31 (374 mg, 2 

mmol), cyclohexanecarboxaldehyde (225 mg, 2 mmol), 10% Pd/C (39.8 mg), and anhydrous 

NaOAc (368 mg, 4.4 mmol) in MeOH (4 mL). After stirring at ambient temperature under 

hydrogen for 2 days, the reaction was monitored by TLC (EtOAc; KMnO4). The crude mixture 

was purified by column chromatography on silica gel using EtOAc as an isocratic eluent to 

afford tert-butyl 4-(cyclohexylmethyl)piperazine-1-carboxylate 2.35 as yellow liquid (268 mg, 

47% yield). 1H NMR (400 MHz, CDCl3) δ 3.55 – 3.33 (m, 4H), 2.45 – 2.25 (m, 4H), 2.14 (d, 

J = 7.0 Hz, 2H), 1.83 – 1.59 (m, 5H), 1.46 (s, 9H), 1.33 – 1.11 (m, 4H), 1.01 – 0.77 (m, 2H); 

13C NMR (100 MHz, CDCl3) δ 155.0, 79.7, 65.7, 53.6, 43.8, 35.0, 32.0, 28.6, 26.9, 26.3;  

HRMS calcd for C16H31N2O2 (M+ H+) 283.2386; found 283.2376; IR (ATR, cm-1) υmax 2973, 

2921, 2854, 2806, 2770, 1694. 
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tert-Butyl 4-benzylpiperazine-1-carboxylate (2.36) 

 

General procedure 4 was followed using tert-butyl piperazine-1-carboxylate 2.31 (373 mg, 2 

mmol), benzaldehyde (205 mL, 2 mmol), 10% Pd/C (37.0 mg), and anhydrous NaOAc (363 

mg, 4.4 mmol) in MeOH (4 mL). After stirring at ambient temperature under hydrogen for 2 

days, the reaction was monitored by TLC (EtOAc; KMnO4). The crude mixture was purified 

by column chromatography on silica gel using EtOAc as an isocratic eluent to afford tert-butyl 

4-(cyclohexylmethyl)piperazine-1-carboxylate 2.36 as a yellow liquid (261 mg, 47% yield). 1H 

NMR (396 MHz, CDCl3) δ 7.37 (d, J = 4.6 Hz, 2H), 7.32 (m, 3H), 3.51 (s, 2H), 3.46 – 3.37 

(m, 4H), 2.44 – 2.33 (m, 4H), 1.45 (s, 9H). The 1H NMR is in agreement with those reported 

before.36 

 

General procedure 5: nucleophilic aromatic substitution of chlorotriazine with Boc-protected 

alkyl piperazine 

Boc-protected alkyl piperazine 2.32 – 2.36 (1.5 eq.) was dissolved in TFA/DCM (1:1, 0.5 mL/1 

mmol of Boc-protected alkyl piperazine). The solution was stirred for 1 hour, followed by 

evaporation to dryness to give the TFA salt. The residue was redissolved together with 3-

bromo-N-(4-((4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.10 (1 eq.) 

in dioxane (6.5 mL/1 mmol of 2.10). Cs2CO3 (3 – 4 eq.) was added to the solution. The reaction 

was stirred at room temperature. After the completion, the reaction mixture was poured into 

water, followed by filtration to collect the desired product. 
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3-Bromo-N-(4-((4-(ethylamino)-6-(4-propylpiperizin-1-yl)-1,3,5-triazin-2-

yl)amino)phenyl)benzamide (2.25) 

 

General procedure 5 was followed using tert-butyl 4-propylpiperazine-1-carboxylate 2.32 

(81.9 mg, 0.33 mmol) and TFA/DCM (1:1, 1 mL). After evaporation to dryness, the coupling 

step was performed using the residue, 3-bromo-N-(4-((4-chloro-6-(ethylamino)-1,3,5-triazin-

2-yl)amino)phenyl)benzamide 2.10 (103 mg, 0.22 mmol), and Cs2CO3 (295 mg, 0.91 mmol) 

in dioxane (1.5 mL). The mixture was stirred at room temperature for 2 days. The reaction was 

indicated the completion by TLC (hexanes:EtOAc 1:1; UV) to afford 3-bromo-N-(4-((4- 

(ethylamino)-6-(4-propylpiperizin-1-yl)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.25 as a 

colorless solid (85.5 mg, 71% yield). 1H NMRa (396 MHz, DMSO-d6) δ 10.23 (s, 1H), 8.98, 

and 8.83 (2 br s, 1H, rotamer), 8.11 (s, 1H), 7.93 (d, J = 7.4 Hz, 1H), , 7.77 (d, J = 7.8 Hz, 1H), 

7.69 (d, J = 8.7 Hz, 2H), 7.60 (d, J = 8.5 Hz, 2H), 7.48 (t, J = 7.7 Hz, 1H), 6.83 (br s, 1H), 3.69 

(s, 4H), 3.29 (s, 2H), 2.37 (s, 4H), 2.25 (t, J = 7.3 Hz, 2H), 1.45 (sextet, J = 7.3 Hz, 2H), 1.10 

(t, J = 7.0 Hz, 3H), 0.85 (t, J = 7.3 Hz, 3H); 13C NMRa (100 MHz, DMSO-d6) δ 165.9, 165.7, 

164.8, 164.7, 164.3, 164.2, 164.0, 137.4, 137.1, 134.5, 132.7, 131.0, 130.4, 127.0, 122.0, 121.2, 

119.9, 60.1, 52.8, 42.8, 35.1, 19.5, 15.3, 12.1; HRMS calcd for C25H32N8O79Br (M+ H+) 

539.1882; found 539.1890; IR (KBr, cm-1) υmax 3418, 3294, 3067, 2955, 2928, 2859, 1655, 

1585, 1543, 1508, 1420; mp: dec. 

aThe compound exists as a mixture of rotamers. 
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3-Bromo-N-(4-((4-(ethylamino)-6-(4-isopropylpiperizin-1-yl)-1,3,5-triazin-2-

yl)amino)phenyl)benzamide (2.26) 

 

General procedure 5 was followed using tert-butyl 4-isopropylpiperazine-1-carboxylate 2.33 

(77.6 mg, 0.33 mmol) and TFA/DCM (1:1, 1 mL). After evaporation to dryness, the coupling 

step was performed using the residue, 3-bromo-N-(4-((4-chloro-6-(ethylamino)-1,3,5-triazin-

2- yl)amino)phenyl)benzamide 2.10 (101 mg, 0.22 mmol), and Cs2CO3 (299 mg, 0.92 mmol) 

in dioxane (1.5 mL). The mixture was stirred at room temperature for 2 days. The reaction was 

indicated the completion by TLC (hexanes:EtOAc 1:1; UV) to afford 3-bromo-N-(4-((4- 

(ethylamino)-6-(4-isopropylpiperizin-1-yl)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.26 

as a colorless solid (42.7 mg, 36% yield). 1H NMR (396 MHz, CDCl3) δ 8.06 (s, 1H), 7.94 (s, 

1H), 7.71 (d, J = 6.6 Hz, 1H), 7.59 (d, J = 7.1 Hz, 1H), 7.49 (s, 4H), 7.36 – 6.96 (m, 2H), 5.04 

(br s, 1H), 3.78 (s, 4H), 3.38 (s, 2H), 2.68 (s, 1H), 2.50 (s, 4H), 1.15 (s, 3H), 1.04 (s, 6H); 13C 

NMR (100 MHz, CDCl3) δ 166.1, 164.9, 164.4, 137.1, 136.7, 134.7, 132.2, 130.3, 125.8, 122.9, 

121.2, 120.4, 54.7, 48.7, 43.5, 35.7, 18.6, 15.2; HRMS calcd for C25H32N8O79Br (M+ H+) 

539.1882; found 539.1870; IR (KBr, cm-1) υmax 3422, 3298, 2967, 2932, 2924, 1655, 1582, 

1543, 1508, 1420; mp: dec. 
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3-Bromo-N-(4-((4-(ethylamino)-6-(4-hexylpiperizin-1-yl)-1,3,5-triazin-2-

yl)amino)phenyl)benzamide (2.27) 

 

General procedure 5 was followed using tert-butyl 4-hexylpiperazine-1-carboxylate 2.34 (94.3 

mg, 0.33 mmol) and TFA/DCM (1:1, 1 mL). After evaporation to dryness, the coupling step 

was performed using the residue, 3-bromo-N-(4-((4-chloro-6-(ethylamino)-1,3,5-triazin-2-

yl)amino)phenyl)benzamide 2.10 (104 mg, 0.22 mmol), and Cs2CO3 (298 mg, 0.92 mmol) in 

dioxane (1.5 mL). The mixture was stirred at room temperature for 2 days. The reaction was 

indicated the completion by TLC (hexanes:EtOAc 1:1; UV) to afford 3-bromo-N-(4-((4- 

(ethylamino)-6-(4-hexylpiperizin-1-yl)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.27 as a 

colorless solid (100 mg, 77% yield). 1H NMRa (396 MHz, DMSO-d6) δ 10.23 (s, 1H), 8.96, 

and 8.82 (2 br s, 1H, rotamer), 8.10 (s, 1H), 7.94 (d, J = 7.9 Hz, 1H), 7.77 (d, J = 8.1 Hz, 1H), 

7.69 (d, J = 8.9 Hz, 2H), 7.59 (d, J = 8.7 Hz, 2H), 7.48 (t, J = 7.9 Hz, 1H), 6.82 (br s, 1H), 3.68 

(s, 4H), 3.36 – 3.19 (m, 2H), 2.36 (s, 4H), 2.27 (t, J = 7.3 Hz, 2H), 1.33 – 1.16 (m, 8H), 1.09 

(t, J = 7.1 Hz, 3H), 0.84 (t, J = 6.6 Hz, 3H); 13C NMRa (100 MHz, DMSO-d6) δ 165.9, 165.8, 

164.9, 164.8, 164.3, 164.1, 137.4, 137.2, 134.5, 132.7, 131.0, 130.4, 127.0, 122.0, 121.2, 119.9, 

66.7, 61.0, 58.3, 52.9, 51.8, 42.8, 35.1, 31.5, 26.9, 26.3, 22.4, 15.3, 14.3; HRMS calcd for 

C28H38N8O79Br (M+ H+) 581.2352; found 581.2333; IR (KBr, cm-1) υmax 3418, 3294, 3067, 

2955, 2928, 2859, 1655, 1585, 1543, 1508, 1420; mp: dec. 

aThe compound exists as a mixture of rotamers. 
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3-Bromo-N-(4-((4-(4-(cyclohexylmethyl)piperizin-1-yl)-6-(ethylamino)-1,3,5-triazin-2-

yl)amino)phenyl)benzamide (2.28) 

 

General procedure 5 was followed using tert-butyl 4-(cyclohexylmethyl)piperazine-1-

carboxylate 2.35 (94.3 mg, 0.33 mmol) and TFA/DCM (1:1, 1 mL). After evaporation to 

dryness, the coupling step was performed using the residue, 3-bromo-N-(4-((4-chloro-6-

(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.10 (100 mg, 0.22 mmol), and 

Cs2CO3 (300 mg, 0.92 mmol) in dioxane (1.5 mL). The mixture was stirred at room temperature 

for 4 days. The reaction was indicated the completion by TLC (hexanes:EtOAc 1:1; UV) to 

afford 3-bromo-N-(4-((4-(4- (cyclohexylmethyl)piperizin-1-yl)-6-(ethylamino)-1,3,5-triazin-

2-yl)amino)phenyl) benzamide 2.28 as a colorless solid (106 mg, 81% yield). 1H NMR (396 

MHz, CDCl3) δ 8.04 (s, 1H), 7.97 (s, 1H), 7.74 (d, J = 5.5 Hz, 1H), 7.62 (d, J = 6.5 , 1H), 7.52 

(s, 4H), 7.36 – 7.22 (m, 1H), 7.16 (s, 1H), 5.03 (br s, 1H), 3.78 (s, 4H), 3.32 (s, 2H), 2.39 (s, 

4H), 2.29 – 2.02 (m, 2H), 1.97 – 1.59 (m, 5H), 1.40 – 1.02 (m, 7H), 1.02 – 0.76 (m, 2H); 13C 

NMR (100 MHz, CDCl3) δ 166.1, 165.0, 164.4, 137.2, 136.7, 134.7, 132.1, 130.3, 125.7, 122.9, 

121.2, 120.3, 65.9, 53.7, 43.3, 35.7, 35.1, 32.0, 26.9, 26.3, 15.2; HRMS calcd for 

C29H38N8O79Br (M+ H+) 593.2352; found 593.2344; IR (KBr, cm-1) υmax 3429, 2924, 2851, 

1655, 1585, 1543, 1508, 1420; mp: dec. 
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N-(4-((4-(4-Benzylpiperizin-1-yl)-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)-3-

bromobenzamide (2.29) 

 

General procedure 5 was followed using tert-butyl 4-benzylpiperazine-1-carboxylate 2.36 

(96.6 mg, 0.33 mmol) and TFA/DCM (1:1, 1 mL). After evaporation to dryness, the coupling 

step was performed using the residue, 3-bromo-N-(4-((4-chloro-6-(ethylamino)-1,3,5-triazin-

2-yl)amino)phenyl)benzamide 2.10 (100 mg, 0.22 mmol), and Cs2CO3, (219 mg, 0.67 mmol) 

in dioxane (1.5 mL). The mixture was stirred at room temperature for 4 days. The reaction was 

indicated the completion by TLC (hexanes:EtOAc 1:1; UV) to afford N-(4-((4-(4-

benzylpiperizin-1-yl)-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)-3-bromobenzamide 

2.29 as a colorless solid (81.0 mg, 62% yield). 1H NMR (396 MHz, CDCl3) δ 8.22 (s, 1H), 7.93 

(s, 1H), 7.70 (d, J = 7.6 Hz, 1H), 7.57 (d, J = 7.8 Hz, 1H), 7.47 (s, 4H), 7.41 – 7.16 (m, 7H), 

5.15 (br s, 1H), 3.78 (s, 4H), 3.51 (s, 2H), 3.38 (quin, J = 6.6 Hz, 2H), 2.44 (s, 4H), 1.15 (t, J 

= 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 166.0, 164.9, 164.5, 164.2, 137.8, 137.0, 136.7, 

134.6, 132.1, 130.4, 130.2, 129.4, 128.4, 127.3, 125.8, 122.8, 121.3, 120.3, 63.2, 53.0, 43.2, 

35.7, 15.1; HRMS calcd for C29H32N8O79Br (M+ H+ ) 587.1882; found 587.1870. IR (KBr, cm-

1) υmax 3418, 3294, 2970, 2932, 2812, 2770, 1655, 1582, 1543, 1508, 1420; mp: dec. 
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tert-Butyl (4-nitrophenyl)carbamate (2.42) 

 

Di-tert-butyl decarbonate 2.2 (5.70 g, 26.1 mmol) was added gradually to a solution of p-

nitroaniline (1.38 g, 10 mmol) and N,N-dimethylaminopyridine (126 mg, 1 mmol) in THF (50 

mL). The mixture was stirred at ambient temperature for 4 days. Volatiles were evaporated 

under reduced pressure. The residue was redissolved in DCM and filtered through silica. The 

filtrate was evaporated to dryness. The residue was redissolved in DCM (50 mL), and 

concentrated HCl solution (35% wt/v, 2 mL) was added dropwise at 0 ᵒC. The mixture was 

stirred at 0 °C for 3 hours. After completion, as indicated by TLC (hexanes:EtOAc 3:1; UV), 

the mixture was washed with 0.1 M aqueous HCl twice. The combined organic layers were 

dried over Na2SO4 and evaporated. The residue was purified by column chromatography on 

silica gel using DCM/hexanes (1:1) as isocratic eluent to afford tert-butyl (4-

nitrophenyl)carbamate 2.42 as a yellow solid (1.06 g, 44% yield). 1H NMR (400 MHz, DMSO-

d6) δ 10.08 (s, 1H), 8.14 (d, J= 9.3 Hz, 2H), 7.65 (d, J = 9.3 Hz, 2H), 1.46 (s, 9H). The 1H 

NMR is in agreement with those reported before.20 

 

tert-Butyl (4-aminophenyl)carbamate (2.43) 

 

A mixture of tert-butyl (4-nitrophenyl)carbamate 2.42 (959 mg, 4.03 mmol) and 10% Pd/C 

(97.9 mg) in MeOH (20 mL) was stirred vigorously under hydrogen at ambient temperature 

for 12 hours. The reaction was monitored by TLC (hexanes:EtOAc 1:1; UV). The mixture was 

filtered through celite, and the MeOH was evaporated to afford tert-butyl (4-aminophenyl) 
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carbamate 2.43 as a red solid (827 mg, 99% yield). 1H NMR (400 MHz, DMSO-d6) δ 8.76 (s, 

1H), 7.05 (d, J = 7.5 Hz, 2H), 6.45 (d, J = 8.7 Hz, 2H), 4.72 (s, 2H), 1.43 (s, 9H). The 1H NMR 

is in agreement with those reported before.37 

 

General procedure 6: reaction of anilines with dichlorotriazine  

A solution of the N-(4-aminophenyl)benzamide (1 eq.), 4,6-dichloro-N-ethyl1,3,5-triazin-2-

amine 2.9 (1 eq.), and N,N-Diisopropylethylamine (DIPEA, 1 eq.) was heated at reflux in 

dioxane (5 mL/1 mmol of 2.9) for 1.5-2 hours. When TLC indicated completion, the mixture 

was allowed to cool to room temperature, then filtered to give the product. 

 

tert-Butyl (4-((4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)carbamate (2.40) 

 

General procedure 6 was followed using tert-butyl (4-aminophenyl)carbamate 2.43 (301 mg, 

1.44 mmol), 4,6-dichloro-N-ethyl-1,3,5-triazin-2-amine 2.9 (278 mg, 1.44 mmol), and DIPEA 

(250 μL, 1.44 mmol) in dioxane (5 mL). After stirring at ambient temperature for 1.5 hours, 

the reaction was proceeded to completion as indicated by TLC (hexanes:EtOAc 1:1; UV). After 

the filtration, the precipitate was washed with water to afford tert-butyl (4-((4-chloro-6-

(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)carbamate 2.40 as a beige solid (485 mg, 92% 

yield). 1H NMRa (400 MHz, DMSO-d6) δ 10.09, 9.92 and 9.77 (3 br s, 1H, rotamer), 9.30 – 

9.18 (m, 1H), 8.08 and 7.97 (2 br s, 1H, rotamer), 7.79 – 7.16 (m, 4H), 3.50 – 3.08 (m, 2H), 

1.46 (s, 9H), 1.17 – 1.00 (m, 3H); 13C NMRa (100 MHz, DMSO-d6) δ 168.4, 167.6, 165.2, 

164.9, 163.7, 163.4, 163.1, 152.8, 135.4, 134.8, 133.4, 132.6, 121.5, 120.7, 120.4, 118.3, 78.9, 

66.4, 35.7, 35.4, 35.1, 28.2, 14.6, 14.2, 13.8; HRMS calcd for C16H22N6O2
35Cl (M+ H+) 
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365.1493; found 365.1476; IR (ATR, cm-1) υmax 3262, 3117, 2980, 2933, 1691, 1678, 1580, 

1512, 1412; mp: dec. 

a This compound exists as a mixture of rotamers. 

 

tert-Butyl (4-((4-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)carbamate (2.41) 

 

 

10% Pd/C (97.9 mg) and K2CO3 (136 mg) were added to solution of tert-butyl (4-((4-chloro-

6- (ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)carbamate 2.40 (351 mg, 0.96 mmol) in 

MeOH (10 mL). The mixture was stirred vigorously under hydrogen at ambient temperature. 

After completion as indicated by TLC (hexanes:EtOAc 1:1; UV), the mixture was filtered 

through celite and the volatiles were evaporated. The residue was redissolved in EtOAc and 

washed with water 3 times and brine. The organic phase was dried over Na2SO4 and evaporated 

under reduced pressure. The crude mixture was purified by column chromatography on silica 

gel using gradient eluent starting from hexanes:EtOAc (3:7) to MeOH to afford tert-butyl (4-

((4-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)carbamate 2.41 as a dull white solid (98.2 

mg, 32% yield). 1H NMRa (396 MHz, DMSO-d6) δ 9.40 and 9.30 (2 br s, 1H, rotamer), 9.18 

(br s, 1H), 8.16 and 8.06 (2 br s, 1H, rotamer), 7.59 (br s, 2H), 7.33 (br s, 2H), 3.40 – 3.12 (m, 

2H), 1.46 and 1.44 (2 s, 9H), 1.30 – 0.97 (m, 3H); 13C NMRa (100 MHz, DMSO-d6) δ 165.8, 

165.4, 164.6, 163.4, 163.1, 152.9, 134.2, 120.5, 118.4, 78.8, 34.9, 34.8, 28.2, 14.8, 14.4; HRMS 

calcd for C16H23N6O2 (M+ H+) 331.1882; found 331.1873. IR (ATR, cm-1) υmax 3262, 3116, 

2981, 2933, 1693, 1620, 1580, 1535, 1514, 1412; mp: dec. 

a This compound exists as a mixture of rotamers. 
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3-Bromo-N-(4-((4-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)benzamide (2.37) 

 

tert-Butyl (4-((4-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)carbamate 2.41 (60.2 mg, 0.18 

mmol) was dissolved in TFA/DCM (1:1, 1 mL). The solution was stirred for 30 minutes 

followed by evaporation to dryness to give the TFA salt. The residue was redissolved in 

anhydrous THF (1.5 mL). In separate container, m-bromobenzoic acid (36.5 mg, 0.18 mmol) 

was suspended in anhydrous DCM (1 mL). Anhydrous DMF was then added (0.05 mL) 

following by dropwise addition of oxalyl chloride (20 μL, 0.22 mmol) over 15 minutes. The 

mixture was stirred at room temperature for 1 hour with exclusion of moisture. The volatiles 

were evaporated under reduced pressure. The crude mixture was redissolved in anhydrous THF 

(2 mL) and added together with K2CO3 (77.8 mg, 0.55 mmol) to the solution of the TFA salt. 

The mixture was stirred at ambient temperature with exclusion of moisture for 1 day. After 

completion as indicated by TLC (hexanes:EtOAc 1:1; UV), the volatiles were evaporated and 

water was added. The mixture was filtered and the precipitate was washed with THF to afford 

3-bromo-N-(4-((4-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.37 as a 

colorless solid (44.1 mg, 59% yield). 1H NMRa (400 MHz, DMSO-d6) δ 10.28 (s, 1H), 9.55, 

and 9.46 (2 br s, 1H, rotamer), 8.27 – 8.04 (m, 2H), 7.95 (d, J = 7.6 Hz, 1H), 7.79 (d, J = 7.9 

Hz, 1H), 7.72 (d, J = 8.5 Hz, 2H), 7.66 (d, J = 8.7 Hz, 2H), 7.60 (br s, 1H), 7.50 (t, J = 7.8 Hz, 

1H), 3.50 – 3.15 (m, 2H), 1.17 – 1.08 (m, 3H); 13C NMRa (100 MHz, DMSO-d6) δ 165.8, 

165.4, 164.7, 164.6, 163.6, 163.4, 163.1, 137.2, 135.8, 134.1, 133.3, 130.6, 130.2, 126.8, 121.7, 

120.7, 120.0, 34.9, 34.8, 14.8, 14.4; HRMS calcd for C18H18N6O79Br (M+ H+) 413.0725; found 

413.0728; IR (ATR, cm-1) υmax 3273, 3238, 3096, 3016, 2977, 2874, 1641, 1547, 1514, 1421, 

1403; mp: dec. 
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a This compound exists as a mixture of rotamers. 

 

3-Bromo-N-(3-nitrophenyl)benzamide (2.45) 

 

General procedure 1 was followed using m-bromobenzoic acid 2.1 (1.61 g, 8 mmol), oxalyl 

chloride (850 μL, 9.6 mmol), and anhydrous DMF (50 μL) in anhydrous DCM (8 mL). The 

resulting acid chloride was coupled to m-nitroaniline 2.44 (1.11 g, 8 mmol) using K2CO3 (2.22 

g, 16 mmol) in anhydrous THF (12 mL). After completion, as indicated by TLC 

(hexanes:EtOAc 1:1; UV), THF was evaporated and aqueous solution of 2 M HCl was added 

to the crude reaction. The precipitate 2.45 was collected by filtration, following by washing 

with water to obtain 3-bromo-N-(3-nitrophenyl)benzamide 2.45 as a yellow solid (2.34 g, 91% 

yield). 1H NMR (396 MHz, DMSO-d6) δ 10.74 (s, 1H), 8.76 (s, 1H), 8.29 – 8.05 (m, 2H), 8.02 

– 7.94 (m, 2H), 7.80 (d, J = 7.5 Hz, 1H), 7.63 (t, J = 8.2 Hz, 1H), 7.51 (t, J = 7.9 Hz, 1H); 13C 

NMR (100 MHz, DMSO-d6) δ 164.4, 147.8, 140.1, 136.3, 134.7, 130.7, 130.3, 130.0, 127.0, 

126.2, 121.8, 118.3, 114.4; HRMS calcd for C13H10N2O3
79Br (M+ H+) 320.9875; found 

320.9844; IR (ATR, cm-1) υmax 3314, 3084, 1655, 1594, 1522, 1486, 1349, 1324, 1302; mp: 

173 – 174 °C. 

 

N-(3-Aminophenyl)-3-bromobenzamide (2.46) 

 

3-Bromo-N-(3-nitrophenyl)benzamide (2.45; 2.21 g, 6.87 mmol) was hydrogenated in EtOAc 

(15 mL) with sulfur poisoned platinum on carbon (10% wt, 221 mg), for two days under 100 
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psi of H2 at 100 °C. The reaction was monitored by TLC (hexanes:EtOAc 1:1; UV). After work 

up, the crude mixture was purified by column chromatography on silica gel using 

hexanes:EtOAc (1:1) as isocratic eluent to afford N-(3-aminophenyl)-3-bromobenzamide 2.46 

as an orange solid (1.04 g, 52% yield). 1H NMR (400 MHz, DMSO-d6) δ 10.06 (s, 1H), 8.11 

(t, J = 1.7 Hz, 1H), 7.93 (d, J = 8.3 Hz, 1H), 7.76 (ddd, J = 8.0, 2.0, 0.9 Hz, 1H), 7.47 (t, J = 

7.9 Hz, 1H), 7.12 (t, J = 1.9 Hz, 1H), 6.98 (t, J = 7.9, 1H), 6.87 (d, J = 8.0 Hz, 1H), 6.35 (ddd, 

J = 7.9, 2.2, 1.0 Hz, 1H), 5.15 (br s, 2H); 13C NMR (100 MHz, DMSO-d6) δ 163.7, 149.0, 

139.5, 137.4, 134.0, 130.5, 130.2, 128.8, 126.8, 121.6, 110.0, 108.4, 106.2; HRMS calcd for 

C13H12N2O79Br (M+H+) 291.0133; found 291.0139; IR (ATR, cm-1) υmax 3449, 3358, 3247, 

3211, 3139, 3068, 1647, 1609, 1585, 1542, 1492, 1454, 1440; mp: 154 – 156 °C. 

 

General Procedure 7: amidation between benzoic acid and diamine species 

To the corresponding benzoic acid (1 eq.) in DCM (1 mL/1 mmol of benzoic acid) was added 

dropwise oxalyl chloride (1.2 eq) in the presence of a catalytic amount of DMF. The mixture 

was stirred at room temperature for 1 hour, and the organic solvent was evaporated under 

reduced pressure. The residue was taken up in DCM (6 mL/1 mmol of benzoic acid). The 

solution of diamine species (4-10 eq.) in DCM (4 mL/1 mmol of 1) was added dropwise by 

using a dropping funnel into the solution of the crude mixture, and the mixture was stirred for 

16 hours at room temperature.  
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N-((1r,4r)-4-Aminocyclohexyl)-3-bromobenzamide (2.47) 

 

General procedure 7 was followed using m-bromobenzoic acid 2.1 (1.01 g, 5 mmol), oxalyl 

chloride (520 μL, 6 mmol), and anhydrous DMF (50 μL) in anhydrous DCM (5 mL). The 

resulting acid chloride was coupled to trans-1,4-diaminocyclohexane 2.50 (2.40 g, 20 mmol) 

in anhydrous DCM (50 mL). After stirring for 1 day, the mixture was washed with 2M aqueous 

NaOH, water (twice) and brine. The combined organic layers were dried (Na2SO4) and 

evaporated to give N-((1r,4r)-4-aminocyclohexyl)-3-bromobenzamide 2.47 as an orange solid 

(331 mg, 22% yield). 1H NMR (400 MHz, DMSO-d6) δ 8.29 (d, J = 7.6 Hz, 1H), 7.98 (s, 1H), 

7.80 (d, J = 7.8 Hz, 1H), 7.65 (d, J = 8.0 Hz, 1H), 7.37 (t, J = 7.9 Hz, 1H), 3.73 – 3.59 (m, 1H), 

3.08 – 2.23 (m, 3H), 2.02 – 1.54 (m, 4H), 1.32 (q, J = 12.1 Hz, 2H), 1.07 (q, J = 11.7 Hz, 2H); 

13C NMR (100 MHz, DMSO-d6) δ 163.9, 136.9, 133.7, 130.4, 129.9, 126.4, 121.6, 49.7, 48.3, 

35.0, 31.0; HRMS calcd for C13H18N2O79Br (M+ H+) 297.0602; found 297.0626; IR (ATR, cm-

1) υmax 3290, 3076, 2937, 2862, 1629, 1540, 1471, 1451; mp: 147 – 149 °C. 

 

(3-Bromophenyl)(piperizin-1-yl)methanone (2.48) 

 

General procedure 7 was followed using m-bromobenzoic acid 2.1 (1.01 g, 5 mmol), oxalyl 

chloride (520 μL, 6 mmol), and anhydrous DMF (100 μL) in anhydrous DCM (5 mL). The 

resulting acid chloride was coupled to piperazine hexahydrate 2.51 (9.72 g, 50 mmol) in 

anhydrous DCM (50 mL). After stirring for 1 day, the mixture was washed with an aqueous 

solution of 2 M HCl. The aqueous phase was basified by concentrated NaHCO3 solution and 
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extracted with EtOAc 3 times. The combined organic layers were washed with water twice, 

and brine followed by drying (Na2SO4) and evaporated to obtain (3-bromophenyl)(piperizin-

1-yl)methanone 2.48 as a colorless solid (187 mg, 14% yield). 1H NMRa (400 MHz, CDCl3) δ 

7.72 – 7.45 (m, 2H), 7.39 – 7.27 (m, 2H), 3.73 and 3.37 (2 br s, 4H, rotamer), 2.92 and 2.81 (2 

br s, 4H, rotamer); 13C NMRa (100 MHz, CDCl3) δ 168.7, 137.9, 132.7, 130.2, 130.1, 125.6, 

122.7, 49.0, 46.5, 45.9, 43.3; HRMS calcd for C11H14N2O79Br (M+ H+) 269.0289; found 

269.0282; IR (ATR, cm-1) υmax 3302, 3088, 3064, 3008, 2953, 2917, 2818, 2751, 1620, 1562, 

1432, 1412; mp: 80 – 82 °C. 

a This compound exists as a mixture of rotamers 

 

N-(2-Aminoethyl)-3-bromobenzamide (2.49) 

 

General procedure 7 was followed using m-bromobenzoic acid 2.1 (501 mg, 2.5 mmol), oxalyl 

chloride (260 μL, 3 mmol), and anhydrous DMF (50 μL) in anhydrous DCM (2.5 mL). The 

resulting acid chloride was coupled to ethylenediamine 2.52 (840 μL, 10 mmol) in anhydrous 

DCM (30 mL). After stirring for 1 day, the reaction mixture was washed with aqueous solution 

of 2 M NaOH, water (twice), and brine. The combined organic phase was dried over Na2SO4 

and evaporated to obtain N-(2-aminoethyl)-3-bromobenzamide 2.49 as a colorless solid (142 

mg, 23% yield). 1H NMRa (396 MHz, DMSO-d6) δ 8.74 (br s, 1H), 8.03 (br s, 1H), 7.84 (br s, 

1H), 7.71 (br s, 1H), 7.42 (br s, 1H), 6.60 (br s, 1H), 3.30 (br s, 2H), 3.12, and 2.74 (2 br s, 2H, 

rotamer); 13C NMRa (100 MHz, DMSO-d6) δ 164.9, 164.7, 159.2, 136.8, 133.8, 130.5, 129.9, 

126.4, 121.6, 42.1, 40.6; HRMS calcd for C9H12N2O79Br (M+ H+) 243.0133; found 243.0139; 

IR (ATR, cm-1) υmax 3350, 3290, 3064, 2937, 2877, 2552, 2481, 1633, 1595, 1538, 1474, 1452; 

mp: 135 – 138 °C. 
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a This compound exists as a mixture of rotamers. 

 

General Procedure 8: Boc protection of diamine species 

To the corresponding diamine species (10 eq.) in dichloromethane (10 mL/1 mmol of Boc2O) 

was added dropwise di-tert-butyl dicarbonate (Boc2O; 1 eq.) in chloroform (3 mL/1 mmol of 

Boc2O) at 0 °C. The mixture was stirred at 0 °C, which was allowed to warm up to room 

temperature overnight. Then, the reaction was washed with water 8 times to remove an 

excessive amount of diamine. The organic phase was dried over Na2SO4 and evaporated.  

 

tert-Butyl (2-aminoethyl)carbamate (2.55) 

 

General procedure 8 was followed using ethylenediamine (2.52; 2.01 mL, 30 mmol) and di-

tert-butyl dicarbonate (Boc2O; 656 mg, 3 mmol) to obtain tert-butyl (2-aminoethyl)carbamate 

2.55 as colorless liquid (239 mg, 50% yield). 1H NMR (396 MHz, CDCl3) δ 4.85 (br s, 1H), 

3.17 (q, J = 5.8 Hz, 2H), 2.80 (t, J = 5.9 Hz, 2H), 1.45 (s, 9H), 1.34 (br s, 2H). The 1H NMR 

is in agreement with those reported before.38 

 

tert-Butyl (3-aminopropyl)carbamate (2.56) 

 

General procedure 8 was followed using propylenediamine (2.53; 2.50 mL, 30 mmol) and di-

tert-butyl dicarbonate (Boc2O; 658 mg, 3 mmol) to obtain tert-butyl (3-aminopropyl)carbamate 

2.56 as colorless liquid (389 mg, 74% yield). 1H NMR (396 MHz, CDCl3) δ 4.88 (br s, 1H), 

3.22 (q, J = 6.1 Hz, 2H), 2.77 (t, J = 6.6 Hz, 2H), 1.61 (quin, J = 6.6 Hz, 2H), 1.44 (s, 11H). 

The 1H NMR is in agreement with those reported before.39 
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tert-Butyl (4-aminobutyl)carbamate (2.57) 

 

General procedure 8 was followed using 1,4-diaminobutane (2.54; 3.02 mL, 30 mmol) and di-

tert-butyl dicarbonate (Boc2O; 657 mg, 3 mmol) to obtain tert-butyl (4-aminobutyl)carbamate 

2.57 as colorless liquid (512 mg, 91% yield). 1H NMR (396 MHz, CDCl3) δ 4.65 (br s, 1H), 

3.13 (q, J = 5.8 Hz, 2H), 2.71 (t, J = 6.7 Hz, 1H), 1.59 – 1.46 (m, 4H), 1.44 (s, 9H), 1.30 (br s, 

2H). The 1H NMR is in agreement with those reported before.40 

 

tert-Butyl (2-(3-bromobenzamido)ethyl)carbamate (2.58) 

 

General procedure 1 was followed using m-bromobenzoic acid 2.1 (204 mg, 1 mmol), oxalyl 

chloride (105 μL, 1.2 mmol), and anhydrous DMF (150 μL) in anhydrous DCM (1 mL). The 

resulting acid chloride was coupled to tert-butyl (4-aminobutyl)carbamate 2.55 (161 mg, 1 

mmol) using K2CO3 (275 mg, 2 mmol) in anhydrous THF (5 mL). After completion as 

indicated by TLC (EtOAc:MeOH 4:1 with a few drops of concentrated aqueous NH3 solution; 

KMnO4), THF was evaporated and water was added to the crude reaction. The precipitate was 

collected by filtration, following by washing with water to obtain tert-butyl (2-(3-

bromobenzamido)ethyl)carbamate 2.58 as a colorless solid (111 mg, 32% yield). 1H NMR (396 

MHz, CDCl3) δ 7.98 (s, 1H), 7.75 (d, J = 7.9 Hz, 1H), 7.61 (d, J = 7.8 Hz, 1H), 7.36 – 7.27 (m, 

2H), 4.97 (br s, 1H), 3.60 – 3.51 (m, 2H), 3.47 – 3.37 (m, 2H), 1.44 (s, 9H); 13C NMR (100 

MHz, CDCl3) δ 166.5, 157.9, 136.3, 134.5, 130.4, 130.1, 125.8, 122.8, 80.2, 42.5, 39.9, 28.5; 

HRMS calcd for C14H19N2O3
23Na79Br (M+ Na+) 365.0477; found 365.0482; IR (ATR, cm-1) 

υmax 3358, 3282, 3059, 2977, 2929, 1700, 1649, 1534, 1469, 1443; mp: 118 – 119 °C. 
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tert-Butyl (3-(3-bromobenzamido)propyl)carbamate (2.59) 

 

General procedure 1 was followed using m-bromobenzoic acid 2.1 (206 mg, 1 mmol), oxalyl 

chloride (105 μL, 1.2 mmol), and anhydrous DMF (150 μL) in anhydrous DCM (1 mL). The 

resulting acid chloride was coupled to tert-butyl (4-aminobutyl)carbamate 2.56 (174 mg, 1 

mmol) using K2CO3 (276 mg, 2 mmol) in anhydrous THF (5 mL). After completion as 

indicated by TLC (EtOAc:MeOH 4:1 with a few drops of concentrated aqueous NH3 solution; 

KMnO4), THF was evaporated and water was added to the crude reaction. The precipitate was 

collected by filtration, following by washing with water to obtain tert-butyl (3-(3-

bromobenzamido)propyl)carbamate 2.59 as a collourless solid (97.0 mg, 0.27 mmol, 27% 

yield). 1H NMR (396 MHz, CDCl3) δ 8.04 (s, 1H), 7.77 (d, J = 7.4 Hz, 1H), 7.62 (d, J = 7.7 

Hz, 1H), 7.38 (br s, 1H), 7.32 (t, J = 7.9 Hz, 1H), 4.86 (br s, 1H), 3.56 – 3.44 (m, 2H), 3.32 – 

3.18 (m, 2H), 1.79 – 1.65 (m, 2H), 1.46 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 166.2, 157.2, 

136.7, 134.4, 130.5, 130.2, 125.6, 122.8, 79.8, 37.2, 36.3, 30.2, 28.5; HRMS calcd for 

C15H21N2O3
23Na79Br (M+ Na+) 379.0633; found 379.0663; IR (ATR, cm-1) υmax 3354, 3318, 

2985, 2949, 2877, 1680, 1631, 1522, 1477; mp: 120 °C. 

 

tert-Butyl (4-(3-bromobenzamido)butyl)carbamate (2.60) 

 

General procedure 1 was followed using m-bromobenzoic acid 2.1 (204 mg, 1 mmol), oxalyl 

chloride (0.105 mL, 1.2 mmol), and anhydrous DMF (0.150 mL) in anhydrous DCM (1 mL). 

The resulting acid chloride was coupled to tert-butyl (4-aminobutyl)carbamate 2.57 (188 mg, 
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1 mmol) using K2CO3 (280 mg, 2 mmol) in anhydrous THF (5 mL). After completion as 

indicated by TLC (EtOAc:MeOH 4:1 with a few drops of concentrated aqueous NH3 solution; 

KMnO4), THF was evaporated and water was added to the crude reaction. The precipitate was 

collected by filtration, following by washing with water to obtain tert-butyl (4-(3-

bromobenzamido)butyl)carbamate 2.60 as a white solid (117 mg, 0.32 mmol, 32% yield). 1H 

NMR (396 MHz, CDCl3) δ 7.96 (s, 1H), 7.74 (s, 1H), 7.61 (s, 1H), 7.37 – 7.27 (m, 1H), 6.62 

(br s, 1H), 4.64 (br s, 1H), 3.50 (s, 2H), 3.17 (s, 2H), 1.77 – 1.56 (m, 4H), 1.45 (s, 9H); 13C 

NMR (100 MHz, CDCl3) δ 166.3, 156.4, 136.7, 134.3, 130.4, 130.1, 125.8, 122.7, 79.4, 40.0, 

28.5, 28.0, 26.3; HRMS calcd for C16H23N2O3
23Na79Br (M+ Na+) 393.0790; found 393.0810; 

IR (ATR, cm-1) υmax 3350, 3318, 2981, 2945, 2877, 1680, 1631, 1520, 1477; mp: 120 – 121 °C. 

 

2-Chloro-N-ethyl-6-methylpyrimidin-4-amine (2.6) 

 

Ethylamine hydrochloride (2.45 g, 30 mmol), 2,4-dichloro-6-methylpyrimidine 2.5 (4.89 g, 30 

mmol), and DIPEA (10.5 mL, 60 mmol) were dissolved into EtOH (60 mL). The mixture was 

stirred at 50 °C for 1 day. After completion, as monitored by TLC (hexanes:EtOAc 9:1; UV), 

the mixture was evaporated under reduced pressure and purified by column chromatography 

on silica gel using gradient eluent starting from hexanes:EtOAc 9:1 to hexanes:EtOAc 1:1 to 

afford 2-chloro-N-ethyl-6-methylpyrimidin-4-amine 2.6 as a colorless solid (1.71 g, 33% yield). 

1H NMR (400 MHz, CDCl3) δ 6.06 (s, 1H), 5.13 (s, 1H), 3.32 (br s, 2H), 2.33 (s, 3H), 1.25 (t, 

J = 7.2 Hz, 3H). The 1H NMR is in agreement with those reported before.8 
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3-Bromo-N-(3-((4-(ethylamino)-6-methylpyrimidin-2-yl)amino)phenyl)benzamide (2.61) 

 

N-(3-Aminophenyl)-3-bromobenzamide 2.46 (80.0 mg, 0.30 mmol), 2-chloro-N-ethyl-6-

methylpyrimidin-4-amine 2.6 (47.5 mg, 0.30 mmol), and DIPEA (48 μL, 0.30 mmol) were 

dissolved in dioxane (2 mL). The mixture was stirred at 220 ᵒC for 1 hour using microwave 

synthesizer. After completion as indicated by TLC (hexanes:EtOAc 1:4; UV), the mixture was 

poured into water. The precipitate was collected by filtration and purified by column 

chromatography on silica gel using hexanes:EtOAc (1:4) as isocratic eluent to afford 3-bromo-

N-(3-((4-(ethylamino)-6-methylpyrimidin-2-yl)amino)phenyl)benzamide 2.61 as an orange 

solid (28.0 mg, 0.07 mmol, 26% yield). 1H NMR (396 MHz, CDCl3) δ 8.10 (s, 1H), 8.03 – 7.85 

(m, 2H), 7.75 (d, J = 7.4 Hz, 1H), 7.65 (d, J = 7.6 Hz, 1H), 7.55 (br s, 1H), 7.43 – 7.28 (m, 3H), 

5.70 (s, 1H), 5.01 (br s, 1H), 3.34 (s, 2H), 2.51 (br s, 1H), 2.26 (s, 3H), 1.23 (t, J = 7.1 Hz, 3H); 

13C NMR (100 MHz, CDCl3) δ 165.3, 164.4, 163.5, 159.0, 141.1, 138.2, 137.3, 134.8, 130.5, 

130.4, 129.4, 125.7, 123.0, 115.5, 113.8, 110.9, 94.2, 36.5, 23.6, 14.8; HRMS calcd for 

C20H21N5O79Br (M+ H+) 426.0929; found 426.0891; IR (ATR, cm-1) υmax 3401, 3278, 3135, 

3064, 2969, 2925, 2870, 1650, 1591, 1532, 1468, 1409; mp: dec. 
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3-Bromo-N-((1r,4r)-4-((4-(ethylamino)-6-methylpyrimidin-2-yl)amino)cyclohexyl) 

benzamide (2.62) 

 

N-((1r,4r)-4-Aminocyclohexyl)-3-bromobenzamide 2.47 (51.0 mg, 0.17 mmol), 2-chloro-N-

ethyl-6-methylpyrimidin-4-amine 2.6 (29.1 mg, 0.17 mmol), and DIPEA (30 μL, 0.17 mmol) 

were dissolved in dioxane (2 mL). The mixture was stirred at 220 ᵒC for 1.5 hours using a 

microwave synthesizer. After completion as indicated by TLC (hexanes:EtOAc 1:4; UV), the 

reaction mixture was poured into water. The precipitate was collected by filtration to afford 3-

bromo-N-((1r,4r)-4-((4-(ethylamino)-6-methylpyrimidin-2-yl)amino)cyclohexyl) benzamide 

2.62 as a brown solid (46.8 mg, 63% yield). 1H NMR (396 MHz, CDCl3) δ 7.88 (s, 1H), 7.67 

(s, 1H), 7.61 (s, 1H), 7.28 (s, 1H), 6.01 (s, 1H), 5.56 (s, 1H), 4.69 (s, 1H), 4.60 (s, 1H), 3.95 (s, 

1H), 3.77 (s, 1H), 3.28 (s, 2H), 2.46 – 1.87 (m, 7H), 1.36 (s, 4H), 1.22 (s, 3H); 13C NMR (100 

MHz, CDCl3) δ 166.1, 165.5, 163.8, 161.7, 137.0, 134.4, 130.3, 130.2, 125.6, 122.8, 92.2, 49.0, 

48.8, 36.2, 32.0, 31.9, 24.1, 15.0; HRMS calcd for C20H27N5O79Br (M+ H+) 432.1399; found 

432.1396; IR (ATR, cm-1) υmax 3416, 3298, 3063, 2933, 2858, 1634, 1589, 1519, 1473, 1447 

cm-1; mp: dec. 
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(3-Bromophenyl)(4-(4-(ethylamino)-6-methylpyrimidin-2-yl)piperizin-1-yl)methanone 

(2.63) 

 

A solution of (3-bromophenyl)(piperizin-1-yl)methanone 2.48 (80.3 mg, 0.30 mmol), 2-chloro-

N-ethyl-6-methylpyrimidin-4-amine 2.6 (51.4 mg, 0.30 mmol), and DIPEA (0.052 mL, 0.30 

mmol) in DMF (1.5 mL) was heated at 120 °C in a sealed tube with stirring for 2 days. After 

completion as indicated by TLC (hexanes:EtOAc 1:1; UV), the mixture was poured into water. 

The precipitate was collected by filtration to afford (3-bromophenyl)(4-(4-(ethylamino)-6-

methylpyrimidin-2-yl)piperizin-1-yl)methanone 2.63 as a brown solid (85.2 mg, 71% yield). 

1H NMR (396 MHz, CDCl3) δ 7.86 – 7.46 (m, 2H), 7.46 – 7.20 (m, 2H), 5.59 (s, 1H), 4.59 (br 

s, 1H), 4.07 – 3.01 (m, 10H), 2.20 (s, 3H), 1.21 (t, J = 6.9 Hz, 3H); 13C NMR (100 MHz, CDCl3) 

δ 168.9, 166.0, 163.5, 161.7, 137.9, 132.9, 130.2, 125.7, 122.8, 92.8, 47.8, 44.3, 43.8, 42.4, 

36.1, 24.3, 14.9; HRMS calcd for C18H23N5O79Br (M+ H+) 404.1086; found 404.1079; IR 

(ATR, cm-1) υmax 3326, 3170, 3051, 2973, 2921, 2862, 1624, 1581, 1564, 1479, 1431; mp: dec. 

 

3-Bromo-N-(2-((4-(ethylamino)-6-methylpyrimidin-2-yl)amino)ethyl)benzamide (2.64) 

 

tert-Butyl (2-aminoethyl)carbamate 2.58 (68.6 mg, 0.20 mmol) was dissolved in TFA/CH2Cl2 

(1:1, 1 mL) and stirred at ambient temperature for 30 minutes, followed by evaporation to 

dryness to give the TFA salt. The residue, 2-chloro-N-ethyl-6-methylpyrimidin-4-amine 2.6 

(34.4 mg, 0.20 mmol), and DIPEA (90 μL, 0.50 mmol) were dissolved in dioxane (2 mL). The 
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mixture was stirred at 160 ᵒC for 1 hour using a microwave synthesizer. After completion as 

indicated by TLC (hexanes:EtOAc 1:1; UV), the reaction mixture was poured into water and 

extracted with EtOAc 3 times. Combined organic phase was washed with brine, dried over 

Na2SO4, and evaporated. The crude mixture was purified by column chromatography on silica 

gel using 2% Et3N in EtOAc as isocratic eluent to afford 3-bromo-N-(2-((4-(ethylamino)-6-

methylpyrimidin-2-yl)amino) ethyl)benzamide 2.64 as a colorless solid (41.5 mg, 62% yield). 

1H NMR (396 MHz, CDCl3) δ 8.26 (br s, 1H), 7.78 (s, 1H), 7.68 (d, J = 7.7 Hz, 1H), 7.57 (d, 

J = 7.8 Hz, 1H), 7.31 – 7.16 (m, 1H), 5.64 (s, 1H), 5.32 (br s, 1H), 4.60 (br s, 1H), 3.69 – 3.63 

(m, 2H), 3.62 – 3.57 (m, 2H), 3.38 – 3.12 (m, 2H), 2.20 (s, 3H), 1.19 (t, J = 7.2 Hz, 3H); 13C 

NMR (100 MHz, CDCl3) δ 166.6, 165.9, 163.6, 163.1, 137.2, 134.2, 130.2, 130.1, 126.1, 122.6, 

93.4, 44.1, 40.3, 36.3, 24.1, 14.9; HRMS calcd for C16H21N5O79Br (M+ H+) 378.0929; found 

378.0907; IR (ATR, cm-1) υmax 3338, 3310, 3251, 3072, 2981, 2965, 2937, 2874, 1650, 1607, 

1585, 1528, 1496, 1462, 1421; mp: 161 – 162 ᵒC. 

 

3-Bromo-N-(3-((4-(ethylamino)-6-methylpyrimidin-2-yl)amino)propyl)benzamide (2.65) 

 

tert-Butyl (3-aminopropyl)carbamate 2.59 (71.4 mg, 0.20 mmol) was dissolved in TFA/CH2Cl2 

(1:1, 1 mL) and stirred at ambient temperature for 30 minutes followed by evaporation to 

dryness to give TFA salt. The residue, 2-chloro-N-ethyl-6-methylpyrimidin-4-amine 2.6 (34.2 

mg, 0.20 mmol), and DIPEA (90 μL, 0.50 mmol) were dissolved in dioxane (2 mL). The 

reaction mixture was stirred at 160 ᵒC for 2 hours by using microwave synthesizer. After 

completion as indicated by TLC (EtOAc with a few drops of Et3N; UV), the reaction mixture 

was poured into water and extracted with EtOAc 3 times. Combined organic phase was washed 
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with brine, dried over Na2SO4, and evaporated. The crude mixture was purified by column 

chromatography on silica gel using 2% Et3N in EtOAc as isocratic eluent to afford 3-bromo-

N-(3-((4-(ethylamino)-6-methylpyrimidin-2-yl)amino)propyl)benzamide 2.65 as yellow syrup 

(21.6 mg, 28% yield). 1H NMR (400 MHz, CDCl3) δ 7.96 (t, J = 1.4 Hz, 1H), 7.88 (br s, 1H), 

7.77 (d, J = 7.7 Hz, 1H), 7.61 (d, J = 8.1 Hz, 1H), 7.30 (t, J = 7.9 Hz, 1H), 5.56 (s, 1H), 4.96 

(br s, 1H), 4.51 (br s, 1H), 3.62 – 3.45 (m, 4H), 3.34 – 3.11 (m, 2H), 2.11 (s, 3H), 1.77 (quin, 

J = 6.0 Hz, 1H), 1.16 (t, J = 7.2 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 166.4, 166.1, 163.6, 

162.9, 137.8, 134.2, 130.3, 130.2, 126.0, 122.7, 92.5, 37.8, 36.3, 36.2, 30.8, 24.2, 14.9; HRMS 

calcd for C17H23N5O79Br (M+ H+) 392.1086; found 392.1097; IR (ATR, cm-1) υmax 3302, 3064, 

2929, 2870, 1638, 1589, 1522, 1431. 

 

3-Bromo-N-(4-((4-(ethylamino)-6-methylpyrimidin-2-yl)amino)butyl)benzamide (2.66) 

 

tert-Butyl (4-aminobutyl)carbamate 2.60 (74.3 mg, 0.20 mmol) was dissolved in TFA/CH2Cl2 

(1:1, 1 mL) and stirred at ambient temperature for 30 minutes followed by evaporation to 

dryness to give TFA salt. The residue, 2-chloro-N-ethyl-6-methylpyrimidin-4-amine 2.6 (34.5 

mg, 0.20 mmol), and DIPEA (90 μL, 0.50 mmol) were dissolved in dioxane (2 mL). The 

reaction mixture was stirred at 160 ᵒC for 1 hours by using microwave synthesizer. After 

completion as indicated by TLC (hexanes:EtOAc 1:1; UV), the reaction mixture was poured 

into water and extracted with EtOAc 3 times. Combined organic phase was washed with brine, 

dried over Na2SO4, and evaporated. The crude mixture was purified by column 

chromatography on silica gel using 2% Et3N in EtOAc as isocratic eluent to afford 3-bromo-

N-(4-((4-(ethylamino)-6-methylpyrimidin-2-yl)amino)butyl)benzamide 2.66 as yellow syrup 
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(45.5 mg, 56% yield). 1H NMR (400 MHz, CDCl3) δ 7.92 (t, J = 1.8 Hz, 1H), 7.68 (d, J = 7.8 

Hz, 1H), 7.59 (dd, J = 8.0, 1.9 Hz, 1H), 7.33 – 7.21 (m, 1H), 6.76 (br s, 1H), 5.55 (s, 1H), 4.95 

(br s, 1H), 4.69 (br s, 1H), 3.47 (q, J = 6.5 Hz, 2H), 3.40 (q, J = 6.3 Hz, 2H), 3.29 – 3.16 (m, 

2H), 2.14 (s, 3H), 1.74 – 1.55 (m, 4H), 1.18 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) 

δ 166.3, 165.9, 163.7, 162.4, 136.9, 134.3, 130.3, 130.1, 125.7, 122.8, 92.3, 40.7, 40.1, 36.1, 

27.7, 26.6, 24.0, 14.9; HRMS calcd for C18H25N5O79Br (M+ H+) 406.1242; found 406.1257; 

IR (ATR, cm-1) υmax 3306, 3068, 2929, 2862, 1638, 1589, 1561, 1544, 1473, 1431. 

 

3-Bromo-N-(3-((4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 

(2.67) 

 

General procedure 6 was followed using N-(3-aminophenyl)-3-bromobenzamide 2.46 (121 mg, 

0.42 mmol), 4,6-dichloro-N-ethyl-1,3,5-triazin-2-amine 2.9 (80.0 mg, 0.42 mmol), and 

diisopropylethylamine (DIPEA; 72 μL, 0.42 mmol) in dioxane (2 mL) for 2 hours. The reaction 

was monitored by TLC (hexanes:EtOAc 1:1; UV). After the filtration, the precipitate was 

washed with water to afford 3-bromo-N-(3-((4-chloro-6-(ethylamino)-1,3,5-triazin-2-

yl)amino)phenyl)benzamide 2.67 as a light brown solid (101 mg, 54% yield). 1H NMRa (400 

MHz, DMSO-d6) δ 10.34 (s, 1H), 10.07 and 9.94 (2 br s, 1H, rotamer), 8.20 – 8.04 (m, 2H), 

8.00 – 7.90 (m, 1H), 7.80 (d, J = 8.5 Hz, 1H), 7.50 (t, J = 7.9 Hz, 1H), 7.42 (d, J = 7.3 Hz, 1H), 

7.36 – 7.20 (m, 2H), 3.47 – 3.23 (m, 2H), 1.15 – 1.03 (m, 3H); 13C NMRa (100 MHz, DMSO-

d6) δ 168.6, 167.8, 165.2, 163.9, 163.8, 163.5, 139.2, 139.1, 139.0, 138.9, 137.13, 137.0, 134.3, 

130.7, 130.2, 128.5, 126.9, 121.7, 116.7, 115.9, 115.6, 113.4, 113.0, 35.3, 35.2, 14.6, 14.3; 
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HRMS calcd for C18H23N6O35Cl79Br (M+ H+) 453.0805; found 453.0804; IR (ATR, cm-1) υmax 

3266, 3159, 3131, 2933, 2858, 1625, 1589, 1567, 1536, 1492, 1442; mp: dec. 

a This compound exists as a mixture of rotamers. 

 

3-Bromo-N-((1r,4r)-4-((4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl)amino)cyclohexyl) 

benzamide (2.68) 

Br
N
H

O
H
N

N N

N NHEt

Cl2.68
 

General procedure 6 was followed using N-((1r,4r)-4-aminocyclohexyl)-3-bromobenzamide 

2.47 (124 mg, 0.42 mmol), 4,6-dichloro-N-ethyl-1,3,5-triazin-2-amine 2.9 (80.0 mg, 0.42 

mmol), and DIPEA (72 μL, 0.42 mmol) in dioxane (2 mL) for 1.5 hours. The reaction was 

monitored by TLC (hexanes:EtOAc 1:1; UV). After the filtration, the precipitate was washed 

with water to afford 3-bromo-N-((1r,4r)-4-((4-chloro-6-(ethylamino)-1,3,5-triazin-2-

yl)amino)cyclohexyl) benzamide 2.68 as a light brown solid (156 mg, 83% yield). 1H NMRa 

(396 MHz, DMSO-d6) δ 8.57 – 8.23 (m, 1H), 8.09 – 7.98 (m, 1H), 7.96 – 7.77 (m, 2H), 7.77 

– 7.62 (m, 2H), 7.43 (t, J = 7.9 Hz, 1H), 3.82 – 3.60 (m, 2H), 3.29 – 3.10 (m, 3H), 2.00 – 1.71 

(m, 4H), 1.52 – 1.18 (m, 4H), 1.16 – 0.99 (m, 3H); 13C NMRa (100 MHz, DMSO-d6) δ 168.2, 

168.2, 167.6, 165.4, 165.2, 164.9, 164.6, 164.2, 164.0, 163.9, 136.9, 136.8, 133.8, 130.4, 129.9, 

126.5, 121.6, 49.0, 48.4, 48.3, 48.0, 47.9, 35.1, 35.0, 34.9, 31.1, 30.9, 30.7, 14.9, 14.7, 14.4, 

14.3; HRMS calcd for C18H23N6O35Cl79Br (M+ H+) 453.0805; found 453.0804; IR (ATR, cm-

1) υmax 3266, 3159, 3131, 2933, 2858, 1625, 1589, 1567, 1536, 1492, 1442; mp: dec.  

a This compound exists as a mixture of rotamers. 
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3-Bromo-N-(2-((4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl)amino)ethyl)benzamide 

(2.69) 

 

General procedure 3 was followed using N-(2-aminoethyl)-3-bromobenzamide 2.49 (102 mg, 

0.42 mmol), 4,6-dichloro-N-ethyl-1,3,5-triazin-2-amine 2.9 (80.6 mg, 0.42 mmol), and DIPEA 

(72 μL, 0.42 mmol) in dioxane (2 mL) for 1.5 hours. The reaction was monitored by TLC 

(hexanes:EtOAc 1:1; UV). After the filtration, the precipitate was washed with water to afford 

3-bromo-N-(2-((4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl)amino)ethyl)benzamilde 2.69 as a 

colorless solid (139 mg, 84% yield). 1H NMR (396 MHz, DMSO-d6) δ 8.63 (s, 1H), 8.01 (s, 

1H), 7.91 – 7.65 (m, 4H), 7.42 (t, J = 7.3 Hz, 1H), 3.58 – 3.36 (m, 4H), 3.29 – 3.11 (m, 2H), 

1.06 (s, 3H); 13C NMRa (100 MHz, DMSO-d6) δ 168.2, 168.1, 167.6, 165.8, 165.6, 165.3, 

165.1, 165.0, 165.0, 164.8, 136.8, 133.8, 130.5, 129.9, 126.4, 121.6, 38.8, 35.0, 34.9, 14.8, 14.6, 

14.4, 14.3; HRMS calcd for C14H17N6O35Cl79Br (M+ H+) 399.0336; found 399.0344; IR (ATR, 

cm-1) υmax 3258, 3104, 2977, 2941, 1636, 1538, 1432, 1402; mp: 200 – 203 °C.  

a This compound exists as a mixture of rotamers. 

 

3-Bromo-N-(3-((4-(ethylamino)-6-(4-methylpiperizin-1-yl)-1,3,5-triazin-2-yl)amino) 

phenyl)benzamide (2.70) 

 

General procedure 2 was follow using 3-bromo-N-(3-((4-chloro-6-(ethylamino)-1,3,5-triazin-

2-yl)amino)phenyl)benzamide 2.46 (65.5 mg, 0.15 mmol) and 1-methylpiperizine (85 μL, 0.73 
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mmol) in dioxane (1 mL). After stirring at room temperature for 2 day, the reaction was 

monitored by TLC (hexanes:EtOAc 1:1; UV). 3-Bromo-N-(3-((4-(ethylamino)-6-(4-

methylpiperizin-1-yl)-1,3,5-triazin-2-yl)amino)phenyl)benzamide 2.70 was obtained as a 

colorless solid (68.5 mg, 92% yield). 1H NMRa (396 MHz, CDCl3) δ 8.09 (s, 1H), 8.02 (br s, 

1H), 7.95 (s, 1H), 7.71 (d, J = 6.6 Hz, 1H), 7.63 (d, J = 7.6 Hz, 1H), 7.43 – 6.91 (m, 5H), 5.27, 

and 5.02 (2 br s, 1H, rotamer), 3.82 (s, 4H), 3.40 (br s, 2H), 2.42 (s, 4H), 2.31 (s, 3H), 1.16 (br 

s, 3H); 13C NMRa (100 MHz, CDCl3) δ 166.1, 165.0, 164.3, 140.5, 138.1, 137.1, 134.8, 130.4, 

129.3, 125.7, 123.0, 116.1, 114.2, 111.8, 55.1, 46.3, 43.2, 35.7, 15.1; HRMS calcd for 

C18H18N6O79Br (M+ H+) 511.1569; found 511.1575; IR (ATR, cm-1) υmax 3412, 3286, 2973, 

2937, 2854, 2802, 1654, 1612, 1584, 1539, 1496, 1482, 1421; mp: dec. 

a This compound exists as a mixture of rotamers. 

 

3-Bromo-N-((1r,4r)-4-((4-(ethylamino)-6-(4-methylpiperazin-1-yl)-1,3,5-triazin-2-

yl)amino)cyclohexyl)benzamide (2.71)  

 

General procedure 2 was follow using 3-bromo-N-((1r,4r)-4-((4-chloro-6-(ethylamino)-1,3,5-

triazin-2-yl)amino)cyclohexyl) benzamide 2.68 (88.9 mg, 0.20 mmol) and 1-methylpiperazine 

(110 μL, 1 mmol) in dioxane (1.5 mL). After stirring at room temperature for 1 day, the reaction 

was monitored by TLC (hexanes:EtOAc 1:1; UV). 3-Bromo-N-((1r,4r)-4-((4-(ethylamino)-6-

(4-methylpiperazin-1-yl)-1,3,5-triazin-2-yl)amino)cyclohexyl)benzamide 2.71 was obtained 

as a light brown solid (85.2 mg, 84% yield). 1H NMR (396 MHz, CDCl3) δ 7.88 (s, 1H), 7.67 

(d, J = 6.4 Hz, 1H), 7.61 (d, J = 6.5 Hz, 1H), 7.29 (s, 1H), 6.07 (s, 1H), 4.75 (br s, 2H), 4.14 – 
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3.53 (m, 6H), 3.38 (br s, 2H), 2.71 – 2.22 (m, 7H), 2.13 (s, 4H), 1.54 – 1.24 (m, 4H), 1.17 (s, 

3H); 13C NMR (100 MHz, CDCl3) δ 166.2, 165.5, 165.1, 136.9, 134.4, 130.2, 130.1, 125.6, 

122.8, 55.0, 48.7, 46.3, 43.0, 35.6, 31.9, 15.2; HRMS calcd for C23H34N8O79Br (M+ H+) 

517.2039; found 517.2031; IR (ATR, cm-1) υmax 3416, 3298, 3063, 2933, 2858, 1634, 1589, 

1519, 1473, 1447; mp: dec. 

 

3-Bromo-N-(2-((4-(ethylamino)-6-(4-methylpiperizin-1-yl)-1,3,5-triazin-2-yl) amino) 

ethyl) benzamide (2.72) 

 

3-Bromo-N-(2-((4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl)amino)ethyl)benzamide 2.49 

(80.3 mg, 0.20 mmol) and 1-methylpiperazine (0.110 mL, 1 mmol) were dissolved in dioxane 

(1.5 mL). The reaction was stirred and heated at the indicated temperature for 2 days. After 

completion as indicated by TLC (hexanes:EtOAc 1:1; UV), the mixture was poured into water 

and extracted with EtOAc 3 times. Combined organic layers were washed with 2 M aqueous 

NaOH, water (twice) and brine. The organic layer was dried (Na2SO4) and evaporated to afford 

3-bromo-N-(2-((4-(ethylamino)-6-(4-methylpiperizin-1-yl)-1,3,5-triazin-2-

yl)amino)ethyl)benzamide 2.72 as a colorless solid (38.6 mg, 42% yield). 1H NMR (396 MHz, 

CDCl3) δ 7.83 (s, 1H), 7.72 – 7.49 (m, 2H), 7.34 – 7.12 (m, 1H), 5.41 (br s, 1H), 4.91 (br s, 

1H), 4.12 – 3.47 (m, 8H), 3.38 (s, 2H), 2.77 (s, 1H), 2.58 – 2.16 (m, 7H), 1.16 (s, 3H); 13C 

NMR (100 MHz, CDCl3) δ 167.2, 166.8, 166.5, 165.7, 164.8, 136.8, 134.3, 130.3, 130.1, 125.8, 

122.7, 55.1, 54.9, 46.3, 43.1, 39.6, 35.7, 15.1; HRMS calcd for C19H28N8O79Br (M+ H+) 
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463.1565; found 463.1567; IR (ATR, cm-1) υmax 3409, 3258, 3175, 2937, 2854, 1646, 1614, 

1544, 1496, 1461, 1435, 1415; mp: 138 – 140 °C. 
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CHAPTER 3: Synthesis and investigation of Mycobacterium tuberculosis F-ATP 

synthase inhibitors with epigallocatechin gallate (EGCG) 

3.1 Introduction 

As discussed in the GaMF1 project, the γ subunit of F-ATP synthase has been 

confirmed to be a promising drug target. However, the mycobacterial ε subunit is a crucial 

moiety in the ATP synthesis from ATP synthase, which has been investigated to show many 

different features from other organisms. This subunit has been discovered to be one of the key 

binding sites for a potent MDR-TB drug, BDQ, suggesting that the ε subunit may be a potential 

drug target for our next drug generation. 

3.1.1 Epsilon subunit of the mycobacterial F-ATP synthase: An interesting 

binding site for the next drug generation 

F-ATP synthase is the main ATP synthesis site for the entire organism. The key 

mechanism involves rotation of the c-ring, which proceeds through ATP hydrolysis and H+ 

pumping from subunits a-c. The c-Ring rotation then initiates conformational changes to γ and 

ε subunits, connecting to the main synthesis site at the α3β3 hexamer to generate ATP.1, 2 The 

detailed mechanism and role of each subunit are not yet fully understood. 

The ε subunit is known to be a crucial element in regulating the ATP hydrolysis activity, 

consisting of an N-terminal β-barrel connecting to two α-helices, which can either align in a 

compact form (called the hairpin state) or stretch into an extended form as shown in Figure 

3.1a.2-4 The conformational interconversion is reported to control ATP hydrolysis. The activity 

is suppressed when the C-terminal helix is in the expanded conformation to engage with the 

central cavity of the α3β3 hexamer.5 In mycobacteria, the excess ATP consumption by ATP 

hydrolysis must be exceptionally strict as Mtb has to survive a hypoxia environment (low 

oxygen level) in granulomas;6 consequently, the Mtb ε subunit may play a vital role in handling 

the environment encountered in the human host5.  
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a 

 
b 

Figure 3.1 Structure of mycobacterial ε subunit in a compact form (red) as compared to an 

extended form (green) from the protein data bank (a) and amino acid sequence of ε subunit, 

comparing between M.tub (Mtb), M.sme (Mycobacterium smegmatis), E. coli (Escherichia 

coli), B.ps3 (Bacillus PS3) and H.sap (Homo sapiens). Blue rods below the sequence indicate 

the amino acid sequence in the C-terminal α-helix.5 Reprinted from Lu, P. et al. Biochim. 

Biophys. Acta. Bioenerg. 2014, 1837 (7), 1208-1218. Copyright (2021), reprinted with 

permission from Elsevier. 

 

In most species, the intercellular ATP level in the organism affects the ATP hydrolysis 

activity of ATP synthase toward stabilization of the hairpin conformer by contact with an ATP 

molecule.7, 8 This phenomenon allows fine-tuning of the ATP synthase activity to meet the 

physiological demands of each species. However, the mycobacterial ε subunit is reported to be 

incapable of binding to ATP,9 indicating that this mechanism cannot regulate ATP hydrolysis 
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in mycobacterial species, and the Mtb ATP hydrolysis suppression is observed to be caused by 

a difference in the catalytic core compared to other organisms10.  

Significant differences in the features of ATP synthase regulation of mycobacterial 

species by ε subunit compared to most other organisms indicates a large distinction in the 

protein and amino acid structure. Mycobacterial species have shorter peptide units in the N-

terminal β-barrel than in the human ε subunit, and the mycobacterial C-terminal helix is 

likewise shorter than other species.9 Mycobacterium species (Mtb and M. smeg.) have peptide 

sequences that are more than 80% distinct from other organisms (E. coli, Bacillus PS3, and 

Homo sapiens).5 Thus, the unique mycobacterial ε subunit could be an interesting target for 

drug design that could specifically inhibit mycobacterial ATP synthase without interfering with 

host bacteria in humans or inhibiting human ATP synthesis.5  

3.1.2 Bedaquiline targets Mtb ε subunit 

Bedaquiline (BDQ) is an effective MDR-TB medication with a high treatment success 

rate. The widely accepted mechanism of action is to inhibit the Mtb F-ATP synthase by binding 

at the c-ring subunit11 or ε subunit12, as discussed in 1.4.3.5. Since the c-ring is composed of 

identical copies of c subunits, more than one BDQ molecule is required for BDQ activity at 

this binding site.11 However, the BDQ binding site at the Mtb ε subunit requires only a single 

BDQ molecule for activity.12 Therefore, inhibitors that specifically bind to the ε subunit could 

be more effective than BDQ. 

Molecular modeling based on the NMR titration data provides a good starting point to 

utilize the computational screening approach to find interesting candidates for developing 

inhibitors specifically targeting the Mtb ε subunit. The model shows that BDQ binds to the β-

barrel component of the Mtb ε subunit. Hydrogen bonding from the quinoline moiety to R13 

(arginine), as well as the hydrophobic interaction with A84 (alanine) and F86 (phenylalanine). 

The aromatic moiety of W16 (tryptophan) has a π-π interaction with the naphthalene ring, 
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which is further stabilized by the hydrophobic interaction of S17 (serine).12 The phenyl moiety 

interacts with W16 (Tryptophan) via face-to-face stacking and with F86 via edge-to-face 

aromatic contact (Phenylalanine). N,N-Dimethyl amine moiety has hydrogen bonding with 

N14 (Asparagine). In addition, there is hydrogen bonding between the hydroxyl group and I15 

(Isoleucine) (Figure 3.2).12 

 
a 

 
B 

Figure 3.2 Structure of BDQ (a) and Molecular interaction between BDQ and ε subunit from 

NMR titration experiments (b).12 Reprinted with permission from Joon, S. et al. FEBS J. 2018, 

285 (6), 1111-1128. Copyright 2021 FEBS J. 
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3.1.3 Interesting candidate for the Mtb ε subunit inhibitor  

In-silico screening at the BDQ ε subunit binding site, done by Amaravadhi 

Harikishore,13 suggested that epigallocatechin gallate (EGCG, Figure 3.3a) can bind to the Mtb 

ε subunit. The experimental results reveal that EGCG inhibits NADH-driven ATP synthesis of 

M. smeg. inversed membrane vesicles (IMVs) with a half-maximal inhibitory concentration 

(IC50) at 155.6 ± 1.2 nM and M. bovis. IMV with an IC50 at 2.2 ± 0.3 µM,13 which was 

correlated with computational modeling.  

The binding site of EGCG was experimentally tested. EGCG has the capability to 

inhibit ATP production in M. smeg. IMVs in the presence of succinate, indicating that EGCG 

did not inhibit the NADH dehydrogenase. HSQC-NMR titration was used to validate the 

EGCG binding site at the Mtb ε subunit.13 The molecular model based on the NMR data 

suggests that EGCG binds to the Mtb ε subunit, however, with a distinct binding site from BDQ, 

which is at the interface of the N-terminal β-barrel and C-terminal α-helices. Hydrogen 

bondings from 7-OH to D66 (Aspartic acid), 3-OH on 2-phenyl substituent to both D48 

(Aspartic acid) and A116 (Alanine), and 3', 4'-OHs on gallate ester to D60  (Aspartic acid) 

provide key interactions. Moreover, hydrophobic interactions from chromane and gallate ester 

rings to A64 (Alanine), I90 (Isoleucine), and A112 (Alanine) also stabilize this binding site 

(Figure 3.3b).13 This experimental data support the hypothesis that EGCG can bind to the Mtb 

ε subunit. By the HSQC NMR titration modeling, both the gallocatechin and gallate moieties 

are required for ATP inhibitory action, which the 7-hydroxy group on the chromane, the 3-

hydroxy group on the 2-phenyl ring, and the 3', 4'-hydroxy groups on the gallate ester are 

crucial substituents to bind to the Mtb ε subunit.13 
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a 

 
B 

Figure 3.3 Structure of Epigallocatechin gallate (a) and Molecular interaction between EGCG 

and ε subunit from NMR titration experiments (b).13 Reprinted with permission from Saw, W.-

G. et al. Scientific Reports 2019, 9 (1), 16759. Copyright © 2019 by Saw, W.-G. et al. 

 

Furthermore, EGCG inhibited ATP production of M. smeg. IMV with the BDQ mutant 

I66M on the c-ring, with the same IC50 value as wide type M. smeg. IMV.13 However, BDQ 

inhibited I66M ring c mutant M. smeg. IMVs with 10-times less effective than wide-type 

IMVs.13 Notably, EGCG did not show the uncoupler effect, which is the main problem of BDQ 

(discussed in 1.4.3.5).13 Thus, EGCG has the potential to be developed into compounds, being 

capable of curing MDR-TB or even BDQ resistant TB without the BDQ severe side effect of 

Arrhythmia. 

Despite showing promising activity in IMV experiments, EGCG does not have any 

bacterial growth inhibition properties against M. smeg.13 In this work, we were interested in 

synthesizing EGCG analogs to solve the bacterial growth inhibition problem and understanding 

the structure-activity relationship of EGCG to inhibit Mycobacterium ATP synthesis.  
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3.1.4 Epigallocatechin Gallate (EGCG) 

EGCG (Figure 3.3a) is a natural product of the flavonoid and polyphenol class. It is 

usually isolated in high quantities from green tea and white tea leaves but only in small 

quantities from black tea.14 This is because it is oxidized during the tea fermentation process. 

Moreover, EGCG is found in trace amounts in apple skin, hazelnuts, plums, carob, and 

pecans.14 EGCG is a well-known commercial supplement that is claimed to have numerous 

health benefits such as antioxidant,15 anti-inflammatory,16 advantages to heart and blood 

circulation,17, 18 and body weight reduction19. Many medical features, for instance, anti-

allergic,20 anti-carcinogenic,21 anti-cancer,22 and anti-diabetic23, are still under drug 

development. Furthermore, EGCG has been reported to have antimicrobial properties against 

various kinds of pathogens that cause food poisoning, oral and gastrointestinal infections.24-28 

However, EGCG is required at very high doses to inhibit bacterial growth, and the mechanisms 

of action are varied, as shown in Table 3.1. Therefore, EGCG appears to be promiscuous in 

medical applications.  
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Table 3.1 EGCG mechanism of action to kill bacterial species 

Organism Proposed mechanism of action 

Escherichia coli (MIC50 > 200 
µM)24 

Staphylococcus aureus (MIC50 
= 62.5 µg/mL)25 

 

1) Oxidative stress condition from the generation of 

hydrogen peroxide from EGCG25 

2) Interactions of EGCG with bacterial cell wall 

compartment, in which the exact targets depend 

on species24 

3) Disruption of cell division and alerting the 

bacterial cell morphology26 

Bacillus cereus (MIC50 = 621 
µg/mL)26 

Affecting to cell division and the bacterial cell 

morphology26 

Gram-negative bacteria 
(MIC50 >800 µg/mL; 

Klebsiella 
pneumonia, Proteus mirabilis, 

Pseudomonas aeruginosa, 
Serratia marcescens)27 

Salmonella typhi (MIC50 >100 
µg/mL)27 

Binding to bacterial cell wall compartment27 

Helicobacter Pylori (MIC90 = 
100 µg/mL)28 

Blocking Toll-like receptor 4 (TLR4) glycosylation to 

inhibit bacterial adhesion to human cell29 

 

 Various medicinal properties have been claimed for EGCG, and its derivatives, such as 

gallocatechin gallate (GCG) and epicatechin gallate (ECG) (Figure 3.4).30, 31 In general, EGCG 

derivatives exhibit similar properties to the original EGCG. For example, gallocatechin gallate 

(GCG) is an epimer of EGCG, showing higher anti-allergenic potency than EGCG and other 

catechin analogs.32 Epicatechin gallate (ECG) inhibited Staphylococcus aureus more 

effectively than EGCG.33  
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Figure 3.4 Structure of Epigallocatechin gallate (EGCG) and EGCG derivatives 

 

Even though EGCG and its derivatives have many medicinal properties, high 

concentration is still necessary for their effectiveness. This results from low absorption,29 poor 

membrane permeability,29 blood iron chelation property,34 and metabolic instability29. Stability 

problems in medical applications are reported to involve oxidation with O2 in vivo.29 

3.1.5 Epigallocatechin Gallate (EGCG) and EGCG derivatives’ stability 

EGCG and its derivatives are reported to decompose in the presence of light35, 

oxidizing agents36, and at high temperature36. Epimerization and autooxidation are the main 

mechanisms.36 At high temperature or under UV light, epimerization is known to convert the 

less stable cis isomer of EGCG to a more stable trans-geometry (GCG, Figure 3.4). Under 

thermal conditions, the electron-rich ring C donates electrons from its p-hydroxyl group to 

form Int-A.37 The generated phenonium anion reattacks the sp2 carbon center, allowing 

rearrangement to the trans-geometrical isomer (Scheme 3.1).37 On the other hand, UV 

irradiation of EGCG results in homolytic cleavage at the weakest carbon-oxygen bond on the 

tetrahydro-pyran ring B.35 The diradical species (Int-B) then undergoes photo-induced electron 

transfer, followed by nucleophilic attack from phenolate to the carbocation to become GCG 

(Scheme 3.1).35 
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Scheme 3.1 Thermal epimerization and Photo-epimerization of EGCG 

 

 Auto-oxidation degrades EGCG to Theasinensin A and D.38 This process can occur at 

any temperature in the presence of oxidants, e.g., oxygen, with higher pH and temperature 

accelerating the process.39 This decomposition begins with oxidation to convert the catechol 

group in ring C to o-quinone (Int-C).40 The unstable Int-C immediately reacts with another 

EGCG molecule. The highly electron-rich ring C of EGCG undergoes Michael addition to the 

2-carbon of the o-quinone via electrophilic aromatic substitution (EAS).38 Finally, 

rearomatization takes place to generate Theasinensins A and D, which differ only in the 

stereochemistry of the biaryl union (Scheme 3.2).  
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Scheme 3.2 Auto-oxidation of EGCG 

 

3.2 Drug design to target Mtb ε subunit of the next generation of EGCG 

EGCG has promising activity in inhibiting ATP synthesis of M. smeg., I66M ring c 

mutant M. smeg., and M. bovis. IMVs without uncoupler effect,13 suggesting that it might be 

possible to develop potent compounds to treat MDR-TB or even BDQ-resistant TB without the 

severe side effects found in BDQ. However, the lack of bacterial growth inhibition is 

problematic since it was hypothesized to be caused by EGCG's metabolic instability or 

membrane impermeability.29 

EGCG metabolic instability is not only a problem in our research but also one of the 

main reasons for the high dose needed for other medicinal properties.29, 34 As EGCG 

decomposition is driven by the electron-rich ring C, as discussed in 3.1.5, modification to 

decrease the electron density on this ring could improve the stability. 
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 Figure 3.5 Drug design for EGCG modification  

 

In this work, we aim to understand the structure-activity relationship (SAR) of EGCG 

in inhibiting mycobacterial ATP synthesis. Our strategy was to remove each hydroxy group 

from the EGCG to determine which is crucial for the mycobacterial ATP synthesis inhibition, 

focusing on ring C, and D, as well as the stereoisomer chemistry of the chromane structure 

(Figure 3.5). This study could decrease unimportant hydroxyls, which would address the 

stability problem and lower the numbers of hydrogen bond donors and acceptors, resulting in 

improved drug likeliness as recommended by Lipinski's rule41, shown in Table 3.2. 

Table 3.2 EGCG drug likeliness analysis toward Lipinski’s rule of five 

Properties Lipinski’s rule of five41 EGCG 

Molecular mass < 500 g/mol 458.4 g/mol 

ClogP ≤ 5.00 1.49a 

Number of hydrogen bond donors ≤ 5 8 

Number of hydrogen bond acceptors ≤ 10 11 

Number of rotatable bonds42 ≤ 10 4 

 a ClogP was calculated by Chemdraw 
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A lack of membrane penetration is one of the main problems in TB drug development 

due to the unique lipophilic cell wall.43 Therefore, most successful TB drugs are lipophilic 

compounds with ClopP greater than 5, which does not follow the guidance of Lipinski's rules.44 

EGCG is relatively polar with 8 hydroxy groups. Esterification of each hydroxyl (Figure 3.5) 

would be expected to improve MIC50 by allowing compounds to penetrate through the 

lipophilic Mtb cell wall, while the ester groups would be rapidly cleaved within the cell.45  

 

3.3 Previously reported the synthesis of EGCG 

The previously reported total syntheses of EGCG are reviewed as a guide to designing 

our EGCG analogs’ synthetic route. 

3.3.1 The first total synthesis of EGCG by Li et al.  

 The first total synthesis of EGCG was reported by Li et al. in 2001.46 Racemic EGCG 

(rac-EGCG) was successfully synthesized in a nine-step sequence in 23% overall yield, 

starting from 3,5-bis(benzyloxy)phenol (3.1) and (E)-3-(3,4,5-tris(benzyloxy)phenyl)prop-2-

en-1-ol (3.2).46 A crucial coupling step involved Friedel-craft alkylation of phenol 3.1 with 

cinnamyl alcohol 3.2. The ortho ester cyclization was carried out in a three-step synthesis, 

beginning with the synthesis of racemic diol rac-3.4, followed by cyclization and hydrolysis to 

obtain racemic gallocatechin rac-3.5 in good yield with high stereoselectivity (trans : cis = 9:1) 

(Scheme 3.3).46 
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Scheme 3.3 Synthesis of racemic EGCG starting from phenol 3.1 

 

Epimerization of racemic gallocatechin rac-3.5 by Dess-Martin oxidation, followed by 

reduction from the less hindered site using the bulky reducing agent of L-selectride, produced 

racemic epigallocatechin rec-3.6 in excellent yield over 2 steps.46 Esterification and global 

debenzylation were then performed to produce racemic EGCG (rac-EGCG) in high yield 

(Scheme 3.3).46 This route was utilized to synthesize enantiomerically pure EGCG by 

conducting asymmetric Sharpless dihydroxylation after the Friedel-craft alkylation step 

(Scheme 3.4).46 The enantiomeric purity of the synthetic EGCG synthesized by this approach 

was confirmed to be high by the identical values of specific rotation to a commercially available 

EGCG sample.46 
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Scheme 3.4 Asymmetric Synthesis of EGCG by Li et al. 

 

3.3.2 Total synthesis of EGCG by Zaveri et al.  

 Zaveri et al. developed another strategy to synthesize a racemic EGCG derivative (rac-

3.22).47 This approach achieved the synthesis of EGCG derivatives in a 12-step sequence in 5% 

overall yield. The key intermediate in this approach is rac-3.5, having aldol condensation 

between methyl ketone 3.7 and aldehyde 3.8 as a key coupling reaction. The intramolecular 

cyclization of α,β-unsaturated ketone 3.9 toward NaBH4 reduction with Michael addition and, 

subsequently, hydroboration-oxidation yielded trans-rac-3.5 in good yield (Scheme 3.5).47 The 

stereochemistry of the racemic gallocatechin (trans-rac-3.5) was installed during the 

hydroboration step with high selectivity to generate trans-isomer (trans : cis = more than 95:5) 

due to the steric hindrance from the 2-aryl substituent, in which the regioselectivity was 

controlled by the electronic effect from the chromane aromatic ring.47  

 



152 
 

 

Scheme 3.5 Synthesis of racemic trans-benzopyran rac-3.5 starting from 3.7 and 3.8 

 

3.3.3 Total synthesis of GC and EGCG by Suzuki’s research group.  

 Suzuki's group developed a different approach to epigallocatechin. Starting from 

trifluorobenzene, EGCG was obtained in an 11-step sequence with an overall yield of 10 to 

15%.48 The key steps in the synthesis were an SNAr reaction to couple fluorobenzene 3.11 and 

epoxy alcohol 3.12, obtaining two diastereomers 3.13a and 3.13b in 39% and 37% isolated 

yield, respectively.48 The precise stereochemistry of 3.13a/b was unspecified. Epoxides 

3.13a/b were regioselectively ring-opened with Li2NiBr4 as a soft nucleophilic bromide source, 

followed by alcohol protection with a triethylsilyl (TES) group to produce 3.14a/b (97% yield 

from 3.14a and 91% yield 3.14b).48 The cyclization via the sulfonyl-metal exchange provided 

3.15 (81% and 62% yield starting from 3.15a and 3.15b, respectively). Desilylation, EDCI 

esterification, and global debenzylation were then performed to furnish EGCG (Scheme 3.6).48 
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Scheme 3.6 Synthesis of EGCG from fluorobenzene 3.11 and epoxy alcohol 3.12 

 

The three approaches outlined above; all connect ring A and ring C in the first few steps, 

requiring numerous steps afterward to obtain the target compound. These are considered early-

stage couplings between rings A and C. As a result, all the stated methodologies are inefficient 

for synthesizing ring C analogs for SAR study because there are only a few co-intermediates 

on each analog. All distinct intermediates in a long linear synthesis must be synthesized to 

generate a large batch of ring C analogs. These routes will, therefore, be material and time-

consuming. In contrast, the late-stage coupling (Scheme 3.7) uses the same precursor in the 

final few stages to produce end products. The late-stage ring C synthesis allows large-scale 

reactions to synthesize a crucial precursor prior to ring C coupling, which may then be 

distributed to numerous final products. To the best of our knowledge, no reports of the ring C 

late-stage pathway have been made. Hence, we intend to develop this late-stage synthesis for 

SAR research, focusing on ring C. 
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Scheme 3.7 comparison between early-stage and late-stage coupling of ring C EGCG analogs 

 

3.4 Aims of this research  

In this work, we aim to: 

1) develop a new late-stage coupling pathway for EGCG and analogs’ synthesis. 

2) synthesize EGCG analogs to understand the structure-activity relationship (SAR) 

to inhibit mycobacterial ATP synthesis activity. 

3) synthesize EGCG derivatives to solve the inability to inhibit mycobacterial growth 

inhibition. 

 

3.5 Retrosynthetic analysis and synthetic plan of the next generation of EGCG 

Retrosynthetic analysis of a new late-stage coupling synthetic route began with 

disconnecting the ester linkage between benzylated gallic acid derivatives (3.16) and catechin 

moiety 3.6. Benzylated catechin 3.6 can be formed via the reaction between chromene 3.17 

and iodobenzene 3.18 (Scheme 3.8). 
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Scheme 3.8 Retrosynthetic analysis of EGCG analogs 

 

3.6 Investigation of a new late-stage coupling pathway for EGCG and analogs’ synthesis 

The synthetic plan began with the chromene 3.17 synthesis, starting from 3,5-

bis(benzyloxy)phenol 3.1 by a known procedure.49 Diacetate 3.19 might be produced by 

dihydroxylation of the chromene 3.17, followed by acetylation. Nucleophilic substitution of 

3.19 with Lewis acidic organometallic reagent 3.20 could produce compound 3.21 with cis 

selectivity by axial attack via the favored transition state (TS).50, 51 Finally, acetate hydrolysis, 

esterification, and global debenzylation would be expected to generate EGCG analogs (Scheme 

3.9). 

Our late-stage coupling strategy as described above could also be developed for 

asymmetric synthesis by using Sharpless asymmetric dihydroxylation52 of the chromene 3.17, 

which should provide enantiomerically enriched diacetate 3.19. After the nucleophilic 

substitution of the enantiomerically enriched diacetate 3.19 to generate 3.21, the following 

three-step sequence could be produced enantiomerically pure EGCG or EGCG analogs. 
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Scheme 3.9 Our late-stage coupling synthesis of EGCG analogs 

 

3.6.1 Synthesis of 3,5-bis(benzyloxy)phenol (3.1) 

3,5-Bis(benzyloxy)phenol (3.1) was a key precursor to produce chromene 3.17. In this 

work, three synthetic routes to produce 3,5-bis(benzyloxy)phenol (3.1) were investigated to 

optimize product yield. 

3.6.1.1 Direct dibenzylation of phloroglucinol (3.22) 

A single-step dibenzylation of Phloroglucinol (3.22) using 2 equivalents of benzyl 

bromide (BnBr) and K2CO3 as a base53 produced a mixture of multiple compounds based on 

TLC analysis. After flash column chromatography, only a small amount of a mixture of 1,3,5-

tris(benzyloxy)benzene (3.23) and C-benzylation by-product 3.24 was isolated and identified. 

The C-benzylation behavior was consistent with Deme’s report.54 The remaining fractions were 
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inseparable mixtures, which were hypothesized to consist of mono and dibenzylation products 

together with C-benzylation by-products (Scheme 3.10). 

 

Scheme 3.10 Direct dibenzylation of Phloroglucinol (3.22) 

 

3.6.1.2 Tribenzylation of Phloroglucinol (3.22) with selective monodebenzylation 

Due to the complications and purification difficulties of the product of direct 

dibenzylation, the tribenzylation of 3.22 followed by selective debenzylation55 was an 

alternative strategy (Scheme 3.11). 

 

Scheme 3.11 The synthetic plan for 3,5-bis(benzyloxy)phenol 3.1 through tribenzylation of 

3.22 and selective monodebenzylation 

 

Tribenzylation of phloroglucinol 3.22 was performed by increasing the number of 

equivalents of BnBr and K2CO3 from 2 equivalents to 3 equivalents.53 The expected 1,3,5-

tris(benzyloxy)benzene (3.23) was observed in high conversion, based on 1H NMR analysis. 

However, the formation of the C-benzylated by-product 3.24 was still evident. After 

purification, the tribenzylated 3.23 was obtained in 14–17% isolated yield (Scheme 3.12). The 

majority of the desired product was lost during recrystallization to remove by-product 3.24. To 

improve the yield of 3.23, our strategy was to suppress C-benzylation.  
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Scheme 3.12 Tribenzylation of phloroglucinol 3.22 

 

 The C-benzylation to form the by-product 3.24 was promoted due to the high electron 

density of the aromatic ring caused by the three strong electron-donating hydroxyl groups. 

Therefore, decreasing the electron density by using fully esterified hydroxyls of 3.22 could 

avoid this side reaction, becoming our alternative approach. The standard acetylation of 3.22 

gave fully acetylated phloroglucinol 3.25 in 84–93% yield.56 The following step involved in 

situ generation of NaOH in precisely 3 equivalents from the reaction of sodium hydride and 3 

equivalents of water. Acetate groups of 3.25 were hydrolyzed slowly with limited NaOH, 

which allowed phenolate to be formed gradually and benzylated immediately with benzyl 

chloride (BnCl) to obtain 1,3,5-tris(benzyloxy)benzene (3.23)57 in high yield (73–75% yield) 

(Scheme 3.13). Even though the extra step of acetylation was required to improve yield, this 

method resulted in 61–70% overall yield over 2 steps. Therefore, this acetylation protocol was 

more efficient than the 14–17% yield from single-step tribenzylation.  

 

Scheme 3.13 Tribenzylation of 3.22 with selective monodebenzylation 

 

Selective monodebenzylation of 3.2355 was next performed. The mechanism for 

selectivity has not yet been clearly described. We hypothesized that hydrogenolysis of 3.23 

took place on the palladium metal surface under H2. The initially formed phenol was promptly 
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deprotonated, which disturbed the adsorption on the metal surface and discontinued the 

following second debenzylation. Selective monodebenzylation of 3.23 then gave the desired 

3,5-bis(benzyloxy)phenol (3.1)55 in excellent yield (94–99% yield). The synthesis of phenol 

3.1 from phloroglucinol (3.22) toward acetylation is summarized in Scheme 3.14. 

 

Scheme 3.14 Synthesis of 3,5-bis(benzyloxy)phenol 3.1 from phloroglucinol (3.22) towards 

acetylation 

 

3.6.2 Synthesis of 5,7-bis(benzyloxy)-4H-chromene (3.17) 

 A five-step synthesis of chromene 3.17 starting from phenol 3.1 has been reported by 

Machado, et al.49 Herein, the shorter synthesis via a three-step sequence utilizing Pt(II)-

catalyzed cyclization was proposed. 

3.6.2.1 Proposed chromene synthesis by Pt catalyzed cyclization strategy 

 The desired chromene 3.17 could be furnished by a three-step synthesis. Phenol 3.1 

would be propargylated, followed by Nevado’s platinum(II) cyclization,58 which would 

probably result in a mixture of 2H-chromenes (3.27) and 4H-chromene (3.17). Therefore, 

isomerization to convert 2H-chromene (3.27) to 4H-chromene (3.17) could be required to 

improve the product yield (Scheme 3.15). 
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Scheme 3.15 Plan to synthesize chromene 3.17 

 

 Phenol 3.1 was propargylated with propargyl bromide in the presence of K2CO3 under 

reflux to give 3.26 in quantitative yield. Platinum(II)-catalyzed cyclization with platinum (II) 

chloride (PtCl2) at 100 qC58 produced a mixture of 2H-chromene 3.27 and 4H-chromene 3.17 

in 23% yield (Scheme 3.16).  

 

Scheme 3.16 Synthesis of chromene 3.17 and 3.27 starting from phenol 3.1 
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The mole ratio between 3.27 and 3.17 was determined to be 6.5 : 1, based on 1H NMR 

spectroscopy by calculating the signal integration ratio between 2H-Chromene (3.27) at 6.75 

ppm and 4H-chromene (3.17) at 3.23 ppm from the isolated product (Figure 3.6). The 2H-

chromene 3.27 likely undergoes in situ isomerization to give the desired chromene 3.17. 

 

 

Figure 3.6 1H NMR spectrum of a mixture of 2H-chromene 3.27 and 4H-chromene 3.17 

from Platinum (II)-catalyzed cyclization of compound 3.26 

 

 Rhodium(I) species are known to be effective catalysts for olefin isomerization.59 

Rh(diphos)BF4 was reported by Bergens et al. to result in the isomerization of allyl alcohol to 

give prop-1-en-1-ol under very mild conditions.60 To perform the isomerization, 

Rh(diphos)BF4 was pre-formed by the reaction of Rh(COD)BF4 with 1,2-

bis(diphenylphosphino)ethane (diphos). The mixture between 2H-chromene 3.27 and the 

desired 4H-chromene 3.17 in 6.7 : 1 mol ratio (calculated by 1H NMR spectroscopy) was then 

added to the preformed Rh(I) catalyst solution. The temperature and reaction time were 

examined, as shown in Table 3.3.  
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Table 3.3 Rhodium (I)-catalyzed isomerization of a chromene mixture 3.27 and 3.17 

 

Temperature Time Mole ratio between 3.27 and 3.17a 
RT (25 qC) 2 days 4.3 : 1 

Refluxing temperatureb 8 hours 3.2 : 1 

Refluxing temperatureb 24 hours Complex mixture (product 
decomposition) 

a Mole ratios were determined by 1H-NMR 
b Bath temperature was set at 60 qC  

This isomerization strategy was able to convert 2H-chromene 3.27 to the desired 4H-

chromene 3.17 as the proportion of product 3.17 was increased at room temperature (see Table 

3.3). The amount of 3.17 was improved by refluxing for 8 hours. However, after extended 24-

hour reflux, both chromene 3.27 and 3.17 were degraded to a complex mixture. Therefore, this 

approach was ineffective for synthesizing chromene 3.17 due to its inability to completely 

convert chromene 3.27 to chromene 3.17, in which the desired chromene 3.17 was observed as 

a minor component in a mixture with chromene 3.27.  
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3.6.2.2 Modified chromene synthesis from Machado’s strategy 

The second synthetic route to 3.17 was adapted from Machado’s procedure49. This 

strategy involved a three-step synthesis of diene 3.28 from 3,5-bis(benzyloxy)phenol 3.1. Ring-

closing metathesis of 3.28 then gives chromene 3.1749 (Scheme 3.17). Even though this route 

is reported by Machado et al.,49 the synthetic procedure would require reinvestigating as 

Machado et al. only provided a synthetic scheme in the main paper without a detailed 

procedure.49 

 

Scheme 3.17 Synthetic plan for 4H-chromene 3.17 through the synthesis of diene 3.28 and 

ring-closing metathesis 

 

Phenol 3.1 was allylated with allyl bromide in the presence of K2CO3 under reflux to 

furnish allyl phenyl ether 3.29 in 75–81% yield. Claisen rearrangement by heating 3.29 neat at 

200 qC produced allyl benzene 3.30 in 67–73% yield through a [3,3]–sigmatropic 

rearrangement. 2-Allylphenol 3.30 was then alkylated with 1,2-dibromethane using Cs2CO3 as 

a base under reflux, followed by elimination with potassium tert-butoxide to give diene 3.28 

in 55–61% yield over 2 steps, as shown in Scheme 3.18. 
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Scheme 3.18 Synthesis of diene 3.28 from 3,5-bis(benzyloxy)phenol 3.1 

 

Ring-closing metathesis, using Grubbs’ second-generation catalyst (Grubbs II) at 60 

qC, generated the desired chromene 3.17. The 1H NMR spectrum of 3.17 (Figure 7B-a) 

correlated to the previous report.49 However, this compound 3.17 was found to decompose 

during solvent evaporation (toluene) under reduced pressure (about 30 psi) at 55 qC (Figure 

7B-c). A similar degradation was also observed during storage of 3.17 at room temperature or 

even at -20 qC under an ambient atmosphere for 6 days (Figure 7B-d and e). This 

decomposition is postulated to occur by air oxidation at any temperature.  

Thus, the entire experiment for this reaction was optimized by handling under nitrogen 

or under air-limited conditions to prevent air oxidation of chromene 3.17. For instance, toluene 

was evaporated by cold finger distillation at 0.5–1 psi pressure at room temperature or by 

blowing dry under a nitrogen stream. This gave rise to chromene 3.17 in excellent yield (92–

96% yield) (Figure 3.7A). 1H NMR spectroscopy was used to determine the quality (Figure 

3.7B-b). The resulting chromene 3.17 was used in the next step immediately. 
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A 

 
B 

 
Figure 3.7 Ring-closing metathesis of diene 3.28 (A) 1H NMR spectra of chromene 3.17 (B) 

after reaction (a), after working up under nitrogen or cold finger distillation (0.5–1 psi.) at 

room temperature (b), after working up under reduced pressure (about 30 psi.) at 55 qC (c), 

after storage under an ambient atmosphere at room temperature for 6 days (d), and after 

storage under an ambient atmosphere at -20 qC for 6 days (e) 
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The observed decomposition of chromene 3.17 could involve hydrogen atom 

abstraction by oxygen in the air to generate the chromene radical Int-E. This radical species is 

stabilized by resonance effects from conjugated alkene to form the resonance structure Int-F, 

as well as by the aromatic ring A (Scheme 3.19). The resulting radical species could undergo 

further reactions, becoming multiple by-products. 

 

Scheme 3.19 Proposed decomposition mechanism of chromene 3.17 

 

3.6.3 Synthesis of 5,7-bis(benzyloxy)chromane-2,3-diyl diacetate (3.19) 

To obtain diacetate 3.19, dihydroxylation and then acetylation would be conducted, as 

shown in Scheme 3.20. Two well-known dihydroxylations reported by Tsuji61 and Upjohn62 

research groups were investigated. Tetrahydropyran-2,3-diol 3.31 was hypothesized to be able 

to decompose during purification by silica gel column chromatography.63 Thus, our strategy 

was to immediately acetylate the crude mixture from dihydroxylation to generate a more stable 

diacetate 3.19 before further purification. 

 

Scheme 3.20 Synthetic plan for diacetate 3.19 through dihydroxylation and acetylation 
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3.6.3.1 Tsuji dihydroxylation strategy 

 Tsuji dihydroxylation uses potassium osmate (K2OsO4) as a pre-catalyst, which is 

oxidized by a co-oxidant K3Fe(CN)6 to generate the key catalyst osmium tetroxide (OsO4).61 

In general, alkenes with OsO4 undergo oxidation in the presence of water and K2CO3 to furnish 

diol species. The chromene 3.17 was subjected to racemic dihydroxylation under Tsuji’s 

condition61 and then immediately protected with acetyl groups by standard acetylation64. 

However, a mixture of multiple compounds was observed based on TLC analysis. After 

purification, only conjugated ester 3.32 and aldehyde 3.33 were isolated (Scheme 3.21). 

 

Scheme 3.21 Tsuji dihydroxylation with acetylation of chromene 3.17 

 

 The conversion of chromene 3.17 to both conjugated ester 3.32 and aldehyde 3.33 could 

involve overoxidation of the desired diol 3.31 to form α-hydroxy ester (Int-G), which could 

then undergo elimination to produce ester 3.32. The generated alkene might be able to undergo 

dihydroxylation to become the intermediate Int-H. Oxidation with oxidative cleavage would 

result in aldehyde Int-I. After the following step of acetylation, acetate 3.33 was obtained 

(Scheme 3.22). 
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Scheme 3.22 Proposed mechanism to converse chromene 3.17 to both conjugated ester 3.32 

and aldehyde 3.33 

 

 Based on the proposed mechanism, K3Fe(CN)6 is the possible oxidant that causes 

overoxidation of the desired diol 3.31 to generate by-product 3.32 and 3.33. As a single-

electron oxidant, it may not be an innocent co-oxidant when the substrate is highly sensitive to 

radical reactions. Therefore, the Upjohn method62 became an alternative since it uses N-

methylmorpholine-N-oxide (NMO) as a co-oxidant instead of K3Fe(CN)6. 

3.6.3.2 Upjohn dihydroxylation strategy 

 Upjohn dihydroxylation is reported to work well with a wide range of alkene substrates, 

requiring less than 5 mol% of K2OsO4 and 1.1–1.5 equivalent co-oxidant NMO to provide diol 

products.62, 65 Upjohn dihydroxylation, followed by acetylation of chromene 3.17, was 

performed. However, two diastereomers of diacetate 3.19 and triacetate 3.34 were obtained in 

low isolated yields of 21% and 10%, respectively. The unexpected triacetate formation could 

form through benzylic oxidation in the presence of water, having a similar pattern to the 

benzylic oxidation of catechin as reported by Es-Safi et al.66 OsO4 or NMO was postulated to 

be an oxidant, leading to the benzylic oxidation of diol 3.31 (Scheme 3.23). 
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Scheme 3.23 Upjohn dihydroxylation with acetylation of chromene 3.17 and proposed 

pathway for triacetate 3.34 formation 

 

To suppress benzylic oxidation, the number of equivalents of NMO was decreased from 

1.5 to 1.05 equivalents. The resulting product was a diastereomeric mixture of diacetates rac-

cis 3.19 and rac-trans 3.19 in 85% yield over 2 steps, as outlined in Scheme 3.24A. The mole 

proportion between these two diastereomers was estimated to be 2 : 3.1 (cis : trans) by 

calculating the signal integration ratio between rac-cis 3.19 at 2.73 ppm and rac-trans 3.19 at 

2.92 ppm from the crude mixture in Scheme 3.24B. The relative stereochemistry of each 

diastereomer was determined by the Karplus relationship67. 
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B 

 

Scheme 3.24 Optimization of Upjohn dihydroxylation with acetylation (A) and 1H NMR 

spectra of the crude mixture from Upjohn strategy (B) 

 

The Karplus relationship was used to establish the relative stereoisomer of the major 

product. By dihedral angle analysis on the C3–C4 bond, the bond angle between the C3 

equatorial proton (Heq, 5.17 ppm) and Heq on C4 (2.96 – 2.88 ppm) was about 90 degrees, 

which was consistent with the absence of an observed coupling constant between those 2 

protons (0 Hz). The estimated dihedral angle between the C3 proton and the axial proton (Hax, 

2.96 – 2.88 ppm) on C4 was 30 approximately degrees (see Figure 3.8), which is consistent 

with an observed 6.4 Hz coupling. The coupling from Heq on C3 and Heq on C2 (6.36 ppm) was 

3.1 Hz, while coupling was not observed between geminal protons (Hax and Heq) on C4, which 

displayed a similar chemical shift. Thus, the major isomer was assigned to rac-trans 3.19, as 

shown in Figure 3.8. 
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Figure 3.8 Analysis of the major diacetate by Karplus relationship (A; Benzyloxy groups 

were omitted for clarity), and 1H NMR spectrum of rac-trans 3.19 (B) 

 

A similar analysis was carried out on the minor product. The dihedral angle between 

Hax on C3 (5.23 ppm) and C4 Hax (2.73 or 3.11 ppm) is estimated to be 160 degrees, being 

consistent with the 10.9 Hz coupling (see Figure 3.9). The approximated angle between C3 Hax 

and C4 Heq (2.73 or 3.11 ppm) was roughly 30 degrees, agreeing with the observed 6.4 Hz. The 

couplings from C2 Heq and C3 Hax was 2.5 Hz, and the geminal coupling on C4 (Hax and Heq 

on C4) was found at 15.6 Hz. The analysis showed a good match with rac-cis 3.19 (Figure 3.9). 
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Figure 3.9 Analysis of the minor diacetate by Karplus relationship (A; Benzyloxy groups 

were omitted for clarity), and 1H NMR spectrum of rac-cis 3.19 (B) 

 

 The trans-diacetate 3.19 was formed as the major component, which was unlikely to be 

directly produced by OsO4 dihydroxylation (cis selectivity).65 The formation of rac-trans 3.19 

began with dihydroxylation of chromene 3.17, generating cis diol 3.31. The anomeric site of 

cis diol 3.31 could undergo ring-opening to form Int-K. Ring closure of Int-K then gives rise 

to trans diol 3.31, which is acetylation to give diacetate rac-trans 3.19 (Scheme 3.25). 
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Scheme 3.25 Proposed mechanism for transformation from chromene 3.17 to rac-trans 3.19 

 

Due to the purification difficulty in isolating rac-cis 3.19 and rac-trans 3.19 from each 

other, the diacetate 3.19 was carried through as the starting material for the next step in the 

diastereomeric mixture form. Moreover, both diacetate rac-cis 3.19 and rac-trans 3.19 could 

generate the same product in the next step by the SN1 mechanism involving oxonium ion 

formation as discussed in 3.6.4. Therefore, the diastereomeric mixture between rac-cis 3.19 

and rac-trans 3.19 would not give a different result from the diacetate 3.19 in 

diastereomerically pure form. 

3.6.4 Synthesis of 5,7-bis(benzyloxy)-2-(aryl)chroman-3-yl acetate compounds 

This step aimed to replace an acetate at the anomeric site of the diacetate 3.19 with an 

aryl group. In this work, the nucleophilic substitution of the diacetate 3.19 with Lewis acidic 

organometallic aryl reagent, and the electrophilic aromatic substitution of the diacetate 3.19 

with an electron-rich aromatic compound were considered because electron donation from the 

pyran oxygen atom may convert both rac-cis 3.19 and rac-trans 3.19 to the identical oxonium 

ion. Cis selectivity by axial attack via the preferred transition state (TS) was expected to result 

in racemic catechin acetate, as shown in Scheme 3.26.  
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Scheme 3.26 Nucleophilic substitution of rac-cis/trans 3.19 

 

3.6.4.1 Nucleophilic substitution with Organozinc reagent 

The nucleophilic substitution of the diacetate 3.19 with Lewis acidic organometallic 

aryl reagent was expected to allow for the replacement of acetate at the anomeric position of 

3.19 with an ally group from organometallic reagent. This strategy could be useful for 

researching SAR on ring C (detail in 3.2) as organometallic reagents with different aryl groups 

could be treated with the diacetate 3.19 in this step to generate a large number of ring C catechin 

acetate analogs. 

Brown et al. studied nucleophilic substitution of 2-phenylsulfonyl-piperidines (3.35) 

with in situ produced organozinc reagents from trans-metalation between organolithium or 

Grignard reagents and ZnBr2 to obtain substitution products (3.36) in moderate to excellent 

yield (Scheme 3.27).68 This concept was applied to the synthesis of Asperidine B by Waddell 

et al.50 The nucleophilic substitution of the diastereomeric mixture of piperidine diacetates 

3.37a/b (3.6:1) was a key step in substituting benzyl organozinc at the hemiaminal carbon to 
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yield 3.38 in 39% isolated yield.50 Therefore, the nucleophilic substitution of the diastereomeric 

mixture rac-cis 3.19 and rac-trans 3.19 with in situ generated organozinc ally reagents could 

show high diastereoselectivity to provide racemic epigallocatechin acetate rac-3.21 (Scheme 

3.27). 

 

Scheme 3.27 Nucleophilic substitution with organozinc reagent and our synthetic strategy to 

synthesize rac-3.21 

 

The nucleophilic substitution of the diastereomeric mixture of diacetates rac-cis/trans 

3.19 was studied with a simple organozinc reagent, (4-methoxyphenyl)zinc iodide. The 

organozinc reagent was in situ generated by transmetalation between ZnI2 and (4-

methoxyphenyl)magnesium iodide (3.41). The Grignard reagent (3.41) was prepared by 

heating p-iodoanisole (3.40) in THF at reflux with magnesium metal. Conditions and outcomes 

are summarized in Table 3.4. 
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Table 3.4 Studying of Nucleophilic substitution of rac-cis/trans 3.19 with organozinc 

reagent 

 

Entrya Solventa Temperature Resultsb 
1 

THF/Et2O/DCM 
Room temperature No reaction 

2 45 qC No reaction 
3 65 qC (Reflux) No reaction 
4 

THF/Et2O/DCE 
Room temperature No reaction 

5 65 qC No reaction 
6 85 qC (Reflux) Complex mixture (decomposition) 

a Condition: rac-cis/trans 3.19 (1 eq., 0.11 mmol), Grignard 3.41 (2 eq., 0.22 mmol), 
and ZnI2 (2 eq., 0.22 mmol) in 3 mL of mixed solvent 
b Solvent proportion was 3 : 2 : 8 (THF : Et2O : DCM/DCE) 
c Results were analyzed by 1H NMR spectroscopy 

Waddell’s conditions using DCM as the major solvent at room temperature50 (Entry 1) 

were examined for synthesizing racemic epigallocatechin acetate rac-3.21. However, only 

starting material was observed, as interpreted by 1H NMR spectroscopy. Even after increasing 

the temperature to 45 qC and 65 qC (reflux), respectively (Entry 2 and 3), no conversion to the 

desired rac-3.21, as analyzed by 1H NMR spectroscopy, was observed. We postulated that the 

reaction temperature of the mixed solvent, having DCM as a major solvent (boiling point = 40 

qC), could be too low to activate the reaction. Therefore, DCE (boiling point = 83 qC) was 

investigated as an alternative. At room temperature and 65 qC (Entry 4 and 5), the outcomes 

were similar to those observed in the DCM condition. However, reaction at 85 qC (Entry 6) led 
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to starting material decomposition without any catechin product formation, as analyzed by 1H 

NMR spectroscopy. 

The problem was postulated to be due to the substrate. In Waddell’s work,50 the electron 

donation from the nitrogen atom on the piperidine ring and the steric hindrance from the tosyl 

group of piperidine diacetates 3.37a/b (Scheme 3.27) were proposed as the key driving force 

for iminium ion formation.50 Whereas the diacetate rac-3.19 in our work could have only the 

electron donation from oxygen on the tetrahydropyran ring to drive the substitution, which 

could be insufficient to initiate the reaction, resulting in no conversion at room temperature to 

65 qC. Nevertheless, the diacetate rac-3.19 could not tolerate a high temperature (85 qC), 

leading to decomposition.   

3.6.4.2 Nucleophilic substitution by Electrophilic Aromatic Substitution 

Electrophilic aromatic substitution of diacetate rac-3.19 with the electron-rich aromatic 

compound was an option since it does not require any modification to the aromatic nucleophile 

and can be varied to promote oxonium formation with different types of strong Lewis acid. 

Tetrahydrofuran acetate and tetrahydropyran acetate derivatives were demonstrated as 

examples of achieving electrophilic aromatic substitution with electron-rich aromatic in the 

presence of Lewis acid at low temperature in excellent yield with high stereoselectivity.69-72 

This reaction between diacetate rac-3.19 and 1,2-bis(benzyloxy)benzene (3.42) could produce 

catechin derivatives based on the target compounds from the SAR investigation on ring C 

(detail in 3.2), as shown in Scheme 3.28. 

 
Scheme 3.28 Our plan for Electrophilic aromatic substitution between rac-cis/trans 3.19 and 

3.42 
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 The study began with dibenzylation of catechol (3.44) to furnish 1,2-

bis(benzyloxy)benzene (3.42) in 87% yield. Electrophilic Aromatic Substitution was studied 

with 2 equivalents of 3.42 and different Lewis acids, given in Table 3.5. At 1.1 equivalents of 

Lewis acids, Sc(OTf)3, Ti(OiPr)4, SnCl4, and BF3∙OEt2 resulted in no conversion as analyzed 

by 1H NMR spectroscopy (Table 3.5; Entry 1 to 4). However, rac-3.19 was observed to 

decompose without catechin product formation with 3.3 equivalents of BF3 (Entry 6).  

Table 3.5 Investigation of Electrophilic Aromatic Substitution between rac-3.19 and 3.42

 

Entrya Lewis acid Equivalents of Lewis acid Resultsb 
1 Sc(OTf)3 1.1 No reaction 
2 Ti(OiPr)4 1.1 No reaction 
3 SnCl4 1.1 No reaction 
4 

BF3∙Et2O 

1.1 No reaction 
5 2.2 No reaction 
6 3.3 Complex mixture 

(decomposition) 
a Conditions: rac-cis/trans 3.19 (1 eq., 0.11 mmol), 3.42 (2eq, 0.22 mmol), and Lewis 
(as indicated in the table) in 1.5 mL of DCM 
b Results were analysed by 1H NMR spectroscopy  
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The anomeric acetate of 3.19 was found to be unusually stable compared to other 

anomeric acetates69-72. The observed decomposition of rac-cis/trans 3.19 upon treatment with 

a high number of equivalents of BF3 was hypothesized to be involved with the cleavage of the 

benzyl protecting groups73 on rac-cis/trans 3.19. Therefore, the benzyls would be deprotected, 

and the benzyl carbocation was generated before the acetate group was expelled to form an 

oxonium ion. The resultant reactive carbocation then reacted at random to become a source of 

decomposition, leading to the complex mixture (Scheme 3.29). 

 

Scheme 3.29 Proposed decomposition mechanism of Electrophilic aromatic substitution 

between rac-cis/trans 3.19 and 3.42 under excess BF3 

 

3.6.5 Tebbe strategy: An alternative pathway  

 Our next approach, inspired by Nicolaou’s Tebbe reaction,74 was to convert the olefinic 

ester directly to a cyclic enol ether. This route would begin with the esterification of 

intermediate 3.30, using the method outlined earlier in 3.6.2.2. The ester 3.45 could then be 

treated with Tebbe reagent75 to furnish chromene 3.46 via methylenation and ring-closing 

metathesis (RCM) in a single step. The resulting chromene 3.46 could be subjected to 

hydroboration-oxidation to provide gallocatechin (rac-trans 3.5), as shown in Scheme 3.30. 
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Scheme 3.30 Direct conversion of olefinic ester to cyclic enol ether by Nicolaou et al. and 

our synthetic plan for rac-trans 3.5 through chromene 3.46 

 

 Benzylated gallic acid 3.16 was prepared by global benzylation of gallic acid 3.47 with 

an excess of BnBr, followed by hydrolysis with NaOH in 50% EtOH in water at reflux76 to 

provide 3.16 in 98% yield over 2 steps. The resulting benzoic acid 3.16 was converted to acid 

chloride by oxalyl chloride with a DMF catalyst and then esterified with phenol 3.30 under 

standard conditions46 to furnish ester 3.45 in quantitative yield over 2 steps (Scheme 3.31). 
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Scheme 3.31 Synthesis of olefinic ester 3.45 from gallic acid 3.47 

 

The Tebbe reaction was performed by treating olefinic ester 3.45 with 6 equivalents of 

Tebbe reagent at -20 qC to room temperature. The ester 3.45 was completely consumed as 

analyzed by 1H NMR spectroscopy. However, the resulting product was too sensitive to handle, 

and elucidation of the structure was difficult since the product was unstable under air and 

decomposed during workup (Scheme 3.32).  

 

Scheme 3.32 Tebbe reaction of olefinic ester 3.45 
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The expected chromene 3.46 could similarly decompose to chromene 3.17, as discussed 

in 3.6.2.2 (Scheme 3.19). By comparison between the radical intermediates from the starting 

chromenes 3.17 and 3.46, the 3.46-rad Int could be more stable than the 3.17-rad Int by the 

resonance stabilization from the additional aromatic ring C (Figure 3.10). Therefore, the 

chromene 3.46 should be less stable than the chromene 3.17, which is correlated with the 

experimental results from the Tebbe reaction of the ester 3.45. 

 

Figure 3.10 Comparison between radical intermediates 3.17-rad Int and 3.46-rad Int 

 

3.7 Synthesis of EGCG derivatives for Structure-Activity Relationship (SAR) 

The SAR investigation began with the synthesis of EGCG analogs. As discussed in 

section 3.2, ring C and ring D were our focus. Since our proposed synthetic routes failed to 

furnish targets as discussed in 3.6, the modified pathway from Li et al.46 was employed to 

prepare our analogs. 

 

Figure 3.11 Targeted EGCG analogs for SAR investigation 
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3.7.1 Synthesis of EGCG analogs for SAR of Ring D 

This section aims to synthesize analogs to understand the influence of each hydroxy 

group on ring D, as well as the stereochemistry of C2 and C3 to ATP inhibition activity (Figure 

3.11). Our synthetic strategy was to esterify the commercially available catechin and gallic acid 

derivatives because this method involved a short pathway. Due to the chemical cost economy, 

catechin was chosen as a core instead of gallocatechin or epigallocatechin. 

 The approach was to benzylate catechin 3.48a to give compound 3.49, which would be 

isomerized by Li’s method46 to obtain epicatechin 3.50. Both benzylated species 3.49/3.50 

would be subjected to esterification with gallic acid derivatives and global debenzylation to 

yield ring D analogs (Scheme 3.33). 

 

Scheme 3.33 Our plan to synthesize cis/trans ring D analogs 

 

The phenols of catechin 3.48a were benzylated on reaction with excess BnBr in the 

presence of K2CO3. KI was added to generate BnI in situ to accelerate the reaction, producing 

benzylated catechin 3.49 in 76–78% yield. The resulting 3.49 was oxidized by the Dess-Martin 

periodinane to furnish ketone 3.51, which was then reduced without further purification using 
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K-Selectride.46 The steric bulk of the aryl group of ketone 3.51 blocks access of K-Selectride 

to the same site as those allyl group and allow it to react only on the opposite side to yield 

catechin 3.50 stereospecifically in 47–52% yield (Scheme 3.34). 

 

Scheme 3.34 Synthesis of cis/trans benzylated catechin 3.49 and 3.50 from catechin 3.48a 

 

The hydroxybenzoic acids (3.47b–f) were fully benzylated on reaction with excess 

BnBr and K2CO3, followed by hydrolysis with NaOH in 50% EtOH in water at reflux to yield 

benzylated benzoic acid and derivatives (3.16b–f) in excellent yield (90–98% yield) (Scheme 

3.35).76 The esterification47 was studied for both catechin (3.49a) and epicatechin (3.50a) by 

coupling to acid 3.16e. The benzoic acid 3.16e was converted to acid chloride by oxalyl 

chloride in the presence of the DMF catalyst. Acid chlorides reacted with catechin (3.49a or 

3.50a) using Et3N as a base and DMAP as a catalyst, as shown in Table 3.6.  

 

Scheme 3.35 Synthesis of benzylated gallic acid 3.16 
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 Even though the reaction was stirred for longer than 2 days (Entry 1 and 2), the common 

esterification47 (condition A in Table 3.6) could not proceed to completion as analyzed by 1H 

NMR spectroscopy. Furthermore, epicatechin (3.50a) showed lower conversion than catechin 

3.49a, as shown in Table 3.6. This result was correlated with the bulkiness of the β substituent 

(allyl group) to the alcohol reaction center. The cis stereochemistry of epicatechin (3.50a) has 

a greater effect on decreasing the nucleophilicity of the alcohol than the trans relationship of 

catechin (3.49a). 

Table 3.6 Investigation of esterification between catechins and gallic acid derivatives 

 

Entry Catechin Benzoic acid Conditiona Time %Conversionb 
1 Catechin (3.49a) 3.76e Condition A 2 days 79% (3.77e) 
2 Epicatechin (3.50a) 3.76e Condition A 7 days 43% (3.78e) 
3 Epicatechin (3.50a) 3.76f Condition B 1 day 100% (3.78f) 

a Condition A: 1 eq. catechin, 1.2 eq. benzoic acid, 6 eq. Et3N, 10 mol% DMAP in DCM47; 
Condition B: 1 eq. catechin, 1.2 eq. benzoic acid, 2.5 eq. DMAP in DCM46 
b %Conversion was estimated by 1H NMR spectroscopy, calculating from signal integration 
ratio between ester product 3.77 (at 2.83 ppm) or 3.78 (at 4.71 ppm) and catechin starting 
material 3.59 (at 2.64 ppm) or 3.74 (at 4.71 ppm).  
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To improve the conversion from the common esterification47 (condition A in Table 3.6), 

a superstoichiometric quantity of DMAP (2.5 equivalents) was used as both catalyst and base 

instead of Et3N46 (condition B in Table 3.6). This method resulted in full conversion of the 

reaction between epicatechin 3.50a and the bulkiest acid in the series 3.16f after stirring for 24 

hours (Table 3.6, Entry 3). 

 

Scheme 3.36 Mechanism of DMAP activated esterification 

 

The improvement by the DMAP condition (condition B in Table 3.6) could be 

described by the mechanism shown in Scheme 3.36. Acid chloride 3.52 underwent nucleophilic 

acyl substitution with DMAP activator to generate Int-L as a key intermediate. Catechin 3.50a 

was then added into carbonyl to yield Int-M, which was deprotonated by the base in the system. 

Finally, DMAP was eliminated from Int-N to obtain ester 3.50e (Scheme 3.36). The excessive 

quantity of DMAP (condition B) could increase the Int-L concentration and accelerate the 
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catechin addition step, resulting in better conversion than the common esterification (condition 

A). 

Table 3.7 Synthesis of ester 3.49d–f and 3.50d–f by DMAP esterification77 

 

Entry Catechin %Isolated yield 
over 2 steps 

1 Catechin (3.49a) 48% (3.77d) 
2 Catechin (3.49a) 58% (3.77e) 
3 Catechin (3.49a) 65% (3.77f) 
4 Epicatechin (3.50a) 58% (3.78d) 
5 Epicatechin (3.50a) 52% (3.78e) 
6 Epicatechin (3.50a) 56% (3.78f) 

 
The DMAP procedure was used to prepare 3.49/3.50d–f in moderate yields (48–65% 

yield over 2 steps, Table 3.7). Both catechin 3.49a and epicatechin 3.50a provided ester 

products with insignificantly different percentage yields (trans ester 3.49d–f: 48–65% yield 

versus cis ester 3.50d–f: 52–58% yield), indicating that this strategy was able to overcome the 

bulkiness of the β substituent in alcohol to synthesize benzylated catechin ester and might be a 

good option for the synthesis of other esters with bulky starting materials. 
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Scheme 3.37 EDCI esterification to synthesize 3.49b/c 

 

The single-step esterification between catechin 3.49a and acid 3.16 with EDCI-

activated benzoic acid48 (Scheme 3.37) was studied as a shorter and more convenient route than 

the acid halide esterification approach. The EDCI esterification was able to esterify catechin 

3.49a with acid 3.16 to produce trans ester 3.49b–c in good yield (Scheme 3.37). Finally, all 

benzylated ester 3.49b–f, 3.50a, and 3.50d–f were debenzylated with Pd(OH)2 under H2 to 

provide 9 ring D analogs trans 3.48b–f, cis 3.53a, and cis 3.53 d–f in 66–93% yield (Scheme 

3.38). In conclusion, trans 3.48b–f were synthesized by a 6-step sequence in 22–46% overall 

yield. Compounds cis 3.53a and cis 3.53d–f were furnished in an 8-steps synthesis in 11–21% 

overall yield. 

 

Scheme 3.38 Global debenzylation of cis/trans ester 3.49b–f and 3.50a, 3.50d–f 
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3.7.2 Synthesis of EGCG analogs for SAR of Ring C 

A modification of Li’s strategy46 was utilized to synthesize EGCG analogs in racemic 

form for SAR investigation to analyze the influence of each hydroxy group on ring C to ATP 

inhibition activity. This approach involved Friedel-Crafts alkylation between allylic alcohol 

3.54 or rac-3.55 and phenol 3.1, followed by dihydroxylation to yield diol rac-3.56. The 

resulting diol rac-3.56 would cyclize through an ortho ester intermediate, followed by 

hydrolysis, producing racemic catechin product rac-3.57. Esterification and global 

debenzylation would furnish the target rac-3.58 (Scheme 3.39). 

 

Scheme 3.39 Synthetic plan for rac-3.58a–e 

 

The approach began with the synthesis of racemic sec-allylic alcohol rac-3.55. The 

Schotten–Baumann reaction78 of acid 3.16 furnished Weinreb amides 3.59b–e in good yield 

over 2 steps. The resulting amide was reduced by DIBAL to give the corresponding aldehydes 

in excellent yield, followed by Grignard reaction with vinyl magnesium bromide to obtain 

racemic 3.55b–e in 97%–quantitative yield (Scheme 3.40). 
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Scheme 3.40 Synthesis of rac-3.55b–e 

 

The following Friedel-Crafts alkylation of 3.1 with allylic alcohol 3.54 or rac-3.55b–

e79 provided inseparable mixtures. After OsO4 dihydroxylation, the racemic diols rac-3.56a–e 

were obtained in 21–31% yield over 2 steps (Scheme 3.41). The poor overall isolated yields 

were hypothesized to be due to multiple side reactions such as multiple alkylations on 3.1 or 

oligomerization during the Friedel-Crafts alkylation step. 

 

Scheme 3.41 Synthesis of rac-3.56a–e 

 

The racemic benzylated catechin derivatives rac-3.57a–e were synthesized by a three-

step sequence from racemic diol rac-3.56a–e. The approach began with ortho ester formation 

of racemic diol rac-3.56a–e with triethyl orthoformate (MeC(OEt)3) under catalysis by 

pyridinium p-toluenesulfonate (PPTS),46 which was continued the next step after completion, 
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as analyzed by TLC without further purification. The resulting mixture was then treated with 

BF3, followed by hydrolysis with LiOH46 to obtain racemic catechin derivatives rac-3.57a–e 

in 90% to quantitative yield over 3 steps with trans selectivity. The subsequent EDCI 

esterification produced racemic ester rac-3.61a–e in 30–53% yield, followed by global 

debenzylation to obtain rac-3.58a–e in 51–77% yield (Scheme 3.42). In summary, 5 ring C 

analogs (rac-3.58a–e) were obtained in an 11-step synthesis in 2.3–12% overall yield, starting 

from 3,5-bis(benzyloxy)phenol (3.1) and benzylated gallic acid derivatives (3.47). 

 

Scheme 3.42 Synthesis of rac-3.58a–e from rac-3.56a–e 

 

3.8 Structure-Activity Relationship (SAR) of EGCG and EGCG analogs 

Analogs 3.48a–f, 3.53a, 3.53d–f, rac-3.58a–e, and 3.16f were evaluated for ATP 

synthesis inhibition of M. smeg. IMVs,80 done by Priya Ragunathan81. Overall, the synthetic 

EGCG analogs 3.48a–f, 3.53a, 3.53d–f, rac-3.58a–e, and 3.16f were less potent in inhibiting 

ATP synthesis of M. smeg. IMVs than the original EGCG. Only analogs 3.48d (0.59 μM), 

3.48f (1.36 μM), and 3.53d (0.87 μM) showed about the same ATP synthesis inhibitory effect 
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as the original compound (EGCG; 0.155 μM). By the comparison between IC50 of 3.48a/3.53a, 

3.48f/3.53f, and 3.16f (Graph 3.1), both catechin and gallate ester moieties were necessary for 

the activity of both catechin gallate (3.48a–f) and epicatechin gallate derivatives (3.53a, and 

3.53d–f). 

 
Graph 3.1 IC50 of EGCG and enantiomeric pure 3.48a–f, 3.53a, 3.53d–f, racemic mixture of 

rac-3.58a–e, and 3.16f; The IMV experiments were done by P. Ragunathan81; The 

experiments were performed in duplicate; Pattern red indicated above studying range at 100 

µM; Solid red showed incomplete inhibition curve at the studied concentration range; orange 

bar exhibited the inhibition profile could not fit the inhibition curve; provided error is the 

standard error of the mean (SEM).  
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3.9 HSQC-NMR titration molecular modeling analysis   

According to molecular modeling based on HSQC-NMR titration data between EGCG 

and the Mtb ε subunit by Saw et al., as discussed in Section 3.1.3,13 both gallocatechin and 

gallate moieties are needed to interact with the Mtb ε subunit, which agreed with our SAR 

results when 3.53a, 3.53f, and 3.16f were compared. Notably, Saw et al. model also established 

that the 3-hydroxy group on a 2-phenyl substituent is an important component in interacting 

with the Mtb ε subunit.13 However, the ATP synthesis inhibition of epicatechin gallate 3.53f 

by removing this 3-hydroxy group greatly reduced potency (384 times less effective than 

EGCG), which was not correlated with the Saw et al. modeling13. This might support the 

hypothesis that the catechin and gallocatechin series have different binding sites. Nonetheless, 

the number of cis-isomer analogs in this work was insufficient to fully understand the SAR 

trend of cis-stereoisomer analogs to validate the Saw et al. modeling, as discussed in Section 

3.1.3. 

The HSQC-NMR titration between EGCG and the Mtb ε subunit by Saw et al.13 showed 

that EGCG had significant interaction at multiple locations (Figure 3.13). An explanation for 

this promiscuity could be based upon non-specific binding by EGCG. It is known that EGCG 

is readily oxidized to an ortho-quinone, as discussed in Scheme 3.2. It may be noted that many 

of the locations in the ε subunit where EGCG interacts have arginine residues (R) in proximity. 

It can, therefore, be suggested that binding is through nucleophilic trapping of the oxidized 

form of EGCG by arginine. This would imply that EGCG acts as a covalent inhibitor. This 

would also explain why EGCG has been observed to have so many forms of biological 

activities. 
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Figure 3.13 Mapping of the EGCG binding surface to the Mtb ε subunit and conformational 

changes by chemical shift perturbation (CSP) results; The residues revealing more than 0.1 

ppm are represented in red, while those showing CSP between 0.05 and 0.1 ppm and 

disappeared are displayed in blue and green, respectively.13 Reprinted with permission from 

Saw, W.-G. et al. Sci. Rep.2019, 9 (1), 16759. Copyright © 2019 by Saw, W.-G. et al. 

 

The HSQC-NMR titration between catechin ester 3.48d and the Mtb ε subunit was 

performed by Priya Ragunathan81 and analyzed by Joon Shin82. However, no significant 

chemical shift perturbation values were observed. For ester 3.48d, the largest chemical shift 

perturbation was approximately 0.03 Δppm, as shown in Graph 3.2. In comparison, for EGCG, 

perturbations greater than 0.1 Δppm were observed. This confirms that EGCG and ester 3.48d 

do behave quite differently in this context. This information suggested that the most active 

compound 3.48d in the catechin ester series does not have the Mtb ε subunit as a binding site, 

and it also supported the hypothesis that catechin gallate analogs could have distinct binding 

sites from gallocatechin gallate analogs. 
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Graph 3.2 Plot of CSP based on the 1H-15N HSQC spectra of Mtb epsilon with/without  

drug at a 1:2 molar ratio. Weighted CSP values were calculated by the formula Δppm = 

[(ΔN/5)2 +(ΔHN)2 ]0.5 

 

3.10 Investigation of Bacterium growth inhibition property of EGCG analogs  

The bacterial growth inhibition against M. smeg.83 was investigated and performed by 

Priya Ragunathan81. Catechin/epicatechin gallates 3.48a–f/3.53a and 3.53d–f had no inhibitory 

effect on M. smeg. growth. This was correlated to the EGCG property that EGCG shows ATP 

synthesis inhibition against M. smeg. IMVs, however, it does not inhibit M. smeg. growth as 

reported by Saw et al13. We postulated that inadequate membrane penetration and inhibitors 

elimination via efflux pumping are possible causes. 
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3.10.1 Investigation of membrane penetration hypothesis 

Due to the unique lipophilic cell wall of Mtb, drug penetration is one of the main 

problems in TB drug development.43, 84 The majority of successful TB medicines are lipophilic 

compounds with ClopP of more than 5,44 which ClogPs of the original EGCG, and the active 

analogs (3.48d, 3.48f, and 3.53d) were between 1.49–2.78, supporting the membrane 

impermeability hypothesis. 

In this work, fluorescence confocal imaging, which has been reported to be utilized in 

transportation across the membrane study,85 was considered to experimentally confirm our 

hypothesis. In general, the technique could show the location of the fluorescence active species 

inside the cell. However, the selected catechin gallate (3.48d) from the most active SAR series 

showed ultraviolet (UV)-visible absorption property in the UV range as shown in Graph 3.3, 

which was correlated to EGCG optical properties,86 and was in the same range as cell 

components’ optical absorption.87 This demonstrated that the fluorescence confocal technique 

cannot be adopted to confirm the membrane penetration hypothesis for catechin gallate (3.48d), 

EGCG, and our EGCG analogs. 

 

Graph 3.2 UV-visible spectrum of catechin gallate (3.48d) at 0.02 mM concentration 
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To date, the pro-drug concept has been employed to solve the problem of membrane 

penetration. Lipophilic ester pro-drugs have been found to promote cell membrane 

permeability, intracellular breakdown, and the release of active species within the cell.45 This 

approach was used in mycobacterial examples to enhance the growth inhibition of 

pyrazinamide.88 

Herein, the selected catechin gallate (3.48d) was fully esterified with acid anhydrides 

(3.62a–e) to form corresponding esters (3.63a–e) with different ClogP in between 1.90–14.60 

in moderate to good yield, as shown in Scheme 3.43. This strategy is predicted to not only 

address the bacterial growth inhibition problem by increasing the lipophilicity to allow the 

molecule to penetrate through the mycobacterial cell wall but also increase the stability of 

catechin gallate (3.48d) from oxidation of catechol (discussed in 3.1.5). However, all synthetic 

esters 3.63a–e exhibited no enzymatic inhibition to ATP synthesis of M. smeg. IMV, as well 

as no M. smeg. growth inhibition. In the enzymatic inhibition assay, the hydroxyl groups on 

catechin gallate (3.48d) were confirmed to be crucial for activity. However, the lipophilic ester 

could not solve the membrane penetration problem. The hydrophilic of original 3.48d and 

acetate 3.63a could be too high to allow molecules to penetrate through the waxy cell wall. In 

contrast, the rest of the esters 3.63b–e were water-insoluble, leading to no growth inhibition 

observed. 
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Scheme 3.43 Esterification of 3.48d to produce 3.63a–e, ClogPs were calculated by 

Chemdraw 

 

3.10.2 Investigation of efflux pumping hypothesis 

 One mechanism for drug resistance is through the action of efflux pumps, expelling the 

drug molecules from the organism to avoid the drug effect.89 Recently, it was shown that co-

administration of Verapamil (Figure 3.14), a well-known efflux pump inhibitor, restored the 

activity of various anti-TB drugs, enhancing bacterial growth inhibition property.89, 90 

Therefore, we decided to perform the M. smeg. growth inhibition of the combination between 

Verapamil and our compounds to determine whether efflux pump activity is the cause of the 

problem. 

 

Figure 3.14 Structure of Verapamil 

 
In this work, the quantity of Verapamil required to inhibit efflux without affecting 

bacterial growth was studied. Verapamil had an M. smeg. MIC50 of 1.33 mM, whereas more 

dilute doses of 8 μM and 24 μM had additive effects on BDQ, reducing the M. smeg. MIC50 of 

BDQ by 1.6 and 2.6 times, respectively. Therefore, verapamil concentrations of 8 μM and 24 
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μM were considered subinhibitory concentrations and employed for studies with EGCG 

analogs. 

Our top three most active IC50 analogs (3.48d, 3.48f, and 3.53d) at 2 mM were studied 

with 24 μM of Verapamil in the slow-growing M. bovis, which commonly exhibits behavior 

closely similar to Mtb. However, no effect was detected for any of the EGCG analogs examined 

(3.48d, 3.48f, and 3.53d). Therefore, it is unlikely that the lack of activity is due to efflux 

pumps, although it may be noted that verapamil may not inhibit all efflux pumps. 

 

Graph 3.3 Synergistic investigation between 3.48d, 3.48f, and 3.53d, and Verapamil (Verap) 

 

3.11 Future work 

In this work, the catechin series (3.48a–f, 3.53a, 3.53d–f, rac-3.58a–e, and 3.16f) was 

thoroughly SAR studied. However, the number of analogs in the gallocatechin series (EGCG 

and rac-3.58e) and cis-isomer analogs (3.53a and 3.53d–f) are still limited. Thus, more analogs 

will be synthesized using our modified Li’s strategy to complete the SAR trend and validate 

the EGCG modeling (Figure 3.15). Additionally, the lipophilic ester strategy to solve the 

bacterial growth inhibition problem was met by the limited water solubility of hydrophobic 

esters. Therefore, partially capped ester 3.63 should address the solubility issue while the 

lipophilic property remains (ClogP 4.71–7.89, Figure 3.14). Furthermore, if the mycobacterial 
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growth inhibition problem is resolved, bacterial growth inhibition assays will be performed in 

the other bacteria, e.g., E. coli, to investigate selectivity. In addition, the target specificity of 

catechin ester 3.48d should be investigated to identify the targeted enzyme involved in 

inhibiting mycobacterial ATP synthesis. Finally, experiments should be designed to determine 

whether EGCG is a covalent inhibitor.  

 

 

Figure 3.15 Proposed future works 
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3.12 Conclusion  

The new late-stage coupling strategy involving the nucleophilic substitution of the 

diacetate 3.19 was proposed to synthesize EGCG analogs. The key intermediate, 5,7-

bis(benzyloxy)chromane-2,3-diyl diacetate (rac-3.19), was synthesized in a 10-step sequence 

in 12–20% overall yield, beginning with phloroglucinol. However, subsequent nucleophilic 

substitution failed to produce catechin derivatives. Using the modified Li’s strategy,46 fourteen 

EGCG analogs (3.48b–f, 3.53a, 3.53d–f, and rac-3.58a–e) for SAR investigation were 

successfully synthesized. 

The SAR study by IMV experiments revealed that both catechin and gallate ester 

moieties were required for mycobacterial ATP synthesis inhibition. However, catechin gallate 

(3.48f and 3.53f) and gallocatechin gallate derivatives (EGCG and rac-3.58e) revealed 

different SAR patterns as the trans stereoisomer had significantly higher potency than the cis-

isomer in the catechin series. While epigallocatechin gallate (EGCG) exhibited better activity 

than trans relationships, Moreover, catechol ester can improve the effectiveness of inhibiting 

ATP synthesis in catechin analogs. 

The bacterial growth inhibition assay demonstrated that EGCG and its analogs had no 

M. smeg. growth inhibition. The high hydrophilicity was postulated to result in a lack of 

membrane penetration. The lipophilic ester-protected catechin gallate (3.63a–e), which was 

synthesized from the most active analog (3.48d) based on the SAR investigation, could not 

dissolve in water, resulting in the inability to inhibit the mycobacterial growth. The efflux 

pumping hypothesis was examined by studying the bacterial growth inhibition assay of the 

combination between our top three enzymatic active EGCG analogs (3.48d, 3.48f, and 3.53d) 

and verapamil against M. smeg., which exhibit no additive effect and can not address the 

bacterial growth problem. 
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3.13 Experimental section 

Biological assays 

Preparation of M. smeg. Inverted membrane vesicle (IMV),91 ATP synthesis inhibition,80 and 

antimycobacterial activity83 assays were followed the procedures as discussed in 2.8 in the 

biological assays section. 

 

Table 3.8 IC50 and MIC50 values of EGCG analogs in this work 

Compound IC50 (μM)a 

 

0.156c, 13 

 

> 100b, c 

 

21.7 ± 2.4 

 

18.0 ± 1.4 
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0.593 ± 0.154c 

 

19.5 ± 1.7c 

 

1.36 ± 0.01c 

 

> 100b, c 

 

0.866 ± 0.013c 

 

41.8 ± 8.0c 
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47.3 ± 11.2c 

 

22.0 ± 1.1 

 

N. A.d 

 

23.4 ± 2.1 
 

OHO

OH
O

rac-3.58d
O

OH

OH
OH

OH

OH

 

8.9 ± 1.9 
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OHO

OH
O

rac-3.58e
O

OH

OH
OH

OH
OH

OH

 

23.8 ± 1.1 

 

> 100b, c 

 

> 100b, c 

 

> 100b, c 

 

> 100b, c 
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OO

O
O

O

O
O

O

O

O

O
O

O

3.63d

O

O

 

> 100b, c 

 

> 100b, c 

a All experiments were performed in duplicate 
b IC50s were above the studying range at 100 μM 

 c MIC50s were measured to be above the studying range at 100 μM 
d The inhibition profile could not fit the inhibition curve 

 

Synthetic procedures 

All moisture-sensitive reactions were carried out under a nitrogen atmosphere using 

oven-dried glassware (120 oC), which was cooled under vacuum. Syringes and needles were 

dried under vacuum before use. Anhydrous diethyl ether, THF, and toluene were fleshly 

distilled from sodium metal with benzophenone under a nitrogen atmosphere before use, while 

Anhydrous DCM and DCE were distilled from CaH2 under nitrogen. Anhydrous DMF was 

distilled under reduced pressure from CaH2 under nitrogen and stored under 4Å molecular 

sieves. All other solvents and reagents were used as received. Flash column chromatography 

was performed on 230–400 mesh particle-sized silica gel. 

All synthetic compounds in this research were structurally elucidated by 1H-NMR, 13C-

NMR, IR spectroscopy, or mass spectrometry. The minimum purity of target compounds 

(3.48a–f, 3.53a, 3.53d–f, rac-3.58a–e, 3.16f, and 3.63a–e) for biological assays was accepted 

at 90%, and the purity was confirmed by 1H-, and 13C- NMR spectroscopy. All supporting 

spectra information (1H- and 13C-NMR spectra) for this chapter were shown in Appendix B.  
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1H- and 13C- NMR spectra were recorded in deuterated solvents (CDCl3 or DMSO-d6) 

at 400 MHz and 100 MHz, respectively, using JEOL ECA 400 and ECA 400SL spectrometers. 

Chemical shifts are reported in part per million (ppm), and coupling constants are recorded in 

Hertz (Hz). Infrared spectra were recorded using Spectrum 100 ATR-IR spectrometer (Perkin-

Elmer) and reported in cm-1. Molecular weights were recorded using a high-resolution mass 

spectrometer equipped with Waters acquity UPLC (Waters Xeco G2-X2 MS) or a low-

resolution mass spectrometer (Thermo Scientific LTQ XL MS). Melting points were recorded 

using Optimelt. Optical rotation was measured and recorded using a P-1030 polarimeter (Jasco). 

 

Benzene-1,3,5-triyl triacetate (3.25) 

 

To the phloroglucinol (6.31g, 50 mmol) in pyridine (35 mL) was added dropwise acetic 

anhydride (18.9 mL, 200 mmol) in the presence of 4-dimethylaminopyridine (306 mg, 2.5 

mmol). The mixture was stirred at room temperature for 1 day. The reaction was monitored by 

TLC (hexanes:EtOAc 3:1; UV). The reaction mixture was diluted with EtOAc, washed with 

an aqueous solution of 2 M HCl, water, and a saturated aqueous solution of NaHCO3. The 

organic layer was evaporated under reduced pressure to obtain benzene-1,3,5-triyl triacetate 

(2.25) as a colorless solid (11.70g, 93% yield). 1H NMR (400 MHz, CDCl3) δ 6.84 (s, 3H), 

2.28 (s, 9H). The 1H NMR is in agreement with those reported before.92 
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1,3,5-Tris(benzyloxy)benzene (3.23) 

 

To the benzene-1,3,5-triyl triacetate 3.25 (6.03 g, 23.9 mmol), benzyl chloride (9.9 mL, 86.1 

mmol), 60% w/w NaH in mineral oil (6.89 g, 172 mmol) in anhydrous DMF (70 mL) was 

added dropwise water (1.3 mL, 71.8 mmol) at 0 qC under nitrogen atmosphere. The mixture 

was stirred at 0 qC, which was allowed to warm up to room temperature for 2 days. The reaction 

was monitored by TLC (hexanes:EtOAc 3:1; UV). Water was added and extracted with EtOAc 

3 times. The combined organic phase was washed with water and brine, followed by 

evaporation under reduced pressure. The residue was recrystallized in hot MeOH. 1,3,5-

Tris(benzyloxy)benzene (3.23) was obtained as a colorless solid (7.15 g, 75% yield). 1H NMR 

(400 MHz, CDCl3) δ 7.54 – 7.28 (m, 15H), 6.27 (s, 3H), 5.00 (s, 6H). The 1H NMR is in 

agreement with those reported before.57 

 

3,5-Bis(benzyloxy)phenol (3.1) 

 

The suspension of 1,3,5-tris(benzyloxy)benzene 3.23 (3.57g, 9 mmol) and 10% Pd/C (178 mg) 

in the mixture between 80 mL of MeOH and 20 mL of dioxane was charged with 10 mL of 1.5 

M NaOMe in MeOH. The reaction was stirred under hydrogen (1 atm) at room temperature, 

which was monitored closely by TLC (hexanes:EtOAc 9:1; UV). After the completion (after 

stirring for 45 minutes), the mixture was filtered through celite. The filtrate was evaporated 

under reduced pressure. The residue was added with an aqueous solution of 2 M HCl and then 
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extracted with DCM 3 times. The combined organic phase was dried over Na2SO4 and then 

evaporated to give 3,5-bis(benzyloxy)phenol 3.1 as a brown solid (2.78 g, 99% yield). 1H NMR 

(396 MHz, CDCl3) δ 7.44 – 7.28 (m, 10H), 6.24 (t, J = 1.8 Hz, 1H), 6.11 (d, J = 1.7 Hz, 2H), 

5.00 (s, 4H), 4.89 (s, 1H); LRMS calcd for C20H19O3 (M+ H+) 307.4; found 307.0. The 

analytical data are in agreement with those reported before.55 

 

(((5-(Prop-2-yn-1-yloxy)-1,3-phenylene)bis(oxy))bis(methylene))dibenzene (3.26) 

 

To the 3,5-bis(benzyloxy)phenol 3.1 (350 mg, 1.14 mmol) and K2CO3 (415 mg, 3 mmol) in 

acetone (5 mL) was added 80%wt propargyl bromide in toluene (419 mg, 2.8 mmol). The 

mixture was stirred at reflux under nitrogen atmosphere overnight. The reaction was monitored 

by TLC (hexanes:EtOAc 9:1; UV) and evaporated under reduced pressure. Water was added 

and then extracted with DCM 3 times. The combined organic phase was washed with brine, 

dried over Na2SO4, and evaporated to give (((5-(prop-2-yn-1-yloxy)-1,3-

phenylene)bis(oxy))bis(methylene)) dibenzene 3.26 as yellow liquid (398 mg, quantitative). 

1H NMR (400 MHz, CDCl3) δ 7.44 – 7.25 (m, 10H), 6.28 (t, J = 2.0 Hz, 1H), 6.24 (d, J = 2.0 

Hz, 2H), 4.98 (s, 4H), 4.60 (d, J = 2.4 Hz, 2H), 2.49 (t, J = 2.4 Hz, 1H). 
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The mixture of 5,7-bis(benzyloxy)-2H-chromene (3.27) and 5,7-bis(benzyloxy)-4H-

chromene (3.17) 

 

The PtCl2 (13.2 mg) was suspended into the solution of (((5-(prop-2-yn-1-yloxy)-1,3-

phenylene)bis(oxy))bis(methylene))dibenzene 3.26 (298 mg, 0.87 mmol) in toluene (15 mL). 

The mixture was stirred and refluxed under a nitrogen atmosphere for 5.5 hours. The reaction 

was monitored by TLC (hexanes:EtOAc 9:1; UV), and evaporated under reduced pressure. The 

crude mixture was purified by column chromatography on silica gel using 10% EtOAc in 

hexanes as an isocratic eluent to afford the mixture between 5,7-bis(benzyloxy)-2H-chromene 

3.27 and 5,7-bis(benzyloxy)-4H-chromene 3.17 with 6.7:1 mole ratio as a yellow liquid (69.4 

mg, 23% yield). 

5,7-bis(benzyloxy)-2H-chromene (3.27) 1H NMR (400 MHz, CDCl3) δ 7.46 – 7.26 (m, 10H), 

6.75 (dt, J = 9.9, 1.5 Hz, 1H), 6.18 (d, J = 2.2 Hz, 1H), 6.13 (d, J = 2.2 Hz, 1H), 5.58 (dt, J = 

9.9, 3.7 Hz, 1H), 5.01 (s, 2H), 4.99 (s, 2H), 4.73 (dd, J = 3.7, 1.8 Hz, 2H). 

5,7-bis(benzyloxy)-4H-chromene (3.17) 1H NMR (396 MHz, CDCl3) δ 7.53 – 7.28 (m,10H), 

6.42 (dt, J = 6.3, 1.9 Hz, 1H), 6.27 (d, J = 2.3 Hz, 1H), 6.12 (d, J = 2.3 Hz, 1H), 5.02 – 4.91 

(m, 4H), 3.23 (dd, J = 3.2, 2.1 Hz, 2H). The 1H NMR is in agreement with those reported 

before.49 

 

Investigation of the isomerization of 5,7-bis(benzyloxy)-2H-chromene (3.27) 

The Rh(diphos)BF4 was pre-formed by dissolving Rh(COD)BF4 (1.8 mg, 4 μmol) and 1,2-

Bis(diphenylphosphino)ethane (1.7 mg, 4 μmol) in DCM (0.5 mL) under nitrogen atmosphere. 

The solution was stirred at room temperature for 15 minutes. This resulting mixture was 
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canulated into 5,7-bis(benzyloxy)-2H-chromene 3.27 (57.2 mg, 0.17 mmol) in degassed 

acetone (0.5 mL). The temperature and reaction time were studied. The reaction was monitored 

by 1H NMR spectroscopy. 

 

(((5-(Allyloxy)-1,3-phenylene)bis(oxy))bis(methylene))dibenzene (3.29) 

OBnO

OBn
3.29  

To the 3,5-bis(benzyloxy)phenol 3.1 (1.39 g, 4.5 mmol) and K2CO3 (2.51 g, 18.1 mmol) in 

anhydrous acetone (10 mL) was added a solution of 80%wt allyl bromide in toluene (2 mL, 

23.1 mmol). The mixture was stirred at reflux under a nitrogen atmosphere for 1 day. After the 

completion, as monitored by TLC (hexanes:EtOAc 9:1; UV), the solvent was evaporated under 

reduced pressure. The crude mixture was redissolved in water and extracted with DCM 3 times. 

The combined organic phase was dried over Na2SO4 and removed. The crude mixture was 

purified by column chromatography using 5% EtOAc in hexane as an isocratic eluent system 

to obtain (((5-(allyloxy)-1,3-phenylene)bis(oxy))bis(methylene))dibenzene (3.29) as light 

yellow liquid (1.27 g, 81% yield). 1H NMR (400 MHz, CDCl3) δ 7.46 – 7.28 (m, 10H), 6.26 (t, 

J = 2.1 Hz, 1H), 6.20 (d, J = 2.1 Hz, 2H), 6.03 (ddt, J = 17.1, 10.6, 5.3 Hz, 1H), 5.39 (dd, J = 

17.3, 1.4 Hz, 1H), 5.27 (dd, J = 10.5, 1.4 Hz, 1H), 5.00 (s, 4H), 4.48 (dt, J = 5.4, 1.4 Hz, 2H). 

The 1H NMR is in agreement with those reported before.49 
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2-Allyl-3,5-bis(benzyloxy)phenol (3.30) 

 

(((5-(Allyloxy)-1,3-phenylene)bis(oxy))bis(methylene))dibenzene 3.29 (1.01 g, 2.91 mmol) 

was heated neat for 5 hours. After the completion as monitored by TLC (hexanes:EtOAc 9:1; 

UV), the crude mixture was purified by column chromatography using 10% EtOAc in hexane 

as an isocratic eluent system to obtain 2-allyl-3,5-bis(benzyloxy)phenol 3.30 a colorless solid 

(738 mg, 73% yield). 1H NMR (400 MHz, CDCl3) δ 7.48 – 7.28 (m, 10H), 6.26 (d, J = 2.3 Hz, 

1H), 6.17 (d, J = 2.3 Hz, 1H), 5.97 (ddt, J = 16.1, 10.1, 6.1 Hz, 1H), 5.18 – 5.06 (m, 3H), 5.01 

(s, 2H), 4.99 (s, 2H), 3.45 (dt, J = 6.0, 1.4 Hz, 2H). The 1H NMR is in agreement with those 

reported before.49 

 

(((4-Allyl-5-(vinyloxy)-1,3-phenylene)bis(oxy))bis(methylene))dibenzene (3.28) 

OBnO

OBn
3.28  

To the 2-allyl-3,5-bis(benzyloxy)phenol 3.30 (186 mg, 0.54 mmol) and Cs2CO3 (1.05 g, 3.22 

mmol) in anhydrous acetone (5 mL) was added dibromoethane (465 µL, 5.4 mmol). The 

mixture was refluxed under a nitrogen atmosphere for 1 day and monitored by TLC 

(hexanes:EtOAc 9:1; UV). The solvent was evaporated under reduced pressure. The residue 

was redissolved in water and extracted with DCM 3 times. The combined organic phase was 

evaporated to dryness. The crude mixture was continued to the next step without further 

purification. The resulting residue was dissolved in anhydrous THF (2 mL). A solution of 1 M 

KOtBu in THF (810 µL, 0.81 mmol) was added dropwise at 0 °C under a nitrogen atmosphere. 
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The mixture was stirred at 0 °C for 45 minutes and monitored by TLC (hexanes:EtOAc 9:1; 

UV). Brine was added to quench the reaction. The organic phase was collected, and the aqueous 

was extracted with EtOAc twice. The combined organic phase was evaporated under reduced 

pressure. The residue was purified by column chromatography using 5% EtOAc and 3% Et3N 

in hexane as an isocratic eluent system to obtain (((4-allyl-5-(vinyloxy)-1,3-

phenylene)bis(oxy))bis(methylene))dibenzene 3.28 as colorless liquid (124 mg, 61% yield 

over 2 steps). 1H NMR (400 MHz, CDCl3) δ 7.43 – 7.28 (m, 10H), 6.56 (dd, J = 13.8, 6.1 Hz, 

1H), 6.38 (d, J = 2.3 Hz, 1H), 6.29 (d, J = 2.3 Hz, 1H), 5.94 (ddt, J = 16.3, 10.0, 6.3 Hz, 1H), 

5.03 (s, 2H), 4.97 – 4.90 (m, 4H), 4.66 (dd, J = 13.8, 1.7 Hz, 1H), 4.36 (dd, J = 6.1, 1.7 Hz, 

1H), 3.39 (dt, J = 6.3, 1.5 Hz, 2H). The 1H NMR is in agreement with those reported before.49 

 

5,7-Bis(benzyloxy)-4H-chromene (3.17) 

 

To a solution of (((4-allyl-5-(vinyloxy)-1,3-phenylene)bis(oxy))bis(methylene))dibenzene 

3.28 (103 mg, 0.28 mmol) in toluene (12 mL), a solution of Grubbs’ 2nd-generation Ru catalyst 

(11.5 mg, 0.014 mmol) in toluene (2 mL) was added dropwise under nitrogen atmosphere. The 

reaction was stirred at 60 qC under bubbling by nitrogen for 45 minutes and monitored by 1H 

NMR spectroscopy. The mixture was filtrated through silica gel under flushing with nitrogen 

gas. The filtrate was evaporated to dryness by blowing with nitrogen to obtain 5,7-

bis(benzyloxy)-4H-chromene 3.17 as light-yellow liquid (90.2 mg, 95% yield). 1H NMR (396 

MHz, CDCl3) δ 7.53 – 7.28 (m,10H), 6.42 (dt, J = 6.3, 1.9 Hz, 1H), 6.27 (d, J = 2.3 Hz, 1H), 

6.12 (d, J = 2.3 Hz, 1H), 5.02 – 4.91 (m, 4H), 3.23 (dd, J = 3.2, 2.1 Hz, 2H). The 1H NMR is 

in agreement with those reported before.49 
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Tsuji dihydroxylation of 5,7-bis(benzyloxy)-4H-chromene (3.17) 

 

The mixture of 5,7-bis(benzyloxy)-4H-chromene 3.17 (82.3 mg, 0.24 mmol), K2CO3 (100 mg, 

0.72 mmol), and K3Fe(CN)6 (237 mg, 0.72 mmol) were dissolved in the mixture of tBuOH, 

water, and THF in 2 : 2 : 3 ratio (3 mL). The catalyst K2OsO4∙2H2O (9.2 mg, 0.024 mmol) was 

added. The mixture was stirred at ambient temperature overnight and monitored by 1H NMR 

spectroscopy. Brine was added to quench the reaction. The organic phase was collected, and 

the aqueous was extracted with EtOAc 3 times. The combined organic phase was evaporated 

under reduced pressure. The residue was redissolved in anhydrous DCM (2 mL). Acetic 

anhydride (90 μL, 0.96 mmol), Et3N (170 μL, 1.2 mmol), and 4-dimethylaminopyridine (2.8 

mg, 0.024 mmol) were added. The reaction was stirred at room temperature for 1 day and 

monitored by TLC (hexanes:EtOAc 1:1; UV). The mixture was diluted with DCM, and a 

saturated aqueous solution of NH4Cl was added. The organic phase was washed with water 

twice, dried over Na2SO4, and evaporated. The crude mixture was purified by column 

chromatography using a gradient eluent system starting from 2% to 10% EtOAc in hexane to 

obtain 5,7-bis(benzyloxy)-2H-chromen-2-one (3.32) as a white solid and 3,5-bis(benzyloxy)-

2-formylphenyl acetate (3.33) as a white solid. 

5,7-bis(benzyloxy)-2H-chromen-2-one (3.32) 1H NMR (400 MHz, CDCl3) δ 8.02 (d, J = 9.6 

Hz, 1H), 7.46 – 7.32 (m, 10H), 6.51 (d, J = 1.8 Hz, 1H), 6.45 (d, J = 2.1 Hz, 1H), 6.16 (d, J = 

9.6 Hz, 1H), 5.11 (s, 2H), 5.09 (s, 2H); 13C NMR (400 MHz, CDCl3) 162.8, 161.6, 156.9, 156.2, 

139.0, 135.9, 128.9, 128.6, 127.8, 127.7, 111.3, 104.6, 96.8, 94.3, 70.9, 70.7. 
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3,5-bis(benzyloxy)-2-formylphenyl acetate (3.33) 1H NMR (396 MHz, CDCl3) 10.33 (s, 1H), 

7.50 – 7.29 (m, 10H), 6.52 (d, J = 2.2 Hz, 1H), 6.32 (d, J = 1.9 Hz, 1H), 5.11 (s, 2H), 5.07 (s, 

2H), 2.37 (s, 3H). 

 

Upjohn dihydroxylation of 5,7-bis(benzyloxy)-4H-chromene (3.17) with 1.5 eq. NMO 

 

The mixture of 5,7-bis(benzyloxy)-4H-chromene 3.17 (90.2 mg, 0.26 mmol) and 50%wt NMO 

in water (92.0 mg, 0.39 mmol) were dissolved in the mixture of tBuOH, water, and THF in 2 : 

2 : 3 ratio (3 mL). The catalyst K2OsO4∙2H2O (5.0 mg, 0.013 mmol) was added. The mixture 

was stirred at ambient temperature overnight and monitored by 1H NMR spectroscopy. Brine 

was added to quench the reaction. The organic phase was collected, and the aqueous was 

extracted with EtOAc 3 times. The combined organic phase was evaporated under reduced 

pressure. The residue was redissolved in anhydrous DCM (2 mL). Acetic anhydride (100 μL, 

1.05 mmol), Et3N (190 μL, 1.31 mmol) and 4-dimethylaminopyridine (3.2 mg, 0.026 mmol) 

were added. The reaction was stirred at room temperature for 1 day and monitored by TLC 

(hexanes:EtOAc 1:1; UV). The mixture was diluted with DCM, and a saturated aqueous 

solution of NH4Cl was added. The organic phase was washed with water twice, dried over 

Na2SO4, and evaporated. The crude mixture was purified by column chromatography using a 

gradient eluent system starting from 2% to 10% EtOAc in hexane to obtain racemic trans-5,7-

bis(benzyloxy)chromane-2,3-diyl diacetate rac-trans 3.19 as a white solid (9.9 mg, 8% yield 

over 2 steps), racemic cis-5,7-bis(benzyloxy)chromane-2,3-diyl diacetate rac-cis 3.19 in an 

inseparable mixture to rac-trans 3.19, and other unknown impurities as a white solid (15.2 mg, 
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13% maximum yield over 2 steps), and 5,7-bis(benzyloxy)chromane-2,3,4-triyl triacetate (3.34) 

as a white solid (13.4 mg, 10% yield over 2 steps). 

Racemic cis-5,7-bis(benzyloxy)chromane-2,3-diyl diacetate (rac-cis 3.19) 1H NMR (400 

MHz, CDCl3) δ 7.45 – 7.28 (m, 10H), 6.46 (d, J = 2.3 Hz, 1H), 6.29 (d, J = 2.3 Hz, 1H), 6.19 

(d, J = 2.2 Hz, 1H), 5.22 (ddd, J = 10.9, 6.4, 2.5 Hz, 1H), 5.02 – 4.95 (m, 4H), 3.10 (dd, J = 

15.6, 6.4 Hz, 1H), 2.72 (dd, J = 15.6, 10.9 Hz, 1H), 2.09 (s, 3H), 2.08 (s, 3H). 

Racemic trans-5,7-bis(benzyloxy)chromane-2,3-diyl diacetate (rac-trans 3.19) 1H NMR (400 

MHz, CDCl3) δ 7.46 – 7.29 (m, 10H), 6.36 (d, J = 3.1 Hz, 1H), 6.32 (d, J = 2.3 Hz, 1H), 6.24 

(d, J = 2.2 Hz, 1H), 5.17 (dd, J = 6.4, 3.1 Hz, 1H), 5.02 (s, 2H), 4.99 (s, 2H), 2.96 – 2.88 (m, 

2H), 2.07 (s, 3H), 2.05 (s, 3H). 

5,7-bis(benzyloxy)chromane-2,3,4-triyl triacetate (3.34) 1H NMR (400 MHz, CDCl3) 7.45 – 

7.29 (m, 10H), 6.52 (d, J = 4.0 Hz, 1H), 6.41 (d, J = 8.6 Hz, 1H), 6.25 (d, J = 2.1 Hz, 1H), 6.16 

(d, J = 2.1 Hz, 1H), 5.27 (dd, J = 8.6, 4.1 Hz, 1H), 5.02 (s, 2H), 4.99 (s, 2H), 2.17 (s, 3H), 2.05 

(s, 3H), 1.96 (s, 3H). 

 

5,7-Bis(benzyloxy)chromane-2,3-diyl diacetate (rac-3.19): Upjohn dihydroxylation of 5,7-

bis(benzyloxy)-4H-chromene (3.17) with 1.05 eq. NMO 

 

The mixture of 5,7-bis(benzyloxy)-4H-chromene 3.17 (162 mg, 0.47 mmol) and 50%wt NMO 

in water (118 mg, 0.50 mmol) were dissolved in 30% water in acetone (5 mL). The catalyst 

K2OsO4∙2H2O (9.2 mg, 0.024 mmol) was added. The mixture was stirred at ambient 

temperature overnight and monitored by 1H NMR spectroscopy. Brine was added to quench 

the reaction. The organic phase was collected, and the aqueous was extracted with EtOAc 3 
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times. The combined organic phase was evaporated under reduced pressure. The residue was 

redissolved in anhydrous DCM (6 mL). Acetic anhydride (180 μL, 1.88 mmol), Et3N (330 μL, 

2.35 mmol), and 4-dimethylaminopyridine (5.6 mg, 0.047 mmol) were added. The reaction 

was stirred at room temperature for 1 day and monitored by TLC (hexanes:EtOAc 1:1; UV). 

The mixture was diluted with DCM, and a saturated aqueous solution of NH4Cl was added. 

The organic phase was washed with water twice, dried over Na2SO4, and evaporated to obtain 

the mixture between racemic cis-5,7-bis(benzyloxy)chromane-2,3-diyl diacetate rac-cis 3.19 

and racemic trans-5,7-bis(benzyloxy)chromane-2,3-diyl diacetate rac-trans 3.19 with 2 : 3.1 

mole ratio as black solid (185 mg, 85% yield over 2 steps). 

Racemic cis-5,7-bis(benzyloxy)chromane-2,3-diyl diacetate (rac-cis 3.19) 1H NMR (400 

MHz, CDCl3) δ 7.45 – 7.28 (m, 10H), 6.46 (d, J = 2.3 Hz, 1H), 6.29 (d, J = 2.3 Hz, 1H), 6.19 

(d, J = 2.2 Hz, 1H), 5.22 (ddd, J = 10.9, 6.4, 2.5 Hz, 1H), 5.02 – 4.95 (m, 4H), 3.10 (dd, J = 

15.6, 6.4 Hz, 1H), 2.72 (dd, J = 15.6, 10.9 Hz, 1H), 2.09 (s, 3H), 2.08 (s, 3H). 

Racemic trans-5,7-bis(benzyloxy)chromane-2,3-diyl diacetate (rac-trans 3.19) 1H NMR (400 

MHz, CDCl3) δ 7.46 – 7.29 (m, 10H), 6.36 (d, J = 3.1 Hz, 1H), 6.32 (d, J = 2.3 Hz, 1H), 6.24 

(d, J = 2.2 Hz, 1H), 5.17 (dd, J = 6.4, 3.1 Hz, 1H), 5.02 (s, 2H), 4.99 (s, 2H), 2.96 – 2.88 (m, 

2H), 2.07 (s, 3H), 2.05 (s, 3H). 

 

Investigation of the nucleophilic substitution of 5,7-bis(benzyloxy)chromane-2,3-diyl 

diacetate (rac-3.19) with (4-methoxyphenyl)zinc(II) iodide 

Activated zinc (983 mg, 15 mmol) was added portion-wise to iodine (2.59 g, 10 mmol) in 

anhydrous diethyl ether (20 mL) and stirred for 1–2 hours at 0 °C under a nitrogen atmosphere 

until the solution turned clear to obtain the 0.5 M ethereal solution of ZnI2. In a separated 

container, magnesium (311 mg, 12.3 mmol) and 1-iodo-4-methoxybenzene 3.40 (586 mg, 2.5 

mmol) in anhydrous THF (8.4 mL) were stirred at reflux under a nitrogen atmosphere for 3 
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hours to produce 0.3 M (4-methoxyphenyl)magnesium iodide 3.41 in THF. The 0.75 mL of the 

0.3 M Grignard 3.41 solution in THF was diluted with 1 mL DCM/DCE and then added 0.45 

mL of ZnI2 solution in ether. The mixed solution was stirred at room temperature for 10 minutes 

under nitrogen atmosphere, then 5,7-bis(benzyloxy)chromane-2,3-diyl diacetate rac-3.19 (49.6 

mg, 0.11 mmol) in DCM/DCE (1 mL). The temperature was studied. The reaction was 

monitored by 1H NMR spectroscopy. 

 

1,2-Bis(benzyloxy)benzene (3.42) 

 

K2CO3 (6.91 g, 50 mmol) was suspended in the solution of pyrocatechol 3.44 (2.20 g, 20 mmol) 

and benzyl bromide (5.9 mL, 50 mmol) in acetone (40 mL). The mixture was refluxed under a 

nitrogen atmosphere for 2 days and monitored by TLC (hexanes:EtOAc 9:1; UV). The 

inorganic salts were removed by filtration, and then the filtrate was evaporated under reduced 

pressure. The residue was recrystallized in a mixture between DCM and hexanes to obtain 1,2-

bis(benzyloxy)benzene 3.42 as a colorless solid (5.04 g, 87% yield). 1H NMR (396 MHz, 

CDCl3) δ 7.45 (d, J = 7.3 Hz, 4H), 7.40 – 7.27 (m, 6H), 6.98 – 6.92 (m, 2H), 6.91 – 6.85 (m, 

2H), 5.16 (s, 4H). The 1H NMR is in agreement with those reported before.93 

 

Investigation of the nucleophilic substitution of 5,7-bis(benzyloxy)chromane-2,3-diyl 

diacetate (rac-3.19) by electrophilic aromatic substitution 

To the 5,7-bis(benzyloxy)chromane-2,3-diyl diacetate rac-3.19 (30.0 mg, 0.065 mmol) and 

1,2-bis(benzyloxy)benzene 3.42 (37.7 mg, 0.13 mmol) in anhydrous DCM (5 mL) was added 

the studied Lewis acid at 0 °C. Different Lewis acids (e.g., Sc(OTf)3, Ti(OiPr)4, SnCl4, BF3∙Et2O) 

were tested, and the amount of Lewis acid investigated (1.1–3.3 eq.). The mixture was stirred 
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for 1 day, which was allowed to warm up to room temperature and monitored by 1H NMR 

spectroscopy. 

 

General procedure 1: benzylation of gallic acid derivatives 3.47, followed by hydrolysis  

To the gallic acid derivatives 3.47 (1 eq.) and K2CO3 (4 – 8 eq.) in DMF (4 mL/1 mmol of acid) 

was added benzyl bromide (4 – 7.5 eq.). After completion, water was added and then extracted 

with EtOAc 2 times. The combined organic phase was washed with brine, dried over Na2SO4, 

and evaporated. The crude mixture was continued to the next step without further purification. 

The resulting residue was charged with 5 M NaOH in the mixture between 50% EtOH in water 

and refluxed. After completion, EtOH was evaporated. The crude mixture was acidified by an 

aqueous solution of 2 M HCl to pH 2. The precipitant was filtered and recrystallized in hot 

MeOH. 

 

3-(Benzyloxy)benzoic acid (3.16b) 

 

General procedure 1 was followed using 3-hydroxybenzoic acid 3.47b (3.45 g, 25 mmol), 

benzyl bromide (11.9 mL, 100 mmol), and K2CO3 (13.87 g, 100 mmol) in DMF (50 mL). The 

mixture was kept stirring at 40 °C for 3 days and monitored by TLC (hexanes:EtOAc 4:1; UV). 

After the aqueous work up, the resulting crude mixture was charged with 5 M NaOH in the 

mixture between 50% EtOH in water (50 mL) and refluxed overnight. The reaction was 

monitored by TLC (hexanes:EtOAc 4:1; UV). 3-(benzyloxy)benzoic acid 3.16b was obtained 

as crystalline needles (5.46 g, 96% yield over 2 steps). 1H NMR (396 MHz, DMSO-d6) δ 7.57 

– 7.22 (m, 9H), 5.16 (s, 2H); LRMS calcd for C14H13O3 (M+ H+) 229.3; found 229.8. The 

analytical data are in agreement with those reported before.94 
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4-(Benzyloxy)benzoic acid (3.16c) 

 

General procedure 1 was followed using 4-hydroxybenzoic acid 3.47c (3.45 g, 25 mmol), 

benzyl bromide (11.9 mL, 100 mmol), and K2CO3 (13.87 g, 100 mmol) in DMF (50 mL). The 

mixture was kept stirring at 40 °C for 3 days and monitored by TLC (hexanes:EtOAc 4:1; UV). 

After the aqueous work up, the resulting crude mixture was charged with 5 M NaOH in the 

mixture between 50% EtOH in water (50 mL) and refluxed overnight. The reaction was 

monitored by TLC (hexanes:EtOAc 4:1; UV). 4-(Benzyloxy)benzoic acid 3.16c was obtained 

as crystalline needles (5.47 g, 96% yield over 2 steps). 1H NMR (396 MHz, DMSO-d6) δ 7.94 

– 7.83 (m, 2H), 7.49 – 7.43 (m, 2H), 7.43 – 7.36 (m, 2H), 7.37 – 7.30 (m, 1H), 7.14 – 6.98 (m, 

2H), 5.17 (s, 2H); LRMS calcd for C14H13O3 (M+ H+) 229.3; found 229.6. The analytical data 

are in agreement with those reported before.95 

 

3,4-Bis(benzyloxy)benzoic acid (3.16d) 

 

General procedure 1 was followed using 3,4-dihydroxybenzoic acid 3.47d (761 mg, 5 mmol), 

benzyl bromide (4.2 mL, 35 mmol), and K2CO3 (4.84 g, 35 mmol) in DMF (15 mL). The 

mixture was kept stirring at 40 °C for 3 days and monitored by TLC (hexanes:EtOAc 4:1; UV). 

After the aqueous work up, the resulting crude mixture was charged with 5 M NaOH in the 

mixture between 50% EtOH in water (40 mL) and refluxed overnight. The reaction was 

monitored by TLC (hexanes:EtOAc 4:1; UV). 3,4-Bis(benzyloxy)benzoic acid 3.16d was 

obtained as crystalline needles (1.52 g, 92% yield over 2 steps). 1H NMR (396 MHz, DMSO-
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d6) δ 7.56 – 7.53 (m, 2H), 7.50 – 7.26 (m, 10H), 7.21 – 7.11 (m, 1H), 5.22 (s, 2H), 5.17 (s, 2H); 

LRMS calcd for C21H19O4 (M+ H+) 335.4; found 335.1. The analytical data are in agreement 

with those reported before.96 

 

3,5-Bis(benzyloxy)benzoic acid (3.16e) 

 

General procedure 1 was followed using 3,5-dihydroxybenzoic acid 3.47e (760 mg, 5 mmol), 

benzyl bromide (4.2 mL, 35 mmol), and K2CO3 (4.83 g, 35 mmol) in DMF (20 mL). The 

mixture was kept stirring at 40 °C for 3 days and monitored by TLC (hexanes:EtOAc 4:1; UV). 

After the aqueous work up, the resulting crude mixture was charged with 5 M NaOH in the 

mixture between 50% EtOH in water (40 mL) and refluxed overnight. The reaction was 

monitored by TLC (hexanes:EtOAc 4:1; UV). 3,5-Bis(benzyloxy)benzoic acid 3.16e was 

obtained as crystalline needles (1.50 g, 90% yield over 2 steps). 1H NMR (396 MHz, DMSO-

d6) δ 7.48 – 7.29 (m, 10H), 7.15 (d, J = 2.3 Hz, 2H), 6.92 (t, J = 2.3 Hz, 1H), 5.14 (s, 4H); 

LRMS calcd for C21H19O4 (M+ H+) 335.4; found 335.6. The analytical data are in agreement 

with those reported before.96 

 

3,4,5-Tris(benzyloxy)benzoic acid (3.16f) 

 

General procedure 1 was followed using gallic acid monohydrate 3.47f (942 mg, 5 mmol), 

benzyl bromide (4.5 mL, 38 mmol), and K2CO3 (5.19 g, 38 mmol) in DMF (20 mL). The 

mixture was kept stirring at 40 °C for 3 days and monitored by TLC (hexanes:EtOAc 4:1; UV). 
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After the aqueous work up, the resulting crude mixture was charged with 5 M NaOH in the 

mixture between 50% EtOH in water (40 mL) and refluxed overnight. The reaction was 

monitored by TLC (hexanes:EtOAc 4:1; UV). 3,4,5-Tris(benzyloxy)benzoic acid 3.16f was 

obtained as crystalline needles (2.17 g, 98% yield over 2 steps). 1H NMR (400 MHz, DMSO-

d6) δ 7.53 – 7.21 (m, 15H), 5.18 (s, 4H), 5.04 (s, 2H); LRMS calcd for C28H25O5 (M+ H+) 

441.5; found 441.4. The analytical data are in agreement with those reported before.76 

 

2-Allyl-3,5-bis(benzyloxy)phenyl 3,4,5-tris(benzyloxy)benzoate (2.45) 

 

To the 3,4,5-tris(benzyloxy)benzoic acid 3.16f (696 mg, 1.58 mmol) in DCM (9 mL) was added 

dropwise oxalyl chloride (170 μL, 2.05 mmol) in the presence of a catalytic amount of DMF 

(150 μL). The mixture was stirred at room temperature for 1 hour, fitted with a drying tube, 

and volatiles was evaporated under reduced pressure. The residue was taken up in DCM (12 

mL). 2-Allyl-3,5-bis(benzyloxy)phenol 3.30 (520 mg, 1.5 mmol), Et3N (630 μL, 4.5 mmol), 

and DMAP (18.7 mg, 0.15 mmol) were added. The mixture was stirred overnight, fitted with 

a drying tube, and monitored by TLC (hexanes:EtOAc 9:1; UV). The mixture was diluted with 

DCM and washed with a saturated aqueous solution of NH4Cl. The aqueous phase was 

extracted with DCM twice. The combined organic phase was dried over Na2SO4 and 

evaporated to obtain 2-allyl-3,5-bis(benzyloxy)phenyl 3,4,5-tris(benzyloxy)benzoate 2.45 as a 

light-yellow solid (1.15 g, quantitative over 2 steps). 1H NMR (400 MHz, CDCl3) δ 7.53 (s, 

2H), 7.48 – 7.23 (m, 25H), 6.55 (d, J = 2.3 Hz, 1H), 6.45 (d, J = 2.3 Hz, 1H), 5.91 – 5.78 (m, 

1H), 5.17 (s, 6H), 5.06 (s, 2H), 5.00 (s, 2H), 4.91 – 4.81 (m, 2H), 3.30 (d, J = 6.3 Hz, 2H).  
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Investigation of the Nicolaou’s Tebbe reaction of 2-allyl-3,5-bis(benzyloxy)phenyl 3,4,5-

tris(benzyloxy)benzoate (2.45) 

Cp2TiCl2 (996 mg, 4 mmol) was dissolved in 2 M AlMe3 in toluene (4 mL, 8 mmol). The 

mixture was stirred at room temperature for 3 days to obtain a 1 M solution of 

Cp2TiCH2ClAlMe2 in toluene (Tebbe reagent). 1.2 mL of the resulting Tebbe solution was 

added into 2-allyl-3,5-bis(benzyloxy)phenyl 3,4,5-tris(benzyloxy)benzoate 2.45 (154 mg, 0.2 

mmol) in the mixture between toluene (1.2 mL) and THF (1.2 mL) at 0 °C. The reaction was 

stirred at 0 °C, which was allowed to warm up to room temperature for 1 day and monitored 

by 1H NMR spectroscopy. 

 

(2R,3S)-5,7-Bis(benzyloxy)-2-(3,4-bis(benzyloxy)phenyl)chroman-3-ol (3.49a) 

 

To (+)-catechin 3.48a (2.18 g, 7.5 mmol), KI (163 mg, 0.75 mmol), and K2CO3 (6.22g, 45 

mmol) in degassed DMF (30 mL) was added benzyl bromide (4 mL, 33.8 mmol) at 0 °C. The 

mixture was kept under stirring at 0 °C, which was allowed to warm up to room temperature 

for 1 day and monitored by TLC (DCM; UV). Water was added and then extracted with EtOAc 

3 times. The combined organic phase was washed with water, dried over Na2SO4, and 

evaporated. The crude mixture was purified by column chromatography using DCM as an 

isocratic eluent system to obtain (2R,3S)-5,7-Bis(benzyloxy)-2-(3,4-

bis(benzyloxy)phenyl)chroman-3-ol 3.49a as an orange solid (3.82 g, 78% yield). 1H NMR 

(396 MHz, CDCl3) δ 7.50 – 7.24 (m, 20H), 7.03 (s, 1H), 6.95 (s, 2H), 6.27 (d, J = 2.3 Hz, 1H), 

6.21 (d, J = 2.3 Hz, 1H), 5.24 – 5.10 (m, 4H), 5.03 (s, 2H), 4.99 (s, 2H), 4.63 (d, J = 8.2 Hz, 



224 
 

1H), 4.04 – 3.95 (m, 1H), 3.11 (dd, J = 16.4, 5.7 Hz, 1H), 2.65 (dd, J = 16.4, 8.9 Hz, 1H); 

LRMS calcd for C43H39O6 (M+ H+) 651.8; found 651.5. The analytical data are in agreement 

with those reported before.97 

 

(2R,3R)-5,7-Bis(benzyloxy)-2-(3,4-bis(benzyloxy)phenyl)chroman-3-ol (3.50a) 

 

To the suspension of Dess-Martin periodinane (3.39 g, 8 mmol) in DCM (6 mL) was added 

dropwise (2R,3S)-5,7-bis(benzyloxy)-2-(3,4-bis(benzyloxy)phenyl)chroman-3-ol 3.49a (1.30 

g, 2 mmol) in DCM (4 mL). The reaction was stirred at room temperature for 1.5 hours and 

monitored by TLC (hexanes:EtOAc 2:1; UV). The mixture was filtered through celite with 

Na2SO3 and NaHCO3. The filtrate was washed with the mixed solution between 50%v/v of the 

saturated aqueous solution of Na2SO3 and NaHCO3. The aqueous phase was extracted with 

DCM. The combined organic phase was washed with water, dried over Na2SO4, and evaporated. 

The residue was redissolved in THF (30 mL). The 1 M solution of K-selectride in THF (4 mL) 

was added dropwise at -78 °C. The reaction was stirred at -78 °C, which was allowed to warm 

up to room temperature overnight and monitored by TLC (hexanes:EtOAc 2:1; UV). The 

mixed aqueous solution of 2 M NaOH (3 mL) and 2 M H2O2 (3 mL) was added dropwise at 

0 °C, and the mixture was stirred for 30 minutes. Brine was added, and the solution was 

extracted with DCM 2 times. The combined organic phase was dried over Na2SO4 and 

evaporated. The crude mixture was purified by column chromatography using 33% EtOAc in 

hexane as an isocratic eluent system to provide (2R,3R)-5,7-bis(benzyloxy)-2-(3,4-

bis(benzyloxy)phenyl)chroman-3-ol (3.50a) as a yellow solid (676 mg, 52% yield). 1H NMR 

(400 MHz, CDCl3) δ 7.48 – 7.26 (m, 20H), 7.14 (d, J = 1.9 Hz, 1H), 7.00 (dd, J = 8.4, 1.9 Hz, 
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1H), 6.96 (d, J = 8.3 Hz, 1H), 6.27 (d, J = 2.3 Hz, 1H), 6.26 (d, J = 2.3 Hz, 1H), 5.18 (s, 2H), 

5.17 (s, 2H), 5.02 (s, 2H), 5.01 (s, 2H), 4.91 (s, 1H), 4.23 – 4.18 (m, 1H), 2.99 (dd, J = 18.1, 

2.4 Hz, 1H), 2.92 (dd, J = 17.2, 4.3 Hz, 1H); LRMS calcd for C43H39O6 (M+ H+) 651.8; found 

651.3. The analytical data are in agreement with those reported before.97 

 

General procedure 2: EDCI esterification   

(2R,3S)-5,7-Bis(benzyloxy)-2-(3,4-bis(benzyloxy)phenyl)chroman-3-ol 3.49a (1 eq.), 

benzylated gallic acid derivatives 3.16 (2.5 eq.), EDCI (2.5 eq.) and DMAP (0.2 eq.) were 

dissolved in DCM (75 mL/1 mmol of 49a). After completion, the mixture was quenched with 

a saturated aqueous solution of NH4Cl and extracted with DCM twice. The combined organic 

phase was dried over Na2SO4 and evaporated. The crude mixture was purified by column 

chromatography using DCM as an isocratic eluent system, which was then filtered through 

basic alumina. 

 

(2R,3S)-5,7-Bis(benzyloxy)-2-(3,4-bis(benzyloxy)phenyl)chroman-3-yl 3-(benzyloxy) 

benzoate (3.49b) 

 

General procedure 2 was followed using (2R,3S)-5,7-bis(benzyloxy)-2-(3,4-

bis(benzyloxy)phenyl)chroman-3-ol 3.49a (130 mg, 0.2 mmol), 3-(benzyloxy)benzoic acid 

3.16a (116 mg, 0.5 mmol), EDCI (98.1 mg, 0.51 mmol), and DMAP (5.3 mg, 0.04 mmol) in 

DCM (15 mL). After stirring at room temperature under nitrogen atmosphere for 2 days, the 

reaction was monitored by TLC (hexanes:EtOAc 4:1; UV). (2R,3S)-5,7-Bis(benzyloxy)-2-
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(3,4-bis(benzyloxy)phenyl) chroman-3-yl 3-(benzyloxy) benzoate 3.49b was obtained as a 

colorless solid (150 mg, 87% yield). [α]D
23 = +26° (c = 0.52 in CHCl3); 1H NMR (396 MHz, 

CDCl3) δ 7.62 – 7.15 (m, 28H), 7.11 (d, J = 8.0 Hz, 1H), 7.01 (s, 1H), 6.94 (d, J = 8.2 Hz, 1H), 

6.86 (d, J = 8.3 Hz, 1H), 6.28 (s, 2H), 5.50 (q, J = 6.3 Hz, 1H), 5.19 – 4.90 (m, 11H), 3.05 (dd, 

J = 16.8, 5.3 Hz, 1H), 2.85 (dd, J = 16.8, 6.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 165.5, 

159.1, 158.7, 157.9, 155.1, 149.1, 137.3, 137.2, 137.0, 136.9, 136.6, 131.4, 131.2, 129.5, 128.8, 

128.7 (x2), 128.6, 128.5, 128.2, 128.1, 128.0, 127.9, 127.7, 127.6, 127.4, 122.4, 120.3, 120.0, 

115.4, 115.1, 113.6, 101.5, 94.6, 93.9, 78.5, 71.5, 71.3, 70.3, 70.1, 24.4; HRMS calcd for 

C57H49O8  (M+ H+) 861.3427; found 861.3484; IR (ATR, cm-1) υmax 3068, 3032, 2868, 1716, 

1591, 1269, 1213, 1140, 1016; mp: 84 – 86 °C.  

 

(2R,3S)-5,7-bis(benzyloxy)-2-(3,4-bis(benzyloxy)phenyl)chroman-3-yl 4-(benzyloxy) 

benzoate (3.49c) 

 

General procedure 2 was followed using (2R,3S)-5,7-bis(benzyloxy)-2-(3,4-

bis(benzyloxy)phenyl)chroman-3-ol 3.49a (130 mg, 0.2 mmol), 4-(benzyloxy)benzoic acid 

3.16b (114 mg, 0.5 mmol), EDCI (97.6 mg, 0.5 mmol), and DMAP (5.3 mg, 0.04 mmol) in 

DCM (15 mL). After stirring at room temperature under nitrogen atmosphere for 2 days, the 

reaction was monitored by TLC (hexanes:EtOAc 4:1; UV). (2R,3S)-5,7-Bis(benzyloxy)-2-

(3,4-bis(benzyloxy)phenyl) chroman-3-yl 4-(benzyloxy)benzoate 3.49c was obtained as a 

colorless solid (108 mg, 63% yield). [α]D
23 = +31° (c = 1.12 in CHCl3); 1H NMR (396 MHz, 

CDCl3) δ 7.86 (d, J = 8.8 Hz, 2H), 7.48 – 7.23 (m, 25H), 7.01 (d, J = 1.7 Hz, 1H), 6.96 – 6.84 
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(m, 4H), 6.27 (s, 2H), 5.50 (q, J = 6.4 Hz, 1H), 5.18 – 4.96 (m, 11H), 3.01 (dd, J = 16.8, 5.3 

Hz, 1H), 2.83 (dd, J = 16.8, 6.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 165.4, 162.7, 159.0, 

157.8, 155.1, 149.0, 137.3, 137.2, 137.0, 136.9, 136.3, 131.9, 131.4, 128.8, 128.7 (x2), 128.6, 

128.5, 128.3, 128.2, 128.0, 127.9, 127.7, 127.6, 127.4, 127.3, 122.7, 119.9, 115.1, 114.6, 113.6, 

101.6, 94.6, 93.9, 78.5, 71.5, 71.4, 70.3, 70.2, 70.1, 69.5, 24.3; HRMS calcd for C57H49O8  (M+ 

H+) 861.3427; found 861.3466; IR (ATR, cm-1) υmax 3066, 3034, 2924, 1707, 1605, 1499, 1253, 

1017; mp: 91 – 94 °C.  

 

General procedure 3: DMAP esterification   

To the benzoic acid 3.16 (1.2 eq.) in DCM (15 mL/1 mmol of catechin 3.49/3.50) was added 

dropwise oxalyl chloride (1.5 eq.) in the presence of a catalytic amount of DMF. The mixture 

was stirred at room temperature for 1 hour, fitted with a drying tube, and volatiles was 

evaporated under reduced pressure. The residue was taken up in DCM (15 mL/1 mmol of 

catechin 3.49/3.50). Catechin 3.49/3.50 (1 eq.) and DMAP (2.5 eq.) were added. After 

completion, the mixture was diluted with DCM and washed with a saturated aqueous solution 

of NH4Cl and water. The combined organic phase was dried over Na2SO4 and evaporated.  

 

(2R,3S)-5,7-Bis(benzyloxy)-2-(3,4-bis(benzyloxy)phenyl)chroman-3-yl 3,4-bis(benzyloxy) 

benzoate (3.49d) 

 

General procedure 3 was followed using 3,4-bis(benzyloxy)benzoic acid 3.16c (140 mg, 0.42 

mmol), oxalyl chloride (45 μL, 0.52 mmol), and DMF (100 μL) in DCM (3 mL). After the 
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chlorination step, the resulting acid chloride was reacted with (2R,3S)-5,7-bis(benzyloxy)-2-

(3,4-bis(benzyloxy)phenyl)chroman-3-ol 3.49a (225 mg, 0.35 mmol) in the presence of DMAP 

(107 mg, 0.86 mmol) in DCM (4 mL). The reaction was stirred at room temperature fitted with 

a drying tube overnight and monitored by TLC (hexanes:EtOAc 2:1; UV). After aqueous work 

up, the crude mixture was purified by trituration with iPr2O to obtain (2R,3S)-5,7-

bis(benzyloxy)-2-(3,4-bis(benzyloxy)phenyl)chroman-3-yl 3,4-bis(benzyloxy) benzoate 3.49d 

as a yellow solid (159 mg, 48% yield). [α]D
23 = +31° (c = 1.05 in CHCl3); 1H NMR (400 MHz, 

CDCl3) δ 7.54 – 7.23 (m, 32H), 6.99 (s, 1H), 6.94 – 6.81 (m, 3H), 6.28 (s, 2H), 5.46 (q, J = 6.0 

Hz, 1H), 5.23 – 4.95 (m, 13H), 3.00 (dd, J = 16.9, 5.5 Hz, 1H), 2.81 (dd, J = 17.0, 6.8 Hz, 1H);  

13C NMR (100 MHz, CDCl3) δ 165.3, 159.0, 157.8, 155.0, 153.0, 149.0, 148.3, 137.3, 137.1, 

137.0, 136.9, 136.8, 136.6, 131.3, 128.7, 128.6, 128.5, 128.2, 128.1, 128.0, 127.9, 127.7, 127.5, 

127.3, 127.2, 124.2, 122.9, 120.0, 115.6, 115.0, 113.5, 113.2, 101.6, 94.5, 93.8, 78.4, 71.4, 71.3, 

71.2, 70.8, 70.2, 70.0, 69.7, 24.3; HRMS calcd for C64H55O9  (M+ H+) 967.3846; found 

967.3832; IR (ATR, cm-1) υmax 3066, 3034, 2940, 2861, 1701, 1595, 1499, 1269, 1213, 1127, 

1014; mp: 131 – 133 °C. 

 

(2R,3S)-5,7-Bis(benzyloxy)-2-(3,4-bis(benzyloxy)phenyl)chroman-3-yl 3,5-bis(benzyloxy) 

benzoate (3.49e) 

 

General procedure 3 was followed using 3,5-bis(benzyloxy)benzoic acid 3.16d (139 mg, 0.42 

mmol), oxalyl chloride (45 μL, 0.52 mmol), and DMF (100 μL) in DCM (3 mL). After the 

chlorination step, the resulting acid chloride was reacted with (2R,3S)-5,7-bis(benzyloxy)-2-



229 
 

(3,4-bis(benzyloxy)phenyl)chroman-3-ol 3.49a (225 mg, 0.35 mmol) in the presence of DMAP 

(108 mg, 0.86 mmol) in DCM (4 mL). The reaction was stirred at room temperature, fitted with 

a drying tube overnight and monitored by TLC (hexanes:EtOAc 2:1; UV). After aqueous work 

up, the crude mixture was purified by trituration with iPr2O to obtain (2R,3S)-5,7-

bis(benzyloxy)-2-(3,4-bis(benzyloxy)phenyl)chroman-3-yl 3,5-bis(benzyloxy) benzoate 3.49e 

as a colorless solid (193 mg, 58% yield). [α]D
22 = +35° (c = 0.97 in CHCl3); 1H NMR (400 

MHz, CDCl3) δ 7.44 – 7.21 (m, 30H), 7.14 (d, J = 2.4 Hz, 2H), 7.01 (d, J = 2.0 Hz, 1H), 6.94 

(dd, J = 8.3, 1.9 Hz, 1H), 6.87 (d, J = 8.3 Hz, 1H), 6.75 (t, J = 2.3 Hz, 1H), 6.27 (dd, J = 4.8, 

2.3 Hz, 2H), 5.47 (q, J = 6.4 Hz, 1H), 5.12 – 5.06 (m, 3H), 5.04 – 4.96 (m, 10H), 3.06 (dd, J = 

16.7, 5.5 Hz, 1H), 2.83 (dd, J = 16.6, 7.1 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 165.4, 159.8, 

159.1, 157.8, 155.1, 149.1, 137.3, 137.2, 137.0, 136.5, 132.0, 131.2, 128.8, 128.7, 128.6, 128.3, 

128.1, 128.0, 127.9, 127.8, 127.7, 127.6, 127.4, 120.0, 115.1, 113.6, 108.6, 107.3, 101.5, 94.6, 

94.0, 78.5, 71.4, 71.3, 70.4, 70.3, 70.1, 24.6; HRMS calcd for C64H55O9  (M+ H+) 967.3846; 

found 967.3831; IR (ATR, cm-1) υmax 3064, 3030, 2938, 2864, 1706, 1595, 1498, 1299, 1231, 

1127, 1027; mp: 150 – 154 °C. 

 

(2R,3S)-5,7-Bis(benzyloxy)-2-(3,4-bis(benzyloxy)phenyl)chroman-3-yl 3,4,5-tris(benzyl 

oxy) benzoate (3.49f) 

 

General procedure 3 was followed using 3,4,5-tris(benzyloxy)benzoic acid 3.16f (183 mg, 0.42 

mmol), oxalyl chloride (45 μL, 0.52 mmol), and DMF (100 μL) in DCM (3 mL). After the 

chlorination step, the resulting acid chloride was reacted with (2R,3S)-5,7-bis(benzyloxy)-2-
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(3,4-bis(benzyloxy)phenyl)chroman-3-ol 3.49a (226 mg, 0.35 mmol) in the presence of DMAP 

(106 mg, 0.86 mmol) in DCM (4 mL). The reaction was stirred at room temperature fitted with 

a drying tube overnight and monitored by TLC (hexanes:EtOAc 2:1; UV). After aqueous work 

up, the crude mixture was purified by trituration with iPr2O to obtain (2R,3S)-5,7-

bis(benzyloxy)-2-(3,4-bis(benzyloxy)phenyl)chroman-3-yl 3,4,5-tris(benzyloxy) benzoate 

3.49f as a colorless solid (240 mg, 65% yield). 1H NMR (400 MHz, CDCl3) δ 7.46 – 7.16 (m, 

35H), 7.00 (s, 1H), 6.94 – 6.81 (m, 2H), 6.29 (s, 2H), 5.51 – 5.40 (m, 1H), 5.16 – 4.93 (m, 

15H), 3.04 (dd, J = 16.7, 5.1 Hz, 1H), 2.83 (dd, J = 16.7, 8.1 Hz, 1H); LRMS calcd for 

C71H61O10 (M+ H+) 1074.3; found 1074.2. The analytical data are in agreement with those 

reported before.98 

 

(2R,3R)-5,7-Bis(benzyloxy)-2-(3,4-bis(benzyloxy)phenyl)chroman-3-yl 3,4-bis(benzyloxy) 

benzoate (3.50d) 

 

General procedure 3 was followed using 3,4-bis(benzyloxy)benzoic acid 3.16c (139 mg, 0.42 

mmol), oxalyl chloride (45 μL, 0.52 mmol), and DMF (100 μL) in DCM (3 mL). After the 

chlorination step, the resulting acid chloride was reacted with (2R,3R)-5,7-bis(benzyloxy)-2-

(3,4-bis(benzyloxy)phenyl)chroman-3-ol 3.50a (225 mg, 0.35 mmol) in the presence of DMAP 

(106 mg, 0.86 mmol) in DCM (4 mL). The reaction was stirred at room temperature fitted with 

a drying tube overnight and monitored by TLC (hexanes:EtOAc 2:1; UV). After aqueous work 

up, the crude mixture was purified by trituration with iPr2O to obtain (2R,3R)-5,7-

bis(benzyloxy)-2-(3,4-bis(benzyloxy)phenyl)chroman-3-yl 3,4-bis(benzyloxy) benzoate 3.50d 
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as a colorless solid (196 mg, 58% yield). [α]D
23 = -58° (c = 1.35 in CHCl3); 1H NMR (400 MHz, 

CDCl3) δ 7.64 – 7.14 (m, 32H), 7.08 (s, 1H), 6.91 (d, J = 8.2 Hz, 1H), 6.88 – 6.72 (m, 2H), 

6.33 (s, 1H), 6.29 (s, 1H), 5.61 (s, 1H), 5.21 – 4.93 (m, 11H), 4.78 (d, J = 11.5 Hz, 1H), 4.65 

(d, J = 11.6 Hz, 1H), 3.18 – 2.91 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 165.2, 158.9, 158.1, 

155.8, 153.0, 149.1, 149.0, 148.2, 137.3, 137.2, 137.0, 136.9, 136.8, 136.6, 131.2, 128.7, 128.6, 

128.5, 128.4, 128.1, 128.0, 127.9, 127.8, 127.7, 127.6, 127.4, 127.3, 127.3, 127.1, 124.2, 122.9, 

120.1, 115.5, 114.8, 113.8, 113.2, 101.1, 94.8, 94.0, 77.8, 71.3, 71.2, 71.1, 70.8, 70.2, 70.1, 

68.4, 68.3, 26.3; HRMS calcd for C64H55O9  (M+ H+) 967.3846; found 967.3817; IR (ATR, 

cm-1) υmax 3068, 3032, 2971, 2933, 1714, 1592, 1508, 1266, 1103, 1011; mp: 61 – 65 °C. 

 

(2R,3R)-5,7-Bis(benzyloxy)-2-(3,4-bis(benzyloxy)phenyl)chroman-3-yl 3,5-bis(benzyloxy) 

benzoate (3.50e) 

 

General procedure 3 was followed using 3,5-bis(benzyloxy)benzoic acid 3.16d (139 mg, 0.42 

mmol), oxalyl chloride (45 μL, 0.52 mmol), and DMF (100 μL) in DCM (3 mL). After the 

chlorination step, the resulting acid chloride was reacted with (2R,3R)-5,7-bis(benzyloxy)-2-

(3,4-bis(benzyloxy)phenyl)chroman-3-ol 3.50a (224 mg, 0.35 mmol) in the presence of DMAP 

(106 mg, 0.86 mmol) in DCM (4 mL). The reaction was stirred at room temperature fitted with 

a drying tube overnight and monitored by TLC (hexanes:EtOAc 2:1; UV). After aqueous work 

up, the crude mixture was purified by trituration with iPr2O to obtain (2R,3R)-5,7-

bis(benzyloxy)-2-(3,4-bis(benzyloxy)phenyl)chroman-3-yl 3,5-bis(benzyloxy) benzoate 3.50e 

as a colorless solid (173 mg, 52% yield). [α]D
23 = -57° (c = 1.17 in CHCl3); 1H NMR (396 MHz, 
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CDCl3) δ 7.44 – 7.06 (m, 33H), 6.91 (d, J = 8.3 Hz, 1H), 6.84 (d, J = 8.2 Hz, 1H), 6.71 (d, J = 

2.1 Hz, 1H), 6.33 (s, 1H), 6.29 (s, 1H), 5.62 (s, 1H), 5.19 – 4.89 (m, 11H), 4.86 (d, J = 11.7 Hz, 

1H), 4.71 (d, J = 11.6 Hz, 1H), 3.21 – 2.93 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 165.3, 

159.8, 158.9, 158.1, 155.8, 149.2, 148.9, 143.2, 137.4, 137.3, 137.0, 136.4, 132.0, 131.2, 128.8, 

128.7, 128.6, 128.5, 128.4, 128.3, 128.1, 128.0, 127.8, 127.7, 127.5, 127.4, 127.3, 120.0, 114.9, 

113.6, 108.7, 107.2, 101.0, 94.9, 94.1, 77.7, 71.4, 71.2, 70.4, 70.3, 70.1, 68.9, 68.4, 26.2; 

HRMS calcd for C64H55O9  (M+ H+) 967.3846; found 967.3838; IR (ATR, cm-1) υmax 3066, 

3032, 2940, 2870, 1717, 1592, 1497, 1296, 1218, 1027; mp: 60 – 65 °C. 

 

(2R,3R)-5,7-Bis(benzyloxy)-2-(3,4-bis(benzyloxy)phenyl)chroman-3-yl 3,4,5-tris(benzyl 

oxy) benzoate (3.50f) 

 

General procedure 3 was followed using 3,4,5-tris(benzyloxy)benzoic acid 3.16f (124 mg, 0.28 

mmol), oxalyl chloride (30 μL, 0.35 mmol), and DMF (100 μL) in DCM (3.5 mL). After the 

chlorination step, the resulting acid chloride was reacted with (2R,3R)-5,7-bis(benzyloxy)-2-

(3,4-bis(benzyloxy)phenyl)chroman-3-ol 3.50a (151 mg, 0.23 mmol) in the presence of DMAP 

(71.3 mg, 0.58 mmol) in DCM (3 mL). The reaction was stirred at room temperature fitted with 

a drying tube overnight and monitored by TLC (hexanes:EtOAc 2:1; UV). After aqueous work 

up, the crude mixture was purified by column chromatography using DCM as an isocratic 

eluent system to obtain (2R,3R)-5,7-bis(benzyloxy)-2-(3,4-bis(benzyloxy)phenyl)chroman-3-

yl 3,4,5-tris(benzyloxy) benzoate 3.50f as a colorless solid (138 mg, 56% yield). 1H NMR (400 

MHz, CDCl3) δ 7.44 – 7.17 (m, 37H), 7.04 (d, J = 1.9 Hz, 1H), 6.90 (dd, J = 8.3, 1.9 Hz, 1H), 
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6.83 (d, J = 8.3 Hz, 1H), 6.37 (d, J = 2.2 Hz, 1H), 6.32 (d, J = 2.3 Hz, 1H), 5.63 – 5.58 (m, 1H), 

5.12 – 4.95 (m, 13H), 4.76 (d, J = 11.6 Hz, 1H), 4.65 (d, J = 11.7 Hz, 1H), 3.11 (dd, J = 17.7, 

4.3 Hz, 1H), 3.05 (dd, J = 18.0, 2.4 Hz, 1H); LRMS calcd for C71H61O10 (M+ H+) 1074.3; found 

1074.3. The analytical data are in agreement with those reported before.97 

 

General procedure 4: global debenzylation of benzylated catechin benzoate ester  

Benzylated catechin-3-O-benzoate derivative was hydrogenated in 50% MeOH (or EtOH) in 

THF (125 mL/1 mmol of benzylated catechin-3-O-benzoate derivative) with 20% Pd(OH)2/C 

(75% – 200%wt of ester) for overnight under H2 atmosphere at room temperature. The reaction 

mixture was filtered through celite, and the solvent was evaporated under reduced pressure. 

The residue was purified by column chromatography using 30% DCM in EtOAc as an isocratic 

eluent system. 

 

(2R,3S)-2-(3,4-Dihydroxyphenyl)-5,7-dihydroxychroman-3-yl 3-hydroxybenzoate (3.48b) 

 

General procedure 4 was followed using (2R,3S)-5,7-bis(benzyloxy)-2-(3,4-

bis(benzyloxy)phenyl) chroman-3-yl 3-(benzyloxy) benzoate 3.49b (40.8 mg, 0.047 mmol) 

and 20% Pd(OH)2/C (80.8 mg) in 50% MeOH in THF (8 mL). (2R,3S)-2-(3,4-

Dihydroxyphenyl)-5,7-dihydroxychroman-3-yl 3-hydroxybenzoate 3.48b was obtained as a 

yellow solid (16.4 mg, 84% yield). [α]D
23 = 50° (c = 0.56 in MeOH); 1H NMR (396 MHz, 

CD3OD) δ 7.37 (d, J = 7.7 Hz, 1H), 7.31 (d, J = 1.5 Hz, 1H), 7.22 (t, J = 7.9 Hz, 1H), 6.97 (dd, 

J = 8.1, 2.6 Hz, 1H), 6.86 (s, 1H), 6.80 – 6.63 (m, 2H), 5.97 (d, J = 2.1 Hz, 1H), 5.95 (d, J = 
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2.2 Hz, 1H), 5.41 (q, J = 6.0 Hz, 1H), 5.06 (d, J = 6.4 Hz, 1H), 2.90 (dd, J = 16.5, 5.2 Hz, 1H), 

2.74 (dd, J = 16.5, 6.6 Hz, 1H); 13C NMR (100 MHz, CD3OD) δ 167.2, 158.6, 158.2, 157.6, 

156.6, 146.3, 132.5, 131.3, 130.5, 121.7, 121.3, 119.4, 117.0, 116.2, 114.6, 99.6, 96.5, 95.6, 

79.5, 71.7, 24.7; HRMS calcd for C22H19O8 (M+ H+) 411.1080; found 411.1089; IR (ATR, cm-

1) υmax 3290, 1695, 1603, 1520, 1280, 1062; mp: dec. 

 

(2R,3S)-2-(3,4-Dihydroxyphenyl)-5,7-dihydroxychroman-3-yl 4-hydroxybenzoate (3.48c) 

 

General procedure 4 was followed using (2R,3S)-5,7-bis(benzyloxy)-2-(3,4-

bis(benzyloxy)phenyl) chroman-3-yl 4-(benzyloxy)benzoate 3.49c (63.7 mg, 0.074 mmol) and 

20% Pd(OH)2/C (121 mg) in 50% MeOH in THF (15 mL). (2R,3S)-2-(3,4-Dihydroxyphenyl)-

5,7-dihydroxychroman-3-yl 4-hydroxybenzoate 3.48c was obtained as a yellow solid (28.3 mg, 

93% yield). [α]D
23 = 54° (c = 0.53 in MeOH); 1H NMR (396 MHz, CD3OD) δ 7.75 (d, J = 8.7 

Hz, 2H), 6.86 (s, 1H), 6.81 – 6.68 (m, 4H), 5.98 (d, J = 2.2 Hz, 1H), 5.95 (d, J = 1.7 Hz, 1H), 

5.37 (q, J = 6.0 Hz, 1H), 5.03 (d, J = 6.6 Hz, 1H), 2.91 (dd, J = 16.4, 5.3 Hz, 1H), 2.73 (dd, J 

= 16.4, 6.8 Hz, 1H); 13C NMR (100 MHz, CD3OD) δ 167.3, 163.5, 158.1, 157.6, 156.6, 146.3, 

132.8, 131.4, 122.2, 119.4, 116.2, 116.1, 114.6, 99.8, 96.5, 95.6, 79.6, 71.4, 25.0; HRMS calcd 

for C22H19O8 (M+ H+) 411.1080; found 411.1068; IR (ATR, cm-1) υmax 3307, 1684, 1605, 1515, 

1265, 1013; mp: dec. 
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(2R,3S)-2-(3,4-Dihydroxyphenyl)-5,7-dihydroxychroman-3-yl 3,4-dihydroxybenzoate 

(2.48d) 

 

General procedure 4 was followed using (2R,3S)-5,7-bis(benzyloxy)-2-(3,4-

bis(benzyloxy)phenyl)chroman-3-yl 3,4-bis(benzyloxy) benzoate 3.49d (150 mg, 0.15 mmol) 

and 20% Pd(OH)2/C (302 mg) in 50% MeOH in THF (20 mL). (2R,3S)-2-(3,4-

Dihydroxyphenyl)-5,7-dihydroxychroman-3-yl 3,4-dihydroxybenzoate 3.48d was obtained as 

a colorless solid (49.7 mg, 77% yield). [α]D
23 = 56° (c = 0.97 in MeOH); 1H NMR (396 MHz, 

CD3OD) δ 7.37 – 7.27 (m, 2H), 6.85 (s, 1H), 6.79 – 6.64 (m, 3H), 5.97 (s, 1H), 5.95 (s, 1H), 

5.37 (q, J = 5.9 Hz, 1H), 5.05 (d, J = 6.2 Hz, 1H), 2.87 (dd, J = 16.4, 5.0 Hz, 1H), 2.72 (dd, J 

= 16.4, 6.3 Hz, 1H); 13C NMR (100 MHz, CD3OD) δ 167.4, 158.1, 157.6, 156.5, 151.8, 146.3, 

146.2, 146.0, 131.4, 123.8, 122.5, 119.3, 117.4, 116.2, 115.8, 114.5, 99.7, 96.5, 95.6, 79.5, 71.3, 

24.7; HRMS calcd for C22H19O9 (M+ H+) 427.1029; found 427.1046; IR (ATR, cm-1) υmax 3304, 

1684, 1603, 1520, 1280, 1011; mp: dec. 
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(2R,3S)-2-(3,4-Dihydroxyphenyl)-5,7-dihydroxychroman-3-yl 3,5-dihydroxybenzoate 

(2.48e) 

 

General procedure 4 was followed using (2R,3S)-5,7-bis(benzyloxy)-2-(3,4-

bis(benzyloxy)phenyl)chroman-3-yl 3,5-bis(benzyloxy) benzoate 3.49e (150 mg, 0.15 mmol) 

and 20% Pd(OH)2/C (300 mg) in 50% MeOH in THF (25 mL). (2R,3S)-2-(3,4-

Dihydroxyphenyl)-5,7-dihydroxychroman-3-yl 3,5-dihydroxybenzoate 3.48e was obtained as 

a light-yellow solid (44.1 mg, 66% yield). [α]D
24 = 17° (c = 0.86 in MeOH); 1H NMR (400 

MHz, CD3OD) δ 6.92 – 6.75 (m, 3H), 6.72 (d, J = 0.8 Hz, 2H), 6.43 (t, J = 2.2 Hz, 1H), 5.96 

(d, J = 2.3 Hz, 1H), 5.94 (d, J = 2.2 Hz, 1H), 5.40 (q, J = 5.8 Hz, 1H), 5.06 (d, J = 6.1 Hz, 1H), 

2.85 (dd, J = 16.6, 5.2 Hz, 1H), 2.73 (dd, J = 16.5, 6.1 Hz, 1H); 13C NMR (100 MHz, CD3OD) 

δ 167.2, 159.7, 158.2, 157.6, 156.5, 146.3, 133.0, 131.4, 129.7, 119.3, 116.2, 114.5, 108.9, 

108.4, 99.6, 96.5, 95.6, 79.3, 71.6, 24.4; HRMS calcd for C22H19O9 (M+ H+) 427.1029; found 

427.1034; IR (ATR, cm-1) υmax 3303, 1693, 1600, 1519, 1238, 997; mp: dec. 
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(2R,3S)-2-(3,4-Dihydroxyphenyl)-5,7-dihydroxychroman-3-yl 3,4,5-trihydroxybenzoate 

(2.48f) 

 

General procedure 4 was followed using (2R,3S)-5,7-bis(benzyloxy)-2-(3,4-

bis(benzyloxy)phenyl)chroman-3-yl 3,4,5-tris(benzyloxy) benzoate 3.49f (151 mg, 0.14 mmol) 

and 20% Pd(OH)2/C (300 mg) in 50% MeOH in THF (25 mL). (2R,3S)-2-(3,4-

Dihydroxyphenyl)-5,7-dihydroxychroman-3-yl 3,4,5-trihydroxybenzoate 3.48f was obtained 

as an orange solid (44.0 mg, 71% yield). 1H NMR (400 MHz, CD3OD) δ 6.96 (s, 2H), 6.83 (s, 

1H), 6.72 (d, J = 0.8 Hz, 2H), 5.96 (d, J = 2.3 Hz, 1H), 5.94 (d, J = 2.3 Hz, 1H), 5.37 (q, J = 

5.7 Hz, 1H), 5.06 (d, J = 5.9 Hz, 1H), 2.82 (dd, J = 16.5, 5.0 Hz, 1H), 2.71 (dd, J = 16.5, 6.0 

Hz, 1H); LRMS calcd for C22H19O10 (M+ H+) 443.4; found 443.3. The analytical data are in 

agreement with those reported before.99 

  



238 
 

(2R,3R)-2-(3,4-Dihydroxyphenyl)chromane-3,5,7-triol (3.53a) 

 

General procedure 4 was followed using (2R,3R)-5,7-bis(benzyloxy)-2-(3,4-

bis(benzyloxy)phenyl)chroman-3-ol 3.50a (150 mg, 0.23 mmol) and 20% Pd(OH)2/C (115 mg) 

in 50% MeOH in THF (30 mL). (2R,3R)-2-(3,4-Dihydroxyphenyl)chromane-3,5,7-triol 3.53a 

was obtained as an orange solid (59.0 mg, 88% yield). 1H NMR (400 MHz, CD3OD) δ 7.02 (s, 

1H), 6.82 (s, 2H), 6.04 (d, J = 2.2 Hz, 1H), 5.94 (d, J = 2.2 Hz, 1H), 4.87 (s, 1H), 2.84 (dd, J = 

16.6, 4.5 Hz, 1H), 2.68 (dd, J = 16.8, 3.3 Hz, 1H); LRMS calcd for C22H19O10 (M+ H+) 291.3; 

found 291.2. The analytical data are in agreement with those reported before.99 

 

(2R,3R)-2-(3,4-Dihydroxyphenyl)-5,7-dihydroxychroman-3-yl 3,4-dihydroxybenzoate 

(3.53d) 

 

General procedure 4 was followed using (2R,3R)-5,7-bis(benzyloxy)-2-(3,4-

bis(benzyloxy)phenyl)chroman-3-yl 3,4-bis(benzyloxy) benzoate 3.50d (150 mg, 0.15 mmol) 

and 20% Pd(OH)2/C (302 mg) in 50% MeOH in THF (20 mL). (2R,3R)-2-(3,4-

Dihydroxyphenyl)-5,7-dihydroxychroman-3-yl 3,4-dihydroxybenzoate 3.53d was obtained as 

a yellow solid (55.3 mg, 86% yield). [α]D
24 = -129° (c = 0.95 in MeOH); 1H NMR (396 MHz, 

CD3OD) δ 7.39 – 7.21 (m, 2H), 6.94 (s, 1H), 6.84 – 6.62 (m, 3H), 5.97 (s, 2H), 5.53 (s, 1H), 
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5.04 (s, 1H), 3.00 (dd, J = 17.3, 4.3 Hz, 1H), 2.87 (d, J = 17.2 Hz, 1H); 13C NMR (100 MHz, 

CD3OD) δ 167.5, 157.9, 157.8, 157.3, 151.7, 145.9, 131.5, 123.9, 122.6, 119.3, 117.5, 116.0, 

115.8, 115.1, 99.4, 96.5, 95.8, 78.6, 70.1, 26.8; HRMS calcd for C22H19O9 (M+ H+) 427.1029; 

found 427.1027; IR (ATR, cm-1) υmax 3267, 1683, 1603, 1518, 1281, 1227, 1015; mp: dec. 

 

(2R,3R)-2-(3,4-Dihydroxyphenyl)-5,7-dihydroxychroman-3-yl 3,5-dihydroxybenzoate 

(3.53e) 

 

General procedure 4 was followed using (2R,3R)-5,7-bis(benzyloxy)-2-(3,4-

bis(benzyloxy)phenyl)chroman-3-yl 3,5-bis(benzyloxy) benzoate 3.50e (140 mg, 0.14 mmol) 

and 20% Pd(OH)2/C (282 mg) in 50% MeOH in THF (16 mL). (2R,3R)-2-(3,4-

Dihydroxyphenyl)-5,7-dihydroxychroman-3-yl 3,5-dihydroxybenzoate 3.53e was obtained as 

a light-green solid (50.1 mg, 84% yield). [α]D
23 = -129° (c = 1.45 in MeOH); 1H NMR (396 

MHz, CD3OD) δ 6.94 (d, J = 1.4 Hz, 1H), 6.89 – 6.74 (m, 3H), 6.71 (d, J = 8.2 Hz, 1H), 6.41 

(t, J = 1.4 Hz, 1H), 5.97 (s, 2H), 5.56 (s, 1H), 5.04 (s, 1H), 3.02 (dd, J = 17.4, 4.4 Hz, 1H), 2.87 

(d, J = 16.1 Hz, 1H);  13C NMR (100 MHz, CD3OD) δ 167.3, 159.6, 157.9, 157.8, 157.2, 146.0, 

133.1, 131.4, 119.3, 116.0, 115.0, 108.9, 108.3, 99.3, 96.6, 95.9, 78.5, 70.4, 26.8; HRMS calcd 

for C22H19O9 (M+ H+) 427.1029; found 427.1026; IR (ATR, cm-1) υmax 3293, 1695, 1600, 1517, 

1234, 1140, 1004; mp: dec. 
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(2R,3R)-2-(3,4-Dihydroxyphenyl)-5,7-dihydroxychroman-3-yl 3,4,5-trihydroxybenzoate 

(3.53f) 

 

General procedure 4 was followed using (2R,3R)-5,7-bis(benzyloxy)-2-(3,4-

bis(benzyloxy)phenyl)chroman-3-yl 3,4,5-tris(benzyloxy) benzoate 3.50f (100 mg, 0.093 

mmol) and 20% Pd(OH)2/C (101 mg) in 50% MeOH in THF (12 mL). (2R,3R)-2-(3,4-

Dihydroxyphenyl)-5,7-dihydroxychroman-3-yl 3,4,5-trihydroxybenzoate 3.53f was obtained 

as a green solid (31.0 mg, 75% yield). 1H NMR (396 MHz, CD3OD) δ 6.98 – 6.90 (m, 3H), 

6.81 (dd, J = 8.3, 1.8 Hz, 1H), 6.69 (d, J = 8.2 Hz, 1H), 5.96 (s, 2H), 5.55 – 5.51 (m, 1H), 5.03 

(s, 1H), 3.00 (dd, J = 17.6, 4.4 Hz, 1H), 2.85 (d, J = 17.6 Hz, 1H); LRMS calcd for C22H19O10 

(M+ H+) 443.4; found 443.3. The analytical data are in agreement with those reported before.99  

 

General procedure 5: Weinreb amides formation by the Schotten–Baumann strategy 

To the corresponding benzoic acid (1 eq.) in dichloromethane (2 mL/1 mmol of benzoic acid) 

was added dropwise oxalyl chloride (1.2 eq) in the presence of a catalytic amount of 

dimethylformamide. The mixture was stirred at room temperature for 1 hour and then 

concentrated. The residue was taken up in a mixture between 50% DCM and water (8 mL/1 

mmol of benzoic acid). N,O-Dimethylhydroxylamine hydrochloride (2 eq) and Na2CO3 (3 eq) 

were added and the reaction was stirred at room temperature overnight. After completion, the 

mixture was diluted with DCM and washed with a saturated aqueous solution of NH4Cl and 

water. The organic phase was dried over Na2SO4 and evaporated under reduced pressure. 
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3-(Benzyloxy)-N-methoxy-N-methylbenzamide (3.59b) 

 

General procedure 5 was followed using 3-(benzyloxy)benzoic acid 3.16a (1.37 g, 6 mmol), 

oxalyl chloride (620 μL, 7.2 mmol), and DMF (100 μL) in DCM (20 mL). After the 

chlorination step, the resulting acid chloride was reacted with N,O-

dimethylhydroxylamine hydrochloride (1.17 g, 12 mmol) in the presence of Na2CO3 (1.91 g, 18 

mmol) in the mixture of 50% DCM and water (50 mL). The reaction was stirred at room 

temperature, fitted with a drying tube overnight, and monitored by TLC (hexanes:EtOAc 3:1; 

UV). After aqueous work up, 3-(benzyloxy)-N-methoxy-N-methylbenzamide 3.59b was 

obtained as a yellow oil (1.46 g, 94% yield). 1H NMR (396 MHz, CDCl3) δ 7.50 – 7.14 (m, 

8H), 7.07 (ddd, J = 8.1, 2.5, 1.1 Hz, 1H), 5.09 (s, 2H), 3.53 (s, 3H), 3.34 (s, 3H). The analytical 

data are in agreement with those reported before.100 

 

4-(Benzyloxy)-N-methoxy-N-methylbenzamide (3.59c) 

 

General procedure 5 was followed using 4-(benzyloxy)benzoic acid 3.16b (1.37 g, 6 mmol), 

oxalyl chloride (620 μL, 7.2 mmol), and DMF (100 μL) in DCM (20 mL). After the 

chlorination step, the resulting acid chloride was reacted with N,O-

dimethylhydroxylamine hydrochloride (1.17 g, 12 mmol) in the presence of Na2CO3 (1.91 g, 18 

mmol) in the mixture of 50% DCM and water (50 mL). The reaction was stirred at room 
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temperature, fitted with a drying tube overnight, and monitored by TLC (hexanes:EtOAc 3:1; 

UV). After aqueous work up, 4-(benzyloxy)-N-methoxy-N-methylbenzamide 3.59c was 

obtained as a colorless solid (1.36 g, 88% yield). 1H NMR (396 MHz, CDCl3) δ 7.73 (d, J = 

8.8 Hz, 2H), 7.47 – 7.30 (m, 5H), 6.98 (d, J = 8.9 Hz, 2H), 5.10 (s, 2H), 3.56 (s, 3H), 3.35 (s, 

3H). The analytical data are in agreement with those reported before.101 

 

3,5-Bis(benzyloxy)-N-methoxy-N-methylbenzamide (3.59d) 

 

General procedure 5 was followed using 3,5-bis(benzyloxy)benzoic acid 3.16d (2.00 g, 6 

mmol), oxalyl chloride (620 μL, 7.2 mmol), and DMF (100 μL) in DCM (20 mL). After the 

chlorination step, the resulting acid chloride was reacted with N,O-

dimethylhydroxylamine hydrochloride (1.17 g, 12 mmol) in the presence of Na2CO3 (1.91 g, 18 

mmol) in the mixture of 50% DCM and water (50 mL). The reaction was stirred at room 

temperature, fitted with a drying tube overnight and monitored by TLC (hexanes:EtOAc 3:1; 

UV). After aqueous work up, 3,5-bis(benzyloxy)-N-methoxy-N-methylbenzamide 3.59d was 

obtained as a yellow solid (1.96 g, 90% yield). 1H NMR (396 MHz, CDCl3) δ 7.46 – 7.28 (m, 

10H), 6.89 (d, J = 2.2 Hz, 2H), 6.71 (t, J = 2.3 Hz, 1H), 5.05 (s, 4H), 3.51 (s, 3H), 3.31 (s, 3H); 

13C NMR (100 MHz, CDCl3) δ 169.6, 159.6, 136.7, 136.1, 128.7, 128.2, 127.6, 107.3, 104.8, 

70.3, 61.2; HRMS calcd for C23H24NO4 (M+ H+) 378.1705; found 378.1687; IR (ATR, cm-1) 

υmax 3068, 3007, 2931, 2873, 1636, 1584, 1496, 1310, 1202, 1167, 1042; mp: 91 – 93 °C. 

 

  



243 
 

3,4,5-Tris(benzyloxy)-N-methoxy-N-methylbenzamide (3.59e) 

 

General procedure 5 was followed using 3,4,5-tris(benzyloxy)benzoic acid 3.16f (2.11 g, 4.8 

mmol), oxalyl chloride (520 μL, 6 mmol), and DMF (100 μL) in DCM (15 mL). After the 

chlorination step, the resulting acid chloride was reacted with N,O-

dimethylhydroxylamine hydrochloride (979 mg, 10 mmol) in the presence of Na2CO3 (1.59 g, 

15 mmol) in the mixture of 50% DCM and water (40 mL). The reaction was stirred at room 

temperature, fitted with a drying tube overnight and monitored by TLC (hexanes:EtOAc 3:1; 

UV). After aqueous work up, 3,4,5-tris(benzyloxy)-N-methoxy-N-methylbenzamide 3.59e was 

obtained as a yellow solid (2.23 g, 96% yield). 1H NMR (396 MHz, CDCl3) δ 7.47 – 7.18 (m, 

15H), 5.12 (s, 4H), 5.11 (s, 2H), 3.39 (s, 3H), 3.27 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 

169.1, 152.3, 140.6, 137.7, 137.0, 129.0, 128.7, 128.6, 128.3, 128.1, 128.0, 127.6, 108.6, 75.3, 

71.3, 61.0; HRMS calcd for C30H30NO5 (M+ H+) 484.2124; found 484.2106; IR (ATR, cm-1) 

υmax 3064, 3030, 2934, 1636, 1579, 1452, 1421, 1318, 1241, 1104, 1077; mp: 79 – 80 °C. 
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General procedure 6: DIBAL reduction of Weinreb amides  

To the Weinreb amides 3.59 (1 eq.) in anhydrous THF (5 mL/1 mmol of 3.59) was added 

dropwise 1 M DIBAL in cyclohexane (1.2 eq.) at 0 °C. The mixture was stirred at 0 °C under 

a nitrogen atmosphere. After completion, a saturated aqueous solution of NH4Cl was added at 

0 °C to quench the reaction. The precipitant was filtered, and the filtrate was evaporated under 

reduced pressure.  

 

3-(Benzyloxy)benzaldehyde (3.60b) 

 

General procedure 6 was followed using 3-(benzyloxy)-N-methoxy-N-methylbenzamide 3.59b 

(1.09 g, 4 mmol) and 1 M DIBAL solution in cyclohexane (4.8 mL, 4.8 mmol) in anhydrous 

THF (20 mL) at 0 °C under nitrogen atmosphere. After stirring at 0 °C under a nitrogen 

atmosphere for 1 hour, the reaction was monitored by TLC (hexanes:EtOAc 3:1; UV). 3-

(Benzyloxy)benzaldehyde 3.60b was obtained as a colorless solid (877 mg, quantitative). 1H 

NMR (396 MHz, CDCl3) δ 9.97 (s, 1H), 7.55 – 7.29 (m, 8H), 7.29 – 7.20 (m, 1H), 5.12 (s, 2H); 

LRMS calcd for C14H13O2 (M+ H+) 213.3; found 213.2. The analytical data are in agreement 

with those reported before.102 
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4-(Benzyloxy)benzaldehyde (3.60c) 

 

General procedure 6 was followed using 3-(benzyloxy)-N-methoxy-N-methylbenzamide 3.60c 

(1.09 g, 4 mmol) and 1 M DIBAL solution in cyclohexane (4.8 mL, 4.8 mmol) in anhydrous 

THF (20 mL) at 0 °C under nitrogen atmosphere. After stirring at 0 °C under a nitrogen 

atmosphere for 1 hour, the reaction was monitored by TLC (hexanes:EtOAc 3:1; UV). 4-

(Benzyloxy)benzaldehyde 3.60c was obtained as a colorless solid (837 mg, 99% yield). 1H 

NMR (396 MHz, CDCl3) δ 9.89 (s, 1H), 7.84 (d, J = 8.7 Hz, 2H), 7.52 – 7.30 (m, 5H), 7.08 (d, 

J = 8.6 Hz, 2H), 5.15 (s, 2H); LRMS calcd for C14H13O2 (M+ H+) 213.3; found 213.1. The 

analytical data are in agreement with those reported before.103 

 

3,5-Bis(benzyloxy)benzaldehyde (3.60d) 

 

General procedure 6 was followed using 3,5-bis(benzyloxy)-N-methoxy-N-methylbenzamide 

3.59d (1.51 g, 4 mmol) and 1 M DIBAL solution in cyclohexane (4.8 mL, 4.8 mmol) in 

anhydrous THF (20 mL) at 0 °C under nitrogen atmosphere. After stirring at 0 °C under a 

nitrogen atmosphere for 1 hour, the reaction was monitored by TLC (hexanes:EtOAc 3:1; UV). 

3,5-Bis(benzyloxy)benzaldehyde 3.60d was obtained as a colorless solid (1.26 g, 99% yield). 

1H NMR (396 MHz, CDCl3) δ 9.90 (s, 1H), 7.47 – 7.28 (m, 10H), 7.11 (d, J = 2.3 Hz, 2H), 

6.87 (t, J = 2.3 Hz, 1H), 5.09 (s, 4H); LRMS calcd for C21H19O3 (M+ H+) 319.4; found 319.2. 

The analytical data are in agreement with those reported before.104 
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3,4,5-Tris(benzyloxy)benzaldehyde (3.60e) 

 

General procedure 6 was followed using 3,4,5-tris(benzyloxy)-N-methoxy-N-

methylbenzamide 3.59e (1.52 g, 3.14 mmol) and 1 M DIBAL solution in cyclohexane (3.8 mL, 

3.8 mmol) in anhydrous THF (30 mL) at 0 °C under nitrogen atmosphere. After stirring at 0 °C 

under a nitrogen atmosphere for 1 hour, the reaction was monitored by TLC (hexanes:EtOAc 

3:1; UV). 3,4,5-Tris(benzyloxy)benzaldehyde 3.60e was obtained as an orange solid (1.29 g, 

97% yield). 1H NMR (400 MHz, CDCl3) δ 9.80 (s, 1H), 7.49 – 7.21 (m, 15H), 7.19 (s, 2H), 

5.17 (s, 6H); LRMS calcd for C28H25O4 (M+ H+) 425.5; found 425.1. The analytical data are 

in agreement with those reported before.105 

 

General procedure 7: Vinylation of benzaldehyde derivatives 3.60  

To the aldehyde 3.60 (1 eq.) in anhydrous THF (5 mL/1 mmol of 3.59) was added dropwise 1 

M vinylmagnesium bromide in THF (2 eq.) at 0 °C. The mixture was stirred at 0 °C under a 

nitrogen atmosphere overnight, which was allowed to warm up to room temperature. After 

completion, a saturated aqueous solution of NH4Cl was added at 0 °C to quench the reaction, 

stirred for 30 minutes, and extracted with EtOAc 3 times. The combined organic phase was 

washed with water and brine, followed by evaporation under reduced pressure.  
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Racemic 1-(3-(benzyloxy)phenyl)prop-2-en-1-ol (rac-3.55b) 

 

General procedure 7 was followed using 3-(benzyloxy)benzaldehyde 3.60b (877 mg, 4 mmol) 

and 1 M vinylmagnesium bromide in THF (8 mL, 8 mmol) in anhydrous THF (20 mL) at 0 °C 

under nitrogen atmosphere. Racemic 1-(3-(benzyloxy)phenyl)prop-2-en-1-ol rac-3.55b was 

obtained as yellow oil (935 mg, 97% yield). 1H NMR (396 MHz, CDCl3) δ 7.44 – 7.17 (m, 

6H), 7.00 (t, J = 2.6 Hz, 1H), 6.93 (d, J = 7.6 Hz, 1H), 6.87 (ddd, J = 8.2, 2.6, 0.9 Hz, 1H), 5.99 

(ddd, J = 17.1, 10.3, 6.0 Hz, 1H), 5.31 (dt, J = 17.1, 1.4 Hz, 1H), 5.16 (dt, J = 10.3, 1.3 Hz, 

1H), 5.12 (d, J = 6.0 Hz, 1H), 5.02 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 159.1, 144.4, 140.2, 

137.0, 129.7, 128.7, 128.1, 127.6, 119.0, 115.3, 114.2, 112.9, 75.2, 70.1; HRMS calcd for 

C16H16O2
23Na (M+ Na+) 263.1048; found 263.1039; IR (ATR, cm-1) υmax 3378, 3068, 3037, 

2983, 2873, 1584, 1257, 1153, 1025; 

 

Racemic 1-(4-(benzyloxy)phenyl)prop-2-en-1-ol (rac-3.55c) 

 

General procedure 7 was followed using 4-(benzyloxy)benzaldehyde 3.60c (758 mg, 3.57 

mmol) and 1 M vinylmagnesium bromide in THF (7.1 mL, 7.1 mmol) in anhydrous THF (15 

mL) at 0 °C under nitrogen atmosphere. Racemic 1-(4-(benzyloxy)phenyl)prop-2-en-1-ol rac-

3.55c was obtained as a yellow solid (846 mg, 99% yield). 1H NMR (396 MHz, CDCl3) δ 7.49 

– 7.17 (m, 7H), 6.96 (dd, J = 8.5, 1.7 Hz, 2H), 6.05 (ddd, J = 16.2, 10.2, 5.9 Hz, 1H), 5.34 (d, 
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J = 17.2 Hz, 1H), 5.23 – 5.12 (m, 2H), 5.07 (s, 2H); LRMS calcd for C16H17O2 (M+ H+) 241.3; 

found 241.2. The analytical data are in agreement with those reported before.106  

 

Racemic 1-(3,5-bis(benzyloxy)phenyl)prop-2-en-1-ol (rac-3.55d) 

 

General procedure 7 was followed using 3,5-bis(benzyloxy)benzaldehyde 3.60d (1.26 g, 3.95 

mmol) and 1 M vinylmagnesium bromide in THF (8 mL, 8 mmol) in anhydrous THF (20 mL) 

at 0 qC under nitrogen atmosphere. Racemic 1-(3,5-bis(benzyloxy)phenyl)prop-2-en-1-ol rac-

3.55d was obtained as a colorless solid (1.35 g, 99% yield). 1H NMR (396 MHz, CDCl3) δ 7.50 

– 7.27 (m, 10H), 6.64 (d, J = 2.2 Hz, 2H), 6.54 (t, J = 2.2 Hz, 1H), 6.01 (ddd, J = 16.5, 10.3, 

6.0 Hz, 1H), 5.35 (d, J = 17.1 Hz, 1H), 5.19 (d, J = 10.3 Hz, 1H), 5.12 (d, J = 2.7 Hz, 1H), 5.02 

(s, 4H), 1.95 (d, J = 3.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 160.3, 145.3, 140.0, 136.9, 

128.7, 128.2, 127.7, 115.5, 105.5, 101.5, 75.5, 70.3; HRMS calcd for C23H23O3 (M+ H+) 

347.1647; found 347.1631; IR (ATR, cm-1) υmax 3326, 3075, 3032, 2980, 2870, 1592, 1453, 

1290, 1156, 1021; mp: 94 – 96 °C.  
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Racemic 1-(3,4,5-tris(benzyloxy)phenyl)prop-2-en-1-ol (rac-3.55e) 

 

General procedure 7 was followed using 3,4,5-tris(benzyloxy)benzaldehyde 3.60e (851 mg, 2 

mmol) and 1 M vinylmagnesium bromide in THF (4 mL, 4 mmol) in anhydrous THF (10 mL) 

at 0 qC under nitrogen atmosphere. Racemic 1-(3,4,5-tris(benzyloxy)phenyl)prop-2-en-1-ol 

rac-3.55e was obtained as a yellow solid (886 mg, quantitative). 1H NMR (396 MHz, CDCl3) 

δ 7.63 – 7.14 (m, 15H), 6.68 (s, J = 9.2 Hz, 2H), 5.97 (ddd, J = 17.0, 10.3, 6.0 Hz, 1H), 5.30 

(d, J = 17.1 Hz, 1H), 5.23 – 4.93 (m, 8H), 2.01 (br s, 1H); 13C NMR (100 MHz, CDCl3) δ 153.0, 

140.1, 138.4, 138.0, 137.2, 128.7, 128.6, 128.5, 128.3, 128.0, 127.9, 127.7, 127.6, 127.5, 115.4, 

106.1, 75.3, 71.4; HRMS calcd for C30H29O4 (M+ H+) 453.2066; found 453.2045; IR (ATR, 

cm-1) υmax 3311, 3068, 3031, 2924, 2873, 1595, 1507, 1428, 1230, 1128, 1028; mp: 88 – 90 °C. 

 

General procedure 8: Synthesis of racemic diol rac-3.56 via Friedel-craft alkylation, followed 

by dihydroxylation 

The acidic alumina (2 g/1 mmol of alcohol 3.54 or 3.55) was suspended in the solution of 

cinnamyl alcohol 3.54 or secondary allylic alcohol 3.55 (1 eq.) and 3,5-bis(benzyloxy)phenol 

3.1 (1.5 eq.) in anhydrous DCE (15 mL/1 mmol of alcohol 3.54 or 3.55). The mixture was 

refluxed under a nitrogen atmosphere. After completion, the alumina was filtered off, and the 

filtrate was evaporated under reduced pressure. The residue was redissolved in the solution of 

33% water in THF (15 mL/1 mmol of alcohol 3.54 or 3.55). 50%wt NMO in water (1.5 eq.) 

and K2OsO4∙2H2O (5 mol%) were added, and the reaction was stirred at room temperature. 

After completion, brine was added and extracted with EtOAc 3 times. The combined organic 



250 
 

phase was dried over Na2SO4 and evaporated under reduced pressure. The crude mixture was 

purified by column chromatography using 25% EtOAc in hexane as an isocratic eluent system. 

 

Racemic cis-3-(2,4-bis(benzyloxy)-6-hydroxyphenyl)-1-phenylpropane-1,2-diol (rac-

3.56a) 

 

General procedure 8 was followed using cinnamyl alcohol 3.54 (136 mg, 1 mmol), 3,5-

bis(benzyloxy)phenol 3.1 (459 mg, 1.5 mmol), and acidic alumina (2.00 g) in anhydrous DCE 

(15 mL). After heating at reflux while stirring under nitrogen atmosphere for 1 day, the reaction 

was monitored by 1H NMR spectroscopy. After the Friedel-craft alkylation step, the resulting 

residue was dihydroxylated with 50%wt NMO in water (353 mg, 1.5 mmol) and K2OsO4∙2H2O 

(18.3 mg, 0.05 mmol) in 33% water in THF (15 mL). Racemic cis-3-(2,4-bis(benzyloxy)-6-

hydroxyphenyl)-1-phenylpropane-1,2-diol rac-3.56a was obtained as a light-yellow solid (142 

mg, 31% yield). 1H NMR (396 MHz, CDCl3) δ 8.00 (s, 1H), 7.45 – 7.20 (m, 13H), 7.12 (dd, J 

= 6.5, 2.9 Hz, 2H), 6.27 (d, J = 2.3 Hz, 1H), 6.20 (d, J = 2.3 Hz, 1H), 5.00 (s, 2H), 4.87 (d, J = 

11.8 Hz, 1H), 4.83 (d, J = 11.7 Hz, 1H), 4.55 (dd, J = 6.6, 4.1 Hz, 1H), 4.07 – 3.97 (m, 1H), 

3.30 (s, 1H), 2.92 (dd, J = 14.7, 3.3 Hz, 1H), 2.74 (dd, J = 14.7, 8.4 Hz, 1H), 2.46 (d, J = 4.2 

Hz, 1H); LRMS calcd for C29H29O5 (M+ H+) 457.5; found 457.1. The analytical data are in 

agreement with those reported before.107 
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Racemic cis-1-(3-(benzyloxy)phenyl)-3-(2,4-bis(benzyloxy)-6-hydroxyphenyl)propane-

1,2-diol (rac-3.56b) 

 

General procedure 8 was followed using racemic 1-(3-(benzyloxy)phenyl)prop-2-en-1-ol rac-

3.55b (242 mg, 1 mmol), 3,5-bis(benzyloxy)phenol 3.1 (462 mg, 1.5 mmol), and acidic 

alumina (2.00 g) in anhydrous DCE (15 mL). After heating at reflux while stirring under 

nitrogen atmosphere for 1 day, the reaction was monitored by 1H NMR spectroscopy. After the 

Friedel-craft alkylation step, the resulting residue was dihydroxylated with 50%wt NMO in 

water (359 mg, 1.5 mmol) and K2OsO4∙2H2O (18.9 mg, 0.05 mmol) in 33% water in THF (15 

mL). After stirring at room temperature for 2 days, the reaction was monitored by 1H NMR 

spectroscopy. Racemic cis-1-(3-(benzyloxy)phenyl)-3-(2,4-bis(benzyloxy)-6-

hydroxyphenyl)propane-1,2-diol rac-3.56b was obtained as a colorless solid (131 mg, 23% 

yield). 1H NMR (396 MHz, CDCl3) δ 7.99 (s, 1H), 7.60 – 7.21 (m, 13H), 7.21 – 7.05 (m, 3H), 

6.94 (s, 1H), 6.88 (d, J = 7.5 Hz, 1H), 6.85 (d, J = 8.2 Hz, 1H), 6.27 (s, 1H), 6.20 (d, J = 2.2 

Hz, 1H), 5.11 – 4.90 (m, 4H), 4.91 – 4.77 (m, 2H), 4.52 (s, 1H), 4.01 (s, 1H), 3.23 (s, 1H), 2.94 

(dd, J = 14.5, 3.1 Hz, 1H), 2.77 (dd, J = 14.7, 8.2 Hz, 1H), 2.50 (br s, 1H); LRMS calcd for 

C36H35O6 (M+ H+) 563.7; found 563.1. The analytical data are in agreement with those reported 

before.108 
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Racemic cis-1-(4-(benzyloxy)phenyl)-3-(2,4-bis(benzyloxy)-6-hydroxyphenyl)propane-

1,2-diol (rac-3.56c) 

 

General procedure 8 was followed using racemic 1-(4-(benzyloxy)phenyl)prop-2-en-1-ol rac-

3.55c (241 mg, 1 mmol), 3,5-bis(benzyloxy)phenol 3.1 (460 mg, 1.5 mmol) and acidic alumina 

(2.00 g) in anhydrous DCE (15 mL). After heating at reflux while stirring under nitrogen 

atmosphere for 1 day, the reaction was monitored by 1H NMR spectroscopy. After the Friedel-

craft alkylation step, the resulting residue was dihydroxylated with 50%wt NMO in water (358 

mg, 1.5 mmol) and K2OsO4∙2H2O (18.9 mg, 0.05 mmol) in 33% water in THF (15 mL). After 

stirring at room temperature for 2 days, the reaction was monitored by 1H NMR spectroscopy. 

Racemic cis-1-(4-(benzyloxy)phenyl)-3-(2,4-bis(benzyloxy)-6-hydroxyphenyl)propane-1,2-

diol rac-3.56c was obtained as a colorless solid (173 mg, 31% yield). 1H NMR (396 MHz, 

CDCl3) δ 8.19 (br s, 1H), 7.50 – 7.24 (m, 13H), 7.20 (d, J = 8.5 Hz, 2H), 7.11 (d, J = 7.1 Hz, 

2H), 6.83 (d, J = 8.3 Hz, 2H), 6.27 (d, J = 1.8 Hz, 1H), 6.20 (d, J = 2.0 Hz, 1H), 4.99 (s, 2H), 

4.94 (s, 2H), 4.87 (d, J = 12.0 Hz, 1H), 4.81 (d, J = 11.8 Hz, 1H), 4.47 (d, J = 7.2 Hz, 1H), 4.00 

(td, J = 7.9, 3.1 Hz, 1H), 3.51 (br s, 1H), 2.91 (dd, J = 14.7, 3.1 Hz, 1H), 2.71 (dd, J = 14.7, 8.4 

Hz, 1H), 2.47 ( br s, 1H); 13C NMR (100 MHz, CDCl3) δ 159.2, 158.9, 157.9, 157.7, 137.1, 

137.0, 136.9, 132.8, 128.8, 128.7, 128.6, 128.3, 128.2, 128.1, 127.8, 127.6, 127.0, 115.0, 106.3, 

96.1, 93.5, 70.2, 70.1, 70.0, 26.5; HRMS calcd for C36H35O6 (M+ H+) 563.2434; found 

563.2419; IR (ATR, cm-1) υmax 3224, 3066, 3037, 2922, 2886, 1615, 1585, 1514, 1454, 1248, 

1216, 1027; mp: 150 – 151 °C. 
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Racemic cis-3-(2,4-bis(benzyloxy)-6-hydroxyphenyl)-1-(3,5-bis(benzyloxy)phenyl)pro 

pane-1,2-diol (rac-3.56d) 

 

General procedure 8 was followed using racemic 1-(3,5-bis(benzyloxy)phenyl)prop-2-en-1-ol 

rac-3.55d (324 mg, 0.93 mmol), 3,5-bis(benzyloxy)phenol 3.1 (428 mg, 1.4 mmol), and acidic 

alumina (1.86 g) in anhydrous DCE (15 mL). After heating at reflux while stirring under 

nitrogen atmosphere for 2 days, the reaction was monitored by 1H NMR spectroscopy. After 

the Friedel-craft alkylation step, the resulting residue was dihydroxylated with 50%wt NMO 

in water (328 mg, 1.4 mmol) and K2OsO4∙2H2O (17.1 mg, 0.05 mmol) in 33% water in THF 

(15 mL). After stirring at room temperature for 1 day, the reaction was monitored by 1H NMR 

spectroscopy. Racemic cis-3-(2,4-bis(benzyloxy)-6-hydroxyphenyl)-1-(3,5-

bis(benzyloxy)phenyl)propane-1,2-diol rac-3.56d was obtained as an orange solid (134 mg, 

21% yield). 1H NMR (396 MHz, CDCl3) δ 8.02 (br s, 1H), 7.47 – 7.19 (m, 18H), 7.14 (d, J = 

6.8 Hz, 2H), 6.56 (d, J = 2.2 Hz, 2H), 6.50 (t, J = 2.2 Hz, 1H), 6.26 (d, J = 2.3 Hz, 1H), 6.19 

(d, J = 2.3 Hz, 1H), 5.05 – 4.78 (m, 8H), 4.47 (d, J = 6.0 Hz, 1H), 3.99 (ddd, J = 8.1, 6.1, 3.9 

Hz, 1H), 3.22 (br s, 1H), 2.95 (dd, J = 14.7, 3.8 Hz, 1H), 2.80 (dd, J = 14.7, 8.2 Hz, 1H), 2.63 

(br s, 1H); 13C NMR (100 MHz, CDCl3) δ 160.2, 159.3, 158.0, 157.5, 143.0, 137.1, 137.0, 

136.8, 128.7, 128.6, 128.2, 128.1, 127.8, 127.7, 126.8, 106.2, 106.0, 102.0, 96.1, 93.6, 77.0, 

70.2, 70.1, 26.7; HRMS calcd for C43H41O7 (M+ H+) 669.2852; found 669.2878; IR (ATR, cm-

1) υmax 3344, 3061, 3032, 2931, 2868, 1592, 1498, 1449, 1294, 1040; mp: 130 – 132 °C. 
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Racemic cis-3-(2,4-bis(benzyloxy)-6-hydroxyphenyl)-1-(3,4,5-tris(benzyloxy)phenyl) 

propane-1,2-diol (rac-3.56e) 

 

General procedure 8 was followed using racemic 1-(3,4,5-tris(benzyloxy)phenyl)prop-2-en-1-

ol rac-3.55e (341 mg, 0.8 mmol), 3,5-bis(benzyloxy)phenol 3.1 (367 mg, 1.2 mmol), and acidic 

alumina (1.62 g) in anhydrous DCE (12 mL). After heating at reflux while stirring under 

nitrogen atmosphere for 1 day, the reaction was monitored by 1H NMR spectroscopy. After the 

Friedel-craft alkylation step, the resulting residue was dihydroxylated with 50%wt NMO in 

water (286 mg, 1.2 mmol) and K2OsO4∙2H2O (14.7 mg, 0.04 mmol) in 33% water in THF (12 

mL). After stirring at room temperature for 2 days, the reaction was monitored by 1H NMR 

spectroscopy. Racemic cis-3-(2,4-bis(benzyloxy)-6-hydroxyphenyl)-1-(3,4,5-

tris(benzyloxy)phenyl) propane-1,2-diol rac-3.56e was obtained as a colorless solid (155 mg, 

25% yield). 1H NMR (396 MHz, CDCl3) δ 7.80 (br s, 1H), 7.47 – 7.12 (m, 25H), 6.61 (s, 2H), 

6.27 (d, J = 2.3 Hz, 1H), 6.21 (d, J = 2.4 Hz, 1H), 5.05 – 4.95 (m, 8H), 4.89 (s, 2H), 4.47 (dd, 

J = 5.5, 4.6 Hz, 1H), 3.99 – 3.86 (m, 1H), 3.02 (br s, 1H), 2.91 (dd, J = 14.7, 3.7 Hz, 1H), 2.76 

(dd, J = 14.7, 8.2 Hz, 1H), 2.44 (br s, 1H); LRMS calcd for C36H35O6 (M+ H+) 775.9; found 

776.0. The analytical data are in agreement with those reported before.46 
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General procedure 9: Cyclization of diol 3.56 via ortho ester formation strategy 

Pyridinium p-toluene sulfonate (1 mol%) was suspended in the solution of racemic cis diol 

3.56 (1 eq.), and triethyl orthoacetate (1.5 – 2 eq.) in DCM (15 mL/1 mmol of 3.56) and the 

mixture was stirred at room temperature. After completion, BF3∙OEt2 (1 eq.) was then added, 

and the reaction was stirred at room temperature, which was monitored closely by TLC. After 

the cyclization was completed, volatiles was evaporated under reduced pressure. The residue 

was redissolved in the mixture of THF, water, and MeOH in 4 : 2 : 1 ratio (14 mL/1 mmol of 

3.56) and LiOH∙H2O (10 eq.) was added. The reaction was then kept stirring overnight. After 

the hydrolysis finished, brine was added and extracted with DCM 3 times. The combined 

organic layer was washed with water and brine, dried over Na2SO4, and evaporated under 

reduced pressure. 

 

Racemic trans-5,7-bis(benzyloxy)-2-phenylchroman-3-ol (rac-3.57a) 

 

General procedure 8 was followed using racemic cis-3-(2,4-bis(benzyloxy)-6-hydroxyphenyl)-

1-phenylpropane-1,2-diol rac-3.56a (129 mg, 0.28 mmol), triethyl orthoacetate (95 μL, 0.52 

mmol) and pyridinium p-toluene sulfonate (0.7 mg, 0.003 mmol) in DCM (5 mL). After stirring 

at room temperature for 45 minutes, the reaction was monitored by TLC (hexanes:EtOAc 3:1; 

UV). After the ortho ester formation step, the resulting intermediate was then cyclized with 

BF3∙OEt2 (35 μL, 0.28 mmol). After completion by stirring at room temperature for 30 minutes 

as monitored by TLC (hexanes:EtOAc 3:1; UV), the crude mixture was hydrolyzed with 

LiOH∙H2O (118 mg, 2.8 mmol) in the mixture of THF, water, and MeOH in 4 : 2 : 1 ratio (14 

mL). Racemic trans-5,7-bis(benzyloxy)-2-phenylchroman-3-ol rac-3.57a was obtained as a 
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colorless solid (110 mg, 90% yield over 3 steps). 1H NMR (396 MHz, CDCl3) δ 7.52 – 7.13 

(m, 15H), 6.28 (d, J = 2.2 Hz, 1H), 6.25 (d, J = 2.2 Hz, 1H), 5.03 (s, 2H), 5.00 (s, 2H), 4.79 (d, 

J = 7.9 Hz, 1H), 4.18 – 4.07  (m, 1H), 3.10 (dd, J = 16.5, 5.5 Hz, 1H), 2.71 (dd, J = 16.4, 8.6 

Hz, 1H); LRMS calcd for C29H27O4 (M+ H+) 439.5; found 439.1. The analytical data are in 

agreement with those reported before.107  

 

Racemic trans-5,7-bis(benzyloxy)-2-(3-(benzyloxy)phenyl)chroman-3-ol (rac-3.57b) 

 

General procedure 8 was followed using racemic cis-1-(3-(benzyloxy)phenyl)-3-(2,4-

bis(benzyloxy)-6-hydroxyphenyl)propane-1,2-diol rac-3.56b (124 mg, 0.22 mmol), triethyl 

orthoacetate (50 μL, 0.28 mmol) and pyridinium p-toluene sulfonate (0.7 mg, 0.002 mmol) in 

DCM (5 mL). After stirring at room temperature for 45 minutes, the reaction was monitored 

by TLC (hexanes:EtOAc 3:1; UV). After the ortho ester formation step, the resulting 

intermediate was then cyclized with BF3∙OEt2 (28 μL, 0.22 mmol). After completion by stirring 

at room temperature for 30 minutes as monitored by TLC (hexanes:EtOAc 3:1; UV), the crude 

mixture was hydrolyzed with LiOH∙H2O (92.3 mg, 2.2 mmol) in the mixture of THF, water, 

and MeOH in 4 : 2 : 1 ratio (11 mL). Racemic trans-5,7-bis(benzyloxy)-2-(3-

(benzyloxy)phenyl)chroman-3-ol rac-3.57b was obtained as an orange solid (116 mg, 97% 

yield over 3 steps). 1H NMR (396 MHz, CDCl3) δ 7.47 – 7.28 (m, 16H), 7.07 (d, J = 1.9 Hz, 

1H), 7.03 (d, J = 7.6 Hz, 1H), 6.97 (dd, J = 8.1, 2.2 Hz, 1H), 6.27 (d, J = 2.2 Hz, 1H), 6.24 (d, 

J = 2.2 Hz, 1H), 5.07 (s, 2H), 5.02 (s, 2H), 5.00 (s, 2H), 4.75 (d, J = 7.8 Hz, 1H), 4.13 – 4.04 

(m, 1H), 3.09 (dd, J = 16.4, 5.5 Hz, 1H), 2.69 (dd, J = 16.4, 8.6 Hz, 1H), 1.73 (br s, 1H); LRMS 
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calcd for C36H33O5 (M+ H+) 545.7; found 545.5. The analytical data are in agreement with 

those reported before.109  

 

Racemic trans-5,7-bis(benzyloxy)-2-(4-(benzyloxy)phenyl)chroman-3-ol (rac-3.57c) 

 

General procedure 8 was followed using racemic cis-1-(4-(benzyloxy)phenyl)-3-(2,4-

bis(benzyloxy)-6-hydroxyphenyl)propane-1,2-diol rac-3.56c (153 mg, 0.27 mmol), triethyl 

orthoacetate (62 μL, 0.34 mmol), and Pyridinium p-toluene sulfonate (0.8 mg, 0.003 mmol) in 

DCM (5 mL). After stirring at room temperature for 45 minutes, the reaction was monitored 

by TLC (hexanes:EtOAc 3:1; UV). After the ortho ester formation step, the resulting 

intermediate was then cyclized with BF3∙OEt2 (34 μL, 0.27 mmol). After completion by stirring 

at room temperature for 30 minutes as monitored by TLC (hexanes:EtOAc 3:1; UV), the crude 

mixture was hydrolyzed with LiOH∙H2O (116 mg, 2.8 mmol) in the mixture of THF, water, 

and MeOH in 4 : 2 : 1 ratio (13 mL). Racemic trans-5,7-bis(benzyloxy)-2-(4-

(benzyloxy)phenyl)chroman-3-ol rac-3.57c was obtained as an orange solid (146 mg, 99% 

yield over 3 steps). 1H NMR (396 MHz, CDCl3) δ 7.49 – 7.28 (m, 17H), 7.02 (d, J = 8.5 Hz, 

2H), 6.27 (d, J = 2.0 Hz, 1H), 6.22 (d, J = 2.1 Hz, 1H), 5.09 (s, 2H), 5.03 (s, 2H), 4.99 (s, 2H), 

4.70 (d, J = 8.1 Hz, 1H), 4.14 – 4.03 (m, 1H), 3.15 (dd, J = 16.3, 5.5 Hz, 1H), 2.68 (dd, J = 

16.3, 8.8 Hz, 1H); LRMS calcd for C36H33O5 (M+ H+) 545.7; found 546.1. The analytical data 

are in agreement with those reported before.110 
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Racemic trans-5,7-bis(benzyloxy)-2-(3,5-bis(benzyloxy)phenyl)chroman-3-ol (rac-3.57d) 

 

General procedure 8 was followed using racemic cis-3-(2,4-bis(benzyloxy)-6-hydroxyphenyl)-

1-(3,5-bis(benzyloxy)phenyl)propane-1,2-diol rac-3.56d (95.1 mg, 0.14 mmol), triethyl 

orthoacetate (54 μL, 0.29 mmol), and Pyridinium p-toluene sulfonate (0.8 mg, 0.003 mmol) in 

DCM (3 mL). After stirring at room temperature for 45 minutes, the reaction was monitored 

by TLC (hexanes:EtOAc 3:1; UV). After the ortho ester formation step, the resulting 

intermediate was then cyclized with BF3∙OEt2 (18 μL, 0.14 mmol). After completion by stirring 

at room temperature for 30 minutes as monitored by TLC (hexanes:EtOAc 3:1; UV), the crude 

mixture was hydrolyzed with LiOH∙H2O (59.2 mg, 1.4 mmol) in the mixture of THF, water, 

and MeOH in 4 : 2 : 1 ratio (7 mL). Racemic trans-5,7-bis(benzyloxy)-2-(3,5-

bis(benzyloxy)phenyl)chroman-3-ol rac-3.57d was obtained as a light-yellow solid (99.9 mg, 

quantitative over 3 steps). 1H NMR (396 MHz, CDCl3) δ 7.46 – 7.23 (m, 20H), 6.68 (d, J = 2.1 

Hz, 2H), 6.60 (t, J = 2.1 Hz, 1H), 6.26 (d, J = 2.1 Hz, 1H), 6.23 (d, J = 2.1 Hz, 1H), 5.05 – 4.94 

(m, 8H), 4.67 (d, J = 7.8 Hz, 1H), 4.08 – 3.96 (m, 1H), 3.07 (dd, J = 16.4, 5.5 Hz, 1H), 2.66 

(dd, J = 16.4, 8.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 160.3, 158.9, 157.9, 155.2, 140.5, 

137.0, 137.0, 136.7, 128.7, 128.6, 128.2, 128.1, 128.0, 127.7, 127.6, 127.2, 106.3, 102.4, 102.3, 

94.5, 94.0, 81.8, 70.3, 70.0, 68.2, 27.5; LRMS calcd for C43H39O6 (M+ H+) 651.8; found 651.2. 

The analytical data are in agreement with those reported before.109 
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Racemic trans-5,7-bis(benzyloxy)-2-(3,4,5-tris(benzyloxy)phenyl)chroman-3-ol (rac-

3.57e) 

 

General procedure 8 was followed using racemic cis-3-(2,4-bis(benzyloxy)-6-hydroxyphenyl)-

1-(3,4,5-tris(benzyloxy)phenyl) propane-1,2-diol rac-3.56e (161 mg, 0.21 mmol), triethyl 

orthoacetate (50 μL, 0.26 mmol), and pyridinium p-toluene sulfonate (0.5 mg, 0.002 mmol) in 

DCM (5 mL). After stirring at room temperature for 45 minutes, the reaction was monitored 

by TLC (hexanes:EtOAc 3:1; UV). After the ortho ester formation step, the resulting 

intermediate was then cyclized with BF3∙OEt2 (26 μL, 0.21 mmol). After completion by stirring 

at room temperature for 30 minutes as monitored by TLC (hexanes:EtOAc 3:1; UV), the crude 

mixture was hydrolyzed with LiOH∙H2O (90.4 mg, 2.1 mmol) in the mixture of THF, water, 

and MeOH in 4 : 2 : 1 ratio (14 mL). Racemic trans-5,7-bis(benzyloxy)-2-(3,4,5-

tris(benzyloxy)phenyl)chroman-3-ol rac-3.57e was obtained as a light-yellow solid (159 mg, 

quantitative). 1H NMR (396 MHz, CDCl3) δ 7.49 – 7.14 (m, 25H), 6.73 (s, 2H), 6.28 (d, J = 

2.1 Hz, 1H), 6.23 (d, J = 2.2 Hz, 1H), 5.17 – 4.94 (m, 10H), 4.61 (d, J = 8.2 Hz, 1H), 3.97 (m, 

1H), 3.10 (dd, J = 16.4, 5.7 Hz, 1H), 2.64 (dd, J = 16.4, 9.0 Hz, 1H); LRMS calcd for C50H45O7 

(M+ H+) 757.9; found 758.1. The analytical data are in agreement with those reported before.46 
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General procedure 10: EDCI esterification between rac-3.57 and benzylated gallic acid 3.16f 

Racemic catechin rac-3.57 (1 eq.), 3,4,5-tris(benzyloxy)benzoic acid 3.16f (5 – 6 eq.), EDCI 

(6 – 10 eq.), DMAP (0.2 – 0.4 eq.) and Et3N (6 – 15 eq.) were dissolved in DCM (75 mL/1 

mmol of rac-3.57). After completion, the mixture was quenched with a saturated aqueous 

solution of NH4Cl and extracted with DCM twice. The combined organic phase was dried over 

Na2SO4 and evaporated. The crude mixture was purified by column chromatography using 

DCM as an isocratic eluent system, which was then filtered through basic alumina. 

 

Racemic trans-5,7-bis(benzyloxy)-2-(3,4-bis(benzyloxy)phenyl)chroman-3-yl 3-

(benzyloxy) benzoate (rac-3.61a) 

 

General procedure 10 was followed using racemic trans-5,7-bis(benzyloxy)-2-phenylchroman-

3-ol rac-3.57a (80.6 mg, 0.18 mmol), 3,4,5-tris(benzyloxy)benzoic acid 3.16f (482 mg, 1.1 

mmol), EDCI (215 mg, 1.1 mmol), DMAP (9.8 mg, 0.08 mmol), and Et3N (160 μL, 1.1 mmol) 

in DCM (15 mL). After stirring at room temperature under nitrogen atmosphere for 5 days, the 

reaction was monitored by 1H NMR spectroscopy. Racemic trans-5,7-bis(benzyloxy)-2-(3,4-

bis(benzyloxy)phenyl)chroman-3-yl 3-(benzyloxy) benzoate rac-3.61a was obtained as a 

colorless solid (47.4 mg, 30% yield). 1H NMR (396 MHz, CDCl3) δ 7.53 – 7.21 (m, 32H), 6.33 

(s, 1H), 6.30 (s, 1H), 5.51 (q, J = 5.9 Hz, 1H), 5.20 (d, J = 6.4 Hz, 1H), 5.15 – 4.96 (m, 10H), 

3.07 (dd, J = 16.9, 4.8 Hz, 1H), 2.86 (dd, J = 16.8, 6.5 Hz, 1H); 13C NMR (100 MHz, CDCl3) 

δ 165.3, 159.1, 157.9, 155.2, 152.5, 142.6, 138.1, 137.6, 136.9, 136.8, 128.7, 128.5, 128.3, 
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128.2, 128.1, 127.8, 127.7, 127.4, 126.7, 125.1, 109.2, 101.6, 94.6, 93.9, 78.8, 75.3, 71.3, 70.3, 

70.2, 70.1, 24.3; HRMS calcd for C57H49O8 (M+ H+) 861.3427; found 861.3477; IR (ATR, cm-

1) υmax 3064, 3034, 2923, 2859, 1698, 1591, 1210, 1028; mp: 119 – 121 °C. 

 

Racemic trans-5,7-bis(benzyloxy)-2-(3-(benzyloxy)phenyl)chroman-3-yl 3,4,5-tris(benzyl 

oxy)benzoate (rac-3.61b) 

 

General procedure 10 was followed using racemic trans-5,7-bis(benzyloxy)-2-(3-

(benzyloxy)phenyl)chroman-3-ol rac-3.57b (109 mg, 0.20 mmol), 3,4,5-

tris(benzyloxy)benzoic acid 3.16f (441 mg, 1.0 mmol), EDCI (293 mg, 1.5 mmol), DMAP 

(11.1 mg, 0.09 mmol), and Et3N (420 μL, 3.0 mmol) in DCM (15 mL). After stirring at room 

temperature under nitrogen atmosphere for 4 days, the reaction was monitored by 1H NMR 

spectroscopy. Racemic trans-5,7-bis(benzyloxy)-2-(3-(benzyloxy)phenyl)chroman-3-yl 3,4,5-

tris(benzyloxy) benzoate  rac-3.61b was obtained as a colorless solid (103 mg, 53% yield). 1H 

NMR (396 MHz, CDCl3) δ 7.57 – 7.10 (m, 33H), 7.04 (s, 1H), 6.98 (d, J = 7.4 Hz, 1H), 6.88 

(d, J = 8.1 Hz, 1H), 6.32 (s, 1H), 6.30 (s, 1H), 5.54 – 5.47 (m, 1H), 5.20 (d, J = 6.1 Hz, 1H), 

5.14 – 4.89 (m, 12H), 3.05 (dd, J = 16.8, 4.6 Hz, 1H), 2.86 (dd, J = 16.8, 6.2 Hz, 1H); 13C NMR 

(100 MHz, CDCl3) δ 165.3, 159.1, 157.8, 155.0, 152.5, 142.6, 139.8, 137.6, 136.9, 136.8, 136.7, 

129.8, 128.8, 128.7, 128.6, 128.3, 128.2, 128.1, 128.0, 127.7, 127.4, 125.1, 119.2, 114.8, 113.2, 

109.2, 101.5, 94.5, 93.9, 78.6, 75.2, 71.2, 70.3, 70.1, 70.0, 24.2; HRMS calcd for C64H55O9 
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(M+ H+) 967.3846; found 967.3870; IR (ATR, cm-1) υmax 3061, 3030, 2931, 2870, 1698, 1591, 

1499, 1290, 1216, 1028; mp: 139 – 142 °C. 

 

Racemic trans-5,7-bis(benzyloxy)-2-(4-(benzyloxy)phenyl)chroman-3-yl 3,4,5-tris(benzyl 

oxy)benzoate (rac-3.61c) 

 

General procedure 10 was followed using racemic trans-5,7-bis(benzyloxy)-2-(4-

(benzyloxy)phenyl)chroman-3-ol rac-3.57c (124 mg, 0.23 mmol), 3,4,5-

tris(benzyloxy)benzoic acid 3.16f (513 mg, 1.17 mmol), EDCI (337 mg, 1.76 mmol), DMAP 

(11.9 mg, 0.1 mmol), and Et3N (480 μL, 3.44 mmol) in DCM (15 mL). After stirring at room 

temperature under nitrogen atmosphere for 4 days, the reaction was monitored by 1H NMR 

spectroscopy. Racemic trans-5,7-bis(benzyloxy)-2-(4-(benzyloxy)phenyl)chroman-3-yl 3,4,5-

tris(benzyloxy) benzoate rac-3.61c was obtained as a yellow solid (86.0 mg, 39% yield). 1H 

NMR (396 MHz, CDCl3) δ 7.46 – 7.14 (m, 34H), 6.92 (d, J = 8.7 Hz, 2H), 6.30 (s, 2H), 5.54 

– 5.43 (m, 1H), 5.14 – 4.94 (m, 13H), 3.13 (dd, J = 16.7, 5.4 Hz, 1H), 2.84 (dd, J = 16.7, 7.1 

Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 165.3, 159.1, 158.9, 157.9, 155.3, 152.5, 142.6, 137.5, 

136.9, 136.8, 130.4, 128.7, 128.6, 128.3, 128.2, 128.1, 127.7, 127.6, 127.6, 127.4, 125.1, 115.1, 

109.2, 101.6, 94.6, 93.9, 78.6, 75.3, 71.3, 70.3, 70.2, 70.1, 24.7; HRMS calcd for C64H55O9 

(M+ H+) 967.3846; found 967.3831; IR (ATR, cm-1) υmax 3068, 3032, 2927, 2868, 1698, 1593, 

1499, 1211, 1012; mp: 116 – 117 °C. 
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Racemic trans-5,7-bis(benzyloxy)-2-(3,5-bis(benzyloxy)phenyl)chroman-3-yl 3,4,5-

tris(benzyloxy)benzoate (rac-3.61d) 

 

General procedure 10 was followed using racemic trans-5,7-bis(benzyloxy)-2-(3,5-

bis(benzyloxy)phenyl)chroman-3-ol rac-3.57d (81.7 mg, 0.13 mmol), 3,4,5-

tris(benzyloxy)benzoic acid 3.16f (278 mg, 0.63 mmol), EDCI (250 mg, 1.3 mmol), DMAP 

(3.1 mg, 0.025 mmol), and Et3N (265 μL, 1.9 mmol) in DCM (15 mL). After stirring at room 

temperature under nitrogen atmosphere for 5 days, the reaction was monitored by 1H NMR 

spectroscopy. Racemic trans-5,7-bis(benzyloxy)-2-(3,5-bis(benzyloxy)phenyl)chroman-3-yl 

3,4,5-tris(benzyloxy) benzoate rac-3.61d was obtained as a colorless solid (58.5 mg, 43% 

yield). 1H NMR (396 MHz, CDCl3) δ 7.46 – 7.20 (m, 37H), 6.67 (d, J = 2.0 Hz, 2H), 6.53 (t, J 

= 2.0 Hz, 1H), 6.32 (d, J = 2.1 Hz, 1H), 6.29 (d, J = 2.1 Hz, 1H), 5.50 (q, J = 6.0 Hz, 1H), 5.17 

(d, J = 6.2 Hz, 1H), 5.08 – 4.95 (m, 10H), 4.92 (s, 4H), 3.03 (dd, J = 16.8, 5.1 Hz, 1H), 2.86 

(dd, J = 16.8, 6.3 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 165.3, 160.2, 159.1, 157.8, 154.9, 

152.5, 142.6, 140.5, 137.6, 136.9, 136.7, 136.6, 128.8, 128.7, 128.6, 128.5, 128.3, 128.1, 128.0, 

127.7, 127.7, 127.3, 125.1, 109.2, 105.8, 102.0, 101.4, 94.5, 94.0, 78.5, 75.2, 71.2, 70.2, 70.1, 

24.0; HRMS calcd for C71H61O10 (M+ H+) 1073.4265; found 1073.4219; IR (ATR, cm-1) υmax 

3068, 3032, 2925, 2870, 1696, 1594, 1499, 1214, 1028; mp: 144 – 147 °C. 
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Racemic trans-5,7-bis(benzyloxy)-2-(3,4,5-tris(benzyloxy)phenyl)chroman-3-yl 3,4,5-

tris(benzyloxy)benzoate (rac-3.61e) 

 

General procedure 10 was followed using Racemic trans-5,7-bis(benzyloxy)-2-(3,4,5-

tris(benzyloxy)phenyl)chroman-3-ol rac-3.57e (163 mg, 0.22 mmol), 3,4,5-tris(benzyloxy) 

benzoic acid 3.16f (238 mg, 0.54 mmol), EDCI (158 mg, 0.81 mmol), DMAP (5.3 mg, 0.04 

mmol), and Et3N (450 μL, 3.23 mmol) in DCM (15 mL). After stirring at room temperature 

under nitrogen atmosphere for 2 days, the reaction was monitored by 1H NMR spectroscopy. 

Racemic trans-5,7-bis(benzyloxy)-2-(3,4,5-tris(benzyloxy)phenyl)chroman-3-yl 3,4,5-

tris(benzyloxy)benzoate rac-3.61e was obtained as a colorless solid (128 mg, 50% yield). 1H 

NMR (396 MHz, CDCl3) δ 7.50 – 7.06 (m, 42H), 6.70 (s, 2H), 6.31 (s, 2H), 5.47 (s, 1H), 5.19 

– 4.85 (m, 17H), 2.99 (d, J = 16.5 Hz, 1H), 2.86 (d, J = 11.3 Hz, 1H); 13C NMR (100 MHz, 

CDCl3) δ 165.2, 159.1, 157.8, 155.0, 153.0, 152.6, 142.8, 138.6, 137.9, 137.5, 137.0, 136.7, 

133.6, 128.8, 128.7, 128.6, 128.5, 128.3, 128.2, 128.1 (x 3), 128.0, 127.9, 127.8, 127.7, 127.4, 

125.1, 109.3, 106.5, 101.5, 94.5, 94.0, 78.6, 75.3, 75.2, 71.4, 71.3, 70.2, 70.1, 70.0, 24.2. The 

analytical data are in agreement with those reported before.111 
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Racemic trans-5,7-dihydroxy-2-phenylchroman-3-yl 3,4,5-trihydroxybenzoate (rac-3.58a) 

 

General procedure 4 was followed using racemic trans-5,7-bis(benzyloxy)-2-(3,4-

bis(benzyloxy)phenyl)chroman-3-yl 3-(benzyloxy) benzoate rac-3.61a (47.4 mg, 0.055 mmol) 

and 20% Pd(OH)2/C (94.9 mg) in 50% EtOH in THF (8 mL). Racemic trans-5,7-dihydroxy-2-

phenylchroman-3-yl 3,4,5-trihydroxybenzoate rac-3.58a was obtained as a colorless solid 

(14.0 mg, 62% yield). 1H NMR (396 MHz, CD3OD) δ 7.41 (d, J = 7.3 Hz, 2H), 7.33 (t, J = 7.3 

Hz, 2H), 7.28 (d, J = 7.1 Hz, 1H), 6.96 (s, 2H), 5.97 (s, 2H), 5.42 (q, J = 5.9 Hz, 1H), 5.20 (d, 

J = 6.2 Hz, 1H), 2.81 (dd, J = 16.5, 5.3 Hz, 1H), 2.73 (dd, J = 16.6, 6.2 Hz, 1H); 13C NMR 

(100 MHz, CD3OD) δ 167.4, 158.2, 157.7, 156.4, 146.4, 140.0, 129.4, 129.1, 127.5, 121.3, 

110.1, 99.6, 96.6, 95.6, 79.5, 71.2, 24.6; HRMS calcd for C22H19O8 (M+ H+) 411.1080; found 

411.1094; IR (ATR, cm-1) υmax 3331, 1686, 1608, 1525, 1303, 1239, 1215, 1058, 1019; mp: 

dec. 
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Racemic trans-5,7-dihydroxy-2-(3-hydroxyphenyl)chroman-3-yl 3,4,5-trihydroxy 

benzoate (rac-3.58b) 

OHO

OH
O

rac-3.58b
O

OH

OH
OH

OH

 
 
General procedure 4 was followed using racemic trans-5,7-bis(benzyloxy)-2-(3-

(benzyloxy)phenyl)chroman-3-yl 3,4,5-tris(benzyl oxy)benzoate rac-3.61b (59.0 mg, 0.061 

mmol) and 20% Pd(OH)2/C (118 mg) in 50% EtOH in THF (8 mL). Racemic trans-5,7-

dihydroxy-2-(3-hydroxyphenyl)chroman-3-yl 3,4,5-trihydroxybenzoate rac-3.58b was 

obtained as a colorless solid (19.9 mg, 77% yield). 1H NMR (396 MHz, CD3OD) δ 7.15 (t, J = 

7.8 Hz, 1H), 6.98 (s, 2H), 6.89 – 6.81 (m, 2H), 6.70 (dd, J = 8.0, 1.9 Hz, 1H), 5.98 (d, J = 2.5 

Hz, 1H), 5.97 (d, J = 2.3 Hz, 1H), 5.42 (q, J = 5.3 Hz, 1H), 5.19 (d, J = 5.5 Hz, 1H), 2.74 (d, J 

= 5.2 Hz, 2H); 13C NMR (100 MHz, CD3OD) δ 167.6, 158.6, 158.2, 157.6, 156.3, 146.4, 141.6, 

139.9, 130.5, 121.3, 118.5, 116.0, 114.0, 110.1, 99.5, 96.5, 95.6, 79.2, 71.0, 23.9; HRMS calcd 

for C22H19O9 (M+ H+) 427.1029; found 427.1017; IR (ATR, cm-1) υmax 3289, 1687, 1604, 1314, 

1224, 1014; mp: dec. 
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Racemic trans-5,7-dihydroxy-2-(4-hydroxyphenyl)chroman-3-yl 3,4,5-trihydroxy 

benzoate (rac-3.58c) 

 

General procedure 4 was followed using racemic trans-5,7-bis(benzyloxy)-2-(4-

(benzyloxy)phenyl)chroman-3-yl 3,4,5-tris(benzyloxy)benzoate rac-3.61c (59.9 mg, 0.062 

mmol) and 20% Pd(OH)2/C (121 mg) in 50% EtOH in THF (8 mL). Racemic trans-5,7-

dihydroxy-2-(4-hydroxyphenyl)chroman-3-yl 3,4,5-trihydroxybenzoate rac-3.58c was 

obtained as a colorless solid (13.5 mg, 51% yield). 1H NMR (396 MHz, CD3OD) δ 7.22 (d, J 

= 8.5 Hz, 2H), 6.96 (s, 2H), 6.75 (d, J = 8.5 Hz, 2H), 5.97 (d, J = 2.1 Hz, 1H), 5.94 (d, J = 1.9 

Hz, 1H), 5.37 (q, J = 6.2 Hz, 1H), 5.08 (d, J = 6.5 Hz, 1H), 2.87 (dd, J = 16.5, 5.3 Hz, 1H), 

2.71 (dd, J = 16.4, 6.6 Hz, 1H); 13C NMR (100 MHz, CD3OD) δ 167.5, 158.4, 158.2, 157.6, 

156.6, 146.4, 139.9, 130.7, 128.9, 121.3, 116.2, 110.1, 99.7, 96.5, 95.6, 79.5, 71.2, 24.9; LRMS 

calcd for C22H19O9 (M+ H+) 427.4; found 426.9. The analytical data are in agreement with 

those reported before.110 
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Racemic trans-2-(3,5-dihydroxyphenyl)-5,7-dihydroxychroman-3-yl 3,4,5-trihydroxyben 

zoate (rac-3.58d) 

 

General procedure 4 was followed using Racemic trans-5,7-bis(benzyloxy)-2-(3,5-

bis(benzyloxy)phenyl)chroman-3-yl 3,4,5-tris(benzyloxy)benzoate rac-3.61d (50.3 mg, 0.047 

mmol) and 20% Pd(OH)2/C (109 mg) in 50% EtOH in THF (8 mL). Racemic trans-2-(3,5-

dihydroxyphenyl)-5,7-dihydroxychroman-3-yl 3,4,5-trihydroxybenzoate rac-3.58d was 

obtained as a colorless solid (12.2 mg, 59% yield). 1H NMR (396 MHz, CD3OD) δ 6.99 (s, 

2H), 6.34 (d, J = 2.0 Hz, 2H), 6.18 (t, J = 2.2 Hz, 1H), 5.97 (d, J = 2.3 Hz, 1H), 5.95 (d, J = 2.3 

Hz, 1H), 5.42 (q, J = 4.8 Hz, 1H), 5.15 (d, J = 4.8 Hz, 1H), 2.75 (dd, J = 16.9, 4.8 Hz, 1H), 

2.69 (dd, J = 16.8, 4.9 Hz, 1H); 13C NMR (100 MHz, CD3OD) δ 167.7, 159.7, 158.1, 157.6, 

156.2, 146.4, 142.5, 139.9, 121.4, 110.2, 105.5, 103.1, 99.4, 96.4, 95.6, 79.0, 70.9, 23.3; HRMS 

calcd for C22H19O10 (M+ H+) 443.0978; found 443.0956; IR (ATR, cm-1) υmax 3237, 1686, 1603, 

1311, 1231, 1014; mp: dec. 
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Racemic trans-5,7-dihydroxy-2-(3,4,5-trihydroxyphenyl)chroman-3-yl 3,4,5-trihydroxy 

benzoate (rac-3.58e) 

 

General procedure 4 was followed using racemic trans-5,7-bis(benzyloxy)-2-(3,4,5-

tris(benzyloxy)phenyl)chroman-3-yl 3,4,5-tris(benzyloxy)benzoate rac-3.61e (77.3 mg, 0.066 

mmol) and 20% Pd(OH)2/C (158 mg) in 50% EtOH in THF (15 mL). Racemic trans-5,7-

dihydroxy-2-(3,4,5-trihydroxyphenyl)chroman-3-yl 3,4,5-trihydroxybenzoate rac-3.58e was 

obtained as a light-yellow solid (20.1 mg, 67% yield). 1H NMR (396 MHz, CD3OD) δ 6.97 (s, 

2H), 6.40 (s, 2H), 5.95 (s, 2H), 5.38 (q, J = 5.0 Hz, 1H), 5.06 (d, J = 5.1 Hz, 1H), 2.77 (dd, J = 

16.9, 5.1 Hz, 1H), 2.71 (dd, J = 17.1, 5.7 Hz, 1H); 13C NMR (100 MHz, CD3OD) δ 167.7, 

158.1, 157.6, 156.4, 147.0, 146.4, 139.9, 133.9, 131.0, 121.4, 110.1, 106.3, 99.5, 96.4, 95.6, 

79.2, 71.1, 23.7; LRMS calcd for C22H19O11 (M+ H+) 459.4; found 458.9. The analytical data 

are in agreement with those reported before.99  

 

General procedure 11: Fully esterification of 3.48d 

To the solution of (2R,3S)-2-(3,4-dihydroxyphenyl)-5,7-dihydroxychroman-3-yl 3,4-

dihydroxybenzoate 3.48d (1 eq.) in pyridine (4 mL/1 mmol of 3.48d) was added dropwise acid 

anhydride (25 eq.). The reaction was stirred at room temperature. After completion, the mixture 

was diluted with EA and washed with an aqueous solution of 2 M HCl, water, and a saturated 

aqueous solution of NaHCO3. 
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4-((((2R,3S)-5,7-Diacetoxy-2-(3,4-diacetoxyphenyl)chroman-3-yl)oxy)carbonyl)-1,2-

phenylene diacetate (3.63a) 

 

General procedure 11 was followed using (2R,3S)-2-(3,4-dihydroxyphenyl)-5,7-

dihydroxychroman-3-yl 3,4-dihydroxybenzoate 3.48d (20.1 mg, 0.047 mmol) and acetic 

anhydride (120 μL, 1.17 mmol) in pyridine (200 μL). After stirring at room temperature for 1 

day, the reaction was monitored by TLC (hexanes:EtOAc 1:1; UV). 4-((((2R,3S)-5,7-

diacetoxy-2-(3,4-diacetoxyphenyl)chroman-3-yl)oxy)carbonyl)-1,2-phenylene diacetate 3.63a 

was obtained as a colorless solid (28.3 mg, 89% yield). [α]D
23 = 53° (c = 0.81 in CH3Cl); 1H 

NMR (396 MHz, CDCl3) δ 7.92 – 7.59 (m, 2H), 7.40 – 7.06 (m, 4H), 6.69 (s, 1H), 6.63 (s, 1H), 

5.56 – 5.43 (m, 1H), 5.30 (d, J = 5.8 Hz, 1H), 3.00 (d, J = 16.7 Hz, 1H), 2.79 (dd, J = 16.2, 5.3 

Hz, 1H), 2.54 – 2.11 (m, 18H); 13C NMR (100 MHz, CD3Cl) δ 169.0, 168.5, 168.1, 167.7, 

164.2, 154.5, 150.0, 149.6, 146.4, 142.3, 142.3, 142.1, 136.1, 128.5, 128.1, 125.3, 124.5, 123.9, 

123.7, 121.8, 110.1, 109.0, 107.8, 77.8, 69.6, 24.1, 22.3, 21.2, 20.9, 20.8; HRMS calcd for 

C34H31O15 (M+ H+) 679.1663; found 679.1669; IR (ATR, cm-1) υmax 2938, 1765, 1724, 1594, 

1506, 1261, 1110; mp: dec. 
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(2R,3S)-3-((3,4-Bis(propionyloxy)benzoyl)oxy)-2-(3,4-bis(propionyloxy)phenyl) 

chromane-5,7-diyl dipropionate (3.63b) 

 

General procedure 11 was followed using (2R,3S)-2-(3,4-dihydroxyphenyl)-5,7-

dihydroxychroman-3-yl 3,4-dihydroxybenzoate 3.48d (19.9 mg, 0.047 mmol) and propionic 

anhydride (150 μL, 1.17 mmol) in pyridine (200 μL). After stirring at room temperature for 1 

day, the reaction was monitored by TLC (hexanes:EtOAc 3:1; UV). The crude mixture was 

purified by column chromatography using 25% EtOAc in hexane as an isocratic eluent system 

to obtain (2R,3S)-3-((3,4-bis(propionyloxy)benzoyl)oxy)-2-(3,4-bis(propionyloxy)phenyl) 

chromane-5,7-diyl dipropionate 3.63b as colorless liquid (24.0 mg, 67% yield). [α]D
23 = 44° (c 

= 1.05 in CH3Cl); 1H NMR (396 MHz, CDCl3) δ 7.81 (dd, J = 8.5, 2.0 Hz, 1H), 7.75 (d, J = 

2.0 Hz, 1H), 7.30 – 7.23 (m, 3H), 7.18 (d, J = 8.3 Hz, 1H), 6.69 (d, J = 2.2 Hz, 1H), 6.63 (d, J 

= 2.2 Hz, 1H), 5.48 (q, J = 6.0 Hz, 1H), 5.30 (d, J = 6.1 Hz, 1H), 2.98 (dd, J = 16.9, 5.1 Hz, 

1H), 2.78 (dd, J = 16.8, 6.3 Hz, 1H), 2.63 – 2.50 (m, 12H), 1.30 – 1.20 (m, 18H); 13C NMR 

(100 MHz, CDCl3) δ 172.5, 172.0, 171.6, 171.5, 171.2, 164.3, 154.5, 150.2, 149.6, 146.6, 142.4, 

142.3, 142.2, 136.0, 128.4, 128.0, 125.3, 124.3, 123.9, 123.7, 121.7, 110.0, 109.0, 107.7, 77.8, 

69.6, 27.9, 27.6 (x 2), 27.5 (x 2), 24.0, 9.2, 9.1; HRMS calcd for C40H43O15 (M+ H+) 763.2602; 

found 763.2617; IR (ATR, cm-1) υmax 2984, 2947, 2888, 1762, 1722, 1594, 1505, 1259, 1108. 
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(2R,3S)-3-((3,4-Bis(butyryloxy)benzoyl)oxy)-2-(3,4-bis(butyryloxy)phenyl)chromane-

5,7-diyl dibutyrate (3.63c) 

 

General procedure 11 was followed using (2R,3S)-2-(3,4-dihydroxyphenyl)-5,7-

dihydroxychroman-3-yl 3,4-dihydroxybenzoate 3.48d (15.6 mg, 0.037 mmol) and butyric 

anhydride (150 μL, 1.15 mmol) in pyridine (200 μL). After stirring at room temperature for 1 

day, the reaction was monitored by TLC (hexanes:EtOAc 3:1; UV). The crude mixture was 

purified by column chromatography using 20% EtOAc in hexane as an isocratic eluent system 

to obtain (2R,3S)-3-((3,4-bis(butyryloxy)benzoyl)oxy)-2-(3,4-bis(butyryloxy)phenyl) 

chromane-5,7-diyl dibutyrate 3.63c as colorless liquid (14.5 mg, 47% yield). [α]D
23 = 43° (c = 

0.60 in CH3Cl); 1H NMR (396 MHz, CDCl3) δ 7.80 (dd, J = 8.5, 2.0 Hz, 1H), 7.74 (d, J = 2.0 

Hz, 1H), 7.29 – 7.21 (m, 3H), 7.17 (d, J = 8.4 Hz, 1H), 6.68 (d, J = 2.2 Hz, 1H), 6.61 (d, J = 

2.2 Hz, 1H), 5.47 (q, J = 5.9 Hz, 1H), 5.30 (d, J = 6.1 Hz, 1H), 2.98 (dd, J = 16.8, 5.1 Hz, 1H), 

2.77 (dd, J = 16.8, 6.3 Hz, 1H), 2.60 – 2.41 (m, 12H), 1.84 – 1.67 (m, 12H), 1.10 – 0.93 (m, 

18H); 13C NMR (100 MHz, CDCl3) δ 171.7, 171.2, 170.8, 170.4, 164.3, 154.5, 150.1, 149.6, 

146.6, 142.4, 142.3, 142.2, 136.1, 128.4, 128.0, 125.3, 124.4, 123.9, 123.8, 121.8, 110.0, 109.0, 

107.7, 77.8, 69.6, 36.3, 36.1, 36.0 (x 2), 35.9, 24.1, 18.5, 18.4, 13.8; HRMS calcd for C46H55O15 

(M+ H+) 847.3541; found 847.3502; IR (ATR, cm-1) υmax 2967, 2938, 2877, 1764, 1725, 1595, 

1506, 1258, 1127. 
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(2R,3S)-3-((3,4-Bis(pentanoyloxy)benzoyl)oxy)-2-(3,4-bis(pentanoyloxy)phenyl) 

chromane-5,7-diyl dipentanoate (3.63d) 

 

General procedure 11 was followed using (2R,3S)-2-(3,4-dihydroxyphenyl)-5,7-

dihydroxychroman-3-yl 3,4-dihydroxybenzoate 3.48d (15.0 mg, 0.035 mmol) and Valeric 

anhydride (180 μL, 0.90 mmol) in pyridine (250 μL). After stirring at room temperature for 1 

day, the reaction was monitored by TLC (hexanes:EtOAc 9:1; UV). The crude mixture was 

purified by column chromatography using 10% to 12.5% EtOAc in hexane as a gradient eluent 

system and kept under reduced pressure at 60 °C for 30 minutes. (2R,3S)-3-((3,4-

Bis(pentanoyloxy)benzoyl)oxy)-2-(3,4-bis(pentanoyloxy)phenyl)chromane-5,7-diyl 

dipentanoate 3.63d was obtained as colorless liquid (17.4 mg, 53% yield). [α]D
23 = 36° (c = 

1.47 in CH3Cl); 1H NMR (396 MHz, CDCl3) δ 7.80 (d, J = 8.5 Hz, 1H), 7.74 (d, J = 1.6 Hz, 

1H), 7.30 – 7.19 (m, 3H), 7.17 (d, J = 8.4 Hz, 1H), 6.67 (d, J = 1.6 Hz, 1H), 6.60 (d, J = 1.8 

Hz, 1H), 5.47 (q, J = 5.8 Hz, 1H), 5.30 (d, J = 6.0 Hz, 1H), 2.97 (dd, J = 16.8, 4.9 Hz, 1H), 

2.77 (dd, J = 16.8, 6.2 Hz, 1H), 2.60 – 2.46 (m, 12H), 1.80 – 1.64 (m, 12H), 1.51 – 1.34 (m, 

12H), 1.03 – 0.89 (m, 18H); 13C NMR (100 MHz, CDCl3) δ 171.9, 171.4, 171.0, 170.6, 164.3, 

154.5, 150.1, 149.6, 146.6, 142.5, 142.4, 142.2, 136.1, 128.3, 128.0, 125.3, 124.4, 123.9, 123.8, 

121.8, 110.0, 109.0, 107.7, 77.8, 69.6, 34.2, 34.0, 33.9 (x 2), 33.8, 27.0, 26.9, 24.1, 22.4, 13.8; 

HRMS calcd for C52H67O15 (M+ H+) 931.4480; found 931.4487; IR (ATR, cm-1) υmax 2960, 

2933, 2875, 1764, 1725, 1595, 1505, 1257, 1128. 
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(2R,3S)-3-((3,4-Bis(hexanoyloxy)benzoyl)oxy)-2-(3,4-bis(hexanoyloxy)phenyl)chromane-

5,7-diyl dihexanoate (3.63e) 

 

General procedure 11 was followed using (2R,3S)-2-(3,4-dihydroxyphenyl)-5,7-

dihydroxychroman-3-yl 3,4-dihydroxybenzoate 3.48d (15.0 mg, 0.035 mmol) and hexanoic 

anhydride (200 μL, 0.90 mmol) in pyridine (250 μL). After stirring at room temperature for 1 

day, the reaction was monitored by TLC (hexanes:EtOAc 9:1; UV). The crude mixture was 

purified by column chromatography using 10% to 12.5% EtOAc in hexane as a gradient eluent 

system and kept under reduced pressure at 60 °C for 30 minutes. (2R,3S)-3-((3,4-

Bis(hexanoyloxy)benzoyl)oxy)-2-(3,4-bis(hexanoyloxy)phenyl)chromane-5,7-diyl 

dihexanoate 3.63e was obtained as colorless liquid (18.7 mg, 52% yield). [α]D
23 = 35° (c = 0.92 

in CH3Cl); 1H NMR (396 MHz, CDCl3) δ 7.79 (d, J = 8.5 Hz, 1H), 7.74 (d, J = 1.2 Hz, 1H), 

7.29 – 7.20 (m, 3H), 7.17 (d, J = 8.3 Hz, 1H), 6.67 (s, 1H), 6.60 (s, 1H), 5.47 (q, J = 5.6 Hz, 

1H), 5.29 (d, J = 6.0 Hz, 1H), 2.98 (dd, J = 16.9, 4.9 Hz, 1H), 2.77 (dd, J = 16.8, 6.3 Hz, 1H), 

2.58 – 2.46 (m, 12H), 1.81 – 1.65 (m, 12H), 1.46 – 1.27 (m, 24H), 0.99 – 0.83 (m, 18H); 13C 

NMR (100 MHz, CDCl3) δ 171.9, 171.4, 171.0, 170.6, 164.3, 154.5, 150.1, 149.6, 146.6, 142.5, 

142.4, 142.2, 136.0, 128.3, 128.0, 125.3, 124.4, 123.9, 123.8, 121.8, 110.0, 109.0, 107.7, 77.8, 

69.6, 34.5, 34.3, 34.2, 34.1, 34.0, 31.4, 24.7, 24.1, 22.4, 22.3, 14.0; HRMS calcd for C58H79O15 

(M+ H+) 1015.5419; found 1015.5449; IR (ATR, cm-1) υmax 2958, 2932, 2870, 1766, 1723, 

1598, 1259, 1130. 
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1H NMR spectrum of compound 2.3 
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1H NMR spectrum of compound 2.4 

 
 

 
1H NMR spectrum of compound 2.6 
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1H NMR spectrum of compound 2.9 

 
 

 
1H NMR spectrum of compound 2.10 
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13C NMR spectrum of compound 2.10 

 
 

 
1H NMR spectrum of compound 2.11 
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13C NMR spectrum of compound 2.11 

 
 

 
1H NMR spectrum of compound 2.12 
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13C NMR spectrum of compound 2.12 

 
 

 
1H NMR spectrum of compound 2.13 
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13C NMR spectrum of compound 2.13 

 
 

 
1H NMR spectrum of compound 2.14 
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13C NMR spectrum of compound 2.14 

 
 

 
1H NMR spectrum of compound 2.15 
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13C NMR spectrum of compound 2.15 

 
 

 
1H NMR spectrum of compound 2.16 
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13C NMR spectrum of compound 2.16 

 
 

 
1H NMR spectrum of compound 2.17 
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13C NMR spectrum of compound 2.17 

 
 

 
1H NMR spectrum of compound 2.18 
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13C NMR spectrum of compound 2.18 

 
 

 
1H NMR spectrum of compound 2.19 
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1H NMR spectrum of compound 2.45 
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13C NMR spectrum of compound 2.71 

 
 

 
1H NMR spectrum of compound 2.72 
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13C NMR spectrum of compound 2.72 
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1H NMR spectrum of compound 3.1 

 
 

 
1H NMR spectrum of compound 3.16b 
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1H NMR spectrum of compound 3.16c 

 
 

 
1H NMR spectrum of compound 3.16d 
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1H NMR spectrum of compound 3.16e 

 
 

 
1H NMR spectrum of compound 3.16f 
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1H NMR spectrum of compound 3.17 

 

 

 
1H NMR spectrum of compound rac-cis 3.19 
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1H NMR spectrum of compound rac-trans 3.19 

 
 

 
1H NMR spectrum of compound 3.23 
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1H NMR spectrum of compound 3.25 

 
 

 
1H NMR spectrum of compound 3.26 
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1H NMR spectrum of compound 3.27 

 
 

 
1H NMR spectrum of compound 3.28 
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1H NMR spectrum of compound 3.29 

 
 

 
1H NMR spectrum of compound 3.30 
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1H NMR spectrum of compound 3.32 

 
 

 
13C NMR spectrum of compound 3.32 
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1H NMR spectrum of compound 3.33 

 
 

 
1H NMR spectrum of compound 3.34 
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1H NMR spectrum of compound 3.42 

 
 

 
1H NMR spectrum of compound 3.45  
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1H NMR spectrum of compound 3.48b 

 
 

 
13C NMR spectrum of compound 3.48b 
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1H NMR spectrum of compound 3.48c 

 
 

 
13C NMR spectrum of compound 3.48c 
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1H NMR spectrum of compound 3.48d 

 
 

  
13C NMR spectrum of compound 3.48d 
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1H NMR spectrum of compound 3.48f 
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1H NMR spectrum of compound 3.49b 
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1H NMR spectrum of compound 3.49c 
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13C NMR spectrum of compound 3.49d 

 
 

 
1H NMR spectrum of compound 3.49e 
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13C NMR spectrum of compound 3.49e 

 
 

  
1H NMR spectrum of compound 3.49f 
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1H NMR spectrum of compound 3.50a 
 
 

 
1H NMR spectrum of compound 3.50d 
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1H NMR spectrum of compound 3.50e 
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13C NMR spectrum of compound 3.50e 

 
 

1H NMR spectrum of compound 3.50f 
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13C NMR spectrum of compound 3.53d 

 
 

  
1H NMR spectrum of compound 3.53e 
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13C NMR spectrum of compound 3.53e 

 
 

 
1H NMR spectrum of compound 3.53f 
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1H NMR spectrum of compound rac-3.55b 
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