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Abstract 

Tumors reprogram metabolic pathways to support the bioenergetic, 

biosynthetic, and redox needs of malignant cells. There is an increasing 

recognition that the tumor microenvironment drives many of these alterations 

in the metabolic phenotype of tumor cells, thereby paving the way for the 

development of specific anticancer metabolism-targeting compounds. In this 

thesis, we designed and synthesized such inhibitors, including some in the 

form of prodrugs to be activated in response to the acidic or hypoxic tumor 

microenvironment. 

In the first chapter, we designed and synthesized carboxyamidotriazole 

analogues to inhibit mitochondrial complex I of the oxidative phosphorylation 

(OXPHOS) pathway. In vitro cellular studies were conducted to evaluate their 

pharmacological activities, and preliminary structure-activity relationship 

analysis was obtained. Promising complex I inhibitors were further validated 

in 3D tumor spheroids. 

In the second chapter, we designed a pH-sensitive drug delivery system by 

conjugating a pH-dependent peptide with lipid metabolism-targeting drugs 

including Etomoxir (CPT1 inhibitor) and T863 (DGAT1 inhibitor), targeting 

mitochondrial fatty acylCoA uptake and the last step of triglyceride synthesis, 

respectively. Efficacy was evaluated using liposome models and in vitro 

cellular assays.  
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In the third chapter, we designed and synthesized hypoxia-activated prodrugs 

(HAPs). Among the drugs that were modified to be specifically activated 

under low pO2 upon reduction of a nitro moiety (Part A), we considered COX 

inhibitor diclofenac repurposed recently as an inhibitor of lactate transport 

through MCT4 and a traditional antitumor drug tetrandrine. In Part B, a novel 

HAP model containing a triazene group was designed and synthesized. 

Mechanisms of triazene probe release by chemical reduction were studied to 

further gain insights on the potential use of these HAP in tumors. 

Altogether, the data obtained in this thesis support the feasibility of targeting 

peculiarities of the tumor metabolism while sparing healthy tissues. 
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General Introduction  

Malignant tumors represent a serious threat to human health worldwide. 

Cancer actually shares with cardiovascular diseases the first place on the 

podium of the largest killer in industrialized countries. Governments and 

scientists from various countries have invested a lot of human and material 

resources in tumor prevention and treatment research in the last decades. 

Despite many progresses, challenges persist for a large variety of cancers to 

prevent their occurrence and when diagnosed, to offer cancer patients valuable 

therapeutic options. 

Current treatments for malignant tumors are mainly based on chemotherapy, 

radiotherapy, immunotherapy and surgery. Anti-cancer chemotherapy, which 

has undergone more than half a century of daily use in the clinic, is still an 

important part of cancer patients’ overall treatment. Conventional 

chemotherapy is however like a carpet bombing with unclear targets, 

knocking out both tumor cells and normal cells in the body. It is only in 2001 

that the small molecule imatinib mesylate was approved as the first targeted 

therapy to treat cancer. This tyrosine kinase inhibitor was compared to a 

precision guided cruise missile capable of hitting the exact cancer site. Today 

anticancer precision medicine consists of small drugs or antibodies targeting 

oncoproteins mainly resulting from mutations, overexpression or 

chromosomal rearrangement. The specificity of the target accounts for the 
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preferred activity of these drugs toward the tumor while sparing healthy 

tissues and thus reducing the extent of adverse effects. However, the 

occurrence of resistance usually limiting the effects of targeted therapies to a 

prolongation of patient survival of 6 to 12 months, together with the high costs 

of these treatments, have led scientists working in the field of medical 

oncology to explore other avenues. In recent years, more and more studies 

have confirmed that metabolic reprogramming of tumor cells could represent 

one such target that could still offer a reasonable level of selectivity for 

innovative drugs and be shared by different tumor types, thereby extending 

the market and thus reducing the costs for social security systems.  

1. Cancer metabolism in a nutshell 

Tumor metabolic reprogramming is an important feature in the process of 

tumor development. Firstly, tumor cells need energy to maintain intracellular 

functions and reductive equivalents to resist oxidative stress. Secondly, the 

rapid proliferation of tumor cells requires the synthesis of relevant 

intermediates that make up the cellular components. Tumor cells therefore 

require a variety of nutrients and metabolic routes to fulfil their bioenergetic 

and biosynthetic needs (Figure 1-1). 
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Figure 1-1 Nutrient metabolism in tumor cells1-3  
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The rearrangement of the metabolic network in tumor cells to support survival 

and proliferation is the consequences of mutations (i.e., oncogene-driven 

metabolic preferences) but is also directly dependent on the local 

microenvironment. Indeed, besides cancer cells, solid tumors consist of a 

variety of resident host cells (e.g., fibroblasts, endothelial cells, immune cells, 

adipocytes) embedded in an extracellular matrix and forming a complex 

ecosystem called the tumor microenvironment (TME). Among the major 

determinants of the TME are hypoxia and acidosis since uncontrolled 

proliferation of cancer cells leads to a situation where tumor perfusion rapidly 

becomes insufficient to provide O2 (and allow mitochondria to work properly) 

and remove waste products such as protons (H+), respectively. Despite 

angiogenesis (i.e., formation of new blood vessels), some areas within tumors 

will always be deficient in O2 and acidic. Hypoxia will dictate the preferential 

use of glycolysis as metabolic route able to generate ATP regardless of O2-

consuming mitochondrial activity (see Heading 2 below) while oxygenated 

cancer cells will be more dependent on OXPHOS (see Heading 3 below) and 

the subset of acidic cancer cells will reprogram their bioenergetic preferences 

toward lipid metabolism (see Heading 4 below). 

2. Glycolysis and lactate transporters  

2.1. Glycolysis 

Besides ATP, anaerobic glycolysis also generates biosynthetic intermediates, 

antioxidant molecules and nucleotide precursors through side metabolic 

branches such as the serine pathway and the pentose phosphate pathway. The 



 

5 
 

latter specificities are actually thought to be more critical than ATP production. 

In agreement with this observation, it is worth to note that cancer cells may 

use glycolysis (i.e., glucose to lactate) in the presence of O2. This observation 

initially reported by Otto Warburg was proposed to be due to the mitochondrial 

dysfunction4, 5 (Figure 1-2). 

 

Figure 1-2 The relationship between glycolysis and oxidative phosphorylation in tumor 

cells 3 

Today, it is known that besides a few exceptions, mitochondria are fully 

functional in cancer cells and that aerobic glycolysis actually co-exists with 

oxidative metabolic routes involving the TCA cycle and oxidative 

phosphorylation (OXPHOS)6. In the last decade, stable isotope tracers (e.g. 

13C) were used to track the fate of biosynthetic fuels by analyzing downstream 

isotopic enrichment of labeled nutrients. Main conclusions are that (i) glucose 

metabolism includes not only glycolysis (with lactate as end-product), but also 
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mitochondrial respiration (Figure 1-2), (ii) mitochondrial respiration requires 

acetyl-CoA, which is generated not only from blood glucose but also from 

acetate, lactate reconversion into pyruvate (see below) and the breakdown of 

lipids and amino acids (Figure 1-1).  

As mentioned above for glycolysis, besides energy, the same substrate can 

generate biosynthetic intermediates through the mitochondrial route. For 

instance, citrate derived from the mitochondrial TCA cycle serves as the 

starting point for the synthesis of fatty acids while aspartate, another TCA 

cycle may be used for purine and pyrimidine synthesis upon transamination. 

Another key example of how metabolism may participate in the production of 

critical cell component is glutamine that is needed to generate glutathione, a 

central actor in the cancer cell handling of excess production of reactive 

oxygen species (ROS). 

Glycolysis has two main stages. The first one requires energy and is 

considered as a preparatory step. It starts with the capture of glucose in the 

cell through dedicated transporters of the GLUT family and continues with 

the “reorganization” of the 6 carbon skeleton to be efficiently cleaved. The 

second stage is the energy release phase, which produces ATP and NADH, and 

ends up with pyruvate (Figure 1-3). The glucose to pyruvate metabolism 

pathway consists of nine reactions catalyzed by several enzymes, three of 

them being rate-limiting, namely hexokinase (HK), phosphofructokinase 

(PFK), and pyruvate kinase (PK) (Figure 1-3). 
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Figure 1-3 Glycolytic pathways and lactate metabolism in tumor cells2, 3  

Pyruvate is the end-product of glycolysis and may either be transported into 

the mitochondria or be reduced into lactate. As a significant source of 

acetylCoA, pyruvate can be considered as a major TCA cycle fuel. However, 

in the absence of O2, pyruvate will be reduced into lactate thereby regenerating 

NAD+ to sustain the glycolytic turnover. This second option is favored by 

hypoxia in the response to the production of the transcription factor HIF-1α. 

The latter will promote the expression of lactate dehydrogenase A (LDHA) 

and monocarboxylate transporter protein 4 (MCT4) that support the 

conversion of pyruvate into lactate and importantly allows to export lactate 
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out of the cells (together with one proton). HIF-1α also stimulates the 

expression of GLUT transporters and several glycolytic enzymes. Preventing 

lactate efflux may thus have detrimental effects on cancer cell growth as well 

as blocking glycolysis when it represents the only route to generate ATP in the 

absence of O2. Therefore, GLUT1, LDHA, MCT4 or one of the three rate-

limiting enzymes in glycolysis have been considered as potential targets to 

develop anticancer strategies. 

2.2. Monocarboxylate transporters 

MCTs are encoded by the solute carrier 16 (SLC16) family of genes. The MCT 

family comprises 14 members in total, among which MCT1-4 play major roles 

in mammals. Glycosylated chaperone proteins are required to maintain the 

proper location and function of MCTs, including CD147 for MCT1/3/4 and 

gp70 for MCT27-9. 
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Figure 1-4 Tumor microenvironment and tumors metabolic heterogeneity2, 10  

MCT1-4 expression varies in normal human tissues and organs depending on 

their function. MCT1 is widely expressed in the intestinal epithelium, 

cardiomyocytes, renal tubular cells and hepatocytes11. MCT2 expression is 

restricted to specific tissues, e.g. liver parenchyma, the proximal convoluted 

tubule of the kidney and neurons12. MCT3 is only expressed in the retinal 

pigment and choroid plexus epithelia of the eye13. MCT4 is also widely 

distributed in human tissues e.g., white skeletal muscle fibres, astrocytes, 

immune cells, chondrocytes, and hypoxic cells11 (Table 1-1). 
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Expression of MCT1 and MCT4 has been extensively studied in tumors from 

various origins, e.g., brain cancer, breast cancer, cervix cancer, gastric cancer, 

lung cancer, lymphoma, oral squamous cell carcinoma, esophageal carcinoma, 

squamous cell skin cancer, soft tissue sarcoma11. 

Among various functions in cancer cells, MCTs control lactate exchange. 

MCT4 is usually considered as the main transporter to support the efflux of 

lactate while MCT1 can support both the export and import of lactate. In more 

oxidative tumor cells, lactate can indeed be captured by MCT1 and upon 

oxidation into pyruvate be used to support the TCA cycle and associated 

OXPHOS (Figure 1-4). Differences in Km account for these distinct 

capacities (Table 1-1). MCT4 has indeed the lowest affinity for lactate (Km= 

22-28 mM) making it more prone to be activated by high concentrations as 

reached intracellularly in response to high glycolytic turnover14. In contrast, 

MCT1 has a higher affinity for lactate (Km=3.5 mM) and is therefore more 

likely to promote the import of lactate (generated by the most hypoxic cancer 

cells). (Table 1-1). 
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Table 1-1 The main characteristics of MCT1-4 and the related inhibitors 

 chaperone 
Expression in 

normal tissues 
Expression in cancers Km lactate Inhibitor  Refs 

MCT1 

(SLC 

16A1) 

CD147 
wide range of 

expressions 

Brian cancer, breast cancer, 

cervix cancer, gastric cancer, 

lung cancer, lymphoma, 

squamous cell skin cancer, soft 

tissue sarcoma 

3.5-10 nM 

7ACC2 

BAY-8002 

AZD3965 

ARC155858 

Phloretin 

α-cyano-4-

hydroxycinnamate (CHC) 

lonidamine 

 14-19 

MCT2 

(SLC 

16A7) 

gp70 
liver, kidney, 

testis, CNS 
 ~0.75 nM   9, 20 

MCT3 

(SLC 

16A8) 

CD147 
retina, choroid 

plexus 
 ~6 nM  

regulates the 

pH of the 

subretinal 

space 

13, 20 

MCT4 

(SLC 

16A3) 

CD147 

white skeletal 

muscle fibers, 

astrocytes, 

immune cells, 

chondrocytes, 

and hypoxic 

cells 

breast cancer, gastric cancer, 

oral squamous cell carcinoma, 

esophagal carcinoma, lung 

cancer, prostate cancer, 

squamous cell skin cancer, soft 

tissue sarcoma 

22-28 nM 

Syrosingopine 

Diclofenac 

Bindarit 

AZD0095 

AZ93 

 
14, 

21-26 

CNS, central nervous system 

Km value is a measure of the affinity of a transporter and its ligand, with a high Km value relating to low affinity 
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These distinct affinities of MCT1 and MCT4 for lactate actually account for a 

dual expression of both MCTs in tumors. Indeed, production of lactate in 

hypoxic cancer cells requires MCT4 to export it in the extracellular medium 

where after diffusion, it will be taken in charge by MCT1 expressed at the 

surface of more oxidative cancer cells 27 (Figure 1-4). Thus, MCT1 and MCT4 

play vital roles in the lactate shuttle, regulating lactate influx and efflux, and 

thereby supporting a metabolic symbiosis between hypoxic and more 

oxygenated cancer cells. Glucose not consumed by oxidative cancer cells is 

somehow spared to reach hypoxic cancer cells in a larger extent. Of note, 

studies have also reported the capacity of oxidative tumor cells to force nearby 

stromal cells to adopt aerobic glycolysis, thereby also generating a source of 

lactate that can be recycled taking advantage of the MCT1/4-mediated lactate 

shuttling (Figure 1-4)26. Interestingly, while pharmacological inhibitors of 

MCT4 may directly kill hypoxic cancer cells, MCT1 may also lead to the 

killing of these cells by preventing lactate shuttling. The latter bystander effect 

may be particularly attractive considering the easier access of drug to MCT1-

expressing cancer cells located at the vicinity of blood vessels. 

2.2.1. MCT1 transporter 

Lactate is a source of energy for oxidative cancer cells which fuels TCA cycle 

upon prior conversion into pyruvate. MCT1 expression in these oxidative 

cancer cells mainly accounts for this lactate uptake, in particular in cancer18. 

Most notably, some compounds exhibiting MCT1 inhibitory activity have 
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been used for research. Among them, quercetin, lonidamine, α-cyano-4-

hydroxycinnamate (CHC) are usually reported as mixed inhibitors of MCT1 

and MCT4, but with low affinity and poor selectivity 20, 24, 28. Recently, more 

potent MCT1 inhibitors, exemplified by AR-C155858, AZD3965 and BAY-

8002 have been reported with IC50 or Ki at nM range15, 16, 19. ARC155858 and 

AZD3965 are pyrrole pyrimidine derivatives, which exert slowly reversible 

inhibition of MCT1 and show no effect on MCT415. Our lab also reported the 

capacity of 7ACC2 to inhibit lactate uptake but not lactate efflux, and 

eventually documented that such effect resulted from a specific inhibition of 

the mitochondrial pyruvate carrier MPC1 (i.e., the inhibition of lactate uptake 

resulting from the cytosolic accumulation of lactate and pyruvate, the latter 

not being able to enter mitochondria). BAY-8002 has a 5-fold selectivity to 

MCT1 over MCT2 and no inhibition on MCT416 (Figure 1-5). 

 

Figure 1-5 MCT1 inhibitor 

To further understand the action mechanism of MCT1 inhibitors, high-

resolution structures of MCTs are required. Recently, the cryo-EM structure 
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of the wild type (WT) human MCT1/Basigin-2 (MCT1/CD147) complex 

(bound to some compounds) were reported at 3.0-3.3 Å in the inward-open 

and outward-open two states17. In the structure of the MCT1, a cavity is 

wrapped by two subunits, and the amino acid residues make the cavity 

positively charged to attract molecules such as lactate (Figure 1-6 A, B and 

C). The structure of human MCT1 suggests that the amino acid residues lysine 

38 (Lys38), aspartate 309 (Asp309), and arginine 313 (Arg313) are of 

particular relevance for transporter activity and substrate binding17. The 

operation mechanism of MCT1 is through rigid-body rotation of the two 

domains that exposes the central substrate binding sites alternatingly to either 

side of the membrane (Figure 1-6 D)17. 

 

Figure 1-6 Structure of MCT1/Basigin-2 complex in the presence of L-lactate17(A) Overall 

structure of outward-open MCT1; (B) Substrate-binding pocket of MCT1, (C) A central 

substrate binding pocket is enclosed by the two domains and opens to the extracellular side in 

MCT1; (D) The working mechanism of MCTs 

Studies have shown that different inhibitors target different conformations of 

MCT1. For instance, AZD3965 and BAY-8002 compounds occupy the central 
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substrate binding site, locking the MCT1 protein into an outward-open 

conformation (Figure 1-7)17. 

 

Figure 1-7 Distinct conformational states of MCT117 (A) Trapping MCT1 in the outward- 

and inward-open states under different inhibitor conditions; (B) Central binding site for the 

different inhibitors, show the electrostatic surface representations 

2.2.2. MCT4 transporter 

MCT4 is a lactate low-affinity transporter, mainly involved in lactate/H+ 

efflux from glycolytic cancer cells and thus acting as a main pH regulator. 

MCT4 inhibition results in the intracellular accumulation of lactate and H+, 

leading to the cytosolic acidification. As intracellular maintenance pH near 7.4 

is essential for cell survival, knockdown of MCT4 rapidly leads to the 

inhibition of glycolysis, and to cell death (if cancer cells cannot switch to 

another metabolic route)21. Lactate accumulation in tumors was also reported 

to lead to an immunosuppressive milieu making MCT4 as a potential target to 

re-establish an environment more prone to the activity of anticancer immune 

cells29. Also, in cancer cells with mutations in mitochondrial NADH 

dehydrogenase gene mutations, MCT4 is suggested to be a biomarker and a 

therapeutic target to eradicate these cells and combat their associated 
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enhanced metastatic potential 23. 

 

Figure 1-8 MCT4 inhibitor  

High-resolution structural information about MCT4 has not been reported yet, 

limiting the rational design of inhibitors. More conventional screening 

campaigns have however identified compounds endowed with MCT4 

inhibitory activity. The antihypertensive drug syrosingopine has been reported 

to effectively block the lactate transporter including through MCT4 and exert 

additive effects with OXPHOS inhibitors (OXPHOSi)30. Parnell et al. reported 

a series of pyrazoles and indazoles, showing that acetic acid structures 

containing chiral centres have  

inhibitory activities22. Mereddy et al. also reported in a patent, a class of 

indazoles (Bindarit derivatives) acting as MCT4 inhibitors31. Recently, 
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AstraZeneca reported that AZD0095 as a highly selective and potent MCT4 

inhibitor (nM activity) and >1000-fold selectivity over MCT132. Diclofenac is 

a nonsteroidal anti-inflammatory drug (NSAID) belonging to the aryl-acetic 

acid group that is widely used as an anti-inflammatory drug and was recently 

repurposed as a MCT4 inhibitor. Diclofenac was actually found to have a 

significantly higher affinity for MCTs than lactate in tumor cells, with non-

competitive inhibition and a 10-fold higher potency of MCT4 than MCT1, 

while retaining the antitumor activity of effector T cells21, 25, 33 (Figure 1-8). 

Diclofenac was used to develop a hypoxia-activated prodrug that inhibited 

MCT4 activity in tumor cells in the current thesis (see Chapter III). 

3. Mitochondrial TCA cycle and OXPHOS 

A primary function of mitochondria is ATP production, hence the nickname of 

“powerhouse of the cell”. Mitochondria have however many other functions 

besides energy production, including biosynthetic metabolism, cell signaling, 

production of reactive oxygen species (ROS) and regulation of programmed 

cell death, all these tasks allowing cells to adapt to their environment34. For a 

long time, the significance of mitochondria in cancer metabolism has been 

overlooked. It was thought that cancer cells underwent aerobic glycolysis due 

to damaged mitochondria, a phenomenon referred to as the “Warburg effect”. 

With the development of 13C isotope tracing and other techniques, it became 

however clear that cancer cells may also undergo aerobic glycolysis exploiting 

intact mitochondria. As in healthy cells, mitochondrial respiration is required 

to generate energy and support biosynthesis, both being critical for the 
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survival and proliferation of tumor cells35, 36. These observations led medicinal 

chemists to consider the possibility to develop inhibitors of mitochondrial 

OXPHOS and biomass production. This is all the more relevant that many 

studies have demonstrated that in various tumor types, drug resistant cancer 

cells, metastatic cancer cells, circulating cancer cells, cancer stem cells (CSC) 

and tumor initiating cells (TIC) are dependent on mitochondrial respiration6. 

 

Figure 1-9 The TCA cycle and OXPHOS in mitochondrial metabolism37 

3.1. TCA cycle 

In normal cells, aerobic respiration is divided into three stages, in which the 

TCA cycle and OXPHOS are mainly completed in mitochondria. The TCA 

cycle is an enzyme catalyzed series of oxidation-reduction reactions that result 

in the transfer of hydride ions from carbon atoms to NAD+ and FAD+, leading 

to the formation of NADH, FADH2 and CO2 molecules together with the 

regeneration of intermediates to complete the cycle. NADH and FADH2 store 
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energy as electron motive forces shunted to the electron transport chain, where 

they interact with complexes I and II respectively to produce ATP (Figure 1-

9). 

The unrestricted replicative potential of cancer cells requires the constant 

production of large amounts of biological material including nucleotides for 

DNA and fatty acids for biological membranes. Normal mitochondrial 

metabolic processes cannot meet this increased demand. It is the existence of 

multiple anaplerotic/cataplerotic circuitries centred on mitochondria that 

allow to ensure the metabolic needs of cancer cells. An important intermediate 

in the TCA cycle and a critical junction between catabolism and anabolism is 

citrate which is generated by the condensation of acetyl-CoA and oxaloacetate 

(Figure 1-10). Citrate represents one such node of flexibility in cancer cell 

metabolism. Citrate, in addition to being part of the TCA cycle, can be shunted 

into the cytoplasm and transformed into acetyl-CoA that is required for fatty 

acids and cholesterol production. At the same time, acetyl-CoA also directly 

participats to the acetylation of proteins and thus alterations in various 

signaling pathways and enzyme activities. In addition, citrate can also 

maintain NADPH levels, which essential for maintaining redox homeostasis 

in tumor cells. To compensate the loss of citrate and more generally of TCA 

cycle intermediates involves in various biosynthetic routes, cancer cells 

usually capture very large amounts of glutamine (Figure 1-10). Once inside 

the mitochondria, glutamine is converted to the TCA cycle intermediate α-

ketoglutarate (α-KG), which promotes oxaloacetate regeneration and the 
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continued production of citrate as a precursor to downstream TCA cycle 

intermediates. 

 

Figure 1-10 Mitochondria are the center of catabolism and biosynthesis38  

Other major actors of the rewiring of mitochondrial metabolism in cancer cells 

is represented by the different isoforms of isocitrate dehydrogenases (IDH). 

IDH1 and IDH2 are involved in the interconversion of α-ketoglutarate (α-KG) 

and isocitrate (Figure 1-10). IDHs are the most common metabolic mutations 

in human cancers, occurring mainly at different arginine residues in the 

enzyme active site (R132 in IDH1 and R172 in IDH2), leading to the 

production of 2-hydroxyglutaric acid (2-HG) instead of α-KG and promoting 

tumorigenesis. IDHs mutations also enhance the dependence of cancer cells 

on OXPHOS39. It has been reported that AGI-6780 inhibits mutant IDH2 in 

AML with good efficacy, normalizing 2-HG levels, and blocking cell 

proliferation and differentiation40. 
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3.2. Oxidative phosphorylation (OXPHOS) 

Complex I and complex II are the OXPHOS entry points for the reductive 

equivalents produced by the TCA cycle. The electron motive force stored as 

NADH and FADH2 is in fine converted into a proton motive force by the 

enzymes of the electron transport chain. The electrons liberated by the 

oxidation are transferred to ubiquinol and carried to complex III. Complex III 

functions to move electrons across the inner membrane, where they are 

transferred to cytochrome C (Cyt-C). Electrons are then carried to Complex 

IV, where they are used to reduce oxygen to water (Figure 1-11). Each 

complex uses the energy of electron motion to pump H+ into the 

intermembrane space. The final step in aerobic respiration uses the proton 

gradient (resulting from H+  accumulation in the intermembrane area) to 

power the phosphorylation of ADP to ATP by complex IV (Figure 1-11). As 

described earlier, aerobic respiration is slower than glycolysis, but produces 

more ATP, with a theroretical yield of 38 ATP molecules per glucose molecule. 

 

 

Figure 1-11 Electron transport chain (OXPHOS)41, 42 
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Given the critical role of OXPHOS in some cancer cells, there is a growing 

interest in developing inhibitors of OXPHOS. Still, whether the degree of 

mitochondrial dysregulation in tumors is sufficient to exert anticancer effects 

without affecting normal cells remains challenging. The search for a safe 

therapeutic window therefore justifies that compounds targeting one or several 

steps in the mitochondrial respiratory complexes are being explored. In this 

section, inhibitors of OXPHOS Complex I-V are briefly described (Table 1-

2, Figure 1-12, Figure 1-14).  

Many of OXPHOS inhibitors listed in Table 1-2 were identified based on 

phenotypic assays, and their molecular targets were identified at later stage. 

The rational design of OXPHOS inhibitors remains challenging, given that the 

binding modes of current inhibitors to ETC complexes are still unknown. 

Their large size and flexibility, especially for complex I, make difficult the 

generation of high-quality cocrystal structures. The diverse structures of 

OXPHOS inhibitors also suggest that the mechanism of action is likely to be 

very diverse. 
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Table 1-2 Developing OXPHOS inhibitors for tumor therapy 
Target Name Advantages Disadvantages Stage Cancers Refs 

Ⅰ 

Metformin 

targeting complex I leads to 

modification of the AMPK/mTOR 

axis, reduces cancer cell growth 

reduced, ATP production and 

energy crisis 

The compound is strongly basic, 

with high HBL value, difficult to 

diffuse passively, and large dose 

CT phase 

1,2,3 

solid tumor, prostate cancer, oral 

caner 

43, 44, 

45,  46 

Phenformin Enhanced lipophilicity high risk of lactic acidosis CT phase 1 Melanoma 
47

 

MitoMet 

Increased lipophilicity, enhanced 

cellular uptake, increased activity 

and reduced effective concentration 

compared to metformin 

 
EXP 

 48
 

HL156A bioavailability was ∼72.9% 
 

CT phase 1 oral cancer, glioblastoma 
49

 

Papaverine 
inhibition of complex I through 

binding to the rotenone-binding site 

phosphodiesterase 10A (PDE10A) 

inhibitor 
EXP 

 50
 

SMV-32 
  

EXP 
 50

 

Rotenone 
tool compounds for complex I 

inhibition 

 
EXP 

  

Fenofibrate 
 

PPARα agonist EXP 
 51

 

Deguelin 
selectively kills PTEN-null prostate 

cancer cells 

 
EXP prostate cancer 

52
 

AG311 

induced cell membrane 

permeabilization and rapid 

mitochondrial membrane changes 

Weak inhibition EXP breast cancer 
53

 

Mubritinib 
  

EXP breast cancer 
54
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Me-344 
  Early CT 

phase 1 
breast cancer 

55
 

BAY87-2243 
reduced OCR and cellular ATP 

levels 
serious drug side effects 

CT phase 1 

cancel 
melanoma cells 

56
 

CAI 
  

CT phase 1 solid tumor, gliomas 
41, 57

 

IACS-010759 
favorable therapeutic window, well-

tolerated 

 
CT phase 1 AML, solid tumor 

58
 
59

 

Ⅱ 
Lonidamin 

 
inhibit MPC and MCT CT phase 2 

 
 

α-TOS 
targets Qp or Qd sites in complex 

II. 

 
EXP 

 60
 

Ⅲ 

Atovaquone 
 

Lack of selectivity CT phase 1 nonsmall cell lung cancer 
61

 

Antimycin A binding to the Qi site of complex III 
 

EXP cervical cancer 
62

 

Neoantimycin F 
  

EXP 
 63

 

Ⅳ ADDA 5 
  

EXP 
 64

 

Ⅴ 

Oligomycin A 

naturally occurring OXPHOS 

inhibitor that specifically targets 

complex V 

Effective in recurrent tumors EXP 
 65

 

Bedaquiline stem-like cancer cells 
 

EXP 
 66

 

Apoptolidin 
  

EXP 
 67

 

Gboxin 
 

Short half-life EXP glioblastoma 
68

 

Ⅰ, Ⅱ, Ⅳ VLX-600 cytotoxicity through iron chelation 
 

EXP colon carcinoma 
69

 

CT: clinical trial, EXP: experiment, HLB: hydrophile-lipophile balance, MPC: mitochondrial pyruvate carrier, MCT:  monocarboxylate transporter, PPARα:  Peroxisome 

proliferator-activated receptor α 
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Figure 1-12 Complex Ⅱ/Ⅲ/Ⅳ/Ⅴ inhibitor  

 
3.3. Mitochondrial Complex Ⅰ and its inhibitors 
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Complex I is an L-shaped assembly (Figure 1-13) composed of a hydrophilic 

peripheral arm, which contains the redox centres involved in electron transfer, 

and a membrane arm having the proton translocating machinery70. NADH is 

oxidized to NAD+ at the hydrophilic arm by flavin mononucleotide (FMN), 

releasing a pair of electrons. Eight Fe-S clusters then transfer the electrons to 

ubiquinone at its binding pocket located at the interface of the 49 kDa and 

PSST subunits. Ubiquinone is thought to slide from the entrance of the ND1 

subunit to its binding pocket71. Complex I is the main point of entry of 

electrons in the ETC and a critical target to inhibit OXPHOS in cancer cells 

(Figure 1-13). Indeed, enhanced activity of Complex I was associated with 

tumor formation, acquisition of resistance and promotion of metastasis (via 

increases ROS formation). Mechanistically, Complex I stimulation supports 

HIF1α and mammalian target of rapamycin (mTOR) signalling. 

 
Figure 1-13 The core subunits and ubiquinone-binding site of mammalian complex I71  

The activity of Complex I is mainly inhibited by preventing the transfer of 

electrons from NADH to Fe-S clusters and then to ubiquinone. Most complex 

I inhibitors bind in the ubiquinone pocket. Some inhibitors were also reported 
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to establish their binding to the entry point of the ubiquinone channel in the 

ND1 subunit. Mutagenesis and photoaffinity labeling experiments suggest 

that some inhibitors (e.g. Rotenone, AG311，Papaverine)72 bind to different 

sites in this pocket73; IACS-010759 and Mubritinib, in particular was found to 

bind to residues at the entrance of the ubiquinone channel in the ND1 subunit. 

Metformin is thought instead to act on the Complex 1 ND3 subunit 

amphipathic region to produce non-competitive inhibition. For other Complex 

I inhibitors, the exact mechanism is unknown as for carboxamide triazole 

(CAI)57. Of note, CAI could act similarly to IACS-010759, since both 

compounds share a amidine-like nitrogen substitution pattern41 (Figure 1-14). 
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Figure 1-14 Complex Ⅰ inhibitor 

This structural proximities amaong CAI, BAY87-2243 and IACS-010759 

were actually exploited in the current thesis to develop new complex I 

inhibitors (see Results section - Chapter I). 

4. Fatty acid metabolism 

Lipids describe many types of molecules, including fatty acids, phospholipids, 

triglycerides, sphingolipids, cholesterol and cholesteryl esters. They have 

multiple roles in cells. Firstly, lipids constitute the basic structure of plasma 

and organelle membranes. Secondly, they may act as second messengers to 

support signal transduction within the cell. Thirdly, they represent energy 

sources that cells can capture from the extracellular medium or mobilize from 

internal stores such as lipid droplets. In tumors, all these functions support 

growth and accounts for a profound reprogramming of lipid metabolism in 

cancer cells where lipid uptake, storage, oxidation and synthesis can even be 

observed concomitantly74. Targeting circuits that govern lipid metabolism (i.e., 

fatty acid synthesis (FAS) and fatty acid oxidation (FAO)) has therefore 

progressively emerged as an attractive strategy to block tumor growth. The 

chapter II of the Results section of in this thesis is focused on modalities 

aiming to alter lipid homeostasis in cancer cells. 
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4.1. Fatty acid synthesis and storage 

In tumor cells, FA can be synthesized de novo from available nutrients. 

Glucose is the primary substrate for lipid synthesis. It is converted to pyruvate 

through glycolysis and enters mitochondria to form citrate. Glutamine can also 

be used to generate citrate from the TCA cycle. Citrate is then released into 

the cytoplasm to serve as a precursor for the synthesis of fatty acids. Acetyl-

CoA is generated from citrate by the enzyme ATP-citrate lyase (ACLY) and 

then converted to malonyl-CoA by acetyl-CoA carboxylase (ACC). Acetyl-

CoA and malonyl-CoA are then coupled to the acyl-carrier protein domain of 

the multifunctional enzyme fatty acid synthase (FAS) (Figure 1-15). Repeated 

condensations of acetyl groups generate a basic 16-carbon saturated FA: 

palmitic acid. Palmitic acid is further elongated and desaturated to generate 

the diverse spectrum of saturated and unsaturated FA in the tumor cell. Neo-

synthesized FA is either used to generate specialized lipids such as 

phospholipids or stored into lipid droplets. The latter is thought to reduce the 

risk of lipotoxicity and to offer a internal reserve of FA that may be released 

upon the action of specific lipases75, 76. Monoacyglycerol acyltransferases 

(MGATs) and diacylglycerol acyltransferases (DGATs) catalyze two 

consecutive steps of enzyme reactions in the synthesis of triglycerides. Both 

MGAT and DGAT respresent potential targets to interfere with FA metabolism 

in cancer cells (Figure 1-15). 
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Figure 1-15 Fatty acid anabolism and catabolism75, 76 

4.1.1. DGAT1 

There are two DGAT isoenzymes, DGAT1 and DGAT2, which belong to 

different gene families. DGAT1 is mainly found in the gut, testes, liver and 

adipose tissue while DGAT2 is found primarily in the liver and adipose 

tissue77. Studies show that DGAT1 gene transcript levels are very high in most 

types of tumors, including ovarian, prostate, breast, liver, lung, head and neck, 

melanoma, pancreatic, sarcoma, cervical, thymoma, thyroid and kidney 

cancers78. Increased expression of DGAT1 in tumor cells regulates FA 

homeostasis. Indeed, preferred conversion of FAs to TG can prevent excessive 

β-oxidation in mitochondria and consecutive oxidative stress. Inhibition of 

DGAT1 by preventing lipid droplet formation therefore leads to accumulation 
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of FA in the cytoplasm and consecutive ROS formation and also affects 

membrane composition78.  

To facilitate the development of pharmacological inhibitors of DGAT1, it is 

vital to understand the 3D structure of this enzyme and its catalytic mechanism. 

Cryo-EM studies recently revealed that DGAT1 exists as a dimer (Figure 1-

16). Each DGAT1 subunit has nine transmembrane helices, with -N and -C 

termini located on the cytosolic and luminal sides of the endoplasmic 

reticulum membrane. The transmembrane helices of DGAT1 form a large 

central cavity in the membrane, and the catalytic histidine residue (His415) is 

buried in the central cavity, providing a possibility for DGAT1 to catalyze the 

synthesis of TG from DAG and acyl-CoA. Acyl-CoA binds at the entrance of 

the cytoplasm and slips into the DGAT1 cavity via hydrophobic interaction. 

Glycerol diesters slip into the reaction chamber from hydrophobic channels 

within the lipid bilayer, and amino acid residues E416 and His415 in DGAT1 

facilitate the acyl transfer reaction by activating the hydroxyl group on DAG79, 

80(Figure 1-16). 
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Figure 1-16 The human DGAT1 bound to an intact oleoyl-CoA molecule and 
hypothetical model for DGAT1-catalysed triacylglycerol formation 79, 80  

4.1.2. GDAT1 inhibitors 

The initial DAGT1 inhibitors were mainly developed for the treatment of 

metabolic disorders, including obesity, insulin resistance syndrome, type II 

diabetes, dyslipidemia, hepatic steatosis, metabolic syndrome, and coronary 

heart disease81-83. Today most DGAT1 inhibitors are composed of three main 

parts: heterocyclic-phenyl cyclohexane-acetic acid (Figure 1-17). The earlier 

reported DGAT1 inhibitor T863 has been tested in vitro and in vivo. It delays 

fat absorption, reduces body weight, improves insulin sensitivity and corrects 

hepatic steatosis, among other effects84. Studies on T863 identified the 

carboxylic acid group as an essential pharmacodynamic group. In subsequent 
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studies, potency, safety, and selectivity were improved to generated 

derivatives for clinical evaluation. The structures of main DGAT1 inhibitor 

compounds that have entered clinical studies are presented below (Figure 1-

17). 

 

Figure 1-17 DGAT1 inhibitors 

DGAT1 is also a potential anticancer target. Compound A922500 has for 

instance led to encouraging results to treat glioblastoma (GBM). A922500 was 

shown to disrupt lipid homeostasis through excessive FA shuttling into the 

mitochondria, resulting in severe oxidative stress and GBM cell killing85. As 

for OXPHOSi, to make DGAT1 inhibitor a real hope for cancer patients, more 

investigation is needed to optimize the therapeutic window. This thesis will 

describe the design and synthesis of a DGAT1 inhibitor delivery system that 

may potentially increase tumor selectivity (see Chapter II). 
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4.2. Fatty Acid Oxidation 

Fatty acid oxidation (FAO) is an essential source of NADH, FADH2, NADPH 

and ATP, and therefore represents a critical metabolic route for many cancer 

cells, in particular for those located in the hypoxic and acidic 

microenvironment of solid tumors10. 

FAO is a multi-step catabolic process. Fatty acids can be obtained through 

direct exogenous uptake from the surrounding microenvironment or 

intracellular lipid droplets. In the cytoplasm, long-chain fatty acids are 

converted to acetyl-CoA by the action of the fatty acyl CoA synthetase 

(ACSL1). Acyl-CoA is shuttled into the mitochondria via the CPT system, 

consisting of CPT1, CPT2, and carnitine acylcarnitine translocase (CACT) 

(see below for further details). The next step in the β-oxidation of fatty acids 

in the mitochondria is a repeated cleaving cycle catalyzed by a sequence of 

four enzymes, acyl-CoA dehydrogenase (ACADs), hydroxyacyl-CoA 

dehydrogenase (HADH), enoyl-CoA hydratase (ECHD) and 3-ketoacyl-CoA 

thiolase (3-KAT). Resulting acetyl-CoA enters the TCA cycle thereby 

supporting OXPHOS86, 87, 76. 

Numerous studies have shown that inhibition of FAO promotes apoptosis in 

leukaemia, myeloma, glioma and glioblastoma as well as prostate, breast and 

ovarian cancers88-91. The key rate-limiting enzyme of FAO is carnitine 

palmitoyltransferase 1 (CPT1), making this enzyme an attractive target to 

develop FAO inhibitors. 

4.2.1. CPT1 

The CPT system consists of CPT1, CPT2, and carnitine acylcarnitine 

translocase (CACT). In the outer mitochondrial membrane, acyl-CoA is 

converted to acyl-carnitine by the action of CPT1. Carnitine/acylcarnitine 

translocase (CACT) located at the inner mitochondrial membrane shuttles 
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acyl-carnitine into the mitochondrial matrix. Carnitine palmitoyltransferase 2 

(CPT2) on the matrix side of the inner mitochondrial membrane reconverts 

acyl-carnitine to acyl-CoA, ready for β-oxidation and energy substrate 

generation92 (Figure 1-18). 

 

 
Figure 1-18 The mitochondria carnitine system92  

 

CPT1 has been found to be upregulated in prostate, breast, ovarian, leukemia, 

glioblastoma, lymphoma, gastric, and colon cancers93-95. The abnormal 

expression of CPT1 is reflected by a high extent of FAO and more generally 

a global rewiring of tumor metabolism with consecutive alterations in aerobic 

glycolysis and fatty acid synthesis90. 

The crystal structure of human CPT1 protein has not been obtained so far. 

However, the crystal structure of rat CPT2 with homologous similarity has 
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revealed that three binding sites (CoA, acyl and carnitine) form a “Y” shaped 

binding pocket in the transport protein, in which the amino acid residue 

His372 is essential to catalyze the formation of acyl-carnitine96, 97. These data 

together with the homology between CPT1 and CPT2 have contributed to the 

development of CPT1 inhibitors (Figure 1-19). 

 
Figure 1-19 Structure of the rCPT2 complex with ST-1326 and interactions96 A: Structure 

of rCPT-2 in complex with the CPT inhibitor ST-1326, B and C: ST-1326 interacts with protein 

residues 

4.2.2. CPT1 inhibitors 

One of the most reported and promising compounds are the oxirane carboxylic 

acids, which require conversion to the CoA form in the cell to exert their action 

under the form of an irreversible inhibition (Figure 1-20). Etomoxir was 

developed primarily to treat diabetes and heart failure. In a phase II clinical 

trial, Etomoxir exhibited severe hepatotoxicity leading to the abandon of this 

drug98. The oxirane carboxylic acids were then used as tool drugs for 
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pharmacological studies. In many studies, Etomoxir was shown to efficiently 

reduce tumor growth and inhibit cancer cell migration, suggesting that 

reducing FAO has a great potential to block tumor progression87, 99, 100. The 

derivatives include Etomoxir ethyl ester and Etomoxir-CoA. 

These data suggest that preventing Etomoxir to act on healthy tissues while 

promoting its delivery in tumors could offer this efficient drug a second 

chance to be used to treat cancer patients. First steps to address this objective 

will be presented in the current thesis (see Chapter II).  

 

 
Figure 1-20 Oxirane carboxylic acid and derivatives with CPT1 inhibitory activity  

 

Carnitine derivatives such as the acyl derivative of the unnatural isomer, (S)-

Octanoylcarnitine and Aminocarnitine (ST1326) have been described as 

potential CPT1 inhibitors101, 102. The anticancer potential of other CPT1 

inhibitors, such as Perhexiline and Oxfenicine, which are already approved as 

antianginal treatments in several countries, remains to be determined103, 104 

(Figure 1-21) 
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Figure 1-21 CPT1 inhibitors  

5. Harnessing the TME to make metabolism-targeting 

drug tumor-selective 
As emphasized above, although inhibiting metabolic routes such as OXPHOS 

or FAO may be particularly detrimental for cancer cells, a main issue is the 

selectivity of these approaches. The TME may however offers some rationale 

to design tumor-selective drugs targeting metabolism. Both hypoxia and 

acidosis have been exploited in this thesis to propose innovative approaches 

aiming to minimize adverse effects of such drugs while increasing their 

efficacy. 

5.1. Tumor acidosis and pH-sensitive drug delivery systems (DDS) 

Tumor acidosis is increasingly recognized as a significant hallmark of tumors. 

Indeed, while there is a slight difference between the intra- and extracellular 

pH (7.2 vs 7.4) in normal cells, the difference is more pronounced in cancer 

cells with actually a more alkaline intracellular pH (pHi=7.4-7.6) and a more 

acidic extracellular pH (pHe=6.5)105 (Figure 1-22).  

 



 

39 
 

.

 
Figure 1-22 Intracellular and intercellular pH in normal and tumor cells10, 106  

To maintain a stable intracellular pH, tumor cells transport acidic substances 

to the outside of the tumor cell or base substances from the outside to the 

inside of the tumor cell via a series of transport proteins. The lactate and H+ 

accumulated in the cells are transferred to the extracellular space with the 

participation of transporters, such as MCT4 but also H+-ATPases and Na+/H+ 

exchanger 1 (NHE1). CO2 release leads to acidification upon hydration and 

further dissociation into H+ and HCO3
-, in part via the activity of carbonic 

anhydrase (CAIX). In addition, Na+/HCO3
- co-transporters (NBCs) transport 

HCO3
- into the cells for neutralizing the acidic substances in cells 10, 106(Figure 

1-23). 
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Figure 1-23 Tumor pH regulation by carbonic anhydrase and acid/base transporters10, 106  

There are two main therapeutic modalities that takes advantage of tumor 

acidosis10: 1) direct action on tumor cell pH regulating systems, such as proton 

pump inhibitors or the inhibition of carbonic anhydrase activity; 2) pH-

sensitive drug delivery systems (DDS)aiming to locally release therapeutics 

in tumors (while sparing healthy tissues at neutral pH). This second option 

was exploited in this thesis and will thus be briefly discussed here below. 

DDSs are engineered technologies for the targeted delivery and/or controlled 

release of therapeutic agents. They can be divided into two main families: in 

vivo factor-mediated drug release and in vitro factor-mediated drug release. In 

vivo factors include for instance enzymes, redox status and pH while in vitro 

factors mainly include light, heat, magnetic field, or ultrasound. Formulations 

are often based on encapsulation in carriers such as liposomes, micelles or 
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nanoparticles. Other modalities are however increasingly reported where 

drugs are covalently bound to a target moiety 107, 108. In this case, DDS can be 

divided into three main components: the pharmacologically active parent 

structure or derivative, the metabolically unstable chemical connector and the 

target for specific binding. 

 
Figure1-24 General structure of Drug delivery systems  

pH has been widely explored as an endogenous trigger generate DDS. Acidic 

pH is exploited to selectively promote the release of anticancer drugs in 

tumors, resulting in an effective inhibition of cancer cell growth while 

reducing systemic cytotoxicity. Three main forms of DDSs have been 

designed to respond to the acidic microenvironment in tumors. Firstly, 

polymers composed of nanomaterials with ionisable chemical groups that can 

accept or provide protons in response to changes in environmental pH. At 

physiological pH, they remain deprotonated or deionised, while at acidic pH, 

the polymers undergo protonation or charge inversion resulting in structural 

damage leading and drug specific release. Secondly, acid-unstable chemical 

bonds, hydrolysed when cells are in an acidic microenvironment or within the 

cellular lysosome to facilitate drug release. Acid-unstable bonds with linkage 

effects include ester, carbonate, carbamate, amide, urea, hydrazone, imine, 

orthoester (Table 1-3). 
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Table 1-3 The chemical bonds in prodrug conjugates and hydrolysis in 

the acidic environment 

 
 

The third option that was exploited in this thesis is the use of pH-sensitive cell 

penetrating peptides (CPPs). Peptide-based delivery systems were discovered 

during research about the fusion of viruses with cells. Cell penetrating 

peptides (CPPs) are currently used as cargo carriers and currently represent a 

hotspot in medical research109, 110. A pH-Low Insertion Peptide (pHLIP) has 

been discovered recently. It is a pH-sensitive peptide that undergoes 

membrane insertion, resulting in the creation of a transmembrane helix, when 

exposed to acidity at a tumor cell surface. As a result, pHLIPs preferentially 

accumulate within tumors and can be used for tumor targeted imaging and 
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drug delivery111. Details about pHLIP are described in Chapter II. 

5.2. Tumor Hypoxia and bioreductive drugs 

As emphasized above, one of the hallmarks of solid tumors is the hypoxia 

resulting from inadequate blood supply. Due to the abnormal vascular network 

within solid tumors, some tumor cells located at distance from the blood 

vessels (> 150 µm) are considered as hypoxic (usually described as <1% O2 

in the oncology field). Importantly, oxygen consumption by some cancer cells 

(located at proximity of blood vessels) is also directly contribute to a lesser 

availability of O2 in the deeper tumor cell layers. When the oxygen supply is 

insufficient, tumor cells stabilize the expression of HIF1α, which in turn 

promotes the expression of genes facilitating the adaptation to hypoxia, 

including through the upregulation of glucose transporter, glycolytic enzymes 

and MCT4. 

As for acidosis, hypoxia has inspired scientists in the development of 

anticancer drugs. One approach is based on the use of small molecule 

inhibitors to counteract the pro-survival effects of HIF-1α (as well as UPR and 

mTOR). The second strategy is to develop bio-reductive prodrugs that will be 

exclusively activated in hypoxic tumor regions; these compounds are known 

as “hypoxia-activated prodrugs (HAPs)”. The trigger that targets the hypoxic 

microenvironment accounts for the selective prodrug activation via electron 

transfer through the linker to in fine release the antitumor drug. Trigger 

activation relies primarily on oxidoreductases giving rise to reduction 

reactions with single or double electron transfer. In general terms, one-

electron reduction generates a radical prodrug species that can be back-

oxidized in the presence of oxygen to generate the parental prodrug and 

reactive oxygen species. In hypoxia, the radical prodrug species undergo 

further reduction, disproportionation, or fragmentation reactions to generate 

anticancer drug products. Two-electron reduction, in contrast, bypasses the 
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oxygen-sensitive prodrug radical intermediate. In this case, selectivity is 

determined mainly by elevated levels of the enzyme in tumor tissue (Figure 

1-25). 

 

Figure 1-25 Hypoxia-activated prodrug system and the mechanism of activation of 
hypoxia-activated prodrugs112, 113 

Here below are a few examples of HAPs recently described in the literature. 

Banoxantrone is an aliphatic N-oxide that is catalyzed by cytochrome P450 

(CYP) isozymes and inducible nitric oxide synthase (iNOS) to produce AQ4 

by two double electron transfer reductions, and the product AQ4 is a potent 

inhibitor of topoisomerase II (Scheme 1-1)114. Apaziquone is derived from an 

indolequinone derivative produced by mitomycin C. It causes DNA damage 

through the production of metabolites by single-electron reduction 

(cytochrome P450 reductase) or two-electron reduction (Quinone 

oxidoreductase 1) (Scheme 1-1)115. Evofosfamide is activated upon reduction 

by one-electron oxidoreductases or radiolytic reduction, leading to 
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fragmentation and release (at very low oxygen concentrations) of the potent 

DNA alkylating agent bromo-isophosphoramide mustard, a potent alkylating 

agent (Scheme 1-1)116. The pre-prodrug PR-104 is converted to PR-104A by 

phosphatases in the systemic circulation, and then undergoes either one- or 

two-electron reduction. One-electron reduction by enzymes such as 

cytochrome P450 reductase generates a nitro radical intermediate that can 

undergo rapid redox cycling back to the parent compound in the presence of 

oxygen. In the absence of oxygen, the nitro radical intermediate undergoes a 

series of reactions leading to the formation of the toxic PR-104H and PR-

104M derivatives. Two-electron reduction by AKR1C3 bypasses the oxygen-

sensitive intermediate and generates the active metabolites under aerobic and 

hypoxic conditions (Scheme 1-1)117. Details about HAPs are described in 

Chapter III 
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Scheme 1-1 Mechanisms of metabolic activation of bioreductive prodrug in hypoxia 
tumor microenvironmental 112, 117 
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Objectives  

Since the Warburg’s hypothesis1, tumor metabolism has gradually attracted 

the attention of researchers, and become a popular field in the past decade. 

The Riant’s and Feron’s research teams have an interest for drugs targeting 

tumor metabolic preferences associated with specificities of the tumor 

microenvironment. This thesis applies medicinal chemistry techniques to 

design and synthesize small molecule compounds or drug delivery systems 

aiming to target specific metabolic routes in tumors, and to validate their 

pharmacological activities in cultured cancer cells. 

There are two main areas of interest in this thesis. Firstly, among the metabolic 

targets, we considered oxidative phosphorylation (OXPHOS) and in particular 

complex I within the electron transport chain (ETC), fatty acid metabolism 

(oxidation and storage as triglycerides) and the glycolytic pathway via the 

inhibition of the release of lactate, the glycolytic end-product. Second, 

physicochemical features of the tumor microenvironment, namely acidosis 

and hypoxia, were exploited (in conjunction with a controlled drug release 

system) to design acid-sensitive or redox-sensitive prodrugs in the hope of 

achieving precise drug release in vivo while reducing side effects and 

improving efficacy. 

The main objectives of this thesis were therefore:  

I) To design and synthesize OXPHOS inhibitors, and to carry out structure-

activity relationship analysis (SARA) through in-depth pharmacological 

activity study (Scheme 2-1). See Chapter I  

 
1 Warburg O, Wind F, Negelein E. The metabolism of tumors in the body[J]. Journal of General Physiology, 1927, 

8(6): 519-530. 
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Scheme 2-1 OXPHOS inhibitor 

II) To design and synthesize conjugates between inhibitors of fatty acid 

metabolism (i.e., blockers of CPT1/DGAT1) and a pH-sensitive peptide, 

to evaluate the capacity of drug release in an acidic environment and the 

consecutive inhibitory activity on the target site (Scheme 2-2). See 

Chapter II   

 
Scheme 2-2 pH sensitive conjugate system  

III) To design and synthesize a diclofenac prodrug sensitive to hypoxic 

conditions and to evaluate its inhibitory activity on lactate transporter 

MCT4 in a bioreductive environment (Scheme 2-3 A). See Chapter III 

IV) To design and synthesize hypoxia-activated systems based on a triazene 

probe, validate the release capacity of fluorescein under bio-reductive 

conditions, and synthesize prodrugs including the triazene moiety 

(Scheme 2-3 B). See Chapter III 
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Scheme 2-3 Synthesis of hypoxia-activated prodrugs 

The work plan of this thesis is depicted schematically in Figure 2-1. 

 

Figure 2-1 The thesis work plan process 
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1 Introduction 

As described in the general introduction, metabolism of tumor cells switches 

between glycolytic and oxidative phosphorylation (OXPHOS), depending on 

the tumor microenvironment and activated oncogenes1, 2. While glycolysis is 

often related to proliferative status of cancer cells, there is mounting evidence 

that upregulation of OXPHOS is strongly associated with cancer cell invasion, 

migration, and drug resistance3, 4.  

While inhibition of mitochondrial respiration has long been thought to be non-

druggable, recent findings have led to reconsider electron transport chain as a 

potential anticancer target. Indeed, while cytosolic glycolysis is a major 

pathway in cancer cells including in the presence of oxygen (the Warburg 

effect), mitochondria also fulfill the bioenergetic and biosynthetic needs of 

growing cancer cells 5-7. While a large variety of substrates including pyruvate, 

lactate, amino acids and fatty acids can supply the TCA cycle at different 

stages, they all eventually end up generating NADH and FADH2 that in turn 

support OXPHOS8. 

Complex Ⅰ is a promising therapeutic target in the OXPHOS electron transport 

chain (ETC). Biguanides (e.g. metformin, phenylephrine), which have been 

evaluated for the treatment of diabetes and metabolic disorders, provide a 

rationale clinical benefit for safely targeting OXPHOS. However, drugs such 

as metformin targeting Complex Ⅰ have pharmacological limitations, 

including insufficient potency, transport-mediated accumulation, and lack of 

appropriate drug concentrations, which limit their use as a therapeutic agent 

in oncology9, 10. As a traditional ETC toxic agent rotenone limits its use as an 

antitumor therapeutic agent due to its multiple mechanisms causing 

cytotoxicity11. In recent years, the compounds containing 1,2,3-triazole, 1,2,4-

triazole, pyrazole, imidazole and other five-membered nitrogen-containing 
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heterocyclic moiety, were found to have a direct inhibitory effect on Complex 

Ⅰ5, 12-15, which provided some insight into the research of this project.  

The antitumor drug carboxyamidotriazole (CAI), containing a chemical 

moiety 5-amino-1,2,3-triazole-4-carboxamide, has been used in clinical I-III 

studies16, 17. Initially, its antitumor pharmacological effects were shown to be 

mediated by the inhibition of non-voltage gated Ca2+ channels in non-

excitable cells18. Other studies found that CAI cause acidification of the 

culture medium through in vitro experiments19. Further research revealed that 

the suppression of Complex I in mitochondrial respiration caused the 

overexpression of the glycolytic pathway in tumor cells, resulting in the 

acidification of the medium12 (Figure 3-01). 

Mubritinib, which contains 1,2,3-triazole, was initially assumed to be a 

HER2-targeting tyrosine kinase inhibitor. But it is direct inhibition on 

mitochondrial respiration Complex I rather than HER2.20. Further studies have 

shown that mubritinib inhibits tumor Complex 1 activity to the extent that it 

activates AMPK and thus inhibits HER221. Phase I clinical trials of mubritinib 

against HER2 positive cancers were completed. The drug indicated efficacy 

against leukemia in vivo; nevertheless, the possibility of unpredicted toxicities 

from off-targeting led to the cessation of future clinical trials. The 

unpredictable harm caused by off-targeting of the drug should be avoided as 

much as possible, but it can be another way to discover new targets or new 

clinical uses. In this case, mubritinib offers insights into the development of 

Complex I inhibitors (Figure 3-01). 

BAY 87-2243 is a class of aminoalkyl substituted compounds obtained by 

high-throughput screening of chemical small molecule libraries13. Initially, 

BAY 87-2243 was found to inhibit the accumulation of HIF-1α and HIF-2α 

proteins without affecting the expression levels of HIF target genes13. Further 

studies showed that BAY 87-2243 inhibited the activity of mitochondrial 
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Complex I in vitro and in vivo, which prevented the ROS mediated inhibition 

of HIF-1. Due to its excellent performance in preclinical development, 

however, unexpected adverse events that were not expected in the preclinical 

studies occurred in the clinical trial, which led to the termination of the clinical 

trial (ClinicalTrials.gov: NCT01297530)22. IACS-010759, a structurally 

similar compound based on BAY 87-2243, was developed as the latest 

generation of OXPHOS inhibitors with potent Complex I inhibition (OCR 

IC50 = 1.4 nM), minimal effect on normal human cell mitochondria, and 

acceptable accumulation of glycolytic metabolites due to mitochondrial 

inhibition5. IACS-010759 has entered clinical trials for AML and solid tumors 

with promising initial results (Figure 3-01) (ClinicalTrials.gov: 

NCT02882321 and NCT03291938)23, 24. 

 

Figure 3-01 Complex I inhibitor 

The development of drugs that can block the electron transport of Complex I 

in tumor cells is currently challenging. Given the intricacy of the size and 

structure of Complex I while acting as a receptor, it is challenging to acquire 

high-quality co-crystal structures for the complexes formed by Complex I and 

inhibitors in the presence of these inhibitors. The design of lead compounds 

based on Complex I target structures is difficult to realize in short time 
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available. Optimizing and designing drug molecules based on current 

preclinical and clinical trials as lead compounds may be a fair approach 

currently, depending on the situation. 

Recent technological developments offered new perspectives to identify 

compounds able to block OXPHOS Complex I. First, there is the need to track 

cellular respiration which cannot be easily done with conventional high-

throughput methodology. In the last decade, the development of respirometer 

adapted to handle 96 well plates, the so-called Seahorse technology, has 

however made available the possibility to measure oxygen consumption rate 

(OCR) on living cells. Secondly, reduction in OCR will not necessarily lead 

to cell death since treated cancer cells will shift towards the preferred used of 

glycolysis. Pyruvate is then reduced into lactate instead of being taken up by 

mitochondria to generate acetyl-CoA. Measurements of lactate production 

may thus represent a well-suited primary assay to identify hit compounds that 

could then be tested for a specific capacity to inhibit OXPHOS.  

Another hurdle in the in vitro search for Complex I inhibitor is the need to 

integrate the hypoxic and more oxygenated cancer cell phenotypes that co-

exist in vivo to have a better understanding of the resulting effects of the 

potential hits. While hypoxia workstation allows to handle cancer cells under 

hypoxia, potential metabolic reoxygenation will be rapidly suppressed though 

the forced low pO2 imposed in the chamber. On the other hand, mouse tumors 

do not offer the necessary throughput for the screening of drug candidates. An 

attractive option consists of the use of 3D cultures of cancer cells such as 

tumor spheroids wherein hypoxia spontaneously develops at some distance 

from the periphery25. These 3D models actually recapitulate the 

interdependence between cancer cells with distinct metabolic preferences as 

we previously reported with symbiotic lactate exchange26, 27. The use of 

spheroids as a drug screening model is still in its infancy but offers other 

advantages than recapitulating in vitro the metabolic heterogeneity observed 
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in vivo. For the discovery and/or optimization of OXPHOSi, 3D tumor 

spheroids may indeed provide an additional filter to determine whether 

physicochemical structures of selected compounds are compatible with their 

need to go through plasma membranes but also mitochondrial membranes 

before reaching their target. 

In this chapter, the molecular structures of four drugs described above were 

explored, and it was speculated that the inhibition of Complex I activity may 

be related to five-membered N-heterocyclic fragments such as 1,2,3-triazole, 

1,2,4-triazole, and other derivatives of the triazole family. Therefore, we have 

developed three different types of compounds. The first type of the 

compounds are the CAI analogues containing 1,2,3-triazole (Part A). The 

second type of compounds are derived from CAI derivatives that have been 

further modified, primarily by changing the structure of the carboxamide 

moiety in 1,2,3-triazole-5-amine-4-carboxamide and synthesis of 4-(1,2,4-

oxadiazol-5-yl)- 1,2,3-triazol-5-amine derivatives (Part B). The third type of 

compounds are based on the lead compounds IACS-010759 and BAY87-2243, 

which are designed to include 5-(5-methyl-1,2,4-triazol-3-yl)-1,2,4-

oxadiazole moiety of the compounds (Part C).  

2. Results and discussion 

2.1. Part A: CAI analogues containing 5-amine-1,2,3-triazol-4-

carboxamide group 

2.1.1. Rational design 

The compound 5-amino-1-(3,5-dichloro-4-(4-chlorobenzoyl)benzyl)-1H-

1,2,3-triazole-4-carboxamide CAI has been reported in the literature to inhibit 

the mitochondrial Complex I activity of tumor cells, and its pharmacophore is 

presumed to be 5-amino-1,2,3-triazole-4-carboxamide moiety12, 20. However, 
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most of the literature reported that CAI analogs mainly inhibit tumor cell 

proliferation without evidence that they work through inhibition of 

mitochondrial complex I, except for three derivatives reported by Stephenson 

Z A et.al.20. Therefore, design, synthesis of CAI derivatives and evaluation of 

their effects on mitochondrial respiration are of major interest to unravel bona 

fide complex I inhibitors. Here, we developed and synthesized a series of CAI 

analogs to better understand the structure-activity relationship and took 

advantage of this approach to implement a procedure of in vitro screening to 

identify new complex I inhibitors.  

For the purpose of reverse synthesis analysis, the chemical CAI was divided 

into three fragments: benzoyl (I), disubstituted benzyl (II), and triazole (III) 

(Figure 3-02). Firstly, we substituted benzoyl for p-chlorobenzoyl. Then we 

studied how linker “X2” affects activity. Next, we replaced the benzoyl group 

with a morpholine group, and used methylene to link moiety I and moiety II 

(Figure 3-02 3-001, 3-002). The distinctions among 3,5-dichlorobenzyl azide, 

3,5-difluorobenzyl azide, and 3,5-dimethylbenzyl azide were explored in the 

disubstituted benzyl moiety (II). To explore the effect of substitution on 

activity, the amino-substituted benzyl azide was also examined. The linker 

“methylene” or “amide group” was used to connect moiety I and moiety II 

(Figure 3-02 3-001, 3-003). In triazole moiety III, two types of compounds 

were mainly prepared by dipolar cyclization reaction with benzyl azide group. 

The first type is 2-cyanoacetamide, and the second type is propynic acid 

compounds, such as propargyl amide, propynol and alkynyl acid esters 

(Figure 3-02 3-005).  
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Figure 3-02 design CAI derivatives 

2.1.2. Synthesis of CAI derivatives  

2.1.2.1. Synthetic strategy of substituting benzyl azide A1-6 

CAI derivatives were synthesized mainly by substituting benzyl azide A1-6 and 

fragment B1-2 by regular cyclization methods. We designed six synthetic 

methods to synthesize substituted benzyl azide compounds A1-6 (Scheme 3-

01). 



 

64 
 

 

Scheme 3-01 Synthetic scheme for benzyl azide 

2.1.2.2. Strategy A1  

The first synthetic strategy was to synthesize different substituted 

benzoylbenzyl azides compounds. We selected hydrophobic groups p- and m- 

methyl-substituted benzoyl, sterically hindered naphthoyl, strongly electron-

withdrawing trifluoromethylbenzoyl, trifluoromethoxy benzoyl, methoxy 

benzoyl, as well as substitution of aromatic rings with cyclohexane and acetyl 

group.  

Using (3,5-dichlorophenyl) methanol (3-011) as a starting material, TBSCl 

was used to protect the hydroxyl group. After regioselective lithiation by 

treatment with n-BuLi, the aryllithium intermediate was trapped by a 

substituted benzoyl chloride to form the substituted benzophenone. Using 

TABF or 36% HCl to remove the TBS group, it was found that shorter time 

and using TBAF to give higher yields (Table: 3-01). DPPA (Diphenyl 

phosphoryazide) was then used with DBU as a base to convert the benzylic 

alcohols into their corresponding substituted benzoylbenzyl azides 28(3-015a-

i) in fair to excellent yields (Scheme 3-02). 
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Scheme 3-02. Synthetic route A1 of benzyl azide 

Table 3-01. Optimization of deprotection conditions 

 

Condition Time  Yield 

TBAF 1eq 2 h 70 % 

TBAF 1eq 3 h 81 % 

HCl 36% 30eq 3 h 45 % 

HCl 36% 30eq Over night  76 % 
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2.1.2.3. Strategy A2 

We employed methylene instead of carbonyl to link the two aryl groups in the 

synthetic sequence for the preparation of the benzyl azide intermediates. 

Substituted benzyl bromides (3-021) were synthesized in three steps. The 

substituted benzoic acids were firstly esterified via a standard Fisher 

condensation and the resulting esters were reduced by DIBAL-H to produce 

the desired benzyl alcohols. Finally, bromination was carried out with PBr3 to 

give the substituted benzyl bromides in good yields (3-021). The following 

steps of the synthesis were identical to the first synthetic route, giving the 

substituted 5-(azidomethyl)-2-benzyl-1,3-dichlorobenzene intermediate (3-

024a, b), with a yield of 71-82 %. (Scheme 3-03).  

 

Scheme 3-03. Synthetic route A2 of benzyl azide 

2.1.2.4. Strategy A3 

The third synthetic approach aimed to replace benzoyl with morpholine. 

Morpholine is a versatile moiety, a privileged pharmacophore and an 

outstanding heterocyclic motif with wide ranges of pharmacological activities 

due to different mechanisms of action29. We wanted to study if substituting 

morpholine for benzoyl has an influence on inhibitory activity, and if 

morpholine increases the stability of drug metabolism30 and improves the 

compound’s water solubility29.  
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The benzyl ether (3-012) was synthesized using the Bouveault aldehyde 

reaction (1- lithiation with n-BuLi, 2-quenching with DMF followed by 

hydrolysis) to form the 2,6-dichlorobenzaldehyde 31(3-025), the aldehyde and 

morpholine were treated with NaBH(OAc)3 to undergo the Borch reductive 

amination reaction to form 3-026, which was directly deprotected to give 

substituted benzyl alcohol32 (3-027) in a 71% yield over the two steps. Finally, 

the azidation reaction of substituted benzyl alcohol (3-027) follows the 

procedures outlined above to make 4-(4-(azidomethyl)-2,6-dichlorobenzyl) 

morpholine (3-028) (Scheme 3-04). 

 

Scheme 3-04 synthetic route A3 of benzyl azide 

2.1.2.5. Strategy A4  

The fourth synthetic approach was devised to produce benzyl azides that had 

been substituted with o-, m-, and p-benzamides. The benzamides were 

prepared starting from the corresponding (o-, p-, m-) amino-substituted benzyl 

alcohols 3-029 and a chosen benzoyl chloride. Controlling the temperature of 

the reaction system, as well as the slow addition of the acylating agent were 

necessary to obtain amides in good yields (3-030). These were converted to 

the corresponding azides using DPPA and DBU as previously described to 

give the benzamides substitute benzyl azide compounds (3-031), with a yield 

of 64-86 %. (Scheme 3-05). 



 

68 
 

 

Scheme 3-05 synthetic route A4 of benzyl azide 

2.1.2.6. Strategy A5  

The fifth synthetic approach was to derivatize the third synthetic route even 

more through the direct coupling of the heterocyclic moiety I with the benzyl 

group II, without linker. First, the alcohol was protected by TBS, and the 

Buchwald-Hartwig reaction was used to couple the bromobenzyl moiety and 

morpholine to give 4-(3-(((tert-butyldimethylsilyl)oxy)methyl)phenyl) 

morpholine33(3-024) in a 72 % yield. After removing the hydroxyl protecting 

group with TBAF, and treatment with the azide reagent DPPA, 4-(3-

(azidomethyl)phenyl)morpholine (3-036) is produced in a yield of 78% 

(Scheme 3-06). The same procedure was used to synthesize 4-(2-

(azidomethyl)phenyl)thiomorpholine (3-036-1), with a yield of 61%. 



 

69 
 

 

Scheme 3-06 synthetic route A5 of benzyl azide 

2.1.2.7. Strategy A6 

The sixth synthetic route uses “amino” instead of “carbonyl”, similarly using 

the Borch reduction amination reaction to couple the amino and ketone, and 

replace the alcohol with the benzyl azide moiety to give 3-039 in a 67% yield 

(Scheme 3-07). 

 

Scheme 3-07 synthetic route A6 of benzyl azide 

2.1.2.8. 1,3-dipolar cycloaddition reaction to give CAI derivatives 

Next，the key fragments benzyl azide, N-substituted-2-cyanoacetamides and 

alkynes were prepared by conventional synthetic methods. The 5-amino-4-

carboxyamido-1,2,3-triazole derivatives were assembled by a 1,3-dipolar 

cycloaddition between 2-cyanoacetamide or N-substituted 2-cyanoacetamides 

with the corresponding benzyl azides, using sodium ethoxide as a base, as 
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reported in the literature, usually with modest yields (Scheme 3-08 left and 

Table 3-02)28, 34.  

Another series of N-substituted 1,2,3-triazoles, lacking the amino group on the 

5-position of the heterocycle, were also prepared by Huisgen-Click 

cycloaddition reaction between a suitable benzyl azide and an alkyne, using 

the standard copper acetate/sodium ascorbate system as a catalyst35 (Scheme 

3-08 right and Table 3-02). For yields, see the experimental section. Using 

both reactions, we were able to produce a small library of 29 compounds, 

including the reference CAI (3-040), which were characterized by 1H ,13C-

NMR and HRMS, before biological testing. 

 

Scheme 3-08 synthetic route of CAI derivatives 

Table 3-02 CAI derivatives 

No.   

X R1 R2 R3 R4 R5 R6 

3-040 -Cl 
 

-NH2 -CONH2 - - - 

3-041 -Cl 
 

-NH2 -CONH2 - - - 

3-042 -Cl 
 

-NH2 -CONH2 - - - 

3-043 -Cl 
 

-NH2 -CONH2 - - - 
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3-044 -Cl 
 

-NH2 -CONH2 - - - 

3-045 -Cl 
 

-NH2 -CONH2 - - - 

3-046 -Cl 

 

-NH2 -CONH2 - - - 

3-047 -Cl 
 

-NH2 -CONH2 - - - 

3-048 -Cl 
 

-NH2 -CONH2 - - - 

3-049 -Cl 
 

-NH2 -CONH2 - - - 

3-050 -Cl 
 

-NH2 

 

- - - 

3-051 -Cl 
 

-NH2 -CONH2 - - - 

3-052 -Cl 
 

-NH2 -CONH2 - - - 

3-053 -F 
 

-NH2 -CONH2 - - - 

3-054 -Cl 
 

-NH2 -CONH2 - - - 

3-055 -CH3 -H -NH2 -CONH2 - - - 

3-056 -Cl -H -NH2 -CONH2 - - - 

3-057 -Cl 
 

-H -COOH - - - 

3-058 -Cl 
 

-H -CONH2 - - - 

3-059 -Cl 
 

-H -CH2NH2 - - - 

3-060 -Cl 
 

-H -COOCH3 - - - 

3-061 -Cl 
 

-H -CH2OH - - - 
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3-062 -F 
 

-H -CONH2 - - - 

3-063 - - - - 

 

-H -H 

3-064 - - - - -H 

 

-H 

3-065 - - - - -H 
 

-H 

3-066 - - - - -H 
 

-H 

3-067 - - - - -H -H 

 

3-068 - - - - -H -H 
 

2.1.3. In vitro biological evaluation 

2.1.3.1. Three-step procedure to select for mitochondrial Complex I 

inhibitors as anticancer drugs 

We used a 3-step screening procedure to identify CAI derivatives endowed 

with the highest capacity to act as Complex I inhibitors in conditions 

mimicking the in vivo tumor microenvironment (Figure 3-03). Stimulation of 

glycolysis upon mitochondrial OXPHOS inhibition is a well-known 

observation25, 26, making increase in lactate release an attractive first screening 

step. Measuring real-time oxygen consumption rate (OCR) may then be used 

as a secondary assay to identify bona fide Complex I inhibitor (Figure 3-03). 

This requires exposing permeabilized cancer cells to a mixture of pyruvate 

and malate as an NADH-generating system (fueling Complex I) and then to 

evaluate the reversibility by adding succinate as a fuel of Complex II36. The 

third step of our screening procedure aimed to test hit compounds in 3D tumor 

spheroids to recapitulate the tumor organization with the co-existence of both 
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hypoxic and oxygenated cancer cells (Figure 3-03). This 3D cell culture setup 

is indeed more likely to reveal the impact of drugs with possible bystander 

effects. 

 

Figure 3-03 Screening process for mitochondrial Complex I inhibitors 

2.1.3.2. Lactate release measurement as a primary assay to identify 

potential OXPHOS inhibitors 

As mentioned above, upon pharmacological inhibition of mitochondrial 

respiration, pyruvate will preferentially be reduced into lactate that will in turn 

be released in the extracellular medium. Collection of culture medium after 

24h exposure to CAI (3-040) derivatives and semi-automated measurements 

of lactate content led us to identify 15 compounds (including 3-040 reference 

compound) endowed with the capacity to significantly stimulate lactate 

release from colorectal CT26 cancer cells (Figure 3-04 A). Among them, 9 
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were as active as 3-040, and 5 were even more potent inducers of lactate 

release (3-046, 3-049, 3-052, 3-053 and 3-060) (see Figure 3-04 A and Table 

3-03). Similar results were obtained in breast cancer 4T1 cancer cells when 

comparing the lactate-inducing effects of 3-040 compound with 3-060 

compound identified as more potent and lactate non-inducer compound at 

(Figure 3-04 B). Of note, we used 4T1 and CT26 cancer cells because these 

cancer cells are of mouse origin and may therefore be used to induce tumors 

in immunocompetent (syngeneic) mice thereby offering the possibility to use 

them in in vivo models more appropriate to explore the systemic impact of 

drugs interfering with the metabolism. Indeed, to generate tumors in mice 

from human cancer cells requires the use of nude mice which do not have 

lymphocytes and may thus fail to reveal the beneficial or detrimental effects 

of systemically administered OXPHOS inhibitors. These two cell lines can 

also form 3D organoids (see below). 
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Figure 3-04. Compound-induced lactate release. Culture medium was collected after 24h 

exposure to the indicated compounds and lactate content was determined in a semi-automated 

manner. Bar graph depicts the extent of lactate secretion above the basal release as determined 

in the absence of any compound (**P<0.01 for increased lactate release vs. reference compound 

3-040). 

2.1.3.3. Validation of Complex I inhibitors using Seahorse-based OCR 
measurements 

To establish a direct link between induction of lactate release and the capacity 

of CAI derivatives to inhibit Complex I, we then used the Seahorse technology 

that measures real-time oxygen consumption rate (OCR) from label-free 

cancer cells in a 96-well plate format. 

Figure 3-05A depicts how the mitochondrial tricarboxylic acid (TCA) cycle 

provides NADH and FADH2 to the electron transport chain. NADH transfers 

electrons to Complex I while FADH2 transfers electrons to Complex II of the 

electron transport chain where in fine O2 acts as the final acceptor (complex 

IV) and the proton pump (complex V) catalyzes the production of ATP. 

Therefore, OCR as monitored by the Seahorse XF analyzer, may be used to 

determine the effects of different substrates and specific inhibitors. A shosn in 

Figure 3-05B, pyruvate and malate can for instance be used to provide NADH 

to the complex I while succinate can support the production of FADH2 to fuel 

the complex II. Therefore, any drug exhibiting a reduction in OCR in the 
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presence of malate and pyruvate but the effects of which are reversed by 

succinate represents a bona fide complex I inhibitor. 

 

 

Figure 3-05 A. Scheme depicting how NADH and FADH2 generated by the TCA cycle fuel 

the mitochondrial electron transport chain. B.  Profile of OCR measurements upon succesive 

addition of malata/pyruvate, inhibitory compound and succinate to identify complex I inhibitors 

using the Seahorse technology 

Using the protocol described above (i.e., sequential addition of pyruvate and 

malate, compounds and succinate), we first compared the behavior of 

compound 3-040 at 10, 100 and 1000 nM with the well described 

mitochondrial Complex I inhibitor IACS-010759 currently under clinical 
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investigation5. We found that OCR reduction in permeabilized colorectal 

CT26 cancer cells was detectable at 1 µM and was maximal at 10 µM (i.e., 

the same extent of maximal inhibition as obtained with IACS-010759) 

(Figures 3-06).  
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Figure 3-06 Mitochondrial Complex I activity inhibition for Seahorse technology OCR 
analysis. Graphs depict changes in O2 consumption rate (OCR) measured with the Seahorse 
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technology on permeabilized CT26 cancer cells upon successive addition of pyruvate/malate, 

the indicated inhibitor and succinate. OXPHOS complex I inhibitor IACS was used as a control 

in the experiments testing reference compound 3-040, and compound 3-040 (10µM) was used 

as reference for testing the other derivatives (1 and 10 µM). 

In our hands, the Seahorse technology requires to work with 6 replicates per 

condition. To use it as a screening procedure with a reasonable throughput, 

we restricted the testing of CAI derivatives at two concentrations (1 and 10 

µM). Although the goal of the primary assay was to reduce the list of 

compounds of interest to those inducing an increase in lactate secretion, we 

have here tested all the compounds to identify possible false negative hits. Out 

of the evaluated 28 CAI derivatives, different patterns of activity were 

observed (see representative patterns of equiactive (3-060), hypoactive (3-047) 

and inactive compounds (3-059) (Figures 3-06). Three hits were identified to 

be equiactive with 3-040 with an IC50 below 10 µM, namely 3-046, 3-049 and 

3-060 (see also Table 3-03). Eight other compounds (3-041, 3-042, 3-043, 3-

044, 3-045, 3-047, 3-052 and 3-053) inhibited Complex I activity to a smaller 

extent than 3-040 with an IC50 around 10 µM (i.e., the highest concentration 

tested) (Table 3-03). All the other compounds did not significantly inhibited 

Complex I activity (Table 3-03). This secondary assay did not identify false 

negative compounds and actually confirmed 12 compounds out of the 15 hits 

identified thanks to the primary assay; only compounds 3-048, 3-054 and 3-

058 were able to promote lactate release but did not show significant inhibition 

of Complex I even at 10 µM (Table 3-03). Similar results were obtained in 

permeabilized breast cancer 4T1 cancer cells (Figures 3-06). 

2.1.3.4. Validation of the cytotoxic and radiosensitizing potentials of CAI 

derivatives 

The third and last step of our screening procedure aimed to further gain in 

knowledge of the most appropriate compound to be used in future in vivo 

evaluation. For this purpose, we evaluated in tumor-mimicking 3D spheroids 

made of the same cells as used above (i.e. 4T1 and CT26) the cytotoxicity of 
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the above 3 hit compounds (3-046, 3-049 and 3-060) and the 2 hypoactive 

compounds with however a higher capacity to induce lactate release (3-052 

and 3-053). The profile of spheroid growth reveals that compounds 3-049 and 

3-052 were more active than reference compound 3-040 (Figure 3-07 A); 

compounds 3-046 and 3-053 inhibited spheroid growth to the same extent as 

compound 3-040, and compound 3-060 exhibited significantly lesser growth 

inhibitory effects than compound 3-040 (Figure 5A). We also took advantage 

of 3D tumor spheroids to evaluate whether they could radiosensitize tumors. 

O2 is indeed known to stabilize the damages to DNA induced by ionizing 

radiations and thereby to induce irreversible lesions. In the presence of 

hypoxia (i.e. below 10 mm Hg O2), radiotherapy is thus less efficient so that 

OXPHOS inhibitors by blocking O2 consumption can spare O2 and restore a 

response to radiotherapy. When a 6 Gy irradiation was administered, a further 

reduction in spheroid growth was obtained for each tested compound (Figure 

3-07 B). Interestingly, compounds 3-049 and 3-052 showed a net reduction in 

the spheroid size indicating a significant contribution of cell death to the 

reduced growth (Figure 3-07 B).  

 

Figure 3-07 Inhibition of 3D tumor spheroid growth (Assay #3). Graphs depict (A.) the 

direct growth inhibitory effects of the indicated compouns and (B.) their capacity to exert 

radiosensitizing effects as determined using 3D tumor spheroids.  
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To further prove the radiosensitizing effects, spheroids treated with 

compounds 3-040, 3-049 and 3-052 were dissociated and collected cells were 

plated to grow for 14 days. This assay revealed that cancer cell exposed to 

both irradiation and compounds 3-049 and 3-052 exhibited a much lesser 

ability to grow, suggesting that the extent of catastrophic mitosis was 

significantly higher than with reference compound 3-040 (Figure 3-08 A). 

Finally, to document the expected re-oxygenation, spheroids treated with 

compounds 3-040, 3-049 and 3-052 were exposed to the hypoxia probe 

pimonidazole. While pimonidazole labelled the core of untreated spheroids, 

immunofluorescence staining confirmed that 3-049 and 3-052 compounds 

reduced hypoxia to a larger extent than compound 3-040 (Figure 3-08 B). 
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Figure 3-08 radiosensitizing effects of selected Complex I inhibitors. A. Extent of surviving 

cancer cells post-exposure to radiotherapy and the indicated compounds. B. Reduction in the 

hypoxic fraction of 3D spheroids (as determined upon pimonidazole staining) exposed for 24 

hours to the indicated compounds. 

2.1.3.5. Evaluation of CAI derivative activity 

The inhibitory activity of mitochondrial oxidative phosphorylation complex I 

was evaluated using a three-step screening methodology based on the above 

28 CAI derivatives and the positive control CAI (3-040). We display all the 

results in the form of table 3-03. Assays include stimulation of lactate release 

(assay #1), mitochondrial Complex I inhibition (assay #2) and 3D tumor 

spheroids growth inhibitory effects (assay #3). 

Table 3-03 Evaluation of CAI derivative activity  
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Compounds 
Assay #1 Assay #2 Assay #3 

LAC stim. OCR inhib. 3D growth inhib. 

3-040 (+) (+++) (+) 

3-041 (+) (+) n.d. 

3-042 (+) (+) n.d. 

3-043 (+) (+) n.d. 

3-044 (+) (+) n.d. 

3-045 (+) (+) n.d. 

3-046 (+++) (+++) (+) 

3-047 (+) (+) n.d. 

3-048 (+) 0 n.d. 

3-049 (+++) (+++) (++) 

3-050 0 0 n.d. 

3-051 0 0 n.d. 

3-052 (+++) (+) (++) 

3-053 (+++) (+) (+) 
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3-054 (+) 0 n.d. 

3-055 0 0 n.d. 

3-056 0 0 n.d. 

3-057 0 0 n.d. 

3-058 (+) 0 n.d. 

3-059 0 0 n.d. 

3-060 (+++) (+++) 0 

3-061 0 0 n.d. 

3-062 0 0 n.d. 

3-063 0 0 n.d. 

3-064 0 0 n.d. 

3-065 0 0 n.d. 

3-066 0 0 n.d. 

3-067 0 0 n.d. 

3-068 0 0 n.d. 

The extent of activity is depicted as follows: (+++)- strong of activity, (+)-moderate of activity 

and (0)-lack of activity and (n.d.) = non determined. 
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2.1.4. Discussion 

In this study, we synthesized derivatives of a drug already reported to exert 

OXPHOS inhibitory effects (i.e. CAI 3-040) and used our assays to optimize 

hit development. In pharmacological activity testing，we have documented 

the feasibility to screen in 96-well plate format for compounds endowed with 

the capacity to inhibit mitochondrial Complex I and to be further selected to 

efficiently reach their targets in 3D organized cancer cells. Classical cytotoxic 

assays cannot be used to identify OXPHOSi including Complex I inhibitors, 

from a classical in vitro screening campaign since the metabolic plasticity of 

cancer cells offers them the possibility to rapidly adapt to inhibition of cell 

respiration. The method described here aims to be used for mid- to high-

throughput screening of banks of compounds. Remarkably, a primary assay 

exploring the induction of lactate release as a direct response to respiration 

inhibition led us to identify 13 out of 28 derivatives deprived of this capacity. 

Importantly, these 13 compounds also failed to show Complex I inhibitory 

activity proving the validity of the procedure while 12 out of the remaining 15 

inducers of lactate release were further validated as Complex I inhibitors in 

our secondary assay. These results indicate the value of the pre-screening 

primary assay since measurements of lactate can be carried out in volume as 

low as 10µl. We used here a semi-automated approach but a robotic plate 

handler could easily convert this simplistic assay in a fully automated strategy. 

It should also be emphasized that the same equipment may measure glucose 

content in the extracellular medium. Glucose concentration evolves in mirror 

to lactate concentration upon stimulation of glycolysis so that measurements 

of the two parameters could offer a yet more robust primary assay. 

Simultaneous measurement of glucose consumption could also discriminate 

OXPHOSi from cytotoxic drugs which may increase extracellular lactate 

concentration without consumption of glucose (because of the release of 

internal lactate pool upon alterations in plasma membrane integrity). 
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While induction of lactate release can be used to restrict a list of hits endowed 

with OXPHOS inhibitory activity, the nature of the drug-dependent 

mitochondrial dysfunction may vary. We recently reported that the blockade 

of the mitochondrial transport of pyruvate led to a progressive shift toward 

glycolysis and the associated increase in lactate release25. Inhibiting the 

activity of TCA cycle enzymes could also reduce mitochondrial activity 

without directly impacting OXPHOS. The reversibility of the inhibition by the 

addition of the metabolite acting downstream of the inhibition is therefore 

critical. Here, we measured O2 consumption upon consecutive addition of a 

NADH-generating system (i.e. a mixture of pyruvate and malate) to fuel 

Complex I and succinate to fuel Complex II and thus reverse the potential 

inhibitory effects of compounds on Complex I. 

Our ternary assay evaluating the efficacy of compounds identified as Complex 

I inhibitors on 3D tumor spheroids proved the interest of 3D structures to 

further select hits for future developments. First, this assay led to uncover a 

limited growth inhibitory effects for compounds 3-046 and 3-060 despite their 

identification in the top 3 compounds based on the induction of lactate release 

and the inhibition of Complex I. By contrast, compound 3-052 identified as a 

Complex I inhibitor with an intermediary potency showed a strong inhibitory 

activity on spheroid growth. The compound 3-049 was actually the only 

compound exhibiting the highest activity in the three assays of our protocol 

and could be considered as a lead compound for further development. The 

above conclusions actually fit our findings related to the radio-sensitizing 

potential of compounds 3-046 and 3-060 which showed the more profound 

inhibition of cancer cell regrowth post-irradiation. This finding was further 

supported by a larger reduction in hypoxic fractions than that obtained with 

reference compound 3-040. 
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2.1.4.1. Preliminary structure-activity relationship analysis (SARA) 

 

Figure 3-09 Preliminary summary of SAR studies on the target compounds 

Based on the results for the inhibitory activity of the compounds against 

mitochondrial complex I, a brief structure- activity relationship analysis of the 

28 derivatives was carried out (Figure 3-09). 

In moiety I, the aromatic group is important to maintain the inhibitory activity; 

aromatic rings containing hydrophobic substituents are more active (3-040, 3-

042, 3-043, 3-046, 3-052 > 3-044. 3-045). The large sterically hindered 

naphthyl group did not significantly alter the activity (3-047). In the non-

aromatic ring system, the cyclohexane substitution is more active than the 

morpholine group supporting the need of a hydrophobic structure for the 

maintenance of activity (3-049 > 3-048). As for the linker part, the “carbonyl” 

and “methylene” between moiety I and moiety II show superiority. In moiety 

II, the substitution of “-F” and “-Cl” in benzene ring maintains inhibitory 

activity (3-040 to 3-049 and 3-053). In the moiety III of the pharmacophore, 

the 5-amino-1,2,3-triazole-4-carboxamide fragment is particularly important 

for maintaining the pharmacological activity (3-041 to 3-049, 3-052 and 3-

053). The activity is reduced by removing the “5-amino” (3-040 > 3-058). 

Finally, when we examined the effects of “carboxyl, hydroxyl and amino” 
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groups instead of the “carboxamide” group, we observed a loss of the activity 

(3-057, 3-059, 3-061). However, upon change of the “carboxamide” by a 

methyl ester (3-060), the activity was larger than control 3-040 (Figure 3-09). 
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2.2. Part B : CAI derivatives containing 1,2,3-triazol-5-amine 

group 

2.2.1. Rational design 

The second type of compounds are derivatives of the first type of compounds. 

They are based on the complex I inhibitors CAI, BAY87-2243 and IACS-

010759 as lead compounds. The goal was to change the carboxamide group 

in the CAI derivative 1,2,3-triazole-4-carboxamide group (Figure 3-10 3-006, 

3-007, 3-008, 3-009). We directly grafted the 3-phenyl-1,2,4-oxadiazole 

group from BAY87-2243 and IACS-010759 to the carboxamide group of CAI.  

The second type of compound mainly contains four fragments, substituted 

benzoyl or nitrogen-containing heterocycle (I), substituted benzyl (II), 4-

(1,2,4-oxadiazol-5-yl)-1,2,3-triazol-5-amine or 5-amino-1,2,3-triazole-4-

carboxamide (III), substituted phenyl (IV). The moiety I and II are generally 

similar to the first type of compounds, including piperidine and pyrrolidine 

moieties. 3-(4-(trifluoromethoxy) phenyl) -1,2,4-oxadiazole group, which is 

included in both compounds BAY87-2243 and IACS-010759, is attempted to 

integrate into moiety III and IV (Figure 3-10 3-006, 3-008, 3-009). Another 

type of chemical is the carboxamide group of 5-amino-1,2,3-triazole-4-

carboxamide moiety III to further derive the 3-007 type compounds (Figure 

3-10). Then use seahorse technology to evaluate the compounds inhibitory 

efficacy on tumor cell oxidative phosphorylation complex I. 
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Figure 3-10 Part B Complex I inhibitor design 

2.2.2. Synthesis of 1,2,3-triazol-5-amine derivatives  
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Scheme 3-09 synthetic scheme of 1,2,3-triazol-5-amine derivatives 

To achieve the desired counterpart of the Complex I inhibitor, we synthesized 

the appropriate fragment, followed by coupling or cycling the fragment to 

obtain the desired compounds. The synthesis of fragments I and II are carried 

out in the same way as the synthesis of the benzyl azide intermediate of the 

CAI analogue described earlier. And the synthesis of moiety III, IV are given 

obtained by the following two methods (Scheme 3-09 B3-4). 

2.2.2.1. Synthetic strategy of benzyl-2-cyanoacetamide or 2-(3-phenyl-

1,2,4-oxadiazol-5-yl) acetonitrile B3-4 

The moiety N-substituted-2-cyanoacetamides was synthesized in two steps, 

starting with the acid catalyzed cyclization of 2-cyanoacetylhydrazine and 

acetylacetonate to form 3-070, followed by the nucleophilic substitution of 

benzylamine and 3-070 to obtain N-substituted-2-cyanoacetamides (3-071), in 

a good yield (Scheme 3-10 B3). The intermediate 2-(3-phenyl-1,2,4-



 

94 
 

oxadiazol-5-yl) acetonitrile was synthesized from aromatic aldehydes (3-072) 

and hydroxylamine hydrochloride under base conditions to form oximes (3-

072). Under reflux conditions [RuCl2 (p-cymene)]2 catalyzes the dehydration 

of oxime to form nitrile37 (3-074), in a yield for 74-82 %, which is further 

treated with hydroxylamine hydrochloride under NaHCO3 to give amine 

oxime (3-075). Next amine oxime condensed with 3-(3,5-dimethyl-1H-

pyrazol-1-yl)-3-oxopropanenitrile to synthesize compound 2-(3-phenyl-1,2,4-

oxadiazol-5-yl) acetonitrile 34(3-076), in a good yield (Scheme 3-10 B4). 

 

Scheme 3-10 synthetic route of moiety B (B3-B4)  

2.2.2.2. 1,3-dipolar cycloaddition reaction to give 1,2,3-triazol-5-amine 

derivatives 
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The final products are produced by 1,3-dipolar cycloaddition of α-cyanoamide 

or α-cyanooxadiazole with benzyl azide in the strong base to give the target 

compound 34(3-111 to 3-135) in fair to excellent yields (Scheme 3-11 and 

Table 3-04). For yields, see the experimental section. 

 

Scheme 3-11 synthetic route of 1,2,3-triazol-5-amine derivatives 

Table 3-04 the structure of 1,2,3-triazol-5-amine derivatives 

NO. 
 

I II III IV 

3-111 
    

3-112 
    

3-113 
    

3-114 
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3-115 
    

3-116 
    

3-117 
    

3-118 
    

3-119 
    

3-120 
 

   

3-121 
 

   

3-122 
 

   

3-123 
 

   

3-124 
 

   

3-125 
    

3-126 
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3-127 
    

3-128 
    

3-129 
    

3-130 
    

3-131 
    

3-132 
    

3-133 
    

3-134 

 
   

 3-135 
    

2.2.3. Biological evaluation 

Similarly, 25 CAI derivatives containing 1,2,3-triazol-5-amine group and the 

positive control IACS-010759 and 4-040 using Seahorse technology were 

analyzed. At 10, 100, 1000 nM and 10, 100 µM inhibitor doses, the oxygen 

consumption rate (OCR) was analyzed as detailed in part A (assay #2).  
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Figure 3-11 Mitochondrial Complex I activity inhibition for Seahorse technology OCR 
analysis.   

Unfortunately, we did not hit any compounds (Figure 3-11). As there were 

no hits on the mitochondrial complex I, we did not perform further in vitro 

cellular experiments. 
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2.2.4. Discussion  

The Seahorse-based measurements of OCR revealed that compounds 

corresponding to the second design scheme did not exhibit inhibitory activity 

on mitochondria complex I. This strongly suggest that the carboxamide group 

in the structure of 1,2,3-triazol-5-amine-carboxamide is necessary to support 

mitochondrial complex I inhibitory activity. The limited literature dealing 

with the design and synthesis of inhibitors of mitochondrial complex I in 

tumor cells led us to speculate about a rationale to explain these results. 

Accordingly, direct grafting of two fragments from CAI and IACS-010759 is 

likely to alter the respective conformation of active groups. Indeed, the moiety 

I of compound CAI is a hydrophobic junction which is beneficial for activity, 

and the moiety I of compound IACS-010759 is a hydrophilic junction which 

is also beneficial for activity. Thus, one may postulate that direct grafting of 

the two parts may lead to a loss of activity. It could potentially be related to 

the amino group substitution position in the 1,2,3-triazol-5-amine structure or 

the triazole heterocycle, according to structural study of the compounds 

BAY87-2243 and IACS-010759.  

Next, we design and synthesize Part C in order to better understand why the 

Part B is no inhibitory activity on mitochondria complex I (Part C see below).  

  



 

101 
 

2.3. Part C: Aminoalkyl substituted compounds containing 5-(5-

methyl-1,2,4-triazol-3-yl)-1,2,4-oxadiazole group 

2.3.1. Rational design 

 

Figure 3-12 design Complex I inhibitor 

Since we did not find any inhibitory activity against Complex I for the second 

type of compounds (part B), we next though that the methyl group in 5-

methyl-1,2,4-triazole moiety could have lost its activity due to amino group 

substitution. In part C, we therefore synthesized derivatives with the core 

structure of 5-(5-methyl-1,2,4-triazol-3-yl)-1,2,4-oxadiazole to avoid 
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changing the overall conformation of the molecule, and we studied the 

substitution and modification of moiety I and moiety II.  

Based on the chemical structures of compounds BAY87-2243 and IACS-

010759, we designed the third type of compounds. Similarly, the third type of 

compounds can be divided into four main parts. Moiety I is a heterocyclic 

containing nitrogen and sulfur. Moiety II, which uses m-bromine substituted 

benzyl and attempted to replace the benzene with a pyridine. Moiety III，5-

(5-methyl-1,2,4-triazol-3-yl)-1,2,4-oxadiazole. Moiety IV, 4-(trifluoro-

methoxy) phenyl. (Figure 3-12 3-010ab) 

2.3.2. Synthesis of 5-(5-methyl-1,2,4-triazol-3-yl)-1,2,4-oxadiazole 

derivatives 

 

Scheme 3-12 Synthetic route of 5-(5-methyl-1,2,4-triazol-3-yl)-1,2,4-oxadiazole 
derivatives  
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In moiety I, we used analogues to replace 4-(methylsulfonyl)piperidine. and 

in particular we examined the effects of 4-(ethylsulfonyl)piperidine, 1-

(methylsulfonyl)piperazine, thiomorpholine 1,1-dioxide, thiomorpholine 

substitution on the inhibitory activity of complex I. In the substituent part, 

methylsulfonyl being a hydrophilic group, we kept a hydrophilic sulfide group 

in the design. 

To prepare the sulphur moiety I, we designed three synthetic schemes. The 

nucleophile reagent sodium ethylthiolate attacked tert-butyl 4-

bromopiperidine-1-carboxylate (3-079) to form a thioether38(3-080), which 

was oxidized by m-CPBA and treated with HCl to give 4-(ethylsulphonyl) 

piperidine (3-082) in a good yield (Scheme 3-13, C1). Then mono-N-protected 

piperazine was reacted with mesyl chloride and finally treated with TFA to 

removal the -Boc group, giving 1-(methylsulfonyl)piperazine (3-086) in a 85% 

yield (Scheme 3-13, C2). Finally, the N-protected thiomorpholine was 

oxidized with m-CPBA and then deprotected with TFA to give 

thiomorpholine-1,1-dioxide (3-090) in an 82% yield (Scheme 3-13, C3). 

 

Scheme 3-13 synthetic route of sulfur moiety C1-3 
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To synthesize aminoalkyl substituted compounds (3-100, 3-101, 3-102, 3-109 

and 3-110) are show and follow reported procedures5, 14, 39 (Scheme 3-14 and 

Scheme 3-15). The amine oxime (3-092) was synthesized as described above 

using p-trifluoromethoxybenzaldehyde as a starting material. The reaction of 

amine oxime with ethyl oxalyl chloride gives oxadiazole (3-093) in an 82% 

yield. The exchange of hydrazine with the ester gives 3-094, the reaction of 

hydrazide with acetamidine gives 3-095, and the cyclization of 3-095 at high 

temperature to form triazole 3-096 in a 42 % yield for the three steps. Under 

base K2CO3, 3-096 reacts with 3-bromobenzyl bromide (3-097) to form the 

two compounds 3-098 and 3-099, the yields were 29% and 47%, and the main 

product 3-099 was used in the next step. In the next step, palladium-catalyzed 

Buchwald-Hartwig cross-coupling of 3-099 with moiety I (3-082 or3-090) 

generates the final products 3-100, 3-101 and 3-102, in the yields of 8-11% 

(Scheme 3-14). 
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Scheme 3-14 synthetic route of 5-(5-methyl-1,2,4-triazol-3-yl)-1,2,4-oxadiazole 
derivatives D1 

Moreover, we have optimized the conditions for the Buchwald-Hartwig 

amination reaction. The ligand RuPhos was employed in the literatures5, 14, but 

BINAP was used in our experiments instead, showing a direct impact on the 

reaction yield. When the reaction time was appropriately extended under 

sealed tube and high temperature conditions, the yield was discovered to be 

slightly improved (Table 3-05). It’s also possible that some of the products 

were lost owing to the interaction with the silica gel during the purifying 

process. 
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Table 3-05 optimization of reaction conditions 

 

Entry  Condition  Solvent Temperature Time Yield 

1 General  THF reflux  18h <5% 

2 Sealed tube THF 90 oC 18h <5% 

3 Sealed tube THF 90 oC 36h 6% 

4 General Tol reflux 18h <5% 

5 Sealed tube Tol 130 oC 36h 8% 

The benzene ring is the most prevalent ring system in drugs and can act as a 

pharmacophore or possibly a scaffolding part of the drug. In moiety II, the 

benzene ring may primarily serve as a scaffold for drugs linked to moiety I 

and moiety III. Here we use the bioisosteric pyridine heterocycle substitution 

of the benzene ring, hoping to optimize its physicochemical parameters such 

as increasing the polarity of the compound, that is, increasing its solubility40. 

The starting material, 2-chloroisonicotinic acid (3-103) was treated by 

esterification, reduction and bromination to give 4-(bromomethyl)-2-

chloropyridine (3-106) in a good yield. Intermediates 3-107 was synthesized 

in the same way as described above. Direct coupling of 3-107 and moiety C 

at high temperature under base condition to give final products 3-109 and 3-

11039 (Scheme 3-15), with yields of 36% and 14%. 
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Scheme 3-15 synthetic route of 5-(5-methyl-1,2,4-triazol-3-yl)-1,2,4-oxadiazole 
derivatives D2 

Table 3-06 Potential Complex I inhibitor of 5-(5-methyl-1,2,4-triazol-3-
yl)-1,2,4-oxadiazole derivatives 

NO. 
 

I II III IV 

3-100 
 

   

3-101 
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3-102 
    

3-109 
    

3-110 
 

   

2.3.3. Biological evaluation 

Five aminoalkyl substituted compounds and the positive control IACS-

010759 using Seahorse technology were analyzed. At 100 nM doses, the 

oxygen consumption rate (OCR) was analyzed as detailed in part A (assay 

#2).  

 

Figure 3-13 Mitochondrial Complex I activity inhibition for Seahorse technology OCR 
analysis.  

The results showed that compounds 3-100, 3-101, and 3-110 had 

mitochondria Complex I inhibitory activity, but compounds 3-102 and 3-109 

was not detected. Due to time restrictions, we only employed a 100nM 

inhibitor concentration and did not set a concentration gradient in the OCR 

analysis of this data, making it difficult to determine the degree of inhibition 
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of Complex I compared to the positive control IACS-010759 (Figure 3-13), 

but this didn’t affect the results of the study.  

2.3.4. Discussion 

 

Figure 3-14 Preliminary summary of moiety I and moiety II on the target compounds 

In part C, we used some analogues of heterocyclic fragments to replace moiety 

I and moiety II of the compounds, and a total of five analogues were 

synthesized. According to the Seahorse-based OCR measurements, three of 

the five compounds showed inhibitory activity against complex I. In moiety I, 

the compounds containing the 4-(ethylsulfonyl)piperidine (3-101, 3-110), 1-

(methylsulfonyl)piperazine (3-100) fragment were more efficient that the 

compounds containing the thiomorpholine (3-109), thiomorpholine 1,1-

dioxide (3-102) fragment. One possible reason for that is the heterocyclic 

fragment requires a hydrophilic group and the hydrophilic group is in the 

extended part of the heterocycle (Figure 3-14). In moiety II, we used the 

bioisosteric pyridine heterocycle substitution of the benzene ring, and the 

results showed that compounds 3-101 (benzene ring) and 3-110 (pyridine ring) 

have the same inhibitory activity at 100 nM (Figure 3-14). The CAI analogs 
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at ± 10 µM produced the same degree of inhibition (OCR) of mitochondrial 

Complex I as the IACS-010759 analogs at ± 100 nM. 

 

Figure 3-15 Design moiety III on the IACS-010759 analogs  

Due to time constraints, we did not make structural changes to moiety III. 

Fragments such as 1,2,4-triazol-5-amine, 5-cyclopropyl-1,2,4-triazole, 5-

methyl-1,2,3-triazole, etc (Figure 3-15) could help us to analyze the effect of 

moiety III substituent and triazole on the inhibitory activity of complex I. 

3. Conclusion  

Part A 

Based on the design and synthesis of 28 CAI analogues, and how 96-well 

plates may be used today to screen for compounds with a suspected OXPHOS 

inhibitory activity via detection of lactate release and consecutively for their 

specific ability to block Complex I and to profoundly alter the growth of 

cancer cells within tumor-mimicking 3D structures. The latter model can be 

used to identify reoxygenation resulting from OXPHOS blockade and further 

prove radiosensitizing effects. Also, the results derived from our 28 CAI 

derivatives provide new insights on the structure-activity relationship of drugs 
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aiming to inhibit mitochondrial complex I, and will assist us in the design of 

further Complex I inhibitors.  

Part B 

The carboxyamine of the compound CAI structure was further derivatized in 

order to generate 25 new derivatives. According to the ROC data, none of the 

25 derivatives had an effect on mitochondrial Complex I. Because of this, we 

conducted an analysis of the hypotheses that could lead to the lack of 

inhibitory activity and provided the groundwork for the subsequent design of 

Complex I inhibitors. 

Part C 

In this part, we synthesized five compounds containing 5-(5-methyl-1,2,4-

triazol-3-yl)-1,2,4-oxadiazole group based on the experimental results of part 

B and the chemical structures of BAY87-2243 and IACS-010759. OCR 

studies revealed that three compounds have inhibitory activity on the 

mitochondrial Complex I. These results suggest that the moiety I heterocyclic 

ring contains a hydrophilic sulfonyl group and skeleton have a 5-(5-methyl-

1,2,4-triazol-3-yl)-1,2,4-oxadiazole to maintain Complex I inhibitory activity 

have a positive effect. 
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1. Introduction  

Drug delivery systems can prioritize drug action on target tissues and avoid 

unnecessary side effects. The acidic microenvironment represents a major 

discrepancy between tumor and normal tissues. There are two main reasons 

for this: the accumulation of H+ from highly glycolytic cancer cells and the 

release of CO2 diffusion from oxidative cancer cells1. In order to target acidic 

tumor areas, pH-sensitive peptides have been developed to facilitate the 

intracellular delivery of a conjugated therapeutic payload2, 3. 

This chapter is dedicated to the design and synthesis of pH-sensitive drug 

delivery systems that primarily targets fatty acid metabolism in tumor cells. 

The drug delivery system consists of three components: a pH-sensitive 

insertion peptide, a linker and the drug compound. 

1.1. pH low insertion peptide (pHLIP) 

 

Figure 4-01 The Main Features of Sequences of the pHLIP2. Members of the peptide of 

pHLIP family follow a similar pattern in terms of peptide sequence: an N-terminal flanking 

region (deep blue left) comprising mainly polar residues; a central transmembrane domain (blue) 

comprising mainly hydrophobic residues, but also including protonatable residues, which 

prevent insertion at physiological pH; and a C-terminal flanking region (deep blue right), which 

may not be present in all peptides (Var34), containing a few additional protonatable residues. 

Cargo can be conjugated either to the C or N terminus via single cysteine or lysine residues. 
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pH low insertion peptide (pHLIP) is a water-soluble peptide of 36 amino acids 

derived from the transmembrane helix C of the protein bacteriorhodopsin5. 

pHLIP is able to sense changes in the pH of the microenvironment. When 

exposed to the acidic environment, protonation of aspartic acid residues in 

pHLIP leads to a conformational change in folding and an insertion into the 

transmembrane already forming a stable transmembrane α-helix6, 7.  

 

Figure 4-02 Schematic diagram of the delivery of drugs into a cell2, 8 The peptides of the 

pHLIP family exist in equilibrium between a solvated and membrane-adsorbed conformation 

at the normal extracellular pH found in healthy tissue, whereas they insert across the cellular 

membrane at the low extracellular pH found in acidic, diseased tissues including tumors, 

transport cargo inside cells.  

Protonatable amino acid residues in pHLIP have negative surface charges and 

are largely unstructured and disordered as soluble monomers or low-order 

multimers (Figure 4-02 I). In the presence of a lipid membrane, pHLIP 

adsorbs to the surface in a disordered state (Figure 4-02 II). Under acidic 

conditions, the negatively charged amino acid residues in pHLIP are 

protonated due to increased H+ concentration. This protonation increases the 

hydrophobicity of the central transmembrane structural domain in such a way 

that the pHLIP monomer folds to form an α-helix, which in turn helixes across 
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the cell membrane, inserting the C-terminus into the cytoplasmic lysis (Figure 

4-01 and Figure 4-02 III)9, 10. 

The group D. M. Engelman reported the pH-selective insertion and folding of 

a membrane peptide, pHLIP useable to target acidic tumor tissues in vivo11. In 

a mouse breast adenocarcinoma model, fluorescently labeled pHLIP allows to 

detect early stage solid (acidic) tumors with high precision.11 The fluorescent 

signal was stable for > 4 days and was approximately five times higher in the 

tumor than in the healthy counterpart tissue11(Figure 4-03). 

 

Figure 4-03 Whole-body near-infrared (NIR) fluorescence and light images of mouse 
bearing tumor is shown11. (A-C) Using a mouse model with breast cancer on the right side, 

pHLIP-Cy5.5 given as a single i.p. injection into the left side of mice initially diffused into the 

left flank, but 20 h later it accumulated in a tumor on the right flank. The NIR fluorescent image 

of the back part of each mouse is presented. Blue color represents the background fluorescent 

signal, and the red color represents a high intensity of the fluorescence signal. (D) Overlay of 
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pHLIP-Cy5.5 fluorescence and light images of mice bearing a tumor in the right flank (i.p. 
injection of pHLIP-Cy5.5 before imaging). (E) Conjugate formed by disulfide bonding 

fluorescent probe Cy5.5 to pHLIP N-terminus Cys residue. 

pHLIP was identified to be particularly suited to target cancer cells located in 

acidic tumor areas12. Diagnostic reagents or drugs can be linked to the non-

insertion end (N-terminal) or the insertion end (C-terminal) of the pHLIP to 

deliver these reagents to the tumor cell surface or intracellularly, repectively. 

For polar or macromolecular drug molecules, pHLIP crosses the cell 

membrane to deliver cargo directly to the cytoplasm13-16. This drug delivery 

system, which does not rely on cell surface receptors, cell fusion, and other 

effects, show therefore unique advantages17-19. 

1.2. Targeting tumor lipid metabolism 

In acidic cancer cells, instead of glucose, fatty acids are used as energy supply 
20-22. The transport of fatty acyl-CoA into the mitochondria through CPT1 is a 

rate-limiting step in fatty acid oxidation 23. Inhibition of CPT1 can thus block 

the main pathway providing energy under acidosis (Figure 4-04). In this 

chapter, we have selected Etomoxir, one of the most representative oxirane 

carboxylic acid compound24 acting as a bona fide CPT1 inhibitor. It is largely 

used as a pharmacological tool in research laboratories but not in the clinic 

since liver toxicity actually stopped its development. Here we thus aimed to 

preparing an etomoxir-pHLIP conjugate to overcome adverse effects25. 

Another target of interest is DGAT1, the enzyme that catalyzes the last 

reaction in the formation of triglycerides (TG) 22, 26. Whatever the extracellular 

origin or the de novo synthesis of fatty acids, acidic cancer cells have a 

propensity to store FA into lipid droplets (upon incorporation into TG)27 

(Figure 4-04). Lipid droplets represents energy stores that cancer cells may 

mobilize in case of needs (e.g., during metastatic spreading) but also a strategy 

to protect cancer cells from lipotoxicity, in particular from peroxidation of 
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polyunsaturated fatty acids. Blocking TG formation may thus lead to cytotoxic 

effects either through energy deprivation or oxidative stress28. As a DGAT1 

inhibitor to be combined with pHLIP peptide, we have chosen compound 

T86329. 

 

Figure 4-04 The important targets of lipid anabolism and fatty acid catabolism: DGAT1, 
CPT1 

2. Results and discussion  

2.1. Rational design  

Here we designed a conjugate containing the modified C-terminus sequence 

of pHLIP containing cysteine (C) residues, the linker arm disulfide bond and 

the drug molecules Etomoxir and T863 (Figure 4-05). The strategy is thus the 

following: when the C-terminus of pHLIP conjugates enters the tumor cell, 

glutathione (GSH reduced form), a major cell redox regulator, reduces the 

disulphide bond and releases the prodrug compound30. The prodrug is further 

hydrolyzed to release the drug (under the form of R-COOH) that may diffuse 

to its effector site. 
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Figure 4-05 pH sensitive conjugates 

The project consists of three main parts: the design and synthesis of the drug 

fragments and linker arms, the design of pHLIP amino acid sequences, and 

the evaluation of the physicochemical properties of peptides and conjugates 

in different pH, the pharmacological evaluation of pH-sensitive conjugates 

(Figure 4-06). The design and synthesis of drug fragments and linker arms 

are the focus of my effort on this project. 

 

Figure 4-06 Project flow chart 
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2.2. Synthesis of a pH-sensitive CPT1 inhibitor conjugate  

The synthesis of Etomoxir 4-010 is shown Scheme 4-02 and follows reported 

procedures31, 32. 4-006 was synthesized in three steps: the commercially 

available diol 4-001 was monosubstituted with hydrogen bromide solution to 

form 4-002 in a 90% yield. Mitsunobu reaction of the alcohol group with 

phenol 4-003 was followed by nucleophilic substitution with the sodium salt 

of diethyl malonate 4-005 to give the diester 4-006. Finally, full saponification 

of both esters functions give the diacid 4-011, which was in turn treated with 

paraformaldehyde and diethylamine to give the unsaturated carboxylic acid 4-

012. Finally, the unsaturated double bond was treated with various oxidizing 

agent to provide the ethyl oxirane carboxylic acid Etomoxir 4-010. 

Unfortunately, we tried several different oxidation reagents to treat the double 

bond in the last step of the synthesis, but failed. 

 

Scheme 4-01 the synthetic route 1 for Etomoxir 

Firstly, we tried the oxidation of the double bond by an excess (3 eq) of 3-

chloroperoxybenzoic acid (m-CPBA), but did not observe any formation of 

the desired epoxide. Then after treatment with a larger amount of m-CPBA 
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(10eq), 1H-NMR analysis of the crude reaction mixture showed that the 

product was formed, but the conversion was very low. We tried to purify the 

compound by column chromatography was unsuccessful because the product 

was close to the Rf of m-chlorobenzoic acid. After that, we tried H2O2, 

Ni(OAc)2/NaOH33 and OXONE, albeit without any success (Table 4-01). 

Table 4-01 Screening of oxidation reagents 

Entry Condition Solvent Time Yield 

1 m-CPBA (3eq) CH2Cl2 O/N no 

2 m-CPBA (10eq) CH2Cl2 O/N <10% (NMR) 

3 H2O2, K2CO3 MeOH/H2O >24h no 

4 Ni(AcO)2/NaOH CH2Cl2/H2O 12h no 

5 OXONE CH3CN/H2O 4h no 
OXONE= Potassium peroxymonosulfate 

Hypothesizing that the failure of the aforesaid reaction to properly oxidize the 

double bond was due to the presence of the nearby -COOH group, and so we 

followed the synthetic approach described in the literature to synthesize 4-009, 

bearing an ester group instead of a carboxylic acid. Controlled saponification 

of diester 4-006 could be achieved to obtain monoester 4-007, which on 

treatment with paraformaldehyde and diethylamine yielded the unsaturated 

ester 4-008. The ethyl oxirane carboxylates 4-009 was then obtained by 

oxidation of 4-008 with m-CPBA (Scheme 4-02). To get the desired product 

Etomoxir 4-010, a mild hydrolysis condition was optimized to hydrolyze the 

ester without destroying the nucleophile-sensitive epoxide group in the final 

step. 
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Scheme 4-02 the synthetic route 2 for Etomoxir 

Targeting on hydrolyzing the ethyl oxirane carboxylate 4-009, a KOH/MeOH 

system was initially explored, which revealed that the exchange of ester 

groups, resulted in formation of the methyl ester compound 4-013. Therefore, 

we increased the amount of KOH and found that the oxirane was indeed 

decomposed via ring opening during the saponification and led mainly to diol-

acid 4-014. Further study into the solvent system revealed that the solvent 

(KOH/MeOH 90/10) effectively hydrolyzed the ester group in 81% yield. 

However, this yield was reduced as the amount of water in the solvent system 

increased. Therefore, we decided to keep the previous conditions for the 

production of our target compounds (Table 4-02). 
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Table 4-02 Optimization of hydrolysis conditions 

 

Entry KOH MeOH/H2O Temp. Results 

1 1.0 100:0 rt Ester change 

2 1.0 90:10 rt 81% 

3 1.0 80:20 rt < 60% 

4 2.0 100:0 rt < 20% 

The Scheme 4-03 describes the synthesis of pHLIP conjugates 4-020d and 4-

020r from Etomoxir. In the preparation of intermediate 4-018, 2-

mercaptoethanol 4-017 reacted dropwise with an excess of 2’-aldrithiol 4-016 

(two or three equivalents), but the yields lower than reported in the literature34. 

It was possible that caused by the fast dropwise addition of 4-017. After 

dilution of 4-017 in methanol in a slow titration into the reaction showed an 

increase in yield but also lower than reported in the literature. The production 

of (HOCH2CH2S)2 causes such low yield8. Therefore, the glacial acetic acid 

was added to inhibit the production of side-products. The results reveal yields 

of 65 %, or 81%, respectively, when two or three equivalents of 4-016 are 

added (Table 4-03). The Etomoxir ester 4-020 was then obtained from 4-018 

and 4-010 via esterification using EDCI as a coupling agent. Finally, the 
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Etomoxir conjugates (4-020d and 4-020r) were obtained after another 

disulfide exchange reaction2. 

Table 4-03 Optimization of reaction conditions 

 

Entry 4-016 4-017 H+ Solvent Temp. Yield 

1 2 eq 1 eq - MeOH rt 30% 

2 3 eq 1 eq - MeOH rt 35% 

3▲ 2 eq 1 eq - MeOH rt 47% 

4▲ 2 eq 1 eq AcOH MeOH rt 65% 

5▲ 3 eq 1 eq AcOH MeOH rt 81% 

▲
Dilute 2-Mercaptoethanol (4-017) with methanol and add slowly dropwise into the reaction 

 

 

 
2 The last step of coupling the peptide was finished by our collaborator Prof. Raphaël Frédérick’s team Marine 

Deskeuvre. 
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Scheme 4-03 Synthesis of the pHLIP conjugate 4-020Amino acid sequence of pHLIP: WT-

pHLIP is the wild-type sequence, Var3 is the sequence designed by Reshetnyak’s team to screen 

for superiority over WT in tumor cells. pHLIPr retains the transmembrane domain amino acid 

sequence of WT-pHLIP, and modifies the N and C termini accordingly because of the need for 

drug delivery through amino acid C residues and insertion into the cell. pHLIPd was designed 

and developed based on the Var3 transmembrane domain amino acid sequence (underlining 

indicates the transmembrane domain of the peptide) 

 

2.3. The properties of conjugates 4-020d and 4-020r 

pHLIPd and pHLIPr were synthesized and purified by Genecust company. 

The Etomoxir conjugates (4-020d and 4-020r) were determined by analytical 

HPLC-MS and conjugates were purified through semi-preparative liquid 

chromatography. After sample lyophilization, the purity was measured by 

HPLC-MS. The pKa refers to the pH value at which 50% of the peptides 

(pHLIPd and pHLIPr) are inserted into the bilayer of the POPC liposome. The 

results are shown in Table 4-04. 

Table 4-04 The properties of conjugates 

Peptide pHLIPr pHLIPd 

pKa 6.25 4.95 

Conjugate 4-020r 4-020d 

Molecular weight 4596.7 4208.1 

Predicted MS 4595.2 4206.9 
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m/z 

MS 
m/z [M+3H+]3+/3 

1532.8 1402.8 

Purity 
>95% >95% 

Yield 35% 49% 

2.4. Verification of conjugates properties 

To study the interaction of pHLIP conjugate with cell membranes, liposomes 

was prepared from phosphatidylcholine (POPC) to mimic cell membranes. 

The Intrinsic Tryptophan Fluorescence (ITF) can be used to monitor the 

interaction of Etomoxir conjugates (4-020d and 4-020r) with POPC liposomes. 

The insertion process is accompanied with the transfer of the tryptophan 

fluorophore from aqueous solution to the hydrophobic environment of the 

lipid bilayer. The change in polarity results in an enhanced emission 

fluorescence and a shift of the spectrum to shorter wavelengths35, 36. There are 

three tryptophan residues in conjugates 4-020d and 4-020r, which are useful 

for sample analysis. Next, the peptide formation process of the α-helix is 

monitored using circular dichroism (CD) spectroscopy, which reflects the 

secondary structure of the peptide37, 38.  

Using the two techniques above, we tested the effect of conjugates (4-020d 

and 4-020r) with liposome bilayers at different pH. Three states were studied 

in this work, in state I (the black line), conjugates were dissolved in pH 8.0 

buffer solution without the addition of POPC liposomes; In state II (the blue 

line), conjugates were dissolved in pH 8.0 buffer solution with the addition of 

POPC liposomes; In state III (the red line), conjugates dissolved in pH 5.0 

buffer solution with the addition of POPC liposomes (Figure 4-07).  
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Figure 4-07. Interactions of conjugates (4-020d and 4-020r) with lipid bilayer. Intrinsic 
tryptophan fluorescence measurements (A, B, C, D) of peptides in state I (pH 8), state II (pH 

8 and POPC vesicles) and state III (pH 5 and POPC vesicles).  

We monitored the insertion of tryptophan fluorescence into the lipid bilayer 

in the transition among three states. The states of conjugates (4-020d and 4-

020r) are described in Figure 4-07 A and C. As shown in Figure 4-07 A, the 

intrinsic tryptophan fluorescence emission maximum of 4-020d in a pH 8.0 

buffer solution is at 360 nm and its highest fluorescence intensity is below 500. 

When conjugate 4-020d is at pH 8.0 together with liposomes, the intrinsic 

tryptophan fluorescence emission maximum undergoes a blue shift at 350 nm 

and the fluorescence intensity is around 500. In the acidic condition (pH=5), 

the intrinsic tryptophan fluorescence intensity increases up to 1500 and the 

maximum emission wavelength decreases to 340 nm, in agreement with the 

insertion of conjugate 4-020d into liposome vesicles at pH=5. Figure 4-07 B 

clearly shows the interaction of 4-020d and liposome with pH change. When 

the pH decreases, the intrinsic tryptophan fluorescence emission maximum 
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gradually exhibit a blue shift while the fluorescence intensity gradually 

increases. This supports the concept that the conjugate is gradually deionized 

in the acidic environment thereby increasing the polarity to facilitate peptide 

insertion into the liposomes. As for 4-020r (Figure 4-07 C), when changing 

the pH, the intrinsic tryptophan fluorescence of State II and State III did not 

reveal any change, indicating that 4-020r does not interact with the liposome. 

In order to observe clearly the state of conjugates presented in liposomes, we 

next set up a larger pH gradient. The intrinsic tryptophan fluorescence of 4-

020r did not change with the pH decrease in Figure 4-06 D, confirming that 

4-020r was not inserted into the liposome. 

 

Figure 4-08. Interactions of conjugates (4-020d and 4-020r) with lipid bilayer. CD 

spectroscopy (A and B) of peptides in state I (pH 8), state II (pH 8 and POPC vesicles) and 

state III (pH 5 and POPC vesicles).  

The secondary structure of the peptide is shown in the CD spectrum. Three 

state transitions reveal that the CD value of 4-020d has a negative band at 202 

nm at pH 8.0, which means that pHLIPd is in an unstructured conformational 

state (Figure 4-08 A). In state III, there are two negative bands at 210 nm and 

225 nm, indicating that the conformation of pHLIP is changed and exhibits α-

helix insertion into the liposome in the acidic environment (Figure 4-08 A). 

According to the literature, peptides that occur in the α-helix have two 

negative bands at 208 nm and 220 nm38, 39. No obvious negative band (205-
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210 nm) could be observed in Figure 4-08 B, providing further evidence of a 

lack of α-helix formation for 4-020r under acidic conditions. 

The results of the intrinsic tryptophan fluorescence assay and CD spectrum 

analysis indicate that the 4-020d present transmembrane domain more prone 

to respond to acidic conditions than the wild type 4-020r. 

2.5. In vitro cellular studies of the conjugate 

To evaluate the ability of the conjugates targeting the acidic compartment of 

spheroids and induce equivalent toxicity as etomoxir alone, 3D tumor FaDu 

(Epithelial squamous cell carcinoma) spheroids were treated with 10 µM of 

etomoxir or conjugates. We also used the addition of polyunsaturated fatty 

acids (PUFAs) such as DHA to exacerbate lipotoxicity in the presence of 

etomoxir. The lab of O. Feron indeed reported that blocking the oxidation of 

PUFAs led to an increase in their cytosolic concentration and consecutive 

induction of ferroptosis, a mode of cell death resulting from lipid 

peroxidation40.  

In the Figure 4-09A, Without the addition of DHA, 4-020d and 4-020r did 

not lead to any toxicity and even induced an increase in the spheroid size. 

Upon treatment with 4-020r, DHA-exposed spheroid growth curve followed 

the same profile as in the presence of etomoxir 4-010, suggesting that the 

conjugate is nearly as toxic as etomoxir alone (Figure 4-09A below). On the 

opposite, 4-020d complemented with DHA had no deleterious impact on 

FaDu spheroids compared to DHA only (Figure 4-09A below). When we 

tested the behavior of pHLIP conjugates in 2D cell cultures, both 4-020d and 

4-020r induced a decrease in cell density of pH 6.5/FaDu cancer cells exposed 

to 100 µM DHA to the same extent as etomoxir alone (Figure 4-09B). 

Importantly, pH 7.4/FaDu cancer cells did not reveal signs of toxicity when 

exposed to either conjugate (or etomoxir 4-010) in the presence of DHA 

(Figure 4-09B). 
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Figure 4-09 4-020d and 4-020r increases DHA toxicity in 2D and 3D culture A-B. Effects 

of 10 µM 4-010 (etomoxir, eto), 4-020d (pHLIPd-etomoxir, pHLIPd-eto) and 4-020r (pHLIPr-

etomoxir pHLIPr-eto) on 3D FaDu spheroids (A) and 2D FaDu cancer cells (B) exposed to 50 

µM or 100 µM of docosahexaenoic acid (DHA), respectively. Representative pictures of 

spheroids at day 14 are shown. Scale bar: 500 µm. Data are represented as mean ± SEM of 6 

different spheroids (A) or 6 different wells (B). Significance for the effects of etomoxir was 

determined by one-way ANOVA with Tukey’s multiple comparison test at endpoint (A) or 

determined by two-way ANOVA with Sidak’s multiple comparison (B) *p < 0.05; **p < 0.01; 

***p <0.001. 

In conclusion, intrinsic tryptophan fluorescence assay and CD experiments 

revealed a pH-dependent folding of 4-020d as anticipated for a pHLIP 

conjugate (i.e. a structuration followed by insertion inside POPC liposomes). 

On the contrary, 4-020r did not exhibit a preference for any of the pH-gradient 

tested. Whereas the pKa=4.95 for pHLIPd, pKa=6.25 for pHLIPr was 

significantly higher, as shown in Table 4-04. Theoretically, the insertion of 4-

020r into POPC liposomes should be superior to that of 4-020d when the pH 

is at 5.0-6.0. Our experimental data however gave opposite results and since 

we did not observe that 4-020r showed an acidic pH-dependent insertion into 

liposomes. we may hypothesize that pHLIPr sequence is too hydrophobic to 

be conjugated with a lipophilic drug to give rise to the expected acidic pH-

preference for membrane insertion. As for the biological experiments, one 

may therefore postulate that contrary to the imposed pH value of 6.5 in 2D 

cancer cell culture, spontaneous acidity that naturally developed in growing 
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spheroids may not have reached a sufficiently low pH value to induce the 

insertion of 4-020d (and the consecutive release of etomoxir). These data also 

suggest that the pHLIP sequence needs to be carefully selected to promote 

ideal insertion into the acidic compartment. The next step is to test etomoxir 

conjugates in mice fed a DHA-rich diet to confirm the anticancer effects while 

sparing healthy tissues such as the liver from the detrimental effects of 

etomoxir 4-01025 (as reported with the free form of the drug). 
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2.6. Synthesis of a pH-sensitive DGAT1 inhibitor conjugate 

 
Scheme 4-04. Synthesis route of 4-029 

The synthesis of T-863 (4-029) is shown in Schemes 4-04, Schemes 4-05 and 

follow reported procedures29, 41, using 4-phenylcyclohexanone 4-021 as a 

starting material. Frist the Horner-Wadsworth-Emmons (HWE) reaction with 

phosphoroacetate 4-022 give 4-023 in an 89 % yield (Scheme 4-04). 

 
Scheme 4-05 the synthetic route for trans-isomer 4-024  
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Compound 4-023 hydrogenated in the presence of Pd/C to give a mixture of 

cis and trans alkanes isomers 4-024, (in a trans/cis ratio of 2.8/1 measured by 
1H-NMR) (Figure 4-10 A). Because the pharmaceutically active structure is 

the trans-isomer, the lithium salt of the trans-isomer was precipitated after 

saponification of the mixture of esters by LiOH 29, 41. Then the trans-isomer 

of 4-024 was obtained after acidification and Fisher esterification of the 4-

031trans, giving a trans/cis ratio of 100/7 by 1H-NMR (Figure 4-10 B) 

(Scheme 4-05). Friedel-Crafts acylation with 2-bromo-2-methylpropionyl 

bromide give bromide 4-026. Finally, condensation of 4-026 with amino 

hydroxypyrimidine 4-027 give pyrimidooxazine 4-028 (Scheme 4-04).  

A: 1H-NMR spectra for the mixture of cis and trans isomers 4-024 (trans/cis) 
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B: 1H-NMR spectra for trans isomers 4-024(trans) 

 

C: 1H-NMR ratio for trans and cis isomers 

NMR Yield 

Before trans/cis After trans/cis 

2.8/1 100/7 

Figure 4-10 1H-NMR ratio of trans/cis isomers 4-024 

The initial route we designed was to couple the linker to the pyrimidine amino 

group via a carbamate, and then hydrolyzed the ester by saponification to 

obtain the target compound 4-030a. However, when we tried to react 4-028 

with triphosgene, to generate the carbamoyl chloride, or carbonate 4-031, we 

did not observe any reaction (Scheme 4-06). Owing to either the low activity 

of the pyrimidine amino group, or the unstable pyrimidine carbamate. 
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Scheme 4-06 Synthesis of intermediate 4-030a  

Moving back to the conjugate design. We tried to hydrolyze 4-028 and couple 

the linker to the carboxyl group. For T863 4-029, carboxyl group (-COOH) is 

an important pharmacodynamic group. If T863 4-029 the carboxyl group is 

not protected, normal tissues of the body might be inhibited in the later in vivo 

experiments. Therefore, 4-029 was obtained by hydrolysis of 4-028, then 4-

029 was coupled to 4-018 via EDCI catalysis to give 4-030b. Finally, 4-030b 

was exchanged with pHLIPx via disulfide to obtain conjugate 4-0313 (Scheme 

4-04 and Scheme 4-07). 

 
3 The last step of coupling the peptide was finished by our collaborator Prof. Raphaël Frédérick's team Marine 

Deskeuvre. 



 

137 
 

 

 

Scheme 4-07 synthesis of the pHLIP conjugate 4-031 Amino acid sequence of pHLIP: WT-

pHLIP is the wild-type sequence, Var3 is the sequence designed by Reshetnyak’s team to screen 

for superiority over WT in tumor cells. pHLIPr retains the transmembrane domain amino acid 

sequence of WT-pHLIP, and modifies the N and C termini accordingly because of the need for 

drug delivery through amino acid C residues and insertion into the cell. pHLIPd was designed 

and developed based on the Var3 transmembrane domain amino acid sequence (underlining 

indicates the transmembrane domain of the peptide) 

2.7. The properties of conjugates 4-031d and 4-031r 

The Etomoxir conjugates (4-031d and 4-031r) were determined by the 

analytical HPLC-MS and these conjugates were purified by semi-preparative 

liquid chromatography. After sample lyophilization, the purity was checked 

by analytical HPLC-MS. The pKa refers to the pH value at which 50% of the 

peptides (pHLIPd and pHLIPr) are inserted into the bilayer of the POPC 

liposome. The results are shown in Table 4-05. 
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Table 4-05 The properties of conjugates 

Peptide pHLIPr pHLIPd 

pKa 6.25 4.95 

Conjugate 4-031r 4-031d 

Molecular weight 4692.4 4303.8 

Predicted MS 
m/z 

4691.3 4303.0 

MS 
m/z [M+3H+]3+/3 

1564.8 1435.7 

Purity >95% >95% 

Yield 44% 43% 

2.8. Verification of the conjugate properties 

Using the intrinsic tryptophan fluorescence assay and CD spectrum analysis, 

we tested the effect of conjugates (4-031d and 4-031r) with liposome bilayers 

at different pH. In state I (the black line), conjugates were dissolved in pH 8.0 

buffer solution without the addition of POPC liposomes. In state II (the blue 

line), conjugates were dissolved in pH 8.0 buffer solution with the addition of 

POPC liposomes. In state III (the red line), conjugates were dissolved in pH 

5.0 buffer solution with the addition of POPC liposomes (Figure 4-11 and 

Figure 4-12). 

In the pH 8.0 buffer solution (state I), the maximum intrinsic tryptophan 

fluorescence emission of 4-031d was at 360 nm, and its highest fluorescence 

intensity was below 100 (Figure 4-11 A). The highest intrinsic tryptophan 

fluorescence emission was blue-shifted and the fluorescence intensity was 

below 200 when conjugate 4-031d was in the buffer solution (pH 8.0) 

containing liposome (Figure 4-11 A). When exposed to a pH=5.0 acidic 

environment, intrinsic tryptophan fluorescence intensity increases while the 
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maximum emission wavelength decreases to 340 nm (Figure 4-11 A state III). 

The fluorescence intensity was thus significantly weaker compared with that 

of 4-020d. Figure 4-11 B shows the interaction of 4-031d with liposomes 

under different pH gradient conditions. The results show that the 4-031d 

intrinsic tryptophan fluorescence emission maximum shifts towards blue with 

increasing acidity, but exhibits a very weak fluorescence intensity. According 

to the intrinsic tryptophan fluorescence assay (Figure 4-11 C and D), 

conjugate 4-031r does not have a blue shift and fluorescence intensity 

increases as pH decreases. 

 

Figure 4-11 Interactions of conjugates (4-031d and 4-031r) with lipid bilayer Tryptophan 

fluorescence measurements (A, B, C, D) of peptides in state I (pH 8), state II (pH 8 and POPC 

vesicles) and state III (pH 5 and POPC vesicles). 

The CD spectra showed three states in the negative band at 202 nm. In state 

III no other negative band was observed at 220-225 nm, so it cannot be 

proposed that pHLIP occurred in the α-helix under acidic conditions (Figure 
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4-12 A). In the results of 4-031r, Figure 4-12 B can on indicate that conjugate 

not occurred α-helix in state III.  

 

Figure 4-12 Interactions of conjugates (4-031d and 4-031r) with lipid bilayer. CD 

spectroscopy (A and B) of peptides in state I (pH 8), state II (pH 8 and POPC vesicles) and state 

III (pH 5 and POPC vesicles). 

By the analysis of Figures 4-11 A, B and Figures 4-12 A, 4-031d may interact 

with POPC liposomes although the polarity is reduced with decreasing pH. 

CD value however indicates that under acidic conditions pHLIPd does not 

undergo membrane insertion. There is thus a need of optimization of the α-

helix amino acid sequence to overcome the inability of pHLIPd needs to 

deliver drug 4-029 in an acid-dependent manner. 4-031r did not show 

secondary structure changes between normal and low pH in the presence of 

liposomes. 

In an acidic microenvironment, conjugates 4-031d and 4-031r are unable to 

transport drug 4-029 into liposomes vesicles. We presume that in vitro cell 

study, the conjugates 4-031d and 4-031r were unable to permeate the cell 

membrane and deliver drug fragments to the cytoplasm, thus we had chosen 

not to continue with the next in vitro cell study. The pHLIP amino acid 

sequence will be re-optimized, and new conjugates will be prepared for studies. 
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3. Conclusion  

In this chapter, we successfully synthesized the CPT1 inhibitor Etomoxir (4-

010) and the DGAT1 inhibitor T863 (4-029). By designing and synthesizing 

the link arm containing the disulfide bond, the drug fragment and pHLIP were 

successfully combined to give conjugates (4-020d, 4-020r, 4-031d and 4-031r) 

(Scheme 4-08). Standard analysis and testing methods were used to prove the 

synthetic intermediates and final conjugates.  

 

Scheme 4-08 pH sensitive conjugates 

Results from the interaction between conjugates and phospholipid choline 

(POPC) liposome vesicles illustrate (i) that the ability of conjugate 4-020d to 

insert into liposome in an acidic environment has a greater potential than the 

that of conjugate 4-020r, and (ii) that the optimized pHLIPd has more 

advantages than pHLIPr. However, under the same condition, neither 

conjugate 4-031d or 4-031r can be inserted into liposomes when pHLIPd or 

pHLIPr are used to couple DGAT1 inhibitor T863 (4-029). In in vitro cell 

studies, the pH-sensitive etomoxir conjugates 4-020d and 4-020r decrease the 

growth of acidic cancer cells (pre-challenged with DHA) in 2D assay. 

Optimizing the amino acid sequence of pHLIP to deliver non-polar medicines, 

such as increasing the percentage of polar amino acids without impacting 

peptide folding (α-helix), may thus represent an attractive strategy to transport 

hydrophobic pharmaceuticals.  
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In conclusion, our results demonstrate that pHLIP technology can be 

successfully applied to polar anticancer cargoes. Our work suggests that 

peptide insertion is dependent on the lipid composition but also the peptide 

sequence and cargo polarity.  
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1. Introduction  

Hypoxia is a well-known feature of the microenvironment in solid tumors, 

which is usually attributed to the rapid growth of the tumor and an inefficient 

tumor vasculature, resulting in inadequate oxygen supply within the solid 

tumor. Oxygen (O2) levels in normal tissues are 2%-9% v/v (approximately 

40 mmHg pO2 as a mean value) 1. In contrast, O2 levels in the hypoxic tumor 

microenvironment are 0.02 %-2.0 % v/v (usually considered to be below 10 

mmHg pO2) 2, 3. Hypoxia plays a key role in cancer resistance and recurrence 

because hypoxia’s effects on cellular controls that regulate the cell cycle and 

the escape from apoptosis. In addition, hypoxia increases cell invasion and 

metastasis, contributes to immune-evasion, and considerably alters 

metabolism of cancer cells4. Still, hypoxia offers therapeutic opportunities 

through the development the prodrugs able to reveal their activity at low pO2. 

These agents are called hypoxia-activated prodrugs (HAPs). These 

bioreductive prodrugs are inactive compounds (under normoxia conditions) 

that can be selectively reduced under hypoxic conditions by endogenously 

expressed oxidoreductases to produce active antitumor effectors. These 

prodrugs are usually generated by chemically bonding a bioreductive 

protective group to the active parent compound’s pharmacophore site5.  

HAPs can be classified according to chemical structures as nitro compounds, 

azo compounds, N-oxide compounds, quinones and transition metal 

complexes6. Depending on the threshold of hypoxia required for the activation 

of the prodrug compound, HAPs can be divided into two main groups, 

including those with relatively mild hypoxic activation, which include 

benzotriazine, N-oxide compounds, etc., and those with severe dependent 

deep hypoxic activation, which contain mainly nitro unit7. In a deeply hypoxic 

microenvironment, the radical prodrug intermediates formed by the 1-electron 

reductase initiation are more stable (i.e., low concentration of oxygen prevents 
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the oxidation of the radical to the starting prodrug) and can be further and 

more easily reduced to active drug molecules8 (Figure 5A-01). Often, active 

drug molecules are compounds inducing DNA damages or inhibitors of 

enzymes (such as those involved in hypoxia-induced metabolic pathways in 

cancer cells). 

 

Figure 5A-01 Estimated values of reduction potentials E(ArNO2/ArNO2-) versus NHE in 
water at pH 7 for commonly used nitroaryl bioreductive systems 5, 9 

Nitro-based HAPs were the first group of compounds to show the oxygen-

sensitive redox cycling which is a characteristic of bioreductive prodrugs7. 

Common bioreductive prodrugs of nitro-aromatic compounds include mainly 

4-nitrobenzyl and 1-methyl-2-nitroimidazole groups, and nitro groups also 

include nitrofuranyl and nitrothiophene based groups as the basis of 

bioreductive compounds. Wardman has estimated the reduction potential 

E(ArNO2/ArNO2
-) versus the normal hydrogen electrode (NHE) by an 

electrochemical reduction of the commonly used nitroaromatic bioreduction 

group in water at pH 75, 9 (Figure 5A-02). Although oxygen-dependent 

bioreduction in humans occurs mainly through a single-electron mechanism 

in contrast to the electrochemical reduction method described above, its pH is 

acidic in an oxygen-deficient microenvironment. The reduction potentials 

above demonstrate the ease of reduction of various nitro groups. The reduction 

potential shows that the nitrofuranyl group is easiest to reduce, and the most 

difficult and with the highest negative potential is the nitrobenzyl group. 
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Among them, the 1-methyl-2-nitroimidazolyl group has the same reduction 

potential as the nitrothiophenyl group, but its potential difference with the 

nitrofuranyl group is not particularly large. These 4-nitrobenzyl groups and 1-

methyl-2-nitroimidazolyl are widely used in research. 

 

Figure 5A-02 Mechanism of hypoxia-activated prodrug release 

Compounds containing azo groups are used commercially as brightly coloured 

dyes, in the textile, leather and food industries. The electron deficient nature 

of the azo group (-N=N-) increases the chemical reaction between the azo 

compound and the reducing agent10. In normoxia tissues, the reduction of azo 

bonds is inhibited. Still, in the internal microenvironment of solid tumors 

hypoxia leads to the accumulation of various reducing substances such as 

FADH2 and NADH, which stimulates increased expression of reducing 

enzymes such as Azo reductases (AzoR)11, 12. Under low oxygen conditions, 

AzoR first reduces azo group (-N=N-) to hydrazine, and then further electron 

transfer cleaves the azo bond to the aniline metabolite11(Figure 5A-02). Thus, 

compounds containing azo groups are prepared to be used hypoxia-sensitive 

probes and as prodrugs for tumor-targeted therapies. 

In this thesis, we selected diclofenac (i.e., a repurposed MCT4 inhibitor) and 

tetrandrine (i.e., a more conventional anticancer cytotoxic compound) as two 
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drugs of interest that would gain to be converted into hypoxia-activated 

prodrugs. 

Monocarboxylate transporter 4 (MCT4) is an H+ coupled cotransport protein 

that is highly expressed in metastatic tumors and at sites of hypoxia or 

Warburg effect13. At these sites, extracellular lactate and/or acidosis 

contributes to malignancy and immune response evasion. Diclofenac 5A-001, 

a member of the arylacetic acid family of NSAIDs, non-competitively inhibits 

lactate transport by MCT414. The O. Feron’s team reported that cancer cells 

become addicted to MCT4 to handle excess lactate production when the other 

lactate transporter isoform MCT1 is inhibited. This shift renders cancer cells 

particularly adapted to hypoxic conditions, and resistant to OXPHOS 

inhibitors and anti-proliferative chemotherapy15. When diclofenac is used to 

inhibit the activity of MCT4 or when knocking out the MCT4 gene tumor 

growth is inhibited15. Although encouraging, to treat cancers by applying high 

concentrations of diclofenac, various side effects caused by the inhibition of 

cyclooxygenase (COX) need to be overcome, such as gastrointestinal bleeding 

and peptic ulcers16. To avoid this issue, we aimed here to prepare diclofenac 

as a HAP that selectively targets glycolytic tumor cells in the hypoxic region. 

The natural product tetrandrine 5A-002, isolated from the plant Stephania 

tandra, belongs to the group of bisbenzylisoquinoline alkaloids17. Tetrandrine 

has a wide range of pharmacological activities, including anticancer18-20, 

antiviral21, 22, Ca2+ channel blocking23, reversal of multidrug resistance 

(MDR)24, etc. These pharmacological activities have received a lot of attention 

from pharmacologists as potential drug candidates. Unfortunately, these 

bisbenzylisoquinoline alkaloids exhibited toxic reactions to the liver and lungs, 

which hinder their application25-27. Therefore, we aim to develop tetrandrine 

as a HAP able to exert anticancer effects while sparing detrimental systemic 

effects. 
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In this chapter, we selected three hypoxia-activated probes, including 4-

nitrobenzyl unit, 1-methyl-2-nitroimidazolyl unit and azo groups. As the 

antitumor drug, tetrandrine which has broad-spectrum antitumor effects, and 

diclofenac which inhibits the efflux of lactic acid, a glycolytic product of 

tumor cells. The chemical bonds linking hypoxia-activated probes to 

antitumor drugs are mainly coupled by alkyl ethers (-O-), nitrogen (-NH-), 

ester groups (-OCO-) or carbamates (-OCON-)28, 29 (Figure 5A-03). 

Regarding the coupling site of the drug, we need to make sure that the 

pharmacological activity of the prodrug is inactivated during the period of 

non-reduction, or that the pharmacological activity of the prodrug in an 

inactive state is very weak. This means that the bioreducing group needs to be 

attached to the active group part of the drug, and the resulting prodrug 

molecule is lacking activity. In the case of diclofenac prodrugs, we have 

envisaged two approaches: coupling bioreductive groups to the N-diclofenac 

by carbamate or amination, and strategy where the coupling is directly at the 

carboxyl part by ester bonding (Figure 5A-03 I) (see below 2.1.1.). In the 

tetrandrine section, an amino group is introduced at the position 14 of 

tetrandrine, which is coupled to the hypoxia-activating unit via the 

corresponding carbamate (Figure 5A-03 II) (see below 2.2.1.). 
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Figure 5A-03 Overall scheme for Part A 

2. Results and discussion  

2.1.1. Rational design hypoxia-sensitive prodrugs diclofenac 

To synthesize hypoxia-sensitive diclofenac derivatives, four main synthetic 

schemes were designed to prepare the prodrugs containing nitro units 

(Scheme 5A-01). Schemes 5A-01 A1 and A2 refers to the grafting of 

hypoxia-sensitive nitro groups on diclofenac. Schemes A3 and A4 describe 

the generation of hypoxia-sensitive diclofenac prodrugs using organic 

synthesis strategies from inexpensive reagents as starting materials.   
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Scheme 5A-01 Synthesis strategies for hypoxia-activated diclofenac prodrugs 
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2.1.2. Synthesis of hypoxia-sensitive diclofenac prodrugs 

2.1.2.1. Synthesis strategy A1 

The initial synthetic strategy tried to directly modify the structure of 

diclofenac. Firstly, diclofenac was reacted with 4-nitrobenzyl bromide under 

weak base conditions to give the carboxyesterified 5A-00930 (Scheme 5A-02 

I), with a good yield. Next, the nitro unit was introduced in the N-diclofenac 

to obtain the prodrug of the tertiary amine. The carboxyl group was first 

protected by esterification to give 5A-029, but some of the diclofenac was 

found to undergo intermolecular spontaneous amidation catalyzed by 

concentrated sulfuric acid to give the side product 5A-030 in an 11% yield. 

Next, we attempted to couple 5A-029 and 5A-028, by using first triphosgene 

in the presence of DIPEA, to generate the corresponding carbamoyl chloride, 

which would be reacted with 5A-02831. However, we did not isolate the 

desired carbamate 5A-031. The reaction of 5A-029 with 5A-027, following 

treatment of the ester with the strong base NaH was then tested. In the 

presence of NaH, 5A-029 underwent cyclization to give the 

thermodynamically stable lactam 5A-030. The weaker DIPEA base was also 

tried, but did not give the target product 5A-032 (Scheme 5A-02 II).  

The possible reason is that the lone pair of electrons on the N-diclofenac forms 

a conjugation between two benzene rings, making it difficult to activate the 

N-H bond. Another possibility is that the spatial restriction created by the Cl 

atom adjacent to the benzene ring around the N atom makes it harder for the 

reaction to proceed. 
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Scheme 5A-02 Synthetic route A1 for hypoxia-activated diclofenac prodrugs 

2.1.2.2. Synthesis strategy A2 

In order to avoid the carboxyl groups on the amidation and the strong capacity 

to cyclize the stable lactam. We decided to work on a non-reactive precursor 

group of this acid. In this part, DIBAL-H was used to reduce the ester 5A-029 

to the corresponding primary alcohol 5A-03332. The hydroxyl group was then 

protected by a TBS group to obtain 5A-012. This time, NaH activated the (-

NH-) bond before adding the bromide reagent 5A-027 to the reaction mixture. 
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However, we could not isolate the expected alkylation product. As a result, 

we were forced to abandon this synthetic route (Scheme 5A-03). 

 

Scheme 5A-03 Synthetic route A2 for hypoxia-activated diclofenac prodrugs 

2.1.2.3. Synthesis strategy A3 

Because it was not possible to produce the N-substituted prodrugs directly 

from the alkylation of the nitrogen atom diclofenac, as presented in Schemes 

5A-02 and 5A-03. We decided to build the molecule from commercially 

available precursors, and introduce the nitrobenzyl units at the early stage of 

the synthesis. Thus, in the third synthetic route, we tried a reformulation 

approach: first reacting o,o’-dichloro-aniline 5A-015 with p-nitro-

benzaldehyde to obtain the corresponding Schiff base 5A-017, next to 

reducing the Schiff base to the secondary amine 5A-018, and finally using 

transition metal-catalyzed coupling reaction to introduce the last aromatic 

group, as described in Scheme 5A-04. 
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Scheme 5A-04 Synthetic route A3 for hypoxia-activated diclofenac prodrugs 

For synthesize the Schiff base 5A-017, we first tried the most widely used 

approach, where a PTSA (p-toluenesulfonic acid)-catalyzed Schiff base 

condensation between the aniline and aldehyde in refluxing toluene, using a 

Dean-Stark apparatus to separate the water generated during the reaction33. 

However, the reaction was unable to proceed as planned (Table 5A-01 1) and 

the starting materials were recovered. The ZnCl2/AcOH-catalyzed reaction 

was also tried, albeit without any success34 (Table 5A-01 2). Then the Borch 

reductive amination reaction with NaBH(OAc)3 was also attempted35. 

However, the results were unsatisfactory (Table 5A-01 3).  

All those failed attempts could be attributed to the low reactivity of the o,o’-

disubstituted aniline, so we decided to check the literature for more efficient 

methods describing condensation reactions using sterically hindered aromatic 

amines such as 5A-015. It has been reported that the activation of 

dichloroaniline 5A-015 with AlMe3 as a Lewis acid result in the formation of 

Schiff base through condensation with aldehydes36. Therefore, we used AlMe3 

to activate dichloroaniline 5A-015 under heating reflux conditions to obtain 
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the metal complex intermediate and then added nitrobenzaldehyde 5A-016 to 

the reaction under reflux conditions for 6h to obtain Schiff base 5A-017 

(Table 5A-01 3) in an 81% yield. The Schiff base 5A-017 was then treated 

with NaBH4 to give the secondary amine 5A-018 (Scheme 5A-04) in an 89% 

yield. 

Table 5A-01 Optimization of reaction conditions 

 

Entry Reagents and Conditions Result Yield 

1 PTSA, Tol, reflux, 36h N.D. - 

2 ZnCl2, AcOH, EtOH, reflux, 24h N.D. - 

3 NaBH(OAc)3, AcOH, DCE, r.t.,48h N.D. - 

4 

1) AlMe3, Tol, reflux, 6h 

2) p-NO2-benzaldehyde, reflux, 6h 

Working  81% 

Following that, we introduced the second aromatic group on the nitrogen atom 

by using a palladium-catalyzed Buchwald-Hartwig reaction of 5A-018 with 

ortho substituted bromo-benzene derivatives (5A-022, 5A-035, or 5A-036), 

where the ortho-substituent is a precursor of the “-CH2-COOH” fragment. 

Many experiments were carried out by the variations of the reaction 

parameters in sealed tubes and representative examples are presented in 

(Table 5A-02) 37, 38. We were not able to isolate any expected arylation 

product. So, we turned to the catalyzed Ullmman reaction under high-

temperature sealing conditions39, but no reaction occurred (Table 5A-02).  
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The lack of reactivity of these metal-catalyzed coupling reactions was 

attributed to the strong steric hindrance of the ortho-substituted bromo 

derivatives and the poor reactivity of the secondary aromatic amine. Therefore, 

we decided to abandon this route and change again our strategy.  

Table 5A-02 Screening reaction conditions 

 

Entry Reagents and Conditions Result 

1 Pd2(dba)3, r-BINAP, t-BuONa, Tol, 130 oC, 12-24h sealed tube N.D. 

2 
Pd2(dba)3, r-BINAP, t-BuONa, Mesitylene, 165 oC, 12-24h sealed 

tube 
N.D. 

3 CuI, KI, K2CO3, DMF, 165 oC sealed tube N.D. 

2.1.2.4.  Synthesis strategy A4-1 

As none of the three synthetic strategies described above yielded the target 

products, we conducted a more extensive literature survey. A patent reported 

that treatment of 2-((2,6-dichlorophenyl) amino) benzaldehyde 5A-022 with 

NaH, followed by addition of allyl bromide, gave the N-allylated product 5A-

04040. Inspired by this result, we designed a new strategy described here in 

Scheme 5A-05. Using a copper-catalyzed Ullmman reaction, 2-((2,6-

dichlorophenyl) amino) benzaldehyde 5A-022 was synthesized from 

commercially available inexpensive dichloroaniline and o-bromo 
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benzaldehyde39. We planned to adapt the reported synthesis by alkylation or 

acylation of 5A-022 to prepare the N-substituted aldehydes 5A-040. It should 

be noted that the N-allyl diclofenac synthesis was previously optimized in our 

group by Marine Lefevre and was the base of our synthesis. These aldehydes 

could be transformed into the target acids 5A-044, using a three-step synthesis 

described in the literature40.  

 

Scheme 5A-05 Synthetic route A4-1 for hypoxia-activated diclofenac prodrugs 

To demonstrate the feasibility of this synthetic strategy, the copper-catalyzed 

Ullmman reaction was used to prepare 5A-022 in a 65% yield. This aldehyde 

first reacted with NaH in DMF to generate the amide anion, followed by an 

electrophile. We first reproduced the work of Marine Lefevre with allyl 

bromide and obtained the N-allylated product 5A-024 in an 82% yield. 
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However, when an acyl derivative like allyl chloroformate 5A-019 was used, 

we did not observe the formation of the N-acylated product. So, we turned to 

benzylic bromides 5A-037 and cinnamyl bromides 5A-038. The coupling was 

successful when using simple benzyl bromide, allowing the formation of the 

N-benzylated product 5A-045 in an 84% yield. Cinnamyl bromide was equally 

active in this reaction and we finally turned to the nitro-derivatives of those 

two electrophiles. Unfortunately, when p-nitro-benzyl bromide 5A-027 and p-

nitro-cinnamyl bromide 5A-039 were used, we were not able to isolate the 

expected N-alkylation adducts.  

We tried to understand why the use nitro-substituted alkylating agents did not 

give the expected substitution reactions. These electrophiles are indeed much 

more reactive than their non-substituted counterparts, but they can also react 

with soft nucleophiles though radical anion mechanisms41, 42. In our case, 

single electron transfer reactions between these electrophiles and the amide 

anion, could give a rise to the decomposition and formation of various side 

products. 

Table 5A-03 Screening reaction conditions  

 

Entry 5A-040  Result Yield 

1  working 82% 

2 
 

N.D. - 
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3   working 84% 

4 
 

working 64% 

5 
 

N.D. - 

6 
 

N.D. - 

2.1.2.5. Synthesis strategy A4-2 

From these observations and experiments, we could conclude that it was not 

possible to directly introduce the nitro-group on the aromatic of the alkylating 

agent, so we devised some alternate strategies to introduce this group at a later 

stage of the synthesis. By using a bromine atom on the benzyl group and 

following the same synthetic group described in Scheme 5A-06. We replaced 

the bromine atom by a nitro-group in a two-steps sequence: a) a palladium 

catalyzed borylation with tetrahydroxydiboron (BBA) to form boronic acid 

5A-05443, 44. b) A photocatalyzed transformation of the boronic acid group into 

a nitro group of 5A-054 to form the target product 5A-057 or through the 

metal-free protocol nitration reaction, 5A-057 is prepared by electrophilic 

nitration reaction between N-nitroso saccharin 5A-056 and the substrate 5A-

054 in the solvent HFIP45, 46 (Scheme 5A-06).  
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Scheme 5A-06 Synthetic route A4-2 for hypoxia-activated diclofenac prodrugs 

The addition of 1-bromo-4-(bromomethyl)-benzene 5A-049, after NaH 

treatment of 5A-022, gave the tertiary amine compound 5A-050 in an 83% 

yield. The major compound obtained by stirring the sulfoxide 5A-041 and 

aldehyde 5A-050 in the presence of NaH was purified by silica gel 

chromatography and analyzed. However, structural analysis showed that we 

did not obtain the product 5A-052 we had predicted, the compound for which 

we attributed the structure 5A-051 (Scheme 5A-06). This compound could be 

formed through an intramolecular cyclisation of the starting aldehyde and we 

could not find any example of intramolecular cyclisation in various databases 

about this structure. This structure should be probably confirmed by the 1D 

and 2D NMR and single crystal X-ray analysis. Although we could not get 

crystals for this compound, the structure has been analyzed using 1D and 2D 

NMR and HRMS. 

Table 5A-04 Screening reaction conditions 

 

Entry 
  

Result 

1 + + 5A-051 
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2 - + 5A-051 

Considering the fact that we used a strong base in our reaction, we also tried 

a milder base such as benzyltrimethylammonium hydroxide, and obtained a 

similar result. And as expected, we could also carry out the transformation 

without using the sulfoxide47, 48. (Table 5A-04). 

 

Figure 5A-04a 1H-NMR spectrum of 5A-051 in DMSO-d6  
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Figure 5A-04b 13C-NMR spectrum of 5A-051 in DMSO-d6 

 

Figure 5A-04c 1H-1H COSY spectrum of 5A-051 in DMSO-d6 
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Figure 5A-04d 1H-13C HMQC spectrum of 5A-051 in DMSO-d6 

 

Figure 5A-04e 1H-13C HMBC spectrum of 5A-051 in DMSO-d6 



 

167 
 

 

 

Figure 5A-04f. 1H-1H COSY and 1H-13C-HMBC correlation of compound 5A-051 

Table 5A-05 HRMS result of 5A-051 

HRMS Result 

Source Type Formula Exact mass [M+Na]+  

ESI+ C20H14BrCl2NO 432.9636 
C 455.9534 

T 455.9528 
C: calculate T: test 

2-(4-bromophenyl)-1-(2,6-dichlorophenyl) indolin-3-ol (5A-051). The 

molecular formula was established as C20H14BrCl2NO from its HRMS (m/z 

471.9287, [M + K]+ calculate 471.9287), indicating 13 degrees of unsaturation. 

The 1H-NMR and 1H-13C HMQC spectrum (Figure 5A-04a and Figure 5A-

04d) revealed the presence of one hydroxyl group (δH 6.08, d, J = 6.00 Hz, -

OH), the H-7 and H-8 methyne group (δH 5.40-5.30, m, -CH-). The remaining 

H is associated with the benzene ring. The DEPT shows no methylene group. 

The 13C-NMR spectrum (Figure 5A-04b) revealed the presence of two 

methyne group of C-7 and C-8 (δC 79.77, 75.68). 1H-1H COSY spectrum show 

the H-19 and H-7, H-8 and H-7 are correlations. The HMBC (Figure 5A-04e) 
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correlations of H-19 to C-5, C-7 and C-8, and HMBC correlations of H-8 to 

C-5 and C-7. According to the above information, the structure of compound 

5A-051 is deduced as 2-(4-bromophenyl)-1-(2,6-dichlorophenyl) indolin-3-ol. 

Although we could not attribute with accuracy the relative stereochemistry of 

the two substituents, NMR data’s of closely related compound described in 

2009 by the group of A. Studer suggests a trans-relationship between those 

two substituents49. 

2.1.2.6. Synthesis strategy A4-3 

The experimental results in Scheme 5A-02 II showed that the acetic acid 

group in diclofenac easily affects the reactivity of the N atom of diclofenac 

with p-substituted bromide, resulting in intramolecular amination and the 

formation of lactam 5A-030. The reaction of the N atom of diclofenac with 

the p-substituted benzyl bromide can proceed smoothly if the p-position of the 

benzyl bromide does not contain a strong electron withdrawing group, as 

shown in Scheme 5A-05.  

 

Scheme 5A-07 Synthetic route A4-3 for hypoxia-activated diclofenac prodrugs 

We tried the reaction of compound 5A-012 with 4-bromo-bromobenzyl 5A-

049 (Scheme 5A-07). After treating compound 5A-012 with sodium hydride, 

adding 4-bromo-bromobenzyl 5A-049, and standard purification, analysis 
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processes failed to provide the desired result, and the starting materials were 

recovered. The same reaction was reported by the Moral team in May 2021, 

who used 10 equivalents of NaH in this step and succeeded in obtaining 5A-

058. In my case, only 1-1.2 equivalents of NaH was used in this reaction50. 

2.1.2.7. Synthesis strategy A4-4 

The failure of the aforementioned synthetic strategy informed us that 

connecting a nitro probe to N-diclofenac can be difficult. Because of the effect 

of spatial site resistance, and the presence of a nitroaromatic group, which 

makes SN2 reactions difficult. Because it is impossible to directly introduce 

the alkylating agent bearing a nitro group, we revised our strategy for the 

introduction of a p-nitro-cinnamyl group, by introducing first an allyl group 

via our methodology, and then adding the p-nitrophenyl on the double bond 

via the Heck reaction (Scheme 5A-08 I). 
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Scheme 5A-08 Synthetic route A4-4 for hypoxia-activated diclofenac prodrugs 

As described earlier, 5A-022 was treated with NaH and then successfully 

reacted with allyl bromide 5A-036 to give the tertiary amine compound 5A-

024, which was then reacted with the sulfide 5A-041 under basic conditions 

to give 5A-061 in a 71 % yield. Treatment of compound 5A-061 with a fresh 

methanolic solution of HCl provided the ester 5A-062 in an excellent yield40. 

Finally, the Heck reaction was attempted under standard conditions from the 

literature51 (Table 5A-07). When the product was purified and the structure 

analyzed by standard methods, the results showed that the reaction did not 

produce the target product 5A-064. Instead, we found a new structure in which 

a cyclisation reaction occurred. The structure has been analyzed using 1D, 2D 

NMR and HRMS, which led us to attribute the structure to compound 5A-065 

(Scheme 5A-08 II).  
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Figure 5A-05a 1H-NMR spectrum of 5A-065 in CDCl3-d 

 

Figure 5A-05b 13C-NMR spectrum of 5A-065 in CDCl3-d 
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Figure 5A-05c 1H-1H COSY spectrum of 5A-065 in CDCl3-d 

 

Figure 5A-05d 1H-13C-HMQC spectrum of 5A-065 in CDCl3-d 
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Figure 5A-05e 1H-13C-HMBC spectrum of 5A-065 in CDCl3-d 

 

Figure 5A-05f 1H-1H COSY, 1H-13C-HMQC and 1H-13C-HMBC correlation of 
compound 5A-065 

Table 5A-06 HRMS result of 5A-065  

HRMS Result 

Source Type Formula Exact mass [M+H]+ [M+Na]+ 
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ESI+ C18H17Cl2NO2 349.0636 
C: 350.0715 

T: 350.0709 

C: 372.0534 

T: 372.0529 
C: calculate T: test 

Methyl 1-(2,6-dichlorophenyl) -3-methyl- 1,2,3,4- tetrahydroquinoline -4-

carboxylate (5A-065). The molecular formula was established as 

C18H17Cl2NO2 from its HRMS (m/z 350.0697, [M+H]+ calculate 350.0715， 

m/z 372.0518, [M+Na]+ calculate 372.0534) (Table 5A-06), indicating 10 

degrees of unsaturation. The 1H-NMR and 1H-13C HMQC spectrum (Figure 

5A-05a and Figure 5A-05d) revealed the presence of one methoxy group (δH 

3.77, s, -OCH3), one methyl group (δH 1.17, d, J = 6.00 Hz, -CH3), the H-16 

and H-17a (δH 5.40-5.30, m, 2H), the H-17b (δH 3.26-3.20, m, 1H), the H-18 

(δH 2.68-2.65, m, 2H). The remaining H is associated with the benzene ring. 

The DEPT shows one methylene group (δC 51.64 C-17). The 13C-NMR and 
1H-13C HMQC spectrum (Figure 5A-05b) revealed the presence of one 

methyl group (δC 18.36, C-23), one methoxy group (δC 52.16, C-22), and two 

methyne group of C-16 and C-18 (δC 50.59, 29.54). 1H-1H COSY spectrum 

show the H-18 and H-23, H-17a and H-17b, H-16 and H-17 are correlated. 

The HMBC (Figure 5A-05e) correlations of H-23 to C-18, H-23 to C-19, H-

16 to C-19 and C-17, and H-17 to C-16, C-18 and C-23. According to the 

above information, the structure of compound 5A-065 is deduced as methyl 

1-(2,6-dichlorophenyl)-3-methyl-1,2,3,4-tetrahydroquinoline-4-carboxylate. 

Regarding the potential mechanism of this transformation, we proposed that a 

Pd (II) catalysts with a soft Lewis acidity can activate the double bond and 

allow the intramolecular attack of the carbanion generated by deprotonation 

of the acidic benzylic protons. The generated alkyl-palladium would be 

expected to undergo a fast β-hydride elimination, but we observed here the 
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reduction, which could occur from the in-situ formation of palladium hydride 

species (Scheme 5A-09).  

 
Scheme 5A-09 Potential mechanism of palladium-catalyzed intramolecular cyclization of 

allyl-N-diclofenac 

Table 5A-07 Optimization of reaction conditions 

 

Entry Conditions Result Yield 

1 
Pd(OAc)2, rac-BINAP, Ag2CO3, K2CO3, NMP, 

80oC,14h  
5A-065 67% 
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2 Pd(OAc)2, Ag2CO3, 1,4-Dioxane, 90 oC 5A-064 64% 

In order to avoid the formation of the stabilized carbanion and the subsequent 

cyclisation, we also tried alternative conditions for the Heck reaction in which 

no extra base was added. When these conditions were used, without the 

BINAP ligand, we could carry out the Heck reaction, obtaining the expected 

compound 5A-064 isolated in a 64% yield52(Table 5A-07). 

Table 5A-08 Screening reaction conditions 

 

Entry Reagents and Conditions Result Yield 

1 NaOH (1eq), rt-60 oC, MeOH/H2O N.D. - 

2 NaOH (3eq), 60 oC, MeOH/H2O 5A-067 42% 

3 LiOH (1eq), 60 oC, MeOH/H2O N.D. - 

4 LiOH (2eq), 60 oC, MeOH/H2O 5A-067 36% 

5 BBr3, CH2Cl2, -78-0oC 5A-001 40% 

6 TFA, 80oC, CH2Cl2, sealed tube N.D. - 

7 HCl in Dioxane, 110 oC sealed tube N.D. - 

Next, we tried to hydrolyze the methyl ester to obtain the final product 5A-

066. First, we tried hydrolysis in standard base conditions (Table 5A-08 1-4). 

Using one equivalent amount of base (NaOH or LiOH), we did not detect the 

product. However, when the equivalents of base were increased, the 

cyclization of the starting material was realized, obtaining 5A-067. We tried 
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using a Lewis acid such as BBr3, (Table 5A-08 5), but both methyl ester and 

benzyl group were removed to give diclofenac 5A-001. Hydrolysis in acidic 

conditions were also tried, but neither TFA nor HCl in dioxane was able to 

hydrolyze the methyl ester53, 54 (Table 5A-08 6-7).  

The structure has been analyzed using 1D and 2D NMR and HRMS, which 

led us to attribute the structure to compound 5A-067. 

 
Figure 5A-06a 1H-NMR spectrum of 5A-067 in DMSO-d6 
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Figure 5A-06b 13C-NMR spectrum of 5A-067 in DMSO-d6 

 

Figure 5A-06c 1H-1H COSY spectrum of 5A-067 in DMSO-d6 
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Figure 5A-06d 1H-13C HMQC spectrum of 5A-067 in DMSO-d6 

 

Figure 5A-06e 1H-13C HMBC spectrum of 5A-067 in DMSO-d6 
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Figure 5A-06f. 1H-1H COSY, 1H-13C-HMQC and 1H-13C-HMBC correlation of 
compound 5A-067 

Table 5A-09 HRMS result of 5A-067  

HRMS Result 

Source Type Formula Exact mass [M-H]- 

ESI- C23H18Cl2N2O4 456.0644 
C: 455.0571 

T: 455.0571 
C: calculate T: test 

1-(2,6-dichlorophenyl) -3- (4-nitrobenzyl) -1,2,3,4- tetrahydroquinoline-4-

carboxylic acid (5A-067). The molecular formula was established as 

C23H18Cl2N2O4 from its HRMS (m/z 455.0554, [M-H]- calculate 455.0571), 

indicating 15 degrees of unsaturation. The 1H-NMR and 1H-13C HMQC 

spectrum (Figure 5A-06a and Figure 5A-06d) revealed the presence of one 

carboxylic acid group (δH 12.64, s, -COOH), one methyne group (δH 3.49, d, 

J = 3.00 Hz, -CH-), one methylene group (δHa 3.70, dd, J = 3.00, 12.00 Hz, -

CH(a+b)-), δHb 3.22, dd, J = 3.00, 12.00 Hz, -CH(a+b)-), the H-16 and H-17 

(δH 2.98-2.79, m, 2H). The remaining H is associated with the benzene ring. 

The DEPT shows two methylene group (δC 48.61, C-18, and δC 37.45, C-16). 

The 13C-NMR and 1H-13C HMQC spectrum (Figure 5A-06b) revealed the 
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presence of two methyne group (δC 34.77, C-17, and δC 46.31, C-25), two 

methlyene group (δC 48.61, C-18, and δC 37.45, C-16). 1H-1H COSY spectrum 

shows that the H-16 and H-17, H-17 and H-18, H-17 and H-25 are correlations. 

The HMBC (Figure 5A-06e) correlations of H-25 to C-17 and C-26, H-18 to 

C-25 and C-16, H-16 to C-17, C-18 and C-25, and H-13 to C-25. According 

to the above information, the structure of compound 5A-067 is deduced as 1-

(2,6-dichlorophenyl)-3-(4-nitrobenzyl)-1,2,3,4-tetrahydroquinoline-4-

carboxylic acid. 

As the target product could not be successfully obtained using the various 

chemical methods described above, we examined the use of enzyme-catalyzed 

esterification/hydrolysis reactions55, 56, 57. Unfortunately, the use of different 

lipases and reactions conditions did not lead to any conversion of the ester to 

the desired acid (Table 5A-10).  

Table 5A-10 Screening reaction conditions 

 

Entry Enzyme Conditions Result 

1 
Lipase from Candida 
rugosa   

THF/H2O 5/1 37 - 40 oC  N.D. 

2 
Lipase from Candida 
rugosa   

PBS (pH 7.4)/ MeOH (9/1) 37 oC N.D. 

3 Amano Lipase PS THF/H2O 5/1 37 - 40 oC N.D. 

4 Amano Lipase PS PBS (pH 7.4)/ MeOH (9/1) 37 oC N.D. 

5 Lipase acrylic resin CH3CN/H2O (98/2) 40 oC N.D. 

6 Lipase acrylic resin PBS (pH 7.4)/ MeOH (95/5) 37 oC N.D. 
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7 
Esterase from porcine 

liver 
PBS (pH 7.4)/ MeOH (95/5) 37 oC N.D. 

8 
Lipase from Candida 
Antarctic-B 

CH3CN/H2O (98/2) 40 oC N.D. 

2.1.2.8. Synthesis strategy A4-5 

The compound 5A-064 is susceptible to intramolecular cyclization under 

alkaline circumstances, none of the other hydrolysis strategies tried so far have 

yielded satisfactory results. Hence, we tried hydrolyze 5A-062 under alkaline 

conditions before coupling it to a nitro unit via palladium catalysis (Scheme 

5A-10 I). Compound 5A-062 was saponified to give 5A-068, and 5A-068 was 

treated according to the conditions of the Heck reaction described above52. 

Unfortunately, we did not detect the product 5A-066, contributing to the 

possible influence of carboxyl group “-COOH” on the reaction. 

Considering that 5A-064 is a methyl ester compound that is difficult to 

hydrolyze under acidic conditions, we wondered if it was possible to convert 

it into the t-butyl ester 5A-067 or the benzyl ester 5A-069. So, we tried to 

hydrolyze the t-butyl ester or the benzyl ester under acidic conditions after 

coupling with iodo-nitrobenzene. Initially, we tried the reactions described in 

Scheme 5A-09 II, in which the corresponding esters 5A-067 and 5A-069 were 

easily prepared and coupled with p-iodo-nitro benzene in our standard 

conditions52. However, when 5A-068 and 5A-070 were subjected to 

deprotection reactions with TFA/CH2Cl2 or HCl in dioxane53, 54, we failed to 

carry out the deprotection and obtained 5A-066. 

Finally, considering the carboxylic acid group had a negative effect on the 

Heck reaction in Scheme 5A-09 I, we thought that the conversion of this 

carboxylic acid group of 5A-068 into a salt form, might allow us to carry out 

the Heck reaction. 5A-068 was first reacted with NaOH, and then the mixture 

was dried.. Following that, the target product 5A-066 was successfully 
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obtained utilizing the given conditions for the Heck reaction52 (Scheme 5A-

10 III). 

 

Scheme 5A-10 Synthetic route A4-5 for hypoxia-activated diclofenac prodrugs 

2.1.2.9. Synthesis strategy A4-6 

It was considering that the pharmacodynamic group of the NSAIDs diclofenac 

with inhibitory activity against cyclooxygenase (COX) is the acetic acid group. 

However, diclofenac inhibits the MCT4 activity of tumor cells and its 

pharmacodynamic group may be related to the acetic acid moiety58, 59. 

Although we synthesized compound 5A-066 successfully, its acetic acid 

moiety was exposed. Following the principle that a hypoxia-activated prodrug 

should have the properties of being inactive or less active before the activation 
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of the prodrug. We have devised a safer solution with a double nitro prodrug 

5A-072. These two nitro probes will be reduced in the hypoxic 

microenvironment to release diclofenac 5A-001 (Scheme 5A-11). 

 

Scheme 5A-11 Synthetic route for hypoxia-activated diclofenac prodrugs 

5A-068 was prepared like the same method above. 5A-068 and 5A-027 

reacted in the presence of potassium carbonate to form 5A-073. 5A-073 

reacted with 5A-063 in the presence of palladium acetate to form the bis-nitro 

compound 5A-072, in a 66 % yield (Scheme 5A-10).  
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2.2.1. Rational Design hypoxia-sensitive prodrugs tetrandrine 

 

Figure 5A-07 Overall scheme for synthesis HAPs tetrandrine 

Having successfully prepared the three diclofenac prodrugs, we could then 

turn to the next part of the project and start the synthesis of the tetrandrine 

prodrugs. We decided to focus on three bioreductive fragments which have 

been well studied in the literature and we now focus on their preparation and 

grafting on a tetrandrine derivatives (Figure 5A-07).  

2.2.2. Synthesis of hypoxia-sensitive prodrugs for nature 
compound 

2.2.2.1. Synthesis of hypoxia sensitive moiety  

The 1-methyl-2-nitroimidazole fragment 5A-081 is less readily available 

through commercial sources, while the azo compound 5A-085 only needs to 

be prepared in one pot by a common chemical reagent. Therefore, we prepared 

the 1-methyl-2-nitroimidazole moiety 5A-081 and the azo compound 5A-085 

based on the reported methods5, 60, 61. 
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Scheme 5A-12 I Synthetic route for hypoxia sensitive moiety 

The 1-methyl-2-nitroimidazole moiety 5A-081 was prepared from a 

commercially available inexpensive sarcosine as a starting material through 

an eight steps reactions sequence according to the reported procedures5, 60. The 

procedure started by from the preparation of the hydrochloride salt of the 

methyl ester of sarcosine 5A-074 though treatment of the amino acid with 

thionyl chloride in ethanol. This salt begins was then N-formylated by simple 

stirring in ethyl formate in the presence of potassium carbonate to give 5A-

076 in excellent yield. Claisen condensation of was then carried out with ethyl 

formate in the presence of sodium hydride to give, after hydrolysis and acidic 

work up, the enol 5A-077, which was not purified, by directly subjected to 

removal of the formyl group to give 5A-078. The amino-imidazole aromatic 

was then assembled from 5A-078 by reaction with cyanamide at pH 3 to give 

5A-079 in a 47% for the three steps. Then, the amino group was converted to 

a nitro group by diazotation with an excess of sodium nitrite to give the nitro 

imidazole 5A-080 in 62 % yield. Finally, the ester group was reduced with 
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sodium borohydride in ethanol to obtain the desired alcohol 5A-081 (Scheme 

5A-12 I) in a fair 71% yield.  

 

Scheme 5A-12 II Synthetic route for hypoxia sensitive moiety 

The azo compound 5A-085 was prepared by dissolving 4-aminobenzyl 

alcohol in 4M HCl and controlling the temperature at 0oC by dropping in the 

NaNO2 solution to produce the diazo salt intermediate 5A-083. After dropping 

diethylaniline 5A-084 into the reaction, the reaction solution turned red 

immediately and the desired azo compound was isolated by column 

chromatography to give 5A-08561, in an 71% yield (Scheme 5A-12 II). 

2.2.2.2. Synthesis of hypoxia-sensitive prodrugs for tetrandrine   

The preparation of 14-NH2-tetrandrine was based on previous reports19, 20, 

tetrandrine was dissolved in CH2Cl2 with controlled reaction temperature and 

a freshly prepared solution of acetyl nitrate (from nitric/acetic anhydride) was 

dropped into the reaction mixture to produce nitro-tetrandrine 5A-086 in an 

87% yield. The nitro group was reduced efficiently to give amino-tetrandrine 

5A-087 by hydrazine hydrate Pd/C. The amino-tetrandrine was coupled with 

the three nitro-alcohols, by reaction of the amine with triphosgene to generate 

the corresponding carbamoyl chloride, and adding the selected alcohol and 

DIPEA to form the stable carbamates 5A-088, 5A-089 or 5A-090 in fair to 

good overall yields 43%-68% (Scheme 5A-13)62. 
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Scheme 5A-13 Synthetic route for hypoxia-activated prodrugs tetrandrine  

3. Conclusion  

Due to time limitations, the synthesis of diclofenac prodrugs described above 

occupied too much time that the late pharmacological period was significantly 

shorter than planned, and the pharmacological studies were still ongoing when 

I wrote the thesis. While the biological activity of the HAPs is not 

demonstrated in this section, we were able to obtain the target molecules 

through rational design and a variety of synthesis strategies, laying the 

groundwork for subsequent studies. 

In part A of this chapter, based on the above reasonable design and synthesis 

route, we successfully synthesized three hypoxia-activated diclofenac 

prodrugs and three hypoxia-activated tetrandrine prodrugs (Figure 5A-07).   
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Figure 5A-07 hypoxia-activated prodrugs 

We discovered three cyclic compounds while exploring the synthesis method 

for HAPs diclofenac, and their molecular structures were determined using 

standard 1D-NMR, 2D-NMR, and HRMS methods (Figure 5A-08). 

Unfortunately, no crystals of the compound have been obtained, and the 

absolute configuration of the compound cannot be identified.  

 

Figure 5A-08 three new compounds 
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Triazene, a novel bio-reductive moiety for potential 
hypoxia-activated prodrugs 
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1. Introduction  

Anti-tumor drugs working on low oxygen environment are mainly based on 

targeted drug development and design of prodrugs that can be released in a 

low oxygen environment. Among them, prodrugs with nitro or azo moiety are 

mostly studied. We explored a new structure of triazene, and studied its release 

of drugs in a low-oxygen environment. 

Temozolomide and Dacarbazine are widely used alkylating antineoplastic 

drugs, both of which need to be metabolized in vivo to triazenes MTIC in order 

to be effective. Temozolomide is metabolized in the body by decarboxylation 

and ring-opening of the hexameric ring, which is converted to MTIC with 

antitumor activity. Enzymes further metabolize MTIC to produce 5-amino-

1H-imidazole-4-carboxamide and methyl diazonium ion, which alkylates 

DNA and releases nitrogen gas63, 64. Dacarbazine is firstly metabolized in the 

liver by cytochrome P450 to form the active molecule MTIC, which also 

forms methyl diazonium ions to damage tumor DNA65, 66(Figure 5B-01).  

 

Figure 5B-01 Pathway of temozolomide and dacarbazine metabolism 

Maria B. Kadiiska’s team used the ESR spin-trapping techniques to identify 

drug radical metabolites generated by liver P450 enzymes and diphenyl 

triazene67. Protonation and single electron transfer, followed by homolytic 
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cleavage of the N-N bond (the proposed mechanism is presented as detailed 

in the publication, without the elementary steps), leads to the formation of 

aniline and a phenyldiazene radical. This radical undergoes fragmentation to 

the phenyl radical, which can easily react with DNA in the cell to induce 

toxicity by alkylation (Figure 5B-02).  

 

Figure 5B-02 Proposed pathway for the metabolism of diaryl-triazene 

The observation that both products of this cascade are an aniline and an 

aromatic, and the known use of closely related azo groups as bioreductive 

fragments, inspired us to envisage the possibility to use the poorly studied 

triazene fragment as a base to design hypoxia-sensitive diclofenac prodrugs 

(see below). 
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2. Results and discussion 

2.1.1. Rational design 

 

Scheme 5B-01 Overall plan for synthesis triazene HAPs 

In this chapter part B, we used the triazene group as a bioreductive prodrug in 

two different and complementary designs. First, by analogy with the concept 

of azo groups as bioreductive fragments, the triazene fragment is incorporated 

as a self-immolative linker (Scheme 5B-01 Design I). Bioreduction leads to 



 

194 
 

the generation of a simple aromatic and an aniline-conjugated to the probe 

(fluorescence probe or cytotoxic drug). When the aniline is generated, 

elimination spontaneously occurs to release the probe. In such case, we 

hypothesized that the lone pair of the nitrogen atom of the triazene would be 

conjugated to the second aromatic (with possible introduction of electron-

withdrawing group as -NO2, -CF3) and would not promote the elimination of 

the linker. In the second design (Scheme 5B-01 Design II), the probe is 

directly grafted on the -N=N- fragment of the triazene, and the bioreduction 

then directly releases the aromatic fluorophore or the drug. The release 

mechanism can be studied by using a chemical reductive environment and 

further examined using in vitro 3D tumor cell assay to validate the release of 

the fluorescent unit in a hypoxic microenvironment (Figure 5B-03). 

In the third design (Scheme 5B-01 Design III), The amine-substituted 

diclofenac is reacted with a diazonium salt to produce a diclofenac prodrug 

containing a triazene fragment. This section will be introduced at the end of 

this chapter (Figure 5B-03). 

 

Figure 5B-03 Overall plan for Part B  

2.1.2. Synthesis of triazene probe 

In the triazene probe, the 4-aminobenzyl alcohol 5B-003 has a good electronic 

conjugation and the hydroxyl group can be easily transformed for grafting 

fluorescent units or drug molecules. Therefore, we first tried to design and 
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synthesize the 5B-004 intermediate, bearing substituents with electron-

donating or withdrawing capacities (-NO2, -CF3, -OCH3, -CH3). The anilines 

were dissolved in 4M HCl solution with careful control of the temperature at 

the freezing point (ice and salt mixture), then a NaNO2 solution was added 

dropwise to obtain the diazo salt intermediates 5B-002. The pH of the solution 

was adjusted to neutral, and the 4-aminobenzyl alcohol 5B-003, was added 

portionwise. The corresponding triazenes 5B-004 (5B-004a to 5B-004d) 

usually precipitated from the solution and were obtained in good yields with 

this procedure. (Scheme 5B-02). 

 

Scheme 5B-02 Synthetic route of triazene probe 

Next, we linked the 5B-004 moiety to the fluorescent unit by ether bonds or 

carbamates to obtain the fluorescent probes. Firstly, triphosgene was used to 

couple the triazene and amino-coumarin 5B-005 or hydroxy-coumarin 5B-006. 

Various conditions were tried, such as screening the solvent and temperature 

and increasing the amount of triphosgene, but we did not observe any coupling 

between the two fragments (Scheme 5B-03 I). We also tried to couple the 

hydroxyl-coumarin 5B-006 with a Mitsunobu reaction68, albeit without any 

success (Scheme 5B-03 II). So, we turned to the prior activation of the alcohol 

group into a bromide by reaction with various brominating agents69. However, 

careful examination showed that the benzylic bromides could be formed, but 

were very unstable and prone to hydrolysis. Furthermore, when they were 

generated and directly reacted with the hydroxyl-coumarin 5B-006, the 

starting materials were recovered. (Scheme 5B-03 III). 
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Scheme 5B-03 Synthetic route of the triazene fluorescent probes 

The unsuccessful coupling of the two moieties in the above reactions could be 

attributed to the high capacity of the lone pair of the triazene to undergo 

elimination via the benzene ring. In order to decrease this capacity, we 

introduced electron-withdrawing groups on both aromatic rings and prepared 

two new triazene 5B-009a and 5B-009b. However, all attempts to carry out 

the coupling with the amino-coumarin 5B-005 failed again (Scheme 5B-04). 

 
Scheme 5B-04 Synthetic route of the triazene 

As the methods above use the linker 4-aminobenzyl alcohol, it was impossible 

to successfully couple the triazene to the fluorescent unit. Here we tried to 
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couple the triazene directly to the fluorescence unit. Considering the low 

solubility of 7-Amino-4-methylcoumarin in water, we replaced the solvent 

with acetonitrile. We used nitrosyl tetrafluoroborate as the diazotization 

reagent to synthesize a fluorescent probe containing a triazene according to 

the same method to give70 5B-013 (Scheme 5B-05). 

 
Scheme 5B-05 Synthetic route of the triazene 

As the 1H-NMR of compound 5B-013 showed that the hydrogen in the 

triazene (-N=N-NH-) was very mobile, suggesting the possible existence of 

tautomer or compound 5B-013 is not stable. (Figure 5B-04) 

 
Figure 5B-04 1H-NMR of compound 5B-013  
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In order to improve the stability of the compounds, we used secondary amines 

instead of aniline. Morpholine was first employed as the secondary amine, and 

compound 5B-016 was prepared using the same method70. Because of the 

small molecular weight of morpholine and the absence of UV absorption, 

morpholine was not suitable for the next analysis, given the need to study its 

release under reductive conditions. Therefore, we selected 

tetrahydroisoquinoline and N-methylaniline containing π-p conjugate as 

secondary amines and synthesized 5B-017 and 5B-018 (Scheme 5B-06). As 

the 1H-NMR of compound 5B-016 show in Figure 5B-05. 

 
Scheme 5B-06 Synthetic route of the triazene 

 
Figure 5B-05 1H-NMR of compound 5B-016 
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2.1.3. Mechanistic study of triazene based probes under chemical 
reduction conditions 

2.1.3.1. Triazene probe B5-017 fluorescence study  

In order to explore whether our new triazene based probes can release 

fluorescence under hypoxic reducing conditions, we first chose to study the 

probe release mechanism by chemically modeling its release in a weakly 

acidic reducing environment71. The acidic reducing conditions used here are: 

50 mM Tris-HCl, 10 mM EDTA, pH=6.5, the Zn dust approximately 4 mg/ml. 

Initially, we tried to treat the triazene compound B5-017 in those reducing 

conditions for 12 hours at room temperature, followed by analysis by thin-

layer chromatography and detection of fluorescence at 365 nm. The results 

indicate that the triazene compound B5-017 releases some fluorescent spots 

under chemical reductive conditions (Figure 5B-06 a). For further analysis, 

we tested the approximate rate and time of the reduction of the triazene 

compound B5-017 by fluorescence spectroscopy, irradiating the sample with 

324 nm excitation light and measuring the emission wavelength of the sample 

every 5 minutes. The emission of fluorescence in the weakly acidic reducing 

environment reaches a plateau in about 40 min, with a gradual slowdown in 

the rate of release, as can be seen from Figure 5B-06 d. 
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Figure 5B-06 Fluorescence spectrum of compound B5-017. (a) TLC 5B-017 at 1 mmol/L in 

Tris-HCl buffer pH=6.5, 10 mmol/L EDTA, 4 mg/mL Zn 10% acetonitrile t=2h. (b) Absorption 

(blue) and emission (red) spectra of 5B-017 at 1 mmol/L in Tris-HCl buffer pH=6.5 containing 

10 % acetonitrile as a cosolvent. Excitation wavelength for fluorescence spectra was 324 nm. 

(c) Emission spectra of 5B-017 (1 mmol/L), upon treatment with Zn (4 mg/mL) in Tris-HCl 

buffer pH=6.5, 10 mmol/L EDTA 10% acetonitrile at 25 °C for 0-110 min. (d) Relative 

fluorescence intensity at 449 nm at 0-110 min. 

2.1.3.2. Triazene probe B5-017 HPLC study 

The fluorescence spectroscopy did not allow to analyze which products were 

formed under the reductive conditions. We therefore used HPLC to study the 

retention times (Rt) of various released compounds. As the HPLC analysis 

required standards compound as controls, we speculated on several 

compounds that might result from the release of compound 5B-017. We 

obtained 5B-019 and 5B-005 commercially, while synthesis procedure of 5B-

020 was reported in the literature72, 73.  

HPLC analyses are applied to investigate the chemical reductive release 

behavior of 5B-017. As shown in Figure 5B-07, after the 5B-017 is incubated 

with Zn dust, the peak of Rt=8.09 and Rt=9.06 are observed in HPLC 

chromatogram. The retention time of the substance at Rt=8.09 is almost 

identical to that of compounds 5B-019 and 5B-005, and it is difficult to 

determine which of the two was the product.  
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Figure 5B-07 HPLC spectrum. Chromatographic column: C18, mobile phase: CH3CN/H2O 

(10/90-90/10) flow rate: 0.8ml/min column temperature: room temperature, detection 

wavelength: 350nm, injection volume: 10µL. 

As the retention times of compounds 5B-019 and 5B-005 were very close, the 

released compound 5B-017 could not be distinguished by the analytical 

methods described above. In this case, we attempted to combining compounds 

5B-019 and 5B-005, and analyzing them again under the same 

chromatographic conditions. Although the two compounds could not be 

completely separated, the two peaks could be identified as containing two 

compounds. In Figure 5B-08 A, the two compounds are sampled at 

concentration (5B-019/5B-005 = 1/9) so that, Rt=8.41 and Rt=8.48 are 
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thought to correspond to compounds 5B-005 and 5B-019, respectively. In the 

same way, 10% of compound 5B-019 is added to test C. As a result, Rt=8.39 

and Rt=8.47 are thought to correspond to compounds 5B-005 and 5B-017, 

respectively. However, we cannot explain the nature of the compound at 

Rt=9.41 (Figure 5B-08 C). 

 
Figure 5B-08 HPLC spectrum. Chromatographic column: C18, mobile phase: CH3CN/H2O 

(10/90-90/10) flow rate: 0.8ml/min column temperature: room temperature, detection 

wavelength: 350nm, injection volume: 10µL. 

2.1.3.3. Triazene probe B5-017 LC-MS study 
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Next, to confirm the structures of the released product of compound 5B-017, 

we used LC-MS to determine the compound’s molecular weight. First in 

Figure 5B-09 A, we examined the stability of compound 5B-017 in solution. 

After 16 hours, the analysis showed that compound 5B-017 was stable in 

solution and no decomposition was observed. The results in Figure 5B-09 B 

show that compound 5B-017 release the three products under weak acid 

reductive conditions, of which peak 2, peak 3 and peak 4 have response at 

detection wavelength 350 nm, while peak 1 was only detectable in the mass 

spectrum.  

 
Figure 5B-09 LC-MS spectrum for 5B-017. Chromatographic column: C18, mobile phase: 

CH3CN/H2O (10/90-90/10) flow rate: 1.0ml/min column temperature: room temperature, 

detection wavelength: 350nm, injection volume: 20µL. 

Comprehensive analysis, the retention times, m/z and possible structures of 

them are shown in Table 5B-01. 
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Table 5B-01 LC-MS analysis results for 5B-017 

 Peak Mode 
Rt 

(min) 
Fragments (m/z) Structure 

A 1 [ESI+] 17.85 [M+H+]=320.1 

 

B 

1 [ESI+] 5.96 [M+H+]=134.1 
 

2 [ESI+] 8.55 [M+H+]=176.1 

 

3 [ESI+] 10.92 [M+H+]=203.1 

 

4 [ESI+] 17.85 [M+H+]=320.1 

 

2.1.3.4. Triazene probe B5-018 fluorescence study 

The same method was used to analyze compound 5B-018. The fluorescence 

results showed a faster release than with compound 5B-017 before 20 mins, 

under the same conditions, possibly influenced by the structure of the 

compound (Figure 5B-10). 
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Figure 5B-10 Fluorescence spectrum of compound B5-018. (a) reaction 5B-018 at 1 mmol/L 

in Tris-HCl buffer pH=6.5, 10 mmol/L EDTA, 4 mg/mL Zn 10% acetonitrile t=2h. (b) 

Absorption (blue) and emission (red) spectra of 5B-018 at 1 mmol/L in Tris-HCl buffer pH=6.5 

containing 10 % acetonitrile as a cosolvent. Excitation wavelength for fluorescence spectra was 

321 nm. (c) Emission spectra of 5B-018 (1 mmol/L), upon treatment with Zn (4 mg/mL) in 

Tris-HCl buffer pH=6.5, 10 mmol/L EDTA 10% acetonitrile at 25 °C for 0-100 min. (d) 

Relative fluorescence intensity at 447 nm at 0-100 min. 

2.1.3.5. Triazene probe B5-018 LC-MS study 

We used LC-MS to study the compound’s molecular weight. In Figure 5B-

11 A, we examined the stability of compound 5B-018 in solution. After 16 

hours, the analysis showed that compound 5B-018 was stable in solution and 

no decomposition was observed. The results in Figure 5B-11 B show that 

compound 5B-018 release the three products under weak acid reductive 

conditions, the results show in Table 5B-02. 
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Figure 5B-11 LC-MS spectrum for 5B-018. Chromatographic column: C18, mobile phase: 

CH3CN/H2O (10/90-90/10) flow rate: 1.0ml/min column temperature: room temperature, 

detection wavelength: 350nm, injection volume: 20µL. 

Table 5B-02 LC-MS analysis results for 5B-018 

 Peak Mode Rt (min) Fragments (m/z) Structure 

A 1 [ESI+] 17.49 [M+H+]=294.1 

 

B 

1 [ESI+] 4.95 [M+H+]=108.1 
 

2 [ESI+] 8.57 [M+H+]=176.1 

 

3 [ESI+] 10.94 [M+H+]=203.1 

 

4 [ESI+] 17.53 [M+H+]=294.1 

 

2.1.4. Possible release mechanisms of the triazene 

According to the above experimental results, we hypothesize the possible 

reaction mechanism of the triazene compound in a weakly acidic chemical 

reduction environment. The compound is protonated in an acidic environment, 

followed by heterolytic cleavage of the N-N bond and, resulting in the 

formation of secondary amines and coumarin diazonium ion. The coumarin 
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diazonium ion reacts with water to give 7-(hydroxydiazenyl)-4-methyl-

coumarin, after which the hydroxydiazenyl group is further reduced to form 

7-amino-coumarin 5B-005 (Figure 5B-12). 

 

Figure 5B-12 Possible release mechanisms of the triazene under chemically reducing 
conditions 

In the mechanism study, we found no evidence of free radical formation by 

single electron transfer during chemical reduction environment. we speculate 

that there is a difference in the reaction mechanism between the release of 

triazene fluorescent probe during chemical reduction and in vivo enzyme-

catalyzed reduction of triazene probe. Additional study using biological 

enzymes that catalyze processes more akin to those observed in the human 

tumor microenvironment is needed to better understand metabolic release 

mechanisms in vivo. These enzymes include nitroreductases, azo reductases 

(AzoR), and hepatic cytochrome P450 systems (CYP450)11, 74, 75. Among 

others, while also taking the pH of the reaction medium into consideration. 
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2.2.1. Design triazene diclofenac prodrug 

To prepare diclofenac prodrug containing the triazene moiety, two synthetic 

strategies were designed. In the first case, the most convenient way is to 

directly use nitrate diclofenac as a substrate, then reduce the nitro group before 

producing diclofenac with a triazene moiety. The second strategy is to use 

cheap and easily available o,o′-dichloroaniline or o-substituted bromobenzene 

as starting materials. First prepared m-nitro-dichloroaniline by nitration 

reaction. Then, the aniline and bromobenzene are coupled to obtain m-nitro-

diclofenac. Finally, nitro group is reduced and diazotized to prepare diclofenac 

prodrug containing the triazene moiety (Scheme 5B-07). 

 

Scheme 5B-07 design synthetic route of triazene-diclofenac  

2.2.2. Synthesis triazene diclofenac prodrug 

Firstly, we used diclofenac ethyl ester 5B-020 as the starting material, because 

diclofenac is susceptible to intramolecular amination and cyclization in 

sulfuric acid to generate lactam compounds76. We used a direct nitration 

method in which we slowly added one equivalent nitric/sulfuric acid solution 

at a time while maintaining the temperature at 0oC. It was found that the nitro 

group 5B-021 was introduced into both benzene rings of diclofenac (Scheme 

5B-08 I) in a 24% yield. This indicates that the nitrogen atom of diclofenac 

has an activating effect on both aromatic rings.  
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Next, we attempted to find a way to reduce the effect of the nitrogen atom of 

diclofenac on the aromatic ring. The best solution was to amidate the nitrogen 

atom form the lactam compound 5B-02377. Here, 5B-023 was obtained by 

treatment with thionyl chloride in an 96% yield. We tried direct nitration of 

5B-023, the results showed that mononitrification products were easily 

obtained 5B-024, the compound 5B-024 by simply wash it with water without 

further purification, obtaining an excellent yield of 75%, the yield which was 

higher than the literature reported 52%77. Then, we tried to reduce the nitro 

group to amino group and prepared triazene according to the standard method 

described above. Unfortunately, we did not obtain the expected triazene 

derivative 5B-026 (Scheme 5B-08 II). Similarly, we tried to hydrolyze 5B-

023 to open the ring, followed by the reduction nitro group of 5B-027 using 

Pd/C, H2 to obtain amino 5B-028. The same method was used to prepare the 

triazene derivatives, but the target compound 5B-029 was not obtained by 

silica gel chromatography (Scheme 5B-08 III). 
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Scheme 5B-08 Synthetic route of the diclofenac triazene 

Triazene derivatives cannot be synthesized by amino-diclofenac 5B-030a. It’s 

possible that the amino group is at the p-position of the nitrogen atom of 

diclofenac, causing tautomer to generate species such as the bis-iminoquinone 

5B-030b (Scheme 5B-09-I). Those species can easily polymerize, and indeed, 

during those experiments, we always observed the formation of deep brown 

mixtures over time and decomposition. Because of the above challenge in the 

preparation of triazene derivatives upon amino group introduction, we next 

attempted to add a nitro group at the diclofenac’s m-position to prevent the 

formation of the tautomer described before (Scheme 5B-09-II). 

 
Scheme 5B-09 Synthetic route of the diclofenac triazene 

The direct nitration solution is not possible when the nitro group is introduced 

at the meta position of the nitrogen atom of diclofenac. In this study, we 
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attempted to obtain the desired diclofenac derivatives by combining the nitro-

containing aromatic compound 5B-036 with the o-substituted bromobenzene. 

Using the inexpensive dichloroaniline 5B-033 as a starting material, a three-

step procedure can be used to synthesize m-nitro-dichloroaniline 5B-036. The 

amino group was first acetylated to obtain the amide compound 5B-034, 

which was then nitrated to give the m-nitro-phenylacetamide 5B-035.  

In the synthesis of amide, the conventional procedure was not used. Instead, 

5B-034 was made by glacial acetic acid at a high temperature. It can be seen 

that the amination reaction was limited by the two chlorine atoms in the ortho 

position of the substrate 5B-033. Direct nitration was used to introduce nitro 

in the m-position of the phenylamide to obtain 5B-035. Next, 5B-035 was 

dissolved in methanol fed with an overdose of hydrogen chloride gas and 

refluxed for 40h to obtain the m-nitro-dichloroaniline 5B-03678 (Scheme 5B-

09-III). Transition metal catalysis was used to couple the m-nitro-

dichloroaniline 5B-036 and o-substituted bromo-benzene derivatives. To 

couple 5B-036 with bromobenzene (5B-039, 5B-040, and 5B-041), the 

palladium-catalyzed Buchwald-Hartwig reaction was firstly considered. All 

experiments were carried out by the variation of reaction parameters in sealed 

tubes and representative examples were presented in (Table 5B-03). We did 

not obtain the target product by silica gel chromatography separation and 

purification. So, we tried the Ullmman reaction at a higher temperature 

catalyzed by copper, but the reaction did not occur (Table 5B-03). The failure 

of the reaction above may be caused by the introduction of a nitro group in 

5B-036. In part A, compounds 5B-033 and 5B-039 can be synthesized 

smoothly under high-temperature sealing conditions, while compound 5B-036 

is affected not only by the two chlorine atoms at the ortho position, but also 

by the meta-nitro group with a passivation effect on the benzene ring. 

Therefore, this the reaction did not occur. 
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Table 5B-03 Screening reaction conditions 

 

Entry Reagents and Conditions Result 

1 Pd2(dba)3, BINAP, t-BuONa, Tol, 130 oC, 16h, Sealed tube N.D. 

2 Pd2(dba)3, BINAP, t-BuONa, dioxane, 130 oC, 24h, Sealed tube N.D. 

3 CuI, KI, K2CO3, DMF, 165 oC, 36h, Sealed tube N.D. 

Considering the time restrictions, the synthesis of triazene-diclofenac had to 

be stopped. 

3. Conclusion  

In part B of this chapter, we successfully synthesized triazene probes 

containing fluorescent groups through several phases of rational design and 

optimization, and solved the problem of triazene probe stability. Then, we 

investigated the release mechanism of triazene under chemical reduction 

conditions. Under chemical reduction conditions, unfortunately we could not 

observe the production of a single electron transfer product. This, led us to 

speculate that the reduction mechanism does not occur by radical 

homogeneous cleavage, which is probably very different from what is 

occurring in biological organisms. Further optimization is thus needed to 

mimic the in vivo reduction process in vitro through bioreductase catalysis and 

to investigate the mechanism of its release by modern analytical methods. 

Finally, while the two alternative synthetic strategies for the production of 
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diclofenac prodrugs containing the triazene moiety failed, our results provide 

support for further research.  
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Conclusion and perspectives 

 

In this PhD thesis, we worked on tumor metabolism-related targets for which 

we designed and synthesized inhibitory compounds, including in the form of 

prodrugs to be selectively release in the tumor microenvironment to minimize 

potential adverse effects. We also had at heart to evaluate the biological 

activity of these compounds in in vitro culture assays to determine their 

efficacy. 

In the first part of our research, we focused on tumor mitochondrial OXPHOS 

complex I, recently highlighted as an attractive anticancer target. Firstly, we 

developed and synthesized 28 derivatives of 5-amine-1,2,3-triazol-4-

carboxamide CAI and employed a three-step bioactivity screening procedure 

to study the inhibitory activity of Complex I. The results showed significant 

activities of 12 derivatives endowed with complex I inhibitory activity. 3D 

tumor spheroid experiments were used to better mimic the in vivo 

microenvironment, and four potential compounds were further selected as 

attractive hits, of which 3-049 was considered as the most promising 

compound (Figure 6-01). We also provided a preliminary structure-activity 

relationship study that will help further development of Complex I inhibitors. 

(see Chapter I Part A) 
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Figure 6-01 CAI derivatives 

Following that, we continued to develop compounds containing 1,2,3-triazol-

5-amine, 4-(1,2,4-oxadiazol-5-yl)-1,2,3-triazol-5-amine, and 5-(5-methyl-

1,2,4-triazol-3-yl)-1,2,4-oxadiazole groups. By using Seahorse technology, 

the inhibitory activity of the compound against Complex I was evaluated. 

Preliminary results indicated that the compound containing 5-(5-methyl-1,2,4-

triazol-3-yl)-1,2,4-oxadiazole group is associated with the preservation of the 

inhibitory activity of Complex I (Figure 6-02). (see Chapter I Part B and Part 

C) 

 

Figure 6-02 Aminoalkyl derivatives 

The second part of our research is about the tumor drug delivery systems. 

Tumor tissues exhibit an acidic microenvironment and we therefore used pH 

low insertion peptide (pHLIP) to generate conjugates aiming to improve the 

delivery of drugs into tumors (and thereby to avoid unnecessary side effects). 
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We aimed to design and synthesize pHLIP conjugates with previously 

reported drug molecules that target fatty acid metabolism in tumor cells (CPT1 

inhibitor Etomoxir 4-010 and DGAT1 inhibitor T863 4-029). The pH-

sensitivity of the conjugate drug delivery system and its effect on fatty acid 

metabolism were evaluated in tumor cells in vitro. 

We successfully designed and synthesized drug fragments 4-010 and 4-029 

and used disulfide bonds to link the pHLIP. Following that, interactions 

between the conjugate and POPC vesicles at different pH conditions were 

studied, showing that conjugate 4-020d could be successfully inserted into the 

POPC vesicles. In vitro cellular study however revealed that the pH-sensitive 

etomoxir conjugates 4-020d had no effect on the increase of DHA-induced 

ferroptotic cell death. One reason for this could be that the conjugate is not 

inserted into the tumor cell, meaning that the amino acid sequence of pHLIP 

needs to be further designed and optimized. (see Chapter II). 

 

Figure 6-03 pH sensitive conjugates 

The third part of our research is about the hypoxia activated prodrugs (HAPs). 

We prepared a prodrug by combining the hypoxia-sensitive nitro moiety with 

diclofenac. This prodrug has the potential to overcome the side effects 

associated with systemic inhibition of cyclooxygenase (COX). Bioreductive 

fragments 4-nitrobenzyl, 1-methyl-2-nitroimidazolyl and azo group were 

grafted onto tetrandrine to prepare prodrugs for comparison of the properties 

of hypoxia sensitive moiety. We successfully synthesized three diclofenac 

prodrugs with nitro moieties by trying different synthesis strategies, and 
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successfully grafted 4-nitrobenzyl, 1-methyl-2-nitroimidazolyl, and azo 

groups onto tetrandrine (Figure 6-04). (see Chapter III part A) 

 

Figure 6-04 hypoxia-activated prodrugs   

The third part of our research also focused on the design and synthesis of a 

novel type of bioreduced triazene probe. We optimized the structure of the 

triazene probe until we obtained the stable triazene probes (5B-016, 5B-017, 

5B-018) (Figure 6-05). The release of the triazene probe was studied using 

chemical reduction conditions, indicating that the probe can be released under 

weak acid reduction conditions, but not via the free radical formation by single 

electron transfer. It will be critical in the future to assess the reaction 

mechanism in a simulated in vivo environment recapitulating the low oxygen 

tumor environment. (see Chapter III part B) 
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Figure 6-05 Triazene probes  

In conclusion, our work provides new insights for the development of 

compounds targeting tumor metabolism-related targets including through the 

harnessing of peculiarities of the tumor microenvironment to generate acidic 

pH or hypoxia-sensitive prodrugs. This study was envisioned as a systematic 

effort that required collaborations with different research groups to 

accomplish this ambitious goal. The main part of my work was to apply 

medicinal chemistry methods to design and synthesize related compounds or 

prodrugs. The design and synthesis schemes were carried out as planned and 

target compounds were obtained for each part. Main objectives of this thesis 

were thus reached, and even if more work is needed to optimize and validate 

new chemical entities in vivo, our work have paved the way for future research. 
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Perspectives 

Although the overall goal has been accomplished, there are still many areas 

that can be improved and further optimized. 

For example, there is a need to optimize compounds containing 5-(5-methyl-

1,2,4-triazol-3-yl)-1,2,4-oxadiazole group, and establish the corresponding 

structure-activity relationship (Scheme 6-01). 

 

Scheme 6-01 Synthetic routes of aminoalkyl derivatives 

For etomoxir, the chirality exists in the ethylene oxide of the compound. 

According to the literature, some studies have concluded that (R)-compound 

was superior to racemic-compound4. Therefore, two synthetic routes for chiral 

compound should be designed. The difference in the biological activities of 

both (R)-compound and racemic-compound should be analysed. (Scheme 6-

02). 

 
4 Ceccarelli, S. M.; Chomienne, O.; Gubler, M.; Arduini, A., Carnitine palmitoyltransferase (CPT) modulators: a 

medicinal chemistry perspective on 35 years of research. J Med Chem 2011, 54 (9), 3109-3152 
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Scheme 6-02 Preparation of S-Etomoxir for CPT1 inhibitor 

When we used a variety of synthetic schemes to study the synthesis of 

diclofenac prodrugs with nitro moiety, we unexpectedly discovered three 

cyclized compounds (5A-051, 5A-065, 5A-067) (Figure 6-06), establishing a 

new synthetic strategy for studying analogous compounds in the future. N-

substituted tetrahydroindole and N-substituted tetrahydroquinoline exhibit a 

diverse range of biological activities that would certainly warrant further 

investigations. 



 

225 
 

 

Figure 6-06 three new cyclized compounds  

In the future, using enzyme-catalyzed prodrug release experiments in vitro and 

a variety of detection methods, we should be able to infer the mechanism of 

prodrug release associated with single electron transfer (Figure 6-07). We will 

be able to use this information to optimize the conditions of prodrug release 

and obtain relevant metabolic kinetic information. 

  

Figure 6-07 Enzyme-catalyzed prodrug release studies 

More specifically, we could create a cellular hypoxia gradient by placing a 

coverslip on top of the cells thereby gradually decreasing the oxygen 

concentration from the perimeter of the coverslip to the center5. Fluorescence 

microscopy could then be used to examine the fluorescence intensity caused 

by the release of triazene probes (Figure 6-08); another option could be to 

exploit the spontaneous hypoxia gradient generated within 3D tumor spheroid 

models. 

 
5 Piao, W.; Tsuda, S.; Tanaka, Y.; Maeda, S., et al., Development of azo-based fluorescent probes to detect 

different levels of hypoxia. Angew Chem Int Ed 2013, 52 (49), 13028-13032. 
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Figure 6-08 Fluorescence intensity of triazene probes at different oxygen concentrations 
observed by inverted fluorescence microscopy 

Regarding diclofenac, functional group conversion may be used to add the 

nitro group, and prepare triazene derivative as in Scheme 6-03.

 

Scheme 6-03 Synthetic routes of triazene diclofenac 
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Experiment part  

 
 
 
 
 
 
 
 
 
 
 
 
  



 

228 
 

General  
 

Unless otherwise mentioned, reagents were purchased from commercial 

sources (Sigma Aldrich, TCI, Acros, FluoroChem) and used without further 

purification. All solvents were dried from Na or CaH2 and purified by 

distillation before being used. NMR spectra were recorded at room 

temperature on a Bruker Avance UltraShield instrument operating at a 

frequency of 300 MHz for 1H and 75 MHz for 13C. Chemical shifts (δ) are 

reported in ppm relative to CDCl3 (δ = 7.26 ppm) and DMSO-d6 (δ = 2.50 

ppm) for 1H NMR and CDCl3 (δ = 77.2 ppm) and DMSO-d6 (δ = 39.52 ppm) 

for 13C NMR multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet, q 

= quartet, br = broad). Column chromatography was performed over ROCC 

Silica gel 60 (40-63 µm). Thin layer chromatography was performed on 

prepared thin layers precoated plates: Silica gel Merck 60 F254. The 

visualization of spots on TLC plates was done by UV light (254nm or 365 nm) 

or KMnO4 solution staining. High Resolution Mass Spectra were obtained 

from a Thermo Scientific Qexactive with accurate mass reported for the 

molecular ion or suitable fragment ions. 
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Chapter I: 

Experimental protocols and analyses 

Part A 

General procedure for preparation of benzene azidomethyl 

Synthesis of (4-(azidomethyl)-2,6-dichlorophenyl)(phenyl)methanone  

 

The compound (3,5-dichlorophenyl) methanol (5.0 g, 28.24 mmol) in dichloromethane (30 ml) 

solution of tert-butyidimethylsilyl chloride (5.4 ml, 31.07 mmol), pyridine (2.7 ml, 33.89 mmol) 

was added under argon at 0℃. After stirring overnight at room temperature and after completion 

of the reaction, the mixture was washed with HCl aq (1M) and brine by extraction with CH2Cl2, 

dried over anhydrous sodium sulfate, filtered and concentrated under reduced pressure to give 

a colorless oil. The residue was purified by silica gel column chromatography (petroleum ether/ 

ethyl acetate 100/1) to give the compound tert-butyl ((3,5-dichlorobenzyl) oxy) dimethylsilane 

as a colorless oil (7.5 g, 89.0%).1H-NMR (300MHz, CDCl3): ppm δ 7.23-7.19 (m, 3H), 4.68 

(s, 2H), 0.91 (s, 9H), 0.11(s, 6H).  

To a solution of tert-butyl ((3,5-dichlorobenzyl)oxy) dimethylsilane 3-012 (1.0 g, 3.43 mmol) 

was dissolved in anhydrous THF (7.0 mL) followed the addition of n-BuLi (2.5 M solution in 

hexane, 1.4 mL, 3.4 mmol) dropwise at -78 ℃. The resulting solution was stirred at -78 ℃ for 

60 min followed by the addition of 4-chlorobenzoyl chloride (460 μL, 3.43 mmol). The reaction 

was stirred at -78 ℃ to room temperature for 3 h then quenched with HCl aq (1M). The 

extractions were performed with ethyl acetate and the combined organic layers were dried over 

MgSO4, filtered and concentrated under reduced pressure to give a pale-yellow oil. The crude 

product was used for next step without further purification. The crude product in THF (5 mL) 
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was added TBAF (1.0 M solution in THF, 8.6 mL, 8.58 mmol) at room temperature and stirred 

at room temperature for 3 h then quenched with aqueous saturated NH4Cl solution. The 

extractions were performed with ethyl acetate and the combined organic layers were dried over 

MgSO4 followed by concentrated under reduced pressure to give a brown powder. The residue 

was purified by silica gel column chromatography (CH2Cl2/ MeOH 50/1-30/1) to give the 

compound (4-chlorophenyl)(2,6-dichloro-4-(hydroxymethyl)phenyl) methanone 3-014 as an 

off-white solid (776 mg, 70 %).1H-NMR (300MHz, DMSO-d6): ppm δ 7.77 (d, J= 6.0 Hz, 2H), 

7.67 (d, J= 6.0 Hz, 2H), 7.56 (s, 2H), 5.57 (t, J= 6.0 Hz, 1H), 4.60 (d, J= 6.0 Hz, 2H). 13C-

NMR (75MHz, DMSO-d6): ppm δ191.60, 148.36, 140.42, 134.84, 133.99, 131.46, 130.78, 

130.23, 126.46, 61.83. 

To a solution of (4-chlorophenyl) (2,6-dichloro-4-(hydroxymethyl) phenyl) methanone 3-014 

(200 mg, 0.63 mmol) dissolved in THF 8.0 mL was treated dropwise 1,8-diazabicyclo 

[5.4.0]undec-7-ene DBU (115 μL, 0.76 mmol), after 5 min added the diphenylphosphoryl azide 

DPPA (206 μL, 0.95 mmol) at room temperature. Stirring the mixture for overnight at the same 

temperature, the mixture was added aqueous saturated ammonium chloride. The mixture was 

extracted with ethyl acetate, and the combined organic extract was washed with brine, dried 

over MgSO4 followed by concentrated under reduced pressure. The residue was purified by 

silica gel column chromatography (petroleum ether/ ethyl acetate 30/1-10/1) to give the 

compound (4-(azidomethyl)-2,6-dichlorophenyl)(4-chlorophenyl)methanone 3-015 as a light 

yellow oil (162 mg, 75 %). 1H-NMR (300MHz, CDCl3): ppm δ 7.76 (d, J= 9.0 Hz, 2H), 7.76 

(d, J= 9.0 Hz, 2H), 7.56 (s, 2H), 4.60 (s, 2H).13C-NMR (75MHz, CDCl3): ppm δ 191.02, 141.09, 

139.50, 136.86, 133.72, 132.36, 130.93, 129.45, 127.38, 53.26.  

Synthesis of 5-(azidomethyl)-1,3-dichloro-2-(4-chlorobenzyl)benzene  

 

To a solution of 4-chlorobenzoic acid 3-018 (1.0 g, 3.39 mmol) dissolved in EtOH 15 mL was 

treated dropwise concentrated sulfuric acid (90 μL, 1.60 mmol), the mixture was heated at 

reflux for overnight. The mixture was cooled, concentrated under reduced pressure and diluted 



 

231 
 

with water. The aqueous layer was extracted with ethyl acetate, and the combined organic 

extract was washed with brine, dried over MgSO4 followed by concentrated under reduced 

pressure to afford crude ethyl 4-chlorobenzoate as a yellow solid. The crude compound was not 

purified to the next step. To a solution of ethyl 4-chlorobenzoate 3-019 dissolved in THF 15 mL 

was cooled to 0oC. The diisobutylaluminium hydride (1M solution in THF, 12.8 ml, 12.78 mmol) 

was added to dropwise at 0oC, it was them stirred at 0oC 2h which is was quenched with 10% 

Rochelle’s salt solution. The mixture was then stirred for more 1h until the organic layer 

separates out. The mixture was extracted with ethyl acetate, and the combined organic extract 

was washed with brine, dried over MgSO4 followed by concentrated under reduced pressure. 

The residue was purified by silica gel column chromatography (petroleum ether/ ethyl acetate 

5/1-3/1) to give the compound (4-chlorophenyl)methanol 3-020 as a light yellow solid (675 mg, 

74 %). 1H-NMR (300MHz, CDCl3): ppm δ 7.50-7.20 (m, 4H), 4.45 (s, 2H), 2.80 (s, 1H). 

To a solution of (4-chlorophenyl)methanol 3-020 (500 mg, 3.51 mmol) in dry CH2Cl2 7 mL was 

slowly added phosphorus tribromide (335 µL, 3.51 mmol) at 0°C, and the mixture was stirred 

at room temperature for 3 h. The mixture was cooled at 0°C, and quenched with water. The 

mixture was extracted with ethyl acetate and washed with water, before dried over MgSO4. The 

residue was purified by silica gel column chromatography (petroleum ether/ ethyl acetate 50/1) 

to give the compound 4-chlorobenzyl bromide 3-021 as a colorless solid (667 mg, 93 %). 1H-

NMR (300MHz, CDCl3): ppm δ 7.50-7.20 (m, 4H), 4.46 (s, 2H).  

The next step according to the method of (4-(azidomethyl)-2,6-dichlorophenyl)(4-

chlorophenyl)methanone to give 5-(azidomethyl)-1,3-dichloro-2-(4-chlorobenzyl)benzene 3-

024 (153 mg, 71 %) as a yellow oil. 1H-NMR (300MHz, CDCl3): ppm δ 7.59 (s, 2H), 7.43 (d, 

J= 9.0 Hz, 2H), 7.29 (d, J= 9.0 Hz, 2H), 4.56 (s, 2H), 4.51 (s, 2H). 

Synthesis of 4-(4-(azidomethyl)-2,6-dichlorobenzyl) morpholine  
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To a solution of tert-butyl((3,5-dichlorobenzyl)oxy)dimethylsilane 3-012 (2.0 g, 6.87 mmol) in 

anhydrous THF at -78 °C, under Ar atmosphere, was added dropwise n-BuLi (2.9 mL of 2.50 

M solution in hexane, 7.21 mmol). After 40 min, anhydrous DMF (640 µL, 8.24 mmol) was 

added slowly dropwise to the solution. After the addition, the solution was stirred at -78 °C for 

2 h then quenched with 1M HCl. The extractions were performed with ethyl acetate and the 

combined organic layers was washed with water, brine, dried with MgSO4 and filtered. The 

solvent was removed under reduced pressure to give residue product, the residue was purified 

by silica gel column chromatography (petroleum ether/ ethyl acetate 50/1) to give the 

compound 4-(((tert-butyldimethylsilyl)oxy)methyl)-2,6-dichlorobenzaldehyde 3-025, as a 

colorless solid (1.8 g, 82 %). 1H-NMR (300MHz, DMSO-d6): ppm δ 10.34 (s, 1H), 7.48 (s, 

2H), 4.79 (s, 2H), 0.91 (s, 9H), 0.10 (s, 6H). 

Preparation NaBH(OAc)3 triacetoxyborohydride 

To a solution of sodium borohydride (590 mg, 15.66 mmol) in the anhydrous dichloroethane 

the temperature was kept between 15 and 20 °C, then added the dropwise glacial acetic acid 

(2.9 g, 50.11 mmol). After addition of acetic acid was completed, the mixture was warmed to 

ambient temperature and stirred for 3-4 h. 

To a solution of 4-(((tert-butyldimethylsilyl)oxy)methyl)-2,6-dichlorobenzaldehyde 3-025 (1.0 

g, 3.13 mmol) and the morpholine (1.4 ml, 15.66 mmol) in the dichloroethane 10 ml was added 

dropwise in the triacetoxyborohydride (above solution), and the mixture was stirred and 

allowed to warm room temperature 24 h under Argon. The solution was quenched by added 

aqueous saturated NaHCO3, the extractions were performed with CH2Cl2 and the combined 

organic layers was washed with water, brine, dried with MgSO4 and filtered. The solvent was 

removed under reduced pressure to give the crude compound. The residue was purified by silica 

gel column chromatography (CH2Cl2/ MeOH 50/1-30/1) to give the compound 4-(4-(((tert-

butyldimethylsilyl)oxy)methyl)- 2,6-dichlorobenzyl)morpholine as a crude yellow oil. The 

crude compound was not purified to the next step. The crude 4-(4-(((tert-

butyldimethylsilyl)oxy)methyl) -2,6- dichlorobenzyl) morpholine in THF (8 mL) was added 

TBAF (1.0 M solution in THF, 7.7 mL, 7.68 mmol) at room temperature and stirred at room 

temperature for 4 h then quenched with aqueous saturated NH4Cl solution. The extractions were 

performed with ethyl acetate and the combined organic layers were dried over MgSO4 followed 

by concentrated under reduced pressure to give a brown solid. The residue was purified by silica 

gel column chromatography (CH2Cl2/ MeOH 50/1-40/1) to give the compound (3,5-dichloro-

4- (morpholinomethyl) phenyl) methanol 3-026 as a light yellow solid (610 mg, 71 %). 1H-

NMR (300MHz, CDCl3): ppm δ 7.31 (s, 2H), 5.30 (s, 1H), 4.65 (s, 2H), 3.73 (s, 2H), 3.64 (dd, 
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J= 9.0 Hz, 3.0 Hz, 4H), 2.57 (dd, J= 9.0 Hz, 3.0 Hz, 4H). 13C-NMR (75MHz, CDCl3): ppm δ 

140.69, 135.39, 131.25, 124.81, 65.46, 62.02, 55.00, 51.80. 

The next step according to the method of synthesis 3-015 to give the compound (4-(azidomethyl) 

-2,6-dichlorophenyl) (4-(trifluoromethyl)phenyl)methanone 3-028 as a light yellow oil (431 mg, 

79 %).1H-NMR (300MHz, CDCl3): ppm δ 7.27 (s, 2H), 4.31 (s, 2H), 3.74 (s, 2H), 3.65 (dd, J= 

3.0, 9.0 Hz, 4H), 2.56 (dd, J= 3.0, 9.0 Hz, 4H). 13C-NMR (75MHz, CDCl3): ppm δ 140.69, 

135.39, 131.25, 124.81, 65.46, 62.02, 55.00, 51.80. 

Synthesis of N-(4-(azidomethyl)phenyl)-4-(trifluoromethyl)benzamide 

 

To a solution of (2-aminophenyl)methanol 3-029 (1.0 g, 8.12 mmol) in the DMF at 0 °C was 

treated dropwise with TEA (1.2 ml, 8.53 mmol) and 4-(trifluoromethoxy)benzoyl chloride (1.3 

ml, 8.12 mmol). The mixture was stirred and allowed to 50oC 4h under Argon. The solution 

was quenched by adding saturation NH4Cl (aq). The solution extractions were performed with 

CH2Cl2 and the combined organic layers was washed with water, brine, dried with MgSO4 and 

filtered. The solvent was removed under reduced pressure to give the crude compound. The 

residue was purified by silica gel column chromatography (CH2Cl2/ MeOH 50/1) to give the 

compound N-(2-(hydroxymethyl)phenyl)-4-(trifluoromethoxy)benzamide 3-030 as a yellow 

powder (1.8 g, 70 %). 1H-NMR (300MHz, DMSO-d6): ppm δ 10.17 (s, 1H), 8.06 (d, J= 9.0 Hz, 

2H), 7.68 (dd, J= 1.5, 7.1 Hz, 1H), 7.55 (d, J= 9.0 Hz, 2H), 7.45 (dd, J= 1.5, 7.1 Hz, 1H), 7.30 

(t, J= 6.0 Hz, 1H), 7.21 (t, J= 6.0 Hz, 1H), 5.54 (t, J= 6.0 Hz, 1H), 4.59 (d, J= 6.0 Hz, 2H). 

The next step according to the method of synthesis 3-015 to give the compound N-(2-

(azidomethyl)phenyl)-4-(trifluoromethoxy)benzamide 3-031, as a yellow oil (186 mg, 

86 %).1H-NMR (300MHz, DMSO-d6): ppm δ 10.20 (s, 1H), 8.11 (dd, J= 3.0, 6.0 Hz, 2H), 7.55 

(dd, J= 3.0 Hz, 6.0 Hz, 1H), 7.47 (dd, J= 3.0, 6.0 Hz, 2H), 7.43-7.30 (m, 2H), 4.52 (s, 2H). 13C-

NMR (75MHz, DMSO-d6): ppm δ 164.57, 150.57, 135.97, 133.43, 131.44, 130.44, 130.12, 

129.49, 50.63.  

Synthesis of 4-(2-(azidomethyl)phenyl)morpholine 



 

234 
 

 

The compound (3-bromophenyl)methanol 3-032 (2.0 g, 10.69 mmol) in dichloromethane (10 

ml) solution of tert-butyldimethylsilyl trifluoromethanesulfonate TBSOTf (2.5 ml, 10.69 

mmol), triethylamine (1.8 ml, 12.83 mmol) was added under argon at 0℃. After stirring 3h at 

room temperature and after completion of the reaction, the mixture was washed with HCl aq 

(1M) and brine by extraction with CH2Cl2, dried over anhydrous sodium sulfate, filtered and 

concentrated under reduced pressure to give a colorless oil. The residue was purified by silica 

gel column chromatography (Petroleum ether/ ethyl acetate 50/1) to give the compound ((3-

bromobenzyl)oxy)(tert-butyl)dimethylsilane 3-033 as a colorless oil (3.11 g, 97%). 1H-NMR 

(300MHz, DMSO-d6): 7.49-7.48 (m, 1H), 7.46-7.42 (m, 1H), 7.32-7.30 (m, 2H), 4.71 (s, 2H), 

0.90 (s, 9H), 0.08 (s, 6H).  

The following reaction procedure is a slightly modified reported procedure6. A mixture of tris -

(dibenzylideneacetone) dipalladium Pd2(dba)3 (19 mg, 0.02 mmol), the ligand 2-

dicyclohexylphosphino -2′,6′- dimethoxybiphenyl rac-BINAP (37 mg, 0.06 mmol, 9 mol %) 

and 10 mL of anhydrous toluene was added into an oven dried flask with argon in room 

temperature. Then, ((3-bromobenzyl)oxy)(tert-butyl)dimethylsilane 3-033 (200 mg, 0.66 

mmol), morpholine (325 µL, 3.32 mmol) and t-BuONa (83 mg, 0.86 mmol) were sequentially 

added to the reaction mixture. Then the reaction mixture was heated to 100 °C for 12 h. After 

completion of the reaction, the resulting reaction mixture was slowly brought to room 

temperature, and then quenched by adding water and extracted with ethyl acetate. The organic 

layer was dried over sodium sulphate and concentrated under reduced pressure to give the crude 

compound. The crude product used for next step without further purification. The crude 

compound in THF (8 mL) was added TBAF (1.0 M solution in THF, 2.0 mL, 1.98 mmol) at 

room temperature and stirred at room temperature for 4 h then quenched with aqueous saturated 

NH4Cl solution. The extractions were performed with ethyl acetate and the combined organic 

 
6 a. M. D. Charles, P. Schultz and S. L. Buchwald, Org. Lett.,2005, 7, 3965. b. Mudithanapelli C, Kim M. Org & 

Biomolecular Chem, 2020. 
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layers were dried over MgSO4 followed by concentrated under reduced pressure to give a brown 

solid. The residue was purified by silica gel column chromatography (CH2Cl2/ MeOH 50/1-

30/1) to give the compound (3-morpholinophenyl) methanol 3-035 as a light yellow solid (92 

mg, 72 %).  

The next step according to the method of synthesis 3-015 to give the compound 4-(3-

(azidomethyl)phenyl) morpholine 3-016 (176 mg, 78 %) as a yellow solid. 1H-NMR (300MHz, 

CDCl3): ppm δ 7.30-7.22 (m, 1H), 6.94-6.91 (m, 2H), 6.81-6.78 (m, 1H), 4.36 (s, 2H), 3.74 (t, 

J=3.0 Hz, 4H), 3.12 (t, J=3.0 Hz, 4H). 13C-NMR (75MHz, CDCl3): ppm δ 151.76, 136.69, 

129.79, 119.50, 115.48, 115.20, 66.52, 54.46, 48.73. 

Synthesis of tert-butyl 4-((2-(azidomethyl)phenyl)amino)piperidine-1-carboxylate  

 

To a solution of (2-aminophenyl)methanol 3-037 (1.2 g, 9.74 mmol) and the tert-butyl 4-

oxopiperidine-1-carboxylate (2.5 g, 12.67 mmol) in the dichloroethane 10ml was added 

triacetoxyborohydride (6.2 g, 29.23 mmol) in the dichloroethane, and the mixture was stirred 

and allowed to warm room temperature 24h under Argon. The solution was quenched by added 

aqueous saturated NaHCO3, the extractions were performed with CH2Cl2 and the combined 

organic layers was washed with water, brine, dried with MgSO4 and filtered. The solvent was 

removed under reduced pressure to give the crude compound. The residue was purified by silica 

gel column chromatography (CH2Cl2/ MeOH 50/1) to give the compound tert-butyl 4-((2-

(hydroxymethyl)phenyl)amino) piperidine- 1-carboxylate 3-038 as a yellow solid (1.2 g, 40 %). 

1H-NMR (300MHz, DMSO-d6): ppm δ 7.11-7.04 (m, 2H), 7.64. (d, J=9.0 Hz, 1H), 6.54 (t, 

J=9.0 Hz, 1H), 5.12 (t, J=6.0 Hz, 1H), 4.91 (d, J=6.0 Hz, 1H), 4.40 (d, J=6.0 Hz, 2H), 3.86-

3.82 (m, 2H), 3.53-3.45 (m, 1H), 3.02-3.29 (m, 2H), 1.95-1.86 (m, 2H), 1.40 (s, 9H), 1.31-1.24 

(m, 2H). 

The next step according to the method of synthesis 3-015 to give the compound tert-butyl 4-

((2-(azidomethyl)phenyl)amino)piperidine-1-carboxylate 3-039 (361 mg, 67 %) as a yellow oil. 

1H-NMR (300MHz, CDCl3): ppm δ 7.17 (t, J=6.0 Hz, 1H), 6.65-6.52 (m, 3H), 4.25 (s, 2H), 

4.08-4.01 (m, 2H), 3.47-3.41 (m, 1H), 2.07-2.01 (m, 2H),1.47 (s, 9H), 1.37-1.30 (m, 2H). 

Synthesis of N-allyl-2-cyanoacetamide 
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To a solution of 2-cyanoacetohydrazide (6.0 g, 60.55 mmol) in the water was added HCl 

(Catalytic amount) and pentane-2,4-dione (6.3 ml, 60.55 mmol). The mixture was stirred at 

room temperature for 2h. The precipitate was filtered, washed with water and dried to obtain a 

white solid as the pure product 3-(3,5-dimethyl-1H-pyrazol-1-yl)-3-oxopropanenitrile as a 

white solid (9.7 g, 98 %). 1H-NMR (300MHz, CDCl3): ppm δ 6.03 (s, 1H), 4.28 (s, 2H), 2.55 

(s, 3H), 2.22 (s, 3H).13C-NMR (75MHz, CDCl3): ppm δ 162.45, 153.88, 144.73, 113.44, 112.46, 

30.95, 26.89, 14.06, 13.77. 

To a solution of 3-(3,5-dimethyl-1H-pyrazol-1-yl)-3-oxopropanenitrile (1.0 g, 6.13 mmol) in 

the toluene, was added the allylamine (460 µL, 6.13 mmol). The mixture was refluxed for 30 

min and then cooled room temperature. The precipitate was filtered, washed with n-hexane and 

dried to obtain a colorless solid as the pure product N-allyl-2-cyanoacetamide (649 mg, 85 %) 

as a off-white solid. 1H-NMR (300MHz, DMSO-d6): ppm δ 8.38 (s, 1H), 5.84-5.73 (m, 1H), 

5.19-5.16 (m, 1H), 3.72 (t, J= 3.0 Hz, 2H), 3.65 (s, 2H). 13C-NMR (75MHz, DMSO-d6): ppm 

δ 162.39, 134.94, 116.62, 116.03, 103.62, 41.78, 25.69. 

 

Ethyl propiolate (1ml g, 11.51 mmol) was added to the stirred aqueous ammonia (25 %, 9 ml, 

57.57 mmol) at -78°C. drop wise over 5 mins. The resulting mixture was stirred under -78°C. 

for 1 h and was allowed to room temperature 3 h and after completion of the reaction. The 

reaction mixture was concentrated under vacuo. The residue was purified by silica gel column 

chromatography (Petroleum ether/ ethyl acetate 5/1 – 3/1) to give the compound propynoic acid 

amide as a light yellow solid (678 mg, 85 %). 1H-NMR (300MHz, DMSO-d6): ppm δ 8.06 (s, 

1H), 7.60 (s, 1H), 4.06 (s, 1H). 

Synthesis of CAI derivatives 3-040 to 3-056 and 3-063 to 3-068 

 

5-amino-1-(3,5-dichloro-4-(4-chlorobenzoyl)benzyl)-1H-1,2,3-triazole-4-carboxamide (3-040) 



 

237 
 

A stirred solution of sodium ethoxide (120 mg, 1.76 mmol) 

in EtOH (8 mL) at 0 °C was treated dropwise with 2-

cyanoacetamide (148 mg, 1.76 mmol). After 10 min a 

solution of (4-(azidomethyl)-2,6-dichlorophenyl) (4-chlorophenyl)methanone (200 mg, 0.59 

mmol) in EtOH 1 mL was added dropwise and the reaction was allowed to warm to room 

temperature before heating to reflux for 3 h. After cooling to room temperature, the reaction 

was diluted by addition of water and EtOAc, the organic phase separated, the aqueous layer 

was extracted with EtOAc and the organic phase washed with brine, dried over anhydrous 

MgSO4, filtered and concentrated. The residue was purified by silica gel column 

chromatography (CH2Cl2/ MeOH 50/1 to 20/1) to give the below compound 5-amino-1-(3,5-

dichloro-4-(4-chlorobenzoyl)benzyl)-1H-1,2,3-triazole-4- carboxamide (3-040). (84 mg, 34 %) 

as a brownish yellow powder. Chemical Formula: C17H12Cl3N5O2, Molecular weight: 

424.6660, 1H-NMR (300MHz, CDCl3): ppm δ 7.74 (dd, J=2.0 Hz, 7.2 Hz, 2H), 7.45 (dd, J=2.0 

Hz, 7.2 Hz, 2H), 7.26 (s, 2H), 6.86 (s, 1H), 5.72 (s, 1H), 5.41 (s, 2H), 5.30 (s, 2H). 13C-NMR 

(75MHz, CDCl3): ppm δ 190.92, 164.42, 144.46, 141.33, 137.60, 133.41, 132.84, 130.92, 

129.50, 126.85, 123.05, 109.98, 50.87. HRMS (APCI+): calculated for C17H13Cl3N5O2 

[M+H]+:424.0130, found: 424.0127. 

5-amino-1-(4-benzoyl-3,5-dichlorobenzyl)-1H-1,2,3-triazole-4-carboxamide (3-041) 

According to the method 3-040, to give the compound 5-amino-

1-(4-benzoyl-3,5-dichlorobenzyl)-1H-1,2,3-triazole-4- 

carboxamide (3-041) (83 mg, 25 %) as a yellow solid. Chemical 

Formula: C17H13Cl2N5O2, Molecular weight: 390.2240, 1H-NMR (300MHz, DMSO-d6): 

ppm δ 7.77-7.73 (m, 3H), 7.62-7.55 (m, 2H), 7.51 (s, 1H), 7.39 (d, J=8.1 Hz, 2H), 6.53 (s, 2H), 

5.52 (s, 2H). 13C-NMR (75MHz, DMSO-d6): ppm δ 192.24, 164.58, 145.39, 140.89, 136.67, 

135.52, 135.01, 131.21, 130.03, 129.67, 127.93, 122.25, 47.51. HRMS (APCI+): calculated for 

C17H14Cl2N5O2 [M+H]+:390.0519, found: 309.0519. 

5-amino-1-(3,5-dichloro-4-(4-methylbenzoyl)benzyl)-1H-1,2,3-triazole-4-carboxamide (3-042) 

According to the method 3-040, to give the compound 5-

amino-1-(3,5-dichloro-4-(4-methylbenzoyl)benzyl)-1H-

1,2,3- triazole-4-carboxamide (3-042) (105 mg, 42 %) as a 

yellow powder. Chemical Formula: C18H15Cl2N5O2, Molecular weight: 404.2510, 1H-NMR 

(300MHz, DMSO-d6): ppm δ 7.64 (d, J=8.6 Hz, 2H), 7.51 (s, 1H), 7.43 (s, 2H), 7.39 (d, J=8.1 

Hz, 2H), 7.16 (s, 1H), 6.53 (s, 2H), 5.52 (s, 2H), 2.39 (s, 3H). 13C-NMR (75MHz, DMSO-d6): 
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ppm δ 191.65, 164.56, 146.40, 145.36, 140.72, 136.84, 132.64, 131.19, 130.56, 129.80, 127.86, 

122.22, 47.50, 21.84. HRMS (APCI+): calculated for C18H16Cl2N5O2 [M+H]+:404.0676, found: 

404.0675. 

5-amino-1-(3,5-dichloro-4-(3-methylbenzoyl)benzyl)-1H-1,2,3-triazole-4-carboxamide (3-043) 

According to the method 3-040, to give the compound 5-

amino-1-(3,5-dichloro-4-(3-methylbenzoyl)benzyl)-1H-

1,2,3- triazole-4-carboxamide (3-043) (94 mg, 27 %) as a 

yellow solid. Chemical Formula: C18H15Cl2N5O2, Molecular weight: 404.2510, 1H-NMR 

(300MHz, DMSO-d6): ppm δ 7.62-7.60 (m, 1H), 7.58-7.54 (m, 1H), 7.52-7.46 (m, 3H), 7.43 (s, 

2H), 7.15 (s, 1H), 6.52 (s, 2H), 5.52 (s, 2H), 2.37 (s, 3H).13C-NMR (75MHz, DMSO-d6): ppm 

δ 192.29, 164.63, 145.42, 140.79, 139.58, 136.82, 136.20, 135.12, 131.23, 129.86, 129.51, 

127.89, 127.27, 122.26, 47.55, 21.23. HRMS (APCI+): calculated for C18H16Cl2N5O2 

[M+H]+:404.0676, found: 404.0673. 

5-amino-1-(3,5-dichloro-4-(4-methoxybenzoyl)benzyl)-1H-1,2,3-triazole-4-carboxamide (3-

044) 

According to the method 3-040, to give the compound 5-

amino-1-(3,5-dichloro-4-(4-methoxybenzoyl)benzyl)-

1H-1,2,3- triazole-4-carboxamide (3-044) (88 mg, 35 %) 

as a yellow solid. Chemical Formula: C18H15Cl2N5O3, Molecular weight: 420.2500, 1H-

NMR (300MHz, DMSO-d6): ppm δ 7.70 (d, J=9.0 Hz, 2H), 7.50 (s, 1H), 7.43 (s, 2H), 7.10 (d, 

J=9.0 Hz, 2H), 6.77 (s, 2H), 6.52 (s, 1H), 5.52 (s, 2H), 3.85 (s, 3H). 13C-NMR (75MHz, DMSO-

d6): ppm δ 190.36, 164.98, 162.33, 146.83, 140.33, 137.05, 132.20, 131.25, 128.05, 127.85, 

115.31, 56.25, 51.35, 47.60. HRMS (APCI+): calculated for C18H16Cl2N5O3 [M+H]+: 420.0625, 

found: 420.0629. 

5-amino-1-(3,5-dichloro-4-(4-(trifluoromethoxy)benzoyl)benzyl)-1H-1,2,3-triazole-4- 

carboxamide (3-045) 

According to the method 3-040, to give the compound 5-

amino-1-(3,5-dichloro-4-(4-(trifluoromethoxy)benzoyl) 

benzyl)- 1H-1,2,3-triazole-4-carboxamide (3-045) (101 

mg, 42 %) as a yellow powder. Chemical Formula: C18H12Cl2F3N5O3, Molecular weight: 

474.2212, 1H-NMR (300MHz, DMSO-d6): ppm δ 7.91 (dd, J=2.0 Hz, 6.8 Hz, 2H), 7.52 (s, 

1H), 7.57 (dd, J=1.2 Hz, 9.0 Hz, 2H), 7.48 (s, 2H), 7.17 (s, 1H), 6.54 (s, 2H), 5.53 (s, 2H). 13C-
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NMR (75MHz, DMSO-d6): ppm δ 190.53, 164.12, 152.74, 144.92, 140.73, 135.65, 133.19, 

131.86, 130.73, 127.60, 121.78, 121.44, 47.05. HRMS (APCI+): calculated for 

C18H13Cl2F3N5O3 [M+H]+: 474.0342, found:474.0344. 

5-amino-1-(3,5-dichloro-4-(4-(trifluoromethyl)benzoyl)benzyl)-1H-1,2,3-triazole-4- 

carboxamide (3-046) 

According to the method 3-040, to give the compound 5-

amino-1-(3,5-dichloro-4-(4-(trifluoromethyl)benzoyl) 

benzyl) -1H-1,2,3-triazole-4- carboxamide (3-046) (87 mg, 

36 %) as a yellow solid. Chemical Formula: C18H12Cl2F3N5O2, Molecular weight: 458.2222, 

1H-NMR (300MHz, DMSO-d6): ppm δ 7.98 (s, 4H), 7.51 (s, 1H), 7.49 (s, 2H), 7.15 (s, 1H), 

6.53 (s, 2H), 5.54 (s, 2H). 13C-NMR (75MHz, DMSO-d6): ppm δ 164.55, 145.37, 137.89, 

135.85, 134.69, 131.20, 130.55, 130.49, 128.09, 126.70, 122.22, 121.91, 121.56, 58.06, 47.50. 

HRMS (APCI+): calculated for C18H13Cl2F3N5O2 [M+H]+: 458.0393, found: 458.0394. 

1-(4-(2-naphthoyl)-3,5-dichlorobenzyl)-5-amino-1H-1,2,3-triazole-4-carboxamide (3-047) 

According to the method 3-040, to give the compound 1-(4-

(2-naphthoyl)-3,5-dichlorobenzyl)-5-amino-1H-1,2,3-

triazole -4-carboxamide (3-047) (91 mg, 24 %) as a yellow 

solid. Chemical Formula: C21H15Cl2N5O2, Molecular weight: 440.2840, 1H-NMR (300MHz, 

CDCl3): ppm δ 8.31 (d, J=3.0 Hz, 1H) 8.16-8.10 (t, J= 9.0 Hz, 2H), 8.04 (d, J=6.0 Hz, 1H), 

7.93 (dd, J=3.0, 9.0 Hz, 1H), 7.75-7.70 (m, 1H), 7.65-7.60 (m, 1H), 7.51 (s, 1H), 7.49 (s, 2H), 

7.16 (s, 1H), 6.55 (s, 2H), 5.56 (s, 2H). 13C-NMR (75MHz, CDCl3): ppm δ 192.62, 164.79, 

144.88, 137.95, 137.71, 136.35, 132.84, 132.73, 132.50, 132.44, 129.90, 129.43, 129.21, 

127.92, 127.10, 126.93, 123.84, 122.74, 48.43. HRMS (APCI+): calculated for C21H16Cl2N5O2 

[M+H]+: 440.0676, found:440.0676. 

5-amino-1-(3,5-dichloro-4-(morpholinomethyl)benzyl)-1H-1,2,3-triazole-4-carboxamide (3-

048) 

According to the method 3-040, to give the compound 5-

amino-1-(3,5-dichloro-4-(morpholinomethyl)benzyl)-1H-

1,2,3- triazole-4-carboxamide (3-048) (84 mg, 33 %) as a 

yellow solid. Chemical Formula: C15H18Cl2N6O2, Molecular weight: 385.2490, 1H-NMR 

(300MHz, DMSO-d6): ppm δ 7.50 (s, 1H), 7.28 (s, 2H), 7.13 (s, 1H), 6.48 (s ,2H), 5.42 (s, 2H), 

3.63 (s, 2H), 3.49 (t, J=4.5 Hz, 4H), 2.43 (t, J=4.5 Hz, 4H). 13C-NMR (75MHz, DMSO-d6): 

ppm δ 164.55, 145.25, 138.54, 136.60, 133.28, 127.86, 122.15, 66.66, 56.58, 53.58, 47.34. 
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HRMS (APCI+): calculated for C15H19Cl2N6O2 [M+H]+: 385.0941, found: 385.0943. 

5-amino-1-(3,5-dichloro-4-(cyclohexanecarbonyl)benzyl)-1H-1,2,3-triazole-4-carboxamide 

(3-049) 

According to the method 3-040, to give the compound 5-amino-

1-(3,5-dichloro-4-(cyclohexanecarbonyl)benzyl)-1H-1,2,3- 

triazole-4-carboxamide (3-049) (76 mg, 23 %) as a yellow solid. 

Chemical Formula: C17H19Cl2N5O2, Molecular weight: 396.2720, 1H-NMR (300MHz, 

DMSO-d6): ppm δ 7.48 (s, 1H), 7.35 (s, 2H), 7.13 (s, 1H), 6.48 (s, 2H), 5.45 (s, 2H), 1.88-1.57 

(m, 5H), 1.41-1.11 (m, 6H). 13C-NMR (75MHz, DMSO-d6): ppm δ 204.37, 164.13, 144.84, 

140.02, 134.26, 129.97, 127.46, 126.27, 121.76, 50.52, 47.18, 27.59, 25.00. HRMS (APCI+): 

calculated for C17H19Cl2N5O2 [M+H]+: 396.0989, found: 396.0989. 

N-allyl-5-amino-1-(3,5-dichloro-4-(4-(trifluoromethyl)benzoyl)benzyl)-1H-1,2,3-triazole-4- 

carboxamide (3-050) 

A solution of N-allyl-2-cyanoacetamide (154 mg, 0.80 

mmol) in methanol (6.0 mL) at room temperature was 

treated with sodium ethoxide (56 mg, 0.83 mmol) 

followed by (4-(azidomethyl)-2,6-dichlorophenyl) (4-(trifluoromethyl)phenyl)methanone (200 

mg, 0.53 mmol). The reaction was then stirred for 2h at 50 °C. After cooling to room 

temperature the reaction was diluted by addition of water and EtOAc, the organic phase 

separated, the aqueous layer was extracted with EtOAc and the organic phase washed with brine, 

dried over anhydrous MgSO4, filtered and concentrated. The residue was purified by silica gel 

column chromatography (CH2Cl2/ EtOAc 10/1) to give the compound to give the title 

compound N-allyl-5-amino-1-(3,5-dichloro-4-(4- (trifluoromethyl)benzoyl)benzyl)-1H-1,2,3-

triazole-4- carboxamide (3-050) (108 mg, 36 %) as a yellow solid. Chemical Formula: 

C21H16Cl2F3N5O2, Molecular weight: 498.2872, 1H-NMR (300MHz, DMSO-d6): ppm δ 8.30 

(t, J=6.2 Hz, 1H), 7.98 (s, 4H), 7.50 (s, 2H), 6.54 (s, 2H), 5.91-5.80 (m, 1H), 5.55 (s, 2H), 5.16-

5.02 (m ,2H), 3.85 (t, J=6.2 Hz, 2H). 13C-NMR (75MHz, DMSO-d6): ppm δ 191.68, 162.27, 

145.18, 141.34, 137.88, 136.21, 135.86, 134.71, 134.29, 131.21, 130.48, 128.10, 127.13, 

122.19, 115.36, 47.54, 46.13. HRMS (APCI+): calculated for C21H17Cl2F3N5O2 

[M+H]+:498.0706, found: 498.0705. 

5-amino-1-(3,5-dichloro-4-(4-(trifluoromethyl)benzyl)benzyl)-1H-1,2,3-triazole-4- 

carboxamide (3-051) 
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According to the method 3-040, to give the compound 5-

amino-1-(3,5-dichloro-4-(4-

(trifluoromethyl)benzyl)benzyl) -1H-1,2,3-triazole-4- 

carboxamide (3-051) (91 mg, 24 %) as a yellow solid. Chemical Formula: C18H14Cl2F3N5O, 

Molecular weight: 444.2392, 1H-NMR (300MHz, DMSO-d6): ppm δ 7.65 (d, J=8.3 Hz, 2H), 

7.50 (s, 1H), 7.38 (s, 2H), 7.31 (d, J=8.3 Hz, 2H), 7.15 (s, 2H), 6.48 (s, 2H), 5.43 (2H), 4.23 (s, 

2H). 13C-NMR (75MHz, DMSO-d6): ppm δ 164.59, 145.29, 142.86, 138.33, 135.71, 134.96, 

134.71, 129.10, 128.09, 126.72, 125.92, 122.19, 47.35, 36.11. HRMS (APCI+): calculated for 

C18H15Cl2F3N5O [M+H]+: 444.0601, found:444.0599. 

5-amino-1-(3,5-dichloro-4-(4-chlorobenzyl)benzyl)-1H-1,2,3-triazole-4-carboxamide (3-052) 

According to the method 3-040, 5-amino-1-(3,5-dichloro-4-

(4-chlorobenzyl)benzyl)-1H-1,2,3-triazole-4-carboxamide 

(3-052) (88 mg, 25 %) as a yellow solid. Chemical 

Formula: C17H14Cl3N5O, Molecular weight: 410.6830, 1H-NMR (300MHz, DMSO-d6): ppm 

δ 7.50 (s, 1H), 7.36-7.31 (m, 4H), 7.14-7.10 (m, 3H), 6.48 (s, 2H). 5.43 (s, 2H), 4.23 (s, 2H). 

13C-NMR (75MHz, DMSO-d6): ppm δ 164.59, 145.28, 138.15, 136.95, 135.63, 135.40, 131.47, 

130.17, 128.93, 128.05, 122.18, 47.35, 35.60. HRMS (APCI+): calculated for C17H15Cl3N5O 

[M+H]+: 410.0337, found: 410.0338. 

5-amino-1-(4-(4-chlorobenzoyl)-3,5-difluorobenzyl)-1H-1,2,3-triazole-4-carboxamide (3-053) 

According to the method 3-040, to give the compound 5-

amino-1-(4-(4-chlorobenzoyl)-3,5-difluorobenzyl)-1H-

1,2,3- triazole-4-carboxamide (3-053) (76 mg, 23 %) as a 

yellow solid. Chemical Formula: C17H14ClF2N5O, Molecular weight: 377.7798, 1H-NMR 

(300MHz, DMSO-d6): ppm δ 7.82 (d, J= 8.6 Hz, 2H), 7.65 (d, J= 8.7 Hz, 2H), 7.50 (s,1H), 7.37 

(s, 2H), 7.15-7.10 (m ,3H), 6.51 (s, 2H), 5.55 (s, 2H). 13C-NMR (75MHz, DMSO-d6): ppm δ 

187.53, 164.57, 145.44, 140.43, 135.12, 131.58, 130.00, 129.82, 122.22, 112.02, 111.70, 56.83, 

47.87. HRMS (APCI+): calculated for C17H13ClF2N5O2 [M+H]+: 392.0721, found: 392.0714. 

1-(4-acetyl-3,5-dichlorobenzyl)-5-amino-1H-1,2,3-triazole-4-carboxamide (3-054) 

According to the method 3-040, to give the compound 1-(4-acetyl-

3,5-dichlorobenzyl)-5-amino-1H-1,2,3-triazole -4-carboxamide (3-

054) (81 mg, 29 %) as a yellow solid. Chemical Formula: 

C12H11Cl2N5O2, Molecular weight: 328.1530, 1H-NMR (300MHz, DMSO-d6): ppm δ 7.49 (s, 

1H), 7.37 (s, 2H), 7.14 (s, 1H), 6.49 (s, 2H). 5.46 (s, 2H), 2.53 (s, 3H). 13C-NMR (75MHz, 
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DMSO-d6): ppm δ 200.03, 164.53, 145.30, 140.40, 139.07, 129.60, 127.85, 122.20, 47.43, 

31.45. HRMS (APCI+): calculated for C12H12Cl2N5O2 [M+H]+: 328.0363, found: 328.0362. 

5-amino-1-(3,5-dimethylbenzyl)-1H-1,2,3-triazole-4-carboxamide (3-055) 

According to the method 3-040, to give the compound 5-amino-1-

(3,5-dimethylbenzyl)-1H-1,2,3-triazole-4-carboxamide (3-055) (57 

mg, 27 %) as a yellow solid. Chemical Formula: C12H15N5O, 

Molecular weight: 245.2860, 1H-NMR (300MHz, DMSO-d6): ppm δ 7.44 (s, 1H), 7.09 (s, 

1H), 6.93 (s, 1H), 6.82 (s, 2H), 6.35 (s, 2H), 5.32 (s, 2H). 2.23 (s, 6H). 13C-NMR (75MHz, 

DMSO-d6): ppm δ 164.72, 145.15, 138.08, 136.25, 129.52, 125.53, 124.68, 122.10, 48.67, 

21.35. HRMS (APCI+): calculated for C12H16N5O [M+H]+: 246.1350, found: 246.1355. 

5-amino-1-(3,5-dichlorobenzyl)-1H-1,2,3-triazole-4-carboxamide (3-056) 

According to the method 3-040, to give the compound 5-amino-1-

(3,5-dichlorobenzyl)-1H-1,2,3-triazole-4-carboxamide (3-056) (71 

mg, 25 %) as a yellow solid. Chemical Formula: C10H9Cl2N5O, 

Molecular weight: 286.1160, 1H-NMR (300MHz, DMSO-d6): ppm δ 7.59 (t, J= 2.4 Hz,1H), 

7.48 (s, 1H), 7.25 (d, J= 2.4 Hz, 2H), 7.13 (s, 1H). 6.47 (s, 2H), 5.44 (s, 2H). 13C-NMR (75MHz, 

DMSO-d6): ppm δ 164.56, 145.28, 140.47, 134.70, 127.96, 126.71, 122.17, 47.62. HRMS 

(APCI+): calculated for C10H10Cl2N5O [M+H]+: 286.0257, found: 286.0255. 

5-amino-1-(4-(4-chlorobenzamido)benzyl)-1H-1,2,3-triazole-4-carboxamide (3-063) 

According to the method 3-040, to give the compound 5-

amino-1-(4-(4-chlorobenzamido)benzyl)-1H-1,2,3-triazole-4- 

carboxamide (3-063) (76 mg, 27 %) as a yellow solid. 

Chemical Formula: C17H15ClN6O2, Molecular weight: 555.9022, 1H-NMR (300MHz, 

DMSO-d6): ppm δ 10.36 (s, 1H), 7.97 (d, J=8.4 Hz, 2H), 7.74 (d, J=8.4 Hz, 2H), 7.61 (d, J=8.6 

Hz, 2H), 7.47 (s, 1H), 7.22 (d, J=8.6 Hz, 2H), 7.10 (s, 1H),  6.39 (s, 2H), 5.38 (s, 2H). 13C-

NMR (75MHz, DMSO-d6): ppm δ 164.29, 144.70, 138.50, 136.46, 131.21, 130.01, 129.64, 

129.01, 128.47, 127.88, 121.73, 120.53, 48.00. HRMS (APCI+): calculated for C17H16ClN6O2 

[M+H]+:371.1018, found: 371.1018. 

5-amino-1-(3-(4-(trifluoromethoxy)benzamido)benzyl)-1H-1,2,3-triazole-4-carboxamide (3-

064) 
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According to the method 3-040, to give the 

compound 5-amino-1-(3-(4-(trifluoromethoxy) 

benzamido)benzyl)-1H-1,2,3-triazole-4-

carboxamide (3-064) (81 mg, 32 %) as a yellow solid. Chemical Formula: C18H15F3N6O3, 

Molecular weight: 420.3522, 1H-NMR (300MHz, DMSO-d6): ppm δ 10.43 (s, 1H), 8.11-8.08 

(m 2H), 7.54 (s, 1H), 7.52-7.49 (m, 2H), 7.42-7.32 (m, 2H), 7.16 (s, 1H), 6.40 (s, 2H), 5.43 (s, 

2H), 4.47 (s, 2H). 13C-NMR (75MHz, DMSO-d6): ppm δ 165.01, 151.07, 145.44, 139.94, 

137.11, 136.78, 134.57, 130.69, 129.65, 124.39, 123.45, 122.28, 121.27, 120.63, 119.65, 54.27. 

HRMS (APCI+): calculated for C18H16F3N6O3 [M+H]+:421.1231, found: 421.1231. 

Tert-butyl 4-((3-((5-amino-4-carbamoyl-1H-1,2,3-triazol-1-yl)methyl)phenyl)amino) 

piperidine -1-carboxylate (3-065) 

According to the method 3-040, to give the compound 

tert-butyl 4-((3-((5-amino-4-carbamoyl-1H-1,2,3-

triazol-1-yl)methyl) phenyl)amino) piperidine-1-

carboxylate (3-065) 61mg, 24 %) as a yellow solid. Chemical Formula: C20H29N7O3, 

Molecular weight: 415.4980, 1H-NMR (300MHz, DMSO-d6): ppm δ 7.44 (s, 1H), 7.11-6.97 

(m, 2H), 6.51 (d, J= 6.0 Hz, 1H), 6.41-6.30 (m, 4H), 5.60 (d, J= 8.4 Hz, 2H)， 5.28 (s, 2H), 

4.41 (q, J= 6.8, 14.0 Hz, 1H), 3.86 (d, J= 13.2 Hz, 2H), 3.40-3.29 (m, 2H), 2.95-2.85 (m, 2H), 

1.90-1.79 (m, 2H), 1.40 (s, 9H). 13C-NMR (75MHz, DMSO-d6): ppm δ 164.33, 153.92, 147.85, 

144.79, 136.60, 129.16, 121.64, 114.36, 111.38, 111.29, 54.88, 48.59, 31.42, 28.08. HRMS 

(APCI+): calculated for C20H30N7O3 [M+H]+:416.2405, found:416.2404. 

5-amino-1-(3-morpholinobenzyl)-1H-1,2,3-triazole-4-carboxamide (3-066) 

According to the method 3-040, to give the compound 5-

amino-1-(3-morpholinobenzyl)-1H-1,2,3-triazole-4-

carboxamide (3-066) (83 mg, 30 %) as a yellow solid. 

Chemical Formula: C14H18N6O2, Molecular weight: 302.3380, 1H-NMR (300MHz, DMSO-

d6): ppm δ 7.44 (s, 1H), 7.19 (t, J=7.4 Hz, 1H), 7.08 (s,1H), 6.89 (s, 2H), 6.60 (d, J=8.4 Hz, 

1H), 6.36 (s, 2H), 5.33 (s, 2H), 3.73(t, J=5.0 Hz, 4H), 3.07(t, J=5.0 Hz, 4H). 13C-NMR (75MHz, 

DMSO-d6): ppm δ 164.71, 151.64, 145.14, 137.06, 129.70, 122.05, 118.51, 114.84, 114.68, 

66.49, 49.08, 48.76. HRMS (APCI+): calculated for C14H19N6O2 [M+H]+:303.1564, found: 

303.1564. 

5-amino-1-(2-(4-(trifluoromethoxy)benzamido)benzyl)-1H-1,2,3-triazole-4-carboxamide (3-

067) 
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According to the method 3-040, to give the compound 5-amino-

1-(2-(4-(trifluoromethoxy)benzamido)benzyl)-1H-1,2,3-

triazole-4-carboxamide (3-067) (77 mg, 24 %) as a yellow solid. 

Chemical Formula: C18H15F3N6O3, Molecular weight: 420.3522, 1H-NMR (300MHz, 

DMSO-d6): ppm δ 10.30 (s, 1H), 8.16 (dd, J=1.9, 6.8 Hz, 2H), 7.56 (d, J=8.0 Hz, 2H), 7.50 (d, 

J=6.7 Hz, 2H), 7.37 (t, J=7.9 Hz, 1H), 7.24 (t, J=7.6 Hz,1H), 7.12 (s, 1H), 6.92 (d, J=7.7 Hz, 

1H), 6.34(s, 2H), 5.46 (s, 2H). 13C-NMR (75MHz, DMSO-d6): ppm δ 164.93, 164.65, 145.43, 

135.85, 133.94, 131.32, 130.65, 128.61, 128.03, 126.96, 126.73, 122.31, 121.24, 45.88. HRMS 

(APCI+): calculated for C18H16F3N6O3 [M+H]+:421.1231, found:421.1129. 

5-amino-1-(2-thiomorpholinobenzyl)-1H-1,2,3-triazole-4-carboxamide (3-068) 

According to the method 3-040, to give the compound 5-amino-1-(2-

thiomorpholinobenzyl)-1H-1,2,3-triazole-4- carboxamide (3-068) (64 

mg, 23 %) as a yellow solid. Chemical Formula: C14H18N6OS, 

Molecular weight: 318.3990, 1H-NMR (300MHz, DMSO-d6): ppm δ 7.47 (s, 1H),7.29-7.19 

(m, 2H), 7.12-7.03 (m, 2H), 6.65 (d, J=7.4 Hz, 1H), 6.37 (s, 2H), 5.39 (s, 2H), 3.12-3.07 (m, 

4H), 2.82-2.77 (m, 4H). 13C-NMR (75MHz, DMSO-d6): ppm δ 164.71, 152.13, 145.70, 131.47, 

129.01, 127.86, 124.80, 122.02, 121.66, 55.11, 49.06, 28.05. HRMS (APCI+): calculated for 

C14H19N6OS [M+H]+:319.1336, found: 319.1334. 

 

Synthesis of CAI derivatives 3-057-3-062  

 

1-(3,5-dichloro-4-(4-chlorobenzoyl)benzyl)-1H-1,2,3-triazole-4-carboxylic acid (3-057) 

To a solution of propiolic acid (38 µL, 0.62 mmol) and (4-

(azidomethyl)-2,6-dichlorophenyl) (4-chlorophenyl) 

methanone (200 mg, 0.59 mmol) in a tert-Butanol/water (5 

mL, 4/1) mixture, Cu(OAc)2 (11 mg, 0.06 mmol) and sodium L-ascorbate (23 mg, 0.12 mmol) 

were added. After stirring for overnight at room temperature, the reaction mixture was diluted 

with water and extracted with EtOAc, the organic phase separated, the aqueous layer was 

extracted with EtOAc and the organic phase washed with brine, dried over anhydrous MgSO4, 

filtered and concentrated in vacuo. After the residue was purified by silica gel column 

chromatography (CH2Cl2/ MeOH 50/1, 0.5 % HOAc) to give the compound to give the 

compound 1-(3,5-dichloro-4-(4-chlorobenzoyl)benzyl)-1H-1,2,3-triazole-4-carboxylic acid (3-
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057) (173 mg, 72 %) as a light yellow solid. Chemical Formula: C17H10Cl3N3O3, Molecular 

weight: 410.6350, 1H-NMR (300MHz, DMSO-d6): ppm δ 13.16 (br s, 1H), 8.88 (s, 1H), 7.78 

(dd, J= 3.0, 6.0 Hz, 2H), 7.68-7.65 (m, 4H), 5.76 (s, 2H).13C-NMR (75MHz, DMSO-d6): ppm 

δ 191.23, 162.03, 140.62, 140.39, 133.69, 131.54, 131.30, 130.27, 129.99, 128.93, 51.99. 

HRMS (APCI+): calculated for C17H11Cl3N3O3 [M+H]+: 409.9861, found: 409.9858. 

1-(3,5-dichloro-4-(4-chlorobenzoyl)benzyl)-1H-1,2,3-triazole-4-carboxamide (3-058) 

According to the method of (3-057), to give the compound 

1-(3,5-dichloro-4-(4-chlorobenzoyl)benzyl)-1H-1,2,3-

triazole-4-carboxamide (3-058) (174 mg, 72 %) as a 

yellow solid. Chemical Formula: C17H11Cl3N4O2, Molecular weight: 409.6510, 1H-NMR 

(300MHz, DMSO-d6): ppm δ 8.73 (s, 1H), 7.89 (s, 1H), 7.79 (dd, J= 3.0, 6.0 Hz, 2H), 7.67-

7.64 (m, 4H), 7.51 (s, 1H), 5.76 (s, 2H). 13C-NMR (75MHz, DMSO-d6): ppm δ 191.22, 161.84, 

143.78, 140.62, 140.53, 136.63, 133.69, 131.54, 131.31, 130.27, 128.88, 127.67, 51.99. HRMS 

(APCI+): calculated for C17H12Cl3N4O2 [M+H]+: 409.0021, found: 409.0018. 

(4-((4-(aminomethyl)-1H-1,2,3-triazol-1-yl)methyl)-2,6-dichlorophenyl)(4-chlorophenyl) 

methanone (3-059) 

According to the method of (3-057), to give the 

compound (4-((4-(aminomethyl)-1H-1,2,3-triazol-1-

yl)methyl)-2,6-dichlorophenyl) (4-chlorophenyl) 

methanone (3-059) (165 mg, 71 %) as a yellow solid. Chemical Formula: C17H13Cl3N4O, 

Molecular weight: 395.6680, 1H-NMR (300MHz, DMSO-d6): ppm δ 8.22 (s, 1H), 7.77 (dd, 

J= 3.0, 6.0 Hz, 2H), 7.67 (dd, J= 3.0, 6.0 Hz, 2H), 7.61 (s, 2H), 5.74 (s, 2H), 3.97 (s, 2H), 1.01 

(t, J= 6.8 Hz, 2H). 13C-NMR (75MHz, DMSO-d6): ppm δ 191.23, 141.17, 140.64, 136.44, 

133.66, 131.50, 131.26, 130.29, 129.43, 128.62, 124.45, 51.63, 35.82. HRMS (APCI+): 

calculated for C17H14Cl3N4O [M+H]+: 395.0228, found: 395.0228. 

methyl 1-(3,5-dichloro-4-(4-chlorobenzoyl)benzyl)-1H-1,2,3-triazole-4-carboxylate (3-060) 

According to the method of (3-057), to give the compound 

methyl 1-(3,5-dichloro-4-(4-chlorobenzoyl)benzyl)-1H-

1,2,3-triazole-4-carboxylate (3-060) (177 mg, 71 %) as a 

yellow solid. Chemical Formula: C18H12Cl3N3O3, Molecular weight: 424.6620, 1H-NMR 

(300MHz, DMSO-d6): ppm δ 8.99 (s, 1H), 7.78 (dd, J= 3.0, 6.0 Hz, 2H), 7.68-7.64 (m, 4H), 

5.78 (s, 2H), 3.85 (s, 3H). 13C-NMR (75MHz, CDCl3): ppm δ 191.22, 161.07, 140.63, 140.25, 
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139.43, 136.68, 133.68, 131.53, 131.31, 130.26, 128.94, 52.31, 52.08. HRMS (APCI+): 

calculated for C18H13Cl3N3O3 [M+H]+: 424.0017, found: 424.0014. 

(4-chlorophenyl)(2,6-dichloro-4-((4-(hydroxymethyl)-1H-1,2,3-triazol-1-yl)methyl) phenyl) 

methanone (3-061) 

According to the method of (3-057), to give the 

compound (4-chlorophenyl)(2,6-dichloro-4-((4-

(hydroxymethyl)-1H-1,2,3-triazol-1-yl) methyl)phenyl) 

methanone (3-061) (154 mg, 66 %) as a yellow solid. Chemical Formula: C17H12Cl3N3O2, 

Molecular weight: 396.6520, 1H-NMR (300MHz, DMSO-d6): ppm δ 8.17 (s, 1H), 7.77 (dd, 

J= 3.0, 6.0 Hz, 2H), 7.67 (dd, J= 3.0 6.0 Hz, 2H), 7.60 (s, 2H), 5.70 (s, 2H), 5.20 (t, J= 6.0 Hz, 

1H), 4.54 (d, J= 6.0 Hz, 2H). 13C-NMR (75MHz, CDCl3): ppm δ 191.23, 149.03, 141.27, 

140.61, 136.43, 133.69, 131.51, 131.25, 130.29, 128.59, 123.80, 55.51, 51.60. HRMS (APCI+): 

calculated for C17H13Cl3N3O2 [M+H]+: 396.0068, found: 396.0065. 

1-(4-(4-chlorobenzoyl)-3,5-difluorobenzyl)-1H-1,2,3-triazole-4-carboxamide (3-062) 

According to the method of (3-057), to give the compound 

1-(4-(4-chlorobenzoyl)-3,5-difluorobenzyl)-1H-1,2,3-

triazole-4-carboxamide (3-062) (167 mg, 68 %) as a yellow 

solid. Chemical Formula: C17H11ClF2N4O2, Molecular weight: 376.7478, 1H-NMR 

(300MHz, DMSO-d6): ppm δ 8.71 (s, 1H), 7.90 (s, 1H), 7.85 (dd, J= 3.0, 6.0 Hz, 2H), 7.67 (dd, 

J= 3.0, 6.0 Hz, 2H). 7.52 (s, 1H), 7.32 (d, J= 9.0 Hz, 2H), 5.78 (s, 2H). 13C-NMR (75MHz, 

CDCl3): ppm δ 187.53, 164.62, 161.02, 160.91, 157.70, 145.47, 142.87, 140.44, 135.15, 131.55, 

129.97, 122.26, 112.03, 111.70, 47.90. HRMS (APCI+): calculated for C17H12ClF2N4O2 

[M+H]+: 377.0612, found: 377.0608. 

Part B 
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Synthesis of 2-cyano-N-(4-fluorobenzyl) acetamide (3-071)  

To a solution of 2-cyanoacetohydrazide 3-069 (6.0 g, 60.55 mmol) in the water was added HCl 

(Catalytic amount) and pentane-2,4-dione (6.25 ml, 60.55 mmol). The mixture was stirred at 

room temperature for 2h. The precipitate was filtered, washed with water and dried to obtain a 

white solid as the pure product 3-(3,5-dimethyl-1H-pyrazol-1-yl)-3-oxopropanenitrile 3-070 as 

a white solid (9.7 g, 98 %). 1H-NMR (300MHz, CDCl3): ppm δ 6.03 (s, 1H), 4.28 (s, 2H), 2.55 

(s, 3H), 2.22 (s, 3H).13C-NMR (75MHz, CDCl3): ppm δ 162.45, 153.88, 144.73, 113.44, 112.46, 

30.95, 26.89, 14.06, 13.77. 

To a solution of 3-(3,5-dimethyl-1H-pyrazol-1-yl)-3-oxopropanenitrile 3-070 (1.0 g, 6.13 

mmol) in the toluene and (4-fluorophenyl)methanamine (767 mg, 6.13 mmol). The mixture was 

refluxed for 30 min and then cooled to room temperature. The precipitate was filtered, washed 

with n-hexane and dried to obtain a colorless solid as the pure product 2-cyano-N-(4-

fluorobenzyl)acetamide 3-071 (1.1 g, 96%). 1H-NMR (300MHz, DMSO-d6): ppm δ 8.72 (s, 

1H), 7.30 (dd, J= 6.0 Hz, 3.0 Hz, 2H), 7.15 (t, J= 9.0 Hz, 2H), 4.27 (d, J= 6.0 Hz, 2H), 3.69 (s, 

2H). 13C-NMR (75MHz, DMSO-d6): ppm δ 166.51, 165.83, 163.30, 138.45, 138.41, 133.07, 

132.96, 119.79, 118.84, 118.56, 45.55, 28.93. 

Synthesis of 2-(3-(4-methoxyphenyl)-1,2,4-oxadiazol-5-yl) acetonitrile (3-076) 

To a solution of 4-methoxybenzaldehyde 3-072 (2.0 g, 14.69 mmol) in the EtOH (90%) was 

added hydroxylamine hydrochloride (1.12 g, 16.16 mmol) and sodium acetate (2.41 g, 29.38 

mmol). The mixture was stirring at rt for 30 min and then refluxed for 1 h, the mixture was then 

cooled to rt. The EtOH was removed in vacuo. The residue was added with water and extracted 

with ethyl acetate, washed with brine, dried over anhydrous MgSO4, filtered and concentrated. 
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The residue was purified by silica gel column chromatography (Petroleum ether/ CH2Cl2 3/2) 

to give the below compound 4-methylbenzaldehyde oxime 3-073 as a white solid (1.80 g, 

91 %).1H-NMR (300MHz, CDCl3): ppm δ 8.11 (s,1H), 7.51 (dd, J=9.0 Hz, 3.0 Hz, 2H), 6.91 

(dd, J=9.0 Hz, 3.0 Hz, 2H), 3.83 (s, 3H).13C-NMR (75MHz, CDCl3): ppm δ 161.63, 150.34, 

133.54, 129.07, 125.06, 114.81, 55.90. 

To a solution of 4-methylbenzaldehyde oxime 3-073 (1.50 g, 9.92 mmol) in acetonitrile was 

added Dichloro(p-cymene) ruthenium (II) dimer [Ru2(p-PriC6H4Me)2(-Cl)Cl]2 (182 mg, 

0.3mmol, 3mol %) and refluxed for 4 h. The mixture was filtered, and the filtrate was 

concentrated in vacuo. The residue was subjected to silica gel chromatography with (petroleum 

ether/CH2Cl2 2:1) to give the compound 4-methoxybenzonitrile 3-074 (1.06 g, 80 %). To a 

solution of 4-methoxybenzonitrile 3-074 (1.0 g, 7.51 mmol) in the EtOH was added 

hydroxylamine hydrochloride (2.61 g, 37.55 mmol) and sodium bicarbonate (3.79 g, 45.06 

mmol). The mixture was stirring at rt for 30 min and then refluxed for 3 h, the mixture was then 

cooled to rt. The inorganic solids were removed by filtration and the solvent was removed in 

vacuum to give crude product as a light yellow solid. The residue was purified by silica gel 

column chromatography (CH2Cl2/ MeOH 20/1) to give the compound N'-hydroxy-4-

methoxybenzimidamide 3-075 as a white solid (980 mg, 79 %). 

To a solution of N'-hydroxy-4-methoxybenzimidamide 3-075 (800 mg, 4.81 mmol) in the 1,4-

dioxane was added 3-(3,5-dimethyl-1H-pyrazol-1-yl)-3-oxopropanenitrile 3-070 (786 mg, 4.81 

mmol). The mixture was refluxed for overnight, then the mixture was cooled to rt. The 1,4-

dioxane was removed in vacuo. The residue was added with water and extracted with CH2Cl2, 

washed with brine, dried over anhydrous MgSO4, filtered and concentrated. The residue was 

purified by silica gel column chromatography (CH2Cl2/ MeOH 50/1) to give the compound 2-

(3-(4-methoxyphenyl)-1,2,4-oxadiazol-5-yl) acetonitrile 3-076 as a brownish yellow solid (841 

mg, 81 %). 1H-NMR (300MHz, CDCl3): ppm δ 8.02 (dd, J=6.8 Hz, 2.0 Hz, 2H), 7.00 (dd, 

J=6.8 Hz, 2.0 Hz, 2H), 4.11 (s, 2H), 3.88 (s, 3H). 13C-NMR (75MHz, CDCl3): ppm δ 168.78, 

168.55, 162.36, 129.22, 118.08, 114.41, 111.95, 67.09, 55.44. 



 

249 
 

 

(4-((5-amino-4-(3-(4-methoxyphenyl)-1,2,4-oxadiazol-5-yl)-1H-1,2,3-triazol-1-yl)methyl)-

2,6-dichlorophenyl)(p-tolyl)methanone (3-111)  

A solution of 2-(3-(4-methoxyphenyl)-1,2,4-oxadiazol-

5-yl)acetonitrile (148 mg, 0.69 mmol) in methanol (5.0 

mL) at rt was treated with sodium ethoxide (47 mg, 0.69 

mmol) followed by (4-(azidomethyl)-2,6-dichlorophenyl)(p-tolyl)methanone (200 mg, 0.62 

mmol). The reaction was then stirred for 3h at 50 °C. After cooling a light yellow precipitate 

was formed, which was removed by filtration, washed with ice-cold EtOH, then dried in vacuo 

to give the compound 3-111 (74 mg, 22 %) as a light yellow solid. Chemical Formula: 

C26H20Cl2N6O3. Molecular weight: 535.3850. 1H-NMR (300MHz, DMSO-d6): ppm δ 8.13 

(dd, J=2.0, 7.0 Hz, 2H), 7.65 (d, J=8.2 Hz, 2H), 7.53 (s, 2H), 7.39 (d, J=8.2 Hz, 2H), 7.10 (dd, 

J=2.0, 7.0 Hz, 2H), 7.08 (s, 2H), 5.67 (s, 2H), 3.85 (s, 3H), 2.39 (s, 3H). 13C-NMR (75MHz, 

DMSO-d6): ppm δ 191.66, 169.32, 167.44, 162.21, 146.43, 145.38, 140.30, 137.00, 132.66, 

131.29, 130.57, 129.81, 129.56, 127.98, 118.98, 115.39, 114.96, 55.88, 47.93, 21.82. HRMS 

(APCI+): calculated for C26H21Cl2N6O3 [M+H]+:535.1047, found: 535.1047. 

(4-((5-amino-4-(3-(4-methoxyphenyl)-1,2,4-oxadiazol-5-yl)-1H-1,2,3-triazol-1-yl)methyl)-

2,6-dichlorophenyl)(4-chlorophenyl)methanone (3-112)  

According to the method of 3-111, to give the compound 

3-112 (91 mg, 28%) as a yellow solid. Chemical 

Formula: C25H17Cl3N6O3. Molecular weight: 555.8000. 

1H-NMR (300MHz, DMSO-d6): ppm δ 8.12 (d, J=9.0 Hz, 2H), 7.77 (d, J=8.4 Hz, 2H), 7.67 

(d, J=8.4 Hz, 2H), 7.55 (s, 2H), 7.12 (d, J=8.4 Hz, 2H), 7.08 (s, 2H), 5.66 (s, 2H), 3.85 (s, 3H). 

13C-NMR (75MHz, DMSO-d6): ppm δ 191.22, 169.32, 167.44, 162.21, 145.39, 140.70, 136.30, 

133.69, 131.50, 131.28, 130.29, 129.56, 128.12, 118.98, 115.38, 114.96, 55.89, 47.93. HRMS 

(APCI+): calculated for C25H18Cl3N6O3 [M+H]+:555.0501, found: 555.0503. 
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(4-((5-amino-4-(3-(2-bromophenyl)-1,2,4-oxadiazol-5-yl)-1H-1,2,3-triazol-1-yl)methyl)-2,6-

dichlorophenyl)(4-(trifluoromethyl)phenyl)methanone (3-113) 

According to the method of 3-111, to give the compound 

3-113 (70 mg, 15%) as a yellow solid. Chemical 

Formula: C25H14BrCl2F3N6O2. Molecular weight: 

638.2262. 1H-NMR (300MHz, DMSO-d6): ppm δ 8.02 (d, J=7.6 Hz, 1H),7.97 (s, 4H), 7.87(d, 

J=7.6 Hz, 1H), 7.62-7.57 (m, 3H), 7.53 (d, J=8.0 Hz, 1H), 7.08(s, 2H), 5.68 (s, 2H). 13C-NMR 

(75MHz, DMSO-d6): ppm δ 191.67, 169.24, 167.50, 145.50, 140.93, 137.93, 136.04, 134.75, 

134.37, 133.05, 132.75, 131.32, 130.49, 128.44, 128.23, 127.16, 121.92, 115.17, 47.94. HRMS 

(APCI+): calculated for C25H15BrCl2F3N6O2 [M+H]+:636.9764, found: 636.9764. 

(4-((5-amino-4-(3-(4-methoxyphenyl)-1,2,4-oxadiazol-5-yl)-1H-1,2,3-triazol-1-yl)methyl)-

2,6-dichlorophenyl)(4-(trifluoromethyl)phenyl)methanone (3-114)  

According to the method of 3-111, to give the compound 

3-114 (76 mg, 24%) as a yellow solid. Chemical 

Formula: C26H17Cl2F3N6O3. Molecular weight: 

589.3562. 1H-NMR (300MHz, DMSO-d6): ppm δ 8.12 (d, J=8.6 Hz, 2H), 7.98 (s, 4H), 7.58 (s, 

2H), 7.13(d, J=9.0 Hz, 2H), 7.09(s, 2H), 5.67 (s, 2H), 3.85(s, 3H). 13C-NMR (75MHz, DMSO-

d6): ppm δ 221.51, 191.69, 167.44, 162.21, 145.41, 140.99, 137.92, 136.00, 131.30, 130.49, 

129.55, 128.19, 127.19, 118.97, 114.96, 110.00, 55.89, 47.93. HRMS (APCI+): calculated for 

C26H18Cl2F3N6O3 [M+H]+:589.0764, found: 589.0768. 

(4-((5-amino-4-(3-(4-(trifluoromethoxy)phenyl)-1,2,4-oxadiazol-5-yl)-1H-1,2,3-triazol-1-

yl)methyl)-2,6-dichlorophenyl)(4-chlorophenyl)methanone (3-115) 

According to the method of 3-111, to give the compound 

3-115 (61 mg, 17%) as a yellow solid. Chemical 

Formula: C25H14Cl3F3N6O3. Molecular weight: 

609.7712. 1H-NMR (300MHz, DMSO-d6): ppm δ 8.33 (dd, J=2.0 7.2 Hz, 2H), 7.77 (dd, J=2.2, 

6.4 Hz, 2H), 7.68 (dd, J=2.2, 6.4 Hz, 2H), 7.59 (d, J=7.2 Hz, 2H), 7.55 (s, 2H), 7.13 (s, 2H), 

5.67 (s, 2H). 13C-NMR (75MHz, DMSO-d6): ppm δ 191.21, 169.85, 166.81, 150.94, 145.58, 

140.66, 136.33, 133.73, 131.49, 131.31, 130.28, 130.12, 128.13, 125.95, 122.00, 115.25, 47.95. 

HRMS (APCI+): calculated for C25H15Cl3F3N6O3 [M+H]+:609.0218, found: 609.0215. 

(4-((5-amino-4-(3-(4-(trifluoromethoxy)phenyl)-1,2,4-oxadiazol-5-yl)-1H-1,2,3-triazol-1-

yl)methyl)-2,6-dichlorophenyl)(p-tolyl)methanone (3-116) 
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According to the method of 3-111, to give the 

compound 3-116 (59 mg, 16%) as a yellow solid. 

Chemical Formula: C26H17Cl2F3N6O3. Molecular 

weight: 589.3562. 1H-NMR (300MHz, DMSO-d6): ppm δ 8.33 (dd, J=2.1. 6.8 Hz, 2H), 7.66 

(dd, J=1.8. 8.2 Hz, 2H), 7.58 (d, J=8.0 Hz, 2H), 7.53 (s, 2H), 7.39 (d, J=8.4 Hz, 2H), 7.13(s, 

2H), 5.66 (s, 2H), 2.39 (s, 3H). 13C-NMR (75MHz, DMSO-d6): ppm δ 191.62, 169.81, 166.76, 

146.39, 145.53, 140.24, 137.00, 132.65, 131.28, 130.53, 130.09, 129.78, 127.96, 125.92, 

121.98, 115.20, 47.93, 21.81. HRMS (APCI+): calculated for C26H18Cl2F3N6O3 

[M+H]+:589.0764, found: 58.0767. 

(4-((5-amino-4-(3-(4-(trifluoromethoxy)phenyl)-1,2,4-oxadiazol-5-yl)-1H-1,2,3-triazol-1-

yl)methyl)-2,6-dichlorophenyl)(4-(trifluoromethyl)phenyl)methanone (3-117)  

According to the method of 3-111, to give the 

compound3-117 (76 mg, 22%) as a yellow solid. 

Chemical Formula: C26H14Cl2F6N6O3. Molecular 

weight: 643.3274. 1H-NMR (300MHz, DMSO-d6): ppm δ 8.33 (dd, J=2.0, 6.8 Hz, 2H), 7.99 

(s, 4H), 7.61-7.58 (m, 4H), 7.14 (s, 2H), 5.68 (s, 2H). 13C-NMR (75MHz, DMSO-d6): ppm δ 

191.67, 169.84, 166.80, 150.91, 145.59, 140.95, 137.94, 136.03, 131.31, 130.48, 130.11, 

128.19, 127.13, 125.94, 122.00, 115.23, 105.85, 47.95. HRMS (APCI+): calculated for 

C26H15Cl2F6N6O3 [M+H]+:643.0482, found: 643.0476. 

tert-butyl 4-(4-((5-amino-4-(3-(4-(trifluoromethoxy)phenyl)-1,2,4-oxadiazol-5-yl)-1H-1,2,3-

triazol-1-yl)methyl)-2,6-dichlorobenzyl)piperazine-1-carboxylate (3-118) 

According to the method of 3-111, to give the compound 

3-118 (71 mg, 21%) as a yellow solid. Chemical 

Formula: C28H29Cl2F3N8O4. Molecular weight: 

669.4872. 1H-NMR (300MHz, DMSO-d6): ppm δ 8.32 (dd, J=2.0, 6.8 Hz, 2H), 7.60 (d, J=8.5 

Hz, 2H), 7.37 (s, 2H), 7.09 (s, 2H), 5.56 (s, 2H), 3.65 (s, 2H), 3.24 (t, J=3.0 Hz, 4H), 2.39 (t, 

J=3.0 Hz, 4H), 1.30(s, 9H). 13C-NMR (75MHz, DMSO-d6): ppm δ 169.79, 166.76, 154.12, 

150.89, 145.43, 138.12, 136.71, 133.56, 130.10, 127.99, 125.92, 121.98, 115.12, 79.22, 56.21, 

52.88, 47.77, 28.50. HRMS (APCI+): calculated for C28H30Cl2F3N8O4 [M+H]+: 669.1714, 

found: 669.1718. 

(4-((5-amino-4-(3-(4-(trifluoromethoxy)phenyl)-1,2,4-oxadiazol-5-yl)-1H-1,2,3-triazol-1-

yl)methyl)-2,6-dichlorophenyl)(4-methoxyphenyl)methanone (3-119)  
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According to the method of 3-111, to give the 

compound 3-119 (62 mg, 17%) as a yellow solid. 

Chemical Formula: C26H17Cl2F3N6O4. Molecular 

weight: 605.3552. 1H-NMR (300MHz, DMSO-d6): ppm δ 8.33 (d, J=9.0 Hz, 2H), 7.70 (d, 

J=9.0 Hz, 2H), 7.60 (d, J=8.0 Hz, 2H), 7.52 (s, 2H),7.13-7.08 (m, 4H), 5.66 (s, 2H), 3.86 (s, 

3H). 13C-NMR (75MHz, DMSO-d6): ppm δ 190.36, 165.00, 145.55, 140.11, 137.18, 132.19, 

131.33, 130.12, 130.05, 128.09, 127.98, 125.94, 125.27, 122.01, 115.31, 56.25, 47.95. HRMS 

(APCI+): calculated for C26H18Cl2F3N6O4 [M+H]+:605.0713, found: 605.0715. 

1-(3,5-dichloro-4-(morpholinomethyl)benzyl)-4-(3-(4-(trifluoromethoxy)phenyl)-1,2,4-

oxadiazol-5-yl)-1H-1,2,3-triazol-5-amine (3-120)   

According to the method of 3-111, to give the compound 3-

120 (133 mg, 35%) as a yellow solid. Chemical Formula: 

C23H20Cl2F3N7O3. Molecular weight: 570.3542. 1H-NMR 

(300MHz, DMSO-d6): ppm δ 8.32 (dd, J=2.1. 6.8 Hz, 2H), 7.57 (d, J=6.0 Hz, 2H), 7.37 (s, 2H), 

7.09 (s,2H), 5.56 (s, 2H), 3.64 (s, 2H), 3.49 (t, J=4.3 Hz, 4H), 2.43 (t, J=4.3 Hz, 4H). 13C-NMR 

(75MHz, DMSO-d6): ppm δ 169.78, 166.75, 150.88, 145.42, 138.06, 136.69, 133.48, 130.09, 

127.97, 125.92, 121.97, 115.12, 109.98, 66.66, 56.57, 53.57, 47.77. HRMS (APCI+): calculated 

for C23H21Cl2F3N7O3 [M+H]+:570.1030, found: 570.1029. 

1-(3,5-dichloro-4-(piperidin-1-ylmethyl)benzyl)-4-(3-(4-(trifluoromethoxy)phenyl)-1,2,4-

oxadiazol-5-yl)-1H-1,2,3-triazol-5-amine (3-121)   

According to the method of 3-111, to give the compound 3-

121 (110 mg, 29%) as a yellow solid. Chemical Formula: 

C24H22Cl2F3N7O2. Molecular weight: 568.3822. 1H-NMR 

(300MHz, DMSO-d6): ppm δ 8.32 (d, J=9.0 Hz, 2H), 7.58 (d, J=6.0 Hz, 2H), 7.35 (s, 2H), 7.09 

(s, 2H), 5.55 (s, 2H), 3.57 (s, 2H), 2.39 (s, 4H), 1.39 (s, 6H). 13C-NMR (75MHz, DMSO-d6): 

ppm δ 169.80, 166.75, 150.88, 145.42, 137.82, 136.68, 134.22, 130.09, 127.89, 125.93, 121.97, 

115.12, 56.96, 54.36, 47.78, 26.03, 24.25. HRMS (APCI+): calculated for C24H23Cl2F3N7O2 

[M+H]+:568.1237, found: 568.1237. 

1-(3,5-dichloro-4-(pyrrolidin-1-ylmethyl)benzyl)-4-(3-(4-(trifluoromethoxy)phenyl)-1,2,4-

oxadiazol-5-yl)-1H-1,2,3-triazol-5-amine (3-122)    
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According to the method of 3-111, to give the compound 3-122 

(116 mg, 29%) as a yellow solid. Chemical Formula: 

C23H20Cl2F3N7O2. Molecular weight: 554.3552. 1H-NMR 

(300MHz, DMSO-d6): ppm δ 8.32 (d, J=2.2. 7.8 Hz, 2H), 7.58 (d, J=6.0 Hz, 2H), 7.36 (s, 2H), 

7.09 (s, 2H), 5.55 (s, 2H), 3.78 (s, 2H), 2.62-2.58 (m, 2H), 1.65-1.61 (m, 4H). 13C-NMR 

(75MHz, DMSO-d6): ppm δ 169.79, 166.75, 150.88, 145.41, 137.72, 136.23, 134.65, 130.08, 

127.97, 125.92, 121.96, 118.74, 115.11, 53.86, 53.24, 47.77, 23.57. HRMS (APCI+): calculated 

for C23H21Cl2F3N7O2 [M+H]+:554.1081, found: 554.1082. 

4-(3-(2-bromophenyl)-1,2,4-oxadiazol-5-yl)-1-(3,5-dichloro-4-(piperidin-1-ylmethyl) benzyl) 

-1H-1,2,3-triazol-5-amine (3-123)   

According to the method of 3-111, to give the compound 3-

123 (101 mg, 27%) as a yellow solid. Chemical Formula: 

C23H22BrCl2N7O. Molecular weight: 563.2810. 1H-NMR 

(300MHz, DMSO-d6): ppm δ 8.01 (dd, J=2.0, 7.7 Hz, 1H), 7.86 (dd, J=1.4. 7.6 Hz, 1H), 7.62-

7.35 (m, 2H), 7.35 (s, 2H), 7.01 (s, 2H), 5.55 (s, 2H), 3.58 (s, 2H), 2.39 (s, 4H), 1.41-1.36 (m, 

6H). 13C-NMR (75MHz, DMSO-d6): ppm δ 169.19, 167.45, 145.32, 137.79, 136.68, 134.34, 

134.23, 133.03, 132.73, 129.53, 128.43, 128.21, 127.91, 121.89, 115.05, 56.97, 54.37, 47.76, 

26.03, 24.26. HRMS (APCI+): calculated for C23H23BrCl2N7O [M+H]+:562.0519, found: 

562.0520. 

4-(3-(2-bromophenyl)-1,2,4-oxadiazol-5-yl)-1-(3,5-dichloro-4-(morpholinomethyl)benzyl) -

1H-1,2,3-triazol-5-amine (3-124)  

According to the method of 3-111, to give the compound 3-

124 (109 mg, 29%) as a yellow solid. Chemical Formula: 

C22H20BrCl2N7O2. Molecular weight: 565.2530. 1H-NMR 

(300MHz, DMSO-d6): ppm δ 8.02 (dd, J=2.0, 7.6 Hz, 1H), 7.87 (dd, J=1.2, 7.8 Hz, 1H), 7.62-

7.52 (m, 2H), 7.37 (s, 2H), 7.01(s, 2H), 5.56 (s, 2H), 3.65 (s, 2H), 3.49 (t, J= 6.0 Hz, 4H), 2.44 

(t, J= 6.0 Hz, 4H). 13C-NMR (75MHz, DMSO-d6): ppm δ 169.19, 145.33, 138.06, 136.69, 

134.34, 133.49, 133.04, 132.73, 129.54, 128.43, 127.99, 121.89, 97.02, 66.66, 56.58, 53.58, 

47.76. HRMS (APCI+): calculated for C22H21BrCl2N7O2 [M+H]+:564.0312, found: 564.0312. 

5-amino-1-(3,5-dichloro-4-(4-(trifluoromethyl)benzoyl)benzyl)-N-(4-fluorobenzyl)-1H-1,2,3-

triazole-4-carboxamide (3-125)  
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A solution of 2-cyano-N-(4-fluorobenzyl)acetamide (154 

mg, 0.801 mmol) in methanol (6.0 mL) at room temperature, 

sodium ethoxide (56 mg, 0.828 mmol) followed by (4-

(azidomethyl)-2,6-dichlorophenyl)(4-(trifluoromethyl)phenyl)methanone (200 mg, 0.534 

mmol). The reaction was then stirred for 3h at 50 °C. After cooling to room temperature the 

reaction was diluted by addition of water and EtOAc, the organic phase separated, the aqueous 

layer was extracted with EtOAc and the organic phase washed with brine, dried over anhydrous 

MgSO4, filtered and concentrated. The residue was purified by silica gel column 

chromatography (CH2Cl2/ EtOAc 10/1) to give the compound to give the title compound 3-125 

(108 mg, 36 %) as a yellow solid. Chemical Formula: C25H17Cl2F4N5O2. Molecular weight: 

566.3376. 1H-NMR (300MHz, DMSO-d6): ppm δ 8.78 (t, J=6.0 Hz, 1H), 7.97 (s, 4H), 7.51 (s, 

2H), 7.36 (q, J=5.4, 8.6 Hz, 2H), 7.13 (t, J=9.0 Hz, 2H), 6.56 (s, 2H), 5.54 (s, 2H), 4.38 (d, 

J=6.0 Hz, 2H). 13C-NMR (75MHz, DMSO-d6): ppm δ 191.68, 162.42, 145.25, 141.31, 137.90, 

136.79, 135.89, 134.72, 134.29, 131.21, 130.50, 129.83, 129.72, 128.17, 127.18, 122.10, 

115.46, 115.18, 47.54. HRMS (APCI+): calculated for C25H18Cl2F4N5O2 [M+H]+:566.0768, 

found:566.0771. 

5-amino-N-(3,5-bis(trifluoromethyl)benzyl)-1-(3,5-dichloro-4-(4-(trifluoromethyl) benzoyl) 

benzyl) -1H-1,2,3-triazole-4-carboxamide (3-126)   

According to the method of 3-125, to give the 

compound 3-126 (104 mg, 28.43%) as a yellow solid. 

Chemical Formula: C27H16Cl2F9N5O2. Molecular 

weight: 684.3436. 1H-NMR (300MHz, DMSO-d6): ppm δ 8.99 (t, J=6.0 Hz, 1H), 8.02 (s, 2H), 

7.99 (s, 1H), 7.97 (s, 4H), 7.51 (s, 2H), 6.60 (s, 2H), 5.55 (s, 2H), 4.58 (d, J=6.0 Hz, 2H). 13C-

NMR (75MHz, DMSO-d6): ppm δ 191.67, 162.68, 145.38, 144.19, 141.26, 137.90, 135.90, 

134.72, 134.29, 131.21, 130.75, 130.48, 130.32, 128.77, 128.18, 127.15, 125.65, 122.03, 

121.82, 121.04, 47.55. HRMS (APCI+): calculated for C27H17Cl2F9N5O2 [M+H]+:684.0610, 

found:684.0608. 

5-amino-N-(2-chloro-5-(trifluoromethyl)benzyl)-1-(3,5-dichloro-4-(4-(trifluoromethyl) 

benzoyl) benzyl) -1H-1,2,3-triazole-4-carboxamide (3-127)  

According to the method of 3-125, to give the compound 3-

127 (98 mg, 28%) as a yellow solid. Chemical Formula: 

C26H16Cl3F6N5O2. Molecular weight: 650.7874. 1H-NMR 

(300MHz, DMSO-d6): ppm δ 8.92 (t, J=6.0 Hz, 1H), 7.96 (s, 4H), 7.74-7.64 (m, 3H), 7.53 (s, 
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2H), 6.62 (s, 2H), 5.57 (s, 2H), 4.56 (d, J=6.0 Hz, 2H). 13C-NMR (75MHz, DMSO-d6): ppm δ 

191.65, 162.73, 145.44, 141.26, 139.01, 137.90, 136.65, 135.91, 134.72, 131.23, 130.67, 

130.48, 128.42, 128.17, 127.99, 127.09, 125.67, 121.82, 47.58. HRMS (APCI+): calculated for 

C26H17Cl3F6N5O2 [M+H]+:650.0347, found: 650.0347. 

5-amino-1-(3,5-dichloro-4-(4-(trifluoromethyl)benzoyl)benzyl)-N-(4-fluorophenethyl)-1H-

1,2,3-triazole-4-carboxamide (3-128)  

According to the method of 3-125, to give the 

compound 3-128 (31 %) as a yellow solid. 

Chemical Formula: C26H19Cl2F4N5O2. 

Molecular weight: 580.3646. 1H-NMR (300MHz, DMSO-d6): ppm δ 8.92 (t, J=6.0 Hz, 1H), 

7.96 (s, 4H), 7.49 (s, 2H), 7.25 (q, J=6.0, 9.0 Hz, 2H), 7.10 (t, J=9.0 Hz, 2H), 6.54 (s, 2H), 5.54 

(s, 2H), 3.45 (q, J=6.0, 12.0 Hz, 2H), 2.82 (t, J=6.0 Hz, 2H). 13C-NMR (75MHz, DMSO-d6): 

ppm δ 191.66, 162.84, 162.39, 159.63, 145.13, 141.35, 137.89, 136.11, 135.87, 134.71, 134.29, 

131.21, 130.85, 130.75, 130.49, 128.11, 127.12, 122.23, 115.58, 115.30, 47.53, 34.97. HRMS 

(APCI+): calculated for C26H20Cl2F4N5O2 [M+H]+:580.0925, found: 580.0928. 

1-(2-morpholinobenzyl)-4-(3-(4-(trifluoromethoxy)phenyl)-1,2,4-oxadiazol-5-yl)-1H-1,2,3-

triazol-5-amine (3-129)  

According to the method of 3-111, to give the compound 3-129 

(126 mg, 28%) as a yellow solid. Chemical Formula: 

C22H20F3N7O3. Molecular weight: 487.4432. 1H-NMR (300MHz, 

DMSO-d6): ppm δ 8.33 (d, J=9.0 Hz, 2H), 7.60 (d, J=9.0 Hz, 2H), 7.37-7.27 (m, 2H), 7.13-7.07 

(m, 2H), 6.84 (d, J=6.0 Hz, 2H), 5.56 (s, 2H), 3.79 (s, 4H), 2.89 (s, 4H). 13C-NMR (75MHz, 

DMSO-d6): ppm δ 222.68, 197.22, 169.98, 166.80, 152.88, 151.04, 145.94, 131.04, 130.13, 

129.36, 128.29, 124.95, 122.04, 121.22, 114.82, 66.96, 53.20, 45.66. HRMS (APCI+): 

calculated for C22H21F3N7O3 [M+H]+: 488.1653, found: 488.1657.  

1-(3-morpholinobenzyl)-4-(3-(4-(trifluoromethoxy)phenyl)-1,2,4-oxadiazol-5-yl)-1H-1,2,3-

triazol-5-amine (3-130)  

According to the method of 3-111, to give the compound 

3-130 (111 mg, 25%) as a yellow solid. Chemical 

Formula: C22H20F3N7O3. Molecular weight: 487.4432. 
1H-NMR (300MHz, DMSO-d6): ppm δ 8.32 (dd, J=3.0, 9.0 Hz, 2H), 7.59 (d, J=9.0 Hz, 2H), 

7.21 (t, J=9.0 Hz, 1H), 7.04-6.96 (m, 3H), 6.90 (d, J=6.0 Hz, 1H), 6.68 (d, J=6.0 Hz, 1H), 5.48 
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(s, 2H), 3.79 (t, J=3.0 Hz, 4H), 3.09 (t, J=3.0 Hz, 4H). 13C-NMR (75MHz, DMSO-d6): ppm δ 

169.89, 166.73, 151.70, 145.35, 136.67, 130.10, 129.82, 125.95, 121.99, 118.47, 114.97, 

114.72, 66.49, 49.48, 48.73. HRMS (APCI+): calculated for C22H21F3N7O3 [M+H]+: 488.1653, 

found: 488.1653. 

N-(2-((5-amino-4-(3-(4-(trifluoromethoxy)phenyl)-1,2,4-oxadiazol-5-yl)-1H-1,2,3-triazol-1-

yl)methyl)phenyl)-4-(trifluoromethoxy)benzamide (3-131)  

According to the method of 3-111, to give the 

compound 3-131 (94 mg, 21%) as a yellow solid. 

Chemical Formula: C26H17F6N7O4. Molecular 

weight: 605.4574. 1H-NMR (300MHz, DMSO-d6): ppm δ 10.33 (s, 1H), 8.32 (d, J=9.0 Hz, 

2H), 8.15 (d, J=9.0 Hz, 2H), 7.57 (t, J=6.0 Hz, 4H), 7.46 (d, J=6.0 Hz, 1H), 7.39 (t, J=6.0 Hz, 

1H), 7.26 (t, J=6.0 Hz, 1H), 6.97-6.95 (m, 3H), 5.59 (s, 2H). 13C-NMR (75MHz, DMSO-d6): 

ppm δ 169.85, 166.75, 165.04, 151.07, 145.68, 135.87, 133.81, 131.38, 130.67, 130.11, 128.75, 

127.94, 127.39, 127.00, 125.94, 122.01, 121.21, 115.10, 46.48. HRMS (APCI+): calculated for 

C26H18F6N7O4 [M+H]+: 606.1319, found: 606.1318. 

N-(3-((5-amino-4-(3-(4-(trifluoromethoxy)phenyl)-1,2,4-oxadiazol-5-yl)-1H-1,2,3-triazol-1-

yl)methyl)phenyl)-4-(trifluoromethoxy)benzamide (3-132)  

According to the method of 3-111, to give the 

compound 3-132 (77 mg, 21%) as a yellow solid. 

Chemical Formula: C26H17F6N7O4. Molecular 

weight: 605.4574. 1H-NMR (300MHz, DMSO-d6): ppm δ 10.41 (s, 1H), 8.33 (d, J=9.0 Hz, 

2H), 8.05 (d, J=9.0 Hz, 2H), 7.75 (d, J=6.0 Hz, 1H), 7.64 (s, 2H), 7.58 (d, J=6.0 Hz, 2H), 7.50 

(d, J=6.0 Hz, 2H), 7.37 (t, J=6.0 Hz, 1H), 7.06-7.04 (m, 2H), 5.59 (s, 2H). 13C-NMR (75MHz, 

DMSO-d6): ppm δ 169.92, 166.75, 164.86, 150.89, 145.51, 139.84, 136.57, 134.40, 130.53, 

130.10, 129.44, 125.95, 123.27, 122.00, 121.13, 120.19, 119.33, 114.97, 49.08. HRMS 

(APCI+): calculated for C26H18F6N7O4 [M+H]+: 606.1369, found: 606.1319. 

N-(4-((5-amino-4-(3-(4-(trifluoromethoxy)phenyl)-1,2,4-oxadiazol-5-yl)-1H-1,2,3-triazol-1-

yl)methyl)phenyl)-4-chlorobenzamide (3-133)  

According to the method of 3-111, to give the 

compound 3-133(71 mg, 17%) as a yellow solid. 

Chemical Formula: C25H17ClF3N7O3. Molecular 

weight: 555.9022. 1H-NMR (300MHz, DMSO-d6): ppm δ 10.34 (s, 1H), 8.16 (d, J=9.0 Hz, 



 

257 
 

2H), 7.97 (d, J=9.0 Hz, 2H), 7.75 (d, J=9.0 Hz, 2H), 7.64-7.58 (m, 4H), 7.30 (d, J=9.0 Hz, 2H), 

7.04 (s, 2H), 5.46 (t, J=6.0 Hz, 2H). 13C-NMR (75MHz, DMSO-d6): ppm δ 174.74, 167.43, 

164.88, 151.15, 138.83, 136.87, 134.02, 131.02, 130.07, 129.95, 128.93, 125.05, 122.23, 

120.94, 116.71, 109.99, 35.99, 32.58. HRMS (APCI+): calculated for C25H18ClF3N7O3 [M+H]+: 

556.1106, found: 556.1101. 

 (4-((5-amino-4-(3-(4-(dimethylamino)phenyl)-1,2,4-oxadiazol-5-yl)-1H-1,2,3-triazol-1-

yl)methyl)-2,6-dichlorophenyl)(4-chlorophenyl)methanone (3-135)   

According to the method of 3-111, to give the compound 3-

135 (144 mg, 43%) as a yellow solid. Chemical Formula: 

C26H20Cl3N7O2. Molecular weight: 568.8430. 1H-NMR 

(300MHz, DMSO-d6): ppm δ 7.98 (d, J=9.0 Hz, 2H), 7.77 (d, J=6.0 Hz, 2H), 7.67 (d, J=6.0 Hz, 

2H), 7.55 (s, 2H), 7.04 (s, 2H), 6.85 (d, J=9.0 Hz, 2H), 5.66 (s, 2H), 3.01 (s, 6H). 13C-NMR 

(75MHz, DMSO-d6): ppm δ 191.22, 168.85, 167.81, 152.60, 145.24, 140.71, 140.61, 136.27, 

133.67, 131.50, 131.26, 130.29, 128.96, 128.11, 115.52, 113.26, 112.09, 109.99, 47.92. HRMS 

(APCI+): calculated for C26H21Cl3N7O2 [M+H]+:568.0817, found: 568.0814. 

Part C 

 

Synthesis of 4-(ethylsulfonyl)piperidine hydrochloride (3-082)  

To a solution of 1-Boc-4-bromopiperidine (3.0 g, 11.36 mmol), sodium ethanethiolate (1.2 g, 

136.3 mmol) in DMF is stirred at 80oC for 20h. The reaction mixture is allowed to cool to room 

temperature and poured into ice-water. The resultant mixture is extracted with EtOAc. The 

combined organic extracts are washed with brine, dried (MgSO4) and concentrated in vacuo 
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yielding the crude product. The residue was purified by silica gel column chromatography 

(petroleum ether/ ethyl acetate 10/1) to give the compound tert-butyl 4-(ethylthio)piperidine-1-

carboxylate 3-080 as a brownish yellow solid (2.1 g, 76 %). 1H-NMR (300MHz, CDCl3): ppm 

δ 4.10-3.98 (m, 2H), 3.35-3.28 (m, 2H), 3.11-3.12 (m, 2H), 2.86-2.70 (m, 2H), 2.02-1.92 (m, 

3H), 1.40 (s, 9H), 1.21 (t, J=3.0 Hz, 3H). 

To a solution of tert-butyl 4-(ethylthio)piperidine-1-carboxylate 3-080 (2.0 g, 8.15 mmol) in 

CH2Cl2 is stirred at 0oC, m-CPBA (6.7 g, 16.30 mmol) was added in one portion, and the 

mixture was stirred at rt for the 16h. The reaction mixture was diluted with ethyl acetate, washed 

with 2.0 M aqueous NaOH and brine, dried over anhydrous MgSO4, filtered and concentrated. 

The residue was purified by silica gel column chromatography (petroleum ether/ ethyl acetate 

3/1) to give the compound tert-butyl 4-(ethylsulfonyl)piperidine-1-carboxylate 3-081 as a 

brownish yellow solid (1.6 g, 71 %). 1H-NMR (300MHz, CDCl3): ppm δ 4.37-4.21 (m, 2H), 

3.00-2.91 (m, 3H), 2.81-2.65 (m, 2H), 2.10-2.00 (m, 2H), 2.02-1.92 (m, 3H), 1.46 (s, 9H), 1.40 

(t, J=3.0 Hz, 3H). 

To a solution of tert-butyl 4-(ethylsulfonyl)piperidine-1-carboxylate 3-081 (1.0 g, 3.61 mmol) 

in fresh HCl methanol solution (1.5 M, 15ml) is stirred at 50oC for 1h. After the mixture was 

concentrated in vacuo. The residue was suspended with cool methanol and the precipitate was 

collected by filtration to afford 4-(ethylsulfonyl)piperidine hydrochloride 3-082 (740 mg, 96%) 

as a white solid. 1H-NMR (300MHz, DMSO-d6): ppm δ 9.82 (s, 1H), 8.86 (s, 1H), 3.51-3.37 

(m, 2H), 3.12 (q, J=6.0, 12.0 Hz, 2H), 2.99-2.82 (m, 2H), 2.19-2.09 (m, 2H), 1.91-1.75 (m, 2H), 

1.22 (t, J=6.0 Hz, 3H). 13C-NMR (75MHz, DMSO-d6): ppm δ 53.36, 43.59, 41.67, 21.10, 5.84. 

Synthesis of 1-(methylsulfonyl)piperazine (3-086) 

To a solution of piperazine 3-083 (4.0 g, 46.44 mmol) in CH2Cl2 is stirred at 0oC. The solution 

of di-tert-butyldicarbonate (5.1 g, 23.22 mmol) in CH2Cl2 was slowly added in the reaction, 

and the reaction was kept under stirring at room temperature overnight. The white solid was 

filtered off. The filtrate was concentrated in vacuo and diluted in water and the white solid was 

filtered off again. The filtrate was saturated with K2CO3 and extracted with CH2Cl2. dried over 

anhydrous MgSO4, filtered and concentrated to afford the compound 3-084 as a white solid (6.4 

g, 74%). 1H-NMR (300MHz, CDCl3): ppm δ 3.20 (t, J = 6.0 Hz, 4H,), 2.60 (t, J = 6.0 Hz, 4H), 

2.29-2.39 (m, 1H), 1.38 (s, 9H).  

To a solution of Boc-piperazine 3-084 (3.0 g, 16.11 mmol) in CH2Cl2 was added triethylamine 

(3.3 ml, 24.16 mmol) is stirred at 0oC. The solution of methanesulfonyl chloride (1.3 ml, 16.91 

mmol) in CH2Cl2 was slowly added in the reaction. The resulting mixture was stirred at ambient 
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temperature for 2 h. The mixture was then washed with 1.0 M HCl, saturated NaHCO3, and 

brine, dried over anhydrous MgSO4, filtered and concentrated to afford the compound 3-085 as 

a white solid (3.3 g, 77%).1H-NMR (300MHz, CDCl3): ppm δ 3.70-3.64 (m, 4H), 3.16-3.14 

(m, 4H), 2.70 (s, 3H), 1.44 (s, 9H).  

To a solution of tert-butyl 4-(methylsulfonyl)piperazine-1-carboxylate 3-085 (1.0 g, 3.78 mmol) 

in CH2Cl2, TFA (0.5 ml) was added in the reaction and the mixture was stirred at rt for 3h. After 

the mixture was concentrated in vacuo. The residue was suspended with cool ether and the 

precipitate was collected by filtration to afford 1-(methylsulfonyl)piperazine 3-086 (525 mg, 

85%) as a light yellow solid. 1H-NMR (300MHz, DMSO-d6): ppm δ 9.30 (s, 1H), 3.37-3.34 

(m, 4H), 3.19-3.14 (m, 4H), 2.86 (s, 3H). 

Synthesis of thiomorpholine 1,1-dioxide (3-090) 

Compounds thiomorpholine 1,1-dioxide 3-090 were prepared according to the methods of (I) 

and (II) described in above. As a light yellow solid (475 mg, 82%). 1H-NMR (300MHz, D2O): 

ppm δ 3.85-3.79 (m, 4H), 3.66-3.60 (m, 4H). 13C-NMR (75MHz, D2O): 48.05, 43.04. 

Synthesis of 5-(5-ethyl-1-(3-(4-(methylsulfonyl) piperidin-1-yl)benzyl)-1H-1,2,4-triazol-3-yl)-

3-(4-(trifluoromethoxy) phenyl) -1,2,4-oxadiazole (3-101) 
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To a solution of 4-(trifluoromethoxy)benzamidoxime 3-092 (4.0 g, 18.17 mmol) in anhydrous 

chloroform is stirred at 0oC. The anhydrous pyridine (2.2 ml, 27.25 mmol) and ethyl 

chloroglyoxylate (2.3 mL, 21.80 mmol) were added under nitrogen atmosphere, and the mixture 

was heated under reflux for 1.5 h. The reaction mixture was cooled to rt, quenched with water, 

extracted with dichloromethane, washed with 1.0 M aqueous HCl and water, and dried (MgSO4) 

and concentrated in vacuo yielding the crude product. The residue was purified by silica gel 

column chromatography (petroleum ether/ ethyl acetate 3/1) to give the compound ethyl 3-(4-

(trifluoromethoxy)phenyl)-1,2,4-oxadiazole-5-carboxylate 3-093 as a white solid (4.3 g, 82 %). 

1H-NMR (300MHz, CDCl3): ppm δ 8.21 (dd, J=2.0, 6.9 Hz, 2H), 7.35 (dd, J=1.1, 9.0 Hz, 2H), 

4.58 (q, J=7.2, 14.4 Hz, 2H), 1.5 (t, J=7.0 Hz, 3H). 13C-NMR (75MHz, CDCl3): ppm δ 168.58, 

166.98, 154.17, 151.92, 129.64, 124.33, 121.31, 64.25, 14.18. 

To a solution of (trifluoromethoxy)phenyl)-1,2,4-oxadiazole-5-carboxylate 3-093 (4.0 g, 13.98 

mmol) in ethanol, hydrazine monohydrate (3.42 mL, 69.88 mmol) was added, and the mixture 

was stirred at rt for 16 h. The resulting mixture was concentrated in vacuo to afford crude 3-(4-
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(Trifluoromethoxy)phenyl)-1,2,4-oxadiazole-5-carbohydrazide 3-094 as a yellow solid, which 

was used for the next step without further purification. To a solution of 3-094 (crude product, 

< 13.95 mmol) and acetamidine hydrochloride (2.0 g, 20.92 mmol) in anhydrous THF, NaOH 

(837 mg, 20.92 mmol) was added at rt under argon atmosphere, and the mixture was heated 

under reflux for 15 h. Then, the solvent was removed in vacuo, and the residue was dissolved 

in ethylene glycol. The mixture was further stirred at 180 °C for 2 h. The reaction mixture was 

diluted with water, extracted with ethyl acetate, washed with water and then brine, and dried 

(MgSO4) and concentrated in vacuo yielding the crude product. The residue was purified by 

silica gel column chromatography (petroleum ether/ ethyl acetate 2/1) to give the compound 5-

(5-Methyl-1H-1,2,4-triazol-3-yl) -3-(4- (trifluoromethoxy) phenyl) -1,2,4-oxadiazole 3-096 as 

a light yellow solid (1.9 g, 42 %). 1H-NMR (300MHz, DMSO-d6): ppm δ 8.20 (dd, J=2.6, 7.4 

Hz, 2H), 7.59 (dd, J=2.8, 6.9 Hz, 2H), 2.49 (s, 3H). 13C-NMR (75MHz, DMSO-d6): ppm δ 

169.47, 167.23, 155.48, 150.56, 149.21, 129.43, 125.06, 121.68, 11.59. 

The solution of 5-(5-methyl-1H-1,2,4-triazol-3-yl) -3-(4- (trifluoromethoxy) phenyl) -1,2,4-

oxadiazole 3-096 (2.0g, 6.43 mmol) in anhydrous THF was added K2CO3 (1.3 g, 9.64 mmol) 

in the reaction at rt under argon atmosphere, and the mixture was stirred at 50 °C for 5 min, 

followed by the addition of 3-bromobenzyl bromide (1.8 mg, 7.07 mmol). After stirring at 50 

oC for 24 h. the reaction mixture was quenched with water, extracted with ethyl acetate, washed 

water and brine, and dried (MgSO4) and concentrated in vacuo yielding the crude product. The 

residue was purified by silica gel column chromatography (petroleum ether/ ethyl acetate 1/1) 

to give the compound 5-(1-(3-Bromobenzyl)-5-methyl-1H-1,2,4-triazol-3-yl)-3-(4-

(trifluoromethoxy)phenyl)-1,2,4-oxadiazole 3-098 as a yellow solid (890 mg, 29 %) and 5-(1-

(3-bromobenzyl) -3-methyl-1H- 1,2,4-triazol-5-yl) -3-(4- (trifluoromethoxy) phenyl) -1,2,4- 

oxadiazole 3-099 as a yellow solid (1450 mg, 47 %). 1H-NMR (300MHz, DMSO-d6): ppm δ 

8.21z (dd, J=2.4, 7.4 Hz, 2H), 7.61-7.35 (m,4H), 7.37 (t, J=4.2 Hz, 1H), 7.31 (d, J=6.2 Hz, 1H), 

5.58 (s, 2H), 2.59 (s, 3H). 13C-NMR (75MHz, DMSO-d6): ppm δ 168.99, 167.28, 155.46, 

150.60, 148.28, 137.90, 131.10, 131.07, 130.62, 129.49, 126.96, 124.99, 121.96, 121.72, 51.17, 

11.70. 

The solution of 3-099 (150 mg, 0.31 mmol) and 3-082 (133 mg, 0.62 mmol) in anhydrous 

toluene was added t-BuONa (75 mg, 0.78 mmol), BINAP (18 mg, 0.028 mmol), Pd2dba3 (9 mg, 

0.09 mmol) under argon atmosphere in the sealed tube, and the mixture was heated under 130 

oC for 36 h. The reaction mixture was diluted with ethyl acetate, filtered through a pad of Celite, 

and concentrated in vacuo. The crude product was purified by silica gel column 

chromatography (CH2Cl2/ CH3OH v/v 50/1) to give the compound 5-(5-ethyl-1-(3-(4-

(methylsulfonyl) piperidin-1-yl)benzyl)-1H-1,2,4-triazol-3-yl)-3-(4-(trifluoromethoxy) phenyl) 
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-1,2,4-oxadiazole 3-101 as a brownish yellow solid (20 mg, 11 %). Chemical Formula: 

C26H27F3N6O4S. Molecular weight: 576.5952. 1H-NMR (300MHz, DMSO-d6): ppm δ 8.22 

(dd, J=3.0, 6.0 Hz, 2H), 7.61 (dd, J=3.0, 6.0 Hz, 2H), 7.21 (t, J=9.0 Hz, 1H), 6.95 (m, 2H),  

6.63 (d, J=9.0 Hz, 1H), 5.49 (s, 2H), 3.85 (d, J=9.0 Hz, 2H), 3.08 (q, J=6.0, 9.0 Hz, 2H), 2.83-

2.72 (m, 2H), 2.58 (s, 3H), 2.05 (d, J=9.0 Hz, 2H), 1.75-1.58 (m, 2H), 1.25-1.15 (m, 4H). 

HRMS (APCI+): calculated for C26H27F3N6O4S [M+H]+:577.1845, found: 577.1839. 

5-(5-methyl-1-(3-(4-(methylsulfonyl)piperazin-1-yl)benzyl)-1H-1,2,4-triazol-3-yl)-3-(4-

(trifluoromethoxy)phenyl)-1,2,4-oxadiazole (3-100) 

According to the method of 3-101, to give the compound 3-

100 (14 mg, 8%) as a brownish yellow solid. Chemical 

Formula: C24H24F3N7O4S. Molecular weight: 563.5562. 
1H-NMR (300MHz, DMSO-d6): ppm δ 8.21 (d, J=9.2 Hz, 2H), 7.61 (d, J=6.5 Hz, 2H), 7.27-

7.20 (m, 1H), 7.00-6.91 (m, 2H), 6.68 (d, J=6.2 Hz, 1H), 5.48 (s, 2H), 3.28-3.19 (m, 8H), 2.91 

(s, 3H), 2.57 (s, 3H). 13C-NMR (75MHz, DMSO-d6): ppm δ 191.22, 168.85, 167.81, 152.60, 

145.24, 140.71, 140.61, 136.27, 133.67, 131.50, 131.26, 130.29, 128.96, 128.11, 115.52, 

113.26, 112.09, 109.99, 47.92. HRMS (APCI+): calculated for C26H21Cl3N7O2 

[M+H]+:564.1641, found: 564.1635. 

4-(3-((5-methyl-3-(3-(4-(trifluoromethoxy)phenyl)-1,2,4-oxadiazol-5-yl)-1H-1,2,4-triazol-1-

yl)methyl)phenyl)thiomorpholine 1,1-dioxide (102) 

According to the method of 3-101, to give the compound 3-

102 (15 mg, 9%) as a brownish yellow solid. Chemical 

Formula:  C23H21F3N6O4S. Molecular weight: 534.5142. 
1H-NMR (300MHz, DMSO-d6): ppm δ 8.22 (d, J=8.9 Hz, 2H), 7.60 (d, J=6.4 Hz, 2H), 7.25-

7.21 (m, 1H), 7.05-6.98 (m, 2H), 6.67 (d, J=6.4 Hz, 1H), 5.49 (s, 2H), 3.82-3.74 (m ,4H), 3.16-

3.09 (m, 4H), 2.57 (s, 3H). 13C-NMR (75MHz, DMSO-d6): ppm δ 191.22, 168.85, 167.81, 

152.60, 145.24, 140.71, 136.27, 133.67, 131.50, 130.29, 128.96, 128.11, 115.52, 113.26, 

112.09, 109.99, 47.93. HRMS (APCI+): calculated for C26H21Cl3N7O2 [M+H]+:535.1375, 

found: 535.1370. 

Synthesis of 5-(5-methyl-1-((2-thiomorpholinopyridin-4-yl) methyl)-1H-1,2,4-triazol-3-yl)-3-

(4-(trifluoromethoxy) phenyl)-1,2,4-oxadiazole (3-109) 
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To a solution of 2-chloroisonicotinic acid 3-103 (4.0 g, 25.39 mmol) dissolved in EtOH was 

treated dropwise concentrated sulfuric acid (270 μL, 5.08 mmol), the mixture was heated at 

reflux for overnight. The mixture was cooled, concentrated under reduced pressure and diluted 

with water. The aqueous layer was extracted with ethyl acetate, and the combined organic 

extract was washed with brine, dried over MgSO4 followed by concentrated under reduced 

pressure to afford crude ethyl ethyl 2-chloroisonicotinate 3-104 as a yellow solid. The crude 

compound was not purified to the next step. To a solution of ethyl 2-chloroisonicotinate 3-104 

dissolved in EtOH was cooled to 0oC, the NaBH4 (2.45 g, 64.65 mmol) was added in the 

reaction. The reaction mixture is refluxed with stirring for 3h and then concentrated in vacuo. 

The mixture was extracted with ethyl acetate, and the combined organic extract was washed 

with brine, dried over MgSO4 followed by concentrated under reduced pressure. The residue 

was purified by silica gel column chromatography (petroleum ether/ ethyl acetate 5/1-3/1) to 

give the compound (2-chloropyridin-4-yl) methanol 3-105 as a colorless solid (2.1 g, 67 %). 

1H-NMR (300MHz, DMSO-d6): ppm δ 8.32 (d, J=6.4 Hz,1H), 7.41-7.39 (m, 1H), 7.34-7.31 

(m, 1H), 5.54 (br, 1H), 4.55 (s, 2H). 13C-NMR (75MHz, DMSO-d6): ppm δ 156.65, 150.90, 

150.15, 121.72, 121.08, 61.59. 

To a solution of (2-chloropyridin-4-yl)methanol 3-105 (800 mg, 5.57 mmol) in dry CH2Cl2 was 

slowly added phosphorus tribromide (635 µL, 6.69 mmol) at 0°C, and the mixture was stirred 

at room temperature for 3 h. The mixture was cooled at 0°C, and quenched with water. The 

mixture was extracted with ethyl acetate and washed with water, before dried over MgSO4. The 

residue was purified by silica gel column chromatography (petroleum ether/ ethyl acetate 50/1) 

to give the compound 4-(bromomethyl)-2-chloropyridine 3-106 as a colorless solid (1080 mg, 
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94 %). 1H-NMR (300MHz, CDCl3): ppm δ 8.37 (d, J=4.2 Hz,1H), 7.35 (s, 1H), 7.23 (s, J=2.8 

Hz,1H), 4.35 (s, 1H). 

The solution of 5-(5-methyl-1H-1,2,4-triazol-3-yl) -3-(4- (trifluoromethoxy) phenyl) -1,2,4-

oxadiazole 3-096 (2.0 g, 6.43 mmol) in anhydrous THF was added K2CO3 (1.3 g, 9.64 mmol) 

in the reaction at rt under argon atmosphere, and the mixture was stirred at 50 °C for 5 min, 

followed by the addition of 4-(bromomethyl)-2-chloropyridine 3-106 (1.5 g, 7.07 mmol). After 

stirring at 50 oC for 24 h. the reaction mixture was quenched with water, extracted with ethyl 

acetate, washed water and brine, and dried (MgSO4) and concentrated in vacuo yielding the 

crude product. The residue was purified by silica gel column chromatography (petroleum ether/ 

ethyl acetate 2/1) to give the compound 5-(1-((2-chloropyridin-4-yl) methyl)-5-methyl-1H-

1,2,4-triazol-3-yl)-3-(4-(trifluoromethoxy) phenyl)-1,2,4-oxadiazole 3-107 as a yellow solid 

(1070 mg, 38 %). 3-107 1H-NMR (300MHz, DMSO-d6): ppm δ 8.42 (d, J=7.4 Hz, 1H), 8.21 

(d, J=6.7 Hz, 2H), 7.60 (d, J=7.3 Hz, 2H), 7.45 (s, 1H), 7.27 (s, J=6.5 Hz, 1H), 5.68 (s, 2H), 

2.58 (s, 3H). 13C-NMR (75MHz, DMSO-d6): ppm δ 174.70, 172.44, 161.22, 160.57, 155.78, 

155.67, 154.54, 153.35, 134.65, 130.26, 128.04, 127.05, 126.91, 55.43, 16.76. 

The solution of 3-107 (150 mg, 0.343 mmol) and 3-082 (345 µL, 3.43 mmol) in anhydrous 

DMSO was added DIPEA (845 µL, 4.58 mmol) under argon atmosphere, and the mixture was 

heated under 130 oC for 24 h. The reaction mixture was diluted with water, extracted with ethyl 

acetate, washed with water and then brine, and dried (MgSO4) and concentrated in vacuo 

yielding the crude product. The residue was purified by silica gel column chromatography 

(CH2Cl2/ CH3OH v/v 50/1) to give the compound 5-(5-methyl-1-((2-thiomorpholinopyridin-4-

yl) methyl)-1H-1,2,4-triazol-3-yl)-3-(4-(trifluoromethoxy) phenyl)-1,2,4-oxadiazole 3-109 as a 

brownish yellow solid (24 mg, 14 %). Chemical Formula:  C25H26F3N7O4S. Molecular weight: 

577.5832. 1H-NMR (300MHz, DMSO-d6): ppm δ 8.22 (d, J=9.6 Hz, 2H), 8.08 (d, J=4.2 Hz, 

1H), 7.61 (d, J=6.6 Hz, 2H), 6.85 (s, 1H), 6.40 (d, J=3.0 Hz, 1H), 5.50 (s, 2H), 4.44 (d, J=10.4 

Hz, 2H), 3.51-3.39 (m, 1H), 3.12-3.03 (m, 2H), 2.96-2.84 (m, 2H), 2.57 (s, 3H), 2.08-1.98 (m, 

2H), 1.62-1.48 (m, 2H), 1.22 (t, J=6.0 Hz, 3H). 13C-NMR (75MHz, DMSO-d6): ppm δ 191.22, 

168.85, 167.81, 152.60, 145.24, 140.71, 136.27, 133.67, 131.50, 130.29, 128.96, 128.11, 

115.52, 113.26, 112.09, 109.99, 47.92. HRMS (APCI+): calculated for C26H21Cl3N7O2 

[M+H]+:578.1797, found: 578.1792. 

5-(5-methyl-1-((2-thiomorpholinopyridin-4-yl)methyl)-1H-1,2,4-triazol-3-yl)-3-(4-

(trifluoromethoxy) phenyl)-1,2,4-oxadiazole (3-110) 



 

265 
 

According to the method of 3-110, to give the compound 

3-109 (62 mg, 36 %) as a brownish yellow solid. 

Chemical Formula: C22H20F3N7O2S. Molecular weight: 

503.5042. 1H-NMR (300MHz, DMSO-d6): ppm δ 8.21 (d, J=6.0 Hz, 2H), 8.07 (d, J=3.0 Hz, 

1H), 7.61 (d, J=9.0 Hz, 2H), 6.81 (s, 1H), 6.37 (d, J=3.0 Hz, 1H), 5.50 (s, 2H), 3.93-3.88 (m, 

4H), 2.61-2.55 (m, 7H). 13C-NMR (75MHz, DMSO-d6): ppm δ 191.22, 168.85, 167.81, 152.60, 

145.24, 140.71, 136.27, 133.67, 131.50, 131.26, 130.29, 128.96, 128.11, 115.52, 113.26, 

112.09, 109.99, 47.92. HRMS (APCI+): calculated for C26H21Cl3N7O2 [M+H]+:504.1429, 

found: 504.1424. 
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Chapter II: 

Experimental protocols and analysis 

Synthesis of 6-bromohexan-1-ol (4-002) 

To a solution of hexane-1,6-diol 4-001 (10.0 g, 84.62 mol) in 

toluene, was added dropwise hydrobromic acid (48% in water, 

9.6 mL, 84.62 mol) at room temperature. The mixture was stirred and heated at reflux overnight, 

TLC analysis indicated that substantial amounts of hexane-1,6-diol still remained. Thus, a 

further quantity of hydrobromic acid (2.0 mL) was added, and the mixture was heated at reflux 

6 h, at which time TLC monitor showed full conversion. The reaction mixture was allowed to 

cool to room temperature, and the organic layer were separated. The organic layer was diluted 

with ethyl ether and washed with 1M NaOH and brine. Drying over anhydrous MgSO4 and 

concentration of the organic layer in vacuo give a yellow oil. The oil was purified by silica gel 

column chromatography (petroleum ether/ ethyl acetate v/v = 5/1) to give the compound 6-

bromohexan-1-ol 4-002 as a colorless oil (13.9 g, 90 %).Chemical Formula: C6H13BrO, 

Molecular weight: 181.0730. 1H-NMR (300MHz, CDCl3): ppm δ 3.64 (t, J =5.8 Hz, 2H), 3.40 

(t, J =8.7 Hz, 2H), 2.09 - 2.00 (m, 1H), 1.93 - 1.80 (m, 2H), 1.62 - 1.53 (m, 2H), 1.49-1.35 (m, 

4H). HRMS (APCI+): Calculated for C6H12Br [M-OH]- 163.0117, found: 163.0117. 

Synthesis of 1-((6-bromohexyl)oxy)-4-chlorobenzene (4-004)  

The 1-((6-bromohexyl) oxy)-4-chlorobenzene 4-004 

was prepared following a procedure previously reported 

by M.Sc. Dominik Gärtner et al. 7 .To a solution of 

triphenylphosphine (7.1 g, 27.06 mmol), 6-bromohexan-1-ol 4-002 (5.0 g, 27.06 mmol) and 4-

chlorophenol 4-003 (3.5 g, 27.06 mmol,) in anhydrous THF, was added dropwise diisopropyl 

azodicarboxylate DIAD (6.24 mL, 29.77 mmol, 94% purity) dropwise at 0°C. After addition, 

the reaction mixture was stirred overnight at room temperature. The mixture was concentrated 

under vacuo and the residue was diluted with ethyl ether and washed with water and brine. 

Drying over anhydrous MgSO4 and concentration of the organic layer in vacuo give a yellow 

oil. The oil was purified by silica gel column chromatography (petroleum ether/ ethyl acetate 

v/v 20/1) to give the compound 1-((6-bromohexyl)oxy)-4-chlorobenzene 4-004 as a colorless 

oil (6.7 g, 85 %).Chemical Formula: C12H16BrClO, Molecular weight: 291.6130. 1H-NMR 

 
7 Gärtner D, Stein A L, Grupe S, et al. Iron‐Catalyzed Cross‐Coupling of Alkenyl Acetates[J]. Angewandte 

Chemie International Edition, 2015, 54(36): 10545-10549. 
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(300MHz, CDCl3): ppm δ 7.22 (d, J = 9.0 Hz, 2H), 6.81 (d, J = 9.0 Hz, 2H), 3.92 (t, J = 6.0 Hz, 

2H), 3.44 (t, J = 6.0 Hz, 2H), 1.94-1.74 (m, 4H), 1.56-1.48 (m, 4H). 13C-NMR (75MHz, CDCl3): 

ppm δ 157.67, 129.29, 125.37, 115.75, 68.03, 33.81, 32.67, 29.03, 27.92, 25.28. HRMS 

(APCI+): Calculated for C12H17BrClO [M+H]+ 291.0146, found: 291.0146. 

Synthesis of diethyl 2-(6-(4-chlorophenoxy)hexyl)malonate (4-006)  

The diethyl 2-(6-(4-chlorophenoxy)hexyl)malonate 4-

006 was prepared following a procedure previously 

reported by Guowei Kang et al.8 The NaH (60% NaH 

in mineral oil, 760 mg, 18.86 mmol) was added in portions to a solution of dimethyl malonate 

(3.2 ml, 18.86 mmol) in 40 mL THF at 0 °C, and the resulting suspension was stirred for 0.5 h. 

The 1-((6-bromohexyl)oxy)-4-chlorobenzene 4-004 (5.0 g, 17.15 mmol) was then added in the 

mixture at room temperature. After the reaction was completed as checked by TLC about 4 h, 

the solvent was removed by rotary evaporation and added saturated aqueous NH4Cl. The 

aqueous phase was then extracted with CH2Cl2. The combined organic extracts and washed 

with water and brine. Drying over anhydrous MgSO4 and concentration of the organic layer in 

vacuo give a brownish yellow oil. The oil was purified by silica gel column chromatography 

(petroleum ether/ ethyl acetate v/v 20/1-10/1) to give the compound diethyl 2-(6-(4-

chlorophenoxy)hexyl)malonate 4-006 as a light yellow oil (3.9 g, 61 %). Chemical Formula: 

C19H27ClO5, Molecular weight: 370.8700. 1H-NMR (300MHz, CDCl3): ppm δ 7.23 (d, J = 9.0 

Hz, 2H), 6.82 (d, J = 9.0 Hz, 2H), 4.25-4.18 (q, J = 9.0 Hz, 4H), 3.92 (t, J = 6.0 Hz, 2H), 3.33 

(t, J = 6.0 Hz, 1H), 1.96-1.88 (m, 2H), 1.80-1.75 (m, 2H), 1.40-1.32 (m, 6H), 1.28 (t, J = 6.0 

Hz, 6H). 13C-NMR (75MHz, CDCl3): ppm δ 169.52, 157.67, 129.24, 125.30, 115.73, 68.15, 

61.29, 61.00, 53.42, 52.03, 29.05, 28.96, 28.64, 27.23, 25.73, 14.10. HRMS (ESI+): Calculated 

for C19H28ClO5 [M+H]+ 371.1620, found: 371.1620. 

Synthesis of 8-(4-chlorophenoxy)-2-(ethoxycarbonyl)octanoic acid (4-007) 

The diethyl 2-(6-(4-chlorophenoxy)hexyl)malonate 4-

006 (3.0 g, 8.09 mmol) was added to a solution of 

KOH (455 mg, 8.09 mmol) in EtOH at room 

temperature and the solution was stirred overnight, and the reaction completion was monitored 

by TLC. The solvent was concentrated under vacuo and the residue was dissolved in 1M HCl 

and washed with ethyl acetate, the aqueous layer was acidified and extracted with ethyl acetate 

 
8 Kang G, Yamagami M, Vellalath S, et al. Enantioselective Synthesis of Medium‐Sized Lactams via Chiral α, β‐

Unsaturated Acylammonium Salts[J]. Angewandte Chemie, 2018, 130(22): 6637-6641. 
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three times. The combined organic layers were washed with water and brine. Drying over 

anhydrous MgSO4 and concentration of the organic layer in vacuo give the residue. The residue 

was purified by silica gel column chromatography (CH2Cl2/ MeOH v/v 50/1 0.5 % AcOH) to 

give the compound 8-(4-chlorophenoxy)-2-(ethoxycarbonyl)octanoic acid 4-007 as a light 

yellow solid (2.3 g, 83 %). Chemical Formula: C17H23ClO5 Molecular weight: 342.8160. 1H-

NMR (300MHz, CDCl3): ppm δ 7.21 (d, J = 9.0 Hz, 2H), 6.80 (d, J = 9.0 Hz, 2H,), 4.22 (q, J 

= 9.0 Hz, 2H), 3.90 (t, J = 6.0 Hz, 2H), 3.38 (t, J = 6.0 Hz, 1H), 1.94-1.92 (m, 2H), 1.80-1.71 

(m, 2H), 1.48-1.38 (m, 6H), 1.28 (t, J = 6.0 Hz, 3H). 13C-NMR (75MHz, CDCl3): ppm δ 174.77, 

169.49, 157.65, 129.24, 125.32, 115.73, 68.12, 61.74, 51.57, 29.03, 28.91, 28.82, 27.13, 25.70, 

14.05.  

Synthesis of ethyl 8-(4-chlorophenoxy)-2-methyleneoctanoate (4-008) 

To a solution of 8-(4-chlorophenoxy)-2-

(ethoxycarbonyl)octanoic acid 4-007 (4.0 g, 11.67 mmol) 

is added diethylamine (1.2 mL, 11.67 mmol) and 

paraformaldehyde (550 mg, 17.50mmol) in the CH2Cl2 at 0° C. The mixture was refluxed 

overnight. The reaction mixture was allowed to cool to room temperature, diluted with more 

CH2Cl2, and washed with 10% aqueous citric acid solution and brine. Drying over anhydrous 

MgSO4 and concentration of the organic layer in vacuo give the residue. The residue was 

purified by silica gel column chromatography (petroleum ether/ ethyl acetate v/v 10/1) to give 

the compound ethyl 8-(4-chlorophenoxy)-2-methyleneoctanoate 4-008 as a yellow oil (2.8 g, 

76 %) Chemical Formula: C17H23ClO3, Molecular weight: 310.8180. 1H-NMR (300MHz, 

CDCl3): ppm δ 7.19 (d, J = 9.0 Hz, 2H), 6.78 (d, J = 9.0 Hz, 2H,), 6.12 (d, J = 3.0 Hz, 1H), 5.49 

(d, J = 3.0 Hz, 1H), 4.18 (q, J = 9.0 Hz, 2H), 3.87 (t, J = 6.0 Hz, 2H), 2.32-2.27 (m, 2H), 1.77-

1.70 (m, 2H), 1.51-1.33 (m, 6H), 1.28 (t, J = 6.0 Hz, 3H). 13C-NMR (75MHz, CDCl3): ppm δ 

167.24, 157.72, 140.96, 129.21, 125.23, 124.24, 115.72, 68.15, 60.51, 31.78, 29.10, 28.91, 

28.33, 25.79, 14.21. 

Synthesis of ethyl 2-(6-(4-chlorophenoxy)hexyl)oxirane-2-carboxylate (4-009) 

To a solution of ethyl 8-(4-chlorophenoxy)-2-

methyleneoctanoate 4-008 (2.0 g, 6.43 mmol) in 1,2-

dichloroethane was added m-CPBA (4.3 g, 19.30 mmol, 

77 %) at 0° C, then the mixture was heated to reflux overnight. The reaction mixture was cooled 

to room temperature., diluted with CH2Cl2, the pH was adjusted to 8 with saturated aq. NaHCO3. 

The mixture was extracted with CH2Cl2. The combined organic layers washed with water and 
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brine. Drying over anhydrous MgSO4 and concentration of the organic layer in vacuo give a 

brownness oil. The residue was purified by silica gel column chromatography (petroleum ether/ 

ethyl acetate v/v 20/1-10/1) to give the compound ethyl 2-(6-(4-chlorophenoxy)hexyl)oxirane-

2-carboxylate 4-009 as a light yellow oil (1.3 g, 63 %). Chemical Formula: C17H23ClO4, 

Molecular weight: 326.8170. 1H-NMR (300MHz, CDCl3): ppm δ 7.23(d, J = 9.0 Hz, 2H), 

6.82 (d, J = 9.0 Hz, 2H), 4.32-4.14 (m, 2H), 3.92 (t, J = 9.0 Hz, 2H), 3.04 (d, J = 6.0 Hz, 1H), 

2.79 (d, J = 6.0 Hz, 1H), 2.15-2.06 (m, 2H), 1.83-1.73 (m, 2H), 1.51-1.37 (m, 6H), 1.30 (t, J = 

6.0 Hz, 3H). 13C-NMR (75MHz, CDCl3): ppm δ 170.40, 157.68, 129.24, 125.30, 115.73, 68.15, 

61.58, 57.00, 51.83, 31.17, 29.22, 29.03, 25.81, 24.71, 14.12. HRMS (ESI+): Calculated for 

C17H23ClO4Na [M+Na]+ 349.1177, found: 349.1176. 

Synthesis of 2-(6-(4-chlorophenoxy)hexyl)oxirane-2-carboxylic acid (4-010) 

The ethyl 2-(6-(4-chlorophenoxy)hexyl)oxirane-2-

carboxylate 4-009 (2.0 g, 6.12 mmol) was added to a 

solution of KOH (360 mg, 6.43 mmol) in aqueous EtOH 

(EtOH/H2O v/v 9/1) at room temperature, and the reaction completion was monitored by TLC. 

The solvent was concentrated under vacuo and the resulting residue was dissolved in 1M HCl 

and washed with ethyl acetate, the aqueous layer was acidified and extracted with ethyl acetate. 

The combined organic layers were washed with water and brine. Drying over anhydrous MgSO4 

and concentration of the organic layer in vacuo give a yellow residue. The residue was purified 

by silica gel column chromatography (CH2Cl2/ MeOH v/v 50/1) to give the compound 2-(6-(4-

chlorophenoxy)hexyl)oxirane-2-carboxylic acid 4-010 as a yellow solid (1.6 g, 88 %). 

Chemical Formula: C15H19ClO4, Molecular weight: 298.7630. 1H-NMR (300MHz, CDCl3): 

ppm δ 10.13 (br, 1H), 7.21(d, J = 9.0 Hz, 2H), 6.80 (d, J = 9.0 Hz, 2H), 3.90 (t, J = 9.0 Hz, 2H), 

3.08 (d, J = 6.0 Hz, 1H), 2.87 (d, J = 6.0 Hz, 1H), 2.19-2.13 (m, 1H), 1.79-1.69 (m, 2H), 1.67-

1.66 (m, 1H), 1.60-1.40 (m, 6H). 13C-NMR (75MHz, CDCl3): ppm δ 174.24, 157.65, 129.25, 

125.32, 115.73, 68.11, 57.18, 52.25, 30.52, 29.16, 29.01, 25.79, 24.59. HRMS (ESI+): 

Calculated for C15H19ClO4Na [M+Na]+ 321.0861, found: 321.0864. 

Synthesis of (2-hydroxyethyl)pyridyl disulfide (4-018) 

The (2-hydroxyethyl)pyridyl disulfide 4-018 was prepared following a 

procedure previously reported by Ryo Horikawa et al. 9  2,2′-

Dipyridyldisulfide 4-016 (1.5 g, 13.35 mmol) was dissolved in fresh MeOH 20 mL. AcOH 0.5 

 
9 Horikawa R, Sunayama H, Kitayama Y, et al. A programmable signaling molecular recognition nanocavity 

prepared by molecular imprinting and post‐imprinting modifications[J]. Angewandte Chemie International Edition, 

2016, 55(42): 13023-13027. 
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ml was then added at room temperature. To this mixture, a solution of 2-mercaptoethanol 4-

017 (460 μL, 4.45 mmol) in MeOH 5 mL was added dropwise at room temperature over a 30 

min period under continuous stirring. The reaction mixture was further stirred at room 

temperature overnight. The solvent was evaporated to give a yellow oil, which was then purified 

by silica gel column chromatography (petroleum ether/ ethyl acetate v/v 10/1) to give the 

compound (2-hydroxyethyl)pyridyl disulfide 4-018 as a light yellow oil (777 mg, 81 %). 

Chemical Formula: C7H9NOS2, Molecular weight: 187.2750. 1H-NMR (300MHz, CDCl3): 

ppm δ 8.51-8.49 (m, 1H), 7.61-7.55 (m, 1H), 7.41-7.38 (m, 1H), 7.17-7.12 (m, 1H), 5.74 (s, 

1H), 3.80 (t, J = 9.0 Hz, 2H), 2.95 (t, J = 4.0 Hz, 2H), 13C-NMR (75MHz, CDCl3): ppm δ 

159.13, 149.79, 136.89, 121.82, 121.49, 58.30, 42.59. HRMS (APCI+): Calculated for 

C7H10NOS2 [M+H]+ 188.0198, found: 188.0199. 

Synthesis of 2-(pyridin-2-yldisulfaneyl)ethyl-2-(6-(4-chlorophenoxy)hexyl)oxirane-2-

carboxylate (4-019) 

The Etomoxir 4-010 (200 mg, 0.670 mmol) 

and (2-hydroxyethyl)pyridyl disulfide 4-018 

(131 mg, 0.736 mmol) were dissolved in 

CH2Cl2, followed by addition of DMAP (25 mg, 0.200 mmol), EDCI (193 mg, 1.00 mmol), 

HOBt (136 mg, 1.00 mmol) and DIPEA (166 μL, 1.00 mmol). The mixture was stirred at room 

temperature for overnight. After the mixture was diluted with CH2Cl2 and washed with water 

and brine. Drying over anhydrous MgSO4 and concentration of the organic layer in vacuo give 

a yellow oil. The oil was purified by silica gel column chromatography (petroleum ether/ ethyl 

acetate v/v 10/1) to give the compound 2-(pyridin-2-yldisulfaneyl)ethyl 2-(6-(4-

chlorophenoxy)hexyl)oxirane-2-carboxylate 4-019 as a yellow oil (224 mg, 71 %). Chemical 

Formula: C22H26ClNO4S2, Molecular weight: 468.0230. 1H-NMR (300MHz, CDCl3): ppm δ 

8.46-8.43 (m, 1H), 7.65-7.61 (m, 2H), 7.18 (dd, J = 3.0, 9.0 Hz, 2H), 7.10-7.05 (m, 1H), 6.78 

(dd, J = 9.0 Hz, 2H), 4.48-4.31 (m, 2H), 3.88 (t, J = 6.0 Hz, 2H), 3.06-3.02 (m, 3H), 2.77 (d, J 

= 6.0 Hz, 1H), 2.10-2.02 (m, 1H), 1.76-1.59 (m, 3H), 1.52-1.35 (m, 6H). 13C-NMR (75MHz, 

CDCl3): ppm δ 169.96, 159.09, 157.39, 149.56, 136.85, 129.00, 125.01, 120.77, 119.71, 115.50, 

67.92, 62.83, 56.72, 51.75, 36.80, 30.89, 28.93, 25.63, 24.51. HRMS (ESI+): Calculated for 

C22H27ClNO4S2 [M+H]+ 468.1065, found: 468.1065. 

Synthesis of ethyl 2-(4-phenylcyclohexylidene) acetate (4-023) 

To the solution of sodium hydride NaH (60 wt % in mineral oil, 1.6 

g, 36.16 mmol) was added in portions to a solution of triethyl 
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phosphonoacetate (7.6 mL, 36.16 mmol) in THF (25.0 mL) at 0°C. After the addition was 

complete the reaction mixture was stirred at ambient temperature for 30 minutes before added 

dropwise a solution of 4-phenylcyclohexanone (59) (6.0 g, 34.43 mmol) in THF (8.0 mL). After 

30 minutes at ambient temperature the reaction as indicated by TLC, the reaction mixture was 

poured into 5% aq. KHSO4 and extracted with diethyl ether. The organic layer was washed with 

water, brine, dried over MgSO4, filtered and concentrated in vacuo. The residue was purified 

by silica gel column chromatography (petroleum ether/ ethyl acetate 100/1) to give the 

compound ethyl 2-(4-phenylcyclohexylidene) acetate 4-023 as a colorless oil (7.5 g, 89.0%). 

Chemical Formula: C16H20O2, Molecular weight: 244.3340. 1H-NMR (300MHz, CDCl3): 

ppm δ 7.20-7.16 (m, 5H), 5.68 (s, 1H), 4.12 (q, J = 6.0 Hz, 2H), 2.78-2.68 (m, 1H), 2.43-2.29 

(m, 2H), 2.10-2.06 (m, 2H), 1.72-1.54 (m, 2H), 1.17-1.22 (m, 5H). 13C-NMR (75MHz, CDCl3): 

ppm δ 166.70, 161.78, 146.00, 128.46, 126.79, 126.23, 113.81, 59.58, 44.10, 37.72, 35.62, 

34.83, 29.77, 29.47, 14.38.  

Synthesis of trans ethyl 2-(4-phenylcyclohexyl)acetate (4-024trans) 

To a solution of ethyl 2-(4-phenylcyclohexylidene) acetate 4-

023 (6.0 g, 24.56 mmol) in EtOH (50.0 mL) was added 10 % 

Pd/C (600 mg). The reaction mixture was stirred at ambient 

temperature for 3 h under an atmospheric pressure of hydrogen. The catalyst was removed by 

filtration and the filtrate was concentrated in vacuo to provide ethyl 2-(4- 

phenylcyclohexyl)acetate 4-024 as a cololess oil (5.9 g, 97 %) as a mixture of cis and trans 

isomers (trans /cis=2.8:1). The trans ethyl 2-(4-phenylcyclohexyl)acetate was prepared 

following a procedure previously reported by Vince S. C. Yeh et al.10 To a solution of ethyl 2-

(4- phenylcyclohexyl)acetate 4-024 (15.0 g, 60.89 mmol) in the ethanol, the aqueous solution 

of LiOH (10.0 g in 50 ml water) was added, and the resulting reaction mixture was warmed to 

50 °C. After 1 h, the trans Li-carboxylate crystallized from the reaction mixture as a thick slurry, 

and additional water was added to facilitate mixing, which continued at 50 °C for an additional 

6 h. The hydrolysis was complete by TLC, and the reaction mixture was cooled to room 

temperature. The trans Li salt was collected by filtration and washed with aqueous 5 % LiOH 

(2 × 30 ml). The wet cake was partitioned between ethyl acetate 100 ml and 6 M HCl 50 ml, 

and the suspension was mixed until all solids were dissolved. After separation of the layers, the 

ethyl acetate layer was concentrated by rotary evaporation, and the residue was treated with 

EtOH, which was then removed in the same manner, to give the trans 2-(4-

 
10 Yeh V S C, Beno D W A, Brodjian S, et al. Identification and preliminary characterization of a potent, safe, and 

orally efficacious inhibitor of acyl-CoA: diacylglycerol acyltransferase 1[J]. Journal of medicinal chemistry, 

2012, 55(4): 1751-1757. 
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phenylcyclohexyl)acetic acid 4-031trans as a white solid, directly to the next step. The residue 

was dissolved in EtOH 100 ml and H2SO4 0.3 mL was added. The reaction mixture was heated 

to reflux and mixed overnight. The solution was cooled to room temperature. After the mixture 

was concentrated to a volume of approximately 10 mL by rotary evaporation, the water and 

ethyl acetate was added, the layers were separated, and the organic layer was washed with 

saturated aqueous NaHCO3 and brine, dried over MgSO4, filtered and concentrated in vacuo. 

The residue was purified by silica gel column chromatography (petroleum ether/ ethyl acetate 

50/1-20/1) to give the compound trans ethyl 2-(4-phenylcyclohexylidene) acetate 4-024trans 

as a colorless oil (4.9 g, 33 %, trans /cis=100:7). Chemical Formula: C16H22O2, Molecular 

weight: 246.3500 1H-NMR (300MHz, CDCl3): ppm δ 7.34-7.17 (m, 5H), 4.16 (q, J = 6.0 Hz, 

2H), 2.54-2.44 (m. 1H), 2.24 (d, J = 6.0 Hz, 2H), 1.94-1.81 (m, 5H), 1.59-1.44 (m, 2H), 1.27 (t, 

J = 6.0 Hz, 3H), 1.18-1.13 (m, 2H). 13C-NMR (75MHz, CDCl3): ppm δ 173.06, 147.33, 128.32, 

126.80, 125.92, 60.19, 44.09, 42.09, 34.59, 33.90, 33.22, 14.32.  

Synthesis of trans ethyl 2-(4-(4-(2-bromo-2-methylpropanoyl)phenyl)cyclohexyl)acetate (4-

026) 

Anhydrous AlCl3 (4.87 g, 36.53 mmol) was added in 

portions to a solution of trans ethyl 2-(4-

phenylcyclohexylidene) acetate 4-024trans (3.0g, 

12.18 mmol) in CH2Cl2 at 0 °C followed by the drop wise addition of 2-bromo-2-

methylpropanoyl bromide (1.6 mL, 13.40 mmol). After 1.5 h at 0 °C the reaction mixture was 

poured into ice water and extracted with CHCl3. The combined organic layers were washed 

with saturated aq. NaHCO3 and brine, dried over MgSO4, filtered and concentrated in vacuo. 

The residue was purified by silica gel column chromatography (petroleum ether/ ethyl acetate 

50/1-20/1) to give the compound trans ethyl 2-(4-(4-(2-bromo-2-

methylpropanoyl)phenyl)cyclohexyl)acetate 4-026 as a light yellow oil (3.7 g, 76 %). 

Chemical Formula: C20H27BrO3, Molecular weight: 395.3370. 1H-NMR (300MHz, CDCl3): 

ppm δ 8.10 (dd, J = 3.0, 6.0 Hz, 2H), 7.27 (dd, J = 3.0, 6.0 Hz, 2H), 4.15 (q, J = 6.0 Hz, 2H), 

2.57-2.49 (m, 1H), 2.24 (d, J = 9.0 Hz, 2H), 2.03 (s, 6H), 1.93-1.84 (m, 5H), 1.59-1.46 (m, 2H), 

1.27 (t, J = 6.0 Hz, 3H), 1.19-1.14 (m, 2H). 13C-NMR (75MHz, CDCl3): ppm δ 196.25, 172.98, 

152.38, 132.34, 130.55, 126.61, 60.47, 60.24, 44.11, 41.98, 34.46, 33.53, 33.00, 31.70, 14.32.  

Synthesis of trans ethyl 2-(4-(4-(4-amino-7,7-dimethyl-7H-pyrimido[4,5-b] [1,4]oxazin-6-

yl)phenyl) cyclohexyl)acetate (4-028) 
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To a solution of 4 5,6-diaminopyrimidin-4(1H)-

one (160 mg, 1.26 mmol), an appropriate trans 

ethyl 2-(4-(4-(2-bromo-2-

methylpropanoyl)phenyl)cyclohexyl)acetate 4-

026 (1.0 g, 2.53 mmol), and 1 M HCl (1.26 ml, 1.26mmol) in 50% aqueous EtOH was heated 

at reflux for overnight. After cooling to ambient temperature, the mixture was concentrated to 

half volume, diluted with ethyl acetate, and washed with aqueous 1 M NaOH three times and 

brine, dried over MgSO4, and concentrated in vacuo. The residue was purified by silica gel 

column chromatography (CH2Cl2/ MeOH 50/1) to give the compound trans ethyl 2-(4-(4-(4-

amino-7,7-dimethyl-7H-pyrimido[4,5-b][1,4]oxazin-6-yl)phenyl)cyclohexyl)acetate 4-028 as 

a light yellow solid (220 mg, 21 %). Chemical Formula: C24H30N4O3, Molecular weight: 

422.5290. 1H-NMR (300MHz, CDCl3): ppm δ 8.12 (s, 1H), 7.56 (d, J = 9.0 Hz, 2H), 7.25 (d, 

J = 9.0 Hz, 2H), 5.59 (s, 2H), 4.13 (q, J = 7.20 Hz, 2H), 2.56-2.48 (m, 1H), 2.24 (d, J = 6.8 Hz, 

2H), 1.49-1.80 (m, 5H), 1.69 (s, 6H), 1.59-1.43 (m, 2H), 1.27 (t, J = 7.2 Hz, 3H), 1.21-1.13 (m, 

2H). 13C-NMR (75MHz, CDCl3): ppm δ 158.91, 149.86, 147.04, 137.20, 133.33, 132.88, 

126.46, 121.18, 120.33, 115.82, 115.16, 66.29, 45.84, 36.64. HRMS (ESI+): Calculated for 

C24H31N4O3 [M+H]+:423.2390, found: 423.2390. 

Synthesis of trans 2-(4-(4- (4-amino-7, 7-dimethyl-7H -pyrimido [4,5-b] [1,4] oxazin-6-yl) 

phenyl) cyclohexyl) acetic acid (4-029) 

To the solution of trans ethyl 2-(4-(4-(4-amino-7,7-

dimethyl-7H-pyrimido[4,5-b][1,4]oxazin-6-

yl)phenyl)cyclohexyl)acetate 4-028 (400 mg, 

0.946mmol) in ethanol and THF (v/v=6/4). was treated with 1 M NaOH in aqueous EtOH 

(EtOH/H2O 90/10) at 50 °C for 1h. After this time, the solution was cooled to room temperature, 

and the volume was reduced by rotary evaporation to residue. The residue was added aqueous 

saturated ammonium chloride and the mixture was extracted with CH2Cl2, and the combined 

organic extract was washed with brine, dried over MgSO4 followed by concentrated under 

reduced pressure. The residue was purified by silica gel column chromatography 

(CH2Cl2/MeOH 50/1-30/1) to give the below compound 4-029 (256 mg, 61 %). Chemical 

Formula: C22H26N4O3, Molecular weight: 394.4750. 1H-NMR (300MHz, CDCl3): ppm δ 

12.06 (s, 1H), 7.95 (s, 1H), 7.64 (d, J = 9.0 Hz, 2H), 7.30 (d, J = 9.0 Hz, 2H), 6.96 (s, 2H), 2.57-

2.49 (m, 1H), 2.14 (d, J = 9.0 Hz, 2H), 1.83-1.70 (m, 5H), 1.60 (s, 6H), 1.55-1.42 (m, 2H), 1.18-

1.06 (m, 2H). 13C-NMR (75MHz, CDCl3): ppm δ 174.23, 162.37, 159.94, 157.72, 157.17, 

149.59, 134.59, 128.79, 126.96, 108.57, 78.36, 43.65, 41.92, 34.30, 33.76, 32.98, 25.93.  
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Synthesis of 1H-benzo[d][1,2,3]triazol-1-yl (2-(pyridin-2-yldisulfaneyl)ethyl) carbonate (4-

032) 

The 1H-benzo[d][1,2,3]triazol-1-yl (2-(pyridin-2-

yldisulfanyl)ethyl) carbonate 4-032 was prepared 

following a procedure previously reported by 

Jyoti Roy et al.11 (2-hydroxyethyl)pyridyl disulfide 4-018 (500 mg, 2.67 mmol) was dissolved 

in CH2Cl2 and Et3N (375 μL, 2.67 mmol) and added dropwise to a solution of triphosgene (260 

mg, 0.889 mmol) at 0 °C. The solution was stirred at room temperature for 1.5 h, followed by 

dropwise addition of a solution of hydroxybenzotriazole (360 mg, 2.67 mmol) in CH2Cl2 and 

Et3N (375 μL, 2.67 mmol). The mixture was then stirred at room temperature for overnight and 

then diluted with CHCl3 and washed with H2O and brine. The organic layer was dried over 

anhydrous MgSO4, filtered, and concentrated. The resulting yellow oil was triturated with 

hexane and filtered to provide the product 1H-benzo[d][1,2,3]triazol-1-yl (2-(pyridin-2-

yldisulfanyl)ethyl) carbonate 4-032 as a light yellow solid (680 mg, 74%). Chemical Formula: 

C14H12N4O3S2. Molecular weight: 348.3950. 1H-NMR (300MHz, DMSO-d6): ppm δ 8.36 (d, 

J = 4.6 Hz, 1 H), 8.14 (d, J = 8.4 Hz, 1 H), 8.01 (d, J = 8.6 Hz, 1 H), 7.90 (t, J = 8.2 Hz, 1 H), 

7.78–7.73(m, 2 H), 7.64 (t, J = 7.8 Hz, 1 H), 7.20 (m, 1 H), 4.71 (t, J = 5.8 Hz, 2 H), 3.39 (t, J 

= 6.2 Hz, 2 H). HRMS (ESI+): Calculated for C14H13N4O3S2 [M+H]+: 349.0424 found: 

349.0422. 

Synthesis of trans 2-(4-(4-(7,7-dimethyl-4-(((2-(pyridin-2-yldisulfaneyl)ethoxy)carbonyl) 

amino)-7H-pyrimido[4,5-b][1,4]oxazin-6-yl)phenyl)cyclohexyl)acetic acid (4-030b) 

The trans ethyl 2-(4-(4-(4-amino-7,7-

dimethyl-7H-pyrimido[4,5-b][1,4]oxazin-6-

yl)phenyl) cyclohexyl) acetate 4-029 (200 mg, 

0.507 mmol) was dissolved in CH2Cl2, followed by addition (2-hydroxyethyl)pyridyl disulfide 

4-018 (114 mg, 0.608 mmol), DMAP (20 mg, 0.152 mmol), EDCI (145 mg, 0.760 mmol), 

HOBt (137 mg, 1.01mmol) and DIPEA (220 μl, 1.27 mmol). The mixture was stirred at room 

temperature for overnight and was then loaded directly onto a silica gel column and purified by 

flash column chromatography, eluting with 3% MeOH in CHCl3, to provide the product trans 

2-(pyridin-2-yldisulfanyl)ethyl 2-(4-(4-(4-amino-7,7-dimethyl-7H-pyrimido[4,5-

b][1,4]oxazin-6-yl) phenyl) cyclohexyl) acetate 4-030b as a brownish yellow solid (156 mg, 

 
11 Roy J, Nguyen T X, Kanduluru A K, et al. DUPA conjugation of a cytotoxic indenoisoquinoline 

topoisomerase i inhibitor for selective prostate cancer cell targeting[J]. Journal of medicinal chemistry, 2015, 

58(7): 3094-3103. 
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54 %). Chemical Formula: C29H33N5O3S2, Molecular weight: 563.7350, 1H-NMR (300MHz, 

CDCl3): ppm δ 8.50-8.47 (m, 1H), 8.14 (s, 1H), 7.71-7.63 (m, 2H), 7.57 (d, J = 9.0 Hz, 2H), 

7.26 (d, J = 9.0 Hz, 2H), 7.13-7.09 (m, 1H), 4.37 (t, J = 9.0 Hz, 2H), 3.07 (t, J = 6.0 Hz, 2H), 

2.57-2.24 (m, 1H), 2.26 (d, J = 6.0 Hz, 2H), 1.98-1.84 (m, 5H), 1.75-1.64 (s, 7H), 1.58-1.47 (m, 

2H), 1.28-1.12 (m, 2H). 13C-NMR (75MHz, CDCl3): ppm δ 172.63, 163.55, 159.67, 159.17, 

157.98, 157.10, 149.78, 149.66, 137.05, 134.36, 128.15, 126.81, 120.88, 119.82, 109.14, 79.00, 

62.04, 43.88, 41.74, 37.43, 34.40, 33.66, 33.04, 26.25. HRMS (ESI+): Calculated for 

C29H34N5O3S2 [M+H]+:564.2098, found: 564.2094. 
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Chapter III: 

Experimental protocols and analysis 

Part A 

Synthesis of 4-nitrobenzyl 2-(2-((2,6-dichlorophenyl) amino) phenyl) acetate (5A-009) 

 

To a solution of diclofenac 5A-001 (200 mg, 84.62 mol) in acetonitrile, was added 1-

(bromomethyl)-4-nitrobenzene 5A-027 at room temperature. The mixture was stirred and 

heated at 60 °C overnight. The reaction mixture was allowed to cool to room temperature and 

concentrated under reduced pressure, diluted with water and extracted with ethyl ether. The 

organic layer was dried anhydrous MgSO4 and concentration of the organic layer in vacuum 

give the gray white solid. The oil was purified by silica gel column chromatography (petroleum 

ether/ ethyl acetate v/v = 10/1) to give the compound 4-nitrobenzyl 2-(2-((2,6-dichlorophenyl) 

amino) phenyl) acetate 5A-009 as a white solid (260 mg, 90 %). Chemical Formula: 

C21H16Cl2N2O4, Molecular weight: 431.2690, 1H-NMR (300MHz, CDCl3): ppm δ 8.18 (d, J= 

9.0 Hz, 2H), 7.46 (d, J= 9.0 Hz, 2H), 7.33 (d, J= 6.0 Hz, 2H), 7.27-7.23 (m, 1H), 7.19-7.12 (m, 

1H), 7.02-6.95 (m, 2H), 6.69 (s, 1H), 6.56 (d, J= 6.0 Hz, 1H), 5.27 (s, 2H), 3.90 (s, 2H). 13C-

NMR (75MHz, CDCl3): ppm δ 171.87, 147.87, 142.95, 142.75, 137.75, 131.05, 129.57, 129.04, 

128.53, 128.42, 124.35, 123.96, 122.38, 118.58, 65.53, 38.61. HRMS (ESI+): calculated for 

C21H17Cl2N2O4 [M+H]+:431.0565, found: 431.0560. 

Synthesis of N-(2-(2-((tert-butyldimethylsilyl) oxy) ethyl) phenyl) -2,6-dichloroaniline (5A-

012) 
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To a solution of diclofenac 5A-001 (1.0 g, 3.38 mol) dissolved in EtOH was treated dropwise 

concentrated sulfuric acid (45 μL, 0.84 mmol), the mixture was heated at reflux for overnight. 

The mixture was cooled, concentrated under reduced pressure and diluted with water. The 

aqueous layer was extracted with ethyl acetate, and the combined organic extract was washed 

with brine, dried over MgSO4 followed by concentrated under reduced pressure to afford crude 

ethyl 2-(2-((2,6-dichlorophenyl)amino) phenyl) acetate as a yellow solid. The solid was purified 

by silica gel column chromatography (petroleum ether/ ethyl acetate v/v = 10/1) to give the 

compound 4 ethyl 2-(2-((2,6-dichlorophenyl) amino)phenyl) acetate 5A-029 as a white solid 

(890 mg, 82 %). Chemical Formula: C16H15Cl2NO2, Molecular weight: 324.2010, 1H-NMR 

(300MHz, CDCl3): ppm δ 7.35 (d, J= 9.0 Hz, 2H), 7.25-7.22 (m, 1H), 7.16-7.09 (m, 1H), 7.01-

6.92 (m, 2H), 6.56 (d, J= 6.0 Hz, 1H), 4.21 (q, J= 6.0, 12.0 Hz, 2H), 3.81 (s, 2H), 1.29 (t, J= 

9.0 Hz, 3H).  

To a solution of 4 ethyl 2-(2-((2,6-dichlorophenyl) amino)phenyl) acetate 5A-029 (800 mg, 

2.47 mmol) dissolved in THF was cooled to -78 oC. The diisobutylaluminium hydride DIBAL-

H (1M solution in THF, 7.4 ml, 7.4 mmol) was added to dropwise at -78 oC, it was them stirred 

at below 0oC 2h which is was quenched with 10% Rochelle’s salt solution. The mixture was 

then stirred for more 1h until the organic layer separates out. The mixture was extracted with 

ethyl acetate, and the combined organic extract was washed with brine, dried over MgSO4 

followed by concentrated under reduced pressure. The residue was purified by silica gel column 

chromatography (petroleum ether/ ethyl acetate 5/1-3/1) to give the compound 2-(2-((2,6-

dichlorophenyl)amino)phenyl)ethan-1-ol 5A-033 as a yellow solid (452 mg, 65 %). Chemical 

Formula: C14H13Cl2NO, Molecular weight: 282.1640, 1H-NMR (300MHz, DMSO-d6): ppm 

δ 7.66 (s, 1H), 7.50 (d, J= 6.0 Hz, 2H), 7.19-7.13 (m, 2H), 7.01-6.95 (m, 1H), 6.82-6.76 (m, 

1H), 6.18 (d, J= 9.0 Hz, 1H), 5.20 (t, J= 3.0 Hz, 1H), 3.75 (q, J= 3.0, 6.0 Hz, 2H), 2.85 (t, J= 

6.0 Hz, 2H).13C-NMR (75MHz, DMSO-d6): ppm δ 173.97, 144.14, 132.34, 132.26, 131.43, 
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131.33, 131.01, 130.08, 129.91, 129.27, 127.13, 126.60, 122.95, 120.22, 109.73, 35.85. 

The compound 2-(2-((2,6-dichlorophenyl)amino)phenyl)ethan-1-ol 5A-033 (400 mg, 28.24 

mmol) in dichloromethane solution of tert-butyidimethylsilyl chloride (324 µL, 1.49 mmol), 

triethylamine (316 µL, 2.27 mmol) was added under argon at 0℃. After stirring overnight at 

room temperature and after completion of the reaction, the mixture was washed with HCl aq 

(1M) and brine by extraction with CH2Cl2, dried over anhydrous sodium sulfate, filtered and 

concentrated under reduced pressure to give a colorless oil. The residue was purified by silica 

gel column chromatography (petroleum ether/ ethyl acetate 50/1) to give the compound N-(2-

(2-((tert-butyldimethylsilyl) oxy)ethyl)phenyl)-2,6-dichloroaniline 5A-012 as a colorless solid 

(450 mg, 96.0%). Chemical Formula: C20H27Cl2NOSi, Molecular weight: 396.4270, 1H-

NMR (300MHz, CDCl3): ppm δ 7.54 (d, J= 8.0 Hz, 2H), 7.24 (t, J= 8.1 Hz, 1H), 7.13-7.08 (m, 

1H), 6.98-6.89 (m, 2H), 6.75-6.69 (m, 1H), 6.08 (d, J= 7.6 Hz, 1H), 3.87 (t, J= 6.5 Hz, 2H), 

2.91 (t, J= 6.3 Hz, 2H), 0.83 (s, 9H), 0.00 (s, 6H). 13C-NMR (75MHz, CDCl3): ppm δ 150.67, 

148.13, 142.51, 137.90, 137.05, 135.69, 135.25, 134.97, 133.95, 133.26, 131.31, 125.79, 

119.25, 67.90, 39.72, 32.05, 23.40, 0.92. 

Synthesis of 2,6-dichloro-N-(4-nitrobenzyl) aniline (5A-018) 

 

To a solution of 2,6-dichloroaniline 5A-015 (1.0 g, 6.17 mmol) dissolved in toluene was added 

trimethylaluminum (3.09 mL, 2.0 M in toluene, 6.17 mmol) slowly through a syringe at room 

temperature, and then the mixture was heated to reflux for 6 h. After the solution was cooled to 

room temperature, 4-nitrobenzaldehyde 5A-016 (933 mg, 6.17 mmol) was added. The mixture 

was heated to reflux for another 6 h. The reaction mixture was cooled to room temperature and 

hydrolyzed with 5% aqueous NaOH solution. The organic product was extracted with ethyl 

acetate and dried over MgSO4 followed by concentrated under reduced pressure. The residue 

was purified by silica gel column chromatography (petroleum ether/ ethyl acetate 5/1-3/1) to 

give the compound N-(2,6-dichlorophenyl)-1-(4-nitrophenyl)methanimine 5A-017 as a yellow 

solid (1.47 g, 81 %). Chemical Formula: C13H8Cl2N2O2, Molecular weight: 295.1190, 1H-

NMR (300MHz, CDCl3): ppm δ 8.76 (s, 1H), 8.41 (d, J= 8.7 Hz, 2H), 8.25 (d, J= 8.7 Hz, 2H), 

7.57 (d, J= 8.2 Hz, 2H), 7.22 (d, J= 8.0 Hz, 1 H). 13C-NMR (75MHz, CDCl3): ppm δ 166.90, 

150.14, 146.81, 140.53, 130.48, 129.20, 126.79, 125.10, 124.71. 
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To a solution of N-(2,6-dichlorophenyl)-1-(4-nitrophenyl) methanimine 5A-017 (1.0 g, 3.39 

mmol) dissolved in methanol was cooled to 0 oC, and NaBH4 (128 mg, 3.39 mmol) was added 

to the reaction. The mixture stirring was heating to reflux for 3h. The reaction mixture was 

cooled to room temperature and concentrated under reduced pressure. The residue was purified 

by column chromatography (petroleum ether/ ethyl acetate 10/1) to give the compound 2,6-

dichloro-N-(4-nitrobenzyl)aniline 5A-018 as a yellow solid (895 mg, 89 %). Chemical 

Formula: C13H10Cl2N2O2, Molecular weight: 297.1350, 1H-NMR (300MHz, DMSO-d6): 

ppm δ 8.16 (d, J= 8.7 Hz, 2H), 7.57 (d, J= 8.7 Hz, 2H), 7.28 (d, J= 8.0 Hz, 2H), 6.81 (t, J= 8.0 

Hz, 2H), 5.20 (t, J= 8.0 Hz, 1H), 4.65 (d, J= 7.7 Hz, 1H).13C-NMR (75MHz, DMSO-d6): ppm 

δ 149.11, 147.04, 142.07, 129.85, 129.71, 129.21, 125.24, 123.94, 49.58. 

Synthesis of 2-(4-bromophenyl)-1-(2,6-dichlorophenyl) indolin-3-ol (5A-051) 

 

To a solution of 2,6-dichloroaniline (3.0 g, 18.52 mmol), 2-bromobenzaldehyde (723 µL, 6.17 

mmol), copper(I) iodide (940 mg, 4.94 mmol), potassium iodide (1.0 g, 6.17 mmol), and 

potassium carbonate (1.7 g, 12.34 mmol) in the pressure tube. The pressure tube was evacuated 

under high vacuum and backfilled with argon, and then degassed N, N-dimethylformamide was 

added. The pressure tube was then sealed with a Teflon-coated screw cap and stirred for 16 h 

at 165 °C. The resulting dark mixture was cooled to room temperature and transferred into 

beaker. The ethyl acetate, ice water, and concentrated hydrochloric acid (10.0 mL) as well as 

charcoal and Celite were added, and the resulting slurry was vigorously stirred for 1 h. The 

mixture was filtered, the organic layer was dried with MgSO4, filtered, and concentrated under 

reduced pressure. The residue was purified by silica gel column chromatography (petroleum 
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ether/ ethyl acetate 100/1-50/1) to give the compound 2-((2,6-dichlorophenyl) amino) 

benzaldehyde 5A-022 as a yellow solid (1065 mg, 65 %). Chemical Formula: C13H9Cl2NO, 

Molecular weight: 266.1210, 1H-NMR (300MHz, CDCl3): ppm δ 9.99 (s, 1H), 7.62 (dd, J= 

1.7, 7.7 Hz, 2H), 7.42 (d, J= 8.1 Hz, 2H), 7.38-7.10 (m, 1H), 7.21-7.15 (m, 1H), 6.92-6.86 (m, 

1H), 6.35 (d, J= 8.1 Hz, 1H). 13C-NMR (75MHz, CDCl3): ppm δ 194.55, 147.07, 136.13, 

135.33, 134.63, 134.39, 128.84, 127.76, 119.39, 117.79, 113.31, 110.00. 

To a solution of 2-((2,6-dichlorophenyl) amino) benzaldehyde 5A-022 (200 mg, 0.75 mmol) 

dissolved in DMF was cooled to 0 oC. NaH (60% wt in mineral oil, 30 mg, 0.8 mmol) was 

gradually added to the reaction and stirring for 20 min at 0 oC. Then, allyl bromide (65 µL, 0.75 

mmol) was added dropwise to the mixture and stirring for 2h at 0 oC. After the reaction is 

completed, the mixture was quenched with ice and extracted with ethyl acetate, and the 

combined organic extract was washed with brine, dried over MgSO4 followed by concentrated 

under reduced pressure. The residue was purified by silica gel column chromatography 

(petroleum ether/ ethyl acetate 10/1) to give the compound 2-(allyl(2,6-dichlorophenyl) amino) 

benzaldehyde 5A-036 as an off-white solid (452 mg, 65 %). Chemical Formula: C16H13Cl2NO, 

Molecular weight: 306.1860, 1H-NMR (300MHz, CDCl3): ppm δ 7.65 (d, J= 7.7 Hz, 1H), 

7.33-7.27 (m, 3H), 7.16 (d, J= 9.1 Hz, 1H), 7.06 (t, J= 8.1 Hz, 1H), 7.0-6.93 (m, 1H), 6.14-5.99 

(m, 1H), 5.28-5.14 (m, 2H), 4.33 (d, J= 6.1 Hz, 2H). 13C-NMR (75MHz, CDCl3): ppm δ 185.44, 

147.21, 143.67, 140.15, 135.41, 134.40, 130.26, 129.70, 127.09, 124.56, 120.66, 119.45, 

118.19, 55.25. 

2-((4-bromobenzyl)(2,6-dichlorophenyl)amino)benzaldehyde (5A-050) 

According to the method 5A-040a, to give the compound 2-((4-

bromobenzyl)(2,6-dichlorophenyl)amino)benzaldehyde (5A-050) 

(265 mg, 83 %) as a yellow solid. Chemical Formula: 

C20H14BrCl2NO, Molecular weight: 435.1420, 1H-NMR (300MHz, 

DMSO-d6): ppm δ 9.85 (s, 1H, -CHO), 7.55-7.48 (m, 7H), 7.47-7.40 

(m, 1H), 7.34-7.27 (m, 1H), 7.10-6.98 (m, 2H), 4.92 (s, 2H). 13C-

NMR (75MHz, DMSO-d6): ppm δ 190.73, 149.67, 145.52, 136.74, 134.67, 131.85, 130.97, 

130.39, 129.73, 127.31, 127.11, 120.71, 54.91.  

To a solution of 2-((4-bromobenzyl)(2,6-dichlorophenyl)amino)benzaldehyde 5A-050 (200 mg, 

0.46 mmol) dissolved in DMF, and methyl((methylsulfinyl) methyl)sulfane (56 µL, 0.55 mmol), 

NaH (60% wt in mineral oil, 22 mg, 0.55 mmol) was added to the reaction and stirring for room 

temperature overnight. After the reaction was completed, the mixture was quenched with ice 
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and extracted with ethyl acetate, and the combined organic extract was washed with brine, dried 

over MgSO4 followed by concentrated under reduced pressure. The residue was purified by 

silica gel column chromatography (petroleum ether/ ethyl acetate 10/1) to give the compound 

2-(4-bromophenyl)-1-(2,6-dichlorophenyl)-1H-indole 5A-051 as a yellow solid (130 mg, 68 %). 

Chemical Formula: C20H14BrCl2NO, Molecular weight: 435.1420, 1H-NMR (300MHz, 

DMSO-d6): ppm δ 7.49-7.45 (m, 4H), 7.36-7.23 (m, 4H), 7.07 (t, J= 8.9 Hz, 1H), 6.80 (t, J= 

6.7 Hz, 1H), 6.08 (d, J= 6.5 Hz, 1H), 5.97 (d, J= 8.0 Hz, 1H), 5.40-5.30 (m, 2H).13C-NMR 

(75MHz, DMSO-d6): ppm δ 147.05, 138.84, 136.24, 134.88, 134.04, 131.19, 130.40, 130.09, 

129.94, 129.29, 128.79, 124.53, 121.16, 118.79, 107.08, 79.77, 75.68. HRMS (ESI+): 

calculated for C20H14BrCl2NNaO [M+Na]+:455.9534, found: 455.9528. 

Synthesis of methyl 1-(2,6-dichlorophenyl)-3-methyl-1,2,3,4-tetrahydroquinoline -4-

carboxylate (5A-065) 

 

To a solution of N-allyl-2,6-dichloro-N-(2-(2-(methylsulfinyl)-2-(methylthio) vinyl) phenyl) 

aniline 5A-061 (150 mg, 0.36 mmol) dissolved in anhydrous methanol under argon, 5 mL fresh 

saturated hydrochloric methanol solution was added and the mixture was stirred for 24h at 60 °C. 

After the reaction was completed, and concentrated under reduced pressure. The residue was 

purified by silica gel column chromatography (petroleum ether/ ethyl acetate 10/1) to give the 

compound methyl 2-(2-(allyl(2,6-dichlorophenyl) amino) phenyl) acetate 5A-062 as a white 

solid (110 mg, 87 %). Chemical Formula: C18H17Cl2NO2, Molecular weight: 350.2390, 1H-

NMR (300MHz, CDCl3): ppm δ 7.32-7.21 (m, 5H), 7.13-6.96 (m, 3H), 6.08-5.93 (m, 1H), 

5.26-5.10 (m, 2H), 4.34 (d, J= 6.1 Hz, 1H), 3.46 (s, 3H), 3.38 (s, 2H). 13C-NMR (75MHz, 

CDCl3): ppm δ 171.49, 146.48, 142.55, 135.64, 134.91, 131.96, 129.68, 127.36, 126.78, 126.36, 

122.49, 122.34, 117.76, 55.62, 51.63, 37.05. 

To a solution of methyl 2-(2-(allyl(2,6-dichlorophenyl) amino) phenyl) acetate 5A-062 (150 

mg, 0.43 mmol), 1-iodo-4-nitrobenzene (117 mg, 0.47 mmol), palladium acetate (II) (10 mg, 

0.04 mmol), rec-BINAP (53 mg, 0.08 mmol), silver carbonate (236 mg, 0.86 mmol), and 

potassium carbonate (178 mg, 1.28 mmol) in the pressure tube. The pressure tube was 

evacuated under high vacuum and backfilled with argon, and then degassed N-Methyl-2-

pyrrolidone NMP was added. The pressure tube was then sealed with a Teflon-coated screw 

cap and stirred for 14 h at 80 °C. The resulting dark mixture was cooled to room temperature 
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and the mixture dark solution was poured into NaHCO3 and extracted with ethyl acetate, the 

organic layer was dried with MgSO4, filtered, and concentrated under reduced pressure. The 

residue was purified by silica gel column chromatography (petroleum ether/ ethyl acetate 10/1) 

to give the compound methyl-1-(2,6-dichlorophenyl)-3-methyl-1,2,3,4-tetrahydroquinoline-4-

carboxylate 5A-065 as an off-white solid (100 mg, 67 %). Chemical Formula: C18H17Cl2NO2, 

Molecular weight: 350.2390. 1H-NMR (300MHz, CDCl3): ppm δ 7.44 (d, J= 8.1 Hz, 2H), 

7.27-7.18 (m, 1H), 7.08 (d, J= 7.0 Hz, 1H), 6.98 (t, J= 7.7 Hz, 1H), 6.69 (t, J= 7.5 Hz, 1H), 

5.98 (d, J= 8.3 Hz, 1H), 3.77 (s, 3H), 3.72-5.59 (m, 2H), 3.27-3.19 (m, 1H), 2.71-2.62 (m, 1H), 

1.17 (d, J= 6.8 Hz, 3H). 13C-NMR (75MHz, CDCl3): ppm δ 174.53, 142.17, 140.07, 137.16, 

137.03, 129.75, 129.66, 129.44, 128.77, 128.30, 117.58, 117.15, 112.09, 52.16, 51.64, 50.59, 

29.54, 18.36. HRMS (ESI+): calculated for C18H18Cl2NO2 [M+H]+: 350.0715, found: 350.0709. 

Synthesis of methyl 2-(2-((2,6-dichlorophenyl) (3-(4-nitrophenyl) allyl) amino) phenyl) acetate 

(5A-064) 

 

To a solution of methyl 2-(2-(allyl(2,6-dichlorophenyl) amino) phenyl) acetate 5A-062 (150 

mg, 0.43 mmol), 1-iodo-4-nitrobenzene (213 mg, 0.85 mmol), palladium acetate (II) (10 mg, 

0.04 mmol), and silver carbonate (354 mg, 1.28 mmol) in the pressure tube. The pressure tube 

was evacuated under high vacuum and backfilled with argon, and then degassed 1,4-dioxane 

was added. The pressure tube was then sealed with a Teflon-coated screw cap and stirred for 

14 h at 90 °C. The resulting dark mixture was cooled to room temperature and the mixture dark 

solution was poured into NaHCO3 and extracted with ethyl acetate, the organic layer was dried 

with MgSO4, filtered, and concentrated under reduced pressure. The residue was purified by 

silica gel column chromatography (petroleum ether/ ethyl acetate 10/1-5/1) to give the 

compound 2-(2-((2,6-dichlorophenyl) (3-(4-nitrophenyl) allyl) amino) phenyl) acetate 5A-064 

as a yellow solid (128 mg, 64 %). Chemical Formula: C24H20Cl2N2O4, Molecular weight: 

471.3340, 1H-NMR (300MHz, CDCl3): ppm δ 8.13 (d, J= 8.8 Hz, 2H), 7.43 (d, J= 8.8 Hz, 2H), 

7.32 (d, J= 8.0 Hz, 2H), 7.26-7.23 (m, 2H), 7.13-7.05 (m, 2H), 7.03-6.97 (m, 1H), 6.61-6.58 

(m, 2H), 4.55 (d, J= 4.4 Hz, 2H), 3.47 (s, 3H), 3.39 (s, 2H). 13C-NMR (75MHz, CDCl3): ppm 

δ 174.53, 142.17, 140.07, 137.16, 137.03, 129.75, 129.66, 129.44, 128.77, 128.30, 117.58, 

117.15, 112.09, 52.16, 51.64, 50.59, 29.54, 18.36. HRMS (ESI+): calculated for C24H21Cl2N2O4 

[M+H]+: 471.0878, found: 471.0873. 
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Synthesis of 1-(2,6-dichlorophenyl)-3-(4-nitrobenzyl)-1,2,3,4-tetrahydroquinoline -4-

carboxylic acid (5A-067) 

 

To a solution of 2-(2-((2,6-dichlorophenyl) (3-(4-nitrophenyl) allyl) amino) phenyl) acetate 5A-

064 (100 mg, 0.21 mmol) dissolved in ethanol and NaOH (320 µL, 2M, 0.64 mmol) was added 

in the reaction stirring for 4h at 60 °C. After the reaction was completed, the mixture solution 

was poured into HCl (2M) and extracted with ethyl acetate, the organic layer was dried with 

MgSO4, filtered, and concentrated under reduced pressure. The residue was purified by silica 

gel column chromatography (CH2Cl2/ Methanol 50/1-25/1 0.1% AcOH) to give the compound 

1-(2,6-dichlorophenyl)-3-(4-nitrobenzyl)-1,2,3,4-tetrahydroquinoline-4-carboxylic acid 5A-

067 as an off-white solid (40 mg, 42 %). Chemical Formula: C23H18Cl2N2O4, Molecular 

weight: 457.3070, 1H-NMR (300MHz, DMSO-d6): ppm δ 12.65 (s, 1H, -COOH), 8.18 (d, J= 

8.7 Hz, 2H), 7.66-7.59 (m, 2H), 7.50-7.40 (m, 3H), 7.13 (d, J= 7.4 Hz, 1H), 6.96 (t, J= 8.0 Hz, 

1H), 6.67 (t, J= 7.7 Hz, 1H), 5.84 (d, J= 8.4 Hz, 1H), 3.70 (dd, J= 3.3, 11.5 Hz, 1H), 3.48 (d, 

J= 3.9 Hz, 1H), 3.23 (dd, J= 3.3, 11.5 Hz, 1H), 3.02-2.75 (m, 3H).13C-NMR (75MHz, DMSO-

d6): ppm δ 174.37, 147.99, 146.15, 141.62, 138.88, 135.87, 135.73, 130.60, 130.21, 130.07, 

129.73, 128.06, 123.57, 117.40, 116.62, 111.23, 48.61, 46.31, 37.45, 34.77. HRMS (ESI+): 

calculated for C23H17Cl2N2O4 [M-H]-: 455.0571, found: 455.0571. 

Synthesis of 2-(2-((2,6-dichlorophenyl) (3-(4-nitrophenyl) allyl) amino) phenyl) acetic acid 

(5A-066) 

 

To a solution of 2-(2-(allyl(2,6-dichlorophenyl) amino) phenyl) acetic acid 5A-068 (150 mg, 

0.45 mmol) dissolved in methanol and NaOH (18 mg, 0.45 mmol) was added in the reaction 

stirring for 1h at room temperature. After concentrated under vacuum for 12h. The mixture was 

used directly in the next step without purification. To a solution of sodium 2-(2-(allyl(2,6-
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dichlorophenyl) amino) phenyl) acetate 5A-071, 1-iodo-4-nitrobenzene (212 mg, 0.89 mmol), 

palladium acetate (II) (10 mg, 0.04 mmol), and silver carbonate (369 mg, 1.34 mmol) in the 

pressure tube. The pressure tube was evacuated under high vacuum and backfilled with argon, 

and then degassed 1,4-dioxane was added. The pressure tube was then sealed with a Teflon-

coated screw cap and stirred for 14 h at 90 °C. The resulting dark mixture was cooled to room 

temperature and the mixture dark solution was poured into NaHCO3 and extracted with ethyl 

acetate, the organic layer was dried with MgSO4, filtered, and concentrated under reduced 

pressure. The residue was purified by silica gel column chromatography (CH2Cl2/ Methanol 

50/1-25/1 0.1% AcOH) to give the compound 2-(2-((2,6-dichlorophenyl)(3-(4-

nitrophenyl)allyl)amino)phenyl)acetic acid 5A-066 as a white solid (116 mg, 57 %). Chemical 

Formula: C23H18Cl2N2O4, Molecular weight: 457.3070, 1H-NMR (300MHz, DMSO-d6): 

ppm δ 12.00 (s, 1H, -COOH), 8.12 (d, J= 8.7 Hz, 2H), 7.57 (d, J= 8.7 Hz, 2H), 7.46-7.40 (m, 

2H), 7.26-7.17 (m, 3H), 7.10 (d, J= 7.6 Hz, 2H), 6.97-6.90 (m, 1H), 6.72-6.66 (m, 1H), 4.50 (d, 

J= 5.3 Hz, 2H), 3.26 (s, 2H).13C-NMR (75MHz, DMSO-d6): ppm δ 172.52, 146.80, 146.42, 

143.62, 142.21, 135.15, 132.55, 132.06, 130.80, 130.45, 128.40, 127.54, 127.36, 124.38, 

122.52, 122.28, 54.74, 37.17, 21.48. HRMS (ESI+): calculated for C23H17Cl2N2O4 [M-H]-: 

455.0571, found: 455.0571. 

ynthesis of 4-nitrobenzyl 2-(2-((2,6-dichlorophenyl) (3-(4-nitrophenyl) allyl) amino) phenyl) 

acetate (5A-072) 

 

To a solution of 2-(2-(allyl(2,6-dichlorophenyl)amino)phenyl)acetic acid 5A-068 (200 mg, 0.59 

mol) in acetonitrile, was added 1-(bromomethyl)-4-nitrobenzene 5A-027 (154 mg, 0.65 mol) at 

room temperature. The mixture was stirred and heated at 60 °C overnight. The reaction mixture 

was allowed to cool to room temperature and concentrated under reduced pressure, diluted with 

water and extracted with ethyl ether. The organic layer was dried anhydrous MgSO4 and 

concentration of the organic layer in vacuum give the gray white solid. The solid was purified 

by silica gel column chromatography (petroleum ether/ ethyl acetate v/v = 5/1) to give the 

compound 4-nitrobenzyl 2-(2-(allyl(2,6-dichlorophenyl) amino) phenyl) acetate 5A-073 as a 

white solid (249 mg, 89 %). Chemical Formula: C24H20Cl2N2O4, Molecular weight: 471.3340, 

1H-NMR (300MHz, CDCl3): ppm δ 8.19 (d, J= 8.8 Hz, 2H), 7.38 (d, J= 8.8 Hz, 2H), 7.27-7.22 

(m, 4H), 7.12-7.07 (m, 2H), 7.02-6.96 (m, 2H), 6.06-5.91 (m, 1H), 5.26-5.08 (m, 2H), 4.95 (s, 
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2H), 4.33 (d, J= 6.0 Hz, 1H), 3.48 (s, 2H). 13C-NMR (75MHz, CDCl3): ppm δ 170.67, 147.72, 

146.66, 143.29, 142.74, 135.77, 132.13, 129.86, 128.17, 127.76, 126.96, 126.04, 123.82, 

122.93, 122.60, 118.05, 64.81, 55.77, 37.19. 

To a solution of methyl -nitrobenzyl 2-(2-(allyl(2,6-dichlorophenyl) amino) phenyl) acetate 5A-

073 (200 mg, 0.42 mmol), 1-iodo-4-nitrobenzene (211 mg, 0.85 mmol), palladium acetate (II) 

(10 mg, 0.04 mmol), and silver carbonate (351 mg, 1.27 mmol) in the pressure tube. The 

pressure tube was evacuated under high vacuum and backfilled with argon, and then degassed 

1,4-dioxane was added. The pressure tube was then sealed with a Teflon-coated screw cap and 

stirred for 14 h at 90 °C. The resulting dark mixture was cooled to room temperature and the 

mixture dark solution was poured into NaHCO3 and extracted with ethyl acetate, the organic 

layer was dried with MgSO4, filtered, and concentrated under reduced pressure. The residue 

was purified by silica gel column chromatography (petroleum ether/ ethyl acetate 5/1) to give 

the compound 2-(2-((2,6-dichlorophenyl) (3-(4-nitrophenyl) allyl) amino) phenyl) acetate 5A-

072 as a yellow solid (165 mg, 66 %). Chemical Formula: C30H23Cl2N3O6, Molecular weight: 

592.4290, 1H-NMR (300MHz, CDCl3): ppm δ 8.09 (d, J= 8.8 Hz, 2H), 8.02 (d, J= 8.8 Hz, 2H), 

7.34-7.27 (m, 4H), 7.21-7.15 (m, 4H), 7.05-7.01 (m, 1H), 6.97-6.90 (m, 2H), 6.51-6.48 (m, 2H), 

4.88 (s, 2H), 4.45 (d, J= 4.5 Hz, 2H), 3.40 (s, 2H). 13C-NMR (75MHz, CDCl3): ppm δ 170.42, 

147.61, 146.90, 146.42, 143.19, 143.09, 142.30, 135.60, 132.31, 131.51, 130.66, 129.89, 

128.09, 127.86, 127.23, 126.88, 125.86, 123.92, 123.68, 122.73, 122.29, 64.74, 54.88, 37.09. 

HRMS (ESI+): calculated for C30H24Cl2N3O6 [M+H]+: 592.1042, found: 592.1037. 

Synthesis of (1-methyl-2-nitro-1H-imidazol-5-yl) methanol (5A-081) 

 

The thionyl chloride (26 mL, 360.00 mmol) was added dropwise under stirring to a solution of 

sarcosine (8.0 g, 90.00 mmol) in EtOH cooled in an ice-water bath, while maintaining 

temperature around to 10 ℃. Then the reaction mixture was gently heated at 55 ℃ overnight 

until the mixture became clear. Solvent and traces of thionyl chloride were removed by 

evaporation under reduced pressure and the solid residue was washed with Et2O. The remaining 

solid was well dried under vacuum to afford compound 2-ethoxy-N-methyl-2-oxoethan-1-
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aminium chloride 5A-075 (9.6 g, yield 90 %) as a white powder, which was used in the next 

step without further purification. Chemical Formula: C5H12ClNO2, Molecular weight: 

153.6055, 1H-NMR (300MHz, CDCl3): ppm δ 9.68 (s, 2H), 4.22 (q, J= 6.9, 14.0 Hz, 2H), 3.83 

(s, 2H), 2.79 (s, 3H), 1.25 (t, J=6.9 Hz, 3H). 

The Ethyl N-methylglycinate hydrochloride salt 5A-074 (8.0 g, 52.43 mmol) was suspended in 

a mixture of EtOH and ethyl formate (v/v 8/5). Potassium carbonate (10.9 g, 78.64 mmol) was 

added under vigorous stirring and the suspension was stirred at rt overnight. The reaction 

mixture was then filtered and the precipitate was washed with EtOH. The filtrate was 

concentrated and dissolved in a minimum amount of water, followed by extraction with EtOAc 

the combined organic layers were dried over MgSO4, filtered and concentrated under reduced 

pressure to afford compound Ethyl N-formyl-N-methylglycinate 5A-075 (6.1 g, Yield 81%) as 

a pale yellow liquid. To a solution of N-formyl sarcosine ethyl ester 5A-075 (5.0 g, 34.45 mmol) 

in an equal mixture of ethyl formate and THF, was added slowly NaH (60% wt in mineral oil, 

2.1 g, 51.67 mmol) at ambient temperature. After the addition was completed and hydrogen 

release stopped and after this time a yellow suspension had formed, the reaction mixture was 

allowed to stirred during 3.5 h. The reaction mixture was concentrated under vacuum. The 

resulting solid was triturated with hexane, the hexane decanted, and the remaining solid dried 

in vacuo. EtOH and concentrated aqueous HCl were added to the solid, and the suspension 

heated under reflux for 2 h. The reaction mixture was filtered while hot, and the resulting 

colorless solid washed with boiling EtOH. The filtrate was concentrated in vacuo to leave an 

aqueous solution. The solid was diluted with EtOH and distilled water (v/v 7/3), the pH of the 

solution was adjusted to 3, using an aqueous 2 M solution of NaOH, and cyanamide (2.9 g, 

68.89 mmol) was added. The resulting solution was heated under reflux for 90 min. After this 

time the solution was cooled to ambient temperature, then concentrated in vacuo to 

approximately less than the original volume. The pH was then adjusted to 8-9 using solid K2CO3, 

resulting in the formation of a precipitate. The solid was removed by filtration, washed with 

aqueous K2CO3 solution, H2O (a little), and dried in vacuo, to afford Ethyl 2-amino-1-methyl-

1H-imidazole-5-carboxylate 5A-079 as a pale yellow solid (2.8 g, yield 47 %) Chemical 

Formula: C7H11N3O2, Molecular weight: 169.1840, 1H-NMR (300MHz, CDCl3): ppm δ 7.42 

(s, 1H), 4.74 (s, 2H), 4.27 (q, J=7.0, 14.0 Hz, 2H), 3.78 (s, 3H), 1.31 (t, J= 7.1 Hz, 3H), 13C-

NMR (75MHz, CDCl3): ppm δ 7.42, 4.74, 4.29, 3.78, 1.35, 1.30, 1.24. 

To an aqueous solution of sodium nitrite (4.9g, 70.93 mmol), was added aminoimidazole 5A-

079 (1.2 g, 7.09 mmol) in acetic acid in a drop wise manner. The solution was stirred at room 

temperature for 4 h, after this time no more nitrogen gas was evolved. the extractions were 

performed with CH2Cl2 and the combined organic layers was washed with brine, and a saturated 
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aqueous solution of Na2SO3, dried with MgSO4 and filtered. The solvent was removed under 

reduced pressure to give the crude compound. The residue was purified by silica gel column 

chromatography (Petroleum ether/ EtOAc 10/1 to 5/1) to give the compound Ethyl 1-methyl-

2-nitro-1H-imidazole-5-carboxylate 5A-080 as a light yellow solid (910 mg, 64 %): Chemical 

Formula: C7H9N3O4, Molecular weight: 199.1660, 1H-NMR (300MHz, CDCl3): ppm δ 7.73 

(s, 1H,), 4.39 (q, J= 7.3, 14.2 Hz, 2H), 4.34 (s, 3H), 1.40 (t, J= 7.2 Hz, 3H). 

To a solution of nitroimidazole 5A-080 (400 mg, 2.01 mmol) in anhydrous THF and MeOH 

(v/v, 12/1) at 0 °C, was added sodium borohydride (228 mg, 6.03 mmol) portion wise. The 

reaction mixture was stirred at 0 °C for 45 min, and then at ambient temperature for 1 h. The 

reaction mixture was cooled to 0 °C, quenched by addition of ice and the pH adjusted to 7 using 

1 M aqueous HCl. The aqueous mixture was saturated with solid NaCl, and the organic 

components extracted with ethyl acetate. The organic layers were combined, washed with 

saturated aqueous NaHCO3 and brine, dried with MgSO4 and filtered. The solvent was removed 

under reduced pressure to give the crude compound. The residue was purified by silica gel 

column chromatography (CH2Cl2/ MeOH 50/1-25/1) to give the compound (1-methyl-2-nitro-

1H-imidazol-5-yl) methanol 5A-081 as a light yellow solid (226 mg, 71 %). Chemical 

Formula: C5H7N3O3, Molecular weight: 157.1290, 1H-NMR (300MHz, DMSO-d6): ppm δ 

7.11 (s, 1H), 5.49 (t, J= 5.4 Hz, 1H), 4.54 (d, J= 5.4 Hz, 2H), 3.91 (s, 3H). 

Synthesis of (4-((4-(diethylamino) phenyl) diazenyl) phenyl) methanol (5A-085) 

 

To a solution of (4-aminophenyl)methanol 5A-082 (500 mg, 4.06 mmol) dissolved in HCl (4M) 

was cooled 0 °C. and ice cooled aqueous solution of NaNO2 (280 mg, 4.06 mmol) was added 

dropwise to the mixture. The mixture solution was stirring 30 min, and then the resulted 

diazonium solution was added to N,N-diethylaniline 5A-084 (650 µL, 4.06 mmol) keeping the 

temperature below 4 °C. The mixture was left under continuous stirring for 1 h, and then 

neutralized with saturated sodium acetate and extracted with ethyl ether. The organic layer was 

dried anhydrous MgSO4 and concentration of the organic layer in vacuum to give the yellow 

solid. The solid was purified by silica gel column chromatography (CH2Cl2/ Methanol v/v = 

50/1) to give the compound (4-((4-(diethylamino)phenyl)diazenyl)phenyl)methanol 5A-085 as 

a red solid (816 mg, 71 %). Chemical Formula: C17H21N3O, Molecular weight: 283.3750, 



 

288 
 

1H-NMR (300MHz, CDCl3): ppm δ 7.98-7.80 (m, 4H), 7.46 (d, J= 8.7 Hz, 2H), 6.72 (d, J= 

8.7 Hz, 2H), 4.75 (s, 2H), 3.46 (q, J= 7.0, 14.0 Hz, 4H), 1.23 (t, J= 7.0 Hz, 6H). 13C-NMR 

(75MHz, CDCl3): ppm δ152.82, 150.15, 143.09, 141.80, 127.49, 125.32, 122.32, 110.97, 65.11, 

44.72, 12.69. 

Synthesis of C14-substitute- tetrandrine (5A-088) 

 

Under the protection of an argon atmosphere, concentrated HNO3 (69%, 1.2 mL, 19.20 mmol) 

was slowly added dropwise to a solution of (CH3CO)2O (3.0 mL, 32.00 mmol) at -10 °C. After 

10 min, the reaction mixture was warmed up to room temperature, stirring was continued for 

20 min and tetrandrine 5A-002 (1.0 g, 1.60 mmol) dissolved in dry CH2Cl2 was added dropwise. 

The reaction was monitored by thin layer chromatography. Upon completion, the reaction 

mixture was quenched with saturated aqueous solution of sodium bicarbonate, extracted with 

CH2Cl2, dried over anhydrous magnesium sulfate and filtered. The solvent was removed under 

reduced pressure. The residue was purified by silica gel chromatography from (CH2Cl2/MeOH 

50/1 v/v, 0.1% TEA) to afford compound C14-nitro-tetrandrine 5A-086 as a yellow solid (930 

mg, 87 %). Chemical Formula: C38H41N3O8, Molecular weight: 667.7590, 1H-NMR (CDCl3, 

400 MHz) ppm δ: 7.42 (s, 1H), 7.37 (dd, J = 4.0, 8.0 Hz, 1H), 7.12 (dd, J = 4.0, 8.0 Hz, 1H), 

6.77 (dd, J = 4.0, 8.0 Hz, 1H), 6.54 (s, 1H), 6.52 (s, 1H), 6.30 (s, 1H), 6.28 (dd, J = 4.0, 8.0 Hz, 

1H), 5.98 (s, 1H), 3.98 (s, 3H), 3.91 (dd, J = 4.0, 12.0 Hz, 1H), 3.75 (s, 3H), 3.69-3.63 (m, 1H), 

3.52-3.49 (m, 2H), 3.38 (s, 3H), 3.30-3.25 (m, 1H), 3.18 (s, 3H), 2.96-2.73 (m, 7H), 2.63 (s, 

3H), 2.53 (d, J = 12.0 Hz, 1H), 2.35 (m, 1H), 2.21 (s, 3H); 13C-NMR (CDCl3, 100 MHz) ppm 

δ: 152.3, 152.1, 151.5, 148.7, 148.2, 146.5, 144.2, 143.5, 137.5, 136.4, 133.1, 130.5, 130.4, 

128.9, 128.1, 127.6, 121.6, 121.4, 121.3, 119.9, 117.2, 112.5, 108.2, 105.8, 63.6, 61.7, 60.3, 

56.3, 55.8, 55.7, 45.3, 43.2, 42.8, 41.5, 37.9, 36.8, 25.3, 21.6. 
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The mixture of C14-nitro-tetrandrine 5A-086 (1.0 g, 1.50 mmol) with palladium as a carbon 

hydrogenation catalyst (10%, 100 mg) was added to hydrazine hydrate (85%, 1.65 mL, 45.00 

mmol) in methanol, and stirred at 80 °C. The reaction was completed in 2 h. The mixture was 

cooled down to room temperature and filtered to remove the catalyst. The filtrate was 

evaporated by rotary evaporation under reduced pressure. The residue was diluted with CH2Cl2, 

washed with water, dried over anhydrous magnesium sulfate and filtered. The solvent was 

removed under reduced pressure. The crude product was recrystallized from petroleum ether 

and acetone to give compound C14-amino-tetrandrine 5A-087 as a light-yellow solid (860 mg, 

90 %). Chemical Formula: C38H43N3O6, Molecular weight: 637.7770, 1H-NMR (CDCl3, 400 

MHz) ppm δ: 7.28 (dd, J = 4.0, 8.0 Hz, 1H), 7.18 (dd, J = 4.0, 8.0 Hz, 1H), 6.60 (dd, J = 4.0, 

8.0 Hz, 1H), 6.50 (s, 1H), 6.46 (s, 1H), 6.31 (s, 1H), 6.29 (s, 1H), 6.12 (dd, J = 4.0, 8.0 Hz, 1H), 

5.87 (s, 1H), 3.94 (d, J = 12.0 Hz, 1H), 3.87 (s, 3H), 3.80 (dd, J = 4.0, 12.0 Hz, 1H), 3.73 (s, 

3H), 3.64 (m, 1H), 3.42 (m, 1H), 3.35 (s, 3H), 3.22 (dd, J = 4.0, 8.0 Hz, 1H), 3.11 (s, 3H), 2.88 

(m, 7H), 2.61 (s, 3H), 2.42 (s, 3H), 2.35 (m, 2H); 13C-NMR (CDCl3, 100 MHz) ppm δ: 156.6, 

151.6, 149.4, 148.7, 148.5, 144.2, 142.0, 140.8, 138.0, 133.2, 132.6, 129.3, 128.0, 127.6, 127.4, 

122.6, 122.1, 121.3, 120.9, 120.5, 120.2, 112.3, 105.8, 100.6, 64.2, 61.5, 59.9, 56.1, 55.6, 55.5, 

44.9, 43.2, 42.3, 40.8, 40.0, 38.7, 24.6, 20.6. 

To a solution of C14-amino-tetrandrine 5A-087 (200 mg, 0.31 mmol) and triphosgene (46 mg, 

0.15 mmol) in CH2Cl2, was added DIPEA (116 µL, 0.63 mmol) at room temperature. The 

mixture was stirred 30 min, and then 5A-028 (58 mg, 0.38 mol) added into the reaction for 

overnight at room temperature. After the reaction was completed and diluted with water and 

extracted with CH2Cl2. The organic layer was dried anhydrous MgSO4 and concentration of the 

organic layer in vacuum give the brown solid. The solid was purified by silica gel column 

chromatography (CH2Cl2/ MeOH v/v = 50/1, 0.1% TEA) to give the compound C14-4-

nitrobenzyl carbamate-tetrandrine 5A-088 as a yellow solid (174 mg, 68 %). Chemical 

Formula: C46H48N4O10, Molecular weight: 816.9080, 1H-NMR (CDCl3, 500 MHz) ppm δ 

12.33 (br, 1H, -CONH-), 8.25 (d, J = 8.7 Hz, 2H), 7.66 (s, 1H), 7.57 (d, J = 8.7 Hz, 2H), 7.31 

(dd, J = 2.4, 8.4 Hz, 1H), 7.21 (dd, J = 2.4, 8.4 Hz, 1H), 6.58 (dd, J = 2.5, 8.4 Hz, 1H), 6.52(s, 

1H), 6.48 (s, 1H), 6.30 (s, 1H), 6.14 (dd, J = 2.5, 8.4 Hz, 1H), 5.31 (s, 2H), 3.95-3.91 (m, 4H), 

3.85-3.81 (m, 4H), 3.74 (s, 3H), 3.65-3.46 (m, 2H), 3.36 (3H, s), 3.32-3.28 (m, 1H), 3.10 (s, 

3H), 3.04-2.87 (m, 5H), 2.81-2.69 (m, 2H), 2.61 (s, 3H), 2.45 (s, 3H). 13C-NMR (CDCl3, 125 

MHz) ppm δ 156.58, 154.50, 152.52, 149.63, 149.17, 148.86, 147.92, 145.20, 144.98, 144.61, 

138.55, 133.99, 133.27, 133.01, 130.07, 128.50, 128.19, 127.66, 127.33, 124.93, 124.21, 

124.03, 121.66, 121.45, 121.18, 112.68, 106.27, 105.33, 65.06, 64.70, 64.12, 61.46, 60.51, 

56.63, 56.15, 55.97, 53.86, 45.41, 43.09, 42.68, 40.88, 40.28, 39.31, 30.10, 24.93, 21.02. 

HRMS (APCI+): calculated for C46H49N4O10 [M+H]+: 817.3449, found: 817.3443. 
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C14- (1-methyl-2-nitro-1H-imidazol-5-yl) methyl carbamate-tetrandrine (5A-089) 

According to the method 5A-088, to give the compound 

C14- (1-methyl-2-nitro-1H-imidazol-5-yl) methyl 

carbamate-tetrandrine (5A-089) (120 mg, 60 %) as a 

yellow solid. Chemical Formula: C44H48N6O10, 

Molecular weight: 820.9000, 1H-NMR (CDCl3, 500 

MHz) ppm δ 12.30 (br, 1H, -CONH-), 7.60 (s, 1H), 7.30 

(dd, J = 2.4, 8.4 Hz, 1H), 7.27(s, 1H), 7.20 (dd, J = 2.4, 8.4 Hz, 1H), 7.07(s, 1H), 6.57 (dd, J = 

2.5, 8.4 Hz, 1H), 6.13 (dd, J = 2.5, 8.4 Hz, 1H), 5.89 (s, 1H), 4.69 (s, 3H), 4.10 (s, 3H), 4.05 

(m, 4H), 3.94 (s, 3H), 3.89 (d, J = 9.5 Hz, 1H), 3.84 (dd, J = 5.4, 11.0 Hz, 1H), 3.73 (s, 3H), 

3.36 (s, 3H), 3.32-3.26 (m, 1H), 3.10 (s, 3H), 2.99-2.71 (m, 7H), 2.61 (s, 3H), 2.42 (s, 3H). 13C-

NMR (CDCl3, 125 MHz) ppm δ 156.50, 153.88, 152.54, 149.57, 149.20, 148.86, 146.51, 

145.23, 144.60, 138.54, 137.11, 133.70, 133.28, 132.58, 130.09, 129.67, 127.81, 127.56, 

125.12, 121.59, 121.51, 121.41, 121.22, 112.65, 106.28, 105.51, 64.61, 61.48, 60.51, 56.68, 

56.14, 55.96, 55.44, 54.87, 45.30, 43.09, 42.59, 40.86, 40.15, 38.99, 34.80, 34.77, 24.91, 20.97. 

HRMS (APCI+): calculated for C44H49N6O10 [M+H]+: 821.3510, found: 821.3505. 

C14- 4-(diethylamino) phenyl) diazenyl) benzyl carbamate-tetrandrine (5A-090) 

According to the method 5A-088, to give the 

compound C14- 4-(diethylamino) phenyl) diazenyl) 

benzyl carbamate-tetrandrine (5A-090) (128 mg, 

43 %) as a red solid. Chemical Formula: 

C56H62N6O8, Molecular weight: 947.1460, 1H-

NMR (CDCl3, 500 MHz) ppm δ 12.23 (br, 1H, -

CONH-), 7.89-7.84 (m, 4H), 7.73 (s, 1H), 7.51 (d, J = 8.4 Hz, 2H), 7.30 (dd, J = 2.4, 8.4 Hz, 

1H), 7.26(s, 1H), 7.20 (dd, J = 2.4, 8.4 Hz, 1H), 6.73 (d, J = 8.4 Hz, 2H), 6.61 (dd, J = 2.5, 8.4 

Hz, 1H), 6.50 (s, 1H), 6.47 (s, 1H), 6.29 (s, 1H), 6.13 (dd, J = 2.5, 8.4 Hz, 1H), 5.89 (s, 1H), 

5.26 (s, 2H),3.99-3.90 (m, 4H), 3.84-3.79 (m, 1H), 3.74 (s, 3H), 3.59-3.50 (m, 1H), 3.46 (q, J 

= 7.3, 14.5 Hz, 4H), 3.36 (s, 3H), 3.29-3.24 (m, 1H), 3.10 (s, 3H), 3.05-2.98 (s, 1H), 2.96-2.85 

(m, 4H), 2.80-2.67 (m, 2H), 2.61 (s, 3H), 2.42 (s, 3H), 2.35 (m, 1H), 1.24 (t, J = 7.1 Hz, 6H); 

13C-NMR (CDCl3, 125 MHz) ppm δ 155.04, 153.35, 152.43, 150.62, 149.67, 149.10, 144.57, 

143.50, 138.49, 134.47, 133.25, 130.01, 128.65, 125.76, 123.42, 122.61, 121.67, 121.45, 

121.22, 112.68, 111.38, 106.24, 105.57, 64.67, 62.54, 60.51, 56.61, 56.14, 55.97, 52.34, 45.42, 

45.13, 42.96, 42.74, 40.85, 40.31, 39.39, 25.05, 21.04, 14.62, 13.09. HRMS (APCI+): 

calculated for C56H63N6O8 [M+H]+: 947.4707, found: 947.4702. 
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Part B 

Synthesis of (4-(3-(4-substitute phenyl) triaz-2-en-1-yl) phenyl) methanol (5B-004) 

 

To a solution of 4-nitroaniline (500 mg, 3.62 mmol) dissolved in HCl (4M) was cooled 0 °C. 

After adding 2 g of crushed ice into it, and sodium nitrite in 2 mL cooled water was added 

dropwise for 3 min. keeping 0 °C for stirring 20 min. After (4-aminophenyl) methanol (445 mg, 

3.62 mmol) was added into the reaction with constant stirring at 0 °C 5 min. Then sodium 

acetate (1.0 g, 12.67 mmol) in the cold water was added drop wise with constant stirring. The 

yellow precipitate begins to form immediately. After was stirring 1h, the precipitate was filtered 

and recrystallized (petroleum ether / ethyl acetate v/v 1/1) to give the compound (4-(3-(4-

nitrophenyl) triaz-2-en-1-yl) phenyl) methanol 5B-004a as a yellow solid (766 mg, 78 %). 

Chemical Formula: C13H12N4O3, Molecular weight: 272.2640, 1H-NMR (300MHz, DMSO-

d6): ppm δ 12.73 (br, 1H, -N=N-NH-), 8.54-8.32 (m, 8H), 5.23 (s, 1H), 4.49 (d, J= 6.0 Hz, 

2H).13C-NMR (75MHz, DMSO-d6): ppm δ 154.29, 148.56, 128.78, 121.75, 65.01. HRMS 

(APCI+): calculated for C13H13N4O3 [M+H]+: 273.0988, found: 273.0985. 

(4-(3-(4-(trifluoromethyl) phenyl) triaz-2-en-1-yl) phenyl) methanol (5B-004b) 

According to the method 5B-004a, to give the compound (4-(3-(4-

(trifluoromethyl) phenyl) triaz-2-en-1-yl) phenyl) methanol (5B-

004b) (128 mg, 70 %) as a yellow solid. Chemical Formula: 

C14H12F3N3O, Molecular weight: 295.2652, 1H-NMR (300MHz, DMSO-d6): ppm δ 12.69 (br, 

1H, -N=N-NH-), 7.71-7.31 (m, 8H), 5.28 (s, 1H), 4.52 (d, J= 6.0 Hz, 2H).13C-NMR (75MHz, 

DMSO-d6): ppm δ 127.74, 127.10, 121.24, 114.32, 63.03. HRMS (APCI+): calculated for 

C14H13F3N3O [M+H]+: 296.1011, found: 296.1009. 

(4-(3-(4-methoxyphenyl)triaz-2-en-1-yl)phenyl)methanol (5B-004c) 

According to the method 5B-004a, to give the compound (4-

(3-(4-methoxyphenyl)triaz-2-en-1-yl)phenyl)methanol (5B-

004c) (146 mg, 76 %) as a yellow solid. Chemical Formula: 

C14H15N3O2, Molecular weight: 257.2930, 1H-NMR (300MHz, DMSO-d6): ppm δ 12.77 (br, 
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1H, -N=N-NH-), 7.92-7.37 (m, 8H), 5.25 (s, 1H), 4.53 (d, J= 6.0 Hz, 2H), 3.85 (s, 3H). 13C-

NMR (75MHz, DMSO-d6): ppm δ 128.13, 114.94, 63.12, 55.78. HRMS (APCI+): calculated 

for C14H16N3O2 [M+H]+: 258.1243, found: 258.1247. 

(4-(3-(p-tolyl)triaz-2-en-1-yl) phenyl) methanol (5B-004d) 

According to the method 5B-004a, to give the compound (4-(3-

(p-tolyl)triaz-2-en-1-yl) phenyl) methanol (5B-004d) (184 mg, 

82 %) as a yellow solid. Chemical Formula: C14H15N3O, 

Molecular weight: 241.2940, 1H-NMR (300MHz, DMSO-d6): ppm δ 12.75 (br, 1H, -N=N-

NH-), 7.79-7.37 (m, 8H), 5.24 (s, 1H), 4.53 (d, J= 6.0 Hz, 2H), 2.43 (s, 3H).13C-NMR 

(75MHz, DMSO-d6): ppm δ 147.13, 121.94, 63.00, 63.12, 23.46. HRMS (APCI+): calculated 

for C14H16N3O [M+H]+: 242.1293, found: 242.1297. 

Synthesis of 4-methyl-7-(3-(4-(trifluoromethyl) phenyl) triaz-2-en-1-yl)-2H-chromen-2-one 

(5B-013) 

 

To a solution of 4-(trifluoromethyl) aniline 5B-011 (0.3 mL, 2.38 mmol) dissolved in anhydrous 

acetonitrile under argon was cooled -5 °C. The nitrosonium tetrafluoroborate (556 mg, 4.77 

mmol) was added to the reaction, and keeping stirred for 1h at -5 °C to formation of the 

diazonium salt. It was then added dropwise to another solution of ether, water, and Et3N (0.6 

mL) and 7-amino-4-methyl-chromen-2-one (626 mg, 3.57 mmol) at 0ºC. The mixture was 

stirred for 30 min followed by the subsequent extraction with ethyl acetate. The organic layer 

was dried anhydrous MgSO4 and concentration of the organic layer in vacuum gives the yellow 

solid. The solid was purified by silica gel column chromatography (petroleum ether / ethyl 

acetate v/v 1/1) to give the compound 4-methyl-7-(3-(4-(trifluoromethyl)phenyl)triaz-2-en-1-

yl)-2H-chromen-2-one 5B-013 as a yellow solid (512 mg, 62 %). Chemical Formula: 

C17H12F3N3O2, Molecular weight: 347.2972, 1H-NMR (300MHz, DMSO-d6): ppm δ 13.13 

(br, 1H, -N=N-NH-), 7.87-7.28 (m, 7H), 6.42-6.22 (m, 1H), 2.43 (s, 3H). 13C-NMR (75MHz, 

DMSO-d6): ppm δ 164.58, 153.46, 153.16, 127.54, 120.06, 117.38, 113.36, 106.43, 19.35.  

Synthesis of 4-methyl-7-(morpholinodiazenyl)-2H-chromen-2-one (5B-016) 
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To a solution of 7-amino-4-methyl-coumarin 5B-005 (150 mg, 0.86 mmol) dissolved in 

anhydrous acetonitrile under argon was cooled -5 °C. The nitrosonium tetrafluoroborate (200 

mg, 1.71 mmol) was added to the reaction, and keeping stirred for 1h at -5 °C to formation of 

the diazonium salt. It was then added dropwise to another solution of ether, water, and Et3N 

(0.3 mL) and morpholine (0.3 mL, 3.42 mmol) at 0ºC. The mixture was stirred for 30 min 

followed by the subsequent extraction with ethyl acetate. The organic layer was dried anhydrous 

MgSO4 and concentration of the organic layer in vacuum gives the yellow solid. The solid was 

purified by silica gel column chromatography (petroleum ether / ethyl acetate v/v 1/1) to give 

the compound 4-methyl-7-(morpholinodiazenyl)-2H-chromen-2-one 5B-016 as a yellow solid 

(160 mg, 68 %). Chemical Formula: C14H15N3O3, Molecular weight: 273.2920, 1H-NMR 

(300MHz, DMSO-d6): ppm δ 7.76 (d, J= 9.0 Hz, 1H), 7.39 (dd, J= 3.0, 9.0 Hz, 1H), 7.28 (d, 

J= 3.0 Hz, 1H), 6.32-6.31 (m, 1H), 3.88-3.74 (m, 8H), 2.43 (d, J= 3.0 Hz, 3H).13C-NMR 

(75MHz, DMSO-d6): ppm δ 160.61, 154.51, 153.70, 153.40, 126.66, 117.89, 117.51, 113.49, 

107.54, 18.71. HRMS (ESI+): calculated for C14H16N3O3 [M+H]+: 274.1192, found: 274.1186. 

7-((3,4-dihydroisoquinolin-2(1H)-yl)diazenyl)-4-methyl-2H-chromen-2-one (5B-017) 

According to the method 5B-016, to give the compound 7-((3,4-

dihydroisoquinolin-2(1H)-yl)diazenyl)-4-methyl-2H-chromen-2-one 

(5B-017) (260 mg, 71 %) as a yellow solid. Chemical Formula: 

C19H17N3O2, Molecular weight: 319.3640, 1H-NMR (300MHz, CDCl3): ppm δ 7.55 (d, J= 9.0 

Hz, 1H), 7.45-7.40 (m, 2H), 7.27-7.21 (m, 4H), 6.20 (s, 1H), 5.02 (s, 2H), 4.17 (s, 2H), 3.10 (t, 

J= 6.0 Hz, 2H), 2.43 (s, 3H).13C-NMR (75MHz, CDCl3): ppm δ 161.47, 154.56, 153.94, 152.42, 

126.90, 124.93, 117.38, 113.36, 108.02, 26.92, 18.71. HRMS (ESI+): calculated for  

C19H18N3O2 [M+H]+: 320.1399, found: 320.1394. 

4-methyl-7-(3-methyl-3-phenyltriaz-1-en-1-yl)-2H-chromen-2-one (5B-018) 



 

294 
 

According to the method 5B-016, to give the compound 4-methyl-7-(3-

methyl-3-phenyltriaz-1-en-1-yl)-2H-chromen-2-one (5B-018) (220 mg, 

66 %) as a yellow solid. Chemical Formula: C17H15N3O2, Molecular 

weight: 294.3340, 1H-NMR (300MHz, DMSO-d6): ppm δ 7.79 (d, J= 9.0 Hz, 1H), 7.63-7.58 

(m, 2H), 7.53 (dd, J= 3.0, 9.0 Hz, 1H), 7.49-7.43 (m, 3H), 7.27-7.19 (m, 1H), 6.34-6.33 (m, 

1H), 3.68 (s, 3H), 2.43 (s, 3H).13C-NMR (75MHz, DMSO-d6): ppm δ 161.11, 153.61, 150.75, 

144.23, 128.45, 125.87, 119.82, 117.93, 113.56, 106.97, 36.95, 19.63. HRMS (ESI+): 

calculated for C17H16N3O2 [M+H]+: 294.1243, found: 294.1237. 

Synthesis of ethyl 2-(2-((2,6-dichloro-4-nitrophenyl) amino)-5-nitrophenyl) acetate (5B-021) 

 

To a solution of ethyl 2-(2-((2,6-dichlorophenyl)amino)phenyl)acetate 5B-020 (1.0 g, 3.08 mol) 

dissolved in concentrated sulfuric acid at the 0 °C. The nitric acid (190 µL, 3.08 mol) is diluted 

in 2 ml of concentrated sulphuric acid and then slowly added dropwise to the reaction solution 

for approximately 7 minutes, and then keeping at 0 °C. TLC reveals that the reaction was 

complete after around 30 minutes. The reaction solution was progressively poured dropwise to 

a beaker containing ice cubes, and an off-white solid gradually precipitated, giving a crude 

product ethyl 2-(2-((2,6-dichloro-4-nitrophenyl)amino)-5-nitrophenyl)acetate. The solid was 

purified by silica gel column chromatography (petroleum ether/ ethyl acetate v/v = 5/1) to give 

the compound ethyl 2-(2-((2,6-dichloro-4-nitrophenyl) amino)-5-nitrophenyl) acetate 5B-021 

as a white solid (336 mg, 24 %). Chemical Formula: C16H13Cl2N3O6, Molecular weight: 

414.1950, 1H-NMR (300MHz, CDCl3): ppm δ 8.99 (s, 1H), 8.77 (s, 1H), 8.39 (s, 1H), 8.23 (s, 

2H), 4.23 (q, J= 9.0, 12.0 Hz, 2H), 3.82 (s, 2H), 1.31 (t, J= 6.0 Hz, 3H). 13C-NMR (75MHz, 

CDCl3): ppm δ 170.67, 143.02, 142.10, 141.16, 140.59, 131.34, 130.30, 127.09, 124.77, 121.15, 

62.84, 39.16, 14.19. 

Synthesis of 5-amino-1-(2,6-dichlorophenyl) indolin-2-one (5B-025) 
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To a solution of diclofenac 5B-022 (1.0 g, 3.38 mol) dissolved in EtOH was treated dropwise 

thionyl chloride (250 µL, 3.38 mmol), the mixture was heated at reflux for overnight. The 

mixture was cooled, concentrated under reduced pressure and diluted with water. The aqueous 

layer was extracted with ethyl acetate, and the combined organic extract was washed with brine, 

dried over MgSO4 followed by concentrated under reduced pressure to afford crude compound 

as a yellow solid. The solid was purified by silica gel column chromatography (petroleum ether/ 

ethyl acetate v/v = 10/1) to give the compound 1-(2,6-dichlorophenyl) indolin-2-one 5B-023 as 

a white solid (900 mg, 96 %). Chemical Formula: C14H9Cl2NO, Molecular weight: 278.1320, 

1H-NMR (300MHz, CDCl3): ppm δ 7.53-7.50 (m, 2H), 7.40-7.33 (m, 2H), 7.24-7.18 (m, 1H), 

7.12-7.07 (m, 1H), 6.41 (d, J= 9.0 Hz, 1H), 3.78 (s, 2H). 

To a solution of 1-(2,6-dichlorophenyl) indolin-2-one 5B-023 (1.0 g, 3.60 mol) dissolved in 

concentrated sulfuric acid at the 0 °C. The nitric acid (210 µL, 3.60 mol) is diluted in 2 ml of 

concentrated sulphuric acid and then slowly added dropwise to the reaction solution for 

approximately 7 minutes, and then keeping at 0 °C. TLC reveals that the reaction was complete 

after around 30 minutes. The reaction solution was progressively poured dropwise to a beaker 

containing ice cubes, and an off-white solid gradually precipitated, giving a crude compound. 

The solid was purified by silica gel column chromatography (petroleum ether/ ethyl acetate v/v 

= 5/1) to give the compound 1-(2,6-dichlorophenyl)-5-nitroindolin-2-one 5B-024 as a yellow 

solid (870 mg, 75 %). Chemical Formula: C14H8Cl2N2O3, Molecular weight: 323.1290, 1H-

NMR (300MHz, DMSO-d6): ppm δ 8.41 (d, J= 9.0 Hz, 1H), 8.33-8.31 (m, 1H), 8.20 (dd, J= 

3.0, 9.0 Hz, 1H), 8.10 (d, J= 9.0 Hz, 1H), 6.95 (d, J= 9.0 Hz, 1H), 4.17 (s, 2H).13C-NMR 

(75MHz, DMSO-d6): ppm δ 173.81, 148.78, 143.69, 134.65, 133.02, 130.03, 129.34, 126.44, 

125.52, 121.23, 109.31, 35.43. 

To a solution of 1-(2,6-dichlorophenyl)-5-nitroindolin-2-one 5B-024 (500 mg, 1.55 mol) 

dissolved in methanol and the palladium on activated charcoal (10%, 164 mg, 0.15 mmol) was 

added in the reaction. Subsequently the flask was charged with hydrogen gas and the black 

suspension was stirred at room temperature for overnight. After the reaction was completed, 

and concentrated under reduced pressure. The residue was purified by silica gel column 

chromatography (CH2Cl2/methanol v/v 50/1) to give the compound 5-amino-1-(2,6-

dichlorophenyl)indolin-2-one 5B-025 as a white solid (186 mg, 41 %). Chemical Formula: 

C14H10Cl2N2O, Molecular weight: 293.1470, 1H-NMR (300MHz, DMSO-d6): ppm δ 7.72 (d, 

J= 6.0 Hz, 2H), 7.59-7.54 (m, 1H), 6.54 (d, J= 3.0 Hz, 1H), 6.38 (dd, J=3.0, 9.0 Hz, 2H), 6.05 

(d, J= 9.0 Hz, 1H), 4.85 (s, 2H), 3.70 (s, 2H).13C-NMR (75MHz, DMSO-d6): ppm δ 173.97, 

144.14, 132.34, 132.26, 131.43, 131.33, 131.01, 130.08, 129.91, 129.27, 127.13, 126.60, 

122.95, 120.22, 109.73, 35.85. 
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Synthesis of 2,6-dichloro-3-nitroaniline (5B-036) 

 

To a solution of 2,6-dichloroaniline 5B-033 (2.0 g, 12.34 mmol) dissolved in glacial acetic acid 

and the acetyl chloride (1.30 mL, 18.52 mmol) was added dropwise in the reaction. The mixture 

was heated at 90 °C for 30 min. The mixture was cooled, and the solution is poured into ice 

water, forming a white precipitate. The solids are filtered, washed with water and dried to give 

the compound N-(2,6-dichlorophenyl) acetamide 5B-034 as a white solid (2.3 g, 92 %). To a 

solution of N-(2,6-dichlorophenyl) acetamide 5B-034 (1.0 g, 4.90 mmol) dissolved in 

concentrated sulfuric acid at the 0 °C. The nitric acid (510 µL, 7.35 mmol) is diluted in 2 ml of 

concentrated sulphuric acid and then slowly added dropwise to the reaction solution for 

approximately 7 minutes, and then keeping at 0 °C. TLC reveals that the reaction was complete 

after around 30 minutes. The reaction solution was progressively poured dropwise to a beaker 

containing ice cubes, and an off-white solid gradually precipitated, giving a crude compound. 

The solid was purified by silica gel column chromatography (petroleum ether/ ethyl acetate v/v 

= 5/1) to give the compound N-(2,6-dichloro-3-nitrophenyl) acetamide 5B-035 as a yellow solid 

(988 mg, 81 %). Chemical Formula: C8H6Cl2N2O3, Molecular weight: 249.0470, 1H-NMR 

(300MHz, DMSO-d6): ppm δ 10.18 (s, 1H), 8.06 (d, J= 9.0 Hz, 1H), 7.84 (d, J= 9.0 Hz, 1H), 

2.12 (s, 3H). 13C-NMR (75MHz, DMSO-d6): ppm δ 169.27, 147.90, 129.46, 126.49, 124.74, 

22.75. 

To a solution of N-(2,6-dichloro-3-nitrophenyl) acetamide 5B-035 (3.0 g, 12.05 mmol) 

dissolved in 1,4-dioxane, the hydrogen chloride gas is passed into the reaction solution until it 

is saturated, and the tail gas is absorbed by sodium hydroxide. The resulting mixture was stirred 

for 48 h at 100 °C. The resulting mixture was concentrated under reduced pressure. The crude 

product was purified by silica gel column chromatography (petroleum ether/ ethyl acetate v/v 

= 3/1) to give the compound 2,6-dichloro-3-nitroaniline 5B-036 as a yellow solid (1.8 g, 74 %). 

Chemical Formula: C6H4Cl2N2O2, Molecular weight: 207.0100, 1H-NMR (300MHz, 

DMSO-d6): ppm δ 7.48 (d, J= 9.0 Hz, 1H), 7.19 (d, J= 9.0 Hz, 1H), 6.26 (s, 2H). 13C-NMR 

(75MHz, DMSO-d6): ppm δ 148.25, 143.56, 128.61, 121.66, 111.80, 109.14. 

 

 


