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TXA2    Thromboxane A2 

Th2    T helper cell 2 

VAL (amino acid)  Valine 

VEGF    Vascular endothelial growth factor 

WCL    Whole cell lysate 

Zn2+    Zinc ion 

ZBG    Zinc binding group 
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SUMMARY  

Uncontrolled inflammation is a key factor in multiple disease types, including tissue fibrosis and 

cancers. The underlying mechanisms and treatment of several of these diseases are still unsolved 

medical challenges.  The studies described in this thesis focused on developing novel cell-type and 

tissue-selective anti-inflammation and anti-cancer agents that target microinjuries, fibroblast 

hyperplasia exaggerated extracellular matrix (ECM) deposition and epigenetic dysfunctions.  

Idiopathic pulmonary fibrosis (IPF) is a life-threatening interstitial lung disease (ILD) of 

ambiguous cause. IPF is sustained by inflammation caused by chronic injury that promotes 

inflammatory cytokines release and the accumulation of these cytokines in the bronchial tubes and 

airways. IPF is a chronic and fatal disease that progressively declines the lung function. Till date, 

IPF remains untreatable. The FDA approved drugs - pirfenidone (PFD) and nintedanib ï are 

suboptimal in the management of IPF due to their toxic side effects, low potency, cost 

ineffectiveness and minimal beneficial effect on the patientsô survival rate. In chapter 2 of this 

thesis, I described four classes of macrolide-based anti-fibrotic agents (28 final compounds) 

designed to exploit the excellent PK and selective lungs and/or liver tissues distribution activities 

of the macrolide templates to arrive at novel anti-fibrotic agents that may selectively accumulate 

within these tissues. I investigated the effects of these compounds on the viability of four cell lines 

(MRC-5, A549 Hep-G2 and VERO), NF-əB and TGF-ɓ pathways and the levels of fibrosis 

markers (FN-1, MMP-9, COL1A1, Ŭ-SMA). A cohort of these compounds elicit anti-proliferative 

and anti-inflammatory effects with potency enhancement as high as 1000-fold relative to the 

standard of care PFD. Based on the data from these experiments, compound 15c was identified as 

a lead based while the next best compounds are 10c, 11c and 20e. 
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Inspired by the study described in chapter 2, I designed and synthesized macrolide (azithromycin 

(AZM) and clarithromycin (CLM)) conjugates of three antioxidants ï alpha lipoic acid (ALA), 

fumarate and piperic acid (PIPE) ï in chapter 3. After investigation of the cytotoxicity of these 

macrolide-antioxidant conjugates against cancer cells, normal kidney cell line, and fibroblast cell 

line, I observed that most of novel compounds showed significant enhancement (more than 100-

fold) in cytotoxicity and stronger anti-fibrotic effects relative to their unconjugated antioxidants. 

Specifically, ALA derivatives showed strong STAT3 inhibition and extracellular matrix (ECM) 

components production inhibition effects with attenuation of TGF-ɓ stimulation. Fumarate and 

PIPE derivatives also demonstrated strong anti-fibrotic effects and Nrf-2 activation.  

In Chapter 4, I report the discovery that macrolide antibiotic clarithromycin (CLM) undergoes 

tandem dehydration- cyclization-dehydration reactions, involving C-11 and C-12 hydroxyl groups 

and the C-9 keto moiety, to furnish a dihydrofuranyl macrolide AO-02-63. I observed that AO-

02-63 inhibits the activities of prokaryotic and eukaryotic ribosomes and possibly disrupts the 

activity of hnRNPs. AO-02-63 also inhibits the proliferation of all cell lines in the NCI-60 panel 

with low micromolar IC50s and elicits anti-inflammatory activity similar to CLM, although with a 

10-fold potency enhancement. The broad anti-cancer activity of AO-02-63 could be due to its 

inhibition of protein synthesis and mRNA processing, two processes that are vital for the survival 

of cells. 

The potential of STAT3 pathway inhibition as an anticancer and anti-inflammatory strategy is 

under active investigation in preclinical and clinical settings. Chapter 5 of this thesis focused on 

validating our hypothesis that simultaneous STAT3 and histone deacetylase (HDAC) inhibition 

will lead to more durable anti-proliferative effects in STAT3-addicted cancer cells. Toward this 

end, I synthesized 5 pyrimethamine (PYM)-derived compounds and tested them against Hep-G2, 
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A549, VERO, MDA-MB-231, and MCF-7 cell lines. I noticed that these compounds inhibited 

both HDAC and STAT3 pathway intracellularly. Interestingly, compounds 12b and 12c showed 

6- to 10-fold cell-type selectivity for a STAT3-dependent, TNBC cell line MDA-MB-231. In 

Chapter 6, I used an in silico molecular docking tool (Autodock vina) to design three classes of 

PYM derivatives (total of 12 compounds) as putative STAT3 inhibitors that function by blocking 

the DNA binding domain of STAT3.  I synthesized these compounds and profiled their STAT3 

inhibition in a cell free assay. Subsequently, they were analyzed against Hep-G2, A549, VERO, 

MDA-MB-231, and MCF-7 cell line. I found that class II compounds 11b-d showed 100-fold 

enhanced cytotoxicity relative to PYM and are also 100-fold better STAT3 pathway inhibitors. 

Using a p-STAT3 DNA binding assay, I found that the STAT3 inhibition activities of these PYM 

derivatives are largely due to their direct STAT3 DNA binding interruption. These PYM-HDAC 

inhibitors and STAT3 DNA domain inhibitors could be novel anticancer agents that are selective 

for STAT3-addicted cancer cells. 

In chapter 7, I described results from characterization of the anti-proliferative activities and 

mechanism of action of 19 glycosylated HDAC inhibitors (HDACi). I found that these compounds 

are selectively cytotoxic to several HCC cell lines possibly due to GLUT2-mediated uptake with 

lead compound STR-V-53 significantly more selective for HCC cells. In collaboration with the 

Petros Lab at Emory University, we found that STR-V-53 is non-toxic to healthy mice (MTD > 

100 mg/kg) and effectively suppressed tumor growth in orthotopic murine model of HCC. In 

addition, we identified STR-V-165 and STR-I -195 as back-up compounds. Collectively, these 

glycosylated HDACi are promising anti-HCC agents.  
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CHAPTER 1. INTRODUCTION OF THE LINKAGE BETWEEN 

TISSUE INFLAMMATION AND CANCER  

1.1 Introduction :  

Uncontrolled inflammation is a salient factor in multiple disease types, including several chronic 

diseases and cancers. Inflammation can be directly link to tissue injury, fibrosis and necrosis, and 

it can be life threatening.1 In fact, treatment of tissue fibrosis is still an unsolved medical challenge 

as there are currently no tools to effectively overturn the progression of tissue fibrosis and necrosis. 

Idiopathic pulmonary fibrosis, an example of tissue inflammation, remain unsolvable and 

irreversible once diagnosed, with a 5-year survival rate lower than many types of cancer.2 A direct 

connection between inflammation and cancers is that tissue injury, and the concomitantly produced 

inflammatory factors, promote cancer cell growth via dysfunction in chemokines and cytokines 

signaling.3 It is known that some cancer types rely on inflammation signals for their progression, 

angiogenesis, proliferation and survival, invasiveness, and metastasis.4-6 Therefore, targeting 

inflammation is a promising therapeutic option for many types of cancers. However, challenges 

including low potency with poor drug distribution at disease sites, and off-target effects, which 

result in overt toxicity, remain unsolved in anti-inflammation and anti-cancer drug development. 

The studies described in this thesis focused on developing novel cell-type and tissue-selective anti-

inflammation and anti-cancer agents that target microinjuries, fibroblast hyperplasia exaggerated 

extracellular matrix (ECM, mainly collagens) deposition, and epigenetic dysfunctions.  
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1.2 Inflammation and causes. 

Inflammation involves upregulation of pro-inflammatory signals and it serves dual roles in 

biology. Controlled inflammation could protect infection and tissue injury while uncontrolled 

inflammation sustains autoimmunity and malignant transformations.7 Reactive oxidative stress 

(ROS) produced in response to tissue injury, bacteria or virus infections, chemical stimulation, 

hypoxia, or within the tumor microenvironment (TME) can stimulate the tissue epithelial cells.8 

The stimulated epithelial cells further release ROS species and pro-inflammatory cytokines to 

trigger the immune system response.9 The pro-inflammatory cytokines, which include but not 

limited to TGF-ɓ, TNF-Ŭ, IL-1, IL-6, IL-8, IL-10,10 bind to their respective receptors and cause 

pro-inflammatory signals within the cell. These signals may induce the activation of inflammation 

pathways such as TGF-ɓ pathway, STAT3 pathway, NF-əB pathway and epigenetic pathways. 

These pathways could promote the expressions of different proteins to either resolve the 

inflammation, or progress the pathogen and cause chronic injury, tissue fibrosis, or tumorigenic 

transformation.11 In some cases, the expressed proteins could be components of the extracellular 

matrix (ECM) that is supposed to heal and repair the tissue.12 However, due to the excess tissue 

damage or injury, ECM production could be out of control.13 The accumulation of ECM causes 

tissue stiffness, necrosis, and dysfunction. In other cases, proteins like anti-apoptotic STAT and 

Bcl-2 family proteins could be activated with the stimulation of cytokines. These proteins could 

induce anti-apoptosis in cells and promote cell proliferation.14 NF-əB pathway could be activated 

by these proteins, resulting in the inhibition of the tumor suppressor p53.15 Therefore, 

inflammation strongly links tumor progression with tissue/cell damage caused by injuries, 

infections, and other stimuli. 
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1.3 Inflammation and Tissue Fibrosis 

Fibrosis is the thickening and scarring of the connective tissues in organs, which could be induced 

by injuries from environmental stimuli, biohazards exposure, radiation, or infection, or could be 

triggered by gene mutation or other unclear intracellular disorder. The abnormally stressed 

microenvironment of the tissue may cause the upregulation of cytokine expression to modulate the 

stage of inflammation. Immunity responses will be triggered to protect the tissue from further 

attacks by the pathogenic sources such as bacteria and virus. However, the process could be 

overregulated when the injuries tend to be continuous over time. For example, liver cirrhosis can 

be triggered by HCV infection.16 Due to the continuous infection and inflammation, immune 

system response augments the process of healing and induce overexpression of ECM. The 

deposition of ECM could thicken the tissue which will deteriorate with sustained inflammation 

and finally induce liver fibrosis. One of my major focus in this thesis is on Idiopathic pulmonary 

fibrosis (IPF), induced by chronic inflammation and for which there is a significant unmet medical 

need. 

1.3.1 Idiopathic pulmonary fibrosis (IPF) 

IPF is the most common and most severe disease type of interstitial lung disease (ILD).17  IPF is a 

chronic and fatal disease which progressively declines the lung function. The cause of the IPF is 

ambiguous, and the disease infects 5 per 10,000 people worldwide.18 In the US, 40,000 patients 

die of IPF every year.19 The prognosis of the IPF is the worst of all ILDs, as its median survival is 

about 2-5 years from diagnosis (Fig. 1.1).20 
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Figure 1.1. The 5-year survival percentage of IPF relative to several types of cancers.2 The data 

suggested that IPF has higher mortality rate than several cancers.20  

1.3.2  IPF Pathogenesis 

The IPF can be related to the excessive accumulation of extracellular matrix (ECM) components. 

Fibronectin, tenascin-C, collagen type I and III are the ECM secreted by fibroblasts in the process 

of fibrosis.21-23 Fibroblast, the most common cell to produce ECM, is activated by cytokines, 

growth factors, and fibrotic factors to continuously generate ECM.  

During IPF, many cells secrete cytokines to activate fibroblasts to become myofibroblasts which 

are key cells that overregulate the ECM remodeling through combination of synthesizing features 

of fibroblasts with cytoskeletal contractile characteristics of smooth muscle cells (ɻ-SMA).24 

During this process, other cells are transformed as well. Specifically, endothelial cell, which lines 

blood vessel, can transform to fibroblasts. Once the endothelial injury occurs, the endothelial cells 

can go under a process call endothelial-mesenchymal transition (EMT) when stimulated by 

inflammatory cytokines such as TGF-ɼ1.
25 The mesenchymal cell is the primitive fibroblast which 

can transition to fibroblast cell and induce the fibrosis. Therefore, the EMT process is one of the 
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major sources of the fibrosis, as it supplies more amounts of fibroblasts and support for the ECM 

production later.  

Lymphocyte can also induce the activation of fibroblast via the Th2 polarized response. The Th2 

(T cell helper 2) response is an immune response against helminths and other extracellular injuries. 

This Th2 polarization is induced by adhesion between endothelial cell and lymphocytes. The 

response secrets pro-inflammatory cytokines IL-4, IL-5, IL-6, IL-10, IL-13 which activate the 

fibroblasts and transform them to the myofibroblasts.26 The next important activation of fibroblasts 

is through the macrophage. The polarization of monocyte turns it into M1 or M2 Macrophage. In 

IPF, M2 macrophage is the major polarized phenotype of macrophage, as the endothelial cell 

injury paracrine the cytokines IL-4, IL-10-IL-13 and TGF-ɓ to the monocytes on the purpose of 

anti-inflammation. However, the M2 macrophage phenotype over-regulates the expression of 

TGF-ɓ signal, connective tissue growth factor (CTGF), platelet-derived growth factor (PDGF), 

epidermal growth factor (EGF) and IL-1ɻ, which continuously activate the fibroblasts and induce 

tissue fibrosis. On the other hand, the M1 macrophage (inflammation phenotype) can also induce 

the EMT by secreting TNF-ɻ, IL-8 and ROS signals to endothelial cell and cause tissue necrosis 

and fibrosis.27 This process is called macrophage to myofibroblast transition (MMT). 

Based on the a forementioned literature observations, the main pathway towards IPF is the 

activation and proliferation of fibroblasts, as the ECM components can only be over-expressed 

when myofibroblasts are formed. Thus, inhibition of the activation and proliferation of fibroblasts 

could be an effective strategy in preventing or slowing fibrosis progression. 

1.4 Inflammation and tumorigenesis  

1.4.1 Cancer types linked to chronic tissue inflammation  
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Several studies have shown that dysregulation of inflammatory signals caused by chronic injuries 

could progress into malignant transformation. For example, chronic liver tissue injury caused by 

hepatitis infection predisposes hepatitis patients to higher risks of cirrhosis and hepatocyte 

carcinoma (HCC). Colitis associated cancer (CAC) is a subtype of colorectal cancer that is known 

to be associated with inflammatory bowel disease (IBD).28 Additionally, IPF patients also have 

higher risks of lung cancer.29, 30  Table 1.1 summarizes inflammation associated cancer types and 

their inducers.   

 

Table 1. 1 Inflammation associated cancer types.31-33 

Inflammation conditions Cancer type Inducer 

Asbestosis   Lung carcinoma Silica 

Chronic Bronchitis Lung carcinoma Silica 

IPF Lung carcinoma Unclear 

Tuberculosis Lung carcinoma Mycobacterium tuberculosis 

Liver cirrhosis HCC Hepatitis infection, alcoholic, 

genetic 

IBD, Crohnôs disease, chronic 

ulcerative colitis  

Colorectal cancer Gut pathogens 
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Table 1.1 continued. 

Chronic gastric inflammation Gastric cancer Helicobacter pylori 

Reflux oesophagitis, Barrettôs 

oesophagus 

Oesophageal carcinoma Gastric acids 

Skin inflammation  Melanoma  UV light 

Chronic pancreatitis 

hereditary pancreatitis 

Pancreatic carcinoma  Alcohol, gene mutation 

Schistosomiasis Bladder carcinoma Gram-uropathogens 

Cervicitis Cervical cancer Human papilloma virus 

chronic prostatitis Prostate cancer Bacterial infection 

Sialadenitis Salivary gland carcinoma Bacterial infection 

Sjögrensyndrome, 

Hashimotoôs thyroiditis 

MALT lymphoma unclear 

Gingivitis, lichen planus Oral squamous cell carcinoma Bacterial infection 

Chronic cholecystitis Gall bladder cancer Bacteria, gall bladder stones 

 



33 

 

Bacterial and virus infections are one cause of chronic tissue injuries. HCC is linked to liver 

cirrhosis that could result from infections by hepatitis virus, including hepatitis B virus (HBV) and 

hepatitis C virus (HCV). The cytokines (TGF-ɓ and IL-6) released as a result of these infections 

activate the hepatocyte stellate cells (HSCs), triggering immune response and inflammation.34 

Also, the failure of anti-viral treatment could induce chronic inflammation and liver tissue fibrosis 

in response to the overexpression of supposedly protective TGF-ɓ. These events ultimately result 

in accumulation of ECM and liver cirrhosis.35 The chronic inflammation triggered ROS production 

is the main cause of genetic mutation, which is responsible for carcinogenic event to take place.36 

Recent studies found that the Helicobacter pylori is the key pathogenic factor for chronic gastric 

inflammation. H. pylori resides in the host for a lifetime as the hostôs immune system is incapable 

of clearing could it out. H. pylori infects 50% of the world population and its infection can cause 

the duodenal and gastric ulcer disease.37 H. pylori-infected cells release IL-8, IL-10, TNF-Ŭ to 

cause tissue inflammation as superficial gastritis. These cytokines directly stimulate immune cell. 

In addition to contributions from other factors, such as smoking and high salt consumption, chronic 

inflammation caused by H. pylori infection could induce the gastric cancer.38 

Exposure to chemicals is another inducer of chronic inflammation. Lungs tissues are most 

susceptible to the effects of chemical exposure which could cause chronic injuries such as 

Bronchitis and idiopathic pulmonary fibrosis. Smoking, silica exposure, inhalation of hazardous 

chemicals are the major sources of irritants that could cause chronic lung tissues inflammation 

linked to lung carcinoma. The lung tissue injuries induced by these chemical irritants could cause 

integrins Ŭvɓ6 and Ŭvɓ8 to stimulate and induce overexpression of TGF-ɓ.39 The binding of TGF-

ɓ to TGF-ɓR in epithelial cells or fibroblasts causes EMT or myofibroblast differentiation40, 41 

which induces an over-expression of ECM and change of metabolism in cells ï from aerobic 
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glycolysis to anaerobic glycolysis ï to support extra energy for ECM production and migration. 

Stiffness and lung tissue necrosis occur when ECM is overproduced. Lung cancer could be 

triggered in this circumstance.42  

1.5 Major inflammation pathways in tumor  progression and tissue fibrosis 

1.5.1 TGF-ɓ pathway and inflammation-induced carcinogenesis 

In current understanding, TGF-ɓ plays a double-edged sword role in inflammation and cancer. In 

case of common acute injury, TGF-ɓ is regarded as an important anti-inflammatory cytokine that 

can protect tissue from injury. It plays an essential role in tissue repair as well. However, TGF-ɓ 

could also be a pro-inflammatory cytokine in the chronic injured condition and tumor 

microenvironment. The activation of TGF-ɓ usually caused by tissue inflammation, ROS up-

regulation, and immune response. TGF-ɓ has three isoforms, which are TGF-ɓ1-3, and TGF-ɓ1 

plays the critical role to induce inflammation.43 In most of cases, TGF-ɓ is secreted by cells in a 

large latent complex (LLC) in which the TGF-ɓ is protected by latency associated peptide (LAP) 

and covalently bond to a family member of the ólatent TGF-b-binding proteinsô (LTBPs).44, 45 

Upon cleavage, the small latent complex (SLC) will be formed. However, TGF-ɓ needs to be 

activated via the release of LAP. Only a few of cell types can secret the SLC form of TGF-ɓ. And 

the SLC form can be activated by non-integrin activation,45 including  low pH (pH<4),46 protease 

activity (MMPs),47 ROS,48 and thrombospondin-149 (TSP-1) induced LAP transformation.  

Integrin Ŭvɓ6 and Ŭvɓ8 play roles in TGF-ɓ activation via different mechanism. Specifically, LLC 

form of TGF-ɓ bind to Ŭvɓ6 or Ŭvɓ8 of the other cell on the membrane. For Ŭvɓ6, cell traction and 

pulling induce conformational change in LAP to release the TGF-ɓ in the active form. The integrin 

Ŭvɓ8 induces MT-1 MMP into the LAP interaction, and therefore a proteolytical cleavage between 
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LAP and TGF-ɓ.50 The released TGF-ɓ binds to TGF-ɓRs to induce inflammation pathways. With 

the TGF-ɓ ligand-receptor binding, SMAD2/3, PI3K, JNK and MAPK pathways could be 

activated. SMAD pathway activation induces pro-inflammatory cytokines and ECM production.51 

Activated PI3K pathway induces cell proliferation and invasiveness, while JNK and MAPK 

pathways induce cell stress, inflammation and tissue necrosis;52 The TGF-ɓ activation and 

overregulation could also induce process of EMT through transcriptional regulation and expression 

of Snail families, ZEB families, and bHLH families, 49 which could induce malignant tumor 

growth.53, 54 In addition, Angiogenesis could also be promoted through TGF-ɓ through expression 

of ID-1 and ID-3 in terms of SMADs transcriptional regulation.55, 56 Overall, TGF-ɓ pathway is 

central to the connection between chronic inflammation and tumorigenesis (Fig. 1.2).  
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Figure 1.2. TGF-ɓ pathway in cancer and inflammation.57-59 

The acidic tumor microenvironment promotes TGF-ɓ activation that assists in building fibrosis 

environment around the tumor. Within the microenvironment, cancer-associated fibroblasts (CSF) 

are the major producer of TGF-ɓ cytokines60 that will stimulate excessive ECM deposition and 

form desmoplasia, a term to indicate fibrosis microenvironment around the tumor. Desmoplastic 

reaction shields the tumor from exposure to chemotherapeutic agents and significantly increases 

tumor growth, angiogenesis, and promotes cancer cell invasiveness and metastasis.61 Pancreatic 

and triple negative breast cancers are especially prone to desmoplasia formation.  Once 

desmoplasia is built, it is hard to treat the cancer with small molecule drugs.62-63  
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TGF-ɓ pathway inhibition is a promising strategy for managing/treating fibrosis, inflammation, 

and cancer. Therapeutic targets within the TGF-ɓ pathway includes integrin, TGF-ɓR, TGF-ɓR 

kinase, SMAD2/3 phosphorylation , and TGF-ɓ expression. Anti-integrin antibody can block 

integrin Ŭvɓ6 binding with LAP-TGF-ɓ and so prevent the release of activated TGF-ɓ. On the 

other hand, MT-1 MMP antibody can also effectively reduce the activation of TGF-ɓ by inhibiting 

the function of Ŭvɓ8. The stategiess to inhibit the TGF-ɓR including ligand traps, TGF-ɓRI kinase 

inhibitor, TGF-ɓRII kinase inhibitors. For the TGF-ɓ ligand trap, small molecules such as 

pirfenidone (PFD) and its derivatives have been found to be a ligand for the receptor. PFD has 

been approved by FDA for the treatment of IPF.64, 65 In addition, PFD is also known to be a 

potential anti-tumor agent due to its TGF-ɓ pathway inhibition.66 Peptides probes, which 

demonstrated selective inhibition effects on integrin and TGF-ɓRs, have been reported.67, 68 For 

Kinase inhibition, selective TGF-ɓR kinase inhibitors such as SB-431542 and galunisertib have 

shown to potently inhibit both cancer growth and inflammation. On the other hand, inhibition of 

p38 and SMAD phosphorylation, which suppresses TGF-ɓ up-regulation, has been achieved with 

small molecule inhibitors PD169316 and SB203580.69 

1.5.2 TNF-alpha, NF-əB pathway and inflammation 

The transcription factor NF-əB is a regulator of inflammation and immune response. NF-əB 

pathway is crucial to the survival of several cancer cells as it prevents cell death and promote cell 

proliferation by inhibiting the tumor suppressors such as p53. Several pro-inflammatory ligands 

and their receptors (cytokine receptors, pattern-recognition receptors (PRRs), TNF receptor, T-cell 

receptors) activate NF-əB pathway, including TNFR for TNF-Ŭ, TLRs for LPS and IL-1ɓ, IL-6R 

for IL-6, etc.21 It has been shown that NF-əB signaling has two separate pathways. The ócanonicalô 

pathway is stimulated by TNF-Ŭ and IL-1 or TLR, to cause induction of IəBŬ phosphorylation by 
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IKK (Fig. 1.3). IəBŬ is a protein associated with and inactivated by p50/Rel-A or p50/c-Rel dimers. 

The phosphorylation of IəBŬ promotes its degradation by ubiquitin-proteasome degradation 

pathway; the consequently released Rel-A/p50 will translocate into the nucleus and promote the 

expression of pro-inflammatory cytokines, anti-apoptosis proteins, chemokines, cell cycle 

regulators. The downstream effect of this signaling cascade is induction of tissue inflammation, 

necrosis, or tumorigenesis. For the other non-canonical NF-əB pathway, the stimulation from LTs, 

CD40L, or  BAFF, causes IKKŬ activation and the release of the p100/Rel-B dimer into the 

nucleus (Fig.1.3).70 Both pathways are responsible for inflammation, tissue necrosis, and 

tumorigenesis.  

 

Figure 1.3. Cell signaling and pathways of NF-əB-mediated inflammation.70 

Upregulation of NF-əB pathway in several cancer cells promotes proliferation, invasiveness, 

metastasis, and angiogenesis through the expression of NF-əB target genes.71 For example, the 
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expressions of Bcl-2 families of apoptosis regulators,72 caspase-8 inhibitor FLIP73 and VEGF74 are 

regulated by NF-əB. In addition, NF-əB also induces EMT which directly contributes to cancer 

metastasis.75 Thus, a targeted inhibition of NF-əB by pharmacological agents is considered a 

promising cancer therapy strategy. 

Approaches that have been investigated to achieve NF-əB inhibition include receptor inhibition, 

IKK complex inhibition, IəB degradation inhibitor, NF-əB DNA binding inhibitors, NF-əB 

translocation inhibitors, p53 induction, p65 acetylation and Nrf-2 activation. Receptor inhibitors 

such as TNFR inhibitor SGT-11 and IL-6R inhibitor Tocilizumab; IKK inhibitors such as TPCA 

1,76 BOT-64,77 BMS 345541,78 and IMD 035479; IəB degradation inhibitors such as BAY 11-

7082,80 Parthenolide,81 Lactacystin,82 MG-132,83 and MG-115;82, 84 NF-əB DNA binding 

inhibitors such as GYY 413785 and p-XSC,86 are all promising NF-əB pathway inhibitors. In 

addition to these pathway specific agents, NF-əB pathway could also be inhibited by corticosteroid 

Dexamethasone87 and ani-ROS agents such as lipoic acid88 and Dimethyl fumarate.89 

1.5.3 JAK-STAT pathway and inflammation 

Signal Transducer and activator of transcription (STAT) is an essential regulator of inflammation 

signal in the tissue inflammation. STAT family consists of seven sub-members: STAT1, STAT2, 

STAT3, STAT4, STAT5a, STAT5b and STAT6. Each member plays different role in regulating 

inflammation, proliferation, survival, and tumorigenic activities.90 In general, STAT proteins are 

activated through the receptors-ligands (Interleukins, interferon, etc) interaction that stimulates 

Janus kinases (JAKs) phosphorylation. The activated JAKs phosphorylate STAT; the dimerization 

of the phosphorylated STAT (p-STAT) results in the translocation of the p-STAT dimer into the 

nucleus where induces the transcription of STAT-target genes.  
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Figure 1.4. General cellular signaling for STAT protein activation and transcription.91 

Heterodimerization of STAT sub-members occurs in the cell and these heterodimers have different 

cellular activities (Table 1.2). Specifically, STAT1-STAT2 dimer (also STAT1-STAT1 and 

STAT2-STAT2 dimers) induces the transcription of pro-inflammatory and immunoregulation 

genes in interferon stimulated cells in response to virus and bacterial infections;92, 93 STAT1- 

STAT3 dimer induces cytokine production and inflammation or blocks the STAT1-STAT1 

activity. On the other hand, STAT3-STAT3 dimerization induces cell proliferation, anti-apoptosis, 

and invasion. STAT3-STAT3 dimerization (signaling) is upregulated in difficult to treat cancers 

such as the triple negative breast cancer (TNBC),90 HCC; lung, breast, renal, and ovarian cancers, 

and lymphomas, are STAT3-dependent.94-99 STAT3-STAT5 heterodimer also promotes 

inflammation and tumorigenesis (to be discussed more below).  In comparing to others, STAT4 
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may not directly link to inflammation and cancer. Rather, it connects with immune response for 

tissue inflammation. STAT4 could be activated by IL-12, IL-2 IL-23, IL-32, IFN-1, IL-18, IL-21 

and induce tissue inflammation and disease through immune response.100 The known 

inflammatory diseases that can be induced by STAT4 are IBDs, HBV, type-1 Diabetes etc.100 In 

addition to promoting pro-inflammatory cytokines production, STAT5-STAT5 dimer up-regulates 

Akt proteins, p85 and p110 for PI3K pathway to induce tumorigenesis and mutagenesis in several 

cancers including breast cancer, acute myeloid leukemia, prostate cancer and melanoma.101,43 

STAT3-STAT5 could act similarly as inflammation promoter with cytokine activations102 while 

by IL-4 and IL-13 activation of  STAT6 promotes its involvement in inflammatory airway 

hyperresponsiveness,103 eosinophilic infiltration,104 and responses of mast cells.105, 106  

Table 1.2. The possible heterodimers and their inflammation activator and anti-inflammation 

activators.102  
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Among all STAT sub-members, STAT3 is the most important regulator of inflammatory factors 

that feed cancer progression. Specifically, STAT3-mediated up-regulation of anti-apoptotic 

proteins Bcl-2 families and Mcl-1 resists cell death, while its upregulation of Cyclin D1 and c-

Myc causes increase cell proliferation. Over-active p-STAT3 helps cancer cells evade the immune 

system through upregulation of PD-L1 expression.108 In addition, STAT3 enhances cancer cell 

directional migration by regulating Rac1 activity109 while it promotes angiogenesis by 

transcriptionally regulating VEGF activity.110  

Therapeutic agents targeting STAT3 pathway have been well-studied as treatment modalities for 

cancers but none has been approved by FDA. Representative STAT3 inhibitors so far investigated 

include JAK kinase inhibitors, STAT3 SH2 domain phosphorylation inhibitors, nuclear 

STAT protein types Stimulators 
(Inflammation) 

Stimulators 
(Anti-inflammation) 

Heterodimerization 

STAT1 Type I IFN IL-10 STAT2 
 Type II IFN IL-27 STAT3 
 IL-6 IL-35 STAT4 

STAT2 Type I IFN  STAT1 
   STAT6 

STAT3 IL-2 IL-10 STAT1 
 IL-5 IL-27 STAT4 
 IL-6  STAT5 
 IL-23   
 MCSF   
 GCSF   
 Type-I IFN   

STAT4 IL-12 IL-35 STAT1 
 IL-23  STAT3 

STAT5 IL-2-7, IL-9, IL-15  STAT3 
 IL-21   
 M-CSF   
 GM,-CSF   

STAT6 TypeI IFN  STAT2 
 IL-3   
 IL-4   
 IL-13   
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translocation inhibitors, DNA binding domain inhibitors, and transcription inhibitors. JAK kinase 

inhibitors include AZD-1480110; SH2 domain inhibitors include Bt354,111 Osthole,112 and 

KYZ3;113 STAT3 translocation inhibitor; STAT3 DBD inhibitor methylsulfonylmethane114 as the 

VEGF promoter inhibitor, CPA-1, CPA-7115 to prevent DNA binding; Chemical inS3-54A18116 

binds to Cyclin D1 promoter and Salidroside as the MMP-2 promoter inhibitor.117 

 

1.5.4 Arachidonic acid metabolism pathway and inflammation 

Arachidonic acid is a precursor of the metabolite Prostanoids which are the lipid mediators of 

inflammatory response. Prostanoids include prostaglandins (PGs), prostacyclin (PGI), and 

Thromboxane (TX). PGs act as signals for cell-cell communications and control inflammation 

status via intracellular and intercellular signaling. There are types of PGs with different functions. 

For example, Prostaglandin E2 (PGE2) acts as a pro-inflammatory mediator which may trigger 

pain, swelling, redness and other immune responses in the injured region.118 Prostacyclin 

(prostaglandin I2, or PGI) is another prostanoid that prevents platelet formation and attenuate 

vascular contraction.119 Recently, PGI has been shown to be an anti-inflammatory mediator which 

could modulate immune system and attenuate inflammation in tissues.120  On the other hand, 

Thromboxane (TXA2)  acts in the opposite direction as it promotes platelet formation,121 

vasoconstrictor,122 and causes Prinzmetal's angina.123 In addition, TXA2 could promote 

inflammation, progression and metastasis in multiple tumors.124 
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Figure 1. 5. COX pathways and following prostaglandin products.125  

Drugs, such as corticosteroid, which inhibit PGE2 receptors, have been found to effectively block 

the inflammation process. Other PG EP4 receptor antagonists like GW627368X,126 CJ-023,423,127 

and AH23848128 have shown promising efficacy in blocking the synthesis of PGE2 or TXA2. 

Enzymes such as cyclooxygenases (COX) that control the metabolism of arachidonic acid have 

attracted attention as therapeutic targets. COX families include COX-1, COX-2, COX-3 and COX-

IV. In this family, COX-1 and COX-2 are the ones that have been well-studied as targets of 

inflammation and cancer treatment. COX-1 is a constitutively expressed enzyme with critical roles 
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in tissue protection such that it guards gastrointestinal tract with synthesis of prostaglandins 

essential for the maintenance of mucosal integrity.129 Recently however, studies found that COX-

1 is over-expressed and highly relevant to the etiology of ovarian cancer. COX-1 intersects 

multiple pro-tumorigenic pathways in high-grade serous ovarian cancer.130 In breast cancer, 

stromal cells demonstrated with a highly overexpressed COX-1 level, which may lead to 

Tumorigenesis.131 In Cervical cancer, highly expressed COX-1 was known to regulate COX-2, 

PGE2 receptors, and angiogenic factors.132 Therefore, inhibition of COX-1 may be a 

chemoprevention strategy for cancers. COX-2 is widely regarded as a destructive enzyme that is 

not active in normal conditions. COX-2 overexpression and high activities are found in injured 

tissues, fibrotic tissues and tumors. COX-2 is known to be highly active in multiple cancers 

including breast,133 prostate,134 and liver cancers.135 COX-2 promotes tumor growth, apoptosis 

resistance, and angiogenesis.136-138 Thus, COX-2 inhibition is favorable in drug discovery for anti-

inflammation and anti-cancer purposes.  

Lipoxygenases (LOXs), a class of iron-containing metalloproteins, are other enzymes that regulate 

the arachidonic acid metabolisms. LOXs catalyze the transformation of arachidonic acid to three 

types of hydroxyeicosatetraenoic acids (HETEs) ï5-HPETE or 5-HETE by 5-LOX, 12-HETEs by 

12-LOX, 15-HETEs by 15-LOX. 5-HETE is the precursor of Leukotriene LTA4, which is 

converted to lipid mediators LTB4, LTC4, LTD4, LTE4 that induce asthma and inflammation.139, 140 

Studies have found that 5-HETE and 5-HPETE stimulate the generation of superoxide in human 

neutrophils, and trigger the ROS stress.141 The product LTs are complementary pro-inflammatory 

factors to the PGE2.  Like COX, 5-LOX contributes to tumorigenesis by directly promoting tumor 

cell proliferation, growth, and survival through up-regulation of LTs.142 For example, in a colon 

cancer study, 5-LOX expression was found to be positively correlated with polyp size, 
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intraepithelial neoplasia and adenoma, suggesting that LOX may contribute to the early stage of 

colon cancer.143 On the other hand, 12-LOX expression was found to be correlated with advanced 

stages of prostate cancer,144 and an elevation of urinary levels of 12-HETE has been found prostate 

cancer patients.145 Therefore, LOXs represent another target in arachidonic acid pathway for the 

discovery in anti-inflammation and anti-cancer agents. 

Current strategy for the inhibition of arachidonic acid metabolism pathway focuses on PGs 

receptor inhibition, PGE2 production inhibition, COX inhibition, LOX inhibition. Specifically, 

PGs receptor antagonists have been widely used for anti-inflammation treatment. For example, 

Timapiprant is a prostanoid receptor 2 (DP2) inhibitor that has been used for lung inflammation 

(atopic eosinophilic asthma) and eye allergy;146 Iloprost is a PG receptor inhibitor used for 

treatment of pulmonary arterial hypertension (PAH);147 Fevipiprint is a PG DP2 receptor inhibitor 

currently in Phase III clinical trial (NCT02555683) for the treatment of asthma.148 Bimatoprost is 

a PG analog that acts to prevent the progression of glaucoma and manage the ocular 

hypertension.149 Inhibition of PGE2 production by non-steroidal anti-inflammatory drugs 

(NSAIDs) is also effective, however, several early NSAIDs are non-selective COX inhibitors. For 

example, Ibuprofen, Indomethacin, and Aspirin are NSAIDs with no COX-1/2 selective index.150 

New generation of NSAIDs showing COX-2 inhibition have been developed. For example 

celecoxib is a COX-2 selective inhibitor,150 which is still in use as anti-inflammatory drug for the 

purpose relieving pain,  swelling and rheumatoid arthritis. More recently, LOX inhibitors are 

attracting more attention for application in anti-inflammation and anti-cancer treatment. 5-LOX 

inhibitors include Meclofenamate sodium, Zileuton and Myxochelins/ pseudochelin. 

Meclofenamate sodium effectively suppresses the production of LTD4 via and attenuates 

Asthma.151 Zileuton to downregulates several LTs and is also used for managing asthma.152 
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Myxochelins/pseudochelins are newly discovered 5-LOX inhibitors that significantly suppress  

LTs production as well.153 

1.5.5 Epigenetic pathway 

 

Figure 1.6. HDACs and HATs mechanism of action in chromatin.154 

Histone acetyltransferases (HATs) and Deacetylases (HDACs) are key epigenetic enzymes that 

regulate chromatin dynamics.155 HATs acetylate the lysine residue of histones to generate óopenô 

form of chromatin that is accessible to transcription factors. Nuclear HDACs promote the reverse 

reaction to generate restricted chromatin. HDACs deacetylate other nonhistone proteins as well. 

There are eighteen HDAC isoforms grouped into four classes.156 Classes I, II and IV are zinc-

dependent amidohydrolases while class III are NAD+-dependent deacetylases. Class I consists of 

HDACs 1, 2, 3, and 8, which are mostly located in the nucleus; class IIa comprises of HDACs 4, 

5, 7, 9, and they can shuttle between the nucleus and cytoplasm. Class IIb members are HDACs 6 
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and 10, and are found in cytoplasm while the only member of class IV is HDAC 11. Class III are 

Sirtuins, consisting of SIRT1-7.  

Dysfunctions in HDACs activities could promote inflammation and immune response. For 

example, upregulation of HDAC1 and 2 activity stimulates TGF-ɓ pathway, induces EMT,157 

ECM overproduction; and promotes fibroblast-myofibroblast transformation, and cell migration. 

Also, HDACs promote the expression of cytokines such as TNF-Ŭ, IL-6, and IL-1ɓ. HDAC3 

specifically recruit the NF-əB/p65 signal through epigenetic regulation of IL-1 expression, and 

thus TNF-Ŭ induced inflammation.158, 159 HDAC1 and HDAC2 are evidenced in responsible for 

positive regulation IL-6 and STAT3 induced gene expression.160 Aberrant HDACs activities have 

also be implicated in fibrosis including liver cirrhosis, cardiac fibrosis, pulmonary fibrosis, renal 

fibrosis, and other inflammation diseases.161 HDAC inhibitors (HDACi) MS-275 and TSA 

suppress the TGF-ɓ-mediated MAPK and PI3K pathway inflammation signals with demonstrable 

downregulation of biomarkers of p-ERK and p-Akt.162 TSA also attenuates tissue inflammation 

and prevents further damage.163, 164  HDAC inhibition also regulates the STAT pathway by 

hyperacetylation of STAT proteins.165 Specifically, acetylation of STAT3 accelerates the STAT3 

translocation towards the mitochondria where the acetylated STAT3 bind to E1 subunit of pyruvate 

dehydrogenase (PDH) stimulates the conversion of pyruvate to acetyl coA to increase metabolic 

flux through the TCA cycle that will consequently stimulate energy production via oxidative 

phosphorylation.165 HDAC inhibition can also suppress tissue inflammation through inhibition of 

COX activation and PGE production.166 

The FDA and other non-US regulatory authorities have so far approved five HDACi to treat 

hematological malignancies. Vorinostat (SAHA) is approved for cutaneous T-cell lymphoma.167 

Belinostat, Chidamide, and Romidepsin are approved for peripheral T-cell lymphoma,168-170 while 
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Panobinostat is approved for multiple myeloma171 (Fig. 1.7). The standard pharmacophoric model 

of zinc-dependent HDACi consists of a zinc-binding group (ZBG), a hydrophobic linker, and a 

recognition cap group. Common ZBGs include carboxylic acid, hydroxamic acid, thiol, 

trifluoroketones and benzamide.172 To address the pharmacokinetic and pharmacodynamics issues 

plaguing early ZBGs, there has been sustained interest in identifying novel ZBGs.173 In this regard, 

natural products flavonoids (Genistein, chrysin, etc.) have been reported as HDACi with novel 

ZBGs.174 

 

Figure 1.7. Selected HDACis.  

Other researchers have reported novel ZGs as well.172, 175, 176 These new ZBGs are promising 

templates for the design of new generation of HDACi may possess targeted anti-inflammation and 

anti-cancer activities with reduced systemic toxicity. 
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1.6 Curr ent medical challenges and novel solutions for targeting inflammation pathways: 

1.6.1 Challenges with inhibition of TGF-ɓ pathway  

Inhibition of TGF-ɓ pathway anti-inflammation and anti-cancer treatment strategy has 

encountered several challenges including overt toxicity, off-target effects, and low in vivo efficacy. 

The toxicity that results from TGF-ɓ pathway inhibition is due to the vital multifaceted roles in 

normal biology. TGF-ɓ pathway maintains tissue homeostasis and repair.177 In normal tissue and 

organs, TGF-ɓ promotes tissue regeneration and repair by recruiting stem/progenitor cells.178 In 

another study, TGF-ɓ pathway was shown to induce anti-oxidative effect via suppression of COX-

2 activities in lung cancer cell.179 Thus, inhibition of TGF-ɓ may cause adverse effects.180 Five 

drug candidates targeting the upstream of TGF-ɓ pathway ï the integrin inhibition ï have been 

studied in the clinic for cancer treatment. Despite of promising data from preclinical animal 

models, the clinical outcomes have not been encouraging. Two trials (NCT01122888, 

NCT02337309) were terminated due to a lack positive outcome and the results from three trials 

(NCT00721669, NCT00284817, NCT00635193) have not disclosed to the public till date.181 Also, 

the integrin mechanism in TGF-ɓ activation and cancer is not fully understood. Even though Ŭvɓ6 

Integrin activates TGF-ɓ  pathway and promote tumorigenesis, they seem to suppress pancreatic 

cancer progression.182 So, integrin inhibition as a cancer treatment strategy remains to be clinically 

validated. 

As described in section 1.4.1 above, TGF-ɓ pathway is regulated by several other pathways whose 

individual or collective inhibition could overcome the challenges noted with integrin inhibition. 

Pleotropic small molecules that inhibit cohorts of TGF-ɓ signaling mediators have been 

investigated.  PFD, a notable example that suppresses TGF-ɓ pathway through MAPK inhibition, 
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has been approved by FDA for the management pf IPF.64, 65 The potential of PFD as anti-tumor 

agent is under active investigation.66 However, PFDôs systematic toxicity and low bioavailability 

have limited its efficacy in IPF treatment.  PFD only slows long term IPF progression with 2.47 

years life expectancy extension with no evidence of stopping the disease progression.183 

 

1.6.2 Challenges with NF-əB pathway inhibition 

NF-əB pathway is important for both normal cell and diseased cell regulation and gain of function 

mutations within this pathway is relatively rare.184,185 This has contributed to the low therapeutic 

indices of NF-əB-targeting agents. In addition, not all cancer cells are solely dependent on NF-əB 

for survival, which makes most of NF-əB inhibitors to only suppress cancer cell proliferation but 

not cause cancer cell death. Paradoxically, NF-əB inhibition may even augment the invasiveness 

of certain cancer cells as it has been observed that ovarian cancer cells could become more invasive 

with NF-əB inhibition.186  Also, NF-əB may play very important role in immunity, and NF-əB 

inhibitors could induce the impairment of NF-əB-dependent immune response and 

inflammation.184  

Nrf-2 activation is an alternative approach to achieve NF-əB inhibition.187 Activated Nrf-2 induces 

the transcription of anti-ROS genes such as HO-1, SOD, NQO1, catalase, and other anti-oxidant 

proteins. These proteins effectively suppress the signal of NF-əB and attenuate inflammation 

progression. Most importantly, the Nrf-2 activation does not impair the normal NF-əB pathway in 

the cell, and so effectively reduces inflammation with reduced adverse effects. Nrf-2 activation 

could be achieved through the inhibition of Kelch-like ECH-associated protein 1 (KEAP1). To 

date, known KEAP1 inhibitors, such as dimethyl fumarate (DMF), are electrophilic compounds 
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that form covalent bonds with its cysteine 288 and 289. 89, 188, 189 DMF has been approved for the 

treatment of relapsing multiple sclerosis and psoriasis while clinical trials evaluating its potential 

application in other inflammatory disease and cancer are ongoing.190 Piperic acid and it analog, 

piperine, are another examples of KEAP1 inhibitors whose mechanisms of action have not been 

firmly established.191 The PPA and DMF may work similarly to inhibit the KEAP1 activity. 

However, DMF and PPA lack tissue targeting and are widely distributed in the human body. The 

systemic distribution could be responsible for the adverse effects, such as abdominal pain, 

flushing, diarrhea, nausea, etc, which DMF has elicited in the clinic.192  

 

1.6.3 Challenges with COX/LOX inhibition 

Recent efforts on achieving COX inhibition has mainly focused on COX-2 selective inhibition. 

Celecoxib, a lead FDA-approved COX-2 inhibitor, is being investigated in clinical trials for the 

treatment of several cancer types including head and neck cancer (NCT04162873), bladder cancer 

(NCT02885974), TNBC (NCT04081389), malignant pleural mesothelioma (NCT03710876); 

antiangiogenic therapy for medulloblastoma, ependymoma ATRT (NCT01356290) and others. In 

previous trials, Celecoxib has been studied as a combination therapy to cancer with chemotherapy, 

due to its efficiency of COX-2 inhibition. COX-2 overexpression had been found to increase 

cancer cell drug resistance to chemotherapy, and combination of celecoxib may induce drug 

sensitivity instead. However, in previous clinical trials, HER2 positive breast cancer patients that 

were treated with trastuzumab along with Celecoxib did not experience improved efficacy.193  In 

a colorectal cancer chemoprevention study, cardiovascular risks (heart failure) was observed in 

patients taking high daily dosage of Celecoxib for a period of 3 years.194 Another study also noticed 
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Celecoxibôs cardiovascular risks.195 Valdecoxib, another COX-2 selective inhibitor, was 

voluntarily withdrawn due to the cardiovascular concerns.196   

Although the roles of COX-2 in malignant transformations are well established, COX-1 also plays 

leading roles in tumorigenesis (see section 1.5.4 for details). Unfortunately, COX-1 selective 

inhibitors are few and have yet to be well-studied to decipher the roles of COX-1 in the 

pathophysiology of cancers.197  The traditional NSAIDs COX-1 selective inhibitors encountered 

with elucidating gastrointestinal toxicity, and yet to solve the issue to date.198 Tumor-targeting 

delivery or cell-type selective COX-1 inhibitors could potentially mitigate the GI adversary effect. 

Therefore, there is a significant need for novel COX-1 selective agents.   

 

1.6.4 Challenges with STAT3 inhibition 

Inhibition of multiple effectors, including JAK kinase, SH2 Domain, and DNA binding domain, 

have been investigated for inhibitions in STAT3 pathway.199 However, the FDA has approved 

none of the drugs targeting these effectors.  The failure of current STAT3 inhibitors is largely due 

to toxicity and lack of specificity for STAT3. Despite this frustration, STAT3 still remains a 

valuable target for the discovery of anti-inflammation and anti-cancer drugs. 

 

1.6.5 Challenges with HDAC inhibition: 

Although HDAC inhibition has been clinically validated for the treatment of hematological 

malignancies, it has so far not been effective against solid tumors. The reason for the lack of 
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efficacy of HDACi against solid tumors is not fully understood. However, the fact that most 

HDACi do not accumulate within the tumor interstitium at therapeutically efficacious 

concentrations is a major culprit.154 Additionally, HDAC inhibition elicits a pleiotropic phenotype, 

primarly due to their nonselective inhibition of various HDAC isoforms and possibly other non-

HDAC targets. This non-selectivity causes reduced in vivo potency and toxic side effects. 

Regardless, reactivation of tumor-suppressor genes by HDACi is still currently being pursued as 

a potentially broad cancer treatment option.200  

 

1.7 Solutions investigated in this thesis: 

Inhibition of the major inflammation pathways enumerated herein, as anti-inflammation and anti-

cancer treatment strategy, still has great potential. Targeted inhibition ï of tumor/cancer cells, or 

the inflamed tissues ï could be a feasible solution to mitigate the off-target toxicity and systematic 

toxicity of drugs inhibiting these pathways. This thesis focused on developing cell- and tissue-

selective anti-inflammatory and anti-cancer agents that have potential to overcome the 

shortcomings of the currently available drugs. 

 

1.7.1 Macrolides as templates for targeted delivery to liver and lung tissues 

Azithromycin (AZM) and clarithromycin (CLM) are two macrolactone antibiotics that is widely 

used to treat upper respiratory tract infections.  AZM and CLM shared similar mechanism of action 

involving selective inhibition of bacterial ribosome to prevent protein synthesis.201  
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AZM and CLM are highly effective in treating upper respiratory tract infections due to their 

outstanding pharmacokinetics (PK) properties and selective distributions to the disease sites. AZM 

and CLM selectively accumulate in lung resident macrophages and other immune cells which may 

accumulate in infectious tissues.202, 203, 204 AZM and CLM also accumulate in the liver tissues as 

well. These macrolides demonstrate more than 100-fold enrichment in these tissues relative to the 

bloodstream.205-207 Evidently, AZM and CLM have intrinsic anti-inflammatory activities. AZM 

facilitates the repair of tissue injury, downregulates leukocytes activities, and the expressions of 

pro-inflammatory cytokines.208-213  CLM attenuates tissue fibrosis progression by downregulating 

the cytokines, and inhibiting the fibroblast migration through downregulation of inflammatory 

product TXA2.
214, 215 Third, AZM has been observed to selectively accumulates internally with 

epithelial cells, fibroblasts, lymphocyte, and hepatocyte.203, 216, 217 These evidences make AZM an 

excellent lung/liver targeting antibiotics with low systematic toxicity. In addition, AZM is well-

tolerated by patients as a result of its safe metabolites.208 Currently, Macroldies have been 

recognized as potential anti-inflammatory candidates in respiratory disease.218 Based on these 

attributes, AZM and CLM are ideal template molecules for the design of liver- and lung-tissues 

targeted anti-inflammation and anti-cancer agents.  

 

1.7.1.1 Macrolide-based anti-fibrotic agents 

As discussed above, PFD, as a TGF-ɓ inhibitor, showed potential and possibility in attenuating 

tissue inflammation. Tissue targeted delivery may overcome challenges associated with PFD 

clinical application, such as off-target effects and systematic toxicity. We hypothesized that 
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integration of PFD-like moiety into AZM and CLM templates would afford novel TGF-ɓ 

inhibiting anti-fibrotic agents that are selectively accumulated in the lungs and liver tissues.  

In Chapter 2, I designed and synthesized four classes macrolide-based PFD-like compounds (total 

of 28 compounds) to test our hypothesis (Fig. 1.8). We found that the selected candidates showed 

significant anti-inflammatory and anti-fibrotic effects that are more than 1,000-fold more potent 

than PFD. Specifically, among five lead agents, compound 15c is one of the most promising 

candidates based on its biological activity and chemical structure. Compound 15c is 10-fold more 

potent in inhibition of NF-əB pathway and 2,500-fold more cytotoxic to MRC5 cells than PFD. 

Also, 15c showed over 1,000-fold more potent TGF-ɓ pathway inhibition and about 1,000-fold 

more potent ECM production inhibition than PFD. From mechanism of action studies, we found 

that 15c derived its bioactivities by targeting pathways responsible for the anti-fibrotic activities 

of PFD and AZM. Collectively, these macrolide-based PFD-like compounds are excellent 

candidates for more in-depth preclinical studies as therapeutic agents for IPF.   
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Figure 1.8. General structures of macrolide-based PFD-like compounds.  

 

1.7.1.2 Macrolide conjugated with anti-oxidants as novel anti-inflammation and anti-cancer 

agents. 

In Chapter 3, to follow-up on the promising anti-IPF activities that were observed with the 

macrolide-based PFD-like compounds, I co-opted AZM and CLM as templates for the design of 

other tissue selective anti-inflammatory drugs. I used R-alpha lipoic acid (ALA), piperic acid 

(PPA), and Fumaric acid (FMA) as a model anti-inflammatory drug in this follow-up project. ALA  

is a well-known anti-inflammation agent that is ubiquitously available in the in biological milieu 

due to its involvement as a co-factor in several metabolic processes. ALA has been touted to 

possess beneficial biological properties including anti-cancer, anti-aging, anti-diabetes and anti-
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HIV activities. The anti-inflammatory activities of ALA have been made evident by its attenuation 

of PI3K/Akt pathway and inhibition of NF-kB219 and PDK1.220 PDK1 is a TCA cycle inhibitor 

which switches cell energy production from the mitochondrial respiration into aerobic glycolysis. 

In IPF or during tumor growth, the myofibroblasts or cancer cells sustain reprogramming to the 

glycolytic metabolism by elevating the PDK1.221 Therefore, ALA has potential anti-fibrotic and 

anti-cancer activities. Literature evidence further supporting the bioactivity of ALA include its 

downregulation of Bcl-xL, Mcl-1, Bcl-2, and Bax in breast cancer cells, resulting in cell 

apoptosis.222, 223 However, presumably due to its weak efficacy, ALA has neither been approved 

by FDA, nor successfully used to treat any medical condition. We hypothesized that conjugation 

of ALA to AZM and CLM could enhance its potency and impart on the resulting agents lung tissue 

and liver selective distribution property.    

Subsequently, I further extended this aspect of my research to include PPA and fumarate analogs, 

the two classes of electrophilic agents that act as NF-əB pathway inhibitors and Nrf-2 activators. 

Again, my expectation here is that conjugation of PPA and FMA analogs would enhance their 

potency and furnish lung and liver tissue targeting anti-ROS agents. Toward this end, I designed 

and synthesized 12 macrolide-derived PPA and Fumarate agents. General structures of these 

compounds are shown in Figure 1.10. 
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Figure 1.9. Structures of ALA derivatives investigated. Blue ball indicates macrolides (AZM and 

CLM). The glycosylated side arms desosamine may conjugate with lipoic acid in R position or the 

hydroxyl group with ALA in multiple types of conjugation. We also made de-cladinose derivatives 

(removal of cladinose) to investigate how this modification affects bioactivity of the synthesized 

agents.  

 

Figure 1.10. Structures of macrolide-derived PPA and FMA agents. Blue ball indicates macrolides, 

(AZM and CLM). The sugar moieties desosamine is conjugated with PPA or FMA analogs in 

positions R or the hydroxyl group. We also made de-cladinose derivatives (removal of cladinose) 

to investigate how this modification affects bioactivity of the synthesized agents.  
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In chapter 3, I designed and synthesized three classes (total 12 candidates) of AZM and CLM 

conjugated ALA, PPA, and fumarate derivatives (Fig. 1.9 and 1.10). We observed that these 

compounds have significantly enhanced cytotoxicity against multiple cancer cells and fibroblast 

cell relative to unconjugated antioxidants. In addition, we noted that many candidates showed anti-

fibrotic effects evidenced by the reduction in the ECM production.  We also found that 

representative compounds in this series more potently inhibit STAT3 pathway relative to ALA. 

Targeted STAT3 inhibition is highly desirable as a therapeutic strategy for STAT3-addicted 

cancers such as triple negative breast cancer. To further investigate the electrophilic antioxidants, 

we investigated their effects on Nrf-2 activity and found that they induced Nrf-2 activation, 

evidenced by HO-1 upregulation within 6h of exposure to cells.  Collectively, these data showed 

that macrolide-derived PPA and FMA agents are promising Nrf-2 activators and NF-əB inhibitors. 

1.7.1.3 A Novel anti-cancer macrolide. 

In addition to the richness of their biological activities, several functional groups on macrolides, 

including AZM and CLM, also display unique reactivity, largely due to the unique steric effect of 

their macrolactone moiety. In Chapter 4, we have discovered that CLM undergoes a one-step 

dehydrative cyclization when treated with mildly acidic or neutral dehydration reagents, leading 

to a dihydrofuranyl analog, df-CLM (AO-02-63). This novel compound displayed a drastically 

reduced prokaryotic translation inhibition activity and an occurrence of eukaryotic translation 

inhibition relative to the parent CLM.  



61 

 

                      

AO-02-63                                                    clarithromycin 

Figure 1.11 Structure of AO-02-63 and clarithromycin (CLM). 

The new compound showed broad-spectrum anti-cancer activity in NCI-60 panel with low 

micromolar IC50 (~2.5-5µM). Because AO-02-63 induces eukaryotic ribosome activity inhibition, 

we speculated that it could fit into the eukaryotic 80s ribosome exit tunnel, in an analogous manner 

to the interaction of CLM with the exit tunnel of the prokaryotic 50s ribosome, to block protein 

translation. More importantly, we noticed that AO-02-63 inherited the anti-fibrotic effects of CLM 

but with enhanced potency (10-fold enhancement). At 2.5 to 5µM, it repressed the ECM 

production significantly, CLM requires 50 µM to reach the same level ECM production repression. 

In further study, we noticed that AO-02-63 acts similarly to CLM to activate HDAC2 and 

downregulate the acetylation of H4.  

 

1.7.2 Novel STAT3 inhibitors 

The potential of STAT3 pathway inhibition as an anticancer strategy is being actively in 

investigated in preclinical and clinical settings. Recently, pyrimethamine (PYM) was discovered 
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as a dihydrofolate reductase (DHFR) inhibitor which also has STAT3 inhibition activity.224, 225 

PYM has been studied in clinical trials as an agent for leukemia treatment. Though no STAT3 

inhibitor has been approved by the FDA, PYM could be a synthetically tractable template for the 

synthesis of less toxic STAT3 inhibitors since it is approved for the treatment of other human 

diseases such as toxoplasmosis, Isosporiasis, and cystoisosporiasis.226-229 The biological activities 

of PYM is tolerant of modifications at the chloride moiety of PYM. Therefore, modifications of 

this moiety could be pursued to design novel STAT3 inhibitors.  

In Chapter 6, I describe the used of an in silico molecular docking tool (Autodock vina) to design 

three classes of PYM derivatives (total of 12 compounds) as putative STAT3 inhibitors that 

function by blocking the DNA binding domain of STAT3.  I synthesized these compounds and 

profiled for their STAT3 inhibition in a cell free assay. Subsequently, they were analyzed in Hep-

G2, A549, VERO, MDA-MB-231, and MCF-7 cell line. I found that class II compound 11b-d 

showed 100-fold enhanced cytotoxicity relative to PYM. More significantly, they are also 100-

fold better STAT3 pathway inhibitors. As hypothesized, the STAT3 inhibition activities of these 

compounds are largely due to their direct STAT3 DNA binding interruption.  

 

1.7.3 Novel HDAC inhibitors 

To overcome the challenges of HDACi, we have been optimizing the classic three pharmacophoric 

model ï Cap group-linker-ZBG ï that virtually all HDACi fit into. We have been incorporating 

into HDACi cap group chemotypes that have tissue and/or cell-type selectively. We have 

developed and reported different types of HDACi based on this method.230, 231, 232, 233 In this thesis, 

I developed and/or characterized novel HDACi that are selective for TNBC and HCC. 
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1.7.3.1 Dual-acting STAT3-HDACi based on PYM are selective for TNBC. 

Premised on the well-established role of HDACs in the regulation of STAT3 signaling,234, 235 we 

had earlier hypothesized that simultaneous STAT3 and HDAC inhibition will lead to more durable 

anti-proliferative effects in STAT3-addicted cancer cells. To validate this hypothesis, I synthesized 

5 compounds (Fig. 1.12) and tested them in the same set of cell lines that we tested in chapter 5. 

We noticed that these inhibited both HDAC and STAT3 pathway intracellularly. Interestingly, 

compounds 12b and 12c showed 6- to 10-fold cell-type selectivity for a STAT3-dependent, TNBC 

cell line MDA-MB-231. These data indicate that PYM-HDACi could be the bifunctional agent 

that are selective for STAT3-addicted cancer cells.  

                 

                                         PYM-HDACi derivative                             PYM 

Figure 1. 12. Dual-acting STAT3-HDACi based on PYM. The linker groups are derived from 

methylene or cinnamic groups. 

 

1.7.3.2 Glycosylated HDACi are selective for HCC. 
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Warburg effect is well-known as the main energy supply method for cancer cells. Since cancer 

cells favor metabolism via glycolysis rather than oxidative phosphorylation pathway, sugar up-

take and consumption rate is much higher in cancer cells than normal cell lines. To take an 

advantage to this effect, we hypothesized that integration of glucose or mannose into the surface 

cap group (recognition group) of prototypical HDACi will furnish agents that will be selectively 

up-taken by cancer cells. GLUT2, a glucose transporter that is overexpressed in hepatocyte and 

liver cancer cell lines,236, 237 could facilitate a selective uptake of glycosylated HDACi into HCC 

cells to elicit selective HCC cells toxicity.  

 

D-glucose derivatives                                D-mannose derivatives 

Figure 1.13.  Glycosylated HDAC inhibitors structures. R stands for various types of HDAC 

inhibitors with different types of linkers.  

In Chapter 7, I described results from characterization of the anti-proliferative activities and 

mechanism of action of 19 glucose-, mannose- and desosamine-derived HDACi. We found that 

these compounds are selectively cytotoxic to several HCC cell lines due to GLUT2-mediated 

uptake. Specifically, glucose derivative STR-V-53 is significantly more selective for HCC cells. 

In collaboration with the Petros Lab at Emory University, we found that STR-V-53 is non-toxic 

to healthy mice (MTD > 100 mg/kg) and effectively suppressed tumor growth in orthotopic murine 

model of HCC. In addition, we identified desosamine (STR-V-165) and mannose (STR-I-195) 
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derivatives as back-up compounds. Collectively, these glycosylated HDACi are promising anti-

HCC agents.  

 

1.8 Conclusion 

Inflammation is strongly linked to several serious chronic diseases that remained to be effectively 

managed in the clinic. Death rates from several of these diseases, including IPF, liver cirrhosis, 

gastric inflammation, etc., are very high. There are copious evidences that implicate several of 

these diseases in malignant transformations as key pro-inflammatory signals, including TGF-ɓ 

pathway, NF-əB, STAT pathway, arachidonic acid metabolism, and epigenetic regulations, play 

essential roles in tumorigenesis. Several pharmacological agents that are currently in use for the 

treatments of chronic diseases and tumors are sub-optimal, as most are systemic agents that are 

plagued with overt toxicity and poor distribution at disease sites. In this thesis, I described plausible 

tissue targeted and/or pathways selective approaches may overcome the challenges the current 

agents. Cohorts of compounds disclosed in this work merit further investigation to elucidate their 

potential as new generation of targeted therapeutic agents for the treatment/management of 

fibrosis, inflammation, and cancers. 
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Abstract:  

Idiopathic pulmonary fibrosis (IPF) is a chronic and fatal disease that progressively declines the 

lung function. The FDA approved drugs - pirfenidone (PFD) and nintedanib ï are suboptimal in 

the management of PFD largely due to their toxic side effects, low potency, cost ineffectiveness 

and minimal beneficial effect on the patientsô survival rate.  We described herein four classes of 

macrolide-based anti-fibrotic agents designed, using a structure-based approach, from PFD and 

azithromycin and clarithromycin as macrolide templates. These agents are designed to exploit 

the excellent PK and selective lungs and/or liver tissues distribution activities of these macrolide 

templates to arrive at novel anti-fibrotic agents that may selectively accumulate within these 

tissues. We synthesized twenty-eight compounds and tested their effects on the viability of four 

cell lines ïMRC-5, A549 Hep-G2 and VERO. We observed that compounds 10c, 11c, 11b, 15c, 

20e inhibited the proliferation of these cell lines with IC50 range of 2.5-10µM. Additionally, 

these compounds potently inhibit NF-əB and TGF-ɓ pathways with potency enhancement as 

high as 1000-fold relative to PFD or the unmodified macrolide templates. Compounds 15c 

showed an optimum inhibition and/or downregulation of the fibrosis markers (FN-1, MMP-9, 

COL1A1, Ŭ-SMA) that we investigated at low micromolar IC50. The next best compounds are 

10c, 11c and 20e. Collectively, these compounds are excellent candidates for future preclinical 

studies focused on the evaluation of their potential as tissue-selective anti-fibrotic effects in in 

vivo models of IPF and liver fibrosis.  
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2.1 Introduction  

Pulmonary fibrosis is the thickening and scarring of the connective tissues in the lungs, which 

can be induced by pulmonary injuries and inflammation caused by exposure to chemicals, 

environmental pollutants, smoking, age-related dysfunctions, infections, and other risk factors. 

Idiopathic pulmonary fibrosis (IPF) is the most common interstitial lung disease (ILD).1 IPF is a 

chronic and fatal disease which progressively declines the lung function.2 The cause of IPF is 

ambiguous, and the disease affects 50 per 100,000 people worldwide.3 In the US, the prevalent 

rate of IPF is around 18.2 cases per 100,000 annually, and the incident rate is 5.8 cases per 

100,000.4 In Europe, IPF prevalent rate is around 1.25 to 23.4 per 100,000, and the incidence IPF 

is around 0.22 to 7.4 per 100,000.5 The prognosis of IPF is the worst among ILD, and its median 

survival range from 2-5 years.1 A study has shown the IPF has only 28% 5-year survival rate 

which is much lower than many types of cancers.6, 7 In a 2018 study in UK that analyzed data 

from 2002 to 2012, it was found that IPF incidence rates have increased since 2000 and survival 

remains poor.8  

The pathophysiology of IPF has been well studied. IPF is sustained by inflammation caused by 

chronic injury which promotes inflammatory cytokines release and the accumulation of these 

cytokines in the bronchial tubes and airways. Consequently, epithelial fibroblasts are stimulated 

by these cytokines to induce epithelial-messenchymal transition (EMT),9 resulting in the 

transformation of the fibroblasts to myoblasts overexpressing collagen, actin, fibronectin, MMPs 

and many other profibrotic extracellular matrix (ECM).10 TGF-ɓ pathway activation is one of the 

major initial steps in the progression of fibrosis.11 Studies have shown that TGF-ɓ1 plays 

important roles in activating ECM production,10 EMT,12 crosslinking to other inflammatory 
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pathways including MAPK pathway,13 NF-əB pathway,14 Hippo pathway,15 STAT3 pathway 

activation16, 17 and many others. Typically, NF-kB activation is involved in tissue inflammation 

and necrosis through the transcription of pro-inflammatory cytokines including IL-1, IL-2, IL-6, 

IL -8, IL-12, TNF-Ŭ; chemokines including CXCL1, CXCL10, and IL-18; proinflammatory gene 

expression for stimulation of immune cells such as M2 phase polarization of macrophages to 

cause tissue necrosis.18, 19 TGF-ɓ regulated STAT3 activation is essential to IPF via multiple 

mechanisms as well. Upregulation of p-STAT3/STAT3 ratio is required in TGF-ɓ1 stimulation 

to promote EMT transition.20 Inhibition of TGF-b downregulates ECM accumulation, attenuates 

tissue fibrogenesis, and prevents further tissue necrosis. Thus, TGF-ɓ is an ideal therapeutic 

target for IPF treatment. 

Efforts at developing small molecules for the treatment of IPF have furnished several clinical 

candidates, targeting several pathways.21 However, only pirfendione (PFD) and Nintedanib have 

been approved by FDA. PFD is widely used by IPF patients as it improves lung function over 

long-term treatments.22, 23 However, the latest survival data revealed that PFD treatment caused 

only a limited improvement in 5-yr survival (55.9%) vs placebo (31.5%).24 This pricy drug (avg. 

92,000 USD/year) does not completely reverse disease progression; and systemic exposure to 

PFD causes adverse drug reactions (ADRs), including severe skin burn-like rash, 

photosensitivity, and gastrointestinal disorders, in treated patients. PFD has a relatively poor 

pharmacokinetic (PK) properties,25 necessitating 3-9 times daily intake of high dosage (600 mg 

to 2.4 g) to maintain effective concentration in patientôs plasma.26 The adverse effects 

experienced by patients on PDF therapy and itôs poor PK properties could be linked to the high 

rate (28.7% ) of therapy discontinuation.27  Efforts have gone into the design of new PFD 

analogs with improved on-target effects and enhanced half-life.28 However, none of these PFD 
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analogs has proven superior so far. Therefore, there is an unmet medical need for effective 

treatment/management modalities for IPF. 

Macrolides azithromycin (AZM) and clarithromycin (CLM) are two macrolactone antibiotics 

that is widely used to treat upper respiratory tract infections.  They shared similar mechanism of 

action with selective target of bacterial protein synthesis by inhibiting the prokaryotic ribosomes 

activity.29 More than selectivity to bacteria, AZM and CLM also perform outstanding 

pharmacokinetics (PK) properties and selective distributions to the disease sites, which could be 

highly effective in treating upper respiratory tract infections. Evidences found that they could 

selectively accumulate in lung resident macrophages and other immune cells which may 

overgrow in infectious lung tissue.30, 31, 32 AZM and CLM also accumulate in the liver tissues as 

well. Compare to the bloodstream, the macrolides showed more than 100-fold enrichment in 

these tissues.33-35 In addition, evidently, AZM and CLM also behave with intrinsic anti-

inflammatory activities. For instance, AZM assistants the repair of tissue injury by attenuating 

the leukocytes activities and the expressions of pro-inflammatory cytokines.36-41  Recently, AZM 

has been observed to selectively accumulates internally with epithelial cells, fibroblasts, 

lymphocyte, and hepatocyte.31, 42, 43 These evidences make AZM an excellent lung/liver targeting 

antibiotics with low systematic toxicity. In addition, AZM is well-tolerated by patients as a result 

of its safe metabolites.36 On the other hand, tissue fibrosis progression could be effectively 

controlled by CLM with downregulating the cytokines and the fibroblast migration through 

downregulation of inflammatory product TXA2.44, 45 Currently, macrolides have been recognized 

as potential anti-inflammatory candidates in respiratory disease.46 Based on these attributes, 

AZM and CLM are ideal template molecules for the design of liver- and lung-tissues targeted 

anti-inflammation and anti-cancer agents.  
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2.2 Results 

2.2.1 Design and molecular docking 

We hypothesized that the integration of PFD-like moiety into AZM and CLM templates would 

afford novel TGF-ɓ inhibiting anti-fibrotic agents that are selectively accumulated in the lungs 

and/or liver tissues. To test our hypothesis, we designed four classes of macrolide-based PFD-

like (macrolide-PFD) compounds with methylene (class I), aryltriazolyl (class II), triazolyl (class 

III) and alkynyl (class IV) linkers connecting the para-position of PFDôs phenyl moiety to the 

amino group desosamine moieties of AZM and ZLM (Fig. 2.1). Our design is based on 

molecular docking analysis of the interaction of PFD with its targets ï ALK -5 and MAPK p38. 

We expect that this design approach will furnish macrolide-PFD compounds that optimally 

present the PFD moiety to the active sites of its targets ï MAPK p38ɔ and TGF-b receptor ALK-

5 ï while minimizing potential steric clash that the macrolide moiety might present if it is in the 

proper distance to the PFD moiety.  PFD is known as a pleiotropic small molecule that could 

inhibit multiple targets of TGF-ɓ1 pathway.  First, PFD is a MAPK p38ɔ inhibitor and thus the 

macrolide-PFD should maintain the property if the linker design is proper. Also, PFD could be 

the p38Ŭ inhibitor, and the docking of PFD derivatives towards p38Ŭ has been studied in 

previous study that the PFD moiety of the novel agents interacts with Met-101 and Glu-110.28 In 

addition, PFD is known to be ALK-5 inhibitor in blocking TGF-ɓ ligand binding. ALK-5 

docking of pirfenidone derivatives was also interpreted in previous study that the Pyridone 

moiety is binding into the hydrophobic region of the active site of ALK-5.47  
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Figure 2.1. Designed macrolide-based PFD-like compounds (a). AZM and (b). CLM with four 

types of linkers (highlighted in blue).  

We used molecular docking to obtain preliminary in silico evidence of the accommodation of   

macrolide-PFD compounds at the p38 and ALK-5 active sites and guide the modification to the 

linker regions in order to identify candidates with optimal binding affinities. Molecular docking 

was performed as using Autodock Vina run through PyRx.48 PFD, AZM, CLM and the 

macrolide-PFD compounds (Fig. 2.2) are docked against crystal structures of p-p38ɔ 

(PDB:1CM8), p38Ŭ (PDB: 3HP2), and ALK-5 model (PDB: 5USQ) is gained from Protein Data 

Base (PDB).49 In similar manner to the unmodified PFD, the pyridone moiety of PFD of all 

compounds maintains invariant binding with the active site hydrophobic pocket of the p-p38ɔ 

interacting with Val-33, Ile-87, Met-109, Phe-111, Met-112, Gly-113, Thr-114, Asp-115, Ala-

160, Leu-170; while the linker and macrolide moiety sterically block the Mg from interacting 
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with any phosphorylated substance (Fig. 2.3a). However, even though all representative 

candidatesô PFD moiety of also binds to the p38Ŭ at the active site interacting with Met-109 and 

Gly-110 (Fig. 2.3b), the binding affinities are not much enhanced compared to p-p38ɔ (Table 

2.1). In binding to ALK-5 (Fig. 2.4). Among each class, the key difference is in the orientation of 

the macrolide moieties that is influenced by the type and the length of the linker groups. 

Interestingly, we also noticed that these macrolide-PFD compounds bind to p-p38ɔ and ALK-5 

with significantly increased binding affinities relative to unmodified PFD or AZM/CLM (Table 

2.1, Table S2.1 and S2.2). The docking outputs are described herein for a representative member 

of each class of the macrolide-PFD compounds (11c, 13c, 15c, 20e) that optimally interacts with 

either target based on binding orientation and docking scores.  
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Figure 2.2. AZM representative structures of class I-IV for molecular docking. (a). Structure of 

11c. (a). Structure of 11c. (b). Structure of 13c. (c). Structure of 15c. (d). Structure of 20e. 

a. 
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Figure 2.3. Molecular docking analysis of macrolide-PFD compounds at the active site of p-p38ɔ 

(1CM8) and p38Ŭ (3HP2). (a). 1CM8 interacting with PFD and Macrolide-PFD at the Mg site: (i). 

unmodified PFD trapped into the hydrophobic pocket of the active site. (ii). 11c binds with the 

active site of the p-p38 with hydrogen bonding (Ala-40, Arg-70, and Mg-402) with AZM moiety. 

(iii) and (iv) showed binding orientation of the macrolide-PFD 11c and 13c on the surface of p-

p38 (red indicates hydrophobicity, white indicates hydrophilicity). (v). with no triazole ring, 

compound 15c showed different orientation of binding that the cladinose ring is interacting with 

Glu-74. (vi) and (vii) 15c shares the same orientation as 20e on the binding orientation.  (b). PFD 

and macrolide-PFD binding to p38Ŭ at the active site, where the left is the molecular interaction, 

and right is the surface presentation reveals hydrophobic character of the active site of p38. (i) 

PFD is accomodated at p38 active site via crucial H-bonding interaction with MET109 and 

GLY110; right corner ï surface presentation reveals hydrophobic character of the active site of 

p38. (ii to v). Representatives 11c, 13c, 15c, and 20e binding to p38.  

a. 
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Figure 2.4 Molecular docking analysis of macrolide-PFD compounds at the active site of ALK-5 

(5USQ). (a) PFD and Representative macrolide-PFD bind to ALK-5. (i). On the left, unmodified 

PFD binds to hydrophobic pocket of ALK binding site.  (ii) Candidate 11c interacts with amino 

acids (Asp-290 and Asp-351) on the surface of the ALK-5 with Hydrogen bonding. (iii). Candidate 

13c interacts with amino acids (Asp-290 and Asp-351) on the surface of the ALK-5 with Hydrogen 

bonding. (iv). Candidate 15c interacts with amino acids (Lys-213) on the surface of the ALK-5 

with Hydrogen bonding. (v). Candidate 20e interacts with amino acids (Ile-211, Asp-290, and Asp-

351) on the surface of the ALK-5 with Hydrogen bonding. (b). (i) the representatives have the 

same binding orientation of unmodified PFD except (ii) compound 20e. 
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 1CM8 (kcal/mol) 3HP2 (kcal/mol) 5USQ (kcal/mol 

11c -9.9 -8.8 -9.2 

13c -10.4 -8.3 -9.2 

15c -9.4 -8.0 -8.5 

20e -9.5 -7.9 -8.7 

PFD -7.6 -7.0 7.6 

AZM -7.4 -5.5 -5.9 

CLM -6.5 -5.1 -5.3 

Table 2.1. The binding score output of the representatives on 1CM8, 3HP2, and 5USQ.  

 

2.2.2 Chemistry: 

Compounds 1a-c, the key intermediates in the synthesis of class I and III compounds were 

synthesized through Cu(I)-mediated coupling of commercially available 5-methyl-2-pyridine and 

bromophenyl alcohols.  Treatment of 1a-c with methanesulfonyl chloride afforded mesylated 

compounds 2a-c. The reaction of 2a-c with sodium azide in DMF at elevated temperatures, 

furnished azide 3a-c (Scheme 2.1). Desmethylclarithromycin 4 and desmethylazithromycin 7, 

the templates for the synthesis of class I compounds was obtained AZM and CLM using 

published protocol.50 The reactions of 4 and 5 with 4-ethynylbenzyl methanesulfonate furnished 

5, 6, 8 and 9, the template compounds for the synthesis of class II and III compounds (Scheme 

2.2).  The copper(I)-catalyzed cycloaddition reaction of azide 3a-c with template macrolides 5, 6, 

8 and 9 facilely furnished class I-II compounds 10a-c, 11a-c, 12a-c and 13a-c (Scheme 2.3a-d). 



97 

 

The reactions of 4 and 7 with mesylated compounds 2a-c in a CH3CN/DMSO (2:2ml) co-solvent 

in the presence of Hunigôs base at elevated temperatures furnished class III compounds 14a-c 

and 15a-c respectively (Scheme 2.3e-f). To synthesize class IV compound, the 5-methyl-2-

pyridone was coupled with 1-iodo-4-methoxybenzene using the same condition as in step a of 

Scheme 1 to afford compound 16 which was subsequently demethylated with boron tribromide 

at -30 to 0ºC to give compound 17. Compound 17 was first triflated and then coupled by 

Sonogashira coupling of this triflyl analog with alkynyl alcohols (n = 1-5) gave alcohols 18a-e. 

Mesylation of 18a-e was achieved by reacting with methanesulfonyl chloride and the reaction of 

these mesylates with compound 4 and 7 in a CH3CN/DMSO (2:2ml) co-solvent in the presence 

of Hunigôs base at elevated temperatures furnished class IV compounds 19a-e and 20a-e 

respectively (Scheme 2.4). All compounds were characterized using 1H NMR, 13C NMR, and 

mass spectroscopy prior to biological testing. 

 
Scheme 2.1. Pirfenidone derivative intermediates synthesis process. (a). CuI, 8-

hydroxyquinonine, K2CO3, DMSO, 120°C, 24 h. (b). methanesulfonyl chloride, Triethyl amine, 

DCM, -20°C, 1hr. (c). Sodium azide, DMF, 80°C, overnight. 
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Scheme 2.2. Synthesis of macrolides intermediates. (a) 4-Ethynylbenzyl methanesulfonate, 

Hunigôs base, DMSO, 70ÁC, 4 h. (b). Prop-2-yn-1-yl methanesulfonate, Hunigôs base, DMSO, 

70°C, 4 h. 
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Scheme 2.3. Synthesis of class I-III macrolide-PFD compounds. (a) 5, CuI, Hunigôs base, THF, 

r.t., overnight. (b) 8, CuI, Hunigôs base, THF, r.t., overnight. (c) 6, CuI, Hunigôs base, THF, r.t., 

overnight. (d). 9, CuI, Hunigôs base, THF, r.t., overnight. (e) 4, Hunigôs base, CH3CN/DMSO 

(2:2ml), 75-80°C, overnight. (f) 7, Hunigôs base, CH3CN/DMSO (2:2ml), 75-80°C, overnight. 
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Scheme 2.4. Synthesis of class IV macrolide-PFD compounds. (a) CuI, 8-hydroxyquinonine, 

K2CO3, Toluene, 120°C, 12 h. (b) Boron tribromide, -20oC to r.t., DCM, MeOH. (c) 

Trifluoromethanesulfonic anhydride, pyridine, DCM, -20°C, 40 min. (d) CuI, Pd[P(C6H5)3]4, 

Hunigôs base, CH3CN, 75°C, overnight. (e) Methanesulfonyl chloride, Et3N, DCM, -20°C, 1 h. 

(f) 4 or 7, Hunigôs base, CH3CN/DMSO, 75-80°C, 24 h.  

 

2.2.3 Cell cytotoxicity study 

As a cost-effective approach to identify lead compounds for intracellular target validation, we 

first screened all of the synthesized compounds, PFD (positive control), template macrolides 
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(AZM and CLM) and combination of PFD and template macrolides against four cell lines: A549, 

VERO, Hep-G2 and MRC-5 in an MTS assay (Tables 2.1-2.4).  

 

Table 2.1. Effect of class I compounds on cell viability. Structures of class I compounds 10a-c and 

11a-c are shown atop of the Table. 

 

 
MRC-5 

(µM) 

VERO 
(µM) 

A549 
(µM) 

Hep-G2 
(µM) 

10a 12.3±1.8 5.1±0.2 11.1±2.7 20.3±1.0 

10b 13.1±1.2 14.2±0.3 35.3±1.5 28.1±1.8 

10c 11.6±0.3 12.4±0.2 10.9±0.4 36.4±6.6 

11a 13.4±0.1 16.2±2.8 18.4±4.4 11.1±0.3 

11b 13.3±0.9 22.6±4.9 15.8±3.0 21.8±0.4 

11c 5.7±0.1 5.9±0.1 5.0±0.2 2.6±0.1 

 

 

 

Table 2. 2. Effect of class II compounds on cell viability. Structures of class II compounds 12a-c 

and 13a-c are shown atop of the Table. 
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MRC-5 

(µM) 

VERO 
(µM) 

A549 
(µM) 

Hep-G2 
(µM) 

12a 102.6±0.8 153.2±19.0 118.3±28.4 116.5±16.0 

12b 84.0±4.5 104.5±20.3 115.9±4.1 121.7±3.7 

12c 32.8±5.1 33.3±1. 9 28.7±3.4 44.8±3.6 

13a 121.0±14.1 121.6±19.4 265.1±4.0 233.6±31.1 

13b 172.1±26.9 150.6±30.6 143.5±24.5 163.4±1.6 

13c 36.1±6.1 53.2±0.1 35.2±5.4 27.7±3.3 

 

 

Table 2. 3. Effect of class III compounds on cell viability. Structures of class III compounds 14a-

c and 15a-c are shown atop of the Table.   

 
MRC-5 

(µM) 

VERO 

(µM) 

A549 

(µM) 

Hep-G2 

(µM) 

14a NI NI NI NI 

14b 119 NI NI NI 

14c 15.7±2.3 19.1±3.7 16.3±1.6 30.9±1.4 

15a 55.8±1.9 47.2±0.4 47.2±5.1 33.0±5.4 

15b 36.1±3.3 30.3±5.2 40.8±4.0 27.2±2.3 

15c 5.9±0.1 23.9±1.7 43.2±5.7 52.2±1.0 
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Table 2.4. Effect of class IV compounds and controls (PFD, AZM, CLM, and combinational 

treatment of PFD+AZM or PFD+CLM) on cell viability. Structures of class IV compounds 19a-e 

and 20a-e are shown atop of the Table 4.   

 
MRC-5 

(µM)  
VERO 
(µM)  

A549 
(µM)  

Hep-G2 
(µM) 

19a 82.6±0.3 55.5±2.6 44.1±10.8 50.7±3.0 

19b NI 130.4±21.2 59.9±0.8 60.9±9.0 

19c 15.2±0.1 55.5±0.4 58.6±1.4 24.0±1.2 

19d 28.9±1.9 24.3±0.1 35.4±2.1 32.0±0.1 

19e 24.2±0.6 13.2±0.7 23.8±2.1 23.7±2.0 

20a 23.3±3.3 71.4±6.3 55.9±6.4 53.4±3.3 

20b 19.1±2.6 28.5±1.8 31.2±4.8 24.8±1.7 

20c 41.7±0.1 36.4±3.8 42.7±8.4 45.2±7.4 

20d 5.5±0.2 16.2±3.1 15.5±1.1 12.7±1.3 

20e 2.2±0.1 4.7±0.3 6.1±0.3 2.8±0.0 

PFD 5302.0±177.9 10788±0.6 5409±241 10920±1090 

AZM  127.0±1.0 222.0±18.1 203.5±4.5 85.3±0.9 

CLM  138.1±1.1 NI NI 130.5±0 

PFD+AZM  54.2±7.2 136.1±2.6 136.4±8.6 102.7±2.6 

PFD+CLM  101.5±0.5 211.7±32.5 NI 96.2±0.0 

 

 

We investigated MRC-5, a lung fibroblast cell line, because it is the well-used cell line for 

evaluating in vitro anti-fibrotic effects of small molecules as it facilitates ECM production and 

cytokine release after TGF-ɓ stimulation.51-54 Additionally, due to strong linkage between 
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progression of IPF and liver fibrosis to lung and liver cancers,55-58 we also tested the effects of 

our compounds against A549 and Hep-G2, lung adenocarcinoma and hepatocellular carcinoma 

(HCC) cell lines respectively. Non-transformed monkey kidney epithelial cells (VERO) were 

used as a representative positive control.  

Against MRC-5 cells, we found that cytotoxicity of the macrolide-PFD compounds generally 

increases with increase in the length of the methylene group of the linker moieties for all 

compound class, with four or five methylene groups being optimum (Tables 2.1-2.4). 

Compounds 19b and 20c are exceptions to this trend. Comparing the template macrolides, we 

found that AZM derivatives are relatively more potent than their CLM congeners for class III 

and IV compounds (Tables 2.3 and 2.4). Relative to PFD, the standard of care for IPF, all of our 

compounds are 100-2,500-fold more potent. The template macrolides AZM and CLM are also 

cytotoxic to MRC-5 cells but they are 5 to 50-fold less potent than our potent compounds 

(compare 14c vs CLM; and 15c, 20e vs AZM). To investigate if simultaneous treatment of PFD 

and template macrolides has comparable effects as the macrolide-PFD compounds, we treated 

cells with combination of equal concentrations of PFD+AZM and PFD+CLM. We found that the 

combinations did not result in significant enhancement of potency relative to AZM and CLM as 

single agents (Table 2.4). These results suggest that macrolide-PFD compounds are significantly 

more potent than their template PFD and macrolides as either single agents or combination 

thereof.  

The methylene linker length-dependency largely holds for the effects of these compounds against 

A549, Hep-G2 and VERO cells. Among the synthesized compounds, we found class III 15c is 4-

9-fold more selective for MRC-5 relative to VERO and the two cancer cell lines tested. This 

suggest that 15c could be a lead candidate for target validation and in vivo efficacy studies.  
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2.2.4 Effect of lead macrolide-PFD compounds on NF-əB pathway 

NF-əB pathway plays essential role in tissue fibrosis as it is stimulated by tissue injury-mediated 

upregulation of pro-inflammatory cytokine TNF-Ŭ. The activated NF-əB contributes to 

fibroblast-myofibroblast transformation and induces the active mode of ECM production. It has 

been found that NF-əB controls the tissue inflammation process and affects the behaviors of 

immune system. Thus, inhibition of NF-əB pathway has been found to lead to suppression of 

tissue inflammation. Specifically, parthenolide, a small molecule NF-əB inhibitor, was found to 

be effective in the attenuation of interstitial lung inflammation.59, 60 Also, the NF-əB inhibition 

activity of PFD has been linked to its effect in decreasing the transcriptional activation of the 

iNOS gene promoter to suppress the production of pro-inflammatory NO.61 Thus, it would be of 

value to investigate and compare the effects of macrolide-PFD compounds relative to PFD on the 

NF-əB pathway.   

In collaboration with Jia-Dong Li lab at Georgia State University (GSU), we tested the effects of 

representative compounds (based on cell cytotoxicity) on NF-əB transcriptional activity using an 

NF-əB Luciferase reporter assay (Fig. 2.5). The macrolide-PFD compounds and template 

macrolides AZM and CLM were screened at 5 µM while PFD was screened at 5 and 100 µM in 

PFD. We noticed that PFD showed no inhibition at 5 µM, while at 100 µM it caused a significant 

inhibition NF-əB activity. AZM showed significant inhibition in NF-əB pathway while CLM did 

not inhibit the pathway at 5 µM. Among the macrolide-PFD compounds tested, we found that 

10b, 10c, 12b, 12c, 13a, 15c, 19a, 19d, 20d showed significant NF-əB inhibition at 5 ÕM.  

Based on these findings, we postulated that AZM template may contribute significantly to the 

strong NF-əB inhibition activity of the AZM-derived macrolide-PFD compounds. In contrast, 
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CLM did not contribute to NF-əB inhibition while its derivatives 10c, 14c, 19d showed 

significant NF-əB inhibition. Therefore, for the CLM-derived macrolide-PFD compounds, the 

PFD moiety may be a significant driver of the NF-əB inhibition activity. Collectively, 

compounds 10c, 15c, 20e are highly interesting candidates as they showed anti-fibrotic and anti-

cancer activities in addition to inhibiting NF-əB transcriptional activity. 

 

 
 

 
 

Figure 2.5.  Effect of tested agents on NF-kB transcriptional activity at 5 µM 
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2.2.5 Effect of macrolide-PFD compounds on Pro-COL1A1 expression 

The ECM contains the essential components that contribute to tissue fibrosis and stiffness. 

Specifically, protein collagen I (COL1A1) is the key protein responsible for fibrosis. In normal 

tissue under ROS and injury, COL1A1 constructs the tissue with scar healing, while in chronic 

injury, the collagen expression turned into a continuous expression which induces tissue fibrosis 

and necrosis. Thus, COL1A1 expression inhibition is one of the direct evidence of tissue fibrosis 

inhibition. PFD, the standard care for IPF showed significant COL1A1 expression inhibition at 

IC50 dosage62. AZM also caused downregulation of COL1A1 at about 100µM range.63 Therefore, 

we investigated if the macrolide-PFD compounds could inhibit the intracellular expression of 

COL1A1. We used a pro-COL1A1 expression ELISA assay kit supplied by Abcam (ab210966). 

Compounds were tested at 1/10th IC50 and IC50, and we observed that they showed concentration-

dependent inhibition. Specifically, compounds 10b, 10c, 11a, 12b, 15c, 14c, 19a, and 20e 

showed effects in this assay as they caused 20-55% downregulation of pro-COL1A1 expression 

at 1/10 IC50 or IC50 concentration after 24 h treatment, whereas PFD to be dosed at 2.5 mM 

concentration to have similar effect (Fig. 2.6). This data suggests that these macrolide-PFD 

compounds could suppress ECM production intracellularly. 
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Figure 2.6. Effect of macrolide-PFD compounds on the production of soluble pro-collagen at 

various concentrations. 

 

2.2.6 Effect of lead macrolide-PFD compounds on TGF-ɓ pathway  

As mentioned previously, TGF-ɓ1 plays a key role in IPF progression. PFD is a TGF-ɓ1 

pathway inhibitor that prevents SMAD2/3-mediated production of ECM and several cytokine 

mRNAs. Since we used in silico tools to design the macrolide-PFD compounds to inhibit TGF-b 

receptor ALK-5, we expect that these compounds will inhibit TGF-ɓ1 pathway in analogous 

manner to the template PFD. So, we used a Promega TGF-ɓ1 luciferase reporter assay kit 

(CS2018F03) to examine the effect of our compounds and PFD TGF-ɓ1 activity. We first 

scanned the effect of selected compounds (10a, 11a-b, 20e, PFD, AZM and CLM) at two 

concentrations (1x IC50 and ½ IC50) and found that compound 10a, 20e and PFD showed 

significant TGF-ɓ1 pathway inhibition at these concentrations while other tested compounds, 

including AZM and CLM, did not show TGF-ɓ1 inhibition activity (Fig. 2.6a). Based on this 

data, we then expand this study to probe the dose-dependent effects of more compounds that 
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showed both strong cell cytotoxicity and anti-fibrotic and anti-inflammation effects in MRC-5 

cell. We found that all selected candidates (10c, 11c, 14c, 15c) inhibited the transcriptional 

activity of TGF-ɓ1 with IC50s 5-10 µM, while PFD showed IC50 1.92 mM (Fig. 2.6b).  Through 

the experiment, we confirmed that the representative macrolide-PFD compounds inhibit TGF-ɓ1 

pathway signaling, key intracellular pro-fibrosis pathway, with 200- to 500-fold enhanced 

potency relative to PFD. The TGF-ɓ1 inhibition activity of the macrolide-PFD compounds does 

not come from the macrolide templates since AZM and CLM are devoid of TGF-ɓ1 inhibition 

activity. The TGF-ɓ1 inhibition activity of the macrolide-PFD compounds is exclusively through 

their PFD moiety. Therefore, covalent linkage to macrolides (in the context of the macrolide-

PFD compounds) facilitates the increased TGF-ɓ1 pathway inhibition effect of the PFD moiety. 

 

A. Evaluation of the effects of representative compounds on TGF-ɓ activity at İ IC50 and IC50 
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B. Dose-dependent effects of representative compounds on TGF-ɓ activity  



111 

 

-1.0 -0.5 0.0 0.5 1.0 1.5

0

50

100

150

10C

Log conc.

%
 o

f 
T

G
F

-b
 a

c
ti

v
it

y IC50=10.15mM

-1.0 -0.5 0.0 0.5 1.0 1.5

0

50

100

150

15C

log conc.

%
 o

f 
T

G
F

-b
 a

c
ti

v
it

y IC50=7.05mM

-1.0 -0.5 0.0 0.5 1.0 1.5

0

50

100

150

11C

log conc.

%
 o

f 
T

G
F

-b
 a

c
ti

v
it

y

IC50=5.96mM

 

-1.0 -0.5 0.0 0.5 1.0 1.5

0

50

100

150

14C

Log con.

%
 o

f 
T

G
F

-b
 a

c
ti

v
it

y IC50=6.005mM

-1.0 -0.5 0.0 0.5 1.0

0

50

100

150

PFD

Log conc.

%
 o

f 
T

G
F

-b
 a

c
ti

v
it

y IC50=1.92mM

 

Figure 2.7.  Effect of macrolide-PFD compounds on TGF-ɓ activity using Luciferase Gene-

reporter assay kit. (A) Evaluation of the effects of representative compounds on TGF-ɓ activity at 

½ IC50 and IC50. (B) Dose-dependent effects of representative compounds on TGF-ɓ activity. 

 

 

 

2.2.7 Intracellular target validation study 

We used Western blot analysis to test the effects of the macrolide-PFD compounds on the 

expression status of two main proteins of the ECM components ï COL1A1 and Ŭ-SMA ï in 

order to confirm the contributions of the targets investigated above on their bioactivity. COL1A1 

and Ŭ-SMA are proteins essential to the build-up of fibrotic lesion. Previous study on PFD 

showed that it inhibits the expression of COL1A1 at 2.5-5 mM concentration and only minor 

inhibition at 1mM.64, 65 In addition, the effects of drugs on the levels of p-STAT3 proteins is 

indicative of effect on fibrosis and proinflammatory markers.66-68 We chose 10c, 11b, and 11c for 

the first round of Western blot due to their outstanding performance in one or more tests: simulation 



112 

 

prediction, cytotoxicity, COL1A1 inhibition scanning, and NF-əB inhibition. We used PFD, CLM, and 

AZM as controls. 

 

 

A. Effects of representative CLM-PFD 10c on intracellular markers of fibrosis and 

inflammation. 
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B. Effects of representative AZM-PFD 11b on intracellular markers of fibrosis and 

inflammation 
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c.  Effects of representative AZM-PFD 11c on intracellular markers of fibrosis and inflammation    
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 d.  Effects of macrolide-PFD compounds 10c, 11b and 11c on TGF-ɼ expression      
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Figure 2.8. Effects of representative macrolide-PFD compounds on the expression status of 

COL1A1 and Ŭ-smooth actin, two main proteins of the ECM components and p-STAT3 in MRC-

5 cell after 24 h of treatment. Compounds 10c, 11b, and 11c significantly inhibited the intracellular 

levels of COL1A1 and Ŭ-smooth actin and p-STAT3 with or without TGF-ɓ1 stimulation (A-C). 

Compounds 10c and 11b have no effect on TGF-ɼ expression, (D) while the 11c significantly 

upregulate the TGF-ɓ1 expression at 5 µM. 

 

                           DMSO    PFD            10c             DMSO     PFD               11b         DMSO         PFD                 11c                                                

                               1mM    2.5mM   5mM                      1mM    2.5mM   5mM                   1mM   2.5mM    2.5mM   5mM       

                                          

TGF-          

GAPDH       
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We observed that 10c and 11b showed significant downregulation of COL1A1 at 5 µM (> 50% 

for 10c and >80% for 11b) (Figs. 2.7a-b), while 11c almost eliminated the COL1A1 expression 

at the same concentration (Fig. 2.7c). The template macrolides AZM and CLM have no effect on 

COL1A1 level at 5 µM and, PFD at 1 mM also did not show any significant downregulation on 

COL1A1 expression as well. Moreover, 10c (5 µM), 11b (2.5 µM) and 11c (2.5 µM) showed 

significant p-STAT3 inhibition. It required 1 mM dosage for PFD to achieve comparable p-

STAT3 downregulation activities as these macrolide-PFD compounds (Figs 2.7a-c). These data 

strongly support the potent the anti-fibrotic effects of macrolide-PFD compounds. 

We also investigated effects of all compounds on TGF-ɓ level and found that none shows any 

inhibition of TGF-ɓ1 expression level (Fig. 2.7d). This result is not unexpected since our 

compounds are designed to inhibit TGF-ɓ1 pathway through receptor binding (or SMAD2/3 

transcription), instead of direct downregulation of TGF-ɓ1 expression.  

                                 DMSO      DMSO               AZM                            PFD                                   15c                                          

                                                                     5mM         50mM    2500mM    5000mM     1.25mM     2.5mM      5mM          

TGF-b                    -               +                 +              +                 +                 +               +                +                 +               
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Figure 2.9. Compound 15c demonstrates strong anti-fibrosis effect in TGF-b stimulated MRC-5 

cell line.  

 

We then expanded our investigation intracellular target validation to include 15c, a lead 

compound which showed selective toxicity to MRC-5 cells. We used significantly higher 

concentrations of the control compounds AZM and PFD than the once we used in the 

experiments described above. We observed that the AZM at 50µM demonstrated anti-fibrotic 

effect with suppression of ECM components COL1A1, Ŭ-SMA, and fibronectin (FN-1). Since 

matrix metalloproteinases (MMPs) contribute to ECM decomposition, and upregulation of 

MMPs is a biomarker of inflammation and/or fibrosis, we also tested the effects of 15c on MMP-

2 and 9 expression levels. We observed that AZM upregulates MMP-2 and phosphorylation of 

ERK1/2 while it downregulates MMP-9 significantly. In contrast, PFD significantly 

downregulated MMP-2 at 2.5 or 5 mM, and while it slightly downregulated MMP-9 at 5 mM. 

Interestingly, 15c showed a similar pattern as AZM, significantly upregulating MMP-2 and 

downregulating MMP-9 in a dose-dependent manner (Fig. 2.8). This implies that 15c derives its 

anti-fibrotic effects from a unique combination of the mechanism(s) of the anti-fibrotic activities 

of PFD and AZM. Thus, 15c represents a novel anti-fibrotic and anti-inflammatory agent.  

 

2.3 Conclusion 

Efforts at developing treatment modalities for IPF have focused on three stages of the disease: 

microinjuries, abnormal wound healing process with immune activation, and fibroblast 

hyperplasia exaggerated extracellular matrix (ECM, mainly collagens) deposition mediated by 

transforming growth factor (TGF)-ɓ/Smad signaling.69 The potential of the drivers of the later 
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stage as IPF drug target has been validated with the U.S. Food and Drug Administration (FDA) 

approval of two drugs ï PFD and nintedanib ï which inhibit IPF progression via distinct 

mechanisms. However, neither drug is optimal for IPF therapy due to their adverse side-effects, 

low potency, cost ineffectiveness (either drug cost over $94,000 per year) and minimal beneficial 

effect on the patientsô survival rate. We have used herein a structure-based approach, which was 

validated by in silico drug design tool (Autodock Vena), to design 4 classes of macrolide-based 

anti-fibrotic agents. These agents are designed to exploit the excellent PK and selective lungs 

and/or liver tissues distribution activities of these macrolide templates to arrive at novel anti-

fibrotic agents that may selectively accumulate within these tissues. We designed and 

synthesized twenty-eight compounds and tested their effects on the viability of four cell lines ï

MRC-5, A549 Hep-G2 and VERO. We observed that candidate compounds 10c, 11c, 11b, 15c, 

20e inhibited the proliferation of these cell lines with IC50 range of 2.5-10µM. To investigate 

their cellular targets, we screened selected candidates for their effects on pro-fibrosis and pro-

inflammation NF-əB and TGF-ɓ pathways. We found that these compounds potently inhibit NF-

əB and TGF-ɓ pathways. Relative to PFD or the unmodified macrolide templates, the macrolide-

PFD compounds have much effective anti-fibrotic agents with potency enhancement as high as 

1000-fold. The enhanced potency of the new macrolide-derived compounds is in agreement with 

the results from our molecular docking studies which revealed that these compounds could 

engage in productive interaction with amino acid residues on the outside surface of TGF-

b receptor, ALK-5. Among these macrolide-PFD compounds, 15c showed an optimum inhibition 

and/or downregulation of the fibrosis markers (FN-1, MMP-9, COL1A1, Ŭ-SMA) that we 

investigated at low micromolar IC50. The next best compounds are 10c, 11c and 20e. These 
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compounds are excellent candidates for future preclinical studies focused on the evaluation of 

their PK, tissue distribution and anti-fibrotic effects in in vivo models of IPF and liver fibrosis.  

 

 

2.4 Materials and Methods 

2.4.1 Materials  

Analtech silica gel plates (60 F254) were used for analytical TLC while Analtech preparative 

TLC plates (UV 254, 2000 ɛm) or silica gel (400 Mesh) was used for compound purification. 

NMR spectra were taken onVarian-Gemini 400 MHz and Bruke 700 MHz magnetic resonance 

spectrometer. 1H NMR spectra were recorded in parts per million (ppm) relative to the residual 

peaks of CHCl3 (7.24 ppm) in CDCl3. 
13C spectra were recorded relative to the central peak of 

the CDCl3 triplet (81.5 ppm) were recorded with complete hetero-decoupling. Multiplicities are 

described using the abbreviation: s, singlet; d, doublet, t, triplet; q, quartet; p, pentet; dd: doublet 

of doublet; dt: doublet of triplet; dq: doublet of quartets, m, multiplet; and app, apparent. High-

resolution mass spectra were recorded at the Georgia Institute of Technology mass spectrometry 

facility in Atlanta.  

 

2.4.2 Synthesis 

Compound 1a.69 2-Hydroxy-5-methyl pyridine (1.32 g, 12.1 mmol) was added to potassium 

carbonate (1.67 g, 12.1 mmol), 8-hydroxyquinoline (348 mg, 2.4 mmol) and (4-bromophenyl) 

methanol (4 mL, 4.17 g, 22.02 mmol) in a 100ml round bottom flask with reflux condenser. 

Dimethyl sulfoxide (DMSO) (25 mL) was added into the mixture and purged with argon for 30 
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min. Then, copper(I) iodide (696 mg, 3.66 mmol) was added into the solution. The pressure tube 

was capped after another 15 min of argon purge. The reaction was covered with aluminum foil 

and heated to 120°C with reflux for 24 h. The reaction was cooled to room temperature and the 

resulting green mixture was worked up with DCM (100 mL x 3) with water (150 mL). The 

combined DCM layer was washed with HCl solution (1M, 100 mL) and the green color turned 

back to pale yellow. The aqueous layer also turned yellow. So, more DCM (50 mL x 5) was used 

to extract product in the aqueous layer. The combined DCM layer was dried over Na2SO4, 

evaporated in vacuo to give the crude product as yellow power.  The crude was purified using 

silica gel chromatography (EtOAc: methanol=10:0.7) to furnish 1a as pale yellow solid (2.08 g, 

80%). 1H NMR (400 MHz, CDCl3) ŭ 7.52 ï 7.41 (d, 2H), 7.34 (d, J = 8.4 Hz, 2H), 7.27 (d, J = 

9.7 Hz, 1H), 7.15 ï 7.05 (m, 1H), 6.61 (d, J = 9.3 Hz, 1H), 4.71 (d, J = 5.8 Hz, 2H), 2.20 (t, J = 

6.0 Hz, 1H), 2.10 (d, J = 1.1 Hz, 3H). 

 

Compound 1b.69 The reaction of 2-hydroxy-5-methyl pyridine (0.2 g, 1.83 mmol), potassium 

carbonate (0.5 g, 3.6 mmol), 8-hydroxyquinoline (60 mg, 0.423 mmol) and 2-(4-bromophenyl) 

ethanol (0.36 mL, 0.37g, 1.84 mmol) in DMSO, as described for the synthesis of 1a,  furnished 

1b as pale yellow solid (125 mg, 55%). 1H NMR (400 MHz, cdcl3) ŭ 7.33 (d, J = 4.5 Hz, 3H), 

7.28 ï 7.27 (d, J = 2.5 Hz, 1H), 7.25 (d, J = 2.5 Hz, 1H), 7.11 (d, J = 2.5 Hz, 1H), 6.60 (d, J = 

9.3 Hz, 1H), 3.88 (q, J = 6.4 Hz, 2H), 2.91 (t, J = 6.5 Hz, 2H), 2.10 (d, J = 1.1 Hz, 3H). 

 

Compound 1c.69 The reaction of 2-hydroxy-5-methyl pyridine (0.35 mg, 3.21 mmol), potassium 

carbonate (0.500 g, 3.6 mmol), 8-hydroxyquinoline (38 mg, 0.26 mmol) and 4-(4-bromophenyl) 

butanol (0.3mL, 1.37mmol) in DMSO (8 mL), as described for the synthesis of 1a,  furnished 1c 
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as yellow oil (145mg, 41%). 1H NMR (400 MHz, CDCl3) ŭ 7.45 (d, J = 7.2 Hz, 5H), 7.28 (dt, J 

= 2.7, 1.0 Hz, 1H), 6.78 (d, J = 9.3 Hz, 1H), 3.85 (t, J = 6.6 Hz, 2H), 2.86 (t, J = 7.5 Hz, 2H), 

2.27 (d, J = 1.1 Hz, 3H), 1.94 ï 1.86 (m, 2H), 1.79 (t, J = 3.1 Hz, 2H). 

 

Compound 2a. The 1a (2.7 g, 12.6 mmol) was added into anhydrous DCM (50 mL). 

Triethylamine (4 mL, 30.88 mmol) was added and the mixture was purged with argon at -15°C. 

15 min later, methanelsulfonyl chloride (2 g, 20.4 mmol) was added into the solution. The 

reaction ran for 1-2 h until all starting materials have reacted. The solution was worked up by 

adding saturated NaHCO3 solution (30 mL) and the two layers separated. The aqueous layer was 

extracted with (30 mL x 3). The combined DCM layer was washed with brine (30 mL), and dried 

over Na2SO4. The mixture was evaporated off resulting in compound 2a (2.7 g, 10.1 mmol, 81%) 

as yellow liquid. The crude product was used for the next step reaction without purification. 

 

Compound 2b. The reaction of 1b (0.154 g, 0.67 mmol) with methanelsulfonyl chloride (0.147 

g, 1.2 mmol) in anhydrous DCM  (20 mL) and triethylamine (0.17 mL, 1.2 mmol) mixture, as 

described for 2a, furnished 2b (150 mg, 0.53 mmol, 79.1%) as yellow liquid. The crude product 

was used for the next step reaction without purification. 

 

Compound 2c. The reaction of  1c (2 g, 7.8 mmol) with methanelsulfonyl chloride (1.75 g, 16.8 

mmol) in anhydrous DCM solution (30 mL) and triethylamine (2 mL, 15.44 mmol) mixture, as 

described for 2a, furnished 2C (2.1 g, 6.81 mmol, 87.4%) as yellow liquid. The crude product 

was used for the next step reaction without purification. 
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Compound 3a. Compound 2a (600 mg, 2.23 mmol) was dissolved in to DMF (10 mL), NaN3 

(200 mg, 3.08 mmol) was added and the mixture was heated to 80°C for 24 h. The reaction was 

allowed to cool down to room temperature, partitioned between DCM (50 mL) and water (100 

mL) and the two layers separated. The aqueous layer was extracted with DCM (50 mL x 3). The 

combined DCM layer was washed again with water (100 mL x 2), dried over Na2SO4 and 

evaporated off to give 3a (503 mg, 2.13mmol, 95.5% as yellow liquid. 1H NMR (400 MHz, 

CDCl3) ŭ 7.49 ï 7.38 (m, 4H), 7.29 (d, J = 2.6 Hz, 1H), 7.16 ï 7.08 (m, 1H), 6.62 (d, J = 9.3 Hz, 

1H), 4.40 (s, 2H), 2.11 (d, J = 1.1 Hz, 3H). 

 

Compound 3b. The reaction of 2b (680 mg, 2.2 mmol) with NaN3 (175 mg, 2.69 mmol) in DMF 

(10 mL), as described for the synthesis of 3a, furnished 3b (405 mg, 1.62mmol, 73.6%) as 

yellow liquid. 1H NMR (400 MHz, CDCl3) ŭ 7.24 ï 7.10 (m, 5H), 7.04 ï 6.94 (m, 1H), 6.45 (d, J 

= 9.3 Hz, 1H), 3.42 (t, J = 7.2 Hz, 2H), 2.80 (d, J = 7.2 Hz, 2H), 1.97 (d, J = 1.3 Hz, 3H). 

 

Compound 3c. The reaction of 2c (2.5 g, 6.08 mmol) with NaN3 (700 mg, 10.8 mmol) ) in  

DMF (10 mL), as described for the synthesis of 3a, furnished  3c (1.65 g, 5.9mmol, 97.6%) as 

yellow liquid. 1H NMR (400 MHz, CDCl3) ŭ 7.27 (m, 5H), 7.10 (m, 1H), 6.60 (d, J = 9.3 Hz, 

1H), 3.56 (t, J = 6.2 Hz, 2H), 2.73 ï 2.64 (m, 2H), 2.09 (d, J = 1.1 Hz, 3H), 1.89 ï 1.74 (m, 4H). 

 

Compound 4: Clarithromycin (15.00 g, 20.04 mmol) was added to 500 mL round bottom flask 

(RBF). Sodium acetate (14.04g, 171mmol) was added. Then 250 mL methanol with 10mL 

chloroform solvent was added to completely dissolve CLM. The mixture was heated to 80°C 

with addition of water to dissolve NaOAc. The solution was cooled to 60°C and iodine (5.24 g, 

20.60 mmol) was added to the solution in three aliquots in 3 min to ensure no sticky gels formed. 
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The solution turned from cloudy white to dark yellow in 10 min. Sodium hydroxide (1 M, 10 

mL) was added into the solution in the first 10 min. Then the solution was stirred for 30 min. 

Another 2 aliquots of sodium hydroxide (1 M, 10 mL) were added into the solution. The solution 

turned clear and stirred for another 2 h at 60°C. Cool to room temperature, water (500 mL) and 

NH4OH (10 M, 15 mL) were added. Extraction was done using DCM (150 mL X 4). The 

combined DCM solution was washed with ammonium hydroxide (1 M, 200 mL). The aqueous 

layer is extracted with DCM (100 mL x 2). The combined DCM solution was evaporated and the 

product was recrystallized using acetone:NH4OH (15:1, 20 mL) to give 4 (12.5 g, 85%) as white 

powder.  

 

Compound 5. Compound 4 (1 g, 1.3 mmol) and 4-ethynylbenzyl methanesulfonate (280 mg, 

1.33 mmol) were dissolved in DMSO (10 mL). Hunigôs base (0.6mL, 3.25mmol) was added and 

the mixture was heated to 75°C for 4 h. The reaction was partitioned between DCM (50 mL) and 

water (100 mL) and the two layers were separated. The aqueous layer was extracted with DCM 

(50 mL x 3). The combined DCM layer was dried over Na2SO4 and evaporated off. The crude 

was purified using column chromatography eluting with ethyl acetate: hexanes (4:6) to give 

compound 5 (512 mg, 46 %) as pale yellow solid. 

 

Synthesis of 6. The reaction of compound 4 (2 g, 2.6 mmol) with propargyl bromide (376.8mg, 

2.6mmol) in DMSO (10 mL) and Hunigôs base (1.2 mL, 6.5 mmol) at 50ÁC (note: over 50°C will 

generate multiple byproducts) for 4 h, followed by work up as described for the synthesis of 5, 

furnished a crude product. The crude purified using column chromatography eluting with CHCl3: 

MeOH: NH4OH=20: 1: 0.1 to furnish 6 (650 mg, 34%) as pale yellow solid. 1H NMR (400 MHz, 

cdcl3) ŭ 7.26 (s, 3H), 5.05 (dd, J = 11.0, 2.5 Hz, 1H), 4.93 (d, J = 4.8 Hz, 1H), 4.46 (d, J = 7.1 
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Hz, 1H), 3.98 (s, 2H), 3.80 ï 3.73 (m, 2H), 3.66 (d, J = 7.5 Hz, 1H), 3.53 ï 3.45 (m, 1H), 3.40 

(dd, J = 3.9, 2.5 Hz, 2H), 3.33 (d, J = 1.1 Hz, 4H), 3.24 (d, J = 7.4 Hz, 1H), 3.21 (d, J = 2.9 Hz, 

1H), 3.18 (s, 1H), 3.07 ï 2.94 (m, 6H), 2.94 ï 2.82 (m, 1H), 2.74 ï 2.54 (m, 2H), 2.40 ï 2.31 (m, 

5H), 2.29 ï 2.21 (m, 1H), 2.19 (d, J = 10.3 Hz, 1H), 1.95 ï 1.85 (m, 2H), 1.85 ï 1.77 (m, 2H), 

1.74 ï 1.65 (m, 1H), 1.62 ï 1.53 (m, 4H), 1.53 ï 1.40 (m, 3H), 1.37 ï 1.17 (m, 19H), 1.15 ï 1.05 

(m, 16H), 0.84 (t, J = 7.5 Hz, 4H). 

 

 

Compound 7. Azithromycin (15.00 g, 20.05 mmol) was added to 500 mL round bottom flask. 

Sodium acetate (14.04 g, 171 mmol) and 120 mL 80%:20% V/V% methanol:H2O were added. 

The mixture was heated to 50°C. Iodine (5.24 g, 20.60 mmol) was added to the solution in three 

aliquots within 3 min. The solution turned from cloudy white to clear yellow in 10 min. Sodium 

hydroxide (1 M, 10 mL) was added into the solution in the first 10 min. Then the solution was 

stirred for 30 min and another 2 aliquots of sodium hydroxide solution (1 M, 10 mL) were added 

into the reaction. The solution turned clear and was stirred for another 2 h at 50°C. Cool to room 

temperature, the reaction was poured into water (500 mL) and NH4OH (10 M, 15mL) and 

extracted with DCM (150 mL x 4). The combined DCM layer was washed with ammonium 

hydroxide (1 M, 200 mL). The combined DCM layer was dried over Na2SO4 and evaporated. 

The crude solid was in acetone:NH4OH (15:1, 20 mL) to yield 7 as white powder (10.8 g, 73%). 

 

Compound 8. Compound 7 (1 g, 1.3 mmol) and 4-ethynylbenzyl methanesulfonate (280 mg, 

1.33mmol) were dissolved in DMSO (10 mL) and Hunigôs base (0.6 mL, 3.25 mmol). The 

reaction mixture was heated to 75°C for 4 h, cooled to room temperature, partitioned between 

DCM (50 mL) and water (100 mL) and the two layers were separated. The aqueous layer was 
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extracted by DCM (500 mL x 3), the combined DCM layer was dried over Na2SO4 and 

evaporated off. The crude was purified using column chromatography eluting with DCM: 

MeOH: NH4OH=15: 1: 0.1. to give 8 (512 mg, 0.60mmol, 46.3% as pale yellow solid. 

 

Synthesis of 9. The reaction of compound 7 (2 g, 2.6 mmol) and propargyl bromide (376.8 mg, 

2. 6mmol) in DMSO (10 mL) and Hunigôs base (1.2 mL, 6.5 mmol) at 50ÁC (note: over 50ÁC 

will generate multiple byproducts) for 2 h, followed by work up 10% methanol in DCM as 

described for the synthesis of 8, furnished a crude product. The crude purified using column 

chromatography eluting with CHCl3: MeOH: NH4OH=10: 1: 0.1 to furnish 9 (710 mg, 34.6%) as 

pale yellow solid. 1H NMR (400 MHz, cdcl3) ŭ 7.30 ï 7.23 (m, 2H), 5.12 (d, J = 7.6 Hz, 1H), 

4.75 (s, 1H), 4.46 (d, J = 7.1 Hz, 1H), 4.26 (s, 1H), 4.05 (d, J = 6.8 Hz, 1H), 3.77 ï 3.69 (m, 0H), 

3.63 (d, J = 6.8 Hz, 1H), 3.54 (s, 2H), 3.40 (s, 2H), 3.34 (d, J = 2.3 Hz, 3H), 3.25 (t, J = 8.6 Hz, 

1H), 3.04 (t, J = 9.7 Hz, 1H), 2.73 (s, 1H), 2.24 (s, 1H), 2.15 (d, J = 10.5 Hz, 1H), 1.95 ï 1.87 

(m, 3H), 1.79 (t, J = 14.2 Hz, 2H), 1.59 (dd, J = 15.0, 4.6 Hz, 1H), 1.46 (dd, J = 15.8, 8.1 Hz, 

1H), 1.39 ï 1.30 (m, 4H), 1.25 (s, 8H), 1.33 ï 1.18 (m, 5H), 1.18 (s, 1H), 1.13 ï 1.08 (m, 2H), 

1.04 (d, J = 7.8 Hz, 3H), 0.95 (s, 1H), 0.91 (d, J = 7.0 Hz, 2H), 0.87 (d, J = 8.2 Hz, 1H). 

 

Compound 10a. Compounds 3a (60 mg, 0.25 mmol) and 5 (150 mg, 0.178 mmol) were 

dissolved in THF (2 mL) and DMSO (1 mL). Hunigôs base (0.3 mL, 1.77 mmol) was added and 

the mixture was purged with argon for 20 min. CuI (5 mg, 0.03 mmol) was added and the 

reaction mixture was at room temperature overnight. The reaction was partitioned between  

DCM (30 mL) and water (50 mL) and the two layers separated. The aqueous layer was extracted 

with DCM (50 mL); the combined DCM was dried by Na2SO4 and evaporated off. The crude 
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was purified in preparative TLC, eluting DCM:methanol=15:1 to furnish 10a (74 mg, 38%) as 

white powder. 1H NMR (400 MHz, CDCl3) ŭ 7.79 ï 7.74 (m, 2H), 7.73 (s, 1H), 7.33 (d, J = 8.0 

Hz, 2H), 7.30 ï 7.23 (m, 4H), 7.11 ï 7.04 (m, 2H), 6.59 (dd, J = 9.3, 1.5 Hz, 2H), 5.03 (dt, J = 

11.1, 2.3 Hz, 2H), 4.89 (t, J = 6.2 Hz, 2H), 4.41 (d, J = 7.2 Hz, 2H), 4.34 (t, J = 7.1 Hz, 1H), 4.00 

ï 3.93 (m, 2H), 3.81 ï 3.68 (m, 4H), 3.63 (dd, J = 11.6, 7.0 Hz, 2H), 3.45 (dd, J = 18.1, 10.4 Hz, 

3H), 3.36 ï 3.25 (m, 1H), 3.23 (s, 2H), 3.14 (d, J = 27.8 Hz, 5H), 3.02 (d, J = 3.8 Hz, 5H), 2.88 ï 

2.79 (m, 2H), 2.68 (t, J = 7.5 Hz, 1H), 2.55 (d, J = 10.3 Hz, 3H), 2.29 (dd, J = 13.6, 5.1 Hz, 1H), 

2.09 (d, J = 1.3 Hz, 6H), 1.96 ï 1.78 (m, 5H), 1.74 ï 1.59 (m, 2H), 1.56 ï 1.44 (m, 2H), 1.39 (d, 

J = 2.5 Hz, 5H), 1.31 ï 1.13 (m, 8H), 1.13 ï 1.03 (m, 17H), 0.82 (td, J = 7.5, 1.6 Hz, 6H). 13C 

NMR (101 MHz, CDCl3) ŭ 220.1, 174.8, 160.8, 160.6, 147.1, 141.8, 140.4, 133.9, 128.2, 127.8, 

126.4, 125.5, 124.8, 120.5, 118.6, 114.2, 113.9, 101.7, 94.9, 79.9, 77.3, 73.2, 71.5, 68.0, 67.6, 

64.6, 62.9, 56.5, 52.6, 49.6, 48.4, 44.2, 44.0, 38.1, 36.2, 35.9, 33.7, 28.7, 20.5, 20.3, 18.8, 17.6, 

17.0, 16.0, 15.0, 14.9, 11.3, 9.6, 8.1. HRMS (ESI) m/z Calcd. for C54H86O16N7 [M+H+]: 

1088.6126, found 1088.6149. 

 

Compound 10b. The reaction of 3b (200 mg, 0.75 mmol), 5 (500 mg, 0.59 mmol), CuI (20 mg, 

0.11 mmol) in THF (2mL), DMSO (1mL) and Hunigôs base (0.3 mL, 1.77 mmol), as described 

for the synthesis of 10a. The product was furnished by column chromatography using solvent 

DCM:MeOH=15:1 to yield 10b (359 mg, 55%) as white powder. 1H NMR (400 MHz, CDCl3) ŭ 

7.73 (d, J = 7.8 Hz, 2H), 7.64 (s, 1H), 7.36 ï 7.18 (m, 8H), 7.05 (d, J = 2.5 Hz, 1H), 6.56 (d, J = 

9.3 Hz, 1H), 5.28 (s, 2H),  5.01 (dd, J = 11.0, 2.3 Hz, 1H), 4.86 (d, J = 4.9 Hz, 1H), 4.61 (t, J = 

7.3 Hz, 2H), 4.39 (d, J = 7.1 Hz, 1H), 3.97 ï 3.88 (m, 2H), 3.79 ï 3.67 (m, 3H), 3.60 (d, J = 7.1 

Hz, 1H), 3.50 ï 3.37 (m, 2H), 3.28 (q, J = 7.1, 5.8 Hz, 3H), 3.17 (s, 1H), 3.09 (s, 3H), 3.01 ï 

2.89 (m, 5H), 2.84 (t, J = 8.2 Hz, 1H), 2.55 (d, J = 21.1 Hz, 3H), 2.27 (d, J = 15.2 Hz, 1H), 2.21 
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(s, 3H), 2.13 (d, J = 9.9 Hz, 1H), 2.06 (s, 3H), 1.93 ï 1.79 (m, 2H), 1.71 (dt, J = 21.9, 13.4 Hz, 

2H), 1.53 ï 1.42 (m, 1H), 1.37 (s, 3H), 1.32 ï 1.18 (m, 8H), 1.18 ï 1.01 (m, 17H), 0.81 (q, J = 

8.4, 7.4 Hz, 6H). 13C NMR (101 MHz, CDCl3) ŭ 221.1, 175.8, 161.8, 147.4, 142.8, 140.0, 137.3, 

135.1, 129.6, 127.0, 125.8, 121.4, 119.9, 115.2, 102.7, 95.9, 80.9, 78.3, 77.9, 74.3, 72.5, 70.7, 

69.1, 68.6, 65.6, 63.9, 57.6, 51.4, 50.6, 49.4, 45.2, 45.0, 39.2, 39.1, 37.2, 36.9, 36.3, 34.8, 29.7, 

21.5, 21.3, 21.0, 19.8, 18.6, 18.0, 17.0, 15.9, 12.3, 10.6, 9.1. HRMS (ESI) m/z Calcd. for 

C60H88O14N5 [M+H+]: 1102.6322, found 1102.6310. 

 

Compound 10c. The reaction of 3c (200 mg, 0.79 mmol), 5 (500 mg, 0.59 mmol), CuI (20 mg, 

0.11mmol) in THF (2 mL), DMSO (1 mL) and Hunigôs base (0.3 mL, 1.77 mmol), as described 

for the synthesis of 10a. The product was furnished by column chromatography using solvent 

DCM:MeOH=15:1 to yield 10c (453 mg, 68%) as pale-yellow powder. 1H NMR (400 MHz, 

CDCl3) ŭ 7.82 ï 7.75 (m, 2H), 7.73 (s, 1H), 7.33 (d, J = 7.9 Hz, 2H), 7.30 ï 7.20 (m, 5H), 7.11 ï 

7.05 (m, 1H), 6.58 (d, J = 9.3 Hz, 1H), 5.28 (s, 1H), 5.03 (dd, J = 11.0, 2.2 Hz, 1H), 4.88 (d, J = 

4.8 Hz, 1H), 3.94 (d, J = 20.0 Hz, 1H), 3.81 ï 3.69 (m, 3H), 3.61 (d, J = 7.1 Hz, 1H), 3.50 ï 3.39 

(m, 2H), 3.30 (dd, J = 10.2, 7.1 Hz, 1H), 3.17 (s, 1H), 3.11 (s, 3H), 3.03 ï 2.91 (m, 5H), 2.86 

(dd, J = 9.2, 7.0 Hz, 1H), 2.69 (t, J = 7.5 Hz, 2H), 2.62 ï 2.52 (m, 2H), 2.32 ï 2.24 (m, 4H), 2.08 

(d, J = 1.1 Hz, 3H), 1.98 (q, J = 7.5 Hz, 1H), 1.92 ï 1.84 (m, 1H), 1.84 ï 1.74 (m, 1H), 1.74 ï 

1.63 (m, 3H), 1.55 ï 1.41 (m, 1H), 1.39 (s, 3H), 1.24 (dd, J = 13.2, 6.2 Hz, 6H), 1.16 (d, J = 7.2 

Hz, 2H), 1.11 (dd, J = 6.1, 2.0 Hz, 15H), 1.06 (d, J = 7.5 Hz, 2H), 0.82 (t, J = 7.4 Hz, 3H). 13C 

NMR (101 MHz, CDCl3) ŭ 175.8, 161.8, 147.5, 142.6, 141.6, 139.1, 135.4, 129.2, 126.5, 125.7, 

121.3, 119.4, 114.9, 102.7, 95.9, 80.9, 78.3, 75.4, 72.5, 70.7, 69.0, 68.9, 65.6, 50.6, 50.2, 49.4, 

45.6, 45.3, 45.0, 40.4, 39.3, 36.8, 34.8, 31.5, 29.8, 28.0, 21.5, 21.3, 21.0, 19.8, 18.6, 18.3, 18.0, 
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16.8, 16.0, 15.9, 12.3, 10.6. HRMS (ESI) m/z Calcd. for C62H92O14N5 [M+H+]: 1130.6635, found 

1130.6625. 

 

Compound 11a. Compounds 3a (60 mg, 0.25 mmol) and 8 (150 mg, 0.18 mmol) were dissolved 

in THF (2 mL) and DMSO (1 mL). Hunigôs base (0.3 mL, 1.77 mmol) was added and the 

mixture was purged with argon for 20 min. CuI (5 mg, 0.03 mmol) was added and the reaction 

was stirred at room temperature overnight. The reaction was partitioned between DCM (30 mL) 

and water (50 mL) and the two layers separated. The aqueous layer was extracted with DCM (50 

mL); the combined DCM was dried by Na2SO4 and evaporated off. The crude was purified in 

preparative TLC, eluting with DCM: methanol=15:1 to furnish 11a (80 mg, 40%) as white 

powder. 1H NMR (400 MHz, CDCl3) ŭ 7.71 (d, J = 7.8 Hz, 2H), 7.64 (s, 1H), 7.34 ï 7.23 (m, 

4H), 7.21 (d, J = 8.2 Hz, 2H), 7.04 (s, 1H), 6.55 (d, J = 9.3 Hz, 1H), 5.27 (s, 2H),  5.12 (d, J = 

4.8 Hz, 1H), 4.71 ï 4.55 (m, 3H), 4.38 (d, J = 7.2 Hz, 1H), 4.19 (t, J = 2.6 Hz, 1H), 4.02 (dq, J = 

12.6, 6.4 Hz, 1H), 3.75 (d, J = 13.1 Hz, 1H), 3.62 (s, 1H), 3.55 (d, J = 7.3 Hz, 1H), 3.44 (q, J = 

13.3, 12.0 Hz, 3H), 3.36 ï 3.22 (m, 3H), 3.13 (d, J = 24.8 Hz, 3H), 2.97 (t, J = 9.7 Hz, 1H), 2.72 

ï 2.60 (m, 2H), 2.53 (dd, J = 20.6, 8.7 Hz, 2H), 2.26 (d, J = 6.9 Hz, 4H), 2.21 (s, 3H), 2.12 (d, J 

= 10.3 Hz, 1H), 2.05 (s, 2H), 1.99 (q, J = 6.9 Hz, 1H), 1.73 (dd, J = 14.6, 4.9 Hz, 2H), 1.28 (t, J 

= 3.2 Hz, 6H), 1.20 (d, J = 6.2 Hz, 3H), 1.12 (d, J = 7.7 Hz, 5H), 1.09 ï 1.01 (m, 5H), 0.99 (d, J 

= 7.5 Hz, 2H), 0.85 (q, J = 7.4, 6.8 Hz, 6H). 13C NMR (176 MHz, CDCl3) ŭ 179.1, 161.7, 148.2, 

142.9, 141.4, 139.1, 134.9, 129.3, 128.9, 127.4, 125.8, 121.5, 119.6, 115.4, 102.9, 94.4, 83.5, 

78.1, 77.7, 74.1, 73.7, 73.3, 72.8, 70.6, 70.1, 68.7, 65.6, 64.3, 62.6, 57.7, 53.6, 49.4, 45.5, 42.7, 

42.1, 36.9, 36.1, 34.6, 29.6, 27.7, 26.8, 18.1, 17.0, 16.3, 14.5, 11.2, 8.9, 7.1. HRMS (ESI) m/z 

Calcd. for C59H89O13N6 [M+H+]: 1089.6482, found 1089.6474. 
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Compound 11b. The reaction of compounds 3b (65 mg, 0.28 mmol), 8 (150 mg, 0.19 mmol), 

CuI (20 mg, 0.11 mmol) in THF (2 mL),  DMSO (1 mL) and Hunigôs base (0.2 mL, 0.49 mmol), 

as described for the synthesis of 11a, followed by prep TLC eluting with DCM:methanol: 

NH4OH=10:1:0.2, furnished 11b (150 mg, 71%) as white powder. 1H NMR (400 MHz, CDCl3) ŭ 

7.77 ï 7.70 (m, 2H), 7.64 (s, 1H), 7.36 ï 7.19 (m, 7H), 7.05 (dd, J = 2.5, 1.3 Hz, 1H), 6.56 (d, J 

= 9.3 Hz, 1H), 5.27 (s, 2H), 5.11 (d, J = 4.8 Hz, 1H), 4.71 ï 4.58 (m, 3H), 4.40 (d, J = 7.3 Hz, 

1H), 4.21 (dd, J = 3.9, 2.0 Hz, 1H), 4.14 ï 3.96 (m, 1H), 3.77 (d, J = 13.1 Hz, 1H), 3.66 (s, 1H), 

3.57 (d, J = 7.2 Hz, 1H), 3.48 ï 3.43 (m, 2H), 3.40 ï 3.17 (m, 3H), 3.09 (d, J = 18.3 Hz, 4H), 

2.97 (t, J = 9.8 Hz, 1H), 2.70 (dd, J = 7.5, 3.6 Hz, 2H), 2.62 ï 2.50 (m, 2H), 2.34 ï 2.20 (m, 7H), 

2.13 ï 2.05 (m, 4H), 2.01 (s, 1H), 1.97 ï 1.81 (m, 1H), 1.75 (d, J = 14.8 Hz, 2H), 1.55 ï 1.39 (m, 

2H), 1.35 (t, J = 7.3 Hz, 1H), 1.28 (d, J = 6.2 Hz, 2H), 1.19 ï 1.05 (m, 11H), 1.00 (d, J = 7.5 Hz, 

3H), 0.92 ï 0.81 (m, 6H). 13C NMR (101 MHz, CDCl3) ŭ 161.7, 147.4, 142.8, 140.1, 137.3, 

135.1, 129.6, 129.3, 127.0, 125.8, 121.4, 119.8, 115.1, 102.9, 94.4, 83.5, 78.1, 74.2, 73.7, 72.8, 

70.6, 69.9, 68.7, 65.6, 64.3, 57.7, 51.4, 49.3, 45.4, 42.5, 36.9, 36.3, 34.6, 31.6, 29.7, 27.5, 26.7, 

22.6, 22.0, 21.5, 21.4, 18.1, 17.0, 16.3, 14.6, 14.1, 11.2, 9.0, 7.3. HRMS (ESI) m/z Calcd. for 

C60H91O13N6 [M+H+]: 1103.6639, found 1103.6634. 

 

Compound 11c. The reaction of compounds 3c (200 mg, 0.70 mmol), 8 (150 mg, 0.18 mmol), 

CuI (32 mg, 0.17 mmol) in THF (2 mL) and  DMSO (2 mL) and Hunigôs base (0.5 mL, 2.86 

mmol), as described for the synthesis of 11a, furnished 11c (170 mg, 88%) as white powder. 1H 

NMR (400 MHz, CDCl3) ŭ 7.76 (d, J = 7.8 Hz, 2H), 7.72 (s, 1H), 7.32 (d, J = 7.8 Hz, 2H), 7.24 

(p, J = 4.5, 3.9 Hz, 5H), 7.07 (s, 1H), 6.57 (d, J = 9.3 Hz, 1H), 5.27 (s, 2H), 5.06 (d, J = 4.8 Hz, 
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1H), 4.66 (d, J = 9.5 Hz, 2H), 4.44 ï 4.35 (m, 3H), 4.22 (d, J = 4.4 Hz, 1H), 4.00 (dq, J = 12.4, 

6.4 Hz, 1H), 3.77 (d, J = 13.0 Hz, 1H), 3.68 ï 3.56 (m, 2H), 3.47 (q, J = 15.1, 11.4 Hz, 3H), 3.38 

ï 3.29 (m, 1H), 3.11 (s, 3H), 3.01 ï 2.87 (m, 2H), 2.77 ï 2.64 (m, 4H), 2.61 ï 2.47 (m, 2H), 2.33 

ï 2.20 (m, 8H), 2.12 ï 2.02 (m, 4H), 1.96 (q, J = 7.6 Hz, 3H), 1.81 ï 1.62 (m, 3H), 1.54 ï 1.40 

(m, 2H), 1.36 ï 1.25 (m, 8H), 1.22 (d, J = 6.1 Hz, 4H), 1.08 (d, J = 18.8 Hz, 7H), 1.01 (d, J = 7.4 

Hz, 2H), 0.87 (q, J = 7.5, 6.5 Hz, 7H). 13C NMR (101 MHz, CDCl3) ŭ 179.1, 161.8, 147.5, 142.7, 

141.7, 139.1, 135.4, 129.7, 129.3, 126.5, 125.7, 121.3, 119.5, 115.0, 102.9, 94.4, 83.4, 78.0, 77.7, 

74.1, 73.7, 73.2, 72.8, 70.6, 70.0, 68.7, 65.6, 64.2, 62.7, 57.7, 50.2, 49.3, 45.5, 42.6, 29.7, 28.0, 

27.6, 26.7, 22.0, 21.4, 21.4, 18.1, 17.0, 16.3, 14.5, 11.2, 8.9, 7.1. HRMS (ESI) m/z Calcd. for 

C62H95O13N6 [M+H+]: 1131.6952, found 1131.6942. 

 

Synthesis of 12a.  Compound 3a (105 mg, 0.20 mmol) and 6 (150 mg, 0.2 mmol) were dissolved 

in THF (1 mL).  Hunigôs base (0.1 mL, 0.25 mmol) was added and the mixture was purged with 

argon for 20 min. CuI (10 mg, 0.53 mmol) was added and the reaction was stirred at room 

temperature overnight. The reaction was partitioned between DCM (30 mL) and water (50 mL) 

and the two layers separated. The aqueous layer was extracted with DCM (50 mL); the combined 

DCM was dried by Na2SO4 and evaporated off. The crude was purified in preparative TLC, 

eluting with ethyl acetate:hexanes:MeOH=16:1:1 to furnish 12a (145 mg, 71%) as pale-yellow 

powder. 1H NMR (400 MHz, CDCl3) ŭ 7.45 (s, 1H), 7.39 ï 7.29 (m, 4H), 7.26 (s, 2H), 7.23 (s, 

0H), 7.05 (s, 1H), 6.56 (d, J = 9.3 Hz, 1H), 5.52 (d, J = 1.6 Hz, 2H), 5.01 (dd, J = 11.1, 2.3 Hz, 

1H), 4.87 (d, J = 4.8 Hz, 1H), 4.38 (d, J = 7.2 Hz, 1H), 3.96 (d, J = 8.2 Hz, 2H), 3.80 (d, J = 14.0 

Hz, 1H), 3.74 ï 3.59 (m, 4H), 3.52 ï 3.43 (m, 1H), 3.28 ï 3.15 (m, 5H), 2.99 (s, 4H), 2.87 ï 2.77 

(m, 1H), 2.56 (dtd, J = 22.5, 10.4, 7.7, 4.7 Hz, 2H), 2.36 ï 2.19 (m, 5H), 2.07 (s, 3H), 1.94 ï 1.61 
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(m, 5H), 1.53 (dd, J = 15.2, 5.0 Hz, 1H), 1.36 (s, 3H), 1.31 ï 1.12 (m, 12H), 1.11 ï 1.00 (m, 

11H), 0.80 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, CDCl3) ŭ 220.9, 175.8, 161.6, 146.5, 142.9, 

141.3, 134.8, 128.9, 127.3, 122.4, 121.4, 115.3, 102.8, 96.1, 81.0, 78.3, 77.9, 77.3, 76.6, 74.2, 

72.7, 71.0, 69.0, 68.6, 65.7, 64.1, 53.5, 50.6, 49.3, 48.9, 45.2, 45.0, 39.3, 38.2, 37.2, 36.8, 34.9, 

30.0, 21.4, 21.4, 21.0, 19.7, 18.7, 18.0, 17.0, 15.9, 12.3, 10.6, 9.1. HRMS (ESI) m/z Calcd. for 

C53 H82 O14 N5 [M+H+]: 1012.5853, found 1012.5822.  

 

Synthesis of 12b.  The reaction of compounds 3b (65 mg, 0.26 mmol), 6 (150 mg, 0.2 mmol) 

and CuI (10 mg, 0.53 mmol) in  THF (1 mL) and Hunigôs base (0.1 mL, 0.25 mmol), as 

described for the synthesis of 12a, followed by prep TLC eluting with DCM:MeOH: 

NH4OH=10:1:0.2 furnished 12b (135 mg, 67%) as white powder. 1H NMR (400 MHz, CDCl3) ŭ 

7.32 ï 7.21 (m, 3H), 7.19 (d, J = 8.1 Hz, 2H), 7.06 (s, 1H), 6.56 (d, J = 9.3 Hz, 1H), 5.06 ï 4.99 

(m, 1H), 4.88 (d, J = 4.8 Hz, 1H), 4.56 (t, J = 7.3 Hz, 2H), 4.39 (d, J = 7.2 Hz, 1H), 3.96 (d, J = 

9.7 Hz, 2H), 3.72 (d, J = 8.9 Hz, 2H), 3.63 (d, J = 7.2 Hz, 1H), 3.48 (s, 1H), 3.22 (d, J = 4.6 Hz, 

5H), 2.99 (d, J = 11.3 Hz, 6H), 2.59 (d, J = 0.8 Hz, 30H), 2.36 ï 2.27 (m, 1H), 2.25 (s, 4H), 2.14 

(d, J = 0.8 Hz, 1H), 2.08 (s, 3H), 1.92 ï 1.75 (m, 2H), 1.67 (d, J = 14.5 Hz, 1H), 1.54 (dd, J = 

15.1, 5.1 Hz, 1H), 1.37 (s, 3H), 1.22 (td, J = 15.2, 13.5, 6.9 Hz, 13H), 1.12 ï 1.01 (m, 13H), 0.81 

(t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, CDCl3) ŭ 221.1, 175.8, 161.8, 142.8, 140.0, 137.3, 

135.2, 129.6, 127.0, 121.4, 115.2, 102.83, 96.1, 81.1, 78.4, 78.0, 77.2, 76.6, 74.3, 72.7, 70.9, 

69.0, 68.6, 65.7, 63.7, 51.4, 50.7, 49.4, 49.0, 45.2, 45.0, 40.9, 39.3, 39.1, 37.2, 36.6, 36.4, 34.9, 

29.9, 21.5, 21.4, 21.0, 19.7, 18.7, 18.0, 17.0, 16.0, 12.3, 10.6, 9.1. HRMS (ESI) m/z Calcd. for 

C54 H84 O14 N5 [M+H+]: 1026.6009, found 1026.5978. 
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Synthesis of 12c.  The reaction of compounds 3c (150 mg, 0.53 mmol), 6 (80 mg, 0.10 mmol) 

and CuI (9 mg, 0.05 mmol) in THF (2 mL) DMSO (2 mL) and Hunigôs base (0.4 mL, 2.2 mmol), 

as described for the synthesis of 12a, followed by prep TLC eluting with DCM:MeOH: 

NH4OH=10:1:0.2 furnished 12c (85 mg, 79%) as white powder. 1H NMR (400 MHz, CDCl3) ŭ 

7.43 (s, 1H), 7.32 ï 7.15 (m, 5H), 7.08 (td, J = 1.8, 1.1 Hz, 1H), 6.57 (d, J = 9.3 Hz, 1H), 5.02 

(dd, J = 11.1, 2.2 Hz, 1H), 4.89 (d, J = 4.8 Hz, 1H), 4.40 (d, J = 7.1 Hz, 1H), 4.32 (td, J = 7.0, 

1.7 Hz, 2H), 3.96 (s, 1H), 3.83 (d, J = 14.0 Hz, 1H), 3.76 ï 3.59 (m, 4H), 3.48 (dd, J = 10.6, 5.7 

Hz, 1H), 3.30 ï 3.12 (m, 5H), 3.00 (s, 4H), 2.88 ï 2.82 (m, 1H), 2.66 (t, J = 7.5 Hz, 2H), 2.62 ï 

2.51 (m, 1H), 2.35 ï 2.29 (m, 1H), 2.26 (s, 3H), 2.14 (d, J = 0.8 Hz, 7H), 2.12 ï 1.99 (m, 3H), 

1.90 (tt, J = 14.7, 7.0 Hz, 4H), 1.72 ï 1.59 (m, 3H), 1.54 (dd, J = 15.1, 5.0 Hz, 1H), 1.38 (s, 3H), 

1.26 (d, J = 6.2 Hz, 3H), 1.23 ï 1.14 (m, 8H), 1.11 ï 1.02 (m, 12H), 0.81 (t, J = 7.3 Hz, 3H). 13C 

NMR (101 MHz, CDCl3) ŭ 221.0, 175.8, 161.8, 142.6, 141.6, 139.1, 135.4, 129.2, 126.5, 121.3, 

114.8, 102.7, 96.0, 80.9, 78.3, 78.3, 77.9, 76.5, 74.2, 72.7, 70.9, 69.0, 68.6, 65.7, 64.1, 50.6, 50.1, 

49.3, 45.2, 45.0, 39.3, 39.1, 34.9, 34.7, 30.9, 29.7, 28.0, 21.4, 21.0, 19.7, 18.7, 18.0, 17.0, 15.9, 

12.3, 10.6, 9.1. HRMS (ESI) m/z Calcd. for C56 H91 O13 N6 [M+H+]: 1055.6639, found 

1055.6623. 

 

Synthesis of 13a.  The reaction of compounds 3a (65 mg, 0.27 mmol), 9 (150 mg, 0.2 mmol) 

and CuI (10 mg, 0.53 mmol) in THF (1 mL) and Hunigôs base (0.1 mL, 0.25 mmol), as described 

for the synthesis of 12a, followed by prep TLC eluting with ethyl acetate:hexane:MeOH=16:1:1 

furnished 13a (110 mg, 55%) as pale-yellow powder. 1H NMR (400 MHz, CDCl3) ŭ 7.47 (s, 

1H), 7.41 ï 7.31 (m, 4H), 7.30 ï 7.23 (m, 1H), 7.07 (dt, J = 2.1, 1.0 Hz, 1H), 6.59 (d, J = 9.3 Hz, 

1H), 5.28 (s, 1H), 5.15 (d, J = 4.7 Hz, 1H), 4.68 (dd, J = 9.8, 2.6 Hz, 1H), 4.39 (d, J = 7.3 Hz, 
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2H), 4.22 (dd, J = 3.7, 2.0 Hz, 1H), 4.12 ï 4.00 (m, 1H), 3.85 (d, J = 13.9 Hz, 1H), 3.72 ï 3.62 

(m, 2H), 3.59 (d, J = 7.2 Hz, 1H), 3.55 ï 3.46 (m, 1H), 3.35 ï 3.26 (m, 1H), 3.24 (s, 3H), 3.02 (d, 

J = 9.4 Hz, 1H), 2.73 ï 2.65 (m, 2H), 2.61 (d, J = 5.8 Hz, 1H), 2.55 (d, J = 10.4 Hz, 1H), 2.30 (d, 

J = 15.8 Hz, 7H), 2.16 (d, J = 2.6 Hz, 1H), 2.11 ï 2.01 (m, 5H), 1.99 ï 1.83 (m, 1H), 1.79 ï 1.71 

(m, 2H), 1.56 (dd, J = 15.2, 5.0 Hz, 1H), 1.50 ï 1.39 (m, 1H), 1.31 (d, J = 5.5 Hz, 6H), 1.25 ï 

1.19 (m, 10H), 1.15 (d, J = 7.5 Hz, 3H), 1.08 (t, J = 3.4 Hz, 6H), 0.99 (d, J = 7.5 Hz, 3H), 0.87 

(q, J = 7.4, 6.8 Hz, 6H). 13C NMR (176 MHz, CDCl3) ŭ 178.7, 161.6, 142.9, 141.4, 134.9, 128.9, 

127.5, 127.4, 121.5, 115.3, 102.9, 94.6, 83.6, 78.1, 77.8, 74.2, 73.7, 73.5, 73.0, 70.8, 67.0, 69.5, 

68.7, 65.6, 64.5, 53.8, 53.5, 49.4, 49.1, 45.3, 42.2, 36.9, 36.3, 34.7, 31.8, 29.7, 29.3, 27.5, 26.7, 

22.0, 21.6, 21.3, 18.2, 17.1, 16.3, 14.7, 14.1, 11.3, 9.1, 7.4. HRMS (ESI) m/z Calcd. for C53 H85 

O13 N6 [M+H+]: 1013.6169, found 1013.6157.  

 

Synthesis of 13b.  The reaction of compounds 3b (65 mg, 0.24 mmol), 9 (150 mg, 0.2 mmol) 

and CuI (10 mg, 0.53 mmol) in THF (1 mL) and Hunigôs base (0.1 mL, 0.25 mmol), as described 

for the synthesis of 12a, followed by prep TLC eluting with DCM:MeOH:NH4OH=10:1:0.2 

furnished 13b (127 mg, 63%) as white powder. 1H NMR (400 MHz, CDCl3) ŭ 7.33 (s, 1H), 7.31 

ï 7.24 (m, 3H), 7.19 (d, J = 8.1 Hz, 2H), 7.06 (d, J = 2.5 Hz, 1H), 6.56 (d, J = 9.3 Hz, 1H), 5.12 

(d, J = 4.8 Hz, 1H), 5.02 (s, 1H), 4.66 (dd, J = 9.8, 2.6 Hz, 1H), 4.56 (t, J = 7.3 Hz, 2H), 4.38 (d, 

J = 7.2 Hz, 1H), 4.27 ï 4.21 (m, 1H), 4.04 (dt, J = 12.4, 6.2 Hz, 1H), 3.81 (d, J = 14.0 Hz, 1H), 

2.76 ï 2.62 (m, 1H), 2.59 (d, J = 1.1 Hz, 2H), 2.51 (d, J = 10.3 Hz, 1H), 2.31 (d, J = 15.6 Hz, 

4H), 2.24 (s, 3H), 2.08 (s, 3H), 1.99 (dd, J = 25.6, 8.9 Hz, 2H), 1.80 ï 1.69 (m, 2H), 1.54 (dd, J = 

15.2, 5.0 Hz, 1H), 1.43 (ddt, J = 16.8, 14.3, 7.3 Hz, 1H), 1.28 (d, J = 5.7 Hz, 8H), 1.26 ï 1.18 (m, 

7H), 1.15 (d, J = 7.4 Hz, 3H), 1.12 ï 0.96 (m, 10H), 0.94 ï 0.82 (m, 6H). 13C NMR (101 MHz, 

cdcl3) ŭ 161.7, 142.7, 140.0, 137.2, 135.1, 129.5, 126.9, 121.4, 115.0, 102.9, 78.1, 77.7, 77.4, 
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77.1, 76.7, 74.2, 73.6, 73.0, 70.8, 68.6, 65.5, 64.0, 51.3, 49.3, 49.1, 45.2, 42.2, 41.0, 36.7, 36.3, 

36.2, 34.7, 27.5, 26.7, 22.0, 21.6, 21.3, 18.2, 17.0, 16.2, 14.6, 11.2, 9.0. HRMS (ESI) m/z Calcd. 

for C54 H87 O13 N6 [M+H+]: 1027.6326, found 1027.6318. 

 

Synthesis of 13c.  The reaction of compounds 3c (100 mg, 0.35 mmol), 9 (50 mg, 0.07 mmol) 

and CuI (10 mg, 0.53 mmol) in THF (1 mL),  DMSO (1 mL) and Hunigôs base (0.1 mL, 0.57 

mmol), as described for the synthesis of 12a, followed by prep TLC eluting with DCM:MeOH: 

NH4OH=10:1:0.2 furnished 13c (58 mg, 85%) as white powder. 1H NMR (400 MHz, CDCl3) ŭ 

7.45 (s, 1H), 7.32 ï 7.20 (m, 7H), 7.11 ï 7.07 (m, 1H), 6.59 (d, J = 9.3 Hz, 1H), 5.15 (d, J = 4.8 

Hz, 1H), 4.69 (dd, J = 9.8, 2.7 Hz, 1H), 4.40 (d, J = 7.3 Hz, 1H), 4.34 (td, J = 7.0, 1.2 Hz, 2H), 

4.26 (dd, J = 4.0, 2.0 Hz, 1H), 4.14 ï 4.02 (m, 1H), 3.86 (d, J = 13.9 Hz, 1H), 3.75 ï 3.58 (m, 

3H), 3.51 (dt, J = 13.8, 6.9 Hz, 1H), 3.33 (dd, J = 10.2, 7.2 Hz, 2H), 3.25 (s, 3H), 3.01 (d, J = 8.8 

Hz, 2H), 2.70 (ddd, J = 19.3, 8.5, 5.7 Hz, 4H), 2.53 (d, J = 9.8 Hz, 1H), 2.30 (d, J = 8.8 Hz, 7H), 

2.18 (d, J = 5.8 Hz, 0H), 2.09 (d, J = 1.1 Hz, 3H), 2.04 ï 1.84 (m, 3H), 1.77 (t, J = 11.3 Hz, 2H), 

1.71 ï 1.53 (m, 3H), 1.45 (ddd, J = 14.1, 9.7, 7.1 Hz, 1H), 1.31 (t, J = 3.2 Hz, 6H), 1.27 ï 1.20 

(m, 8H), 1.17 (d, J = 7.4 Hz, 3H), 1.08 (t, J = 3.4 Hz, 6H), 1.02 (d, J = 7.5 Hz, 3H), 0.89 (td, J = 

7.4, 6.8, 2.6 Hz, 7H). 13C NMR (176 MHz, CDCl3) ŭ 161.9, 161.8, 149.7, 142.6, 141.7, 139.2, 

135.4, 129.2, 126.6, 121.4, 114.9, 102.9, 94.5, 83.5, 78.2, 77.6, 77.5, 74.2, 73.7, 73.0, 70.9, 68.7, 

65.6, 64.3, 50.1, 49.3, 45.3, 42.4, 36.9, 36.2, 34.8, 30.1, 29.7, 28.0, 27.6, 26.8, 22.0, 21.6, 21.3, 

18.2, 17.0, 16.2, 14.6, 11.3, 9.0, 7.3. HRMS (ESI) m/z Calcd. for C56 H91 O13 N6 [M+H+]: 

1055.6639, found 1055.6629. 
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Synthesis of 14a.  Compounds 2a (60 mg, 0.20 mmol) and 4 (150 mg, 0.20 mmol) were 

dissolved in CH3CN (0.5 mL), DMSO (0.5 mL) and Hunigôs base (0.07 mL, 0.39 mmol). The 

mixture was purged with argon for 20 min, KI (5 mg, 0.03 mmol) was added and the reaction 

was heat to 75ºC overnight covered with aluminum foil. The reaction was quenched with 

Na2S2O3 (10 mL) and  DCM (30 mL). The two layers were separated and the DCM layer was 

washed with water (50 mL). The aqueous layer was back extracted with DCM (50 mL) and the 

combined DCM layer was dried with Na2SO4 and evaporated off. The crude was purified using 

preparative TLC eluting with DCM:MeOH:NH4OH=10:1:0.2 to furnish 14a (15 mg, 7.9%) as 

white powder. 1H NMR (400 MHz, CDCl3) ŭ 7.47 ï 7.38 (m, 1H), 7.36 ï 7.31 (m, 1H), 7.30 ï 

7.24 (m, 1H), 7.11 (d, J = 1.9 Hz, 1H), 6.61 (d, J = 9.3 Hz, 1H), 5.06 (dd, J = 11.1, 2.3 Hz, 1H), 

4.93 (d, J = 4.8 Hz, 1H), 4.48 (d, J = 7.1 Hz, 1H), 4.06 ï 3.91 (m, 2H), 3.79 ï 3.74 (m, 2H), 3.68 

(d, J = 7.4 Hz, 1H), 3.57 ï 3.43 (m, 1H), 3.40 ï 3.30 (m, 1H), 3.27 (s, 2H), 3.20 (s, 1H), 3.07 ï 

2.97 (m, 5H), 2.94 ï 2.80 (m, 1H), 2.67 ï 2.55 (m, 2H), 2.36 (d, J = 15.2 Hz, 1H), 2.25 (s, 2H), 

2.18 (s, 1H), 2.16 ï 2.04 (m, 3H), 1.92 (ddd, J = 14.5, 7.4, 2.1 Hz, 1H), 1.87 ï 1.68 (m, 1H), 1.66 

ï 1.46 (m, 1H), 1.42 (s, 3H), 1.31 (d, J = 6.2 Hz, 2H), 1.28 ï 1.17 (m, 10H), 1.18 ï 1.08 (m, 

10H), 0.85 (dd, J = 9.6, 5.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) ŭ 175.9, 161.8, 142.7, 135.3, 

130.0, 129.5, 126.6, 121.4, 115.0, 102.7, 96.1, 80.9, 78.4, 77.9, 74.3, 72.7, 71.0, 69.1, 68.7, 65.7, 

57.2, 50.6, 49.5, 45.2, 45.1, 39.2, 37.2, 37.0, 34.9, 30.1, 29.7, 21.5, 21.0, 19.8, 18.7, 18.0, 17.0, 

16.0, 12.3, 10.6, 9.1. HRMS (ESI) m/z Calcd. for C50 H79 O14 N2 [M+H+]: 931.5526, found 

931.5506. 

 

Synthesis of 14b.  The reaction of compounds 2b (60 mg, 0.20 mmol), 4 (150 mg, 0.20 mmol) 

and KI (5 mg, 0.03 mmol) dissolved in CH3CN (0.5 mL), DMSO (0.5 mL) and Hunigôs base 

(0.07 mL, 0.39 mmol),  as described for the synthesis of 14a, followed by prep TLC eluting with 
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DCM:MeOH:NH4OH=10:1:0.2 furnished 14b (11 mg, 5.8%) as white powder. 1H NMR (400 

MHz, CDCl3) ŭ 7.27 (d, J = 10.8 Hz, 6H), 7.07 (s, 1H), 6.59 (d, J = 9.3 Hz, 1H), 5.08 ï 5.00 (m, 

1H), 4.91 (d, J = 4.8 Hz, 1H), 4.43 (d, J = 7.2 Hz, 1H), 3.97 (d, J = 6.5 Hz, 2H), 3.75 (t, J = 4.9 

Hz, 2H), 3.65 (d, J = 7.2 Hz, 1H), 3.48 (s, 1H), 3.31 (s, 3H), 3.18 (s, 1H), 3.02 (s, 5H), 2.87 (t, J 

= 8.1 Hz, 2H), 2.58 (dt, J = 12.1, 6.4 Hz, 1H), 2.35 (d, J = 15.1 Hz, 3H), 2.19 (d, J = 10.5 Hz, 

1H), 2.09 (s, 3H), 1.93 ï 1.78 (m, 3H), 1.68 (d, J = 14.7 Hz, 1H), 1.58 (dd, J = 15.1, 4.8 Hz, 1H), 

1.39 (s, 3H), 1.34 ï 1.16 (m, 14H), 1.15 ï 1.04 (m, 12H), 0.83 (t, J = 7.3 Hz, 4H). 13C NMR (176 

MHz, CDCl3) ŭ 174.8, 160.8, 141.6, 138.3, 134.2, 128.5, 125.5, 120.4, 113.8, 101.7, 95.1, 79.7, 

77.4, 77.0, 73.3, 71.7, 69.8, 68.0, 67.7, 64.9, 54.3, 49.6, 48.5, 44.3, 44.0, 38.3, 38.2, 36.2, 35.7, 

33.9, 28.7, 20.5, 20.0, 18.7, 17.7, 17.0, 16.0, 14.9, 11.3, 9.6, 8.1. HRMS (ESI) m/z Calcd. for C46 

H81 O16 N4 [M+H+]:  945.5642, found 945.5667. 

 

Synthesis of 14c.  The reaction of compounds 2c (60 mg, 0.16 mmol), 4 (120 mg, 0.17 mmol) 

and KI (5 mg, 0.03 mmol) dissolved in CH3CN (0.5 mL), DMSO (0.5 mL) and Hunigôs base (0.1 

mL, 0.5.8 mmol), as described for the synthesis of 14a, followed by prep TLC eluting with 

DCM:MeOH:NH4OH=10:1:0.2 furnished 14c (19 mg, 12%) as white powder. 1H NMR (400 

MHz, CDCl3) ŭ 7.27 ï 7.23 (m, 6H), 7.09 (d, J = 2.6 Hz, 1H), 6.58 (d, J = 9.3 Hz, 1H), 5.02 (d, J 

= 16.4, 5.2 Hz, 1H), 4.90 (d, J = 4.9 Hz, 1H), 4.42 (d, J = 7.2 Hz, 1H), 4.04 ï 3.93 (m, 4H), 3.77 

ï 3.70 (m, 3H), 3.64 (d, J = 7.4 Hz, 1H), 3.49 ï 3.44 (m, 1H), 3.30 (s, 4H), 3.18 (q, J = 6.3, 5.6 

Hz, 2H), 3.05 ï 2.91 (m, 8H), 2.86 (dd, J = 9.2, 7.1 Hz, 1H), 2.72 ï 2.48 (m, 6H), 2.35 (d, J = 

15.2 Hz, 1H), 2.21 (d, J = 4.7 Hz, 5H), 2.08 (d, J = 1.1 Hz, 3H), 1.94 ï 1.78 (m, 3H), 1.72 ï 1.52 

(m, 4H), 1.38 (s, 2H), 1.28 (d, J = 6.2 Hz, 2H), 1.24 ï 1.13 (m, 8H), 1.13 ï 1.00 (m, 12H), 0.82 

(t, J = 7.4 Hz, 2H). 13C NMR (101 MHz, CDCl3) ŭ 175.9, 161.9, 142.6, 138.9, 135.5, 129.2, 
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126.4, 121.3, 114.9, 102.8, 96.1, 80.7, 78.4, 74.3, 72.7, 70.7, 69.0, 68.8, 65.7, 52.9, 50.6, 49.5, 

45.3, 45.0, 39.2, 37.0, 35.4, 34.9, 29.5, 28.8, 27.9, 21.5, 21.0, 19.8, 18.7, 18.0, 17.0, 15.9, 12.3, 

10.6, 9.0. HRMS (ESI) m/z Calcd. for C53 H85 O14 N2 [M+H+]:  973.5995, found 973.5978. 

 

Synthesis of 15a.  The reaction of compounds 2a (60 mg, 0.20 mmol), 7 (150 mg, 0.20 mmol) 

and KI (5 mg, 0.03 mmol) dissolved in CH3CN (2 mL), DMSO (2 mL) and Hunigôs base (0.07 

mL, 0.42 mmol), as described for the synthesis of 14a, followed by prep TLC eluting with 

DCM:MeOH:NH4OH=10:1:0.2 furnished 15a (10.5 mg, 5.4%) as pale-yellow powder. 1H NMR 

(400 MHz, CDCl3) ŭ 7.40 ï 7.13 (m, 5H), 7.03 (s, 1H), 6.53 (d, J = 9.3 Hz, 1H), 5.12 (d, J = 4.8 

Hz, 1H), 4.63 (d, J = 9.7 Hz, 1H), 4.40 (d, J = 7.4 Hz, 1H), 4.20 (s, 1H), 4.06 ï 3.97 (m, 1H), 

3.74 (d, J = 13.4 Hz, 1H), 3.61 (s, 1H), 3.56 (d, J = 7.4 Hz, 1H), 3.44 (t, J = 13.8 Hz, 1H), 3.31 

(dd, J = 17.2, 8.7 Hz, 1H), 3.21 (s, 2H), 3.08 ï 3.03 (m, 1H), 2.97 (s, 1H), 2.70 ï 2.56 (m, 1H), 

2.55 (s, 3H), 2.48 (d, J = 9.7 Hz, 1H), 2.33 ï 2.20 (m, 5H), 2.18 (s, 2H), 2.04 (d, J = 10.4 Hz, 

4H), 1.72 (d, J = 13.9 Hz, 1H), 1.44 (dd, J = 55.6, 15.0, 6.3 Hz, 1H), 1.27 (d, J = 6.4 Hz, 5H), 

1.17 (d, J = 4.4 Hz, 5H), 1.12 (d, J = 7.4 Hz, 2H), 1.06 ï 0.91 (m, 7H), 0.82 (q, J = 7.5, 6.4 Hz, 

6H). 13C NMR (176 MHz, CDCl3) ŭ 161.8, 142.6, 140.1, 139.4, 135.3, 129.4, 126.5, 121.5, 

114.9, 102.9, 94.5, 83.5, 78.2, 74.2, 73.7, 73.00 71.0, 70.0, 68.7, 65.6, 62.5, 57.43, 49.5, 45.3, 

42.3, 41.0, 37.1, 36.2, 34.7, 30.3, 29.7, 27.6, 26.8, 22.0, 21.7, 21.4, 18.2, 17.0, 16.2, 14.6, 11.3, 

9.0, 7.3. HRMS (ESI) m/z Calcd. for C50 H82 O13 N3 [M+H+]:  932.5842, found 932.5824. 

 

Synthesis of 15b.  The reaction of compounds 2b (500 mg, 1.4 mmol), 7 (200.5 mg, 0.28 mmol) 

and KI (40 mg, 0.24 mmol), dissolved in CH3CN (2 mL), DMSO (2 mL) and Hunigôs base (0.5 

mL, 2.92 mmol), as described for the synthesis of 14a, followed by prep TLC eluting with DCM: 

MeOH: NH4OH=10:1:0.2 furnished 15b (12 mg, 1%) as pale-yellow powder. 1H NMR (400 
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MHz, CDCl3) ŭ 7.37 ï 7.13 (m, 5H), 7.07 (d, J = 6.4 Hz, 1H), 6.57 (d, J = 9.3 Hz, 1H), 5.27 (s, 

1H), 5.02 (d, J = 4.8 Hz, 1H), 4.65 (d, J = 9.9 Hz, 1H), 4.42 (d, J = 7.2 Hz, 1H), 4.25 (d, J = 5.2 

Hz, 1H), 4.04 (dq, J = 12.6, 6.3 Hz, 1H), 3.84 (t, J = 6.9 Hz, 0H), 3.68 ï 3.59 (m, 2H), 3.47 (dq, 

J = 16.5, 9.1, 7.5 Hz, 1H), 3.30 (s, 2H), 3.21 (dd, J = 10.3, 7.4 Hz, 0H), 3.00 (t, J = 9.8 Hz, 1H), 

2.81 (tq, J = 20.7, 7.0 Hz, 3H), 2.75 ï 2.56 (m, 1H), 2.47 (d, J = 11.2 Hz, 1H), 2.39 ï 2.15 (m, 

6H), 2.07 (s, 5H), 1.89 ï 1.72 (m, 1H), 1.72 ï 1.40 (m, 2H), 1.28 (d, J = 6.9 Hz, 5H), 1.25 ï 1.12 

(m, 9H), 1.12 ï 0.95 (m, 7H), 0.95 ï 0.71 (m, 5H). 13C NMR (101 MHz, CDCl3) ŭ 161.8, 142.5, 

139.2, 135.4, 129.9, 129.5, 126.4, 121.4, 114.8, 102.8, 95.0, 83.7, 78.4, 78.1, 74.3, 73.6, 72.9, 

70.7, 68.7, 65.8, 65.5, 55.3, 53.5, 49.5, 45.1, 42.4, 41.7, 38.6, 36.8, 36.5, 34.9, 29.7, 26.7, 22.0, 

21.6, 21.4, 18.3, 17.0, 16.3, 15.2, 11.3, 9.2. HRMS (ESI) m/z Calcd. for C51 H84 O13 N3 [M+H+]:  

946.5999, found 946.5982. 

 

 Synthesis of 15c.  The reaction of compounds 2c (300 mg, 0.95 mmol), 7 (700 mg, 0.95 mmol) 

and KI (40 mg, 0.24 mmol) dissolved in CH3CN (2 mL), DMSO (2 mL) and Hunigôs base (0.4 

mL, 1.4 mmol), as described for the synthesis of 14a, followed by prep TLC eluting with 

DCM:MeOH:NH4OH=10:1:0.2 furnished 15c (75.8 mg, 9%) as pale-yellow powder. 1H NMR 

(400 MHz, CDCl3) ŭ 7.31 ï 7.23 (m, 6H), 7.12 (s, 1H), 6.60 (d, J = 9.3 Hz, 1H), 5.33 ï 5.28 (m, 

1H), 5.05 (d, J = 4.7 Hz, 1H), 4.71 ï 4.64 (m, 1H), 4.47 (d, J = 7.2 Hz, 1H), 4.32 ï 4.26 (m, 1H), 

4.07 (dt, J = 12.6, 6.3 Hz, 1H), 3.71 ï 3.63 (m, 2H), 3.52 (s, 1H), 3.34 (s, 3H), 3.26 (t, J = 8.9 

Hz, 1H), 3.04 (t, J = 9.7 Hz, 1H), 2.85 ï 2.77 (m, 2H), 2.62 (s, 7H), 2.50 (d, J = 11.2 Hz, 1H), 

2.34 (s, 3H), 2.23 (d, J = 15.2 Hz, 3H), 2.10 (s, 3H), 2.00 (t, J = 7.2 Hz, 1H), 1.93 ï 1.77 (m, 

1H), 1.61 (ddd, J = 30.4, 15.1, 6.6 Hz, 3H), 1.32 (d, J = 6.4 Hz, 6H), 1.26 (s, 4H), 1.12 ï 1.03 

(m, 8H), 1.00 ï 0.81 (m, 7H).  13C NMR (101 MHz, CDCl3) ŭ 161.3, 142.0, 138.3, 128.7, 125.8, 
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120.8, 114.2, 102.4, 94.5, 83.3, 77.9, 77.6, 73.8, 73.0, 72.4, 70.1, 68.2, 65.0, 53.0, 48.9, 44.5, 

40.4, 36.0, 34.9, 34.4, 31.1, 29.2, 28.4, 26.2, 22.1, 21.5, 21.1, 20.9, 20.6, 17.8, 16.5, 15.7, 14.7, 

13.6, 10.8, 8.7, 7.2. HRMS (ESI) m/z Calcd. for C53 H88 O13 N3 [M+H+]:  974.6312, found 

974.6288. 

 

Compound 1669. 2-Hydroxy-5-methyl pyridine (500 mg, 4.58 mmol) was added to potassium 

carbonate (900 mg, 6.42 mmol), 8-hydroxyquinoline (220mg, 1.49 mmol) and 4-iodoanisole 

(700 mg, 2.97 mmol) in a round bottom flask. Dimethyl sulfoxide (DMSO) (30 mL) was added 

to the mixture and the mixture was purged with argon for 15 min. Then, copper(I) iodide (250 

mg, 1.49 mmol) was added to the mixture. The pressure tube was capped after another 15 min of 

argon purge. The reaction was covered with aluminum foil and heated to 120°C for 12 h. The 

reaction was cooled to room temperature and the resulting green mixture was worked up as 

described for the synthesis of 1a. The crude was purified using silica gel chromatography eluting 

with EtOAc:methanol=10:0.7 to furnish 16 (510 mg, 52%) as pale-yellow solid. 1H NMR (400 

MHz, CDCl3) ŭ 7.30 ï 7.22 (m, 3H), 7.09 (ddd, J = 2.6, 1.2, 0.7 Hz, 1H), 7.01 ï 6.95 (m, 2H), 

6.60 (d, J = 9.6 Hz, 1H), 3.84 (s, 3H), 2.10 (s, 3H). 

 

Compound 17. Compound 16 (500 mg, 2.37 mmol) was dissolved in DCM (10 mL) and the 

solution was purged with argon gas for 15 min and cooled to -30ºC. BBr3 (2 mL) was added to 

the solution dropwisely and stirring continued at -30 ºC for 1 h. The reaction temperature was 

raised to 0oC (ice bath) and stirring continued overnight. MeOH (20 mL) was added dropwisely, 

followed by NaHCO3 to adjust pH to 8-9 and precipitate resulted. The suspension was filtered 

through vacuum and the filtrate was extracted by DCM:MeOH=10:1 (100 mL x 5). The 

combined DCM layer was dried over Na2SO4 and evaporated off to furnish 17 (320 mg, 67%). 
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1H NMR (400 MHz, CDCl3) ŭ 7.35 (ddd, J = 9.2, 2.6, 0.4 Hz, 1H), 7.16 ï 7.11 (m, 1H), 7.04 ï 

6.95 (m, 2H), 6.65 (t, J = 9.0 Hz, 3H), 2.12 (d, J = 1.0 Hz, 3H). 

 

Compound 18a. Compound 17 (300 mg, 1.49 mmol) was dissolved in DCM (5 mL) and cooled 

to -10 to -20ºC. Pyridine (0.7 mL, 8.6 mmol) was added to the solution and triflic anhydride 

(0.4mL, 2.38 mmol) was added dropwisely. The reaction was complete within 30 min and 1M 

HCl solution (5 mL) was added to the solution to quench the reaction. Then DCM (30 mL) and 

water (50 mL) were added and the two layers separated. The DCM layer was washed water (30 

mL), dried over Na2SO4 and evaporated off. The crude product (dark yellow solid) was purified 

using column chromatography eluting with neat EtOAc to furnish the triflate intermediate 

product as pale-yellow solid (320 mg, 51%). The intermediate triflate compound (300 mg, 0.9 

mmol) was treated with prop-2-yn-1-ol (100.1 mg, 1.8 mmol), 

Tetrakis(triphenylphosphine)palladium (520 mg, 0.45 mmol) and CuI (85.5 mg, 0.45 mmol) in 

CH3CN (7 mL). The mixture was purged with argon for 5 min and after the addition of Hunigôs 

base (0.7ml, 4mmol), heated to 75ºC and kept stirring overnight. The mixture was filtered 

through celite bed and the filtrate was evaporated off. The crude compound was purified using 

column chromatography, eluting with EtOAc:MeOH=13:1 to furnish 18a (323 mg, 90%) as 

yellow oil.  1H NMR (400 MHz, CDCl3) ŭ 7.57 ï 7.51 (m, 2H), 7.41 ï 7.30 (m, 2H), 7.30 ï 7.23 

(m, 1H), 7.09 (ddd, J = 2.6, 1.2, 0.8 Hz, 1H), 6.64 ï 6.57 (m, 1H), 4.51 (d, J = 6.2 Hz, 2H), 2.11 

(d, J = 1.1 Hz, 4H), 1.88 (t, J = 6.2 Hz, 1H). 

 

Compound 18b. The triflate intermediate (400 mg, 1.2 mmol) was prepared as described for the 

synthesis of 18a. The triflate intermediate was treated with 3-butyn-1-ol (500 mg, 6.84 mmol), 
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Tetrakis(triphenylphosphine)palladium (200 mg, 0.17 mmol) and CuI (33 mg, 0.17 mmol) in 

CH3CN (10 mL). The mixture was purged with argon for 5 min and after the addition of Hunigôs 

base (1mL, 10v/v%), heated to 65ºC and kept stirring overnight. The mixture was filtered 

through celite bed and the filtrate was evaporated off. The crude compound was purified using 

column chromatography, eluting with neat EtOAc to furnish 18b (370 mg, 84%) as yellow oil.  

1H NMR (400 MHz, CDCl3) ŭ 7.57 ï 7.43 (d, J = 8.3 Hz, 2H), 7.40 ï 7.29 (d, J = 8.3 Hz, 2H), 

7.26 (d, J = 0.6 Hz, 1H), 7.09 (d, J = 2.3 Hz, 1H), 6.60 (d, J = 9.4 Hz, 1H), 3.83 (q, J = 6.3 Hz, 

2H), 2.71 (t, J = 6.3 Hz, 2H), 2.11 (d, J = 1.1 Hz, 3H), 1.83 (t, J = 6.3 Hz, 1H). 

 

Compound 18c. The triflate intermediate (200mg, 0.58mmol) was prepared as described for the 

synthesis of 18a. The triflate intermediate was treated with pent-4-yn-1-ol (0.135 g, 1.6 mmol), 

Tetrakis(triphenylphosphine)palladium (320 mg, 0.25 mmol) and CuI (68 mg, 0.25 mmol) in 

CH3CN (10 mL). The mixture was purged with argon for 5 min and after the addition of Hunigôs 

base (0.8 mL, 8 v/v%), heated to 65ºC and kept stirring overnight. The mixture was filtered 

through celite bed and the filtrate was evaporated off. The crude compound was purified using 

column chromatography, eluting with neat EtOAc to furnish 18c (150 mg, 97%) as yellow oil.  

1H NMR (400 MHz, CDCl3) ŭ 7.52 ï 7.44 (d, J = 8.3 Hz, 2H), 7.34 ï 7.28 (d, J = 8.3 Hz, 2H), 

7.26 (m, 1H), 7.08 (dt, J = 2.7, 1.0 Hz, 1H), 6.60 (d, J = 9.3 Hz, 1H), 3.83 (q, J = 6.0 Hz, 2H), 

2.56 (t, J = 7.0 Hz, 2H), 2.10 (s, J = 1.1 Hz, 3H), 1.87 (tt, J = 7.0, 6.2 Hz, 2H), 1.51 (t, J = 5.4 

Hz, 1H). 

 

Compound 18d. The triflate intermediate (500 mg, 1.5 mmol) was prepared as described for the 

synthesis of 18a. The triflate intermediate was treated with hex-5-yn-1-ol (294 mg, 3 mmol), 
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Tetrakis(triphenylphosphine)palladium (433 mg, 0.375 mmol) and CuI (71mg, 0.375mmol) in 

CH3CN (8 mL). The mixture was purged with argon for 5 min and after the addition of Hunigôs 

base (0.8 mL, 8 v/v%), heated to 65ºC and kept stirring overnight. The mixture was filtered 

through celite bed and the filtrate was evaporated off. The crude compound was purified using 

column chromatography, eluting with neat EtOAc to furnish 18d (400 mg, 95%) as yellow oil.  

1H NMR (400 MHz, CDCl3) ŭ 7.48 (d, J = 8.6 Hz, 2H), 7.32 ï 7.28 (d, J = 8.6 Hz, 2H), 7.29 ï 

7.24 (m, 1H), 7.09 ï 7.05 (m, 1H), 6.60 (d, J = 9.3 Hz, 1H), 3.73 (s, 2H), 2.48 (t, J = 6.6 Hz, 

2H), 2.14 ï 2.03 (m, 3H), 1.80 ï 1.65 (m, 2H), 1.28 (d, J = 18.0 Hz, 3H). 

 

Compound 18e. The triflate intermediate (200 mg, 0.58 mmol) was prepared as described for 

the synthesis of 18a. The triflate intermediate was treated with hex-5-yn-1-ol (180 mg, 1.6 

mmol), Tetrakis(triphenylphosphine)palladium (320 mg, 0.25 mmol) and CuI (68 mg, 0.25 

mmol) in CH3CN (10 mL). The mixture was purged with argon for 5 min and after the addition 

of Hunigôs base (0.8 mL, 8 v/v%), heated to 65ÜC and kept stirring overnight. The mixture was 

filtered through celite bed and the filtrate was evaporated off. The crude compound was purified 

using column chromatography, eluting with neat EtOAc to furnish 18e (160 mg, 0.54 mmol, 

93.2%) as yellow oil.  1H NMR (400 MHz, CDCl3) ŭ 7.48 (d, J = 8.6 Hz, 2H), 7.33 ï 7.28 (d, J = 

8.6 Hz, 1H), 7.27 ï 7.24 (m, 1H), 7.10 ï 7.05 (m, 1H), 6.60 (d, J = 9.4 Hz, 1H), 3.69 (q, J = 6.0 

Hz, 2H), 2.44 (t, J = 6.9 Hz, 2H), 2.10 (d, J = 1.1 Hz, 3H), 1.65 (h, J = 6.9 Hz, 4H), 1.69 ï 1.51 

(m, 4H). 

 

Compound 19a. Compound 18a (170 mg, 0.7 mmol) was dissolved in DCM (15 mL) and 

triethylamine (360 mg, 3.5 mmol) and stirred at -20ºC. Methanesulfonyl chloride (0.20 g, 3.0 



143 

 

mmol) was added slowly to the solution under argon; the reaction was kept stirring for 45-60 min 

and quenched with NaHCO3 (1 mL). The reaction was partitioned between DCM (50 mL) and 

water (50mL) and the two layers separated. The organic layer was washed with water (30 mL), 

dried over Na2SO4 and evaporated off to give a crude mesylated intermediate that was used 

without purification. The mesylated intermediate (85 mg, 0.27 mmol) was dissolved in 

THF/DMSO solution (1:1 mL); and compound 4 (170 mg, 0.26 mmol) and Hunigôs base (0.68 

mL, 4 mmol) were added to the solution. The mixture was heated to 50ºC for 2 h during which 

the starting materials were consumed. The solution was worked up with water (50 mL) and 

chloroform (30 mL x 3). The organic layer was dried over Na2SO4 and the solvent was 

evaporated off. The crude product was purified using preparative TLC plate eluting with 

EtOAc:MeOH=15:1 to furnish 19a as pale-yellow solid (135 mg, 54%). 1H NMR (400 MHz, 

CDCl3) ŭ 7.52 ï 7.44 (m, 2H), 7.35 ï 7.28 (m, 2H), 7.27 ï 7.22 (m, 1H), 7.07 (d, J = 7.1 Hz, 

1H), 6.58 (d, J = 9.4 Hz, 1H), 5.04 (dd, J = 11.2, 2.3 Hz, 1H), 4.91 (d, J = 4.9 Hz, 1H), 4.47 (d, J 

= 7.2 Hz, 1H), 3.98 (d, J = 11.4 Hz, 2H), 3.74 (q, J = 6.4, 5.3 Hz, 2H), 3.57 ï 3.45 (m, 1H), 3.26 

(s, 3H), 3.17 (s, 1H), 3.01 (d, J = 10.6 Hz, 4H), 2.93 ï 2.81 (m, 1H), 2.81 ï 2.67 (m, 1H), 2.57 

(dt, J = 7.7, 4.1 Hz, 1H), 2.40 (s, 2H), 2.34 (d, J = 15.2 Hz, 1H), 2.19 (d, J = 10.0 Hz, 1H), 2.10 

(d, J = 6.0 Hz, 3H), 1.97 ï 1.78 (m, 3H), 1.74 ï 1.62 (m, 1H), 1.60 ï 1.42 (m, 1H), 1.42 (s, 0H), 

1.38 ï 1.32 (m, 1H), 1.29 (d, J = 6.1 Hz, 3H), 1.25 ï 1.16 (m, 8H), 1.16 ï 1.00 (m, 10H), 0.83 (t, 

J = 7.3 Hz, 3H). 13C NMR (101 MHz, CDCl3) ŭ 175.8, 161.5, 142.7, 140.7, 134.7, 132.4, 126.8, 

126.6, 123.2, 121.5, 115.1, 102.7, 96.0, 87.2, 83.9, 80.8, 78.4, 77.9, 74.2, 72.6, 71.1, 69.0, 68.6, 

65.7, 64.3, 50.6, 49.5, 45.2, 45.0, 44.5, 39.3, 37.2, 35.9, 21.5, 21.0, 19.8, 18.7, 18.0, 17.0, 16.0, 

12.3, 10.6, 9.1. HRMS (ESI) m/z Calcd. for C52 H79 O14 N2 [M+H+]:  955.5526, found 955.5505. 
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Compound 19b. The preparation of mesylated intermediate was as described for synthesis of 

mesylated intermediate to 19a. The prepared intermediate (100mg, 0.32 mmol) was reacted with 

compound 4 (200 mg, 0.28 mmol) in THF/DMSO (1ml:1ml) and Hunigôs base (0.7mL, 7 V/V%) 

at 75-80oC overnight. The work-up procedure was described in synthesis procedure of 19a. The 

crude product was dried and purified through preparative TLC eluting with EtOAc:MeOH=20:1 

to furnish 19b as yellow solid (22 mg, 8%). 1H NMR (400 MHz, CDCl3) ŭ 7.54 ï 7.47 (d, J = 

6.8, 2H), 7.35 ï 7.22 (m, 2H), 7.26 (m, 1H), 7.07 (s, 1H), 6.60 (d, J = 9.4 Hz, 1H), 5.04 (d, J = 

9.3 Hz, 1H), 4.92 (d, J = 4.8 Hz, 1H), 4.48 (d, J = 7.1 Hz, 1H), 3.98 (d, J = 7.4 Hz, 2H), 3.87 ï 

3.74 (m, 2H), 3.75 (d, J = 4.7 Hz, 1H), 3.66 (d, J = 7.1 Hz, 1H), 3.31 (s, 3H), 3.25 (s, 1H), 3.19 

(d, J = 2.4 Hz, 1H), 3.03 (s, 4H), 2.90 ï 2.80 (m, 2H), 2.71 (t, J = 6.3 Hz, 1H), 2.60 (s, 6H), 2.36 

(d, J = 15.3 Hz, 1H), 2.33 (s, 4H), 2.10 (d, J = 1.2 Hz, 4H), 1.86 (dd, J = 26.5, 11.6 Hz, 4H), 1.58 

(dd, J = 15.0, 4.9 Hz, 1H), 1.40 (s, 3H), 1.30 (d, J = 6.2 Hz, 3H), 1.25 (s, 8H), 1.26 ï 1.16 (m, 

8H), 1.15 ï 1.08 (m, 12H), 0.84 (q, J = 7.6 Hz, 3H). 13C NMR (176 MHz, CDCl3) ŭ 220.7, 

188.0, 175.4, 164.3, 161.6, 142.7, 140.0, 135.1, 128.7, 127.3, 121.4, 115.1, 102.5, 96.1, 81.9, 

78.3, 78.1, 77.6, 76.7, 74.2, 73.1, 71.8, 69.1, 67.9, 66.2, 58.8, 50.6, 49.6, 45.1, 45.0, 39.1, 38.6, 

37.3, 35.0, 21.5, 20.9, 19.7, 18.7, 18.0, 17.0, 16.1, 12.3, 10.6, 9.9. HRMS (ESI) m/z Calcd. for 

C53 H81 O14 N2 [M+H+]:  969.5682, found 969.5662. 

 

Compound 19c. The preparation of mesylated intermediate was as described for synthesis of 

mesylated intermediate to 19a.The prepared intermediate (75 mg, 0.23 mmol) was reacted with 

compound 4 (200 mg, 0.27 mmol) in THF/DMSO (5:2 mL) and Hunigôs base (0.8mL, 8 V/V%) 

at 75-80oC overnight. The work-up procedure was described in synthesis procedure of 19a. The 

crude product was dried and purified through preparative TLC eluting with EtOAc:MeOH=20:1 
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to furnish 19c as yellow solid (19 mg, 8%). 1H NMR (400 MHz, CDCl3) ŭ 7.48 (d, J = 8.7, 2.6 

Hz, 2H), 7.32 ï 7.21 (m, 3H), 7.06 (s, 1H), 6.59 (d, J = 9.4 Hz, 1H), 5.04 (d, J = 11.1, 2.3 Hz, 

1H), 4.91 (d, J = 4.8 Hz, 1H), 4.46 (d, J = 7.2 Hz, 1H), 4.11 (q, J = 7.1 Hz, 1H), 3.99 (s, 1H), 

3.97 (s, 1H), 3.79 ï 3.72 (m, 2H), 3.66 (d, J = 7.2 Hz, 1H), 3.49 (s, 1H), 3.28 (s, 2H), 3.17 (s, 

1H), 3.01 (d, J = 14.2 Hz, 5H), 2.93 ï 2.83 (m, 1H), 2.55 (d, J = 9.1 Hz, 2H), 2.48 (d, J = 7.5 Hz, 

2H), 2.35 (d, J = 15.2 Hz, 1H), 2.29 (s, 2H), 2.15 (s, 1H), 2.06 (d, J = 22.8 Hz, 4H), 1.95 ï 1.82 

(m, 2H), 1.81 (s, 1H), 1.69 (d, J = 15.7 Hz, 2H), 1.57 (dd, J = 15.2, 4.9 Hz, 1H), 1.39 (s, 3H), 

1.26 (s, 3H), 1.32 ï 1.15 (m, 13H), 1.14 ï 1.07 (m, 10H), 0.84 (dd, J = 14.8, 7.3 Hz, 6H), 13C 

NMR (101 MHz, CDCl3) ŭ 221.0, 175.8, 161.7, 142.8, 134.0, 137.3, 135.2, 129.6, 127.0, 121.3, 

115.2, 102.8, 96.1, 81.0, 78.3, 78.0, 76.6, 74.2, 72.7, 70.9, 69.0, 68.5, 65.7, 63.7, 51.4, 50.6, 49.3, 

49.0, 45.2, 45.0, 39.3, 39.1, 37.2, 36.5, 36.3, 34.9, 29.7, 21.4, 21.0, 19.7, 18.7, 18.0, 17.0, 16.0, 

12.3, 10.6, 9.1. HRMS (ESI) m/z Calcd. for C54 H83 O14 N2 [M+H+]:  983.5839, found 983.5817. 

 

Compound 19d. The preparation of mesylated intermediate was as described for synthesis of 

mesylated intermediate to 19a. The prepared intermediate (170mg, 0.54mmol) was reacted with 

compound 4 (370 mg, 0.52mmol) in THF/DMSO (5:1 mL) and Hunigôs base (0.6mL, 8 V/V%) 

at 75-80oC overnight. The work-up procedure was described in synthesis procedure of 19a. The 

crude product was dried and purified through preparative TLC eluting with EtOAc:MeOH=20:1 

to furnish 19d as yellow solid (21mg, 4.1%). 1H NMR (400 MHz, CDCl3) ŭ 7.47 (d, J = 8.5 Hz, 

2H), 7.30 (d, J = 8.5 Hz, 2H), 7.25 (d, J = 5.0 Hz, 1H), 7.09 ï 7.05 (m, 1H), 6.60 (d, J = 9.3 Hz, 

1H), 5.04 (dd, J = 11.1, 2.2 Hz, 1H), 4.92 (d, J = 5.0 Hz, 2H), 4.47 (d, J = 7.2 Hz, 2H), 3.99 (q, J 

= 5.5, 5.1 Hz, 3H), 3.79 ï 3.70 (m, 4H), 3.66 (d, J = 7.3 Hz, 1H), 3.50 (s, 2H), 3.31 (d, J = 4.3 

Hz, 6H), 3.02 (d, J = 5.4 Hz, 9H), 2.88 (dd, J = 9.3, 7.1 Hz, 2H), 2.64 ï 2.53 (m, 2H), 2.48 ï 
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2.25 (m, 9H), 2.11 ï 2.05 (m, 5H), 1.94 ï 1.79 (m, 4H), 1.74 ï 1.48 (m, 2H), 1.39 (s, 3H), 1.33 ï 

1.16 (m, 13H), 1.15 ï 1.05 (m, 10H), 0.93 ï 0.75 (m, 6H). 13C NMR (101 MHz, CDCl3) ŭ 

221.04, 175.8, 161.6, 142.7, 140.1, 134.9, 132.4, 126.4, 124.1, 121.5, 115.1, 96.1, 78.3, 77.9, 

77.3, 77.0, 76.7, 74.3, 72.7, 70.7, 69.1, 50.6, 49.5, 45.3, 45.0, 39.3, 37.2, 34.9, 31.9, 29.7, 29.4, 

26.1, 22.7, 21.5, 21.4, 21.0, 19.8, 19.3, 18.7, 18.0, 17.0, 16.0, 14.1, 12.3, 10.6, 9.1.. HRMS (ESI) 

m/z Calcd. for C55 H85 O14 N2 [M+H+]:  997.5995, found 997.5977. 

 

Compound 19e. The preparation of mesylated intermediate was as described for synthesis of 

mesylated intermediate to 19a. The prepared intermediate (85mg, 0.236mmol) was reacted with 

compound 4 (230 mg, 0.31 mmol) in THF/DMSO (5:5mL) and Hunigôs base (0.8 mL, 8 V/V%) 

at 75-80oC overnight. The work-up procedure was described in synthesis procedure of 19a. The 

crude product was dried and purified through preparative TLC eluting with 

EtOAc:MeOH=20:1to furnish 19e as yellow solid (11 mg, 5%). 1H NMR (400 MHz, CDCl3) ŭ 

7.46 (d, J = 8.5 Hz, 2H), 7.28 (d, J = 8.5 Hz, 2H), 7.26 ï 7.22 (m, 1H), 7.06 (dt, J = 2.3, 1.1 Hz, 

1H), 6.57 (d, J = 9.3 Hz, 1H), 5.03 (dd, J = 11.1, 2.3 Hz, 1H), 4.90 (d, J = 4.8 Hz, 1H), 4.43 (d, J 

= 7.2 Hz, 1H), 4.04 ï 3.93 (m, 3H), 3.78 ï 3.71 (m, 2H), 3.64 (d, J = 7.3 Hz, 1H), 3.52 ï 3.42 

(m, 1H), 3.31 (s, 4H), 3.24 ï 3.16 (m, 2H), 3.02 ï 2.93 (m, 6H), 2.62 ï 2.51 (m, 2H), 2.40 (t, J = 

7.0 Hz, 2H), 2.35 (d, J = 15.2 Hz, 1H), 2.25 (s, 3H), 2.08 (d, J = 1.1 Hz, 3H), 1.94 ï 1.78 (m, 

4H), 1.73 ï 1.43 (m, 5H), 1.38 (s, 3H), 1.28 (d, J = 6.1 Hz, 3H), 1.26 ï 1.15 (m, 12H), 1.09 (dt, J 

= 7.6, 4.0 Hz, 13H), 0.88 ï 0.78 (m, 6H). 13C NMR (101 MHz, CDCl3) ŭ 175.8, 161.6, 142.7, 

140.0, 134.9, 132.3, 126.4, 124.2, 121.5, 115.0, 102.7, 96.0, 91.4, 80.7, 80.1, 78.3, 77.9, 74.2, 

72.7, 70.7, 69.0, 65.7, 50.6, 49.5, 45.3, 45.0, 39.2, 36.9, 34.9, 31.6, 29.7, 28.5, 26.4, 22.6, 21.5, 

21.0, 19.8, 19.4, 18.7, 18.0, 17.0, 15.9, 14.1, 12.3, 10.6, 9.0. HRMS (ESI) m/z Calcd. for C56 H87 

O14 N2 [M+H+]: 1011.6152, found 1011.6123. 
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Compound 20a. The preparation of mesylated intermediate was as described for synthesis of 

mesylated intermediate to 19a. Subsequently, the mesylated intermediate (85 mg, 0.27 mmol) 

reacted with compound 7 (170 mg, 0.27 mmol) in THF/DMSO (5:5mL) and Hunigôs base (0.68 

mL, 4 mmol) at 50ºC for 2 h. The reaction was worked up with water (50 mL) and chloroform 

(30 mL x 3). The crude product was purified through preparative TLC eluting with 

EtOAc:MeOH=15:1 to furnish 20a as pale-yellow solid (115 mg, 45%). 1H NMR (400 MHz, 

CDCl3) ŭ 7.52 ï 7.46 (m, 2H), 7.36 ï 7.29 (m, 2H), 7.25 (d, J = 9.8 Hz, 1H), 7.06 (d, J = 2.6 Hz, 

1H), 6.59 (d, J = 9.3 Hz, 1H), 5.12 (d, J = 4.8 Hz, 1H), 4.82 (s, 1H), 4.68 (dd, J = 9.9, 2.6 Hz, 

1H), 4.47 (d, J = 7.2 Hz, 1H), 4.27 (dd, J = 4.4, 2.0 Hz, 1H), 4.06 (dt, J = 12.5, 6.4 Hz, 1H), 3.68 

(s, 1H), 3.55 (dt, J = 11.0, 7.5 Hz, 1H), 3.28 (s, 4H), 3.21 (s, 1H), 3.02 (t, J = 9.9 Hz, 1H), 2.92 

(s, 1H), 2.81 ï 2.63 (m, 3H), 2.53 (d, J = 10.5 Hz, 1H), 2.41 (s, 3H), 2.31 (s, 4H), 2.18 ï 2.14 (m, 

3H), 2.09 (s, 3H), 2.08 ï 1.95 (m, 2H), 1.87 (ddd, J = 15.6, 9.2, 4.1 Hz, 2H), 1.79 (d, J = 14.6 

Hz, 1H), 1.56 (dd, J = 15.2, 5.0 Hz, 1H), 1.50 ï 1.35 (m, 1H), 1.32 (t, J = 3.1 Hz, 6H), 1.26 ï 

1.14 (m, 8H), 1.13 ï 1.00 (m, 8H), 0.89 (q, J = 7.4, 6.6 Hz, 6H). 13C NMR (101 MHz, CDCl3) ŭ 

178.9, 161.7, 142.8, 140.8, 134.9, 132.5, 126.7, 123.4, 121.7, 115.2, 103.0, 94.7, 87.7, 83.7, 78.3, 

77.9, 77.4, 74.4, 73.8, 73.1, 71.1, 70.2, 68.8, 65.7, 64.6, 62.5, 49.6, 45.4, 44.7, 42.5, 42.2, 36.4, 

36.3, 34.9, 31.2, 31.1, 27.7, 26.9, 22.1, 21.7, 21.5, 18.4, 17.2, 16.3, 14.9, 11.4, 9.3, 7.6.  HRMS 

(ESI) m/z Calcd. for C52 H82 O13 N3 [M+H+]: 956.5842, found 956.5822. 

 

Compound 20b. The preparation of mesylated intermediate was as described for synthesis of 

mesylated intermediate to 19a. Subsequently, the mesylated intermediate (100 mg, 0.32 mmol) 

reacted with compound 7 (200 mg, 0.27 mmol) in THF/DMSO (5:5mL) and Hunigôs base (0.7 
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mL, 4 mmol) at 50ºC overnight. The reaction was worked up as described for 19a. The crude 

product was purified through preparative TLC eluting with EtOAc:MeOH=15:1 to furnish 20b 

as pale-yellow solid (13mg, 0.0134mmol, 4.9%).1H NMR (400 MHz, CDCl3) ŭ 7.52 (d, J = 8.4 

Hz, 2H), 7.30 (dd, J = 8.6, 2.0 Hz, 2H), 7.26 (d, J = 2.6 Hz, 1H), 7.08 (d, J = 2.5 Hz, 1H), 6.61 

(d, J = 9.4 Hz, 1H), 5.12 (d, J = 4.9 Hz 1H), 5.04 (s, 1H), 4.70 (d, J = 9.8 Hz, 1H), 4.52 (dd, J = 

15.7, 7.3 Hz, 2H), 4.30 (d, J = 4.7 Hz, 1H), 4.23 (d, J = 6.6 Hz, 1H), 4.08 (d, J = 6.6 Hz, 2H), 

3.83 (s, 1H), 3.74 ï 3.58 (m, 4H), 3.55 (s, 2H), 3.44 ï 3.22 (m, 8H), 3.17 ï 2.98 (m, 2H), 2.96 (s, 

2H), 2.86 (d, J = 6.5 Hz, 4H), 2.80 (s, 3H), 2.72 (d, J = 7.5 Hz, 2H), 2.65 ï 2.46 (m, 6H), 2.35 (d, 

J = 3.8 Hz, 13H), 2.23 ï 1.96 (m, 2H), 1.94 ï 1.83 (m, 4H), 1.82 ï 1.43 (m, 10H), 1.41 ï 1.03 

(m, 10H), 1.02 ï 0.69 (m, 6H). 13C NMR (176 MHz, CDCl3) ŭ 188.1, 164.3, 161.6, 142.7, 140.2, 

135.1, 132.5, 128.8, 127.2, 126.4, 123.9, 121.5, 113.8, 103.2, 95.1, 80.8, 78.2, 77.8, 74.3, 73.3, 

73.0, 68.2, 65.9, 65.6, 52.6, 49.5, 45.1, 41.0, 36.7, 35.9, 34.9, 31.9, 29.7, 27.1, 26.7, 21.6, 18.3, 

17.0, 11.3, 7.7. HRMS (ESI) m/z Calcd. for C53 H84 O13 N3 [M+H+]: 970.4432, found 970.4513. 

 

Compound 20c. The preparation of mesylated intermediate was as described for synthesis of 

mesylated intermediate to 19a. Subsequently, the mesylated intermediate (100 mg, 0.30 mmol) 

reacted with compound 7 (170 mg, 0.23 mmol) in THF/DMSO (5:5mL) and Hunigôs base (0.7 

mL, 4.1 mmol) at 70ºC overnight. The reaction was worked up as described for 19a. The crude 

product was purified through preparative TLC eluting with EtOAc:MeOH=15:1 to furnish 20c as 

pale-yellow solid (15mg, 0.0152mmol, 5.58%). 1H NMR (400 MHz, CDCl3) ŭ 7.48 (d, J = 8.2 

Hz, 2H), 7.32 ï 7.22 (m, 3H), 7.07 (s, 1H), 6.59 (d, J = 9.4 Hz, 1H), 5.10 (s, 2H), 4.68 (s, 1H), 

4.50 ï 4.39 (m, 1H), 4.25 (s, 1H), 4.07 (s, 2H), 3.64 (d, J = 7.3 Hz, 3H), 3.53 (s, 1H), 3.36 ï 3.28 

(m, 4H), 2.74 (s, 2H), 2.54 (s, 2H), 2.47 (s, 1H), 2.34 (d, J = 13.6 Hz, 6H), 2.29 (s, 2H), 2.14 ï 
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2.07 (m, 3H), 2.00 (s, 3H), 1.77 ï 1.65 (m, 3H), 1.59 (s, 2H), 1.33 (s, 10H), 1.31 ï 1.10 (m, 

13H), 1.08 (d, J = 1.8 Hz, 3H), 1.04 (dd, J = 17.7, 8.5 Hz, 2H), 0.98 ï 0.80 (m, 10H). 13C NMR 

(176 MHz, CDCl3) ŭ 161.6, 142.7, 140.2, 134.9, 132.4, 126.4, 121.5, 115.1, 102.9, 94.6, 78.2, 

74.3, 73.0, 70.6, 65.6, 49.5, 45.3, 42.2, 36.3, 34.7, 31.9, 29.4, 26.7, 22.7, 22.0, 21.6, 21.4, 18.2, 

17.1, 16.3, 14.6, 14.1, 11.3, 9.1, 7.4. HRMS (ESI) m/z Calcd. for C54 H86 O13 N3 [M+H+]: 

984.5712, found 984.5863. 

 

Compound 20d. The preparation of mesylated intermediate was as described for synthesis of 

mesylated intermediate to 19a. Subsequently, the mesylated intermediate (100 mg, 0.32 mmol) 

reacted with compound 7 (170 mg, 0.23 mmol) in THF/DMSO (5:5mL) and Hunigôs base (0.7 

mL, 4.1 mmol) at 50ºC overnight. The reaction was worked up as described for 19a. The crude 

product was purified through preparative TLC eluting with EtOAc:MeOH=15:1 to furnish 20d 

as pale-yellow solid (13mg, 0.0134mmol, 4.9%). 1H NMR (400 MHz, CDCl3) ŭ 7.47 (d, J = 8.5 

Hz, 1H), 7.29 (d, J = 8.5 Hz, 1H), 7.26 (s, 4H), 7.07 (q, J = 1.5, 1.0 Hz, 1H), 6.59 (d, J = 9.3 Hz, 

1H), 5.10 (d, J = 4.8 Hz, 2H), 4.68 (dd, J = 9.9, 2.6 Hz, 2H), 4.45 (d, J = 7.2 Hz, 2H), 4.29 ï 4.26 

(m, 1H), 4.12 ï 4.01 (m, 2H), 3.69 (d, J = 1.6 Hz, 2H), 3.67 ï 3.62 (m, 3H), 3.47 (q, J = 7.0 Hz, 

2H), 3.32 (d, J = 8.1 Hz, 6H), 3.29 ï 3.22 (m, 1H), 3.04 (d, J = 8.4 Hz, 2H), 2.77 (dd, J = 7.5, 4.8 

Hz, 1H), 2.70 (d, J = 6.9 Hz, 1H), 2.51 (d, J = 10.9 Hz, 2H), 2.43 (s, 1H), 2.37 (s, 1H), 2.32 (s, 

8H), 2.25 (d, J = 6.1 Hz, 4H), 2.17 (s, 0H), 2.09 (d, J = 1.1 Hz, 3H), 2.07 ï 1.93 (m, 4H), 1.93 ï 

1.84 (m, 1H), 1.80 (d, J = 14.6 Hz, 1H), 1.70 ï 1.53 (m, 6H), 1.46 (ddd, J = 14.4, 10.0, 7.3 Hz, 

1H), 1.32 (t, J = 3.1 Hz, 8H), 1.28 ï 1.15 (m, 13H), 1.13 ï 1.01 (m, 10H), 0.89 (td, J = 7.4, 7.0, 

2.0 Hz, 10H). 13C NMR (176 MHz, CDCl3) ŭ 179.1, 161.8, 142.8, 140.2, 135.1, 132.5, 126.6, 

124.4, 121.6, 115.2, 103.1, 94.6, 91.3, 83.5, 80.2, 78.3, 77.8, 77.6, 74.4, 73.8, 73.6, 73.2, 70.7, 
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70.2, 69.0, 66.2, 65.7, 62.7, 49.6, 45.5, 42.6, 42.4, 36.4, 34.8, 32.1, 29.8, 27.7, 26.9, 26.4, 22.1, 

21.8, 21.5, 19.5, 18.3, 17.2, 16.4, 14.7, 11.4, 9.1, 7.4. HRMS (ESI) m/z Calcd. for C55 H88 O13 N3 

[M+H+]: 998.6312, found 998.6296. 

 

Compound 20e. The preparation of mesylated intermediate was as described for synthesis of 

mesylated intermediate to 19a. [Subsequently, the mesylated intermediate (85 mg, 0.24 mmol) 

reacted with compound 7 (170 mg, 0.23 mmol) in THF/DMSO (5:5mL) and Hunigôs base (0.8 

mL, 4.65 mmol) at 70ºC overnight. The reaction was worked up as described for 19a. The crude 

product was purified through preparative TLC eluting with EtOAc:MeOH=15:1 to furnish 20e as 

pale-yellow solid (13 mg, 5%). 1H NMR (400 MHz, CDCl3) ŭ 7.48 (d, J = 8.6 Hz, 2H), 7.30 (d, J 

= 8.6 Hz, 2H), 7.26 (m, 1H), 7.07 (d, J = 2.4 Hz, 1H), 6.60 (d, J = 9.5 Hz, 1H), 5.13 (s, 1H), 4.68 

(d, J = 10.5 Hz, 2H), 4.45 (d, J = 7.0 Hz, 1H), 4.29 (s, 1H), 4.07 (s, 1H), 3.70 ï 3.61 (m, 2H), 

3.52 (s, 2H), 3.34 (s, 3H), 3.25 (s, 1H), 3.04 (t, J = 9.9 Hz, 1H), 2.86 (s, 1H), 2.81 ï 2.64 (m, 

1H), 2.52 (d, J = 10.6 Hz, 1H), 2.41 (t, J = 7.0 Hz, 2H), 2.32 (s, 4H), 2.25 (s, 3H), 2.17 (d, J = 

0.6 Hz, 4H), 2.10 (d, J = 1.1 Hz, 3H), 1.83 (s, 12H), 1.69 ï 1.42 (m, 8H), 1.32 (d, J = 5.4 Hz, 

6H), 1.28 ï 1.15 (m, 7H), 1.07 (q, J = 7.7, 7.2 Hz, 9H), 0.93 ï 0.83 (m, 8H). 13C NMR (176 

MHz, CDCl3) ŭ 161.7, 142.8, 140.2, 135.1, 132.5, 126.6, 124.4, 121.7, 115.2, 103.1, 94.6, 91.5, 

83.5, 80.1, 78.3, 77.8, 74.4, 73.8, 73.2, 70.7, 65.7, 62.6, 53.4, 49.6, 45.4, 42.4, 36.4, 34.8, 29.8, 

28.7, 27.7, 26.9, 22.2, 21.8, 21.5, 19.5, 18.4, 17.2, 16.4, 14.8, 11.4, 9.1, 7.5. HRMS (ESI) m/z 

Calcd. for C56 H90 O13 N3 [M+H+]: 1012.6468, found 1012.6451. 

 

2.4.3 Cell culture 
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Cell culture and viability assays protocol were described in our previous work. In brief, VERO, 

and A549 cell lines were maintained in Dulbeccoôs Modified Eagle Medium (DMEM) (Corning, 

10-017-CV), supplemented with 10% fetal bovine serum (FBS) (Corning, 35-010-CV). MRC-5 

and Hep-G2 cells were cultured in phenol red free Minimum Essential Medium (MEM) 

(Corning, 17-305-CV), supplemented with 10% fetal bovine serum (FBS).  

 

2.4.4 MTS assay 

Cells were seeded into a 96-well plate (2000 counts/100uL) for 24 h prior to treatment and then 

treated with various drug concentrations for 72 h. All drugs were dissolved in medium via 

DMSO solution with DMSO concentration maintained at 1%. The effect of compounds on cell 

viability was measured using the MTS assay (CellTiter 96 Aqueous One Solution and CellTiter 

96 Non-Radioactive Cell Proliferation Assays, Promega, Madison, WI) as described by the 

manufacturer. IC50s were calculated using Prism GraphPad 8. 

 

2.4.5 Anti-inflammatory activity assay (NF-əB inhibition assay) 

NF-əB activity was measured by luciferase assay. BEAS-2B cells were transfected with NF-əȸ 

luciferase reporter construct in pGL3 basic vector 40 h after transfection, the cells were treated 

with drugs for 1 h followed by stimulation with NTHi for 5 h. Then cells were lysed with cell 

lysis buffer (250 mM Tris-HCl (pH 7.5), 0.1% Triton-X, 1 mM DTT) and luciferase activity was 

measured by luciferase assay system (Promega). Relative luciferase activity (RLA) was 

determined using the following equation; RLA = luciferase unit of the cells treated with NTHi 

and drug/ luciferase unit of the cells treated with mock. 
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2.4.6 Human Pro-collagen ELISA kit 

Human pro-collagen ELISA kit was supplied by Abcam (ab210966). Cells were trypsined and 

seeded to 24-well plates with 5*105 cell/well for 2-3 days until confluence reach to 80%. Fresh 

drug solutions at IC50 and 1/10 IC50 concentrations were used to treat cells for 24 h. The assays 

were run in duplicate following the manufacturerôs protocol. In brief, the conditioned medium 

was extracted from the cell plate to the COL1A1 antibody precoated plate with Human Pro-

collagen I alpha 1 capture antibody. After 3 times of wash, a Human Pro-collagen I alpha 1 

detector antibody was incubated into the precoated plate for 2 h. After the addition of the 

developing reagents, the absorbance was read at 450 nm. MTS assay was used to determine cell 

proliferation in order to normalize the collagen expression with cell number. 

 

 

2.4.7 Western blot 

Cells were cultured in 6-well plate with 1*106 cells/well. After 24 h, cells were incubated with 

serum-free MEM 24 h prior to treatment. Then the cells were treated with 50 ng/mL TGF-ɓ with 

or without treatment. PFD, AZM, CLM, and selected compounds 10c, 11b, 11c and 15c were 

independently incubated with the cells for 24 h prior to lysis. Then cells were washed by 1x cold 

PBS and lysed with RIPA buffer containing phosphatase and protease inhibitors under 4ºC. The 

lysates were collected, and the concentrations were normalized using BCA protein quantification 

assay (Biovision, CA, USA). The lysates were mixed with 10% mercaptoethanol Laemmi buffer 

and denatured by heating to 100ºC. The lysates were loaded on to 4-20% Criterion TGX Precast 

Gel and electrophoresed running at 150V for 66 minutes; and transferred to PVDF membrane. 
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The membrane was blocked with 5% BSA in TBST buffer for 1 h. Then the membrane was 

incubated with primary antibody overnight at 4ºC. The Anti-Col1A1(84336), anti-p-STAT3 

(9145), anti-MMP-2 (40994s), anti-Fibronectin (26836s) were purchased from Cell Signal 

Technology®; Anti-Ŭ-SMA (ab5694) were from Abcam®; anti-GAPDH (sc-47724) were 

purchased from Santa Cruz®; The membrane is washed with 1x TBST 3 times before secondary 

antibody incubation. The secondary antibody were rabbit IgG 800 and mouse IgG 680 from 

IRDye. After washing again 3 times with TBST, the membrane fluorescence was read using 

Odyssey CLx Imagine System. 

 

2.4.8 Bioassay (TGF-ɓ pathway inhibition) 

The assay kit containing A549 cell engineered with Luciferase reporter gene was provided by 

Promega. The cells were cultured with the provided medium and 10% FBS. Followed 

manusfacturerôs instruction, we seeded the cells into two 96 well plates and followed by 

treatment with 1% DMSO or 1% DMSO solution of candidates.  We investigated multiple 

dosages of selected candidates (10c, 11b, 14c, 15c, and PFD) and scanned the other potential 

candidates by treating for 6 h with TGF-ɓ stimulation (50 ng/mL). The cell medium were 

transferred to a white OptiPlateÊ 96-well plate (VWR, 25382-208) and incubated at room 

temperature with 1 mM Luciferin. After 1 min incubation, luminescence was read and data was 

processed by Prism GraphPad 8.  
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