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Abstract 

Vascular endothelial cells form the vascular endothelium as a monolayer that covers the 

vascular lumen and serves as an interface between circulating blood in the lumen and the 

rest of the vessel wall. The diverse function of the endothelium is crucial for the 

maintenance of vascular integrity. The loss of integrity and vascular permeability lead to a 

macular edema, which is normally accompanied by diabetic retinopathy. Diabetic 

retinopathy is a serious disease with no approved direct therapeutic agents. Nevertheless, 

there has been little progress in the treatment of vascular leakage and laser surgery remains 

the primary treatment. Consequently, medications for the treatment of retinal vascular 

leakage are urgently needed. 

We previously designed structurally simplified analogs by introducing the carbohydrate 

equivalents to cholesterol scaffold on the structural basis of ginsenoside Rk1. These analogs 

exhibited not only potent anti-apoptotic activity but also a protective effect against the 

disruption of tight junctions which leads to retinal vascular leakage. In an effort to develop 

novel therapeutic agents for the treatment of retinal vascular endothelium disorder, a series 

of glucal-conjugated sterols were identified through design, synthesis and biological 

evaluation. The structure-activity relationship (SAR) of the glucal-conjugated sterols 

focusing on the C17-side chain was also established, and a mechanism study with analog 20 

indicated that it blocks vascular leakage by enhancing endothelial integrity via the 

cAMP/Rac/cortactin pathway. In particular, analog 29l, which possesses a cyclopentyl 

oxime moiety, was shown to have excellent pharmacological effects on retinal vascular 

leakage in a diabetic mouse model. Currently, further studies on the molecular mechanism 

and disease model of the sterol analogs are in progress.  

Keywords : Ginsenoside Rk1, anti-apoptotic agent, tight-junction, pregnenolone, oxime, 

diabetic retinopathy  

Student Number : 2009-21656 
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I. Introduction 
 
 

1. Vascular endothelium 

The vascular endothelium is a monolayer of endothelial cells, which constitute the inner 

lining of blood vessels and form an interface between circulating blood in the lumen and 

the rest of the vessel wall. The disintegration of the endothelium causes pathological 

symptoms such as diabetic retinopathy, which is a complication that occurs primarily in 

patients with diabetes mellitus.1 

 

1-1. Functions of endothelium 

Though the endothelium is only a thin layer, it is optimally placed and has the ability to 

respond to physical and chemical signals via the production of a wide range of factors for 

regulation of vascular tone, vascular permeability, thromboresistance, smooth cell 

proliferation, and vessel wall inflammation. The control of vascular tone, vascular 

permeability and thromboresistance is essential to maintain blood circulation.2 

  
Figure 1. Endothelial cell functions2a 
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First, the significance of the endothelium emerged with the vascular tone regulation effect. 

This is accomplished by production and release of vasoactive substances including nitric 

oxide (NO), endothelium-derived hyperpolarizing factors (EDHFs) that relax or constrict 

vessels. It contributes to the balance of tissue oxygen supply, metabolic demand, and 

remodeling of the vascular structure.2b However, in vascular tone dysregulation 

circumstances, the decreased expression of NO upregulates the expression of adhesion 

molecules in endothelial cells, which promotes immune cell recruitment and smooth cell 

activation for proliferation and migration.2a, 3 

 
Figure 2. Cell-to-cell junctions between endothelial cells2a 

 

 
 

 Endothelial cells regulate vascular permeability through cell-to-cell junctions. Ions and 

water-soluble solutes can move across endothelial cells but immune cells primarily migrate 

across the cells via paracellular pathways.4 The structural features of the endothelial barrier 

are shown in Figure 2. The cell-to-cell junction is composed of tight junctions (TJs) and 

adherens junctions (AJs) that are made at cell-to-cell contact sites to create a barrier by 
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regulating permeability. AJs are composed of vascular endothelial (VE) cadherin which 

plays a key role in vascular development and in the maintenance of vascular integrity; it 

directly binds to p120 catenin, -catenin and -catenin, which links to the actin-based 

cytoskeleton.5 TJs are promoted by a number of proteins, including claudin, occludin, 

junctional adhesion molecules (JAM), and zonula occludens (ZO). Occludins and claudins 

form homodimeric bridges and they are connected to the actin filaments by ZO-1, ZO-2 and 

ZO-3. This actin cytoskeleton also plays a critical role in regulating the integrity of TJs, and 

therefore, it affects endothelial permeability.2a, 6 The claudin protein family consists of 24 

members in humans and claudin-1, claudin-3, claudin-5, claudin-12, and claudin-15 are 

expressed in endothelial cells. The claudin-5 knockout mouse has demonstrated that 

claudin-5 is essential for the size-selective barrier function of TJs in the brain endothelial 

cells that form the blood-brain barrier (BBB). Moreover, it has been shown that claudin-1 

depletion using small interfering RNA increases TJ permeability in cultured human 

endothelial cells. This effect suggests that claudin-1 plays a crucial role in TJ permeability 

regulation in endothelial cells. JAM, which belongs to the immunoglobulin (Ig) superfamily 

and has a single transmembrane domain with two Ig-like domains in the extracellular 

portion, is also localized to TJs in endothelial cells.7 

 The endothelial barrier becomes leaky to facilitate the movement of solutes between the 

blood and the surrounding tissues in blood vessel development and in the regeneration of 

damaged tissues. After the formation of vascular network is completed, vascular 

permeability dynamically returns to the original conditions to maintain the tissue 

environment.2 Recent studies have shown the importance of junctional proteins in 

regulation for vascular integrity.  

  

1-2. Formation of new vessels during angiogenesis 

Angiogenesis is the growth of new capillary blood vessels in the body. It is the continuous 
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expansion of the vascular tree that allows endothelial cells to sprout out from pre-existing 

vessels via cell growth, development, wound healing, formation of granulation tissue and  

tumor metastasis.8  

The formation of new vessels in angiogenesis is mediated by two members of a second 

family of receptor tyrosine kinases (RTKs), tyrosine kinase with immunoglobulin-like and 

epidermal growth factor-like domains-1 (tie-1) and tie-2, which bind to angiopoietin-1 

(Ang-1) and Ang-2. The function of Ang-2, which blocks the binding of Ang-1 to tie-2, is 

similar to the antagonist of Ang-1. This binding maintains the mature vessels and induces 

angiogenesis; however, if there is a problem with the combination factor, the regression of 

formed vessels results. In this process, angioblasts and endothelial cells must link like cells 

for the vessel to sprout and lengthen. This cell-cell adhesion is regulated by a different 

series of receptors, including platelet EC adhesion molecules-1 (PECAM-1) and VE-

cadherin. During the formation of new vessels, the cell-cell junction is initially made up of 

relatively weak adhesion complexes, which are likely required for cell-cell recognition, that 

facilitate the assembly of additional junctional complexes.4 

 
Figure 3. Formation of new vessels during angiogenesis4 
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 Angiogenesis is not only sensitive to the composition and structure of the cell-

extracellular matrix (ECM), but it is also influenced by cell-cell contact, angiogenic and 

angiostatic growth factors and peptides that are generated by vascular expansion itself. 

These events are induced after injury and by the inflammatory response, in addition to  

tumor and diabetic retinopathy, with serious consequences for the organism.4, 8  

  

2. Diabetic retinopathy 

Diabetic retinopathy (DR) is the major cause of blindness and affects 40% of diabetic 

patients over 40 years of age. Moreover, 8% of these patients have severe problems with 

their vision. Because there are more than 20 million adult diabetic patients, DR is a serious 

complicating disease with no approved direct therapeutic agents. Nevertheless, there has 

been little progress in the treatment of vascular leakage despite clinical trials of small 

molecules such as calcium dobesilate, aspirin, and antihistamines. Laser surgery remains 

the primary treatment for vascular leakage.9 Consequently, medications for the treatment of 

retinal vascular leakage are urgently needed. 

DR is a common complication of diabetes and has two distinct phases: nonproliferative 

and proliferative. After an early nonproliferative phase, which is marked by increased 

vascular permeability and small hemorrhages, the disease progresses to capilliary closure, 

retinal hypoxia and extensive exudation, which lead to a late proliferative phase 

characterized by retinal neovascularization.10 These proliferative changes are usually 

accompanied by unavoidable vision loss. The hypoxia and accompanying upregulation of 

vascular endothelial growth factor (VEGF) are thought to be a major contributor for this 

hypoxia-driven angiogenesis.11 Although VEGF induces angiogenesis, it also disrupts 

vascular permeability. Both processes cause the blood–retinal barrier (BRB) to breakdown, 

which in turn causes macular edema which is most closely correlated with the degree of 

vision loss.  
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Figure 4. Schematic diagram of the blood-retinal barrier12 

 

 
 

The particular structure of retinal vasculature contributes to the basis of BRB function.13 

The BRB consists of a single layer of retinal capillary endothelial cells (inner BRB, iBRB) 

and retinal pigment epithelial cells (outer BRB, oBRB), which both play fundamental roles 

in the retinal microenvironment. The iBRB is surrounded by pericytes, astrocytes and 

micro-glial cells. The paracellular route in iBRB is blocked by TJs, AJs and gap junctions 

as well as the relation between the junctions and the cytoskeleton and nucleus.12 (Figure 5) 

Loss of BRB integrity and vascular permeability characterizes diabetic retinopathy; 

therefore, new therapeutic agents to reverse or prevent vascular permeability are needed to 

treat this serious disease.1, 14  
 
 

3. Previous Studies 

We reported the potent anti-apoptotic activities of ginsenosides Rg3 (1) and Rk1 (2), 

which were isolated from the root of genus, in human umbilical vein endothelial cell 

(HUVEC) lines.15 However, the sugar moiety of ginsenoside Rk1 and Rg3 was unstable 
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under acidic conditions, and the small amount from the extract process limited research on 

this attractive biological activity. Therefore, we designed a structurally simplified analogs 

by introducing the carbohydrate equivalents to cholesterol scaffold on the structural basis of 

ginsenoside Rk1.16 For the results, we reported the identification of novel anti-apoptotic 

agents, including SAC-0504 (3) and SAC-0601 (4). SAC-0601 exhibited not only potent 

anti-apoptotic activity but also a protective effect against the disruption of TJs, which leads 

to retinal vascular leakage.17 Therefore, further development of therapeutically useful sterol 

analogs for the treatment of diabetic retinopathy was quite attractive to us because of the 

high demand for drugs that maintain endothelial integrity and because of the excellent 

protective effects of these sterol analogs for the endothelial system. Furthermore, we 

reported the anti-apoptotic activities of the carbohydrate equivalent-linked analogs of 

phytosterols including sitosterol, sitostanol and stigmasterol which showed functional 

effects in sterol as a substitute for protopanaxadiol moiety.18 

 
Figure 5. Natural and synthetic sterol analogs 
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II. Results and Discussion 

 

1.  Modification of analogs focusing on C17-side chain  

Interestingly, the activities of analogs with diverse phytosterols depended on the C17-side 

chain attached to the D-ring. These preliminary studies also revealed that the branched 

alkyl chain of the phytosterol plays an important role in determining biological activities.16, 

18  

 
Figure 6. Design strategy 

 
 

 

 

 Thus, we designed second-generation sterol analogs that were linked to a carbohydrate 

equivalent. Our strategy focused on the C17-side chain modification of SAC-0504 (3) and 

SAC-0601 (4) based on the structures of ginsenosides Rg3 (1) and Rk1 (2), which have 

tert-alcohol and exo-olefin in the C17-side chain, respectively. We initially investigated the 

effect of tert-alcohol based on the assumption that it can be transformed into endo/exo-
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olefin via dehydration. Moreover, we designed the analogs to incorporate functional 

diversity with modification of the terminal chain. Inserting a terminal acid or ester moiety 

could improve the physicochemical properties due to a cholestane core structure. 

1-1. Synthesis of analogs featured with the Side Chain of Rg3 and Rk1 

Commercially available pregnenolone (9) was selected as an appropriate substrate to 

synthesize the newly designed analogs in terms of accessibility and synthetic efficiency.  
 

Scheme 1. Synthesis of analogs with the side chain of Rg3 and Rk1 

 

 

 
Reagents and conditions: (a) PTSA, DHP, CH2Cl2, 57%; (b) Mg turning, 1-bromo-4-methyl pentane, Et2O, 15−18%; (c) tri-O-

acetyl-D-glucal, BF3·OEt2, THF, 12-23%; (d) Et3N, MsCl, CH2Cl2, 40%; (e) PTSA, MeOH, 99%; (f) t-BuOK, 16, benzene, reflux, 

22% 
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Analogs 3 and 4 with the modified C17-side chains were synthesized from 9, as outlined in 

Scheme 1. The tetrahydropyran analog 5, which possesses a tert-alcohol in the side chain, 

was prepared by the reaction of 9 with dihydropyran in the presence of PTSA, followed by 

a diastereoselective Grignard reaction.19 The dihydropyran analog 6 was synthesized via the 

Grignard reaction and subsequent glycosidation with tri-O-acetyl-D-glucal.16, 20 We also 

synthesized pyran-linked analogs with side chains that are structurally similar to that of 

ginsenoside Rk1 (2). The elimination of the tert-alcohol from analog 5 using Et3N and 

MsCl produced the regio/stereoisomers of 12 and 14, which could not be separated by 

column chromatography. Other analogs with side chains possessing double bonds were 

conveniently prepared from the common intermediate 15, which was prepared by the Wittig 

olefination21 of 9. Analog 7 was synthesized by a reaction of 15 with DHP in the presence 

of PTSA. The reaction of tri-O-acetyl-D-glucal with intermediate 15 in the presence of 

BF3•OEt2 in THF provided analog 8. 

1-2. Synthesis of analogs with improved physicochemical properties 

Tetrahydropyran-incorporated intermediate 17 was synthesized from 10 using 4-

(carboxybutyl)triphenylphosphonium bromide via Wittig olefination. The acid moiety of 17 

was methylated by trimethylsilyldiazomethane. Then, ester analog 20 was synthesized via 

tetrahydropyran deprotection and subsequent glycosidation with 4, 6-di-O-acetyl-2, 3-

dideoxyhex-2-enopyran in the presence of BF3•OEt2. To improve solubility, we planned to 

synthesize the analog with terminal acid moiety. Firstly, the terminal ester moiety of 19 was 

used to prepare the acid moiety but, the reaction did not go well. Therefore, we changed the 

protecting group so that it could be easily removed. Analog 21 was prepared by the reaction 

of 17 with allylation. During the deprotection of the THP group with PTSA and methanol, 

methanol replaced the allyl group with methyl. Therefore, we changed the solvent for this 

reaction to keep the protecting group. After glycosidation with 4, 6-di-O-acetyl-2, 3-

dideoxyhex-2-enopyran, acid analog 24 resulted from the deprotection of the allyl group. 
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Scheme 2. Synthesis of analogs with improved physicochemical properties 
 

 

  

Reagents and conditions: (a) potassium t-pentoxide, 4-(carboxybutyl)triphenylphosphonium bromide, toluene, reflux, 65%; (b) 

TMSCHN2, MeOH, CH2Cl2, 70%; (c) PTSA, MeOH, 85%; (d) tri-O-acetyl-D-glucal, BF3·OEt2, THF, 49~56%; (e) allyl bromide, 

KHCO3, DMF, 60% (f) PTSA, allyl alcohol, 60%; (g) Pd(PPh3)4, morpholine, THF, 20% 

 

1-3. Biological evaluation of analogs 

Given that apoptosis is generally associated with the onset of diabetic retinopathy,22 we 

investigated the anti-apoptotic effect of the synthesized analogs using serum-deprived 

human retina endothelial cells (HRECs). The anti-apoptotic activity assay was conducted 

using the MTT colorimetric method at 10 μg/mL for 48 h as a preliminary study.23 As 

shown in Figure 8, some analogs with constrained side chains exhibited more potent cell 

survival activities than did the parent analog 4. In particular, analogs such as 7 and 8, which 

possess an endo-olefin were more potent than the analogs that possess a tert-alcohol or exo-

olefin, regardless of the carbohydrate equivalent used. This result also implied that 

incorporating the constrained side chain enhances the anti-apoptotic activity. 
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Figure 7. Anti-apoptotic activities of the analogs 
 

 

 

Analog 20, which has terminal ester moiety linked with endo-olefin, showed better 

physicochemical properties, including solubility and anti-apoptotic activity.  

Many clinical studies have shown that the major site that becomes permeable in diabetic 

retinopathy is the iBRB.17, 24 The iBRB is maintained by the TJs between adjacent retinal 

capillary endothelial cells. These TJs are composed of many junctional proteins with 

intracellular partners and actin filaments, which are engaged in multiple interactions to 

regulate endothelial permeability.12 Therefore, we used an assay that probes the actin 

cytoskeleton, one of the major TJ proteins in endothelial cells that is used to evaluate the 

ability of compounds to maintain the integrity of TJs.12-13, 25 VEGF, which has been reported 

to be a key mediator of BRB collapse in diabetic retinopathy and other retinal ischemic 

diseases was utilized to disrupt the stability of TJ proteins and to alter the actin filament 

distribution.26 The assay using analogs 6 and 8 showed clear reductions in the formation of 

actin stress fibers at concentrations of 10 to 20 μg/mL. However, the assay results of 

analogs 24, which were evaluated at a concentration of 10 μg/mL did not show a potent 

stabilization effect compared with 20. In the assay system, 24 seemed to form micelles 

because of its terminal acid moiety. 
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Figure 8. Stabilization of the cortical actin ring 
 
 

 
 

2. Development of novel vascular leakage blocker 

Based on the results, we focused on oxime moiety, a bioisosteric moiety for the endo-

olefin group. We further modified the C17-side chain by incorporating oxime ether because 

we anticipated that the constrained conformation would provide improved binding affinity 

to the target protein and that a condensation reaction to make oxime ether would be suitable 

to introduce diverse terminal chains. The insertion of heteroatoms was also anticipated to 

reduce the high lipophilic character of the analogs. 

 
Figure 9. Introduction of oximes with diverse side chains 
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2-1. Synthesis of the oxime ether analogs 

We prepared a variety of oxime ether analogs as variants of the olefin-possessing analog 8. 

Initially, various hydroxyl amines were prepared as described in Scheme 3. Most hydroxyl 

amine•HCl salts were prepared from commercially available N-hydroxyphthalimide (25), 

which was transformed into alkoxyphthalimides 26a-p using DBU and the corresponding 

alkyl halide27 or by the Mitsunobu reaction28 in the presence of the corresponding alkyl 

alcohols. Sequential imide cleavage of the resulting imides using methyl hydrazine 

followed by hydrochloride salt formation afforded 27a-p.27-28  

 
Scheme 3. Synthesis of the oxime ether analogs 

 

 
 

Scheme 3. Reaction conditions and reagents: (a) DBU, DMF, alkyl halide, 60°C; (b) diisopropyl azodicarboxylate, 
pyridine-3-methanol, PPh3, CH2Cl2; (c) MeNHNH2, CH2Cl2; (d) BF3·OEt2, 3,4,6- tri-O-acetyl-D-glucal, CH2Cl2, 
60%; (e) 27a-r, pyridine, reflux 
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From the requisite alkyloxyamine salts and the commercially available 

hydroxylamine•HCl and benzylhydroxylamine•HCl salts, we were able to synthesize oxime 

analogs via a unified synthetic strategy.29 The reaction of tri-O-acetyl-D-glucal with 9 

provided the key intermediate 28, which was transformed into a variety of glucal-

conjugated oxime analogs (29a-r) by condensation with the corresponding 

hydroxylamine•HCl salts in refluxing pyridine.  

2-2. Structure-activity-relationship of oxime ether analogs 

Notably, the 10 μg/mL DMSO stock solutions of SAC-0601 (4) and analogs 7 and 8 were 

prepared as a suspension due to poor solubility whereas all oxime ethers dissolved well in 

DMSO, which supports the increase in solubility via the incorporation of a hydroxyl group 

or oxime ether moiety. Furthermore, the oxime analog 29h exhibited an equipotent activity 

to that of the corresponding alkyl analog 8 with improved solubility.  

 
Figure 10. Inhibitory effects of the oxime analogs on the apoptosis of HRECs 

 

 

 

We thoroughly investigated the effects of the alkyl substituents of the oxime moiety on the 

biological activities of oxime ether analogs. Generally, the oxime analogs with short or 

medium-sized alkyl chains, such as methyl, ethyl, isopropyl, allyl and propargyl groups, 

exhibited slightly low anti-apoptotic activities. In contrast, the oxime ether analogs with the 
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butyl and pentyl substituents exhibited potent activities. The analogs with branched chains 

(29h and 29j) were more potent than were the analogs with the corresponding linear chains. 

The non-substituted oxime (29q) exhibited lower activity than 4, and the analog with the 

3,3’-dimethylallyl oxime ether 29k exhibited a lower potency than the corresponding 

saturated analog 29h. 
 

Figure 11. Assay of oxime analogs based on the stabilization of the cortical actin ring in HRECs 
 

 

 

 

Interestingly, the analogs possessing cycloalkyl oxime ethers exhibited more potent 

activities than did oxime ether 29h, which had an acyclic alkyl substituent. The oxime 

ethers (29l, 29n and 29r) with cyclohexyl and benzyl substituents exhibited the most potent 

activities. However, analog 29p, which had a heterocyclic substituent, did not have 

inhibitory activity. The analogs 29l, 29n and 29r, which exhibited potent anti-apoptotic 

activities, also significantly reduced the formation of the stress fibers in HRECs, 

consequently leading to the stabilization of the cortical actin ring (Figure 11). These 

compounds exhibited more potent activities than did the parent analog 4. Analogs 29l, 29n 

and 29r exhibited dose-dependent anti-apoptotic activities in the MTT assay, as shown in 

Figure 12. 
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Figure 12. Dose-dependent inhibitory effects 
 

 
 
 

Figure 13. Changes in the occludin pattern caused by the selected oxime analogs 
 

 
 

We further evaluated analogs 29l, 29n and 29r using an occludin-based assay. In this assay, 

normal HRECs retain the polygonal shape and the linear pattern of occludin at the cell 

border and consequently have intact TJs. However, this pattern is disrupted by VEGF 

treatment.30 As shown in Figure 13, the oxime analogs enhanced the occludin integrity in 

the VEGF-treated HRECs. These cell-based assay results indicated that the oxime analogs 

prevent the apoptosis of endothelial cells and, consequently, maintain the TJs between 

endothelial cells.  

2-3. Effect of 29l on vascular retinal leakage in mice model 

Based on the results of the cell-based assays, analog 29l was selected to evaluate of its 

preventive effect against retinal vascular leakage in an in vivo model. Initially, the 

prevention of VEGF-induced permeability by analog 29l was examined using a mouse 

model (Figure 14) because it has been reported that the retinal permeability caused by an 
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increase in VEGF leads to retinopathy in a diabetic mouse model.30 Twenty-four hours after 

intravitreal administration of VEGF and analog 29l in mice, the retinas were isolated, and 

the extent of extravasation of FITC-dextran was determined by fluorescein angiography. As 

anticipated, VEGF-induced retinal vascular leakage was hardly observed after co-injection 

with analog 29l.  
 

Figure 14. Inhibitory effect of 29l against VEGF-induced retinal endothelial permeability in a mouse model 
 

 

     

 
Figure 15. Effect of 29l on diabetes-induced vascular retinal leakage and occludin level 

 

 

Inspired by the results of the VEGF-induced permeability assay, we evaluated the 

inhibitory activity of analog 29l against retinal vascular leakage caused by diabetic 

retinopathy in the diabetic mouse model. Diabetes was induced in mice via a daily 
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intraperitoneal injections of streptozotocin (Sigma) for four consecutive days.31 Three days 

after the last streptozotocin injection, mice whose blood glucose concentrations exceeded 

30 mg/L were used in this experiment. Analog 29l reduced vascular leakage to the normal 

level, as shown in Figure 15. In addition, decreased occludin expression in the retinas of 

diabetic mice was restored by 29l treatment. Overall, the results of the cell-based and in 

vivo assays confirmed that analog 29l prevents retinal vessel leakage in a diabetic model 

because of its anti-apoptotic activities and protective effects on TJs. 

 

3. Mechanism of action of 20 

 We developed the vascular leakage blocking analogs which increased EC viability and 

protected endothelial cell integrity. To further clarify the role of analogs to stabilize the 

endothelium, we examined the efficacy and investigated the mechanism of action with 

analog 20 (SAC-1004) which showed the most potent vascular preventing effect.  

 
Figure 16. Inhibitory effect of 20 (SAC-1004) against permeability inducing factors 
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Figure 17. cAMP level induced by 20 
 

       
 

Treatment of various permeability-inducing agents, such as vascular endothelial growth 

factor, histamine and thrombin in ECs, break the prominent pattern of AJs and TJs and 

induce stress fiber formation, leading to gap formation.32 In detail, thrombin, inflammatory 

mediator, disrupts the endothelial barrier via the proteolysis of VE-cadherin2a, and 

histamine decreases the permeability of the endothelium by stimulating cyclic AMP 

production.33 Analog 20 inhibited endothelial FITC-dextran leakage induced by the 

permeability-inducing factors. Analog 20 restored the VEGF-mediated linear distribution of 

the VE-cadherin and prevented the VE-cadherin level in membrane fraction. Furthermore, 
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it decreased the VEGF-induced phosphorylation of Tyr685 of VE-cadherin, which was a 

marker of disruption.34 In HRECs, VEGF-mediated actin stress fiber formation was blocked, 

and the cortical actin ring was maintained by treatment with 20 in a dose-dependent manner. 

Treatment with 20 in ECs increased the cAMP levels which are known to enhance the 

endothelial barrier integrity in a time-dependent manner. However, when dideoxyadenosine 

(DDA), a specific adenylyl cyclase inhibitor, was given before analog treatment, the VEGF-

induced permeability preventing effect was blocked.  
 

Figure 18. Activation of Rac signal with 20  
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Elevated cAMP levels lead to the activation of Rac which is involved in the formation of 

dynamic actin structures. The functions of Rac also link to strengthening of the vascular 

barrier.7, 35 Pretreatment with DDA also inhibited 20-induced Rac activation. In the 

presence of NSC23766, a specific inhibitor of the binding and activation of Rac GTPase, 

analog 20 did not prevent the VEGF-mediated disruption of VE-cadherin, p120-catenin, -

catenin and actin. Taken collectively, these data showed that 20 activated Rac through 

cAMP to protect the endothelial integrity in permeability factor-induced disrupted 

conditions. 

 
Figure 19. Activation of cortactin with 20 

 

 

 

 

Cortactin, cortical actin binding protein, is a downstream effector of Rac, and its 

localization at cell membrane is essential for the stabilization of cortical actin ring.35b, 36 It 

can be activated by external stimuli to promote the polymerization and rearrangement of the 

actin cytoskeleton.37 Analog 20 induced the phosphorylation of cortactin in a time- and 

dose-dependent manner. Moreover, the immunofluorescence assay showed that 20 
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mediated the localization of cortactin at the cell membrane. Similar to previous assays, 

these effects of 20 on ECs were abrogated by DDA and NSC23766. Taken together, our 

findings indicate that 20 blocks vascular leakage by enhancing endothelial integrity via the 

cAMP/Rac/cortactin pathway. 

 
Figure 20. Normalization of tumor blood vessels and combined effect7 

 

 
 

 

 

 

Our vascular leakage blocking analog has promising implications in treating vascular 

permeability-associated conditions. Moreover, it could be applied to many other disease 

models. Previous studies have shown that tumor therapies are much effective when given in 

combination with targeting angiogenic growth factors.38 Tumor blood vessels are leaky and 

immature, which increase interstitial fluid pressure and limit vascular perfusion, ultimately 
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leading to hypoxic microenvironment. In this microenvironment, cancer, endothelial, and 

stromal cells secrete various growth factors, and blood vessels are diverted away from the 

center of the tumor towards its periphery.39 Therefore, anti-angiogenic therapy could 

decrease vessel leakiness and improve perfusion, resulting in an enhancement of delivery to 

penetrate cytotoxic agents in the tumor’s core.40 

 Analog 20 also inhibited vascular leakage in pathological conditions like tumors. It 

reduced hypoxia, with a significant normalization of vascular integrity. Combination 

therapy with cisplatin showed growth inhibition. However, treatment with cisplatin alone 

did not significantly affect B16F10 tumor-bearing mice.  
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III. Conclusion 
 

Based on the results of analogs consisting of a sterol scaffold and a carbohydrate 

equivalent, which replaced the protopanaxadiol backbone and the carbohydrate, 

respectively, we identified a series of glucal-conjugated sterols with the constrained C17-

side chains as novel vascular leakage blockers through design, synthesis and biological 

evaluation. Analogs 29l, 29n and 29r exhibited excellent anti-apoptotic activities and TJ-

protective activities in the in vitro and in vivo models. Among these compounds, analog 29l 

was the most potent and exhibited promising in vivo activities for treating of vascular 

disorders. We also established the structure-activity relationship, focusing on the 

constrained C17-side chains.  

 Mechanistically, we showed that ester analog 20 elevated the cAMP levels and activated 

Rac signaling, leading to cortactin phosphorylation and endothelial barrier enhancement. 

Thus, it holds promise as a potential therapeutic agent for several diseases associated with 

vascular leakage. 

Currently, further studies on the molecular mechanism and disease model using the sterol 

analogs are in progress.  
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IV. Experimental 
 

 

General experimental 

 

Unless otherwise described, all commercial reagents and solvents were purchased from 

commercial suppliers and used without further purification. Tetrahydrofuran and diethyl 

ether were distilled from sodium benzophenone ketyl. Dichloromethane, triethylamine, 

acetonitrile, and pyridine were freshly distilled with calcium hydride. Flash column 

chromatography was carried out using silica-gel 60 (230-400 mesh, Merck) and preparative 

thin layer chromatography was used with glass-backed silica gel plates (1mm, Merck). Thin 

layer chromatography was performed to monitor reactions. All reactions were performed 

under dry argon atmosphere in flame-dried glassware. Optical rotations were measured 

using a JASCO DIP-1000 digital polarimeter at ambient temperature using 100 nm cells of 

2 mL capacity. Infrared spectra were recorded on a Perkin-Elmer 1710 FT-IR spectrometer. 

Mass spectra were obtained using a VG Trio-2 GC-MS instrument, and high resolution 

mass spectra were obtained using a JEOL JMS-AX 505WA unit. 1H and 13C NMR spectra 

were recorded on either a JEOL JNM-LA 300 (300MHz), JEOL JNM-GCX (400MHz), 

BRUKERAMX-500 (500MHz) or JEOL (600MHz) spectrometers. Chemical shifts are 

provided in parts per million (ppm, ) downfield from tetramethylsilane (internal standard) 

with coupling constant in hertz (Hz). Multiplicity is indicated by the following 

abbreviations: singlet (s), doublet (d), doublet of doublet (dd), triplet (t), quartet (q), quintet 

(quin) multiplet (m) and broad (br). The purity of the compounds was determined by 

normal phase high performance liquid chromatography (HPLC), (Gilson or Waters, 

CHIRALPAK® AD-H (4.6 × 250 mm) or CHIRALPAK® OD-H (4.6 × 250 mm)) 
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1. Chemical Synthesis 

(2S)-2-((3S,10R,13S,17S)-10,13-dimethyl-3-(tetrahydro-2H-pyran-2-yloxy)-2,3,4,7,8, 

9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-17-yl)-6-

methylheptan-2-ol (5) 

To a solution of Magnesium turning (22 mg, 0.92 mmol) with catalytic amount of iodine in 

diethylether (1 mL) was added 1-bromo-4-methyl pentane (0.17 mL, 1.15 mmol). The 

reaction mixture was stirred under argon gas until complete consumption of the Magnesium 

turning at ambient temperature. To a reaction mixture was added 10 (306 mg, 0.76 mmol) 

in diethylether (1 mL) at ambient temperature. The reaction mixture was stirred until the 

bubbling was over at ambient temperature. The reaction mixture was quenched with 2N 

HCl, and diluted with EtOAc. The organic phase was washed with H2O and brine, dried 

over MgSO4, and concentrated in vacuo. Purification of the residue via flash column 

chromatography on silica gel (EtOAc : n-Hexane = 1 : 10 to 1 : 5) afforded 100 mg (27%) 

of the desired alcohol 5: 1H-NMR (CDCl3, 500 MHz) δ 5.33 (t, J = 6.3 Hz, 1H), 4.70 (s, 

1H), 3.90 (m, 1H), 3.53−3.45 (m, 2H), 2.35−0.82 (m, 49H). HRMS (FAB) calcd for 

C32H54O3Na (M+Na+): 509.3971. Found 509.3952. 

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((S)-2-hydroxy-6-methylheptan-2-yl)-10,13-

dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (6) 

To a solution of 11 (Fluka, H6378) (43 mg, 0.11 mmol) with tri-O-acetyl-D-glucal (81 mg, 

0.30 mmol) in diethylether (5 mL) was added boron trifluoride diethyl etherate (0.012 mL, 

0.10 mmol) at 0 °C. The reaction mixture was stirred for 1h at ambient temperature. The 

reaction mixture was quenched with saturated aqueous NaHCO3 and diluted with EtOAc. 

The organic phase was washed with H2O and brine, dried over MgSO4, and concentrated in 

vacuo. Purification of the residue via flash column chromatography on silica gel (EtOAc : 
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n-Hexane = 1 : 10) afforded 7.6 mg (12%) of 6: 1H-NMR (CDCl3, 500 MHz) δ 5.87−5.79 

(dd, J = 27.1, 10.2 Hz, 2H), 5.38 (m, 1H), 5.27 (m, 1H), 5.16 (s, 1H), 4.24−4.09 (m, 3H), 

3.55 (m, 1H), 2.41−0.76 (m, 47H), 0.69 (d, 1H, J = 6.75 Hz), 0.54(m, 1H). The mass 

spectral data of analog 6 gives the same value of analog 8, because of dehydration. 

 

(3S,10R,13S,17S)-17-((S)-2-hydroxy-6-methylheptan-2-yl)-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-ol 

(11) 

To a solution of Magnesium turning (46 mg, 1.9 mmol) with catalytic amount of iodine in 

diethylether (1 mL) was added 1-bromo-4-methyl pentane (0.345 mL, 2.37 mmol). The 

reaction mixture was stirred under argon gas until complete consumption of the Magnesium 

turning at ambient temperature. To a reaction mixture was added 9 (500 mg, 1.58 mmol) in 

diethylether (1 mL) at ambient temperature. The reaction mixture was stirred until the 

bubbling was over at ambient temperature. The reaction mixture was quenched with 2N 

HCl, and diluted with EtOAc. The organic phase was washed with H2O and brine, dried 

over MgSO4, and concentrated in vacuo. Purification of the residue via flash column 

chromatography on silica gel (EtOAc : n-Hexane = 1 : 10 to 1 : 5) afforded 96 mg (15%) of 

the desired alcohol 11: 1H-NMR (CDCl3, 300 MHz) δ 5.35 (d, J = 5.3 Hz, 1H), 3.53 (m, 

1H), 2.32−2.24 (m, 2H), 2.11−0.86 (m, 42H). LR-MS (FAB) m/z 425 (M+Na+) 

 

22-((3S,10R,13S,17R)-10,13-dimethyl-17-(6-methylhept-1-en-2-yl)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yloxy)tetrahydro-2H-pyran (12) 

To a solution of the above alcohol 5 (50 mg, 0.1 mmol) in CH2Cl2 (3 mL) was added Et3N 

(0.07 mL, 0.5 mmol) and methanesulfonyl chloride (0.015 mL, 0.2 mmol) at 0 °C. The 

reaction mixture was stirred at 40°C for overnight. The reaction mixture was quenched with 
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saturated aqueous NaHCO3 and diluted with CH2Cl2. The organic phase was washed with 

H2O and brine, dried over MgSO4, and concentrated in vacuo. Purification of the residue 

via flash column chromatography on silica gel (EtOAc : n-Hexane = 1 : 20) afforded 18.5 

mg (39%) of 12: 1H-NMR (CDCl3, 500 MHz) δ 5.34 (m, 1H), 4.84 (s, 1H), 4.74 (s, 1H), 

4.70 (m, 1H), 3.90 (m, 1H), 3.53−3.45 (m, 2H), 2.34−0.52 (m, 45H).  

 

(3S,10R,13S,17R)-10,13-dimethyl-17-(6-methylhept-1-en-2-yl)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-ol 

(13)  

To a solution of the above 12 (18 mg, 0.037 mmol) in MeOH (1.5 mL) was added PTSA 

(1.9 mg, 0.01 mmol). The reaction mixture was stirred for overnight. The reaction mixture 

was quenched with H2O and diluted with EtOAc. The organic phase was washed with H2O 

and brine, dried over MgSO4, and concentrated in vacuo. Purification of the residue via 

flash column chromatography on silica gel (EtOAc : n-Hexane = 1 : 10) afforded 14 mg 

(99%) of 13: 1H-NMR (CDCl3, 300 MHz) δ 5.34 (m, 1H), 4.79 (d, J = 28.2, 1H), 3.51 (m, 

1H), 2.25−0.52 (m, 41H). LR-MS (FAB) m/z 385 (M+H+). 

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17R)-10,13-dimethyl-17-(6-methylhept-1-en-2-yl)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (14) 

To a solution of the above 12 (18 mg, 0.037 mmol) in MeOH (1.5 mL) was added PTSA 

(1.9 mg, 0.01 mmol). The reaction mixture was stirred for overnight. The reaction mixture 

was quenched with H2O and diluted with EtOAc. The organic phase was washed with H2O 

and brine, dried over MgSO4, and concentrated in vacuo. Purification of the residue via 

flash column chromatography on silica gel (EtOAc : n-Hexane = 1 : 10) afforded 14 mg 

(99%) of 13.  To a solution of 13 (16.6 mg, 0.043 mmol) with tri-O-acetyl-D-glucal (35 



 

 

３０ 

 

mg, 0.13 mmol) in diethylether (2 mL) was added boron trifluoride diethyl etherate (0.016 

mL, 0.13 mmol) at 0 °C. The reaction mixture was stirred for overnight at ambient 

temperature. The reaction mixture was quenched with saturated aqueous NaHCO3 and 

diluted with EtOAc. The organic phase was washed with H2O and brine, dried over MgSO4, 

and concentrated in vacuo. Purification of the residue via flash column chromatography on 

silica gel (EtOAc : n-Hexane = 1 : 10) afforded 6.9 mg (27%) of 14: 1H-NMR (CDCl3, 500 

MHz) δ 5.86−5.78 (m, 2H), 5.35 (m, 1H), 5.28−5.13 (m, 3H), 4.24−4.09 (m, 3H), 

3.59−3.51 (m, 1H), 2.41−0.52 (m, 46H). HRMS (FAB) calcd for C32H52O2Na (M+Na+): 

491.3965. Found 491.3875. 

 

2-((3S,10R,13S,17R)-10,13-dimethyl-17-((E)-6-methylhept-2-en-2-yl)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yloxy)tetrahydro-2H-pyran (7) 

To a solution of isohexyl triphenylphosphonium bromide, (900 mg, 2.1 mmol) in benzene 

(8 mL) was added potassium tert-butoxide 1 M in THF solution (2.1 mL, 2.1 mmol) under 

Ar atmosphere. The reaction mixture was refluxed for 25 min, then pregnenolone (200 mg, 

0.63 mmol) in benzene (2 mL) was added to the solution. The reaction mixture was 

refluxed for 3h and cooled to room temperature. Then the reaction mixture was quenched 

with H2O and diluted with diethylether. The organic phase was washed with H2O and brine, 

dried over MgSO4, and concentrated in vacuo. Purification of the residue via flash column 

chromatography on silica gel (EtOAc : n-Hexane = 1 : 10) afforded 54 mg (22%) of the 15. 

To a solution of 15 (23 mg, 0.06 mmol) and p-toluenesulfonic acid (3 mg. 0.015 mmol) in 

CH2Cl2 (4 mL) was added 3,4-dihydro-2H-pyran(0.04 mL, 0.45 mmol) at ambient 

temperature. The reaction mixture was stirred for 3h then quenched with H2O and diluted 

with EtOAc. The organic phase was washed with H2O and brine, dried over MgSO4, and 

concentrated in vacuo. Purification of the residue via flash column chromatography on 
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silica gel (EtOAc : n-Hexane = 1 : 10) afforded 16 mg (57%) of 7 :1H-NMR (CDCl3, 500 

MHz) δ 5.33 (t, J = 2.4 Hz, 1H), 5.15 (t, J = 6.9 Hz, 1H), 4.71 (m, 1H), 3.90 (m, 1H), 

3.53−3.45 (m, 2H), 2.34−0.52 (m, 46H). HRMS (FAB) calcd for C32H52O2Na (M+Na+): 

491.3965. Found 491.3875. 

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17R)-10,13-dimethyl-17-((E)-6-methylhept-2-en-2-yl)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (8) 

To a solution of 7 (317 mg, 0.82 mmol) with tri-O-acetyl-D-glucal (672 mg, 2.47 mmol) in 

diethylether (22 mL) was added boron trifluoride diethyl etherate (0.3 mL, 2.39 mmol) at 

0 °C. The reaction mixture was stirred for 3h at ambient temperature. The reaction mixture 

was quenched with saturated aqueous NaHCO3 and diluted with EtOAc. The organic phase 

was washed with H2O and brine, dried over MgSO4, and concentrated in vacuo. 

Purification of the residue via flash column chromatography on silica gel (EtOAc : n-

Hexane = 1 : 10) afforded 270 mg (55%) of 8: 1H-NMR (CDCl3, 500 MHz) δ 5.83 (dd, J = 

27.3, 10.3 Hz, 2H), 5.34 (t, J = 2.3 Hz, 1H), 5.26 (d, J = 9.0 Hz, 1H), 5.15−5.14 (m, 2H), 

4.25−4.14 (m, 3H), 3.54 (m, 1H), 2.51−0.80 (m, 44H), 0.52 (m, 2H) ; 13C-NMR (CDCl3, 

400 MHz) δ 170.8, 170.3, 140.8, 133.9, 128.9, 128.4, 125.8, 121.8, 92.8, 78.1, 66.8, 65.4, 

63.2, 58.9, 56.2, 50.4, 43.4, 40.4, 39.2, 38.6, 37.2, 36.8, 32.2, 31.9, 28.2, 27.7, 25.9, 24.7, 

24.3, 22.6, 22.5, 21.0, 20.9, 20.8, 19.3, 17.8, 12.9. HRMS (FAB) calcd for C37H56O6Na 

(M+Na+): 691.3975. Found 691.3961. 

 

(E)-6-((3S,10R,13S,17R)-10,13-dimethyl-3-((tetrahydro-2H-pyran-2-yl)oxy)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-17-

yl)hept-5-enoic acid (17) 

To a solution of (4-carboxybutyl)triphenylphosphonium bromide, (665 mg, 1.5 mmol) in 
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toluene (4 mL) was added potassium tert-pentoxide 25% w/w in toluene solution (1.76 mL) 

under Ar atmosphere. The reaction mixture was refluxed for 2 h, then 10 (200 mg, 0.5 

mmol) in toluene (2 mL) was added to the solution. The reaction mixture was refluxed for 

14h and cooled to room temperature. The reaction mixture was quenched, acidified with 

2N-HCl, and diluted with EtOAc. The organic phase was dried over MgSO4, and 

concentrated in vacuo. Purification of the residue via flash column chromatography on 

silica gel (EtOAc : n-Hexane : acetic acid = 50 : 100 : 1) afforded 158 mg (65%) of the 15. 

To a solution of 15 (23 mg, 0.06 mmol) and p-toluenesulfonic acid (3 mg. 0.015 mmol) in 

CH2Cl2 (4 mL) was added 3,4-dihydro-2H-pyran(0.04 mL, 0.45 mmol) at ambient 

temperature. The reaction mixture was stirred for 3h then quenched with H2O and diluted 

with EtOAc. The organic phase was washed with H2O and brine, dried over MgSO4, and 

concentrated in vacuo. Purification of the residue via flash column chromatography on 

silica gel (EtOAc : n-Hexane = 1 : 10) afforded 16 mg (57%) of 17 : 1H-NMR (CDCl3, 300 

MHz) δ 5.32 (m, 1H), 5.13 (m, 1H), 4.71 (m, 1H), 3.89 (m, 1H), 3.53-3.44 (m, 2H), 2.37-

0.53 (m, 42H) 

 

(E)-methyl 6-((3S,10R,13S,17R)-10,13-dimethyl-3-((tetrahydro-2H-pyran-2-yl)oxy)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-17-

yl)hept-5-enoate (18) 

To a solution of 17 (158 mg, 0.326 mmol) in methanol/dichloromethane (1:2) (6 mL) was 

added trimethylsilyldiazomethane 2M in diethylether (0.31 mL) slowly at 0 °C. After 

bubbling ended, the reaction mixture concentrated in vacuo. Purification of the residue via 

flash column chromatography on silica gel (EtOAc : n-Hexane = 1 : 10) afforded 114 mg 

(70%) of 18: 1H-NMR (CDCl3, 400MHz) δ 5.33 (m, 1H,), 5.14-5.11 (t, 1H, J=6.9Hz), 4.69 

(m, 1H), 3.90 (m, 1H), 3.64 (s, 3H), 3.53-3.44 (m, 2H), 2.34-0.52 (m, 41H). 
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(E)-methyl 6-((3S,10R,13S,17R)-3-hydroxy-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-17-

yl)hept-5-enoate (19) 

To a solution of the above 18 (120 mg, 0.24 mmol) in MeOH (5 mL) was added PTSA (11 

mg). The reaction mixture was stirred for 1 h. The reaction mixture was quenched with H2O 

and diluted with EtOAc. The organic phase was washed with H2O and brine, dried over 

MgSO4, and concentrated in vacuo. Purification of the residue via flash column 

chromatography on silica gel (EtOAc : n-Hexane = 1 : 5) afforded 85 mg (85%) of 19: 1H-

NMR (CDCl3, 300MHz) δ 5.35 (m, 1H), 5.16-5.12 (t, 1H, J = 7.1 Hz), 3.66 (s, 3H), 3.52 (m, 

1H), 2.33-2.22 (m, 4H), 2.10-0.63 (m, 29H), 0.53(s, 3H)  

 

(E)-methyl 6-((3S,10R,13S,17R)-3-(((5S,6R)-5-acetoxy-6-(acetoxymethyl)-5,6-dihydro-

2H-pyran-2-yl)oxy)-10,13-dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-

1H-cyclopenta[a]phenanthren-17-yl)hept-5-enoate (20) 

To a solution of 19 (13.4 mg, 0.03 mmol) with tri-O-acetyl-D-glucal (26 mg) in 

tetrahydrofuran (1 mL) was added boron trifluoride diethyl etherate (0.012 mL) at 0 °C. 

The reaction mixture was stirred for 10h at ambient temperature. The reaction mixture was 

quenched with saturated aqueous NaHCO3 and diluted with EtOAc. The organic phase was 

washed with H2O and brine, dried over MgSO4, and concentrated in vacuo. Purification of 

the residue via flash column chromatography on silica gel (EtOAc : n-Hexane = 1 : 10) 

afforded 11 mg (56%) of 20: 1H-NMR (CDCl3, 500MHz) δ 5.86-5.78 (m, 2H), 5.35-5.34 (m, 

1H), 5.28-5.26 (m. 1H), 5.15-5.12 (m, 2H), 4.23-4.14 (m, 3H), 3.65 (s. 3H), 3.57-3.52 (m, 

1H), 2.40-2.26 (m, 4H), 2.07-1.37 (m, 27H), 1.19-0.9 (m, 8H), 0.52 (s, 2H) ; 13C-NMR 

(CDCl3, 600 MHz) δ 174.3, 170.8, 170.3, 140.8, 135.6, 128.9, 128.4, 124.2, 121.8, 92.8, 

78.1, 66.8, 65.4, 63.2, 58.9, 56.2, 51.4, 50.4, 43.4, 40.4, 38.6, 37.2, 36.8, 33.6, 32.2, 31.9, 

28.2, 27.4, 25.1, 24.7, 24.3, 21.0, 20.9, 20.8, 19.4, 17.9, 12.9. HR-MS (FAB) calcd for 
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C37H54O8Na (M+Na+) 649.3716; found 649.3710. 

 

(E)-allyl 6-((3S,10R,13S,17R)-10,13-dimethyl-3-((tetrahydro-2H-pyran-2-yl)oxy)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-17-

yl)hept-5-enoate (21) 

To a solution of 17 (300 mg, 0.62 mmol) in dimethylformamide (4 mL) was added allyl 

bromide (0.08 mL) and Potassium bicarbonate (185 mg). The reaction mixture was stirred 

for 15h at ambient temperature. The reaction mixture diluted with EtOAc. The organic 

phase was washed with H2O and brine, dried over MgSO4, and concentrated in vacuo. 

Purification of the residue via flash column chromatography on silica gel (EtOAc : n-

Hexane = 1 : 10) afforded 195 mg (60%) of 21: 1H-NMR (CDCl3, 500MHz) δ 5.89 (m, 1H), 

5.39-5.07 (m, 4H), 4.69 (m, 1H), 4.56-4.55 (m, 2H), 3.91-3.88 (m, 1H), 3.53-3.45 (m, 2H), 

2.38-0.81 (m, 41H). 

 

(E)-allyl 6-((3S,10R,13S,17R)-3-hydroxy-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-17-

yl)hept-5-enoate (22) 

To a solution of the above 21 (195 mg, 0.37 mmol) in allyl alcohol (5 mL) was added PTSA 

(16 mg). The reaction mixture was stirred for 1 h. The reaction mixture was quenched with 

H2O and diluted with EtOAc. The organic phase was washed with H2O and brine, dried 

over MgSO4, and concentrated in vacuo. Purification of the residue via flash column 

chromatography on silica gel (EtOAc : n-Hexane = 1 : 15) afforded 98 mg (60%) of 22: 1H-

NMR (CDCl3, 300MHz) δ 5.92 (m, 1H), 5.35-5.11 (m, 4H), 4.57-4.55 (m, 2H), 3.51 (m, 

1H), 2.35-2.22 (m, 4H), 2.10-0.53 (m, 32H). 

 

(E)-allyl 6-((3S,10R,13S,17R)-3-(((5S,6R)-5-acetoxy-6-(acetoxymethyl)-5,6-dihydro-2H-



 

 

３５ 

 

pyran-2-yl)oxy)-10,13-dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-17-yl)hept-5-enoate (23) 

To a solution of 22 (192 mg, 0.44 mmol) with tri-O-acetyl-D-glucal (355 mg) in 

tetrahydrofuran (10 mL) was added boron trifluoride diethyl etherate (0.32 mL) at 0 °C. 

The reaction mixture was stirred for 10h at 0 °C. The reaction mixture was quenched with 

saturated aqueous NaHCO3 and diluted with EtOAc. The organic phase was washed with 

H2O and brine, dried over MgSO4, and concentrated in vacuo. Purification of the residue 

via flash column chromatography on silica gel (EtOAc : n-Hexane = 1 : 10) afforded 139 

mg (49%) of 23: 1H-NMR (CDCl3, 300MHz) δ 5.97-5.79 (m, 3H), 5.34-5.12 (m. 6H), 4.57-

4.55 (m, 2H), 4.26-4.07 (m, 3H), 3.55 (m, 1H), 2.37-2.30 (m, 4H), 2.17-0.53 (m, 37H). 

 

(E)-6-((3S,10R,13S,17R)-3-(((5S,6R)-5-acetoxy-6-(acetoxymethyl)-5,6-dihydro-2H-

pyran-2-yl)oxy)-10,13-dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-17-yl)hept-5-enoic acid (24) 

To a solution of 23 (67 mg, 0.10 mmol) in tetrahydrofuran (5 mL) was added 

Tetrakis(triphenylphosphine)palladium (136 mg) and morpholine (0.01 mL) under Ar 

atmosphere. The reaction mixture was stirred for 12h at ambient temperature. The reaction 

mixture was quenched with 2N-HCl, and diluted with EtOAc. The organic phase was 

washed with H2O and brine, dried over MgSO4, and concentrated in vacuo. Purification of 

the residue via flash column chromatography on silica gel (DCM : MeOH = 10 : 1) 

afforded 13 mg (20%) of 24: 1H-NMR (CDCl3, 400MHz) δ 5.92-5.78 (m, 2H), 5.33-5.26 

(m, 2H), 5.19-5.08 (m, 2H), 4.24-4.07 (m, 3H), 3.54 (m, 1H), 2.41-2.31 (m, 3H), 2.23-0.52 

(m, 39H). 

 

General synthetic procedure for preparation of oxime analogs (29a-r) 

O-alkyl or aryl hydroxylamine·HCl (1.2 equiv) was added to a solution of 20 (1 equiv) in 



 

 

３６ 

 

pyridine (3 mL). The reaction mixture was refluxed for 3h, cooled to room temperature, and 

quenched with 2N HCl, and diluted with diethylether. The organic phase was dried over 

MgSO4, and concentrated in vacuo. Purification of the residue via flash column 

chromatography on silica gel (EtOAc : n-Hexane = 1 : 10) afforded the corresponding 

oxime analogs. 

  

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-(methoxyimino)ethyl)-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29a)  

29a (48 mg, 85%) was afforded from 54 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.91−5.76 (m, 2H), 5.33 (m, 1H), 5.26 (m, 1H), 5.14 (s, 1H), 4.24−4.07 (m, 3H), 3.80 (s, 

3H), 3.58−3.48 (m, 1H), 2.42−0.93 (m, 32H), 0.60 (s, 3H) ; 13C-NMR (CDCl3, 600 MHz) δ 

170.8, 170.3, 157.4, 140.8, 128.9, 128.4, 121.6, 92.8, 78.1, 66.8, 65.4, 63.2, 61.1, 56.6, 56.2, 

50.2, 43.6, 40.4, 38.6, 37.1, 36.7, 32.0, 31.8, 28.2, 24.2, 23.1, 21.0, 20.9, 20.8, 19.3, 15.6, 

13.1. HR-MS (FAB) calcd for C32H48NO7 (M+H+) 558.3431; found 558.3419.  

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-(ethoxyimino)ethyl)-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29b) 

29b (46 mg, 96%) was afforded from 44 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.91−5.76 (m, 2H), 5.33 (m, 1H), 5.26 (m, 1H), 5.14 (s, 1H), 4.24−4.10 (m, 3H), 4.04 (q, J 

= 20.9 Hz, 2H), 3.56 (m, 1H), 2.42−0.76 (m, 35H), 0.60 (s, 3H) ; 13C-NMR (CDCl3, 400 

MHz) δ 170.8, 170.3, 157.0, 140.8, 128.9, 128.3, 121.7, 92.8, 78.1, 68.6, 66.8, 65.4, 63.2, 

56.7, 56.2, 50.2, 43.6, 40.4, 38.6, 37.1, 36.7, 32.0, 31.8, 28.2, 24.2, 23.1, 21.0, 20.9, 20.8, 

19.3, 15.7, 14.8, 13.2. HR-MS (FAB) calcd for C33H50NO7 (M+H+) 572.3587; found 

572.3580.  



 

 

３７ 

 

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-10,13-dimethyl-17-((E)-1-(propoxyimino)ethyl)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29c)  

29c (54 mg, 100%) was afforded from 48 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.91−5.76 (m, 2H), 5.33 (d, J = 5.1 Hz, 1H), 5.26 (dd, J = 9.2, 1.1 Hz, 1H), 5.15 (s, 1H), 

4.25−4.10 (m, 3H), 3.99−3.88 (m, 2H), 3.53 (m, 1H), 2.42−0.82 (m, 37H), 0.60 (m, 3H) ; 

13C-NMR (CD3OD, 600 MHz) δ 173.2, 172.8, 159.2, 143.1, 130.6, 130.5, 123.5, 95.0, 80.4, 

76.6, 69.2, 67.7, 65.3, 58.7, 58.3, 52.6, 45.7, 42.4, 40.7, 39.3, 38.7, 34.2, 33.7, 30.1, 26.1, 

25.0, 24.4, 23.0, 21.6, 21.5, 20.6, 16.8, 14.5, 11.6. HR-MS (FAB) calcd for C34H52NO7 

(M+H+) 586.3744; found 586.3734.  

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-(isopropoxyimino)ethyl)-10,13-

dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29d) 

29d (32 mg, 84%) was afforded from 34 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.91−5.77 (m, 2H), 5.34 (d, J = 5.1 Hz, 1H), 5.27 (dd, J = 9.4, 1.3 Hz, 1H), 5.15 (s, 1H), 

4.31−4.10 (m, 4H), 3.54 (m, 1H), 2.42−0.85 (m, 38H), 0.61 (s, 3H) ; 13C-NMR (CDCl3, 400 

MHz) δ 170.8, 170.3, 156.4, 140.8, 128.9, 128.4, 121.7, 92.8, 78.1, 74.2, 66.8, 65.4, 63.2, 

56.8, 56.2, 50.2, 43.6, 40.4, 38.6, 37.1, 36.7, 32.0, 31.8, 28.2, 24.3, 23.2, 21.8, 21.7, 21.0, 

20.9, 20.8, 19.3, 15.8, 13.2. HR-MS (FAB) calcd for C34H52NO7 (M+H+) 586.3744; found 

586.3737. 

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-(allyloxyimino)ethyl)-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29e) 



 

 

３８ 

 

29e (63 mg, 86%) was afforded from 66 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.95 (m, 1H), 5.86−5.76 (m, 2H), 5.33 (m, 1H), 5.28−5.19 (m, 2H), 5.15−5.11 (m, 2H), 

4.52−4.50 (m, 2H), 4.24−4.12 (m, 3H), 3.53 (m, 1H), 2.42−0.60 (m, 35H); 13C-NMR 

(CDCl3, 400 MHz) δ 170.8, 170.3, 157.6, 140.8, 134.9, 128.9, 128.4, 121.7, 116.6, 92.8, 

78.1, 74.2, 66.8, 65.4, 63.2, 56.7, 56.2, 50.2, 43.6, 40.4, 38.6, 37.1, 36.7, 32.0, 31.8, 28.2, 

24.2, 23.1, 21.0, 20.9, 20.8, 19.3, 15.8, 13.2.  HR-MS (FAB) calcd for C34H50NO7 (M+H+) 

584.3587; found 584.3599.  

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-10,13-dimethyl-17-((E)-1-(prop-2-

ynyloxyimino)ethyl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29f)  

29f (53 mg, 88%) was afforded from 55 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.92−5.76 (m, 2H), 5.33 (d, J = 4.95 Hz, 1H), 5.26 (m, 1H), 5.15 (s, 1H), 4.61 (d, J = 2.4 

Hz, 2H), 4.25−4.05 (m, 3H), 3.68−3.41 (m, 1H), 2.42−0.80 (m, 33H), 0.62 (s, 3H) ; 13C-

NMR (CDCl3, 400 MHz) δ 170.8, 170.4, 159.1, 140.8, 128.9, 128.4, 121.7, 92.8, 80.5, 78.1, 

73.6, 66.8, 65.4, 63.2, 60.8, 56.7, 56.2, 50.2, 43.7, 40.4, 38.6, 37.2, 36.7, 32.0, 31.8, 28.2, 

24.2, 23.1, 21.0, 20.9, 20.8, 19.3, 15.9, 13.2. HR-MS (FAB) calcd for C34H48NO7 (M+H+) 

582.3431; found 582.3423.  

  

((2R,3S)-3-acetoxy-6-((3S,10R,13,17S)-17-((E)-1-(butoxyimino)ethyl)-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29g)  

29g (44 mg, 88%) was afforded from 44 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.33(d, J = 5.0 Hz, 1H) 5.27 (m, 1H), 5.34 (m, 1H), 5.26 (m, 1H), 5.15 (s, 1H), 4.25−4.10 

(m, 3H), 4.02−3.97 (m, 2H), 3.59−3.48 (m, 1H), 2.42−0.77 (m, 39H), 0.60 (s, 3H); 13C-

NMR (CDCl3, 400 MHz) δ 170.8, 170.3, 156.9, 140.8, 128.9, 128.4, 121.7, 92.8, 78.1, 73.0, 



 

 

３９ 

 

66.8, 65.4, 63.2, 56.7, 56.2, 50.2, 43.6, 40.4, 38.6, 37.2, 36.7, 32.0, 31.8, 31.4, 28.2, 24.3, 

23.1, 21.0, 20.9, 20.8, 19.3, 19.2, 15.7, 14.0, 13.2. HR-MS (FAB) calcd for C35H54NO7 

(M+H+) 600.3900; found 600.3905.  

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-(isobutoxyimino)ethyl)-10,13-

dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29h)  

29h (40 mg, 84%) was afforded from 43 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.91−5.76 (m, 2H), 5.33 (d, J = 5.1 Hz, 1H), 5.26 (m, 1H), 5.15 (s, 1H), 4.25−4.10 (m, 3H), 

3.85−3.71 (m, 2H), 3.53 (m, 1H), 2.42−0.77 (m, 39H), 0.60 (s, 3H); 13C-NMR (CDCl3, 600 

MHz) δ 170.8, 170.3, 156.9, 140.8, 128.9, 128.4, 121.7, 92.8. 79.9, 78.1, 66.8, 65.4, 63.2, 

56.7, 56.2, 50.2, 43.7, 40.4, 38.6, 37.1, 36.7, 32.0, 31.8, 28.2, 28.0, 24.3, 23.1, 21.0, 20.9, 

20.8, 19.3, 19.2, 19.2, 15.7, 13.2. HR-MS (FAB) calcd for C35H54NO7 (M+H+) 600.3900; 

found 600.3917. 

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-10,13-dimethyl-17-((E)-1-

(pentyloxyimino)ethyl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29i)  

29i (40 mg, 84%) was afforded from 43 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.91−5.76 (m, 2H), 5.33 (d, J = 4.8 Hz, 1H), 5.25 (m, 1H), 5.15 (s, 1H), 4.24−4.10 (m, 3H), 

4.00−3.96 (m, 2H), 3.55 (m, 1H), 2.41−0.76 (m, 41H), 0.60 (s, 3H); 13C-NMR (CDCl3, 400 

MHz) δ 170.8, 170.3, 157.0, 140.7, 128.9, 128.3, 121.7, 92.8, 78.1, 73.3, 66.8, 65.3, 63.1, 

56.7, 56.1, 50.1, 43.6, 40.3, 38.6, 37.1, 36.7, 32.0, 31.8, 28.9, 28.1, 28.1, 24.2, 23.1, 22.5, 

21.0, 21.0, 20.8, 19.3, 15.8, 14.0, 13.2. HR-MS (FAB) calcd for C36H56NO7 (M+H+) 

614.4057; found 614.4063.  

 



 

 

４０ 

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-(isopentyloxyimino)ethyl)-10,13-

dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29j) 

29j (48 mg, 100%) was afforded from 41 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.91−5.76 (m, 2H), 5.33 (d, J = 5.0 Hz, 1H), 5.26 (m, 1H), 5.14 (m, 1H), 4.28−4.12 (m, 3H), 

4.02 (t, J = 13.5 Hz, 2H), 3.53 (m, 1H), 2.42−0.82 (m, 41H), 0.60 (s, 3H); 13C-NMR 

(CDCl3, 600 MHz) δ 170.8, 170.3, 156.9, 140.8, 128.9, 128.4, 121.7, 92.8, 78.1, 71.8, 66.8, 

65.4, 63.2, 56.7, 56.2, 50.2, 43.6, 40.4, 38.6, 38.0, 37.1, 36.7, 32.0, 31.8, 28.2, 25.2, 24.2, 

23.1, 22.7, 22.6, 21.0, 20.9, 20.8, 19.3, 15.7, 13.2. HR-MS (FAB) calcd for C36H56NO7 

(M+H+) 614.4057; found 614.4035. 

  

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-10,13-dimethyl-17-((E)-1-(3-methylbut-2-

enyloxyimino)ethyl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29k) 

29k (49 mg, 80%) was afforded from 53 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.91−5.76 (m, 2H), 5.40−5.32 (m, 2H), 5.26 (dd, J = 9.2, 1.1 Hz, 1H), 5.14 (s, 1H), 4.50 (d, 

J = 7.0 Hz, 2H), 4.24−4.10 (m, 3H), 3.53 (m, 1H), 2.42−0.76 (m, 38H), 0.60 (s, 3H); 13C-

NMR (CDCl3, 400 MHz) δ 170.8, 170.3, 157.2, 140.8, 136.9, 128.9, 128.4, 121.7, 120.8, 

92.8, 78.1, 70.1, 66.8, 65.4, 63.2, 56.8, 56.2, 50.2, 43.6, 40.4, 38.6, 37.2, 36.7, 32.0, 31.8, 

28.2, 25.9, 24.2, 23.1, 21.0, 20.9, 20.8, 19.3, 18.2, 15.8, 13.1. HR-MS (FAB) calcd for 

C36H54NO7 (M+H+) 612.3900; found 612.3908.  

  

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-(cyclopentyloxyimino)ethyl)-10,13-

dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29l)  

29l (40 mg, 95%) was afforded from 37 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 



 

 

４１ 

 

5.85 (d, J = 10.2 Hz, 1H), 5.80 (d, J = 10.6 Hz, 1H) 5.34 (d, J = 2.6 Hz, 1H), 5.27 (d, J = 

9.0 Hz, 1H), 5.15 (s, 1H), 4.61 (m, 1H), 4.24−4.10 (m, 3H), 3.55 (m, 1H), 2.42−0.82 (m, 

41H), 0.62 (s, 3H); 13C-NMR (CDCl3, 300 MHz) δ 170.8, 170.3, 156.9, 140.8, 128.9, 128.4, 

121.7, 92.8, 84.0, 78.1, 66.9, 65.4, 63.2, 56.8, 56.2, 50.2, 43.6, 40.4, 38.7, 37.2, 36.7, 32.2, 

32.1, 32.0, 31.8, 28.2, 24.3, 23.9, 23.8, 23.2, 21.0, 20.9, 20.8, 19.3, 15.8, 13.2. HR-MS 

(FAB) calcd for C36H54NO7 (M+H+) 612.3900; found 612.3901.  

 

((2R,3S)-3-acetoxy-6-((10R,13S,17S)-17-((E)-1-(cyclohexyloxyimino)ethyl)-10,13-

dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29m)  

29m (50 mg, 84%) was afforded from 50 mg of ketone 28: 1H-NMR (400 MHz, CDCl3) δ 

5.85 (d, J = 10.4 Hz, 1H), 5.80 (m, 1H), 5.34 (s, 1H), 5.27 (d, J = 9.2 Hz, 1H), 5.15 (s, 1H), 

4.24−4.15 (m, 3H), 4.00 (m, 1H), 3.55 (m, 1H), 2.41−0.84 (m, 42H), 0.61 (s, 3H); 13C-

NMR (CDCl3, 400 MHz) δ 170.8, 170.3, 156.6, 140.8, 128.9, 128.4, 121.7, 92.8, 79.6, 78.1, 

66.8, 65.4, 63.2, 56.9, 56.2, 50.2, 43.7, 40.4, 38.7, 37.2, 36.7, 32.1, 31.9, 31.8, 31.8, 28.2, 

25.9, 24.3, 23.9, 23.9, 23.2, 21.0, 21.0, 20.9, 19.3, 15.9, 13.2. HR-MS (FAB) calcd for 

C37H56NO7 (M+H+) 626.4057; found 626.4050.  

 

((2R,3S)-3-acetoxy-6-((10R,13S,17S)-17-((E)-1-(cyclohex-2-enyloxyimino)ethyl)-10,13-

dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29n) 

29n (47 mg, 80%) was afforded from 50 mg of ketone 28: 1H-NMR (400 MHz, CDCl3) δ 

5.90−5.79 (m, 4H), 5.34 (d, J = 4.7 Hz, 1H), 5.27 (d, J = 9.1 Hz, 1H), 5.15 (s, 1H), 4.56 (br, 

1H), 4.24−4.11 (m, 3H), 3.54 (m, 1H), 2.42−0.62 (m, 41H). HR-MS (FAB) calcd for 

C37H54NO7 (M+H+) 624.3900; found 624.3909.  
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((2R,3S)-3-acetoxy-6-((10R,13S,17S)-17-((E)-1-(cyclohexylmethoxyimino)ethyl)-10,13-

dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29o)  

29o (50 mg, 82%) was afforded from 50 mg of ketone 28: 1H-NMR (400 MHz, CDCl3) δ 

5.86 (d, J = 10.5 Hz, 1H), 5.80 (m, 1H), 5.35 (d, J = 4.9 Hz, 1H), 5.28 (m, 1H), 5.16 (s, 1H), 

4.24−4.14 (m, 3H), 3.86−3.76 (m, 2H), 3.55 (m, 1H), 2.41−0.82 (m, 43H), 0.61 (s, 3H); 

13C-NMR (CDCl3, 600 MHz) δ 170.8, 170.3, 156.8, 140.8, 128.9, 128.4, 121.7, 92.8, 78.9, 

78.1, 66.8, 65.4, 63.2, 56.7, 56.2, 50.2, 43.7, 40.4, 38.7, 37.6, 37.2, 36.7, 32.0, 31.8, 29.9, 

29.8, 28.2, 26.7, 25.9, 25.9, 24.3, 23.1, 21.0, 20.9, 20.8, 19.3, 15.7, 13.2. HR-MS (FAB) 

calcd for C38H58NO7 (M+H+) 640.4213; found 640.4208.  

 

((2R,3S)-3-acetoxy-6-((10R,13S,17S)-10,13-dimethyl-17-((E)-1-(pyridin-3-

ylmethoxyimino)ethyl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29p)  

29p (195 mg, 60%) was afforded from 270 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

8.61 (s, 1H), 8.54 (d, J = 4.4 Hz, 1H), 7.74 (d, 1H, J = 7.7 Hz), 7.32 (m, 1H), 5.90−5.80 (m, 

2H), 5.36 (m, 1H), 5.29 (d, J = 9.2 Hz, 1H), 5.18 (m, 1H), 5.10 (s, 2H), 4.27−4.10 (m, 3H), 

3.56 (m, 1H), 2.40−0.54 (m, 35H); 13C-NMR (CDCl3, 500 MHz) δ 170.7, 170.2, 158.5, 

149.6, 148.8, 140.7, 135.7, 134.1, 128.8, 128.3, 123.1, 121.6, 92.7, 78.0, 72.6, 66.8, 65.3, 

63.1, 56.7, 56.1, 50.1, 43.6, 40.3, 38.6, 37.1, 36.6, 32.0, 31.7, 28.1, 24.1, 23.0, 20.9, 20.9, 

20.8, 19.3, 16.0, 13.1. HR-MS (FAB) calcd for C37H51N2O7 (M+H+) 635.3696; found 

635.3701.  

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-(hydroxyimino)ethyl)-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29q)  
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29q (43 mg, 74%) was afforded from 43 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.88 (d, J = 10.3 Hz, 1H), 5.79 (m, 1H), 5.33 (d, J = 4.8 Hz, 1H), 5.27 (d, J = 9.3 Hz, 1H), 

5.15 (s, 1H), 4.24−4.10 (m, 3H), 3.54 (m, 1H), 2.42−0.91 (m, 33H), 0.61 (s, 3H); 13C-NMR 

(CDCl3, 600 MHz) δ 170.8, 170.3, 158.7, 140.8, 128.9, 128.4, 121.6, 92.8, 78.1, 66.9, 65.4, 

63.2, 56.7, 56.1, 50.2, 43.8, 40.4, 38.6, 37.1, 36.7, 32.0, 31.7, 28.2, 24.2, 23.1, 21.0, 20.9, 

20.8, 19.3, 15.1, 13.1. HR-MS (FAB) calcd for C31H46NO7 (M+H+) 544.3274; found 

544.3265. 

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-(benzyloxyimino)ethyl)-10,13-

dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29r)  

29r (57 mg, 81%) was afforded from 59 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

7.34−7.29 (m, 4H), 7.26 (m, 1H), 5.82 (d, J = 12.6 Hz, 1H), 5.80 (dt, J= 8.2, 1.7 Hz, 1H), 

5.34 (m, 1H), 5.26 (dd, J = 7.6, 0.8 Hz, 1H), 5.16 (s, 1H), 5.06 (s, 2H), 4.24-4.08 (m, 3H), 

3.54 (m, 1H), 2.40−0.82 (m, 32H), 0.56 (s, 3H) ; 13C-NMR (CDCl3, 400 MHz) δ 170.8, 

170.3, 157.9, 140.8, 138.7, 128.9, 128.4, 128.2, 128.2, 127.9, 127.9, 127.4, 121.7, 92.8, 

78.1, 75.3, 66.8, 65.4, 63.2, 56.7, 56.2, 50.2, 43.7, 40.4, 38.7, 37.2, 36.7, 32.0, 31.8, 28.2, 

24.2, 23.1, 21.0, 21.0, 20.9, 19.4, 16.1, 13.1. HR-MS (FAB) calcd for C38H52NO7 (M+H+) 

634.3744; found 634.3727. 

 

2. Biological Evaluation 

 

Cell culture   

Human Umbilical Vein ECs (HUVECs) were isolated from human umbilical cord veins by 

collagenase treatment. Cells were grown in 2% gelatin coated dishes and maintained in 

M199 medium (Invitrogen) supplemented with 20% fetal bovine serum, 1% penicillin/ 
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streptomycin, 3 ng/ml basic fibroblast growth factor (R&D Systems), and 5 U/ml heparin 

(Sigma) at 37 C in a humidified 95–5% (v/v) mixture of air and CO2.Human retinal ECs 

(HRECs) were purchased from Applied Cell Biology Research Institute (Kirkland, Wash.) 

and passages 2–7 were used for experiments. Cells were grown in 2% gelatin-coated dishes 

and maintained in endothelial cell basal medium (EBM-2, CC-3156) containing EGM-2-kit 

(CC-4176) (Clonetics, LonzaWalkersville) and 20% FBS.  

 

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 

HUVECs were seeded at a density of 3104 cells/well in gelatin-coated 24-well plates and 

incubated overnight. Cells were washed and switched to serum free media and treated with 

various concentrations of Sac-1004. After 48 h cells were washed and serum free media 

containing MTT (0.1 mg/ml) was added followed by incubation at 37 C for 3 h. The 

residual MTT was carefully removed and the crystals were dissolved by incubation with 

DMSO:Ethanol (1:1). The absorbance was measured at 560 nm spectrophotometry. 

 

FITC-dextran permeability assay 

HUVECs were grown until confluent onto gelatin coated transwell filter (Corning Costar). 

Cells were serum-starved in endothelial serum free medium for 3 h and treated with Sac-

1004 (10 lg/ml) for 60 min before induction with VEGF (Upstate Biotechnology), 

thrombin (Sigma), and histamine (Sigma). FITC-dextran (1 mg/ml; Sigma) was added to 

the upper compartment. Absorbance from the lower chamber solution was measured at 492 

nm excitation and 520 nm emission in a FLUOstar omega. 

 

Immunofluorescence Microscopy  

HUVECs and HRECs were fixed in 3.7% formaldehyde for 20 min at room temperature. 

After fixation, the cells were permeabilized with 0.1% Triton X-100 in phosphate buffered 
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saline for 15 min at 4 °C. Cells were incubated with antibodies such as rabbit anti-occludin 

antibody (Zymed Laboratories Inc., CA), anti-VE-cadherin, b-catenin, p-120 catenin (Santa 

Cruz Biotechnology), ZO-1, ZO-2 (Invitrogen) overnight at 4 °C. The cells were then 

incubated with Anti-rabbit-Alexa Fluor 488 (Molecular Probes) for 1 h at room temperature. 

Actin filaments were visualized by staining with rhodamine-phalloidin (Molecular Probes, 

OR) for 30 min. Cells were mounted using DAKO mounting reagent and observed by 

fluorescence microscopy (Zeiss; magnification, ×400).  

 

Animals  

Eightweeks-old C57BL/6mice (Orient Co., Seoul, Korea) were used for all the experiments. 

All mice were maintained in a laminar airflow cabinet under specific pathogen-free 

conditions. They received food and water ad libitum and were maintained on a 12 h 

alternating light/dark cycle. All facilities are approved by AAALAC (Association of 

Assessment and Accreditation of Laboratory Animal Care), and all animal experiments 

were conducted under the institutional guide-lines established for the Animal Core Facility 

at Yonsei University, College of Medicine, Seoul, Korea. 

 

Rac pull-down assay 

HUVECs grown in 100-mm dishes were incubated with Sac-1004 (10 lg/ml) for various 

time periods in serum-free media. Cells were lysed in lysis buffer and homogenized by 

passing through 26-gage needle. After centrifugation, supernatants were 

incubated with human p21-binding PAK-1 domain (residues 67–150), conjugated to 

agarose beads (10 lg, Upstate BiotechnologyInc.). The agarose beads were washed with the 

lysis buffer and resuspended in 2_ SDS gel loading buffer. The samples were subjected to 

electrophoresis in 15% polyacrylamide gel, and Rac protein was detected using anti-Rac 

mouse monoclonal antibody. 
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Diabetic Retinopathy Mouse Model 

Diabetes was induced in mice by daily intraperitoneal injection of streptozotocin (Sigma) 

(90 mg/kg in 0.1 M sodium citrate buffer [pH 4.5]) for 4 consecutive days as modified from 

Satofuka et al. (2009). The blood glucose level was checked from tail vein blood samples 

using blood glucose test meter (Gluco Dr™, All Medicus) everyday. Three days after last 

streptozotocin injection, mice were declared diabetic when the blood glucose 

concentrations exceeded 300 mg/dl. These mice were intravitreally injected with 1, 5, 10 μg 

of analogue in total volume of 2 μL to one eye and equal volume of vehicle (DMSO) to 

contralateral eye (n=5/group). 24 h post injection, retina leakage was quantified using 

fluorescein angiography and Evans blue.  

 

Measurement of Retinal Leakage using Fluorescein Angiography and Evans Blue  

For fluorescein angiography, mice were injected with 3 mg of 40-kDa FITC-dextran (Sigma 

Aldrich, St Louis, USA) into the left ventricle and the dye was allowed to circulate for 5 

min. The eyes were enucleated and immediately fixed in 4% paraformaldehyde for 45 min. 

The retinas were then dissected out, cut in the Maltese cross-configuration, and flat-

mounted onto glass slides. The retinas were viewed under fluorescence microscope (Zeiss; 

magnification, ×200). Quantification of retinal vascular leakage was done using Evans blue 

dye as modified from Scheppke et al. (2008). After 24 h of analogs injection, Evans blue 

(Sigma) was injected into the tail vein of diabetic mice and the dye was allowed to circulate 

for 1 h. Then, the mice were sacrificed and eyes were immediately enucleated for retina 

isolation as described above. The dissected retinas were dried in vacuum and weighed. 

Evans blue dye was extracted from the retinas in formamide (Bioneer; 0.2 mL/retina) at 

70 °C for 18 h followed by centrifugation at 14,000 rpm for 60 min. The absorbance of 

Evans blue dye in the supernatant was measured at 620 nm. Retinal vascular permeability 

was measured as: [retinal Evans blue concentration (mg/mL)/retinal weight (mg)]/[blood 
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Evans blue concentration (mg/mL)×circulation time (h)]. 

 

Western Blot Analysis 

HRECs were lysed in 200 μLRIPA buffer. Lysates were centrifuged at 14,000 rpm for 15 

min, and the supernatant was collected. Proteins were separated by 8% sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. 

Membranes were incubated with rabbit anti-occludin antibody (Zymed Laboratories Inc., 

CA); and goat anti-rabbit-HRP (Thermoscientific, USA) was used as the secondary 

antibody. Detectionwas performedwith ECL Western blotting detection kit (Amersham, 

UK) according to the manufacturer's instructions. 

 

Tumor model and treatment regime 

B16F10 cells (5×105 cells in 100 µl) and LLC cells (1×106 cells in 100 µl) were 

subcutaneously implanted on the lateral flank of 8-week-old C57BL/6J mice. Sac-1004 (50 

mg/kg) or an equivalent volume of DMSO (in PBS; 100 µl) was injected intravenously into 

the lateral tail vein daily for 7 or 14 days when the tumors were approximately 100 mm3, as 

indicated in the study plan. Mice treated with combination therapy also received an 

intraperitoneal injection of cisplatin (5 mg/kg) every third day for 2 weeks. Tumor volume 

was measured daily with calipers and calculated as width2×length×0.523. 

 

Immunostaining 

Hypoxia was detected by pimonidazole adduct formation caused by an intravenous 

injection of 75 mg/kg pimonidazole (Hypoxyprobe-1, Chemicon) 1 hour before capture of 

tumor. Adducts were stained with a monoclonal antibody directed against pimonidazole 

(Hypoxyprobe-1 kit, Chemicon), and vessel perfusion was assessed with Hoechst dye 

(Sigma, 75 mg/kg) injected intravenously 2 minute before the mice were sacrificed. 
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Statistical Analysis 

All statistical analyses were performed using GraphPad Prism (version 5.0; GraphPad 

Software, La Jolla, CA). Tests for statistical significance were two-sided, and probability 

values less than 0.05 were considered significant. The Student t-test was used to compare 

mean values, and results are presented as mean ± SEM or SD. 
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VI. Appendix 

 
▼ 1H and 13C NMR - ((2R,3S)-3-acetoxy-6-((3S,10R,13S,17R)-10,13-
dimethyl-17-((E)-6-methylhept-2-en-2-yl)-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-
cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl 
acetate (8) 
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▼ 1H and 13C NMR - (E)-methyl 6-((3S,10R,13S,17R)-3-(((5S,6R)-5-
acetoxy-6-(acetoxymethyl)-5,6-dihydro-2H-pyran-2-yl)oxy)-10,13-
dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-
cyclopenta[a]phenanthren-17-yl)hept-5-enoate (20) 
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▼1H and 13C NMR - ((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-
(cyclopentyloxyimino) ethyl)-10,13-dimethyl-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-
cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl 
acetate (29l) 
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▼1H and 13C NMR - ((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-
(benzyloxyimino) ethyl)-10,13-dimethyl-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-
cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl 
acetate (29r) 
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VII. 국문초록 
 
 

혈관내피세포로 이루어진 혈관내벽은 혈관 내강 내 혈류와 그 외 혈관벽 

부분을 나누는 단일막이다. 혈관내벽의 항상성은 세포증식과 세포사멸 간의 

적절한 균형으로 유지되나, 이러한 균형이 무너지게 되면 혈관내피세포들은 

혈관을 유지하지 못하게 되고 혈관내벽은 그 기능을 상실한다. 당뇨병 환자의 

주된 합병증인 당뇨병성 망막병증은 이러한 혈관내벽의 붕괴가 그 병적 증상을 

야기한다고 알려져 있다. 그럼에도 불구하고 이러한 병증의 치료를 위한 

저분자화합물의 개발은 큰 진전을 보이지 못하고 있으며, 레이저를 이용한 

수술이 여전히 주된 치료방법으로 사용되고 있다.  

본 실험실은 선행 공동 연구에서 세포사멸 저해효과를 가지는 인삼 성분 

ginsenoside Rg3, Rk1를 기반으로 glucoside의 bioisostere를 상업적으로 구입 

가능한 유사 steroidal skeleton에 도입하여 합성한 유도체가 이와 동등한 효과를 

가짐을 보고한 바 있다. 이러한 화합물은 천연물 ginsenoside가 가진 다당체의 

불안정성과 추출에 의한 양적인 한계를 극복할 수 있다. 

이에 본 연구자는 ginsenoside Rk1, Rg3와 그 합성 유도체가 세포사멸 억제효과 

외 actin 골격의 정상화, tight junction의 붕괴 예방 효과 또한 동일하게 가지는 

점에 주목하여 구조 최적화를 통한 활성 증가 및 물리화학적 성질의 개선을 

통해 신규 저분자 혈관누출 차단제를 개발하고자 하였다. 17번 탄소 side chain의 

변화를 통해 구조-활성 관계를 연구하여 활성 물질을 도출하였으며, 

망막혈관질환 동물 모델 실험에서도 뛰어난 망막혈관누출 억제 효과를 

보임으로써 의약품 개발 가능성을 확인하였다. 이와 함께 간접적인 방법을 통해 

화합물의 작용 기전을 cAMP/Rac/cortactin pathway로 예측하였으며, 직접적인 

기전연구와 다양한 질환모델연구가 진행 중이다.  

Keyword: Ginsenoside Rk1, anti-apoptotic agent, tight-junction, pregnenolone, oxime, 

diabetic retinopathy, Rac, cortactin 
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Abstract 
The constitutive activation of signal transducer and activator of transcription 3 (STAT3) is 

highly implicated in tumorigenesis through its overexpression and constitutive activation in 

a variety of solid and hematological malignancies. STAT3 modulates critical cellular 

responses, including cell differentiation, proliferation, apoptosis, angiogenesis, metastasis, 

and immune responses. Thus, inhibition of the STAT3 signaling pathway has been 

considered an effective strategy for cancer therapy. 

We have studied the syntheses of 15-deoxy-Δ12,14-prostaglandin J2 (15d-PGJ2) and its 

analogs and their biological consequences on STAT3. By studying the mechanism of action 

of 15d-PGJ2 related to STAT3 inhibition, we attempted to discover a hit for a STAT3 

inhibitor from the in-house library based on diverse natural products. Specifically, a 

focused-library of compounds with electrophilic moiety was prepared based on the 

structural features of known STAT3 inhibitors. By using the focused-library, we expected to 

improve the efficiency of discovery hit compounds. Analog 21, a deguelin derivative 

containing exo-olefin, uniquely inhibited STAT3 transcription at a low micromolar level in 

HeLa cell line. It also inhibited STAT3 phosphorylation without affecting STAT1 

phosphorylation and was selectively cytotoxic in human breast epithelial cells transfected 

with Ras (MCF10A-ras) compared with normal MCF10A cells, suggesting cancer cell-

specific inhibitory properties. We selected three parts of analog 21 for the investigation of 

the substituent effect, confirmation of mechanism of action and assessment of benzopyran 

moiety as a privileged structure. Based on the results of an in vitro assay of the three-part 

modified analogs, further studies are in progress to establish the structure-activity 

relationship of analog 21. 

 

Keyword: STAT3, small molecule inhibitor, 15d-PGJ2, focused-library, Michael addition 

Student Number : 2009-21656 



Table of Contents 

 

Abstract iii 

Table of Contents iv 

List of Tables vi 

List of Figures vii 

List of Schemes viii 

Abbreviations ix 

  

I. Introduction 1 

1. Overview of STAT proteins 1 

2. STAT3 as a target for cancer therapy 4 

2-1. STAT3 structure and pathway 4 

2-2. Central role of STAT3 in cancer 5 

  2-3. Small-molecule STAT3 inhibitors with electrophilic moiety 8 

 3. Preliminary studies 9 

  

II. Results and Discussion 11 

1. STAT3 inhibition with newly designed 15d-PGJ2 analogs 11 

  1-1. Synthesis and biological evaluation of -chlorinated 15d-PGJ2 based analogs 11 

  1-2. Synthesis and biological evaluation of -chain substitution analogs 13 

 2. Development of novel STAT3 inhibitors 15 

  2-1. Selection & validation of candidates for STAT3 inhibitor from chemical 

library 
15 

  2-2. STAT3 inhibitor 21 for cancer treatment 17 

2-2-1. STAT3 specific inhibition effect of 21 17 

   2-2-2. Synthesis and binding assay of chemical probe : 21-biotin conjugates 19 



 

 

v 

 

 3. Structure-activity relationship (SAR) study of 21 20 

3-1. Synthesis of 21 based analogs 21 

3-2. Confirmation of mode of action 24 

3-3. Modification of dimethoxybenzene ring of 21 26 

  3-4. Chromene modification strategy 27 

  

III. Conclusion 29 

  

IV. Experimental 30 

  

V. References 58 

  

VI. Appendix 62 

  

VII. 국문초록 69 

  

  

  

  

  

 
 
 
 
 
 
 
 
 
 
 



 

 

vi 

 

 

List of Tables 
 
 
 
 
 

Table 1. STAT proteins function and associated diseases 3 

Table 2. Activation of STATs in human cancers 6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

vii 

 

List of Figures 
 
 
 

Figure 1.  The schematic representative domain structure of STAT proteins 1 

Figure 2.  STAT signaling pathway 2 

Figure 3. STAT3 with DNA-consensus sequence 4 

Figure 4 Contribution of STAT3 signaling pathway to cancer metastasis 7 

Figure 5. STAT3 inhibitors with electrophilic moiety 8 

Figure 6. Biological evaluation of the 15d-PGJ2 analogs with reduced 

double bond 

9 

Figure 7. Design strategy based on structural features 11 

Figure 8. STAT3 inhibition effect of -chlorinated 15d-PGJ2 based analogs 13 

Figure 9.  STAT3 inhibition effect of -chain substitution analogs 14 

Figure 10.  Design strategy for focused library 15 

Figure 11. STAT3 transcription activity of natural product analogs 16 

Figure 12. Cytotoxicity evaluation of analogs 17 

Figure 13. Immunoblotting analysis of analog 21-induced selective inhibition 18 

Figure 14. Direct binding assay with STAT3 20 

Figure 15. Strategy for structure-activity relationship study of analog 21 21 

Figure 16. Confirmation of mode of action 25 

Figure 17. Modification of dimethoxybenzene ring 26 

Figure 18. Modification of methoxy group on the chromene 27 
 
 
 
 
 
 

 



 

 

viii 

 

 

List of Schemes 

 
 

Scheme 1.  Synthesis of -chlorinated 15d-PGJ2 based analogs 12 

Scheme 2.  Synthesis of -chain substitution analogs 13 

Scheme 3.  Synthesis of chemical probe 19 

Scheme 4.  Synthetic method 1 21 

Scheme 5.  Synthetic method 2 22 

Scheme 6.  
Synthesis of α,β-unsaturated carbonyl moiety with no substituent 

for A part 
23 

Scheme 7.  Modification of methoxy group in analog 21 24 

Scheme 8.  Modification of chromene unit 24 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 



 

 

ix 

 

 

Abbreviations 

 

ABL: abelson leukaemia protein  

Ac: acetyl 

Bcl: B-cell lymphoma 

bFGF: basic fibroblast growth factor 

Boc: t-butyloxycarbonyl 

BQ: benzoquinone 

Caspase: a family of cysteine proteases 

CM: cross-metathesis 

DC: dendritic cell 

DMAP: N,N-dimethylaminopyridine 

DMF: N,N-dimethylformamide 

DMP: Dess-Martin Periodinane 

15d-PGJ2: 15-deoxy-Δ12,14-prostaglandin J2 

DTT: dithiothreitol 

EGF: epidermal growth factor 

HER: human EGF receptor 

IFN: interferon 

IL: interlukin 

ISRE: interferon-sensitive response element  

JAK: janus kinase 

LHMDS: sodium bis(trimethylsilyl)amide 

LIF: leukemia inhibitory factor 

Lys: lysine 

MAPK: mitogen-activated protein kinase 

MMP: matrix metalloproteinase 

Ms: methanesulfonyl 



 

 

x 

 

mTOR: mammalian target of rapamycin 

NF-KB: nuclear factor-KB  

OSM: oncostatin M 

PARP: poly (ADP-ribose) polymerase 

PIAS3: protein inhibitor of activated STAT3 

Ser: serine 

SH: src homology 

SOCS: suppressor of cytokine signaling 

Src: sarcoma kinase  

STAT: signal transducer and activator of transcription 

TBHP: tert-butyl hydroperoxide 

TH: T helper  

THF: tetrahydrofuran 

Tyr: tyrosine 

 

 

 



I. Introduction 
 
 

1. Overview of STAT proteins  

Signal transducer and activator of transcription (STAT) is a family of seven transcription 

factors (STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b and STAT6) that relay signals 

from cytokines and growth factor receptors in the plasma membrane to the nucleus where 

they regulate gene transcription.1 STAT proteins have distinct structural domains, including 

the N-terminal domain, coiled-coil domain, DNA-binding domain, Src homology 2 (SH2) 

domain, transactivation domain and C-terminus domain with a critical tyrosine residue 

(Tyr705 for STAT3), which is phosphorylated during activation (Figure 1). Upon cellular 

stimulation by growth factor receptor kinases, cytoplasmic kinases, such as cytokine 

receptor-associated Janus kinase (JAKs) and the Src family kinase, STATs become 

activated by phosphorylation on a critical tyrosine residue. After following STAT-STAT 

dimerization through a reciprocal phosphoTyr-SH2 domain interaction, dimers translocate 

to the nucleus and bind to STAT-specific DNA response elements in promoters of target 

genes to induce gene expression (Figure 2). The activation of STATs is an important event 

for the mediation of cellular and biological processes, including proliferation, 

differentiation, survival, development and inflammation.2  

 
Figure 1. The schematic representative domain structure of STAT proteins1a 
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Figure 2. STAT signaling pathway1a 

 

 
 

In the normal biological condition, STAT activation depends on ligand and physiological 

requirements and is rapid and transient. However, abnormal STAT signaling is 

constitutively activated and associated with various human diseases such as immune 

disorders, cancer, asthma and allergies (Table 1).  

STAT1 is activated by interferon (IFN) stimulation and regulates the growth and apoptosis 

of immune cells. STAT1 signaling also controls T helper type 1 (TH 1) cell-specific 

cytokine production, which adjusts immune function and the inflammatory response. 

Moreover, STAT1 is considered a tumor suppressive protein because STAT1-deficient 

malignant cells, which do not respond to IFNγ lead to increased tumor formation.2d, 3  

STAT2 mediates IFN and IFN signaling to induce antiviral effects and apoptosis. In 

addition, STAT2 signaling takes part in carcinogenesis by upregulating the production of 

the STAT3 activation promoter interleukin-6 (IL-6).4 

Interleukins (6, 10, 23, 21, 11), leukemia inhibitory factor (LIF), and oncostatin M (OSM) 
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are key activators of STAT3. STAT3 activation is related to inflammation and immune 

responses, especially embryonic development. Furthermore, STAT3 is involved in the 

response of IL-6, which mediates anti-apoptosis. STAT5 signaling is also important for cell 

proliferation and survival. Though STAT3 and STAT5 promote the growth and survival of 

cells, the constitutive activation of these proteins mediates malignant transformation.1b, 2d 

The function of STAT3 is discussed in detail below.  

STAT4 plays an important role in regulating the differentiation of TH1 by IL-12. For this 

role, STAT4 signaling is related to autoimmune diseases. Moreover, STAT6 signaling 

supports the immune system by regulating the inflammatory and allergic immune responses. 

Because of their diverse biological functions, STAT proteins have received much attention 

since they were first reported, and there are still many efforts to target STAT signaling for 

therapeutic purposes. 

 
Table 1. STAT proteins function and associated diseases2a 
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2. STAT3 as a target for cancer therapy  

In considering a ‘therapeutic target’ for drug discovery, STAT3 has been viewed as a 

promising molecular target for cancer therapy. The constitutive activation of STAT3 has 

been detected in nearly 70% of solid and hematological malignancies. Moreover, tumor 

cells are more dependent on the function of STAT3 than are normal cells. The activity of 

STAT3 could be determined by gene-expression patterns, and it is involved in cell 

proliferation, survival, tumor angiogenesis and immune evasion. Furthermore, STAT3 is 

susceptible to specific inhibition by small molecule inhibitors. For these reasons, STAT3 is 

validated as a remarkable target for cancer drug discovery.1a, 4  

2-1. STAT3 protein 

STAT3 was discovered by two research groups independently as a DNA-binding factor in 

1994. Since then, many isoforms of STAT3 have been reported.  
 

Figure 3. STAT3 with DNA-consensus sequence2b 
 

 
 

STAT3 is the long form (770 amino acid proteins) of STAT3 and the most common form 
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in most cell types. STAT3 is the truncated form of STAT3, in which the 55 C-terminal 

amino acids in the transactivation domain are replaced by seven distinct amino acids. The 

X-ray crystal structure of the mouse STAT3 homodimer bound to DNA (1BG1) and 

structure not bound to DNA (3CWG) are available in the Protein Data Bank. Another 

STAT3 truncated form, STAT3γ, and a putative novel form, STAT3, are also reported. 

The domain structure of STAT3 is a characteristic of the STAT family, including having an 

N-terminal, coiled-coil, DNA-binding, linker, SH2, transactivation and C-terminal domain 

(Figure 3).2b, 5 

STAT3 activation is triggered by both receptors and nonreceptor tyrosine kinases (SRC, 

ABL) via the Tyr705 phosphorylation cascade. Many growth factor receptors including 

EGFRs, HER2, FGFRs, IGFRs, HGFRs, PDGFRs and VEGFRs are known to activate 

STAT3. The ligand-receptor interaction recruits STAT3 and then the receptors, and tyrosine 

kinase phosphorylates the tyrosine within STAT3. Activated STAT3 undergoes homo- and 

hetero-dimerization via an interaction between the phosphor-Tyr705 within one monomer 

and the SH2 domain within the other. The dimers translocate into the nucleus and bind to 

specific DNA sequences such as ISRE and regulate the transcription of target genes. With 

the MAPK and mTOR pathways, Ser727 in the transactivation domain of STAT3 is 

activated, which is necessary to fully activate STAT3. In addition, the acetylation of Lys685 

regulates the activity of STAT3 by stabilizing STAT3 dimers. STAT3 activates the 

transcription of genes that are involved in cell cycle progression, survival, metastasis and 

invasion.5a  
 

2-2. Central role of STAT3 in cancer 

In human blood tumors and solid tumors, STAT1, STAT5 and STAT3 are aberrantly 

activated. Similar to STAT3 signaling, STAT5 signaling has been shown to promote 

oncogenic function. In contrast, STAT1 plays a major role as a pro-inflammatory and anti-
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proliferative factor. Its biological function is thus mostly antagonistic to that of STAT3.6  

The elevated levels of constitutively activated STAT3 are detected in diverse human 

cancers at the highest frequency.1a As mentioned above, STAT3 activation regulates many 

biological functions and plays critical roles in transformation and tumor progression as an 

oncogene. More specifically, for cell survival activity, tumor cells are protected from 

apoptosis and cell proliferation is promoted by STAT3-regulated genes including Bcl-XL, 

Mcl-1, Bcl-2, Fas, cyclin D1, survivin and c-Myc. In addition, STAT3 downregulates the 

tumor suppressor gene TP5, which encodes p53, a cell proliferation inhibitor and apoptosis 

inducer. With the increase in the expression of genes, such as matrix metalloproteinase-2 

(MMP-2), MMP-9, and MMP-10, by STAT3 activation, tumor cell migration and invasion 

are substantially reported. Most tumors cannot maintain their growth without newly formed 

blood vessels which can supply oxygen and nutrient. For this reason, stimulating 

angiogenesis by STAT3 is crucial in tumor cells. 

 
Table 2. Activation of STATs in human cancers1a 
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Constitutively activated STAT3 mediates VEGF, bFGF upregulation and regulates HIF-1 

stability by p53 inhibition. STAT3 also interacts with nuclear factor-KB (NF-KB), and this 

interaction regulates many genes that are important for STAT3 activation and cancer-

promoting inflammation. For immune evasion, constitutively activated STAT3 signaling in 

tumors inhibits the expression of inflammatory cytokines and chemokines, such as IFN-, 

tumor necrosis factor-, and IL-6, and increases the expression of VEGF and IL-10 to 

inhibit the functional differentiation and maturation of dendritic cells (DC).1, 7 These 

functions of STAT3 may result in cancer metastasis, the major cause of death from cancer, 

which need complex multiple processes to occur (Figure 4).7 Therefore, STAT3 is 

promising target for cancer therapy.    

 
Figure 4. Contribution of STAT3 signaling pathway to cancer metastasis7 
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2-3. Small-molecule STAT3 inhibitors with electrophilic moiety 

Because STAT3 is a valuable anti-cancer target, many studies for STAT3 inhibitors are 

currently undergoing. Two main strategies have been explored: i) indirect inhibition by 

targeting upstream molecules of STAT3 signaling and ii) direct targeting of STAT3 proteins 

by way of SH2 domain inhibition, DNA binding domain inhibition and N-terminal domain 

inhibition, which are related to STAT3 phosphorylation, STAT3 dimerization, nuclear 

translocation, STAT3-DNA binding and gene expression.2a, 4-5  

 Many small-molecule STAT3 inhibitors have been identified in a number of different 

ways, including high-throughput screening, virtual screening, rational design based on 

peptides and peptidomimetic inhibitors and fragment-based drug design. However, most of 

the molecules are not specific inhibitors of STAT3, and their further characterization is 

necessary.2a  

Figure 5 lists selected compounds including electrophilic moiety. (-)-Galiellalactone (1) is 

a hexaketide metabolite and selectively inhibits IL-6-induced SEAP expression by blocking 

STAT3-DNA binding.8 Stattic (2) was discovered by high-throughput screening and was 

shown to selectively inhibit phosphorylation and dimerization of STAT3.9 Curcumin (3) is 

the principal curcuminoid of the popular South Asian spice turmeric and it is a non-specific 

STAT3 inhibitor.5a Remarkably, 15-Deoxy-Δ12,14-prostaglandin J2 (15d-PGJ2) (4), one of 

the dienone prostaglandins, shows inhibitory activity toward STAT3 phosphorylation and 

dimerization.10  

  
Figure 5. STAT3 inhibitors with electrophilic moiety 
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3. Preliminary studies 

15d-PGJ2 is a cyclopentanone-type prostaglandin that has a wide spectrum of 

physiological activities.10 It downregulates many microglial functions and restores 

suppressor of cytokine signaling (SOCS), a negative regulator of JAK2-STAT3 signaling in 

many experimentally induced inflammation conditions. The STAT3 signaling pathway has 

been recognized as a central signaling hub in inflammation-mediated tumor promotion and 

progression.10-11 Therefore, 15d-PGJ2 has a therapeutic potential for cancer treatment.  

The initial studies of 15d-PGJ2 on STAT3 inhibition focused on the roles of each 

electrophilic carbon in the analogs. Due to both Michael acceptors on STAT3 inhibition, 

15d-PGJ2 and its analogs were examined.  

 
Figure 6. Biological evaluation of the 15d-PGJ2 analogs with reduced double bond 
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As shown in Figure 6, STAT3 transcription in Human cervical cancer HeLa cells were 

effectively inhibited by 15d-PGJ2 (4) and 14,15-dihydro-15d-PGJ2 (5), but they were not 

induced by 9,10-dihydro-15d-PGJ2 (6) or 12,13,14,15-tetrahydro-15d-PGJ2 (7). These 

results supported the idea that both intracyclic Michael acceptor and exo-olefin are essential 

for STAT3 inhibition. Furthermore, 14,15-dihydro-15d-PGJ2 (5) showed a higher potency 

than did 15d-PGJ2 (4). The reduction of the 14, 15 double bond seemed to induce the C9 to 

be more electrophilic, and the estimated value of charge distribution showed the same 

patterns. Based on this result regarding enhanced STAT3 inhibitory activities by changing 

electronic distribution of the Michael acceptor, we planned further studies on the 

relationship between Michael acceptor ability and STAT3 inhibitory activity. 
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II. Results and Discussion 
 
 

1. STAT3 inhibition with newly designed 15d-PGJ2 analogs 

We first aimed to develop potent 15d-PGJ2 analogs by introducing chloride, an electron-

withdrawing moiety, to the -position of the enone which would make the Michael 

acceptor more electrophilic. Then, the displacement of the linear lipid chain into more 

stable groups in chloro-15d-PGJ2 was planned to enhance stability and STAT3 inhibitory 

activity. 

 
Figure 7. Design strategy based on structural features 

 

 

 
 

1-1. Synthesis and biological evaluation of -chlorinated 15d-PGJ2 based analogs  

To confirm the electronic effect of an α,-unsaturated carbonyl system for STAT3 

inhibition, α-chlorinated 15d-PGJ2 (10) and α-chlorinated 14,15-dihydro-15d-PGJ2 (13) 

were synthesized using the following procedure.12  

The known enone 813 was used to prepare the -hydroxy ketone as diastereomeric 

mixtures via an aldol reaction with trans-2-octenal. Methansulfonylation of the resulting 

alcohol in the presence of Et3N resulted in racemic 15d-PGJ2 methyl ester 9. It was 

transformed into epoxide under the condition of TBHP and triton B. The chlorinated analog 

10 could be synthesized via the addition of LiCl in the presence of amberlyst-15 followed 

by a Me3SnOH-mediated hydrolysis. Then, 11 was synthesized from enone 8 as a key 
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intermediate via epoxidation and chlorination, which could be used for an aldol reaction 

with various aldehydes to make -chain-changed analogs. Analog 12 was synthesized by an 

aldol reaction with -chloro enone 11 and octyl aldehyde followed by dehydration, and 

Me3SnOH-mediated hydrolysis produced -chloro 14,15-dihydro-15d-PGJ2 (13).    

 
 

Scheme 1. Synthesis of -chlorinated 15d-PGJ2 based analogs 
 

 

 
 

Reagents and conditions: (a) LHMDS, trans-2-octenal, THF, 81%; (b) Et3N, MsCl, CH2Cl2, 60%; (c) TBHP, triton 
B, toluene, 90%; (d) LiCl, amberlyst 15, 80%; (e) Me3SnOH, dichloroethane, 70%; (f) LHMDS, trans-2-octanal, 
THF, 60%; (g) Et3N, MsCl, CH2Cl2, 60%; (h) AlCl3, CH2Cl2, 100% 
 

 

To evaluate the influence of chlorination on the STAT3 inhibitory effect, analogs were 

examined by Western blotting assay. As expected, STAT3 phosphorylation in H-ras-

transformed MCF10A (MCF10A-ras) human breast epithelial cells was highly inhibited by 

-chlorinated analogs 10 and 13 compared with 4 and 5. These patterns also showed 

enhanced cleaved PARP signals as a marker for apoptosis. PARP was subsequently shown 

to be cleaved into 89- and 24-kDa fragments that contained the active site and the DNA-

binding domain of the enzyme, respectively, during drug-induced apoptosis in a variety of 

cells.14 Such cleavage essentially inactivates the enzyme by destroying its ability to respond 

to DNA strand breaks. 

In accordance with the assay results of chlorine substitution and the 14, 15-olefin 

reduction of 15d-PGJ2, the higher STAT3 inhibition activity seems to be associated with 
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the electronic effect, with both charge distribution and electronegativity. 

 
Figure 8. STAT3 inhibition effect of -chlorinated 15d-PGJ2-based analogs 

 

 
 

1-2. Synthesis and biological evaluation of -chain substitution analogs  

Because of the linear lipid -chain and acid moiety in the -chain, 15d-PGJ2 shows 

unfavorable characteristics for experimental purposes and for storage. Based on the analysis 

of chlorine substitution and the effects of 14,15-olefin modification on STAT3 inhibition, 

we further designed analogs with shorter chain and carbocycles and then synthesized 

analogs, which reflected the chemical features and stability of 15d-PGJ2.  

The analogs 14 were synthesized according to the procedure utilized for 13, which was 

prepared from the same intermediate -chloro enone 8.  

 
Scheme 2. Synthesis of -chain substitution analogs 

 

 

 
 

Reagents and conditions: (a) LHMDS, aldehyde, THF; (b) Et3N, MsCl, CH2Cl2 then AlCl3; (c) Me3SnOH, 
dichloroethane, 20~55% for 3 steps 
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The displacement of the lipid chain into the benzene ring in chloro-15d-PGJ2 showed 

better stability at room temperature than did the shorter alkyl chain or the aliphatic 

carbocyle. However, it was still unstable for long-term storage.  

 
Figure 9. STAT3 inhibition effect of -chain substitution analogs 

 

 
 

 

 

 The assay results for STAT3 inhibition and early apoptosis signals with these analogs 

was quite noticeable. The analog with cyclopentyl moiety (14c) showed a better STAT3 

inhibitory effect than did the analogs with phenyl (14a) or cyclohexyl moiety (14b). 

Furthermore, the para-position of the phenyl ring in the -chain substituted with tert-butyl 

(14e) or with iodine moiety (14g) showed increased activity (Figure 9). The binding space 

of analogs with the STAT3 protein could be estimated by these results.  

Modification of the lipid -chain of chloro-15d-PGJ2 showed better stability and STAT3 

inhibitory activity, but it was still not sufficiently stable for long-term storage. Therefore, 

modifications of this chain are still being studied. 
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2. Development of novel STAT3 inhibitors 

Approximately 50% of new drug entries between 1981 and 2010 were natural product-

based compounds.15 For a successful drug development, discovery of an appropriate 

molecule in the early stages is still a major key factor. We previously reported various 

analogs based on natural products that have diverse scaffolds with potent biological 

activities.16 Our in-house library is composed of these bioactive analogs, synthetic 

intermediates and natural products. To efficiently find a novel and potent compound from 

the library, we focused on the structures containing a particular moiety as a pharmacophore. 

Molecules with a Michael acceptor have been demonstrated to be a potent inhibitor of 

STAT3 by reacting with active-site cysteine residues.17 Thus, we initiated our studies with 

the focused library by focusing on electrophilic structures as potential binding 

pharmacophores. 

 

2-1. Selection & validation of candidates for STAT3 inhibitor from chemical library 

Surveying previously reported small molecule STAT3 inhibitors, we examined their 

electrophilic structures. Many molecules with ‘Michael acceptor’ properties have been 

demonstrated to be potent inhibitors of STAT3 by reacting with active-cite cysteine residues 

within these proteins.17 The analogs with electrophilic moieties were sorted out from our in-

house library, which was composed of synthetic analogs based on natural products. Then, 

all selected compounds were tested for successful STAT3 inhibition using a HeLa cell-

based luciferase assay.  

 
Figure 10. Design strategy for focused library 
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Of those, several deguelin-based analogs showed impressive potency. Deguelin (15), a 

rotenoid isolated from the African plant Mundulea sericea, was reported to inhibit STAT3 

phosphorylation in KUT-1 and MT-2 cells.18 The selected compounds of the focused library 

were originally derived through the process of developing novel hsp90 inhibitors targeting 

angiogenesis.16a Among the active analogs, 21 most potently inhibited the transcription of 

STAT3 (Figure 11). Its distinct structural feature is an exo-olefin that protruded outside, and 

it might be less sterically hindered than other analogs to be easily approached by a 

nucleophilic cysteine residue. To investigate the detailed mechanism and activity of analog 

21, we performed further biological experiments and chemical modifications. 

 
Figure 11. STAT3 transcription activity of natural product analogs 
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2-2. STAT3 inhibitor 21 for cancer treatment 

2-2-1. STAT3 specific inhibition effect of 21 

The anti-proliferative effects of the analogs were tested on untransformed MCF10A and 

MCF10A-ras cells (Figure 12). MCF10A cells are spontaneously immortalized human 

breast epithelial cells, which are near normal breast epithelial cells. There are several 

transformed lines derived from MFC10A cells and have a diverse spectrum of cell 

phenotypes that range from normal to pre-malignant to fully malignant.19 These MCF10A 

and MCF10A-ras cell lines further differ in the p53 that they express. In human cancers, 

mutant p53 is more stable than the wild-type and can be present at greater levels.20 Mutant 

p53 does not retain the tumor-suppressing abilities of the wild-type and often exhibits 

oncogenic characteristics. Additionally, MCF10A-ras cells express high levels of tyrosine 

phosphorylated STAT3, which is required for invasion and migration.21 The expression of 

normal p53 but not mutant p53 reduced the tyrosine phosphorylation of STAT3 and 

inhibited STAT3 DNA binding activity. Interestingly, analog 21 was selectively cytotoxic 

to MCF10A-ras cells after 24 h of treatment. In contrast, other analogs were not cytotoxic 

for either cell type.  

 

Figure 12. Cytotoxicity evaluation of analogs 
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Moreover, 21 was more effective in terms of suppressing the viability of MDA-MB-231 

human breast adenocarcinoma cells compared with MCF7 cells, another human breast 

cancer cell line. MCF7 cells have wild-type p53, whereas MDA-MB-231 cells have mutant 

p53 due to an arginine to lysine mutation at position 280.22 Both the MCF10A-ras and 

MDA-MB-231 cell lines expressed high levels of pSTAT3, whereas the MCF10A and 

MCF7 cell lines had lower levels of pSTAT3.23  

 

Figure 13. Immunoblotting analysis of analog 21-induced selective inhibition 
 
 

          

Next, we investigated whether analog 21 could discriminate between STAT1 and STAT3 

and induce death in human breast cancer cell lines. STAT1 is another member of the STAT 

family. Although STAT3 and STAT1 are highly similar in terms of both proteins and target 

DNA sequences, STAT1 plays a major role as a pro-inflammatory, anti-pathogen and anti-

proliferative factor. Its biological function is thus mostly antagonistic to that of STAT3. 

Therefore, developing a reagent that is recognized by STAT3 but not STAT1 is important. 

Western blot analysis in Figure 13 showed that analog 21 selectively inhibited the 

phosphorylation of STAT3 over STAT1. This selectivity suggests that analog 21 is an 

effective anticancer reagent. Taken together, a possible mechanism for the selective 

cytotoxicity of the analog 21 towards cancer cells over normal cells could be due to the 
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enhanced requirement for STAT3 activity in cancer cells, leading to a greater reduction in 

cell proliferation upon the inhibition of STAT3 signaling by analog 21. 

2-2-2. Synthesis and binding assay of chemical probe: 21-biotin conjugates 

To demonstrate the direct interaction between STAT3 and analog 21, biotinylated 

compound 33 was synthesized. (Scheme 3) Allylation on phenol 25 followed by a Dess-

Martin oxidation produced aldehyde 26. The anionic addition of lithiated aryl bromide 27 

to the aldehyde and oxidation of the corresponding alcohol 28 yielded allylated analog 29. 

Cross-metathesis (CM) between 29 and tert-butyl N-allylcarbamate using Grubbs’ second-

generation catalyst produced Boc-protected amine 31. Aldol condensation with 

paraformaldehyde gave enone 18, and treatment of 18 with hydrochloric acid produced 

crude amine 32. The crude mixture was treated with Hünig base and N-hydroxy 

succinimide activated biotin to obtain biotinylated compound 33.  
 

Scheme 3. Synthesis of chemical probe 
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Reagents and conditions:  (a) allyl bromide, K2CO3, acetone, reflux, 93%; (b) Dess-Martin Periodinane, NaHCO3, 
CH2Cl2, 0 °C to rt, 26 : 69%. 30 : 70%; (c) 27, n-BuLi, THF, -78 °C to rt, 55%; (d) tert-butyl N-allylcarbamate, 
Grubbs II, CH2Cl2, reflux, 40%; (e) (CH2O)n, K2CO3, DMF, rt, 72%; (f) 4N HCl in dioxane, CH2Cl2, rt; (g) (+)-
Biotin N-hydroxysuccinimide ester, iPr2NEt, DMF, rt, 30% for 2 steps. 
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For immunoblot analysis, the binding of 33 to STAT3 was detected with HRP-streptavidin 

(Figure 14). For a deeper understanding of the mechanism of action, dithiothreitol (DTT) 

was used as a thiol-reducing agent. Abolition of the interaction between 33 and STAT3 by 

DTT suggested a direct interaction between analog 33 and a cysteine residue present in 

STAT3. 

 
Figure 14. Direct binding assay with STAT3      

 
 

 

3. Structure-activity relationship (SAR) study of 21 

Using a potent STAT3 inhibitor 21, we continued to derive the analogs based on the 

structure of 21. We selected three parts of analog 21 for further modification (Figure 15). 

Because we found the electronic effect of chloro-substituent at the α position of the 

Michael acceptor to be crucial in STAT3 inhibitory activity of 15d-PGJ2 analogs, the A 

part’s dimethoxybenzene moiety was considered suitable for investigating both the 

electronic and steric effects of the substituent. Because the Michael acceptor on the B part 

is expected to be a pharmacophore for STAT3 inhibition, modifications on the B part were 

designed to confirm the mode of action by affecting the Michael acceptor ability of the 

analogs. Further, benzopyran moiety on the C part was known as a ‘privileged structure’ 

with versatile binding properties.24 In initial studies using the focused library constructed 

based on the electrophilic structural features, only several deguelin-based analogs 

exhibited selective STAT3 inhibitory activities. Based on these results, we hypothesized 
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that the benzopyran moiety made deguelin analogs selective for the STAT3 protein 

compared with analogs with other core structure classes. Thus, to establish the structure-

activity relationship of compound 21, several chromene-truncated analogs were designed. 

 
Figure 15. Strategy for structure-activity relationship study of analog 21 

 

 

3-1. Synthesis of 21-based analogs 

The analogs were synthesized in two ways. First, the synthetic method 1, which was 

previously reported16a, was used for the synthesis of 21.  

 
Scheme 4. Synthetic method 1 

 

 
 

Reagents and conditions:  (a) 27, n-BuLi, THF, -78°C to rt; (b) Dess-Martin Periodinane, NaHCO3, CH2Cl2, 0 °C to 
rt; (c) (CH2O)n, K2CO3, DMF, rt. 
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 The analogs with ,-unsaturated carbonyl moiety were synthesized via anionic coupling 

with aryl bromide 27 and prepared aldehyde, followed by alcohol oxidation and aldol 

condensation. Because various aldehydes are commercially available and because even 

commercially available alcohols and acids could prepare the aldehydes by simple oxidation 

or reduction, method 1 is a straightforward synthesis. Using the unified synthetic procedure, 

analogs 34-40 and 53-63 were prepared. 

 
Scheme 5. Synthetic method 2 

 

 
 

Reagents and conditions:  (a) 3-methyl-2-butenal, pyridine, microwave, 72%; (b) MeI, K2CO3, acetone, reflux, 95%; 
(c)LHMDS, CF3CO2CH2CF3, THF; (d) MsN3, Et3N, aq. CH3CN, 24% for 2steps; (e) arylboronic acid, Pd(PPh3)4, 
i-Pr2NH, BQ, toluene, reflux, 43~90% . 
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 Method 1 is relatively short and simple, but preparing aryl bromide 27 is very difficult. 

For this reason, we designed the procedure to obtain benzopyran moiety prior to the 

coupling. The benzopyran analog 66 was prepared via condensation with 2,4-dihydroxy 

propiophenone 65 and 3-methyl-2-butenal, followed by methylation. Treatment of 66 with 

LHMDS and 2,2,2-trifluoroethyl trifluoroacetate gave -trifluoroacetyl ketone compound 

67, and following a diazo transfer with methanesulfonyl azide, the key intermediate 68 was 

produced. The coupling of 68 with boronic acids produced the various analogs 41-52.25  

To predict the binding space, we needed the analog containing ,-unsaturated carbonyl 

moiety with no substituent for the A part. After hydrogenation, 40 afforded ,-unsaturated 

carbonyl by way of a Mannich-type reaction on a transiently formed methyleneammonium 

salt.26 
  

Scheme 6. Synthesis of α,β-unsaturated carbonyl moiety with no substituent for A part 

 

 
 
Reagents and conditions:  (a) 10% Pd/C, H2, THF, 55%; (b) diisopropylammonium 2,2,2-trifluoroacetate, iPr2NEt, 
(CH2O)n, THF, 40% 

 

Finally, we synthesized the C-part modified analogs. Before ring truncation, we needed 

to identify the effect of methoxy moiety on benzopyran. Analog 72, with removed methoxy 

group, was prepared using synthetic method 1, anionic coupling with aryl bromide without 

the methoxy group, subsequent DMP oxidation and ultimately an aldol reaction with 

paraformaldehyde. From analog 21, the deprotection of the methyl group gave phenol 

analog 73, and the acetylation of this phenol provided analog 74. 
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Scheme 7. Modification of methoxy group in 21 
 

 
 

Reagents and conditions:  (a) 88, n-BuLi, THF, -78°C to rt; (b) Dess-Martin Periodinane, NaHCO3, CH2Cl2, 0 °C to 
rt; (c) (CH2O)n, K2CO3, DMF, rt; (d) BCl3, CH2Cl2, -78°C, 93%; (e) Ac2O, Et3N, DMAP, CH2Cl2, rt, 79%. 

 

We designed derivatives for modification of the chromeme structure to evaluate the effect 

of this privileged structure. The procedure is similar to synthetic method 1, though diverse 

aryl bromide is used.  

 
Scheme 8. Modification of Chromene unit 

 

 
 
Reagents and conditions:  (a) R-Br, n-BuLi, THF, -78°C to rt; (b) Dess-Martin Periodinane, NaHCO3, CH2Cl2, 0 °C 
to rt; (c) (CH2O)n, K2CO3, DMF, rt. 
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3-2. Confirmation of mode of action 

First, we investigated the mode of action of compound 21. Because a Michael acceptor is 
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necessary for a pharmacophore to cause STAT3 inhibition, analogs 34 to 37, whose 

Michael-acceptor abilities were regulated, were selected to compare their STAT3 inhibitory 

activities. (Figure 16) As expected, analogs having hydrogen (34) and methyl substituents 

(35) at the  position of the carbonyl group failed to suppress STAT3 transcription. Alcohol 

36, the reduced form of analog 21, and α-hydroxy ketone 37, also did not exhibit STAT3 

transcriptional activity, whereas 21 significantly inhibited the transcription of STAT3. To 

investigate a detailed mechanism of the analog, the phosphorylation of STAT3 was 

analyzed by Western blot using H-ras transformed MCF10A (MCF10A-ras) human breast 

epithelial cells, which served as a model for early mammary carcinogenesis. Similar to the 

result of the luciferase assay, analog 21 uniquely suppressed STAT3 phosphorylation. 

The cytotoxicity of the analogs was examined in MCF10A-ras cells. Compound 21 

showed antiproliferative activity in a dose-dependent manner, and the effective 

concentrations correlated with the results of the Western blot analysis. These results 

indicated that the cytotoxicity of compound 21 is attributed to its STAT3 inhibitory activity, 

which is in connection with distinct structural feature, the Michael acceptor. 

 
 

Figure 16. Confirmation of mode of action 
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3-3. Modification of dimethoxybenzene ring of 21 

The dimethoxybenzene moiety was replaced with diverse substituents to evaluate the 

electronic and steric effects on STAT3 inhibition activity.  

 
Figure 17. Modification of dimethoxybenzene ring  
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The analogs with hydrogen (39), methyl (40), and cyclohexyl (53) moiety for the A part 

showed less potent activities, so we predicted the binding space. Then, we examined the 

analogs with the benzene rings, which had different substituents replacing two methoxy 

groups. Halogen atoms were expected to have an electronic effect opposite to the methoxy 

group on the rings. However, they did not exhibit a marked electronic effect. To further 

elucidate the structure and function, more studies including Western blotting assay and 

MTT assay are in progress.  

3-4. Chromeme modification strategy 

The privileged structure has preferred molecular scaffolds that have an intrinsic tendency 

for biological activity, and these scaffolds can be used to provide ligands for a range of 

biological targets through proper modification of functional groups.24 Our in-house library 

is composed of many different scaffolds from natural compounds.16a-c However, in the 

assay results with the focused library for STAT3 inhibition, analogs with chromene units 

showed a particularly selective effect. To confirm the importance of this privileged structure 

chromene, we decided to synthesize the derivatives for this unit.  

 
Figure 18. Modification of methoxy group on the chromene 

 

 

 

Before the modification of the chromene ring part, the methoxy group on the chromene 
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should be evaluated. In case the methoxy group affects the binding with target protein, this 

moiety must be considered when we design the new analogs. Therefore, we prepared the 

analogs for a STAT3 luciferase assay to confirm the effect of the methoxy group. The 

methoxy group on chromene-removed analog 73 showed slightly less potent activity. 

Phenol analog 74 was prepared for the detection of intramolecular hydrogen bonding, but it 

exhibited a negative effect on maintaining the activity, whereas acetylated analog 75 

seemed to have less effect than 74 did. As a result, the methoxy moiety on the C part is 

important for better STAT3 inhibition activity.  

In sequence, we designed a new class of STAT3 inhibitors, which have different aryl 

groups instead of a terminal chromene ring (scheme 8). Chromene is well known as a 

‘privileged structure’, as mentioned above, so this unit is generally effective for biological 

activity but is too common for developing a novel class of STAT3 inhibitors. Therefore, 

new analogs devoid of the terminal chromene unit were designed and synthesized. In 

addition, truncation of the chromene ring enabled the introduction of additional moiety to 

improve physicochemical properties and activity. The biological assay of the analog is in 

progress. 
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III. Conclusion 

 

The constitutive activation of STAT3 participates in oncogenesis and tumor development. 

Inhibition of abnormally elevated STAT3 activity or overexpression is an important 

therapeutic modality for malignancies, including breast cancer. We reported 15d-PGJ2 

analogs with reduced double bond and -chlorination associated with electronic effects, 

both charge distribution and electronegativity, that were identified via a SAR study. 

Additionally, the displacement of the lipid chain into aryl groups in chloro-15d-PGJ2 

showed better stability and equipotent STAT3 inhibitory activity. Furthermore, we 

discovered novel inhibitors of the STAT3 signaling pathway with focused library screening. 

Analog 21, deguelin-based analogs with ,-unsaturated carbonyl moiety, showed potent 

inhibition in STAT3-driven luciferase expression in HeLa cells. Most notably, 21 

selectively inhibited the activation of STAT3 without affecting STAT1 and it showed 

discriminating inhibition for the viability of the human breast cell line harboring 

constitutively active STAT3. Through simple structural modification to remove the Michael 

acceptor, we confirmed that the ,-unsaturated carbonyl moiety of 21 is an essential 

prerequisite for binding with STAT3 by Michael addition and consequent inactivation of 

this oncogenic transcription factor. Intensive studies on the structure-activity relationship of 

analog 21 and the elucidation of the precise mechanism of action of the analog are in 

progress.
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IV. Experimental 
 

 

General experimental 

 

Unless otherwise described, all commercial reagents and solvents were purchased from 

commercial suppliers and used without further purification. Tetrahydrofuran and diethyl 

ether were distilled from sodium benzophenone ketyl. Dichloromethane, triethylamine, 

acetonitrile, and pyridine were freshly distilled with calcium hydride. Flash column 

chromatography was carried out using silica-gel 60 (230-400 mesh, Merck) and preparative 

thin layer chromatography was used with glass-backed silica gel plates (1mm, Merck). Thin 

layer chromatography was performed to monitor reactions. All reactions were performed 

under dry argon atmosphere in flame-dried glassware. Optical rotations were measured 

using a JASCO DIP-1000 digital polarimeter at ambient temperature using 100 nm cells of 

2 mL capacity. Infrared spectra were recorded on a Perkin-Elmer 1710 FT-IR spectrometer. 

Mass spectra were obtained using a VG Trio-2 GC-MS instrument, and high resolution 

mass spectra were obtained using a JEOL JMS-AX 505WA unit. 1H and 13C NMR spectra 

were recorded on either a JEOL JNM-LA 300 (300MHz), JEOL JNM-GCX (400MHz), 

BRUKERAMX-500 (500MHz) or JEOL (600MHz) spectrometers. Chemical shifts are 

provided in parts per million (ppm, ) downfield from tetramethylsilane (internal standard) 

with coupling constant in hertz (Hz). Multiplicity is indicated by the following 

abbreviations: singlet (s), doublet (d), doublet of doublet (dd), triplet (t), quartet (q), quintet 

(quin) multiplet (m) and broad (br). The purity of the compounds was determined by 

normal phase high performance liquid chromatography (HPLC), (Gilson or Waters, 

CHIRALPAK® AD-H (4.6 × 250 mm) or CHIRALPAK® OD-H (4.6 × 250 mm)) 
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1. Chemical Synthesis 

General procedure A  

To a solution of enone 11 (1 equiv) in tetrahydrofuran was added LHMDS (1M in THF, 

1.1 equiv). The reaction mixture was stirred for 1h at -78 °C and corresponding aldehyde 

(1.3 equiv) was added. The reaction mixture was stirred for 10 min at -78°C, quenched with 

saturated aqueous NH4Cl, and diluted with EtOAc. The organic phase was washed with 

H2O and brine, dried over MgSO4, and concentrated in vacuo. Purification of the residue 

via flash column chromatography on silica gel (EtOAc: Hexane = 1: 10 to 1: 5) afforded an 

aldol mixture. To a solution of aldol mixture in CH2Cl2 was added Et3N (3 equiv) and 

methanesulfonyl chloride (2 equiv) at 0 °C. The reaction mixture was stirred until complete 

consumption of the starting material (checked by TLC) at ambient temperature, quenched 

with saturated NH4Cl, and diluted with EtOAc. The organic phase was washed with H2O 

and brine, dried over MgSO4, and concentrated in vacuo to afford a crude mixture of 

mesylated aldol. To a slurry of activated alumina (100 equiv) in CH2Cl2 was added a 

solution of the crude mesylate in CH2Cl2 at 0°C. The reaction mixture was vigorously 

stirred until complete consumption of the starting material (checked by TLC) at ambient 

temperature and filtered through a pad of celite. The filtrate was concentrated in vacuo. 

Purification of the residue via flash column chromatography on silica gel (EtOAc : Hexane 

= 1 : 10 to 1 : 5). Then, to a solution of methyl ester in dichloroethane was added Me3SnOH 

(5 equiv) at ambient temperature. The reaction mixture was refluxed overnight, quenched, 

acidified with 2N-HCl, and diluted with EtOAc. The organic phase was washed with 2N-

HCl and brine, dried over MgSO4, and concentrated in vacuo. Purification of the residue via 

flash column chromatography on silica gel (EtOAc : Hexane : AcOH= 50 : 100 : 1) 

afforded acids 14. 

 

General procedure B (Dess-Martin oxidation) 
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To a solution of alcohol (1 equiv) in CH2Cl2 were added NaHCO3 (3 equiv), Dess-Martin 

periodinane (1.5 equiv) at 0 °C. Then, the reaction mixture was stirred for 1 h at ambient 

temperature and quenched with 10% sodium thiosulfate solution and extracted with CH2Cl2. 

The organic layer was washed with brine, dried over MgSO4, and concentrated under 

reduced pressure. The residue was purified by flash column chromatography on silica gel to 

afford the desired product. 

 

General procedure C (Anionic coupling) 

To a solution of aryl bromide (1.8 equiv) in THF was added dropwise n-BuLi solution (1.6 

M solution in n-hexane, 1.65 equiv) at -78 °C. The resulting solution was stirred for 30 min 

at -78 °C, and aldehyde (1 equiv) in THF was added. The reaction mixture was stirred for 1 

h at -78 °C. The reaction mixture was washed with saturated NH4Cl solution and extracted 

with EtOAc. The organic layer was washed with brine, dried over MgSO4, and concentrated 

under reduced pressure. The residue was purified by flash column chromatography on silica 

gel to afford the desired product.  

 

General procedure D (Aldol condensation) 

To a solution of ketone (1 equiv) in anhydrous DMF were added K2CO3 (15 mg, 2.2 

equiv) and paraformaldehyde (1.6 equiv). The reaction mixture was stirred for 4 h and then 

extracted with EtOAc. The organic layer was washed with saturated NH4Cl solution, brine, 

dried over MgSO4 and concentrated under reduced pressure. The residue was purified by 

flash column chromatography on silica gel to afford the desired product. 
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rac-(Z)-Methyl 7-((S,E)-5-((E)-oct-2-enylidene)-4-oxocyclopent-2-enyl)hept-5-enoate (9) 

To a solution of racemic enone 8 (366 mg, 1.65 mmol) in tetrahydrofuran (5 mL) was 

added LHMDS (1M in THF, 2.14 mL). The reaction mixture was stirred for 20 min at -

78 °C and trans-2-octenal (0.61 mL, 4.12 mmol) was added. The reaction mixture was 

stirred for 10 min at -78 °C, quenched with saturated aqueous NH4Cl, and diluted with 

EtOAc. The organic phase was washed with H2O and brine, dried over MgSO4, and 

concentrated in vacuo. Purification of the residue via flash column chromatography on 

silica gel (EtOAc: Hexane = 1: 10 to 1: 5) afforded 466 mg (81%) a mixture of syn- isomer 

and anti-isomer. To a solution of above aldol mixture (128 mg, 0.37 mmol) in CH2Cl2 (3 

mL) was added Et3N (0.34 mL, 2.41 mmol) and methanesulfonyl chloride (0.09 mL, 1.21 

mmol) at -20 °C. The reaction mixture was stirred until complete consumption of the 

starting material (checked by TLC) at -20 °C, quenched with saturated aqueous NH4Cl, and 

diluted with EtOAc. The organic phase was washed with H2O, brine, dried over MgSO4, 

and concentrated in vacuo. Purification of the residue via flash column chromatography on 

silica gel (EtOAc : Hexane = 1 : 10) afforded 80 mg (65%) of 9: FT-IR (thin film, neat) ν 

max 1739, 1695, 1632 cm-1; 1H-NMR (CDCl3, 300 MHz ) δ 7.45 (dd, 1H, J = 6.0, 2.6 Hz), 

6.93 (d, 1H, J = 10.8 Hz), 6.34-6.16 (m, 3H), 5.48-5.30 (m, 2H), 3.63 (s, 3H), 3.54 (m, 1H), 

2.57 (m, 1H), 2.36-2.17 (m, 5H), 2.04-1.97 (m, 2H), 1.69-1.57 (m, 2H), 1.48-1.22 (m, 6H), 

0.87 (t, 3H, J = 6.9 Hz); 13C-NMR (CDCl3, 125 MHz ) δ 197.3, 173.9, 160.6, 146.9, 135.2, 

134.9, 131.6, 131.4, 125.9, 125.6, 51.5, 43.5, 33.4, 33.4, 31.8, 31.4, 28.4, 26.6, 24.7, 22.4, 

14.0; LR-MS (FAB) m/z 331 (M+H+); HR-MS (FAB) calcd for C21H30O3 (M+H+) 

331.2195; found 331.2273. 

 

rac-9-Chloro-15-deoxy Δ12 Prostaglandin J2 (10) 

To a solution of 9 (20 mg, 0.06 mmol) in toluene (1 mL) was added TBHP (5.5 M in decane, 

17 μL, 0.09 mmol) and triton B (2 drops) at 0 °C. The reaction mixture was stirred for 10 
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min, quenched with saturated aqueous NH4Cl, and diluted with EtOAc. The organic phase 

was washed with H2O, brine, dried over MgSO4, and concentrated in vacuo. Purification of 

the residue via flash column chromatography on silica gel (EtOAc: Hexane = 1: 15) 

afforded 21 mg (90%) of the epoxy derivative as a mixture of two isomers. Then, to a 

solution of above epoxy ester (7 mg, 0.02 mmol) in CH3CN (1 ml) was added LiCl (3 mg, 

0.06 mmol) and Amberlyst-15 resin (18 mg) at ambient temperature. The reaction mixture 

was stirred overnight at ambient temperature and filtered through a pad of celite. The 

filtrate was concentrated in vacuo. Purification of the residue via flash column 

chromatography on silica gel (EtOAc : Hexane = 1 : 5) afforded 6 mg (80%) of methyl ester. 

Finally, to a solution of methyl ester (19 mg, 0.05 mmol) in dichloroethane (1 mL) was 

added Me3SnOH (66 mg, 0.36 mmol) at ambient temperature. The reaction mixture was 

refluxed overnight, quenched, acidified with 2N-HCl, and diluted with EtOAc. The organic 

phase was washed with 2N-HCl and brine, dried over MgSO4, and concentrated in vacuo. 

Purification of the residue via flash column chromatography on silica gel (EtOAc : 

Hexane : AcOH= 1 : 2 : 0.05) afforded 8 mg (81%) of 6b: 1H-NMR (CDCl3, 400 MHz) δ 

7.31 (d, 1H, J = 2.6 Hz), 7.05 (m, 1H), 6.33-6.26 (m, 2H), 5.47 (m, 1H), 5.34 (m, 1H), 3.56 

(m, 1H), 2.59 (m, 1H), 2.36-2.17 (m, 5H), 2.04-1.97 (m, 2H), 1.69-1.63 (m, 2H), 1.48-1.22 

(m, 6H), 0.87 (t, 3H, J = 6.9 Hz); 13C NMR (75 MHz, CDCl3) δ 198.7, 175.1, 152.9, 148.7, 

137.4, 134.0, 132.5, 130.3, 125.3, 125.2, 43.3, 33.5, 31.8, 30.7, 29.7, 28.4, 26.6, 24.5, 22.4, 

14.0; LR-MS (FAB) m/z 351 (M+H+); HR-MS (FAB) calcd for C20H27ClO3 (M+H+) 

351.1727; found 351.1700. 

 

rac-(R,Z)-Methyl 7-(3-chloro-4-oxocyclopent-2-enyl)hept-5-enoate (11) 

To a solution of enone 8 (71 mg, 0.30 mmol) in toluene (2 mL) was added TBHP (5.5 M in 

decane 87 μl, 0.48 mmol) and triton B (2 drops) at 0 °C. The reaction mixture was stirred 

for 20 min, quenched with saturated NH4Cl, and diluted with EtOAc. The organic phase 
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was washed with H2O and brine, dried over MgSO4, and concentrated in vacuo. 

Purification of the residue via flash column chromatography on silica gel (EtOAc: Hexane 

= 1 : 5 to 1 : 2) afforded 58 mg (81%) of a mixture of tow epoxy isomers. Then, to a 

solution of epoxides (53 mg, 0.22 mmol) in CH3CN (2 mL) was added LiCl (28 mg, 0.67 

mmol) and Amberlyst-15 resin (18 mg) at ambient temperature. The reaction mixture was 

stirred overnight and filtered through a pad of celite. The filtrate was concentrated in vacuo. 

Purification of the residue via flash column chromatography on silica gel (EtOAc : Hexane 

= 1 : 5) afforded 46 mg (81%) of 11: 1H-NMR (CDCl3, 500 MHz ) δ 7.48 (d, 1H, J = 2.7 

Hz), 5.53-5.23 (m, 2H), 3.64 (s, 3H), 2.99 (m, 1H), 2.50 (dd, 1H, J = 18.9, 6.2 Hz), 2.31-

2.16 (m, 4H), 2.03 (m, 3H), 1.67 (dt, 2H, J = 14.6, 7.5 Hz); 13C-NMR (CDCl3, 100 MHz) δ 

201.5, 171.1, 160.3, 132.1, 125.9, 114.2, 60.4, 39.4, 33.3, 31.9, 29.7, 21.0, 14.2; LR-MS 

(FAB) m/z 257 (M+H+); HR-MS (FAB) calcd for C13H17ClO3 (M+H+) 257.0944; found 

257.0954. 

 

rac-(Z)-Methyl 7-((S,E)-3-chloro-5-octylidene-4-oxocyclopent-2-enyl)hept-5-enoate (12) 

To a solution of 11 (43 mg, 0.17 mmol) in tetrahydrofuran (2 mL) was added LHMDS (1M 

in THF, 0.18 ml). The reaction mixture was stirred for 1h at -78 °C and octanal (34 μL, 0.22 

mmol) was added. The reaction mixture was stirred for 10 min at -78°C, quenched with 

saturated aqueous NH4Cl, and diluted with EtOAc. The organic phase was washed with 

H2O and brine, dried over MgSO4, and concentrated in vacuo. Purification of the residue 

via flash column chromatography on silica gel (EtOAc: Hexane = 1: 10 to 1: 5) afforded 50 

mg (78%) of an aldol mixture. To a solution of aldol mixture (45 mg, 0.12 mmol) in CH2Cl2 

(1 mL) was added Et3N (49 μL, 0.35 mmol) and methanesulfonyl chloride (27 μL, 0.24 

mmol) at 0 °C. The reaction mixture was stirred until complete consumption of the starting 

material (checked by TLC) at ambient temperature, quenched with saturated NH4Cl, and 

diluted with EtOAc. The organic phase was washed with H2O and brine, dried over MgSO4, 
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and concentrated in vacuo to afford a crude mixture of mesylated aldol. To a slurry of 

activated alumina (1.4 g) in CH2Cl2 (3 ml) was added a solution of the crude mesylate in 

CH2Cl2 at 0°C. The reaction mixture was vigorously stirred until complete consumption of 

the starting material (checked by TLC) at ambient temperature and filtered through a pad of 

celite. The filtrate was concentrated in vacuo. Purification of the residue via flash column 

chromatography on silica gel (EtOAc : Hexane = 1 : 10 to 1 : 5) afforded 22 mg (36 % for 3 

steps) of 12: 1H-NMR (CDCl3, 300 MHz) δ 7.46 (d, 1H, J = 2.7 Hz), 6.71 (t, 1H, J = 7.7 

Hz), 5.45 (m, 1H), 5.34 (m, 1H), 3.64 (s, 3H), 3.47 (m, 1H), 2.58 (m, 1H), 2.36-2.15 (m, 

5H), 2.08-2.02 (m, 2H), 1.72-1.66 (m, 2H), 1.52-1.21 (m, 10H), 0.87 (m, 3H); 13C-NMR 

(CDCl3, 75 MHz) δ 188.6, 173.6, 153.7, 139.0, 137.2, 135.2, 131.8, 125.4, 51.5, 41.4, 33.1, 

31.7, 30.3, 29.4, 29.3, 29.1, 28.5, 26.6 24.3, 22.6, 14.0; LR-MS (FAB) m/z 367 (M+H+). 

HR-MS (FAB) calcd for C21H32ClO3 (M+H+) 367.2040; found 367.2052. 

 

rac-(Z)-7-((S,E)-3-Chloro-5-octylidene-4-oxocyclopent-2-enyl)hept-5-enoic acid (13) 

To a solution of methyl ester of 12 (19 mg, 0.05 mmol) in dichloroethane (1 mL) was added 

Me3SnOH (46 mg, 0.26 mmol) at ambient temperature. The reaction mixture was refluxed 

overnight, quenched, acidified with 2N-HCl, and diluted with EtOAc. The organic phase 

was washed with 2N-HCl and brine, dried over MgSO4, and concentrated in vacuo. 

Purification of the residue via flash column chromatography on silica gel (EtOAc : 

Hexane : AcOH= 50 : 100 : 1) afforded 16 mg (89%) of 13: 1H-NMR (CDCl3, 400 MHz) δ 

7.32 (d, 1H, J = 2.7 Hz), 6.71 (t, 1H, J = 7.7 Hz), 5.47 (m, 1H), 5.34 (m, 1H), 3.49 (m, 1H), 

2.58 (m, 1H), 2.35-2.21 (m, 5H), 2.08-2.02 (m, 2H), 1.72-1.66 (m, 2H), 1.52-1.21 (m, 10H), 

0.87 (m, 3H); 13C-NMR (CDCl3, 125 MHz) δ 188.6, 179.1, 153.7, 139.1, 137.0, 135.1, 

131.8, 125.4, 41.4, 33.2, 31.7, 30.3, 29.4, 29.3, 29.1, 28.5, 26.6, 24.3, 22.6, 14.1; LR-MS 

(FAB) m/z 353 (M+H+). HR-MS (FAB) calcd for C20H30ClO3 (M+H+) 353.1883; found 

353.1883. 
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rac-(Z)-7-((E)-5-benzylidene-3-chloro-4-oxocyclopent-2-en-1-yl)hept-5-enoic acid (14a) 

14a (18 mg, 30% for 3 steps) was afforded from 48 mg of enone 11: : 1H-NMR (CDCl3, 

500 MHz) δ 7.54-7.48 (m, 4H), 7.43-7.37 (m, 3H), 5.42 (m, 1H), 5.27 (m, 1H), 3.97 (m, 

1H), 2.55 (m, 1H), 2.24-1.98 (m, 3H), 1.87-1.79 (m, 2H), 1.60-1.51 (m, 2H). 

 

rac-(Z)-7-((E)-3-chloro-5-(cyclohexylmethylene)-4-oxocyclopent-2-en-1-yl)hept-5-enoic 

acid (14b) 

14b (15 mg, 22% for 3 steps) was afforded from 52 mg of enone 11: : 1H-NMR (CDCl3, 

500 MHz) δ 7.32 (d, 1H, J = 2.3 Hz), 6.54 (d, 1H, J = 10.8 Hz), 5.47 (m, 1H), 5.36 (m, 1H), 

3.51 (m, 1H), 2.58 (m, 1H), 2.41-2.16 (m, 4H), 2.10-2.05 (m, 2H), 1.77-1.61 (m, 9H), 0.88-

0.85 (m, 3H). 

 

rac-(Z)-7-((E)-3-chloro-5-(cyclopentylmethylene)-4-oxocyclopent-2-en-1-yl)hept-5-enoic 

acid (14c) 

14c (15 mg, 25% for 3 steps) was afforded from 49 mg of enone 11: : 1H-NMR (CDCl3, 500 

MHz) δ 7.32 (m, 1H), 6.61 (d, 1H, J = 10.8 Hz), 5.47 (m, 1H), 5.38 (m, 1H), 3.49 (m, 1H), 

2.75 (m, 1H), 2.57 (m, 1H), 2.43-2.17 (m, 3H), 2.08-2.04 (m, 2H), 1.89-1.62 (m, 8H), 1.44-

1.33 (m, 2H). 

 

rac-(Z)-7-((E)-5-butylidene-3-chloro-4-oxocyclopent-2-en-1-yl)hept-5-enoic acid (14d) 

14d (20 mg, 26% for 3 steps) was afforded from 66 mg of enone 11: : 1H-NMR (CDCl3, 

500 MHz) δ 7.33 (m, 1H), 6.71 (t, 1H, J = 7.7 Hz), 5.46 (m, 1H), 5.33 (m, 1H), 3.49 (m, 

1H), 2.59 (m, 1H), 2.35-2.21 (m, 6H), 2.06-2.02 (m, 2H), 1.71-1.67 (m, 3H), 1.61-1.50 (m, 

2H), 1.23 (m, 1H). 

 

rac-(Z)-7-((E)-5-(4-(tert-butyl)benzylidene)-3-chloro-4-oxocyclopent-2-en-1-yl)hept-5-
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enoic acid (14e) 

14e (12 mg, 14% for 3 steps) was afforded from 55 mg of enone 11: : 1H-NMR (CDCl3, 500 

MHz) δ 7.52 (s, 1H), 7.48-7.43 (m, 5H), 5.43 (m, 1H), 5.30 (m, 1H), 3.95 (m, 1H), 2.62 (m, 

1H), 2.25-2.17 (m, 2H), 1.90-1.81 (m, 2H), 1.34-1.29 (m, 9H). 

 

rac-(Z)-7-((E)-3-chloro-5-(4-methoxybenzylidene)-4-oxocyclopent-2-en-1-yl)hept-5-enoic 

acid (14f) 

14f (15 mg, 55% for 3 steps) was afforded from 20 mg of enone 11: : 1H-NMR (CDCl3, 500 

MHz) δ 7.49-7.45 (m, 4H), 6.96-6.88 (m, 2H), 5.43 (m, 1H), 5.29 (m, 1H), 3.92 (m, 1H), 

3.85 (s, 3H), 2.60 (m, 1H), 2.31-2.15 (m, 3H), 1.93-1.81 (m, 2H), 1.68-1.56 (m, 2H). 

 

rac-(Z)-7-((E)-3-chloro-5-(4-iodobenzylidene)-4-oxocyclopent-2-en-1-yl)hept-5-enoic 

acid (14g) 

14g (14 mg, 16% for 3 steps) was afforded from 50 mg of enone 11: : 1H-NMR (CDCl3, 

300 MHz) δ 7.73-7.70 (m, 2H), 7.44-7.39 (m, 2H), 7.20-7.17 (m, 2H), 5.37 (m, 1H), 5.20 

(m, 1H), 3.88 (m, 1H), 2.47 (m, 1H), 2.27-1.94 (m, 3H), 1.84-1.77 (m, 2H), 1.62-1.48 (m, 

2H). 

 

2-(3,4-Dimethoxyphenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one 

(21) 

Ketone 34 (21b) was prepared from aryl bromide 27 and 2-(3,4-

Dimethoxyphenyl)acetaldehyde according to the general procedure C and B and purified 

by flash column chromatography on silica gel (EtOAc/n-hexane = 1:4) to afford 80 mg 

(48% for 2 steps) of pure 34 as pale yellow solid with a melting point of  90 - 92 °C: 1H 

NMR (CDCl3, 300 MHz) δ 7.43 (d, 1H, J = 8.4 Hz), 6.72 (s, 3H), 6.54 (d, 1H, J = 9.9 Hz), 

6.52 (d, 1H, J = 8.4 Hz), 5.62 (d, 1H, J = 9.9 Hz), 4.12 (s, 2H), 3.77(s, 6H), 3.69(s, 3H), 
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1.37(s, 6H); 13C NMR (CDCl3, 75 MHz) δ 198.7, 157.7, 156.3, 148.8, 147.8, 131.1, 130.5, 

127.6, 124.8, 121.7, 116.5, 114.8, 112.8, 112.6, 111.2, 63.2, 55.8, 55.8, 50.3, 50.2, 28.1, 

28.0; HRMS (FAB) calcd for C22H25O5 (M+H+): 369.1702, Found: 369.1705. 

Ketone 34 (20.0 mg, 0.05 mmol) afforded 18.0 mg (87%) of α, β-unsaturated ketone 21 

via general procedure D as colorless oil: 1H NMR (CDCl3, 300 MHz) δ 7.30 (d, 1H, J = 

8.6 Hz), 6.95 (m, 2H), 6.78 (d, 1H, J = 8.0 Hz), 6.51 (m, 2H), 5.90 (s, 1H), 5.60 (d, 1H, J = 

10.0 Hz), 5.55 (s, 1H), 3.81 (s, 3H), 3.80 (s, 3H), 3.70 (s, 3H), 1.38 (s, 6H); 13C NMR 

(CDCl3, 100 MHz) δ 196.5, 157.3, 156.2, 149.4, 149.1, 148.6, 131.7, 130.4, 129.7, 125.0, 

121.7, 120.2, 116.5, 114.8, 111.8, 110.9, 110.7, 77.2, 76.8, 63.1, 55.8, 28.0, 27.9; HRMS 

(FAB) calcd for C23H25O5 (M+H+): 381.1702, Found: 381.1709. 

 

2-(4-(allyloxy)-3-methoxyphenyl)acetaldehyde (26) 

To a stirred solution of phenol 25 (129.2 mg, 0.77 mmol) in dry acetone (10 mL) were 

added allyl bromide (0.13 mL, 1.54 mmol) and potassium carbonate (212.8 mg, 1.54 mmol). 

The reaction mixture was heated to reflux and stirred overnight. The solvent was 

evaporated under reduced pressure and the reaction mixture was extracted with ethyl 

acetate. The organic layer was washed with brine, dried over MgSO4, and concentrated 

under reduced pressure. The residue was purified by flash column chromatography on silica 

gel (EtOAc/n-Hexane = 1:2 to 1:1) to afford 149.0 mg (93%) of allyl ether as a colorless 

oil: 1H NMR (CDCl3, 300 MHz) δ 6.79 (d, 1H, J = 3.3 Hz), 6.73 – 6.69 (m, 2H), 6.05 (m, 

1H), 5.37 (ddt, 1H, J = 17.1, 1.6, 1.6 Hz), 5.25 (ddt, 1H, J = 10.4, 1.4, 1.4 Hz), 4.57 (ddd, 

2H, J = 5.4, 1.4, 1.4 Hz), 3.85 (s, 3H), 3.82 (t, 2H, J = 6.4 Hz), 2.79 (t, 2H, J = 6.4 Hz). 

Allyl ether (51.9 mg, 0.250 mmol) afforded 35.5 mg (69%) of 26 as a colorless oil via 

general procedure B. Purification via flash column chromatography on silica gel 

(EtOAc/n-Hexane = 1:2 to 1:1): 1H-NMR (CDCl3, 300 MHz ) δ 9.68 (t, 1H, J = 2.5 Hz), 

6.84 (d, 1H, J = 7.8 Hz), 6.71 – 6.68 (m, 2H), 6.04 (m, 1H), 5.37 (ddt, 1H, J = 17.2, 1.4, 
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1.4 Hz), 5.25 (ddt, 1H, J = 10.4, 1.2, 1.2 Hz), 4.57 (ddd, 2H, J = 5.4, 1.2, 1.2 Hz), 3.83 (s, 

3H), 3.58 (d, 2H, J = 2.3 Hz). 

 

2-(4-(allyloxy)-3-methoxyphenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)ethan-1-

ol (28)  

Aldehyde 26 (38.6 mg, 0.187 mmol) afforded 38.2 mg (55%) of secondary alcohol 28 as a 

colorless oil via general procedure C. Purification via flash column chromatography on 

silica gel (EtOAc/n-Hexane = 1:3): 1H-NMR (CDCl3, 300 MHz ) δ 7.16 (d, 1H, J = 8.4 Hz), 

6.78 (d, 1H, J = 8.0 Hz), 6.71 (dd, 1H, J = 8.2, 1.8 Hz), 6.65 (d, 1H, J =1.8 Hz), 6.59 (d, 

1H, J = 8.4 Hz), 6.51 (d, 1H, J = 10.0 Hz), 6.05 (m, 1H), 5.61 (d, 1H, J = 9.9 Hz), 5.35 (ddt, 

1H, J = 17.2, 1.4, 1.4 Hz), 5.24 (ddt, 1H, J = 10.4, 1.2, 1.2 Hz), 5.05 (dd, 1H, J = 8.0, 4.9 

Hz), 4.55 (ddd, 2H, J = 5.3, 1.4, 1.4 Hz), 3.78 (s, 3H), 3.63 (s, 3H), 2.97 (dd, 1H, J = 13.5, 

4.9 Hz), 2.89 (dd, 1H, J = 13.5, 8.0 Hz), 1.40 (s, 3H), 1.39 (s, 3H). 

 

2-(4-(allyloxy)-3-methoxyphenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)ethan-1-

one (29) 

Secondary alcohol 28 (37.5 mg, 0.094 mmol) afforded 26.0 mg (70%) of ketone 29 as a 

colorless oil via general procedure B. Purification via flash column chromatography on 

silica gel (EtOAc/n-Hexane = 1:4): 1H-NMR (CDCl3, 300 MHz ) δ 7.47 (d, 1H, J = 8.6 Hz), 

6.80 – 6.71 (m, 3H), 6.58 (d, 1H, J = 9.9 Hz), 6.56 (d, 1H, J = 8.6 Hz), 6.04 (m, 1H), 5.66 

(d, 1H, J = 10.0 Hz), 5.35 (m, 1H), 5.23 (m, 1H), 4.55 (m, 2H), 4.16 (s, 2H), 3.81 (s, 3H), 

3.73 (s, 3H), 1.42 (s, 6H); HR-MS (FAB) calcd for C24H27O5 (M+H+) 395.1858; found 

395.1866. 

 

(E)-tert-butyl 4-(2-methoxy-4-(2-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-

oxoethyl)phenoxy)but-2-enylcarbamate (30) 
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To 29 (98.4 mg, 0.249 mmol) dissolved in dry CH2Cl2 was added t-Butyl-N-allyl 

carbamate at 50 °C and stirred for 30 min. Grubbs’ 2nd catalyst (21.2 mg, 0.025 mmol) was 

added and the reaction mixture kept be stirred for 3 h. The reaction mixture was cooled to 

ambient temperature, filtered through Celite pad. The residue was purified by flash column 

chromatography on silica gel (EtOAc/n-Hexane = 1:4 to 1:2) to afford 51.9 mg (40%) of 30 

as pale brown oil: 1H-NMR (CDCl3, 300 MHz ) δ 7.47 (d, 1H, J = 8.6 Hz), 6.78 – 6.70 (m, 

3H), 6.59 – 6.55 (m, 2H), 5.86 – 5.81 (m, 2H) 5.66 (d, 1H, 10.0 Hz), 4.51 (d, 1H, J = 4.2 

Hz), 4.16 (s, 2H), 3.81 (s, 3H), 3.74 (s, 5H), 1.42 (s, 6H), 1.41 (s, 9H). 

 

tert-butyl (E)-(4-(2-methoxy-4-(3-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-3-

oxoprop-1-en-2-yl)phenoxy)but-2-en-1-yl)carbamate (31) 

Ketone 30 (40.0 mg, 0.076 mmol) afforded 29.5 mg (72%) of α, β-unsaturated ketone 31 

via general procedure D: 1H-NMR (CD3OD, 400 MHz ) δ 7.37 (d, 1H, J = 8.5 Hz), 7.02 (d, 

1H, J = 1.2 Hz), 6.95 – 6.89 (m, 2H), 6.61 – 6.56 (m, 2H), 5.99 (s, 1H), 5.83 – 5.82 (m, 2H), 

5.78 (d, 1H, J = 10.0 Hz), 5.55 (s, 1H), 4.62 – 4.47 (m, 2H), 3.80 (s, 3H), 3.73 (s, 3H), 3.73 

– 3.61 (m, 2H), 1.42 (s, 15H). 

 

N-((E)-4-(2-methoxy-4-(3-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-3-oxoprop-1-en-

2-yl)phenoxy)but-2-en-1-yl)-5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-

4-yl)pentanamide (33) 

To a solution of 31 (25.0 mg, 0.047 mmol) dissolved in dry CH2Cl2 was added 4N HCl 

dioxane solution (0.5mL) and stirred for 2 h. The solvent was evaporated under reduced 

pressure and the crude amine 32 was used for next step without further purification. 

To a solution of crude amine 32 (0.025 mmol) and biotin-succinimide ester (8.5 mg, 0.025 

mmol) was added diisopropylethylamine (0.004 mL, 0.025 mmol) and stirred overnight. 

The reaction mixture was extracted with EtOAc and the organic layer was washed with 
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water and brine, dried over MgSO4, and concentrated under reduced pressure. The residue 

was purified by flash column chromatography on silica gel (CH2Cl2/MeOH = 10:1) to 

afford 9.3 mg (30%, 2 steps) of 33: 1H-NMR (CDCl3, 300 MHz ) δ 7.35 (d, 1H, J = 8.6 Hz), 

6.98 – 6.95 (m, 2H), 6.82 (d, 1H, J = 8.6 Hz), 6.58 (d, 1H, J = 10.1 Hz), 6.56 (d, 1H, J = 8.4 

Hz), 5.98 (s, 1H), 5.86 (m, 2H), 5.65 (d, 1H, J = 9.9 Hz), 5.61 (s, 1H), 4.56 (m, 2H), 4.50 

(m, 1H), 4.33 (m, 1H), 3.89 (m, 2H), 3.83 (s, 3H), 3.75 (s, 3H), 3.15 (m, 1H), 2.83 (m, 1H), 

2.74 (m, 1H), 2.24 (m, 2H), 1.68 (m, 6H), 1.43 (s, 6H). 

 

2-(3,4-Dimethoxyphenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)propan-1-one 

(35) 

Ketone 35 was prepared from aryl bromide 27 and 2-(3,4-Dimethoxyphenyl)propanal 

according to the general procedure C and B and purified by flash column chromatography 

on silica gel (EtOAc/n-hexane = 1:4) to afford 11 mg (64% for 2 steps) of pure 35 as 

colorless thick oil: 1H NMR (CDCl3, 500 MHz) δ 7.27 (d, 1H, J = 8.5 Hz), 6.76 (m, 3H), 

6.55 (d, 1H, J = 10.0 Hz), 6.48 (d, 1H, J = 8.5 Hz), 5.62 (d, 1H, J = 10.0 Hz), 4.60 (q, 1H, J 

= 6.9 Hz), 3.81 (s, 3H), 3.80 (s, 3H), 3.65 (s, 3H), 1.48 (d, 3H, J = 6.9 Hz), 1.39 (s, 6H); 13C 

NMR (CDCl3, 75 MHz) δ 202.5, 157.1, 155.7, 149.0, 147.9, 133.8, 130.7, 130.5, 125.5, 

120.2, 116.5, 112.3, 111.2, 77.2, 76.7, 63.3, 55.8, 55.7, 50.0, 43.1, 28.0, 28.0, 19.0; HRMS 

(FAB) calcd for C23H27O5 (M+H+): 383.1858, Found: 383.1853. 

 

2-(3,4-dimethoxyphenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-ol 

(36) 

1H NMR (CDCl3, 300 MHz) δ 7.08 (d, 1H, J = 8.4 Hz), 6.89 (m, 2H), 6.74 (d, 1H, J = 8.4 

Hz), 6.54 (d, 1H, J = 10.1 Hz), 6.52 (d, 1H, J = 8.6 Hz), 5.94 (s, 1H), 5.62 (d, 1H, J = 9.2 

Hz), 5.48 (m, 2H), 3.87 (m, 1H), 3.80 (m, 9H), 1.43 (s, 6H) 

 



 

 

４３ 

 

(S)-2-(3,4-dimethoxyphenyl)-1-(2,2-dimethyl-2H-chromen-6-yl)-2-hydroxyethan-1-one 

(37) 

To a dry THF in flask was added NaHMDS solution (0.1 mL, 1.0 M in THF) at – 78 °C. A 

solution of ketone 34 (31.0 mg, 0.084 mmol) in dry THF was added dropwise, stirred at – 

78 °C for 30 mins. A solution of (1S)-(+)-(10-camphorsulfonyl)oxaziridine (28.9 mg, 0.126 

mmol) in 0.5 mL of THF was added dropwise. The reaction mixture was stirred until 

complete consumption of the starting material. The reaction mixture was quenched with sat. 

NH4Cl solution, diluted with 2 mL of diethylether at - 78 °C and the reaction temperature 

was raised to ambient temperature. The reaction mixture was extracted with diethylether 

and the organic layer was washed with Na2S2O3 solution and brine, dried over MgSO4, and 

concentrated under reduced pressure. The residue was purified by flash column 

chromatography on silica gel (EtOAc/n-Hexane = 1:4 to 1:3) to afford 25.0 mg (77%) of 37 

as colorless oil: 1H-NMR (CDCl3, 400 MHz ) δ 7.38 (d, 1H, J = 8.6 Hz), 6.82 (dd, 1H, J = 

8.3, 1.6 Hz), 6.77 (d, 1H, J = 1.4 Hz), 6.71 (d, 1H, J = 8.3 Hz), 6.51 (m, 2H), 5.93 (s, 1H), 

5.64 (d, 1H, J = 10.1 Hz), 4.56 (br, 1H), 3.78 (s, 3H), 3.76 (s, 3H), 3.68 (s, 3H), 1.39 (s, 6H). 

 

1-(5-methoxy-2,2-dimethylchroman-6-yl)ethan-1-one (38) 

1H NMR (CDCl3, 300 MHz) δ 7.53 (dd, 1H, J = 8.8, 0.5 Hz), 6.58 (d, 1H, J = 8.6 Hz), 

3.77 (s, 3H), 2.78 (t, 2H, J = 6.8 Hz), 2.58 (s, 3H), 1.79 (t, 2H, J = 6.8 Hz), 1.33 (s, 6H); 

HR-MS (FAB) calcd for C14H19O3 (M+H+) 235.1334; found 235.1332. 

 

1-(5-methoxy-2,2-dimethylchroman-6-yl)prop-2-en-1-one (39) 

1H NMR (CDCl3, 300 MHz) δ 7.46 (d, 1H, J = 8.8 Hz), 7.11 (dd, 1H, J = 17.2, 10.4 Hz), 

6.60 (d, 1H, J = 8.6 Hz), 6.33 (dd, 1H, J = 17.2, 1.8 Hz), 5.77 (dd, 1H, J = 10.4, 1.8 Hz), 

3.70 (s, 3H), 2.74 (t, 2H, J = 6.8 Hz), 1.79 (t, 2H, J = 6.8 Hz), 1.33 (s, 6H); HR-MS (FAB) 

calcd for C15H19O3 (M+H+) 247.1334; found 247.1336. 



 

 

４４ 

 

 

(S)-2-(3,4-dimethoxyphenyl)-1-(2,2-dimethyl-2H-chromen-6-yl)-2-hydroxyethan-1-one 

(40) 

General procedure D 

1H NMR (CDCl3, 300 MHz) δ 7.08 (d, 1H, J = 8.3 Hz), 6.58 (d, 1H, J = 10.1 Hz), 6.54 (d, 

1H, J = 8.4 Hz), 5.87 (m, 1H), 5.65 (d, 1H, J = 5.1 Hz), 5.63 (s, 3H), 3.71 (s, 3H), 2.02 (s, 

3H), 1.42 (s, 6H); 13C NMR (CDCl3, 300 MHz) δ 197.6, 156.0, 154.9, 145.1, 130.5, 130.2, 

128.2, 116.6, 114.7, 111.5, 111.5, 76.5, 63.1, 28.0, 28.0, 17.7; HR-MS (FAB) calcd for 

C16H19O3 (M+H+) 259.1334; found 259.1324. 

 

1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-phenylprop-2-en-1-one (41) 

General procedure E 

1H NMR (CD3OD, 500 MHz) δ 7.41 (m, 2H), 7.34 (m, 4H), 6.58 (m, 2H), 6.05 (s, 1H), 

5.77 (d, 1H, J = 10.1 Hz), 5.66 (s, 1H), 3.72 (s, 3H), 1.42 (s, 6H); 13C NMR (CDCl3, 300 

MHz) δ 196.3, 157.4, 156.2, 149.9, 137.1, 131.7 130.4, 128.3, 128.3, 128.2, 127.6, 127.6, 

125.0, 123.4, 116.6, 114.9, 111.9, 76.8, 63.2, 28.1, 28.1; HR-MS (FAB) calcd for C21H21O3 

(M+H+) 321.1491; found 321.1503. 

 

2-(3,4-difluorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one 

(42) 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 7.33 (d, 1H, J = 8.4 Hz), 7.26 (m, 1H), 7.11 (m, 2H), 6.58 

(d, 1H, J = 5.1 Hz), 6.55 (d, 1H, J = 6.8 Hz), 6.00 (s, 1H), 5.72 (s, 1H), 5.66 (d, 1H, J = 9.9 

Hz), 3.72 (s, 3H), 1.43 (s, 6H); HR-MS (FAB) calcd for C21H19F2O3 (M+H+) 357.1302; 

found 357.1301. 

 



 

 

４５ 

 

2-(4-fluorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one (43) 

General procedure E 

HR-MS (FAB) calcd for C21H19FO3 (M+H+) 339.1396; found 339.1397. 

 

1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-(3-methoxyphenyl)prop-2-en-1-one (44) 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 7.36 (d, 1H, J = 8.6 Hz), 7.25 (m, 1H), 6.99 (m, 2H), 6.85 

(m, 1H), 6.58 (d, 1H, J = 10.1 Hz), 6.56 (d, 1H, J = 8.4 Hz), 6.02 (s, 1H), 5.69 (s, 1H), 5.65 

(d, 1H, J = 10.1 Hz), 3.78 (s, 3H), 3.75 (s, 3H), 1.43 (s, 6H) ; HR-MS (FAB) calcd for 

C22H23O4 (M+H+) 351.1596; found 351.1584. 

 

1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-(4-methoxyphenyl)prop-2-en-1-one (45) 

General procedure E 

1H NMR (CDCl3, 400 MHz) δ 7.35 (m, 3H), 6.87 (d, 2H, J = 8.6 Hz), 6.57 (m, 2H), 5.96 

(s, 1H), 5.65 (d, 1H, J = 10.1 Hz), 5.60 (s, 1H), 3.79 (s, 3H), 3.75 (s, 3H), 1.43 (s, 6H); 13C 

NMR (CDCl3, 75 MHz) δ 196.6, 159.7, 157.3, 156.2, 149.4, 131.7, 130.4, 129.6, 128.8, 

128.8, 125.1, 121.7, 116.7, 113.8, 113.8, 111.8, 111.8, 76.7, 63.1, 55.3, 28.1, 28.1; HR-MS 

(FAB) calcd for C22H23O4 (M+H+) 351.1596; found 351.1603. 

 

2-(4-chlorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one (46) 

General procedure E 

1H NMR (CDCl3, 400 MHz) δ 7.33 (m, 5H), 6.57 (s, 1H), 6.55 (d, 1H, J = 1.8 Hz), 6.00 (s, 

1H), 5.71 (s, 1H), 5.65 (d, 1H, J = 10.0 Hz), 3.73 (s, 3H), 1.43 (s, 6H); 13C NMR (CDCl3, 

300 MHz) δ 195.9, 157.5, 156.2, 148.8, 135.5, 134.2, 131.5, 130.6, 129.0, 129.0, 128.5, 

128.5, 124.8, 123.7, 116.5, 114.9, 112.0, 76.9, 63.2, 28.1, 28.1; HR-MS (FAB) calcd for 

C21H20ClO3 (M+H+) 355.1101; found 355.1109. 



 

 

４６ 

 

 

2-(3-chloro-4-methoxyphenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-

1-one (47) 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 7.48 (d, 1H, J = 2.2 Hz), 7.34 (d, 1H, J = 8.4 Hz), 7.29 (dd, 

1H, J = 8.4, 2.2 Hz), 6.88 (d, 1H, J = 8.6 Hz), 6.58 (d, 1H, J = 2.2 Hz), 6.55 (s, 1H), 5.97 (s, 

1H), 5.65 (m, 2H), 3.89 (s, 3H), 3.74 (s, 3H), 1.43 (s, 6H); HR-MS (FAB) calcd for 

C22H22ClO4 (M+H+) 385.1207; found 385.1205. 

 

2-(3-fluoro-4-methoxyphenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-

1-one (48) 

General procedure E 

1H NMR (CDCl3, 400 MHz) δ 7.34 (d, 1H, J = 8.5 Hz), 7.21 (dd, 1H, J = 12.4, 2.1 Hz), 

7.14 (m, 1H), 6.90 (t, 1H, J = 8.6 Hz), 6.58 (d, 1H, J = 3.9 Hz), 6.55 (d, 1H, J = 2.2 Hz), 

5.95 (s, 1H), 5.66 (s, 1H), 5.63 (d, 1H, J = 4.0 Hz), 3.88 (s, 3H), 3.73 (s, 3H), 1.43 (s, 6H); 

HR-MS (FAB) calcd for C22H22FO4 (M+H+) 369.1502; found 369.1508. 

 

1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-(4-(trifluoromethyl)phenyl)prop-2-en-1-

one (49) 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 7.60 (d, 2H, J = 8.4 Hz), 7.53 (d, 2H, J = 8.4 Hz), 7.35 (d, 

1H, J = 8.4 Hz), 6.57 (m, 2H), 6.09 (s, 1H), 5.81 (s, 1H), 5.66 (d, 1H, J = 10.1 Hz), 3.73 (s, 

3H), 1.43 (s, 6H); HR-MS (FAB) calcd for C22H20F3O3 (M+H+) 389.1365; found 389.1362. 

 

2-(4-(tert-butyl)phenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one 

(50) 



 

 

４７ 

 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 7.35 (m, 5H), 6.57 (m, 2H), 6.04 (s, 1H), 5.66 (m, 2H), 3.76 

(s, 3H), 1.43 (s, 6H), 1.30 (s, 9H); HR-MS (FAB) calcd for C25H29O3 (M+H+) 377.2117; 

found 377.2110. 

 

1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-(4-nitrophenyl)prop-2-en-1-one (51) 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 8.20 (d, 2H, J = 8.8 Hz), 7.58 (d, 2H, J = 8.8 Hz), 7.37 (d, 

1H, J = 8.4 Hz), 6.59 (d, 1H, J = 8.6 Hz), 6.53 (d, 1H, J = 10.3 Hz), 6.13 (1H), 5.89 (s, 1H), 

5.66 (d, 1H, J = 10.1 Hz), 3.71 (s, 3H), 1.44 (s, 6H); HR-MS (FAB) calcd for C21H20NO5 

(M+H+) 366.1341; found 366.1352. 

 

2-(4-hydroxyphenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one (52) 

1H NMR (CDCl3, 300 MHz) δ 7.33 (m, 3H), 6.79 (d, 1H, J = 8.6 Hz), 6.56 (m, 2H), 5.95 

(s, 1H), 5.65 (d, 1H, J = 9.9 Hz), 5.60 (s, 1H), 3.75 (s, 3H), 1.43 (s, 6H); HR-MS (FAB) 

calcd for C21H21O4 (M+H+) 337.1440; found 337.1430. 

 

2-cyclohexyl-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one (53) 

General procedure D 

1H NMR (CD3OD, 400 MHz) δ 7.08 (d, 1H, J = 8.4 Hz), 6.60 (d, 1H, J = 10.0 Hz), 6.54 (d, 

1H, J = 8.1 Hz), 5.78 (s, 1H), 5.77 (d, 1H, J = 9.8 Hz), 5.58 (s, 1H), 3.68 (s, 3H), 2.64 (m, 

1H), 1.81 (m, 4H), 1.73 (m, 1H), 1.42 (s, 6H), 1.35 (m, 2H), 1.26 (m, 3H); HR-MS (FAB) 

calcd for C21H27O3 (M+H+) 327.1960; found 327.1955. 

 

3-(3-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-3-oxoprop-1-en-2-yl)benzonitrile (54) 

General procedure E 



 

 

４８ 

 

1H NMR (CDCl3, 400 MHz) δ 7.74 (s, 1H), 7.65 (d, 1H, J = 7.9 Hz), 7.59 (d, 1H, J = 7.8 

Hz), 7.44 (t, 1H, J = 7.8 Hz), 7.34 (d, 1H, J = 8.4 Hz), 6.59 (d, 1H, J = 8.5 Hz), 6.55 (d, 1H, 

J = 10.0 Hz), 6.07 (s, 1H), 5.83 (s, 1H), 5.66 (d, 1H, J = 10.0 Hz), 3.72 (s, 3H), 1.44 (s, 

6H); HR-MS (FAB) calcd for C22H20NO3 (M+H+) 346.1443; found 346.1447. 

 

2-(3,5-bis(trifluoromethyl)phenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-

en-1-one (55) 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 7.89 (s, 2H), 7.82 (s, 1H), 7.34 (d, 1H, J = 8.4 Hz), 6.61 (d, 

1H, J = 8.4 Hz), 6.54 (d, 1H, J = 10.1 Hz), 6.17 (s, 1H), 5.92 (s, 1H), 5.67 (d, 1H, J = 10.1 

Hz), 3.72 (s, 3H), 1.44 (s, 6H) 

 

2-(2-chlorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one (56) 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 7.43 (d, 1H, J = 8.4 Hz), 7.29 (m, 4H), 6.58 (m, 2H), 6.04 

(dd, 2H, J = 11.2, 0.7 Hz), 5.65 (d, 1H, J = 9.9 Hz), 3.81 (s, 3H), 1.43 (s, 6H); 13C NMR 

(CDCl3, 75 MHz) δ 194.2, 156.8, 148.8, 137.2, 132.9, 131.6, 131.4, 130.5, 130.1, 129.4, 

129.4, 126.8, 124.5, 116.6, 115.1, 111.4, 111.4, 76.7, 63.5, 28.0, 28.0; HR-MS (FAB) calcd 

for C21H20ClO3 (M+H+) 355.1101; found 355.1111. 

 

2-(3,4-dichlorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one 

(57) 

General procedure E 

1H NMR (CDCl3, 400 MHz) δ 7.55 (d, 1H, J = 2.0 Hz), 7.40 (d, 1H, J = 8.4 Hz), 7.33 (d, 

1H, J = 8.6 Hz), 7.27 (d, 1H, J = 2.2 Hz), 6.58 (d, 1H, J = 8.4 Hz), 6.56 (d, 1H, J = 10.1 

Hz), 6.03 (s, 1H), 5.75 (s, 1H), 5.66 (d, 1H, J = 10.1 Hz), 3.72 (s, 3H), 1.44 (s, 6H); HR-



 

 

４９ 

 

MS (FAB) calcd for C21H19Cl2O3 (M+H+) 389.0711; found 389.0706. 

 

2-(4-fluoro-3-(trifluoromethyl)phenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-

yl)prop-2-en-1-one (58) 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 7.83 (m, 2H), 7.42 (m, 1H), 7.38 (d, 1H, J = 8.4 Hz), 6.62 

(dd, 1H, J = 8.4, 0.7 Hz), 6.60 (dd, 1H, J = 10.1, 0.5 Hz), 6.29 (s, 1H), 5.86 (s, 1H), 5.83 (d, 

1H, J = 9.9 Hz), 3.74 (s, 3H), 1.43 (s, 6H); HR-MS (FAB) calcd for C22H18F4O3 (M+H+) 

407.1270; found 407.1277. 

 

1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-(3-(trifluoromethyl)phenyl)prop-2-en-1-

one (59) 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 7.70 (s, 1H), 7.61 (d, 1H, J = 7.5 Hz), 7.57 (d, 1H, J = 7.8 

Hz), 7.47 (d, 1H, J = 7.5 Hz), 7.35 (d, 1H, J = 8.4 Hz), 6.59 (m, 1H), 6.56 (dd, 1H, J = 6.9, 

0.6 Hz), 6.09 (s, 1H), 5.81 (s, 1H), 5.66 (d, 1H, J = 10.2 Hz), 3.74 (s, 3H), 1.43 (s, 6H); 

HR-MS (FAB) calcd for C22H20F3O3 (M+H+) 389.1365; found 389.1371. 

 

4-(3-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-3-oxoprop-1-en-2-yl)benzonitrile (60) 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 7.58 (m, 4H), 7.35 (d, 1H, J = 8.4 Hz), 6.58 (d, 1H, J = 8.6 

Hz), 6.54 (d, 1H, J = 10.1 Hz), 6.08s, 1H), 5.84(s, 1H), 5.66 (d, 1H, J = 10.1 Hz), 3.71 (s, 

3H), 1.44 (s, 6H); 13C NMR (CDCl3, 150 MHz) δ 195.2, 157.7, 156.1, 147.9, 138.4, 132.1, 

131.6, 131.4, 131.4, 130.7, 129.1, 125.7, 124.4, 118.6, 116.4, 114.9, 112.6, 112.2, 76.7, 63.3, 

28.1, 28.1; HR-MS (FAB) calcd for C22H20NO3 (M+H+) 346.1443; found 346.1438. 

 



 

 

５０ 

 

2-(3-fluorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one (61) 

General procedure D 

1H NMR (CDCl3, 400 MHz) δ 7.35 (d, 1H, J = 8.5 Hz), 7.28 (m, 1H), 7.18 (m, 2H), 7.00 

(td, 1H, J = 8.5, 1.6 Hz), 6.58 (s, 1H), 6.55 (d, 1H, J = 1.6 Hz), 6.03 (s, 1H), 5.73 (s, 1H), 

5.65 (d, 1H, J = 10.0 Hz), 3.74 (s, 3H), 1.43 (s, 6H); HR-MS (FAB) calcd for C21H20FO3 

(M+H+) 339.1396; found 339.1405. 

 

2-(2-fluorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one (62) 

General procedure D 

1H NMR (CDCl3, 300 MHz) δ 7.23 (m, 3H), 7.01 (m, 2H), 6.53 (d, 1H, J = 9.9 Hz), 6.49 

(m, 1H), 6.05 (s, 1H), 5.91 (s, 1H), 5.59 (d, 1H, J = 9.9 Hz), 3.73 (s, 3H), 1.37 (s, 6H); HR-

MS (FAB) calcd for C21H20FO3 (M+H+) 339.1396; found 339.1392. 

 

1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-(2-(trifluoromethyl)phenyl)prop-2-en-1-

one (63) 

General procedure D 

1H NMR (CDCl3, 300 MHz) δ 7.69 (d, 1H, J = 7.9 Hz), 7.55 (t, 1H, J = 7.5 Hz), 7.44 (t, 

1H, J = 7.3 Hz), 7.29 (m, 3H), 7.24 (d, 1H, J = 1.7 Hz), 6.62 (d, 1H, J = 4.2 Hz), 6.59 (m, 

1H), 6.11 (s, 1H), 6.09 (s, 1H), 5.69 (dd, 1H, J = 9.9, 1.7 Hz), 3.81 (s, 3H), 1.44 (s, 6H); 

HR-MS (FAB) calcd for C22H20F3O3 (M+H+) 389.1365; found 389.1360. 

 

1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)propan-1-one (66) 

1H NMR (CDCl3, 400 MHz) δ 7.49 (d, 1H, J = 8.5 Hz), 6.58 (d, 2H, J = 9.2 Hz), 5.65 (d, 

1H, J = 10.1 Hz), 3.77 (s, 3H), 2.94 (q, 2H, J = 7.2 Hz), 1.43 (s, 6H), 1.16 (t, 3H, J = 7.2 

Hz) 

 



 

 

５１ 

 

2-diazo-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)propan-1-one (68) 

1H NMR (CDCl3, 300 MHz) δ 7.12 (d, 1H, J = 8.4 Hz), 6.58 (s, 1H), 6.55 (d, 1H, J = 3.1 

Hz), 5.64 (d, 1H, J = 10.1 Hz), 3.74 (s, 3H), 2.08 (s, 3H), 1.41 (s, 6H); HR-MS (FAB) calcd 

for C15H16N2O3 (M+H+) 273.1239; found 273.1241. 

 

2-(3,4-dimethoxyphenyl)-1-(2,2-dimethyl-2H-chromen-6-yl)ethan-1-one (72) 

1H NMR (CDCl3, 400 MHz) δ 7.78 (dd, 1H, J = 8.5, 2.2 Hz), 7.64 (d, 1H, J = 2.1 Hz), 

6.77 (m, 4H), 6.32 (d, 1H, J = 9.9 Hz), 5.64 (d, 1H, J = 9.8 Hz), 4.13 (s, 2H), 3.83 (s, 6H), 

1.43 (s, 6H) 

 

2-(3,4-dimethoxyphenyl)-1-(2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one (73) 

1H NMR (CDCl3, 400 MHz) δ 7.70 (dd, 1H, J = 8.5, 2.2 Hz), 7.61 (d, 1H, J = 2.0 Hz), 

6.95 (m, 2H), 6.80 (d, 1H, J = 8.2 Hz), 6.73 (d, 1H, J = 8.4 Hz), 6.30 (d, 1H, J = 9.9 Hz), 

5.88 (s, 1H), 5.63 (d, 1H, J = 9.8 Hz), 5.43 (s, 1H), 3.85 (s, 3H), 3.84 (s, 3H), 1.43 (s, 6H); 

HR-MS (FAB) calcd for C22H23O4 (M+H+) 351.1596; found 351.1586. 

 

2-(3,4-dimethoxyphenyl)-1-(5-hydroxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one 

(74) 

1H NMR (CDCl3, 400 MHz) δ 12.85 (s, 1H), 7.43 (d, 1H, J = 8.8 Hz), 6.96 (s, 1H), 6.91 

(m, 1H), 6.80 (d, 1H, J = 8.3 Hz), 6.73 (d, 1H, J = 10.1 Hz), 6.22 (d, 1H, J = 8.6 Hz), 5.83 

(s, 1H), 5.58 (d, 1H, J = 10.0 Hz), 5.35 (s, 1H), 3.86 (s, 3H), 1.44 (s, 6H); HR-MS (FAB) 

calcd for C22H23O5 (M+H+) 367.1545; found 367.1537. 

 

6-(2-(3,4-dimethoxyphenyl)acryloyl)-2,2-dimethyl-2H-chromen-5-yl acetate (75) 

1H NMR (CDCl3, 300 MHz) δ 7.45 (d, 1H, J = 8.7 Hz), 6.95 (dd, 1H, J = 8.1, 2.1 Hz), 

6.91 (d, 1H, J = 2.1 Hz), 6.81 (d, 1H, J = 8.1 Hz), 6.60 (dd, 1H, J = 8.7, 0.9 Hz), 6.38 (dd, 
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1H, J = 10.2, 0.6 Hz), 5.92 (s, 1H), 5.69 (d, 1H, J = 9.9 Hz), 5.53 (s, 1H), 3.85 (s, 3H), 3.83 

(s, 3H), 2.30 (s, 3H), 1.43 (s, 6H); 13C NMR (CDCl3, 300 MHz) δ 195.4, 169.2, 157.6, 

149.2, 148.8, 148.5, 146.2, 133.2, 131.7, 129.6, 123.0, 119.9, 119.8, 115.6, 115.1, 113.3, 

111.0, 110.2, 77.5, 55.9, 55.8, 28.3, 28.3, 20.9; HR-MS (FAB) calcd for C24H24O6 (M+) 

408.1572; found 408.1582. 

 

2-(3,4-dimethoxyphenyl)-1-(5-methoxy-2,2-dimethylchroman-6-yl)prop-2-en-1-one (76) 

General procedure B : 76b 

1H NMR (CDCl3, 300 MHz) δ 7.47 (d, 1H, J = 8.8 Hz), 6.78 (s, 3H), 6.57 (d, 1H, J = 8.8 

Hz), 4.18 (s, 2H), 3.83 (s, 6H), 3.73 (s, 3H), 2.75 (t, 2H, J = 6.8 Hz), 1.79 (t, 2H, J = 6.8 

Hz), 1.33 (s, 6H) 

General procedure D : 76 

1H NMR (CDCl3, 300 MHz) δ 7.35 (d, 1H, J = 8.8 Hz), 7.00 (m, 2H), 6.83 (d, 1H, J = 8.0 

Hz), 6.54 (d, 1H, J = 8.6 Hz), 5.96 (s, 1H), 5.59 (s, 1H), 3.87 (s, 3H), 3.85 (s, 3H), 3.76 (s, 

3H), 2.73 (t, 2H, J = 6.8 Hz), 1.78 (t, 2H, J = 6.8 Hz), 1.33 (s, 3H); HR-MS (FAB) calcd for 

C23H27O5 (M+H+) 383.1858; found 383.1855. 

 

2-(3,4-dimethoxyphenyl)-1-(naphthalen-2-yl)prop-2-en-1-one (77) 

General procedure B : 77b 

1H NMR (CDCl3, 400 MHz) δ 8.53 (s, 1H), 8.04 (d, 1H, J = 8.6 Hz), 7.94 (d, 1H, J = 8.0 

Hz), 7.86 (m, 2H), 7.56 (m, 2H), 6.83 (m, 3H), 4.34 (s, 2H), 3.85 (s, 3H), 3.83 (s, 3H) 

General procedure D : 77 

1H NMR (CDCl3, 300 MHz) δ 8.41 (s, 1H), 8.01 (dd, 1H, J = 8.6, 1.7 Hz), 7.88 (m, 3H), 

7.56 (m, 2H), 7.01 (m, 2H), 6.82 (d, 1H, J = 8.3 Hz), 6.03 (s, 1H), 5.59 (s, 1H), 3.86 (s, 3H), 

3.86 (s, 3H); HR-MS (FAB) calcd for C21H19O3 (M+H+) 319.1334; found 319.1336. 

 



 

 

５３ 

 

1-(4-(tert-butyl)phenyl)-2-(3,4-dimethoxyphenyl)prop-2-en-1-one (80) 

General procedure C : 80a 

1H NMR (CDCl3, 400 MHz) δ 7.36 (d, 2H, J = 8.2 Hz), 7.26 (d, 2H, J = 8.2 Hz), 6.80 (d, 

1H, J = 8.2 Hz), 6.76 (d, 1H, J = 8.4 Hz), 6.56 (s, 1H), 4.82 (m, 1H), 3.84 (s, 3H), 3.76 (s, 

3H), 2.95 (m, 2H), 1.30 (s, 9H) 

General procedure B : 80b 

1H NMR (CDCl3, 400 MHz) δ 7.93 (d, 2H, J = 8.4 Hz), 7.45 (d, 2H, J = 8.3 Hz), 6.79 (m, 

3H), 4.18 (s, 2H), 3.83 (s, 6H), 1.31 (s, 9H) 

General procedure D : 80 

1H NMR (CDCl3, 300 MHz) δ 7.85 (d, 2H, J = 8.3 Hz), 7.43 (d, 2H, J = 8.4 Hz), 6.95 (m, 

2H), 6.81 (d, 1H, J = 9.0 Hz), 5.93 (s, 1H), 5.49 (s, 1H), 3.86 (s, 3H), 3.84 (s, 3H), 1.31 (s, 

9H); HR-MS (FAB) calcd for C21H24O3 (M+) 324.1725; found 324.1722. 

 

1-(4-cyclohexylphenyl)-2-(3,4-dimethoxyphenyl)prop-2-en-1-one (81) 

General procedure C : 81a 

1H NMR (CDCl3, 400 MHz) δ 7.25 (m, 2H), 7.17 (d, 2H, J = 8.0 Hz), 6.79 (d, 1H, J = 8.1 

Hz), 6.75 (d, 1H, J = 8.2 Hz), 4.81 (m, 1H), 3.84 (s, 3H), 3.76 (s, 3H), 2.93 (m, 2H), 2.48 

(m, 1H), 1.83 (m, 4H), 1.39 (m, 4H), 1.23 (m, 1H) 

General procedure B : 81b 

1H NMR (CDCl3, 300 MHz) δ 7.92 (d, 2H, J = 8.3 Hz), 7.26 (d, 2H, J = 8.4 Hz), 6.78 (m, 

3H), 4.18 (s, 2H), 3.83 (s, 6H), 2.53 (m, 1H), 1.83 (m, 4H), 1.31 (m, 6H) 

General procedure D : 81 

1H NMR (CDCl3, 300 MHz) δ 7.79 (d, 2H, J = 8.2 Hz), 7.19 (m, 2H), 6.89 (m, 2H), 6.76 

(d, 1H, J = 8.8 Hz), 5.88 (s, 1H), 5.44 (s, 1H), 3.81 (s, 3H), 3.79 (s, 3H), 2.49 (m, 1H), 1.75 

(m, 4H), 1.31 (m, 6H) ); 13C NMR (CDCl3, 400 MHz) δ 197.5, 153.92, 149.4, 148.9, 148.0, 

134.9, 130.3, 130.3, 129.9, 126.9, 126.9, 119.9, 118.3, 111.1, 110.0, 55.9, 55.9, 44.7, 34.1, 
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34.1, 26.7, 26.7, 26.0; HR-MS (FAB) calcd for C23H26O3 (M+) 350.1882; found 350.1890. 

 

1-(2,4-dimethoxyphenyl)-2-(3,4-dimethoxyphenyl)prop-2-en-1-one (82) 

General procedure C : 82a 

1H NMR (CDCl3, 400 MHz) δ 7.15 (d, 1H, J = 7.9 Hz), 6.77 (d, 1H, J = 8.1 Hz), 6.72 (d, 

1H, J = 8.2 Hz), 6.63 (s, 1H), 6.44 (d, 2H, J = 8.2 Hz), 5.02 (m, 1H), 3.84 (s, 3H), 3.81 (s, 

3H), 3.79 (s, 3H), 3.78 (s, 3H), 2.37 (br, 1H) 

General procedure B : 82b 

1H NMR (CDCl3, 400 MHz) δ 7.78 (d, 1H, J = 8.6 Hz), 6.74 (m, 3H), 6.50 (dd, 1H, J = 8.6, 

2.2 Hz), 6.43 (d, 1H, J = 2.2 Hz), 4.19 (s, 2H), 3.99 (s, 3H), 3.83 (s, 9H) 

General procedure D : 82 

1H NMR (CDCl3, 300 MHz) δ 7.59 (d, 1H, J = 8.4 Hz), 6.93 (m, 3H), 6.79 (d, 1H, J = 8.1 

Hz), 6.49 (dd, 1H, J = 8.6, 2.2 Hz), 6.36 (d, 1H, J = 2.2 Hz), 5.78 (s, 1H), 5.56 (s, 1H), 3.85 

(s, 3H), 3.82 (s, 3H), 3.81 (s, 3H), 3.66 (s, 3H); HR-MS (FAB) calcd for C19H21O5 (M+H+) 

329.1389; found 329.1385. 

 

2-(3,4-dimethoxyphenyl)-1-(4-methoxyphenyl)prop-2-en-1-one (85) 

General procedure C : 85a 

1H NMR (CDCl3, 400 MHz) δ 7.25 (d, 2H, J = 8.5 Hz), 6.86 (d, 2H, J = 8.5 Hz), 6.78 (d, 

1H, J = 8.1 Hz), 6.72 (d, 1H, J = 8.1 Hz), 6.61 (s, 1H), 4.81 (m, 1H), 3.84 (s, 3H), 3.79 (s, 

6H), 2.93 (m, 2H) 

General procedure B : 85b 

1H NMR (CDCl3, 300 MHz) δ 7.98 (d, 2H, J = 9.0 Hz), 6.91 (d, 2H, J = 9.0 Hz), 6.78 (m, 

3H), 4.15 (s, 2H), 3.84 (s, 3H), 3.83 (s, 3H), 3.83 (s, 3H) 

General procedure D : 85 

1H NMR (CDCl3, 400 MHz) δ 7.90 (d, 2H, J = 8.7 Hz), 6.94 (m, 2H), 6.89 (d, 2H, J = 8.8 
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Hz), 6.80 (d, 1H, J = 8.2 Hz), 5.89 (s, 1H), 5.45 (s, 1H), 3.85 (s, 3H), 3.84 (s, 6H); HR-MS 

(FAB) calcd for C18H19O4 (M+H+) 299.1283; found 299.1292. 

 

2. Biological Evaluation 

Cell culture 

MCF10A and MCF10A-ras cells were cultured in DMEM/F-12 medium supplemented 

with 5% heat-inactivated horse serum, 10 μg/mL insulin, 100 ng/mL cholera toxin, 0.5 

μg/mL hydrocortisone, 20 ng/mL h-EGF, 2 mmol/L L-glutamine, and 100 units/mL 

penicillin/streptomycin. MCF7 and PC3 cell lines were grown in RPMI medium 

supplemented with 10% (v/v) heatinactivated FBS (Biowhittaker Inc., Walkerville, MD), 

100 U/ml penicillin and 100 g/ml streptomycin. HeLa/STAT3-luc and MDA-MB-231 cells 

were maintained in DMEM supplemented with 10% fetal bovine serum and 100 ng/ml 

penicillin/streptomycin/fungizone mixture. These cell lines were grown at 37°C in a 

humidified air/CO2 (19:1) atmosphere. The cells were plated at an appropriate density 

according to each experimental scale. 

 

MTT reduction assay 

Cells were plated at a density of 2.5 x 104 cells/200 μl in 48-well plates, and the cell 

viability was determined by the MTT reduction assay. After incubation, cells were treated 

with the MTT solution (final concentration, 1 mg/ml) for 2 h. The dark blue formazan 

crystals formed in intact cells were dissolved with dimethyl sulfoxide (DMSO) and the 

absorbance at 570 nm was read using a microplate reader. Results were expressed as the 

percentage of MTT reduction obtained in the treated cells, assuming that the absorbance of 

control cells was 100%. 

 

Transient transfection and the luciferase reporter assay 
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HeLa/STAT3-luc cells were seeded at a density of 2 x 105 per well in a sixwell dish and 

grown to 60% to 80% confluence in the complete growth medium. Cells were pretreated 

with test compounds for 24 h, stimulated with 10 ng/mL oncostatin M for 5 h. The cells 

were then washed with PBS and lysed in 1x reporter lysis buffer (Promega). The lysed cell 

extract (20 μL) wasmmixed with 100 μL of the luciferase assay reagent, and the luciferase 

activity was determined using a luminometer (AutoLumat LB 953, EG&G Berthold). 

 

Western blot analysis 

MCF10A-ras cells were lysed in lysis buffer [250 mmol/L sucrose, 50 mmol/L Tris-HCl 

(pH 8.0), 25 mmol/L KCl, 5 mmol/L MgCl2, 1 mmol/L EDTA, 2 mmol/L NaF, 2 mmol/L 

sodium orthovanadate, and 1 mmol/L phenylmethylsulfonylfluoride] for 15 min on ice 

followed by centrifugation at 13,000 g for 15 min. The protein concentration of the 

supernatant was measured by using the BCA reagents (Pierce, Rockfold, IL, USA). Protein 

(30 μg) was separated by running through 8% SDSPAGE gel and transferred to the PVDF 

membrane (Gelman Laboratory, Ann Arbor, MI, USA). The blots were blocked with 5% 

nonfat dry milk PBST buffer (PBS containing 0.1% Tween-20) for 1 h at room temperature. 

The membranes were incubated for 2 h at room temperature with 1:1000 dilutionof one of 

the antibodies of pSTAT3, STAT3, PARP, SQSTM1/p62, CyclinD1, Bcl-xL, LC3B (Cell 

Signaling Technology, Beverly, MA, USA) or BECN1 (Santa Cruz Biotechnology, Santa 

Cruz, CA, USA). Equal lane loading was assured using actin (Sigma Chemical Co., St. 

Louis, MO). The blots were rinsed three times with PBST buffer for 10 min each. Washed 

blots were treated with 1:5000 dilution of the horseradish peroxidase conjugated-secondary 

antibody (Pierce Biotechnology, Rockford, IL, USA) for 1 h and washed again three times 

with PBST buffer. The transferred proteins were visualized with an enhanced 

chemiluminescence detection kit (Amersham Pharmacia Biotech, Buckinghamshire, UK). 
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Immunoprecipitation 

MCF10A-ras cells were treated with biotinylated SH48 for 24 h, and cells were lysed in 

250 mmol/L sucrose, 50 mmol/L Tris-HCl (pH 8.0), 25 mmol/L KCl, 5 mmol/L MgCl2, 1 

mmol/L EDTA, 2 mmol/L NaF, 2mmol/L sodium orthovanadate, and 1 mmol/L 

phenylmethylsulfonylfluoride. Total protein (500 μg) was subjected to immunoprecipitation 

by shaking with STAT3 primary antibody at 4°C for 12 h followed by the addition of 

protein A/G-agarose bead suspension (25% slurry, 20 mL) and additional shaking for 2 h at 

4°C. After centrifugation at 10,000 rpm for 1 minute, immunoprecipitated beads were 

collected by discarding the supernatant and washed with cell lysis buffer. The 

immunoprecipitate was then resuspended in 8μL of 6x SDS electrophoresis sample buffer 

and boiled for 5 minutes. Supernatant (48 μL) from each sample was collected by 

centrifugation and loaded on SDS-polyacrylamide gel. The incorporation of biotinylated 

SH48 into immunoprecipitated proteins was visualized by use of Amersham streptavidin–

horseradish peroxidase (HRP) conjugate (GE Healthcare). 

 

Statistical analysis 

When necessary, data were expressed as means ± SDs of at least three independent 

experiments, and statistical analysis for single comparison was performed using the 

Student's t-test. The criterion for statistical significance was P < 0.05. 
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 VI. Appendix 

 

▼ 1H and 13C NMR – rac-(Z)-7-((S,E)-3-Chloro-5-octylidene-4-

oxocyclopent-2-enyl)hept-5-enoic acid (13) 
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▼ 1H NMR - rac-(Z)-7-((E)-5-benzylidene-3-chloro-4-oxocyclopent-2-en-1-

yl)hept-5-enoic acid (14a)  

 

 

 

▼ 1H NMR - rac-(Z)-7-((E)-3-chloro-5-(cyclohexylmethylene)-4-

oxocyclopent-2-en-1-yl)hept-5-enoic acid (14b) 
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▼ 1H and 13C NMR - 2-(4-chlorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-

chromen-6-yl)prop-2-en-1-one (46) 

 

 

 

 

 

 

 

 



 

 

６５ 

 

▼ 1H NMR - 2-(3-fluoro-4-methoxyphenyl)-1-(5-methoxy-2,2-dimethyl-2H-

chromen-6-yl)prop-2-en-1-one (48) 

 

 

 

▼ 1H NMR - 3-(3-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-3-oxoprop-1-

en-2-yl)benzonitrile (54) 
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▼ 1H NMR - 2-(4-fluoro-3-(trifluoromethyl)phenyl)-1-(5-methoxy-2,2-

dimethyl-2H-chromen-6-yl)prop-2-en-1-one (58) 

 

 

▼ 1H NMR - 6-(2-(3,4-dimethoxyphenyl)acryloyl)-2,2-dimethyl-2H-

chromen-5-yl acetate (75) 
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▼ 1H NMR - 2-(3,4-dimethoxyphenyl)-1-(naphthalen-2-yl)prop-2-en-1-

one (77) 

 

 

▼ 1H NMR - 1-(4-(tert-butyl)phenyl)-2-(3,4-dimethoxyphenyl)prop-2-en-

1-one (80) 
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▼ 1H and 13C NMR - 1-(4-cyclohexylphenyl)-2-(3,4-dimethoxyphenyl)prop-

2-en-1-one (81) 
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VII. 국문초록 

 

STAT3(signal transducer and activator of transcription 3)는 사이토카인과 성장인자의 

신호를 핵으로 전달해 유전자 전사를 조절하는 단백질이며, 이는 세포의 분화, 

증식, 사멸과 혈관신생 및 면역반응 등을 조절하는 것으로 알려져 있다. 

STAT3의 활성화는 정상 상태에서 엄격하게 통제되나 고형 암, 혈액 암 등 

다양한 암에서 과발현 및 지속적인 이상활성화로 비정상적인 세포 성장과 

정상세포에서 악성세포로의 변화, 암세포 증식 등에 영향을 미친다. 따라서 

새로운 STAT3 신호전달 저해제의 개발은 효과적인 항암치료제로서 유망하리라 

사료된다. 

본 연구자는 cyclopentenone PG의 일종인 15-Deoxy-12,14-prostaglandin J2 (15d-

PGJ2)와 그 유도체의 합성 및 STAT3 관련 생리학적 활성 연구를 공동연구로 

수행하여 왔다. 또한, STAT3와 15d-PGJ2의 작용기전에서 착안하여 다양한 

천연물 기반의 화합물로 이루어진 실험실 library에서 STAT3 신호전달을 

저해하는 화합물을 찾고자 하였으며, 보다 효과적인 hit 화합물 도출을 위해 

약리작용단(pharmacophore)을 포함하는 focused library를 구성하였다. 이에 대한 

Breast cancer cell based assay를 수행하여 천연물 Deguelin 유도체 화합물을 

도출하였다. 화합물의 작용기전이 Michael addition임을 확인하였으며, STAT1 

대비 STAT3의 활성화를 선택적으로 저해하고, 정상세포와 STAT3 과발현 

세포에서 선택적인 세포사멸효과를 보여 분자 선택적 항암제로의 개발 

가능성을 보여주었다. 이러한 Hit 화합물의 작용기전을 기반으로 치환기에 따른 

활성 변화를 관찰하고자 유도체 화합물을 설계, 합성하였다. In vitro 효능 평가 

결과를 기반으로 화합물간의 구조-활성 관계를 확립하기 위해 추가적인 연구가 

수행 중이다. 

Keyword: STAT3, small molecule inhibitor, 15d-PGJ2, focused-library, Michael addition 
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Abstract 

Vascular endothelial cells form the vascular endothelium as a monolayer that covers the 

vascular lumen and serves as an interface between circulating blood in the lumen and the 

rest of the vessel wall. The diverse function of the endothelium is crucial for the 

maintenance of vascular integrity. The loss of integrity and vascular permeability lead to a 

macular edema, which is normally accompanied by diabetic retinopathy. Diabetic 

retinopathy is a serious disease with no approved direct therapeutic agents. Nevertheless, 

there has been little progress in the treatment of vascular leakage and laser surgery remains 

the primary treatment. Consequently, medications for the treatment of retinal vascular 

leakage are urgently needed. 

We previously designed structurally simplified analogs by introducing the carbohydrate 

equivalents to cholesterol scaffold on the structural basis of ginsenoside Rk1. These analogs 

exhibited not only potent anti-apoptotic activity but also a protective effect against the 

disruption of tight junctions which leads to retinal vascular leakage. In an effort to develop 

novel therapeutic agents for the treatment of retinal vascular endothelium disorder, a series 

of glucal-conjugated sterols were identified through design, synthesis and biological 

evaluation. The structure-activity relationship (SAR) of the glucal-conjugated sterols 

focusing on the C17-side chain was also established, and a mechanism study with analog 20 

indicated that it blocks vascular leakage by enhancing endothelial integrity via the 

cAMP/Rac/cortactin pathway. In particular, analog 29l, which possesses a cyclopentyl 

oxime moiety, was shown to have excellent pharmacological effects on retinal vascular 

leakage in a diabetic mouse model. Currently, further studies on the molecular mechanism 

and disease model of the sterol analogs are in progress.  

Keywords : Ginsenoside Rk1, anti-apoptotic agent, tight-junction, pregnenolone, oxime, 

diabetic retinopathy  

Student Number : 2009-21656 
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I. Introduction 
 
 

1. Vascular endothelium 

The vascular endothelium is a monolayer of endothelial cells, which constitute the inner 

lining of blood vessels and form an interface between circulating blood in the lumen and 

the rest of the vessel wall. The disintegration of the endothelium causes pathological 

symptoms such as diabetic retinopathy, which is a complication that occurs primarily in 

patients with diabetes mellitus.1 

 

1-1. Functions of endothelium 

Though the endothelium is only a thin layer, it is optimally placed and has the ability to 

respond to physical and chemical signals via the production of a wide range of factors for 

regulation of vascular tone, vascular permeability, thromboresistance, smooth cell 

proliferation, and vessel wall inflammation. The control of vascular tone, vascular 

permeability and thromboresistance is essential to maintain blood circulation.2 

  
Figure 1. Endothelial cell functions2a 
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First, the significance of the endothelium emerged with the vascular tone regulation effect. 

This is accomplished by production and release of vasoactive substances including nitric 

oxide (NO), endothelium-derived hyperpolarizing factors (EDHFs) that relax or constrict 

vessels. It contributes to the balance of tissue oxygen supply, metabolic demand, and 

remodeling of the vascular structure.2b However, in vascular tone dysregulation 

circumstances, the decreased expression of NO upregulates the expression of adhesion 

molecules in endothelial cells, which promotes immune cell recruitment and smooth cell 

activation for proliferation and migration.2a, 3 

 
Figure 2. Cell-to-cell junctions between endothelial cells2a 

 

 
 

 Endothelial cells regulate vascular permeability through cell-to-cell junctions. Ions and 

water-soluble solutes can move across endothelial cells but immune cells primarily migrate 

across the cells via paracellular pathways.4 The structural features of the endothelial barrier 

are shown in Figure 2. The cell-to-cell junction is composed of tight junctions (TJs) and 

adherens junctions (AJs) that are made at cell-to-cell contact sites to create a barrier by 
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regulating permeability. AJs are composed of vascular endothelial (VE) cadherin which 

plays a key role in vascular development and in the maintenance of vascular integrity; it 

directly binds to p120 catenin, -catenin and -catenin, which links to the actin-based 

cytoskeleton.5 TJs are promoted by a number of proteins, including claudin, occludin, 

junctional adhesion molecules (JAM), and zonula occludens (ZO). Occludins and claudins 

form homodimeric bridges and they are connected to the actin filaments by ZO-1, ZO-2 and 

ZO-3. This actin cytoskeleton also plays a critical role in regulating the integrity of TJs, and 

therefore, it affects endothelial permeability.2a, 6 The claudin protein family consists of 24 

members in humans and claudin-1, claudin-3, claudin-5, claudin-12, and claudin-15 are 

expressed in endothelial cells. The claudin-5 knockout mouse has demonstrated that 

claudin-5 is essential for the size-selective barrier function of TJs in the brain endothelial 

cells that form the blood-brain barrier (BBB). Moreover, it has been shown that claudin-1 

depletion using small interfering RNA increases TJ permeability in cultured human 

endothelial cells. This effect suggests that claudin-1 plays a crucial role in TJ permeability 

regulation in endothelial cells. JAM, which belongs to the immunoglobulin (Ig) superfamily 

and has a single transmembrane domain with two Ig-like domains in the extracellular 

portion, is also localized to TJs in endothelial cells.7 

 The endothelial barrier becomes leaky to facilitate the movement of solutes between the 

blood and the surrounding tissues in blood vessel development and in the regeneration of 

damaged tissues. After the formation of vascular network is completed, vascular 

permeability dynamically returns to the original conditions to maintain the tissue 

environment.2 Recent studies have shown the importance of junctional proteins in 

regulation for vascular integrity.  

  

1-2. Formation of new vessels during angiogenesis 

Angiogenesis is the growth of new capillary blood vessels in the body. It is the continuous 
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expansion of the vascular tree that allows endothelial cells to sprout out from pre-existing 

vessels via cell growth, development, wound healing, formation of granulation tissue and  

tumor metastasis.8  

The formation of new vessels in angiogenesis is mediated by two members of a second 

family of receptor tyrosine kinases (RTKs), tyrosine kinase with immunoglobulin-like and 

epidermal growth factor-like domains-1 (tie-1) and tie-2, which bind to angiopoietin-1 

(Ang-1) and Ang-2. The function of Ang-2, which blocks the binding of Ang-1 to tie-2, is 

similar to the antagonist of Ang-1. This binding maintains the mature vessels and induces 

angiogenesis; however, if there is a problem with the combination factor, the regression of 

formed vessels results. In this process, angioblasts and endothelial cells must link like cells 

for the vessel to sprout and lengthen. This cell-cell adhesion is regulated by a different 

series of receptors, including platelet EC adhesion molecules-1 (PECAM-1) and VE-

cadherin. During the formation of new vessels, the cell-cell junction is initially made up of 

relatively weak adhesion complexes, which are likely required for cell-cell recognition, that 

facilitate the assembly of additional junctional complexes.4 

 
Figure 3. Formation of new vessels during angiogenesis4 
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 Angiogenesis is not only sensitive to the composition and structure of the cell-

extracellular matrix (ECM), but it is also influenced by cell-cell contact, angiogenic and 

angiostatic growth factors and peptides that are generated by vascular expansion itself. 

These events are induced after injury and by the inflammatory response, in addition to  

tumor and diabetic retinopathy, with serious consequences for the organism.4, 8  

  

2. Diabetic retinopathy 

Diabetic retinopathy (DR) is the major cause of blindness and affects 40% of diabetic 

patients over 40 years of age. Moreover, 8% of these patients have severe problems with 

their vision. Because there are more than 20 million adult diabetic patients, DR is a serious 

complicating disease with no approved direct therapeutic agents. Nevertheless, there has 

been little progress in the treatment of vascular leakage despite clinical trials of small 

molecules such as calcium dobesilate, aspirin, and antihistamines. Laser surgery remains 

the primary treatment for vascular leakage.9 Consequently, medications for the treatment of 

retinal vascular leakage are urgently needed. 

DR is a common complication of diabetes and has two distinct phases: nonproliferative 

and proliferative. After an early nonproliferative phase, which is marked by increased 

vascular permeability and small hemorrhages, the disease progresses to capilliary closure, 

retinal hypoxia and extensive exudation, which lead to a late proliferative phase 

characterized by retinal neovascularization.10 These proliferative changes are usually 

accompanied by unavoidable vision loss. The hypoxia and accompanying upregulation of 

vascular endothelial growth factor (VEGF) are thought to be a major contributor for this 

hypoxia-driven angiogenesis.11 Although VEGF induces angiogenesis, it also disrupts 

vascular permeability. Both processes cause the blood–retinal barrier (BRB) to breakdown, 

which in turn causes macular edema which is most closely correlated with the degree of 

vision loss.  
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Figure 4. Schematic diagram of the blood-retinal barrier12 

 

 
 

The particular structure of retinal vasculature contributes to the basis of BRB function.13 

The BRB consists of a single layer of retinal capillary endothelial cells (inner BRB, iBRB) 

and retinal pigment epithelial cells (outer BRB, oBRB), which both play fundamental roles 

in the retinal microenvironment. The iBRB is surrounded by pericytes, astrocytes and 

micro-glial cells. The paracellular route in iBRB is blocked by TJs, AJs and gap junctions 

as well as the relation between the junctions and the cytoskeleton and nucleus.12 (Figure 5) 

Loss of BRB integrity and vascular permeability characterizes diabetic retinopathy; 

therefore, new therapeutic agents to reverse or prevent vascular permeability are needed to 

treat this serious disease.1, 14  
 
 

3. Previous Studies 

We reported the potent anti-apoptotic activities of ginsenosides Rg3 (1) and Rk1 (2), 

which were isolated from the root of genus, in human umbilical vein endothelial cell 

(HUVEC) lines.15 However, the sugar moiety of ginsenoside Rk1 and Rg3 was unstable 
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under acidic conditions, and the small amount from the extract process limited research on 

this attractive biological activity. Therefore, we designed a structurally simplified analogs 

by introducing the carbohydrate equivalents to cholesterol scaffold on the structural basis of 

ginsenoside Rk1.16 For the results, we reported the identification of novel anti-apoptotic 

agents, including SAC-0504 (3) and SAC-0601 (4). SAC-0601 exhibited not only potent 

anti-apoptotic activity but also a protective effect against the disruption of TJs, which leads 

to retinal vascular leakage.17 Therefore, further development of therapeutically useful sterol 

analogs for the treatment of diabetic retinopathy was quite attractive to us because of the 

high demand for drugs that maintain endothelial integrity and because of the excellent 

protective effects of these sterol analogs for the endothelial system. Furthermore, we 

reported the anti-apoptotic activities of the carbohydrate equivalent-linked analogs of 

phytosterols including sitosterol, sitostanol and stigmasterol which showed functional 

effects in sterol as a substitute for protopanaxadiol moiety.18 

 
Figure 5. Natural and synthetic sterol analogs 
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II. Results and Discussion 

 

1.  Modification of analogs focusing on C17-side chain  

Interestingly, the activities of analogs with diverse phytosterols depended on the C17-side 

chain attached to the D-ring. These preliminary studies also revealed that the branched 

alkyl chain of the phytosterol plays an important role in determining biological activities.16, 

18  

 
Figure 6. Design strategy 

 
 

 

 

 Thus, we designed second-generation sterol analogs that were linked to a carbohydrate 

equivalent. Our strategy focused on the C17-side chain modification of SAC-0504 (3) and 

SAC-0601 (4) based on the structures of ginsenosides Rg3 (1) and Rk1 (2), which have 

tert-alcohol and exo-olefin in the C17-side chain, respectively. We initially investigated the 

effect of tert-alcohol based on the assumption that it can be transformed into endo/exo-
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olefin via dehydration. Moreover, we designed the analogs to incorporate functional 

diversity with modification of the terminal chain. Inserting a terminal acid or ester moiety 

could improve the physicochemical properties due to a cholestane core structure. 

1-1. Synthesis of analogs featured with the Side Chain of Rg3 and Rk1 

Commercially available pregnenolone (9) was selected as an appropriate substrate to 

synthesize the newly designed analogs in terms of accessibility and synthetic efficiency.  
 

Scheme 1. Synthesis of analogs with the side chain of Rg3 and Rk1 

 

 

 
Reagents and conditions: (a) PTSA, DHP, CH2Cl2, 57%; (b) Mg turning, 1-bromo-4-methyl pentane, Et2O, 15−18%; (c) tri-O-

acetyl-D-glucal, BF3·OEt2, THF, 12-23%; (d) Et3N, MsCl, CH2Cl2, 40%; (e) PTSA, MeOH, 99%; (f) t-BuOK, 16, benzene, reflux, 

22% 
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Analogs 3 and 4 with the modified C17-side chains were synthesized from 9, as outlined in 

Scheme 1. The tetrahydropyran analog 5, which possesses a tert-alcohol in the side chain, 

was prepared by the reaction of 9 with dihydropyran in the presence of PTSA, followed by 

a diastereoselective Grignard reaction.19 The dihydropyran analog 6 was synthesized via the 

Grignard reaction and subsequent glycosidation with tri-O-acetyl-D-glucal.16, 20 We also 

synthesized pyran-linked analogs with side chains that are structurally similar to that of 

ginsenoside Rk1 (2). The elimination of the tert-alcohol from analog 5 using Et3N and 

MsCl produced the regio/stereoisomers of 12 and 14, which could not be separated by 

column chromatography. Other analogs with side chains possessing double bonds were 

conveniently prepared from the common intermediate 15, which was prepared by the Wittig 

olefination21 of 9. Analog 7 was synthesized by a reaction of 15 with DHP in the presence 

of PTSA. The reaction of tri-O-acetyl-D-glucal with intermediate 15 in the presence of 

BF3•OEt2 in THF provided analog 8. 

1-2. Synthesis of analogs with improved physicochemical properties 

Tetrahydropyran-incorporated intermediate 17 was synthesized from 10 using 4-

(carboxybutyl)triphenylphosphonium bromide via Wittig olefination. The acid moiety of 17 

was methylated by trimethylsilyldiazomethane. Then, ester analog 20 was synthesized via 

tetrahydropyran deprotection and subsequent glycosidation with 4, 6-di-O-acetyl-2, 3-

dideoxyhex-2-enopyran in the presence of BF3•OEt2. To improve solubility, we planned to 

synthesize the analog with terminal acid moiety. Firstly, the terminal ester moiety of 19 was 

used to prepare the acid moiety but, the reaction did not go well. Therefore, we changed the 

protecting group so that it could be easily removed. Analog 21 was prepared by the reaction 

of 17 with allylation. During the deprotection of the THP group with PTSA and methanol, 

methanol replaced the allyl group with methyl. Therefore, we changed the solvent for this 

reaction to keep the protecting group. After glycosidation with 4, 6-di-O-acetyl-2, 3-

dideoxyhex-2-enopyran, acid analog 24 resulted from the deprotection of the allyl group. 
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Scheme 2. Synthesis of analogs with improved physicochemical properties 
 

 

  

Reagents and conditions: (a) potassium t-pentoxide, 4-(carboxybutyl)triphenylphosphonium bromide, toluene, reflux, 65%; (b) 

TMSCHN2, MeOH, CH2Cl2, 70%; (c) PTSA, MeOH, 85%; (d) tri-O-acetyl-D-glucal, BF3·OEt2, THF, 49~56%; (e) allyl bromide, 

KHCO3, DMF, 60% (f) PTSA, allyl alcohol, 60%; (g) Pd(PPh3)4, morpholine, THF, 20% 

 

1-3. Biological evaluation of analogs 

Given that apoptosis is generally associated with the onset of diabetic retinopathy,22 we 

investigated the anti-apoptotic effect of the synthesized analogs using serum-deprived 

human retina endothelial cells (HRECs). The anti-apoptotic activity assay was conducted 

using the MTT colorimetric method at 10 μg/mL for 48 h as a preliminary study.23 As 

shown in Figure 8, some analogs with constrained side chains exhibited more potent cell 

survival activities than did the parent analog 4. In particular, analogs such as 7 and 8, which 

possess an endo-olefin were more potent than the analogs that possess a tert-alcohol or exo-

olefin, regardless of the carbohydrate equivalent used. This result also implied that 

incorporating the constrained side chain enhances the anti-apoptotic activity. 
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Figure 7. Anti-apoptotic activities of the analogs 
 

 

 

Analog 20, which has terminal ester moiety linked with endo-olefin, showed better 

physicochemical properties, including solubility and anti-apoptotic activity.  

Many clinical studies have shown that the major site that becomes permeable in diabetic 

retinopathy is the iBRB.17, 24 The iBRB is maintained by the TJs between adjacent retinal 

capillary endothelial cells. These TJs are composed of many junctional proteins with 

intracellular partners and actin filaments, which are engaged in multiple interactions to 

regulate endothelial permeability.12 Therefore, we used an assay that probes the actin 

cytoskeleton, one of the major TJ proteins in endothelial cells that is used to evaluate the 

ability of compounds to maintain the integrity of TJs.12-13, 25 VEGF, which has been reported 

to be a key mediator of BRB collapse in diabetic retinopathy and other retinal ischemic 

diseases was utilized to disrupt the stability of TJ proteins and to alter the actin filament 

distribution.26 The assay using analogs 6 and 8 showed clear reductions in the formation of 

actin stress fibers at concentrations of 10 to 20 μg/mL. However, the assay results of 

analogs 24, which were evaluated at a concentration of 10 μg/mL did not show a potent 

stabilization effect compared with 20. In the assay system, 24 seemed to form micelles 

because of its terminal acid moiety. 
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Figure 8. Stabilization of the cortical actin ring 
 
 

 
 

2. Development of novel vascular leakage blocker 

Based on the results, we focused on oxime moiety, a bioisosteric moiety for the endo-

olefin group. We further modified the C17-side chain by incorporating oxime ether because 

we anticipated that the constrained conformation would provide improved binding affinity 

to the target protein and that a condensation reaction to make oxime ether would be suitable 

to introduce diverse terminal chains. The insertion of heteroatoms was also anticipated to 

reduce the high lipophilic character of the analogs. 

 
Figure 9. Introduction of oximes with diverse side chains 
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2-1. Synthesis of the oxime ether analogs 

We prepared a variety of oxime ether analogs as variants of the olefin-possessing analog 8. 

Initially, various hydroxyl amines were prepared as described in Scheme 3. Most hydroxyl 

amine•HCl salts were prepared from commercially available N-hydroxyphthalimide (25), 

which was transformed into alkoxyphthalimides 26a-p using DBU and the corresponding 

alkyl halide27 or by the Mitsunobu reaction28 in the presence of the corresponding alkyl 

alcohols. Sequential imide cleavage of the resulting imides using methyl hydrazine 

followed by hydrochloride salt formation afforded 27a-p.27-28  

 
Scheme 3. Synthesis of the oxime ether analogs 

 

 
 

Scheme 3. Reaction conditions and reagents: (a) DBU, DMF, alkyl halide, 60°C; (b) diisopropyl azodicarboxylate, 
pyridine-3-methanol, PPh3, CH2Cl2; (c) MeNHNH2, CH2Cl2; (d) BF3·OEt2, 3,4,6- tri-O-acetyl-D-glucal, CH2Cl2, 
60%; (e) 27a-r, pyridine, reflux 
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From the requisite alkyloxyamine salts and the commercially available 

hydroxylamine•HCl and benzylhydroxylamine•HCl salts, we were able to synthesize oxime 

analogs via a unified synthetic strategy.29 The reaction of tri-O-acetyl-D-glucal with 9 

provided the key intermediate 28, which was transformed into a variety of glucal-

conjugated oxime analogs (29a-r) by condensation with the corresponding 

hydroxylamine•HCl salts in refluxing pyridine.  

2-2. Structure-activity-relationship of oxime ether analogs 

Notably, the 10 μg/mL DMSO stock solutions of SAC-0601 (4) and analogs 7 and 8 were 

prepared as a suspension due to poor solubility whereas all oxime ethers dissolved well in 

DMSO, which supports the increase in solubility via the incorporation of a hydroxyl group 

or oxime ether moiety. Furthermore, the oxime analog 29h exhibited an equipotent activity 

to that of the corresponding alkyl analog 8 with improved solubility.  

 
Figure 10. Inhibitory effects of the oxime analogs on the apoptosis of HRECs 

 

 

 

We thoroughly investigated the effects of the alkyl substituents of the oxime moiety on the 

biological activities of oxime ether analogs. Generally, the oxime analogs with short or 

medium-sized alkyl chains, such as methyl, ethyl, isopropyl, allyl and propargyl groups, 

exhibited slightly low anti-apoptotic activities. In contrast, the oxime ether analogs with the 
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butyl and pentyl substituents exhibited potent activities. The analogs with branched chains 

(29h and 29j) were more potent than were the analogs with the corresponding linear chains. 

The non-substituted oxime (29q) exhibited lower activity than 4, and the analog with the 

3,3’-dimethylallyl oxime ether 29k exhibited a lower potency than the corresponding 

saturated analog 29h. 
 

Figure 11. Assay of oxime analogs based on the stabilization of the cortical actin ring in HRECs 
 

 

 

 

Interestingly, the analogs possessing cycloalkyl oxime ethers exhibited more potent 

activities than did oxime ether 29h, which had an acyclic alkyl substituent. The oxime 

ethers (29l, 29n and 29r) with cyclohexyl and benzyl substituents exhibited the most potent 

activities. However, analog 29p, which had a heterocyclic substituent, did not have 

inhibitory activity. The analogs 29l, 29n and 29r, which exhibited potent anti-apoptotic 

activities, also significantly reduced the formation of the stress fibers in HRECs, 

consequently leading to the stabilization of the cortical actin ring (Figure 11). These 

compounds exhibited more potent activities than did the parent analog 4. Analogs 29l, 29n 

and 29r exhibited dose-dependent anti-apoptotic activities in the MTT assay, as shown in 

Figure 12. 
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Figure 12. Dose-dependent inhibitory effects 
 

 
 
 

Figure 13. Changes in the occludin pattern caused by the selected oxime analogs 
 

 
 

We further evaluated analogs 29l, 29n and 29r using an occludin-based assay. In this assay, 

normal HRECs retain the polygonal shape and the linear pattern of occludin at the cell 

border and consequently have intact TJs. However, this pattern is disrupted by VEGF 

treatment.30 As shown in Figure 13, the oxime analogs enhanced the occludin integrity in 

the VEGF-treated HRECs. These cell-based assay results indicated that the oxime analogs 

prevent the apoptosis of endothelial cells and, consequently, maintain the TJs between 

endothelial cells.  

2-3. Effect of 29l on vascular retinal leakage in mice model 

Based on the results of the cell-based assays, analog 29l was selected to evaluate of its 

preventive effect against retinal vascular leakage in an in vivo model. Initially, the 

prevention of VEGF-induced permeability by analog 29l was examined using a mouse 

model (Figure 14) because it has been reported that the retinal permeability caused by an 
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increase in VEGF leads to retinopathy in a diabetic mouse model.30 Twenty-four hours after 

intravitreal administration of VEGF and analog 29l in mice, the retinas were isolated, and 

the extent of extravasation of FITC-dextran was determined by fluorescein angiography. As 

anticipated, VEGF-induced retinal vascular leakage was hardly observed after co-injection 

with analog 29l.  
 

Figure 14. Inhibitory effect of 29l against VEGF-induced retinal endothelial permeability in a mouse model 
 

 

     

 
Figure 15. Effect of 29l on diabetes-induced vascular retinal leakage and occludin level 

 

 

Inspired by the results of the VEGF-induced permeability assay, we evaluated the 

inhibitory activity of analog 29l against retinal vascular leakage caused by diabetic 

retinopathy in the diabetic mouse model. Diabetes was induced in mice via a daily 
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intraperitoneal injections of streptozotocin (Sigma) for four consecutive days.31 Three days 

after the last streptozotocin injection, mice whose blood glucose concentrations exceeded 

30 mg/L were used in this experiment. Analog 29l reduced vascular leakage to the normal 

level, as shown in Figure 15. In addition, decreased occludin expression in the retinas of 

diabetic mice was restored by 29l treatment. Overall, the results of the cell-based and in 

vivo assays confirmed that analog 29l prevents retinal vessel leakage in a diabetic model 

because of its anti-apoptotic activities and protective effects on TJs. 

 

3. Mechanism of action of 20 

 We developed the vascular leakage blocking analogs which increased EC viability and 

protected endothelial cell integrity. To further clarify the role of analogs to stabilize the 

endothelium, we examined the efficacy and investigated the mechanism of action with 

analog 20 (SAC-1004) which showed the most potent vascular preventing effect.  

 
Figure 16. Inhibitory effect of 20 (SAC-1004) against permeability inducing factors 
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Figure 17. cAMP level induced by 20 
 

       
 

Treatment of various permeability-inducing agents, such as vascular endothelial growth 

factor, histamine and thrombin in ECs, break the prominent pattern of AJs and TJs and 

induce stress fiber formation, leading to gap formation.32 In detail, thrombin, inflammatory 

mediator, disrupts the endothelial barrier via the proteolysis of VE-cadherin2a, and 

histamine decreases the permeability of the endothelium by stimulating cyclic AMP 

production.33 Analog 20 inhibited endothelial FITC-dextran leakage induced by the 

permeability-inducing factors. Analog 20 restored the VEGF-mediated linear distribution of 

the VE-cadherin and prevented the VE-cadherin level in membrane fraction. Furthermore, 
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it decreased the VEGF-induced phosphorylation of Tyr685 of VE-cadherin, which was a 

marker of disruption.34 In HRECs, VEGF-mediated actin stress fiber formation was blocked, 

and the cortical actin ring was maintained by treatment with 20 in a dose-dependent manner. 

Treatment with 20 in ECs increased the cAMP levels which are known to enhance the 

endothelial barrier integrity in a time-dependent manner. However, when dideoxyadenosine 

(DDA), a specific adenylyl cyclase inhibitor, was given before analog treatment, the VEGF-

induced permeability preventing effect was blocked.  
 

Figure 18. Activation of Rac signal with 20  
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Elevated cAMP levels lead to the activation of Rac which is involved in the formation of 

dynamic actin structures. The functions of Rac also link to strengthening of the vascular 

barrier.7, 35 Pretreatment with DDA also inhibited 20-induced Rac activation. In the 

presence of NSC23766, a specific inhibitor of the binding and activation of Rac GTPase, 

analog 20 did not prevent the VEGF-mediated disruption of VE-cadherin, p120-catenin, -

catenin and actin. Taken collectively, these data showed that 20 activated Rac through 

cAMP to protect the endothelial integrity in permeability factor-induced disrupted 

conditions. 

 
Figure 19. Activation of cortactin with 20 

 

 

 

 

Cortactin, cortical actin binding protein, is a downstream effector of Rac, and its 

localization at cell membrane is essential for the stabilization of cortical actin ring.35b, 36 It 

can be activated by external stimuli to promote the polymerization and rearrangement of the 

actin cytoskeleton.37 Analog 20 induced the phosphorylation of cortactin in a time- and 

dose-dependent manner. Moreover, the immunofluorescence assay showed that 20 
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mediated the localization of cortactin at the cell membrane. Similar to previous assays, 

these effects of 20 on ECs were abrogated by DDA and NSC23766. Taken together, our 

findings indicate that 20 blocks vascular leakage by enhancing endothelial integrity via the 

cAMP/Rac/cortactin pathway. 

 
Figure 20. Normalization of tumor blood vessels and combined effect7 

 

 
 

 

 

 

Our vascular leakage blocking analog has promising implications in treating vascular 

permeability-associated conditions. Moreover, it could be applied to many other disease 

models. Previous studies have shown that tumor therapies are much effective when given in 

combination with targeting angiogenic growth factors.38 Tumor blood vessels are leaky and 

immature, which increase interstitial fluid pressure and limit vascular perfusion, ultimately 
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leading to hypoxic microenvironment. In this microenvironment, cancer, endothelial, and 

stromal cells secrete various growth factors, and blood vessels are diverted away from the 

center of the tumor towards its periphery.39 Therefore, anti-angiogenic therapy could 

decrease vessel leakiness and improve perfusion, resulting in an enhancement of delivery to 

penetrate cytotoxic agents in the tumor’s core.40 

 Analog 20 also inhibited vascular leakage in pathological conditions like tumors. It 

reduced hypoxia, with a significant normalization of vascular integrity. Combination 

therapy with cisplatin showed growth inhibition. However, treatment with cisplatin alone 

did not significantly affect B16F10 tumor-bearing mice.  
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III. Conclusion 
 

Based on the results of analogs consisting of a sterol scaffold and a carbohydrate 

equivalent, which replaced the protopanaxadiol backbone and the carbohydrate, 

respectively, we identified a series of glucal-conjugated sterols with the constrained C17-

side chains as novel vascular leakage blockers through design, synthesis and biological 

evaluation. Analogs 29l, 29n and 29r exhibited excellent anti-apoptotic activities and TJ-

protective activities in the in vitro and in vivo models. Among these compounds, analog 29l 

was the most potent and exhibited promising in vivo activities for treating of vascular 

disorders. We also established the structure-activity relationship, focusing on the 

constrained C17-side chains.  

 Mechanistically, we showed that ester analog 20 elevated the cAMP levels and activated 

Rac signaling, leading to cortactin phosphorylation and endothelial barrier enhancement. 

Thus, it holds promise as a potential therapeutic agent for several diseases associated with 

vascular leakage. 

Currently, further studies on the molecular mechanism and disease model using the sterol 

analogs are in progress.  
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IV. Experimental 
 

 

General experimental 

 

Unless otherwise described, all commercial reagents and solvents were purchased from 

commercial suppliers and used without further purification. Tetrahydrofuran and diethyl 

ether were distilled from sodium benzophenone ketyl. Dichloromethane, triethylamine, 

acetonitrile, and pyridine were freshly distilled with calcium hydride. Flash column 

chromatography was carried out using silica-gel 60 (230-400 mesh, Merck) and preparative 

thin layer chromatography was used with glass-backed silica gel plates (1mm, Merck). Thin 

layer chromatography was performed to monitor reactions. All reactions were performed 

under dry argon atmosphere in flame-dried glassware. Optical rotations were measured 

using a JASCO DIP-1000 digital polarimeter at ambient temperature using 100 nm cells of 

2 mL capacity. Infrared spectra were recorded on a Perkin-Elmer 1710 FT-IR spectrometer. 

Mass spectra were obtained using a VG Trio-2 GC-MS instrument, and high resolution 

mass spectra were obtained using a JEOL JMS-AX 505WA unit. 1H and 13C NMR spectra 

were recorded on either a JEOL JNM-LA 300 (300MHz), JEOL JNM-GCX (400MHz), 

BRUKERAMX-500 (500MHz) or JEOL (600MHz) spectrometers. Chemical shifts are 

provided in parts per million (ppm, ) downfield from tetramethylsilane (internal standard) 

with coupling constant in hertz (Hz). Multiplicity is indicated by the following 

abbreviations: singlet (s), doublet (d), doublet of doublet (dd), triplet (t), quartet (q), quintet 

(quin) multiplet (m) and broad (br). The purity of the compounds was determined by 

normal phase high performance liquid chromatography (HPLC), (Gilson or Waters, 

CHIRALPAK® AD-H (4.6 × 250 mm) or CHIRALPAK® OD-H (4.6 × 250 mm)) 
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1. Chemical Synthesis 

(2S)-2-((3S,10R,13S,17S)-10,13-dimethyl-3-(tetrahydro-2H-pyran-2-yloxy)-2,3,4,7,8, 

9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-17-yl)-6-

methylheptan-2-ol (5) 

To a solution of Magnesium turning (22 mg, 0.92 mmol) with catalytic amount of iodine in 

diethylether (1 mL) was added 1-bromo-4-methyl pentane (0.17 mL, 1.15 mmol). The 

reaction mixture was stirred under argon gas until complete consumption of the Magnesium 

turning at ambient temperature. To a reaction mixture was added 10 (306 mg, 0.76 mmol) 

in diethylether (1 mL) at ambient temperature. The reaction mixture was stirred until the 

bubbling was over at ambient temperature. The reaction mixture was quenched with 2N 

HCl, and diluted with EtOAc. The organic phase was washed with H2O and brine, dried 

over MgSO4, and concentrated in vacuo. Purification of the residue via flash column 

chromatography on silica gel (EtOAc : n-Hexane = 1 : 10 to 1 : 5) afforded 100 mg (27%) 

of the desired alcohol 5: 1H-NMR (CDCl3, 500 MHz) δ 5.33 (t, J = 6.3 Hz, 1H), 4.70 (s, 

1H), 3.90 (m, 1H), 3.53−3.45 (m, 2H), 2.35−0.82 (m, 49H). HRMS (FAB) calcd for 

C32H54O3Na (M+Na+): 509.3971. Found 509.3952. 

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((S)-2-hydroxy-6-methylheptan-2-yl)-10,13-

dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (6) 

To a solution of 11 (Fluka, H6378) (43 mg, 0.11 mmol) with tri-O-acetyl-D-glucal (81 mg, 

0.30 mmol) in diethylether (5 mL) was added boron trifluoride diethyl etherate (0.012 mL, 

0.10 mmol) at 0 °C. The reaction mixture was stirred for 1h at ambient temperature. The 

reaction mixture was quenched with saturated aqueous NaHCO3 and diluted with EtOAc. 

The organic phase was washed with H2O and brine, dried over MgSO4, and concentrated in 

vacuo. Purification of the residue via flash column chromatography on silica gel (EtOAc : 
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n-Hexane = 1 : 10) afforded 7.6 mg (12%) of 6: 1H-NMR (CDCl3, 500 MHz) δ 5.87−5.79 

(dd, J = 27.1, 10.2 Hz, 2H), 5.38 (m, 1H), 5.27 (m, 1H), 5.16 (s, 1H), 4.24−4.09 (m, 3H), 

3.55 (m, 1H), 2.41−0.76 (m, 47H), 0.69 (d, 1H, J = 6.75 Hz), 0.54(m, 1H). The mass 

spectral data of analog 6 gives the same value of analog 8, because of dehydration. 

 

(3S,10R,13S,17S)-17-((S)-2-hydroxy-6-methylheptan-2-yl)-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-ol 

(11) 

To a solution of Magnesium turning (46 mg, 1.9 mmol) with catalytic amount of iodine in 

diethylether (1 mL) was added 1-bromo-4-methyl pentane (0.345 mL, 2.37 mmol). The 

reaction mixture was stirred under argon gas until complete consumption of the Magnesium 

turning at ambient temperature. To a reaction mixture was added 9 (500 mg, 1.58 mmol) in 

diethylether (1 mL) at ambient temperature. The reaction mixture was stirred until the 

bubbling was over at ambient temperature. The reaction mixture was quenched with 2N 

HCl, and diluted with EtOAc. The organic phase was washed with H2O and brine, dried 

over MgSO4, and concentrated in vacuo. Purification of the residue via flash column 

chromatography on silica gel (EtOAc : n-Hexane = 1 : 10 to 1 : 5) afforded 96 mg (15%) of 

the desired alcohol 11: 1H-NMR (CDCl3, 300 MHz) δ 5.35 (d, J = 5.3 Hz, 1H), 3.53 (m, 

1H), 2.32−2.24 (m, 2H), 2.11−0.86 (m, 42H). LR-MS (FAB) m/z 425 (M+Na+) 

 

22-((3S,10R,13S,17R)-10,13-dimethyl-17-(6-methylhept-1-en-2-yl)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yloxy)tetrahydro-2H-pyran (12) 

To a solution of the above alcohol 5 (50 mg, 0.1 mmol) in CH2Cl2 (3 mL) was added Et3N 

(0.07 mL, 0.5 mmol) and methanesulfonyl chloride (0.015 mL, 0.2 mmol) at 0 °C. The 

reaction mixture was stirred at 40°C for overnight. The reaction mixture was quenched with 
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saturated aqueous NaHCO3 and diluted with CH2Cl2. The organic phase was washed with 

H2O and brine, dried over MgSO4, and concentrated in vacuo. Purification of the residue 

via flash column chromatography on silica gel (EtOAc : n-Hexane = 1 : 20) afforded 18.5 

mg (39%) of 12: 1H-NMR (CDCl3, 500 MHz) δ 5.34 (m, 1H), 4.84 (s, 1H), 4.74 (s, 1H), 

4.70 (m, 1H), 3.90 (m, 1H), 3.53−3.45 (m, 2H), 2.34−0.52 (m, 45H).  

 

(3S,10R,13S,17R)-10,13-dimethyl-17-(6-methylhept-1-en-2-yl)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-ol 

(13)  

To a solution of the above 12 (18 mg, 0.037 mmol) in MeOH (1.5 mL) was added PTSA 

(1.9 mg, 0.01 mmol). The reaction mixture was stirred for overnight. The reaction mixture 

was quenched with H2O and diluted with EtOAc. The organic phase was washed with H2O 

and brine, dried over MgSO4, and concentrated in vacuo. Purification of the residue via 

flash column chromatography on silica gel (EtOAc : n-Hexane = 1 : 10) afforded 14 mg 

(99%) of 13: 1H-NMR (CDCl3, 300 MHz) δ 5.34 (m, 1H), 4.79 (d, J = 28.2, 1H), 3.51 (m, 

1H), 2.25−0.52 (m, 41H). LR-MS (FAB) m/z 385 (M+H+). 

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17R)-10,13-dimethyl-17-(6-methylhept-1-en-2-yl)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (14) 

To a solution of the above 12 (18 mg, 0.037 mmol) in MeOH (1.5 mL) was added PTSA 

(1.9 mg, 0.01 mmol). The reaction mixture was stirred for overnight. The reaction mixture 

was quenched with H2O and diluted with EtOAc. The organic phase was washed with H2O 

and brine, dried over MgSO4, and concentrated in vacuo. Purification of the residue via 

flash column chromatography on silica gel (EtOAc : n-Hexane = 1 : 10) afforded 14 mg 

(99%) of 13.  To a solution of 13 (16.6 mg, 0.043 mmol) with tri-O-acetyl-D-glucal (35 
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mg, 0.13 mmol) in diethylether (2 mL) was added boron trifluoride diethyl etherate (0.016 

mL, 0.13 mmol) at 0 °C. The reaction mixture was stirred for overnight at ambient 

temperature. The reaction mixture was quenched with saturated aqueous NaHCO3 and 

diluted with EtOAc. The organic phase was washed with H2O and brine, dried over MgSO4, 

and concentrated in vacuo. Purification of the residue via flash column chromatography on 

silica gel (EtOAc : n-Hexane = 1 : 10) afforded 6.9 mg (27%) of 14: 1H-NMR (CDCl3, 500 

MHz) δ 5.86−5.78 (m, 2H), 5.35 (m, 1H), 5.28−5.13 (m, 3H), 4.24−4.09 (m, 3H), 

3.59−3.51 (m, 1H), 2.41−0.52 (m, 46H). HRMS (FAB) calcd for C32H52O2Na (M+Na+): 

491.3965. Found 491.3875. 

 

2-((3S,10R,13S,17R)-10,13-dimethyl-17-((E)-6-methylhept-2-en-2-yl)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yloxy)tetrahydro-2H-pyran (7) 

To a solution of isohexyl triphenylphosphonium bromide, (900 mg, 2.1 mmol) in benzene 

(8 mL) was added potassium tert-butoxide 1 M in THF solution (2.1 mL, 2.1 mmol) under 

Ar atmosphere. The reaction mixture was refluxed for 25 min, then pregnenolone (200 mg, 

0.63 mmol) in benzene (2 mL) was added to the solution. The reaction mixture was 

refluxed for 3h and cooled to room temperature. Then the reaction mixture was quenched 

with H2O and diluted with diethylether. The organic phase was washed with H2O and brine, 

dried over MgSO4, and concentrated in vacuo. Purification of the residue via flash column 

chromatography on silica gel (EtOAc : n-Hexane = 1 : 10) afforded 54 mg (22%) of the 15. 

To a solution of 15 (23 mg, 0.06 mmol) and p-toluenesulfonic acid (3 mg. 0.015 mmol) in 

CH2Cl2 (4 mL) was added 3,4-dihydro-2H-pyran(0.04 mL, 0.45 mmol) at ambient 

temperature. The reaction mixture was stirred for 3h then quenched with H2O and diluted 

with EtOAc. The organic phase was washed with H2O and brine, dried over MgSO4, and 

concentrated in vacuo. Purification of the residue via flash column chromatography on 
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silica gel (EtOAc : n-Hexane = 1 : 10) afforded 16 mg (57%) of 7 :1H-NMR (CDCl3, 500 

MHz) δ 5.33 (t, J = 2.4 Hz, 1H), 5.15 (t, J = 6.9 Hz, 1H), 4.71 (m, 1H), 3.90 (m, 1H), 

3.53−3.45 (m, 2H), 2.34−0.52 (m, 46H). HRMS (FAB) calcd for C32H52O2Na (M+Na+): 

491.3965. Found 491.3875. 

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17R)-10,13-dimethyl-17-((E)-6-methylhept-2-en-2-yl)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (8) 

To a solution of 7 (317 mg, 0.82 mmol) with tri-O-acetyl-D-glucal (672 mg, 2.47 mmol) in 

diethylether (22 mL) was added boron trifluoride diethyl etherate (0.3 mL, 2.39 mmol) at 

0 °C. The reaction mixture was stirred for 3h at ambient temperature. The reaction mixture 

was quenched with saturated aqueous NaHCO3 and diluted with EtOAc. The organic phase 

was washed with H2O and brine, dried over MgSO4, and concentrated in vacuo. 

Purification of the residue via flash column chromatography on silica gel (EtOAc : n-

Hexane = 1 : 10) afforded 270 mg (55%) of 8: 1H-NMR (CDCl3, 500 MHz) δ 5.83 (dd, J = 

27.3, 10.3 Hz, 2H), 5.34 (t, J = 2.3 Hz, 1H), 5.26 (d, J = 9.0 Hz, 1H), 5.15−5.14 (m, 2H), 

4.25−4.14 (m, 3H), 3.54 (m, 1H), 2.51−0.80 (m, 44H), 0.52 (m, 2H) ; 13C-NMR (CDCl3, 

400 MHz) δ 170.8, 170.3, 140.8, 133.9, 128.9, 128.4, 125.8, 121.8, 92.8, 78.1, 66.8, 65.4, 

63.2, 58.9, 56.2, 50.4, 43.4, 40.4, 39.2, 38.6, 37.2, 36.8, 32.2, 31.9, 28.2, 27.7, 25.9, 24.7, 

24.3, 22.6, 22.5, 21.0, 20.9, 20.8, 19.3, 17.8, 12.9. HRMS (FAB) calcd for C37H56O6Na 

(M+Na+): 691.3975. Found 691.3961. 

 

(E)-6-((3S,10R,13S,17R)-10,13-dimethyl-3-((tetrahydro-2H-pyran-2-yl)oxy)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-17-

yl)hept-5-enoic acid (17) 

To a solution of (4-carboxybutyl)triphenylphosphonium bromide, (665 mg, 1.5 mmol) in 
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toluene (4 mL) was added potassium tert-pentoxide 25% w/w in toluene solution (1.76 mL) 

under Ar atmosphere. The reaction mixture was refluxed for 2 h, then 10 (200 mg, 0.5 

mmol) in toluene (2 mL) was added to the solution. The reaction mixture was refluxed for 

14h and cooled to room temperature. The reaction mixture was quenched, acidified with 

2N-HCl, and diluted with EtOAc. The organic phase was dried over MgSO4, and 

concentrated in vacuo. Purification of the residue via flash column chromatography on 

silica gel (EtOAc : n-Hexane : acetic acid = 50 : 100 : 1) afforded 158 mg (65%) of the 15. 

To a solution of 15 (23 mg, 0.06 mmol) and p-toluenesulfonic acid (3 mg. 0.015 mmol) in 

CH2Cl2 (4 mL) was added 3,4-dihydro-2H-pyran(0.04 mL, 0.45 mmol) at ambient 

temperature. The reaction mixture was stirred for 3h then quenched with H2O and diluted 

with EtOAc. The organic phase was washed with H2O and brine, dried over MgSO4, and 

concentrated in vacuo. Purification of the residue via flash column chromatography on 

silica gel (EtOAc : n-Hexane = 1 : 10) afforded 16 mg (57%) of 17 : 1H-NMR (CDCl3, 300 

MHz) δ 5.32 (m, 1H), 5.13 (m, 1H), 4.71 (m, 1H), 3.89 (m, 1H), 3.53-3.44 (m, 2H), 2.37-

0.53 (m, 42H) 

 

(E)-methyl 6-((3S,10R,13S,17R)-10,13-dimethyl-3-((tetrahydro-2H-pyran-2-yl)oxy)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-17-

yl)hept-5-enoate (18) 

To a solution of 17 (158 mg, 0.326 mmol) in methanol/dichloromethane (1:2) (6 mL) was 

added trimethylsilyldiazomethane 2M in diethylether (0.31 mL) slowly at 0 °C. After 

bubbling ended, the reaction mixture concentrated in vacuo. Purification of the residue via 

flash column chromatography on silica gel (EtOAc : n-Hexane = 1 : 10) afforded 114 mg 

(70%) of 18: 1H-NMR (CDCl3, 400MHz) δ 5.33 (m, 1H,), 5.14-5.11 (t, 1H, J=6.9Hz), 4.69 

(m, 1H), 3.90 (m, 1H), 3.64 (s, 3H), 3.53-3.44 (m, 2H), 2.34-0.52 (m, 41H). 
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(E)-methyl 6-((3S,10R,13S,17R)-3-hydroxy-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-17-

yl)hept-5-enoate (19) 

To a solution of the above 18 (120 mg, 0.24 mmol) in MeOH (5 mL) was added PTSA (11 

mg). The reaction mixture was stirred for 1 h. The reaction mixture was quenched with H2O 

and diluted with EtOAc. The organic phase was washed with H2O and brine, dried over 

MgSO4, and concentrated in vacuo. Purification of the residue via flash column 

chromatography on silica gel (EtOAc : n-Hexane = 1 : 5) afforded 85 mg (85%) of 19: 1H-

NMR (CDCl3, 300MHz) δ 5.35 (m, 1H), 5.16-5.12 (t, 1H, J = 7.1 Hz), 3.66 (s, 3H), 3.52 (m, 

1H), 2.33-2.22 (m, 4H), 2.10-0.63 (m, 29H), 0.53(s, 3H)  

 

(E)-methyl 6-((3S,10R,13S,17R)-3-(((5S,6R)-5-acetoxy-6-(acetoxymethyl)-5,6-dihydro-

2H-pyran-2-yl)oxy)-10,13-dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-

1H-cyclopenta[a]phenanthren-17-yl)hept-5-enoate (20) 

To a solution of 19 (13.4 mg, 0.03 mmol) with tri-O-acetyl-D-glucal (26 mg) in 

tetrahydrofuran (1 mL) was added boron trifluoride diethyl etherate (0.012 mL) at 0 °C. 

The reaction mixture was stirred for 10h at ambient temperature. The reaction mixture was 

quenched with saturated aqueous NaHCO3 and diluted with EtOAc. The organic phase was 

washed with H2O and brine, dried over MgSO4, and concentrated in vacuo. Purification of 

the residue via flash column chromatography on silica gel (EtOAc : n-Hexane = 1 : 10) 

afforded 11 mg (56%) of 20: 1H-NMR (CDCl3, 500MHz) δ 5.86-5.78 (m, 2H), 5.35-5.34 (m, 

1H), 5.28-5.26 (m. 1H), 5.15-5.12 (m, 2H), 4.23-4.14 (m, 3H), 3.65 (s. 3H), 3.57-3.52 (m, 

1H), 2.40-2.26 (m, 4H), 2.07-1.37 (m, 27H), 1.19-0.9 (m, 8H), 0.52 (s, 2H) ; 13C-NMR 

(CDCl3, 600 MHz) δ 174.3, 170.8, 170.3, 140.8, 135.6, 128.9, 128.4, 124.2, 121.8, 92.8, 

78.1, 66.8, 65.4, 63.2, 58.9, 56.2, 51.4, 50.4, 43.4, 40.4, 38.6, 37.2, 36.8, 33.6, 32.2, 31.9, 

28.2, 27.4, 25.1, 24.7, 24.3, 21.0, 20.9, 20.8, 19.4, 17.9, 12.9. HR-MS (FAB) calcd for 
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C37H54O8Na (M+Na+) 649.3716; found 649.3710. 

 

(E)-allyl 6-((3S,10R,13S,17R)-10,13-dimethyl-3-((tetrahydro-2H-pyran-2-yl)oxy)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-17-

yl)hept-5-enoate (21) 

To a solution of 17 (300 mg, 0.62 mmol) in dimethylformamide (4 mL) was added allyl 

bromide (0.08 mL) and Potassium bicarbonate (185 mg). The reaction mixture was stirred 

for 15h at ambient temperature. The reaction mixture diluted with EtOAc. The organic 

phase was washed with H2O and brine, dried over MgSO4, and concentrated in vacuo. 

Purification of the residue via flash column chromatography on silica gel (EtOAc : n-

Hexane = 1 : 10) afforded 195 mg (60%) of 21: 1H-NMR (CDCl3, 500MHz) δ 5.89 (m, 1H), 

5.39-5.07 (m, 4H), 4.69 (m, 1H), 4.56-4.55 (m, 2H), 3.91-3.88 (m, 1H), 3.53-3.45 (m, 2H), 

2.38-0.81 (m, 41H). 

 

(E)-allyl 6-((3S,10R,13S,17R)-3-hydroxy-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-17-

yl)hept-5-enoate (22) 

To a solution of the above 21 (195 mg, 0.37 mmol) in allyl alcohol (5 mL) was added PTSA 

(16 mg). The reaction mixture was stirred for 1 h. The reaction mixture was quenched with 

H2O and diluted with EtOAc. The organic phase was washed with H2O and brine, dried 

over MgSO4, and concentrated in vacuo. Purification of the residue via flash column 

chromatography on silica gel (EtOAc : n-Hexane = 1 : 15) afforded 98 mg (60%) of 22: 1H-

NMR (CDCl3, 300MHz) δ 5.92 (m, 1H), 5.35-5.11 (m, 4H), 4.57-4.55 (m, 2H), 3.51 (m, 

1H), 2.35-2.22 (m, 4H), 2.10-0.53 (m, 32H). 

 

(E)-allyl 6-((3S,10R,13S,17R)-3-(((5S,6R)-5-acetoxy-6-(acetoxymethyl)-5,6-dihydro-2H-
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pyran-2-yl)oxy)-10,13-dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-17-yl)hept-5-enoate (23) 

To a solution of 22 (192 mg, 0.44 mmol) with tri-O-acetyl-D-glucal (355 mg) in 

tetrahydrofuran (10 mL) was added boron trifluoride diethyl etherate (0.32 mL) at 0 °C. 

The reaction mixture was stirred for 10h at 0 °C. The reaction mixture was quenched with 

saturated aqueous NaHCO3 and diluted with EtOAc. The organic phase was washed with 

H2O and brine, dried over MgSO4, and concentrated in vacuo. Purification of the residue 

via flash column chromatography on silica gel (EtOAc : n-Hexane = 1 : 10) afforded 139 

mg (49%) of 23: 1H-NMR (CDCl3, 300MHz) δ 5.97-5.79 (m, 3H), 5.34-5.12 (m. 6H), 4.57-

4.55 (m, 2H), 4.26-4.07 (m, 3H), 3.55 (m, 1H), 2.37-2.30 (m, 4H), 2.17-0.53 (m, 37H). 

 

(E)-6-((3S,10R,13S,17R)-3-(((5S,6R)-5-acetoxy-6-(acetoxymethyl)-5,6-dihydro-2H-

pyran-2-yl)oxy)-10,13-dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-17-yl)hept-5-enoic acid (24) 

To a solution of 23 (67 mg, 0.10 mmol) in tetrahydrofuran (5 mL) was added 

Tetrakis(triphenylphosphine)palladium (136 mg) and morpholine (0.01 mL) under Ar 

atmosphere. The reaction mixture was stirred for 12h at ambient temperature. The reaction 

mixture was quenched with 2N-HCl, and diluted with EtOAc. The organic phase was 

washed with H2O and brine, dried over MgSO4, and concentrated in vacuo. Purification of 

the residue via flash column chromatography on silica gel (DCM : MeOH = 10 : 1) 

afforded 13 mg (20%) of 24: 1H-NMR (CDCl3, 400MHz) δ 5.92-5.78 (m, 2H), 5.33-5.26 

(m, 2H), 5.19-5.08 (m, 2H), 4.24-4.07 (m, 3H), 3.54 (m, 1H), 2.41-2.31 (m, 3H), 2.23-0.52 

(m, 39H). 

 

General synthetic procedure for preparation of oxime analogs (29a-r) 

O-alkyl or aryl hydroxylamine·HCl (1.2 equiv) was added to a solution of 20 (1 equiv) in 
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pyridine (3 mL). The reaction mixture was refluxed for 3h, cooled to room temperature, and 

quenched with 2N HCl, and diluted with diethylether. The organic phase was dried over 

MgSO4, and concentrated in vacuo. Purification of the residue via flash column 

chromatography on silica gel (EtOAc : n-Hexane = 1 : 10) afforded the corresponding 

oxime analogs. 

  

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-(methoxyimino)ethyl)-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29a)  

29a (48 mg, 85%) was afforded from 54 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.91−5.76 (m, 2H), 5.33 (m, 1H), 5.26 (m, 1H), 5.14 (s, 1H), 4.24−4.07 (m, 3H), 3.80 (s, 

3H), 3.58−3.48 (m, 1H), 2.42−0.93 (m, 32H), 0.60 (s, 3H) ; 13C-NMR (CDCl3, 600 MHz) δ 

170.8, 170.3, 157.4, 140.8, 128.9, 128.4, 121.6, 92.8, 78.1, 66.8, 65.4, 63.2, 61.1, 56.6, 56.2, 

50.2, 43.6, 40.4, 38.6, 37.1, 36.7, 32.0, 31.8, 28.2, 24.2, 23.1, 21.0, 20.9, 20.8, 19.3, 15.6, 

13.1. HR-MS (FAB) calcd for C32H48NO7 (M+H+) 558.3431; found 558.3419.  

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-(ethoxyimino)ethyl)-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29b) 

29b (46 mg, 96%) was afforded from 44 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.91−5.76 (m, 2H), 5.33 (m, 1H), 5.26 (m, 1H), 5.14 (s, 1H), 4.24−4.10 (m, 3H), 4.04 (q, J 

= 20.9 Hz, 2H), 3.56 (m, 1H), 2.42−0.76 (m, 35H), 0.60 (s, 3H) ; 13C-NMR (CDCl3, 400 

MHz) δ 170.8, 170.3, 157.0, 140.8, 128.9, 128.3, 121.7, 92.8, 78.1, 68.6, 66.8, 65.4, 63.2, 

56.7, 56.2, 50.2, 43.6, 40.4, 38.6, 37.1, 36.7, 32.0, 31.8, 28.2, 24.2, 23.1, 21.0, 20.9, 20.8, 

19.3, 15.7, 14.8, 13.2. HR-MS (FAB) calcd for C33H50NO7 (M+H+) 572.3587; found 

572.3580.  
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((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-10,13-dimethyl-17-((E)-1-(propoxyimino)ethyl)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29c)  

29c (54 mg, 100%) was afforded from 48 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.91−5.76 (m, 2H), 5.33 (d, J = 5.1 Hz, 1H), 5.26 (dd, J = 9.2, 1.1 Hz, 1H), 5.15 (s, 1H), 

4.25−4.10 (m, 3H), 3.99−3.88 (m, 2H), 3.53 (m, 1H), 2.42−0.82 (m, 37H), 0.60 (m, 3H) ; 

13C-NMR (CD3OD, 600 MHz) δ 173.2, 172.8, 159.2, 143.1, 130.6, 130.5, 123.5, 95.0, 80.4, 

76.6, 69.2, 67.7, 65.3, 58.7, 58.3, 52.6, 45.7, 42.4, 40.7, 39.3, 38.7, 34.2, 33.7, 30.1, 26.1, 

25.0, 24.4, 23.0, 21.6, 21.5, 20.6, 16.8, 14.5, 11.6. HR-MS (FAB) calcd for C34H52NO7 

(M+H+) 586.3744; found 586.3734.  

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-(isopropoxyimino)ethyl)-10,13-

dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29d) 

29d (32 mg, 84%) was afforded from 34 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.91−5.77 (m, 2H), 5.34 (d, J = 5.1 Hz, 1H), 5.27 (dd, J = 9.4, 1.3 Hz, 1H), 5.15 (s, 1H), 

4.31−4.10 (m, 4H), 3.54 (m, 1H), 2.42−0.85 (m, 38H), 0.61 (s, 3H) ; 13C-NMR (CDCl3, 400 

MHz) δ 170.8, 170.3, 156.4, 140.8, 128.9, 128.4, 121.7, 92.8, 78.1, 74.2, 66.8, 65.4, 63.2, 

56.8, 56.2, 50.2, 43.6, 40.4, 38.6, 37.1, 36.7, 32.0, 31.8, 28.2, 24.3, 23.2, 21.8, 21.7, 21.0, 

20.9, 20.8, 19.3, 15.8, 13.2. HR-MS (FAB) calcd for C34H52NO7 (M+H+) 586.3744; found 

586.3737. 

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-(allyloxyimino)ethyl)-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29e) 
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29e (63 mg, 86%) was afforded from 66 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.95 (m, 1H), 5.86−5.76 (m, 2H), 5.33 (m, 1H), 5.28−5.19 (m, 2H), 5.15−5.11 (m, 2H), 

4.52−4.50 (m, 2H), 4.24−4.12 (m, 3H), 3.53 (m, 1H), 2.42−0.60 (m, 35H); 13C-NMR 

(CDCl3, 400 MHz) δ 170.8, 170.3, 157.6, 140.8, 134.9, 128.9, 128.4, 121.7, 116.6, 92.8, 

78.1, 74.2, 66.8, 65.4, 63.2, 56.7, 56.2, 50.2, 43.6, 40.4, 38.6, 37.1, 36.7, 32.0, 31.8, 28.2, 

24.2, 23.1, 21.0, 20.9, 20.8, 19.3, 15.8, 13.2.  HR-MS (FAB) calcd for C34H50NO7 (M+H+) 

584.3587; found 584.3599.  

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-10,13-dimethyl-17-((E)-1-(prop-2-

ynyloxyimino)ethyl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29f)  

29f (53 mg, 88%) was afforded from 55 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.92−5.76 (m, 2H), 5.33 (d, J = 4.95 Hz, 1H), 5.26 (m, 1H), 5.15 (s, 1H), 4.61 (d, J = 2.4 

Hz, 2H), 4.25−4.05 (m, 3H), 3.68−3.41 (m, 1H), 2.42−0.80 (m, 33H), 0.62 (s, 3H) ; 13C-

NMR (CDCl3, 400 MHz) δ 170.8, 170.4, 159.1, 140.8, 128.9, 128.4, 121.7, 92.8, 80.5, 78.1, 

73.6, 66.8, 65.4, 63.2, 60.8, 56.7, 56.2, 50.2, 43.7, 40.4, 38.6, 37.2, 36.7, 32.0, 31.8, 28.2, 

24.2, 23.1, 21.0, 20.9, 20.8, 19.3, 15.9, 13.2. HR-MS (FAB) calcd for C34H48NO7 (M+H+) 

582.3431; found 582.3423.  

  

((2R,3S)-3-acetoxy-6-((3S,10R,13,17S)-17-((E)-1-(butoxyimino)ethyl)-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29g)  

29g (44 mg, 88%) was afforded from 44 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.33(d, J = 5.0 Hz, 1H) 5.27 (m, 1H), 5.34 (m, 1H), 5.26 (m, 1H), 5.15 (s, 1H), 4.25−4.10 

(m, 3H), 4.02−3.97 (m, 2H), 3.59−3.48 (m, 1H), 2.42−0.77 (m, 39H), 0.60 (s, 3H); 13C-

NMR (CDCl3, 400 MHz) δ 170.8, 170.3, 156.9, 140.8, 128.9, 128.4, 121.7, 92.8, 78.1, 73.0, 
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66.8, 65.4, 63.2, 56.7, 56.2, 50.2, 43.6, 40.4, 38.6, 37.2, 36.7, 32.0, 31.8, 31.4, 28.2, 24.3, 

23.1, 21.0, 20.9, 20.8, 19.3, 19.2, 15.7, 14.0, 13.2. HR-MS (FAB) calcd for C35H54NO7 

(M+H+) 600.3900; found 600.3905.  

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-(isobutoxyimino)ethyl)-10,13-

dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29h)  

29h (40 mg, 84%) was afforded from 43 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.91−5.76 (m, 2H), 5.33 (d, J = 5.1 Hz, 1H), 5.26 (m, 1H), 5.15 (s, 1H), 4.25−4.10 (m, 3H), 

3.85−3.71 (m, 2H), 3.53 (m, 1H), 2.42−0.77 (m, 39H), 0.60 (s, 3H); 13C-NMR (CDCl3, 600 

MHz) δ 170.8, 170.3, 156.9, 140.8, 128.9, 128.4, 121.7, 92.8. 79.9, 78.1, 66.8, 65.4, 63.2, 

56.7, 56.2, 50.2, 43.7, 40.4, 38.6, 37.1, 36.7, 32.0, 31.8, 28.2, 28.0, 24.3, 23.1, 21.0, 20.9, 

20.8, 19.3, 19.2, 19.2, 15.7, 13.2. HR-MS (FAB) calcd for C35H54NO7 (M+H+) 600.3900; 

found 600.3917. 

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-10,13-dimethyl-17-((E)-1-

(pentyloxyimino)ethyl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29i)  

29i (40 mg, 84%) was afforded from 43 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.91−5.76 (m, 2H), 5.33 (d, J = 4.8 Hz, 1H), 5.25 (m, 1H), 5.15 (s, 1H), 4.24−4.10 (m, 3H), 

4.00−3.96 (m, 2H), 3.55 (m, 1H), 2.41−0.76 (m, 41H), 0.60 (s, 3H); 13C-NMR (CDCl3, 400 

MHz) δ 170.8, 170.3, 157.0, 140.7, 128.9, 128.3, 121.7, 92.8, 78.1, 73.3, 66.8, 65.3, 63.1, 

56.7, 56.1, 50.1, 43.6, 40.3, 38.6, 37.1, 36.7, 32.0, 31.8, 28.9, 28.1, 28.1, 24.2, 23.1, 22.5, 

21.0, 21.0, 20.8, 19.3, 15.8, 14.0, 13.2. HR-MS (FAB) calcd for C36H56NO7 (M+H+) 

614.4057; found 614.4063.  

 



 

 

４０ 

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-(isopentyloxyimino)ethyl)-10,13-

dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29j) 

29j (48 mg, 100%) was afforded from 41 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.91−5.76 (m, 2H), 5.33 (d, J = 5.0 Hz, 1H), 5.26 (m, 1H), 5.14 (m, 1H), 4.28−4.12 (m, 3H), 

4.02 (t, J = 13.5 Hz, 2H), 3.53 (m, 1H), 2.42−0.82 (m, 41H), 0.60 (s, 3H); 13C-NMR 

(CDCl3, 600 MHz) δ 170.8, 170.3, 156.9, 140.8, 128.9, 128.4, 121.7, 92.8, 78.1, 71.8, 66.8, 

65.4, 63.2, 56.7, 56.2, 50.2, 43.6, 40.4, 38.6, 38.0, 37.1, 36.7, 32.0, 31.8, 28.2, 25.2, 24.2, 

23.1, 22.7, 22.6, 21.0, 20.9, 20.8, 19.3, 15.7, 13.2. HR-MS (FAB) calcd for C36H56NO7 

(M+H+) 614.4057; found 614.4035. 

  

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-10,13-dimethyl-17-((E)-1-(3-methylbut-2-

enyloxyimino)ethyl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29k) 

29k (49 mg, 80%) was afforded from 53 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.91−5.76 (m, 2H), 5.40−5.32 (m, 2H), 5.26 (dd, J = 9.2, 1.1 Hz, 1H), 5.14 (s, 1H), 4.50 (d, 

J = 7.0 Hz, 2H), 4.24−4.10 (m, 3H), 3.53 (m, 1H), 2.42−0.76 (m, 38H), 0.60 (s, 3H); 13C-

NMR (CDCl3, 400 MHz) δ 170.8, 170.3, 157.2, 140.8, 136.9, 128.9, 128.4, 121.7, 120.8, 

92.8, 78.1, 70.1, 66.8, 65.4, 63.2, 56.8, 56.2, 50.2, 43.6, 40.4, 38.6, 37.2, 36.7, 32.0, 31.8, 

28.2, 25.9, 24.2, 23.1, 21.0, 20.9, 20.8, 19.3, 18.2, 15.8, 13.1. HR-MS (FAB) calcd for 

C36H54NO7 (M+H+) 612.3900; found 612.3908.  

  

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-(cyclopentyloxyimino)ethyl)-10,13-

dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29l)  

29l (40 mg, 95%) was afforded from 37 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 
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5.85 (d, J = 10.2 Hz, 1H), 5.80 (d, J = 10.6 Hz, 1H) 5.34 (d, J = 2.6 Hz, 1H), 5.27 (d, J = 

9.0 Hz, 1H), 5.15 (s, 1H), 4.61 (m, 1H), 4.24−4.10 (m, 3H), 3.55 (m, 1H), 2.42−0.82 (m, 

41H), 0.62 (s, 3H); 13C-NMR (CDCl3, 300 MHz) δ 170.8, 170.3, 156.9, 140.8, 128.9, 128.4, 

121.7, 92.8, 84.0, 78.1, 66.9, 65.4, 63.2, 56.8, 56.2, 50.2, 43.6, 40.4, 38.7, 37.2, 36.7, 32.2, 

32.1, 32.0, 31.8, 28.2, 24.3, 23.9, 23.8, 23.2, 21.0, 20.9, 20.8, 19.3, 15.8, 13.2. HR-MS 

(FAB) calcd for C36H54NO7 (M+H+) 612.3900; found 612.3901.  

 

((2R,3S)-3-acetoxy-6-((10R,13S,17S)-17-((E)-1-(cyclohexyloxyimino)ethyl)-10,13-

dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29m)  

29m (50 mg, 84%) was afforded from 50 mg of ketone 28: 1H-NMR (400 MHz, CDCl3) δ 

5.85 (d, J = 10.4 Hz, 1H), 5.80 (m, 1H), 5.34 (s, 1H), 5.27 (d, J = 9.2 Hz, 1H), 5.15 (s, 1H), 

4.24−4.15 (m, 3H), 4.00 (m, 1H), 3.55 (m, 1H), 2.41−0.84 (m, 42H), 0.61 (s, 3H); 13C-

NMR (CDCl3, 400 MHz) δ 170.8, 170.3, 156.6, 140.8, 128.9, 128.4, 121.7, 92.8, 79.6, 78.1, 

66.8, 65.4, 63.2, 56.9, 56.2, 50.2, 43.7, 40.4, 38.7, 37.2, 36.7, 32.1, 31.9, 31.8, 31.8, 28.2, 

25.9, 24.3, 23.9, 23.9, 23.2, 21.0, 21.0, 20.9, 19.3, 15.9, 13.2. HR-MS (FAB) calcd for 

C37H56NO7 (M+H+) 626.4057; found 626.4050.  

 

((2R,3S)-3-acetoxy-6-((10R,13S,17S)-17-((E)-1-(cyclohex-2-enyloxyimino)ethyl)-10,13-

dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29n) 

29n (47 mg, 80%) was afforded from 50 mg of ketone 28: 1H-NMR (400 MHz, CDCl3) δ 

5.90−5.79 (m, 4H), 5.34 (d, J = 4.7 Hz, 1H), 5.27 (d, J = 9.1 Hz, 1H), 5.15 (s, 1H), 4.56 (br, 

1H), 4.24−4.11 (m, 3H), 3.54 (m, 1H), 2.42−0.62 (m, 41H). HR-MS (FAB) calcd for 

C37H54NO7 (M+H+) 624.3900; found 624.3909.  
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((2R,3S)-3-acetoxy-6-((10R,13S,17S)-17-((E)-1-(cyclohexylmethoxyimino)ethyl)-10,13-

dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29o)  

29o (50 mg, 82%) was afforded from 50 mg of ketone 28: 1H-NMR (400 MHz, CDCl3) δ 

5.86 (d, J = 10.5 Hz, 1H), 5.80 (m, 1H), 5.35 (d, J = 4.9 Hz, 1H), 5.28 (m, 1H), 5.16 (s, 1H), 

4.24−4.14 (m, 3H), 3.86−3.76 (m, 2H), 3.55 (m, 1H), 2.41−0.82 (m, 43H), 0.61 (s, 3H); 

13C-NMR (CDCl3, 600 MHz) δ 170.8, 170.3, 156.8, 140.8, 128.9, 128.4, 121.7, 92.8, 78.9, 

78.1, 66.8, 65.4, 63.2, 56.7, 56.2, 50.2, 43.7, 40.4, 38.7, 37.6, 37.2, 36.7, 32.0, 31.8, 29.9, 

29.8, 28.2, 26.7, 25.9, 25.9, 24.3, 23.1, 21.0, 20.9, 20.8, 19.3, 15.7, 13.2. HR-MS (FAB) 

calcd for C38H58NO7 (M+H+) 640.4213; found 640.4208.  

 

((2R,3S)-3-acetoxy-6-((10R,13S,17S)-10,13-dimethyl-17-((E)-1-(pyridin-3-

ylmethoxyimino)ethyl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29p)  

29p (195 mg, 60%) was afforded from 270 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

8.61 (s, 1H), 8.54 (d, J = 4.4 Hz, 1H), 7.74 (d, 1H, J = 7.7 Hz), 7.32 (m, 1H), 5.90−5.80 (m, 

2H), 5.36 (m, 1H), 5.29 (d, J = 9.2 Hz, 1H), 5.18 (m, 1H), 5.10 (s, 2H), 4.27−4.10 (m, 3H), 

3.56 (m, 1H), 2.40−0.54 (m, 35H); 13C-NMR (CDCl3, 500 MHz) δ 170.7, 170.2, 158.5, 

149.6, 148.8, 140.7, 135.7, 134.1, 128.8, 128.3, 123.1, 121.6, 92.7, 78.0, 72.6, 66.8, 65.3, 

63.1, 56.7, 56.1, 50.1, 43.6, 40.3, 38.6, 37.1, 36.6, 32.0, 31.7, 28.1, 24.1, 23.0, 20.9, 20.9, 

20.8, 19.3, 16.0, 13.1. HR-MS (FAB) calcd for C37H51N2O7 (M+H+) 635.3696; found 

635.3701.  

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-(hydroxyimino)ethyl)-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29q)  
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29q (43 mg, 74%) was afforded from 43 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

5.88 (d, J = 10.3 Hz, 1H), 5.79 (m, 1H), 5.33 (d, J = 4.8 Hz, 1H), 5.27 (d, J = 9.3 Hz, 1H), 

5.15 (s, 1H), 4.24−4.10 (m, 3H), 3.54 (m, 1H), 2.42−0.91 (m, 33H), 0.61 (s, 3H); 13C-NMR 

(CDCl3, 600 MHz) δ 170.8, 170.3, 158.7, 140.8, 128.9, 128.4, 121.6, 92.8, 78.1, 66.9, 65.4, 

63.2, 56.7, 56.1, 50.2, 43.8, 40.4, 38.6, 37.1, 36.7, 32.0, 31.7, 28.2, 24.2, 23.1, 21.0, 20.9, 

20.8, 19.3, 15.1, 13.1. HR-MS (FAB) calcd for C31H46NO7 (M+H+) 544.3274; found 

544.3265. 

 

((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-(benzyloxyimino)ethyl)-10,13-

dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl acetate (29r)  

29r (57 mg, 81%) was afforded from 59 mg of ketone 28: 1H-NMR (300 MHz, CDCl3) δ 

7.34−7.29 (m, 4H), 7.26 (m, 1H), 5.82 (d, J = 12.6 Hz, 1H), 5.80 (dt, J= 8.2, 1.7 Hz, 1H), 

5.34 (m, 1H), 5.26 (dd, J = 7.6, 0.8 Hz, 1H), 5.16 (s, 1H), 5.06 (s, 2H), 4.24-4.08 (m, 3H), 

3.54 (m, 1H), 2.40−0.82 (m, 32H), 0.56 (s, 3H) ; 13C-NMR (CDCl3, 400 MHz) δ 170.8, 

170.3, 157.9, 140.8, 138.7, 128.9, 128.4, 128.2, 128.2, 127.9, 127.9, 127.4, 121.7, 92.8, 

78.1, 75.3, 66.8, 65.4, 63.2, 56.7, 56.2, 50.2, 43.7, 40.4, 38.7, 37.2, 36.7, 32.0, 31.8, 28.2, 

24.2, 23.1, 21.0, 21.0, 20.9, 19.4, 16.1, 13.1. HR-MS (FAB) calcd for C38H52NO7 (M+H+) 

634.3744; found 634.3727. 

 

2. Biological Evaluation 

 

Cell culture   

Human Umbilical Vein ECs (HUVECs) were isolated from human umbilical cord veins by 

collagenase treatment. Cells were grown in 2% gelatin coated dishes and maintained in 

M199 medium (Invitrogen) supplemented with 20% fetal bovine serum, 1% penicillin/ 
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streptomycin, 3 ng/ml basic fibroblast growth factor (R&D Systems), and 5 U/ml heparin 

(Sigma) at 37 C in a humidified 95–5% (v/v) mixture of air and CO2.Human retinal ECs 

(HRECs) were purchased from Applied Cell Biology Research Institute (Kirkland, Wash.) 

and passages 2–7 were used for experiments. Cells were grown in 2% gelatin-coated dishes 

and maintained in endothelial cell basal medium (EBM-2, CC-3156) containing EGM-2-kit 

(CC-4176) (Clonetics, LonzaWalkersville) and 20% FBS.  

 

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 

HUVECs were seeded at a density of 3104 cells/well in gelatin-coated 24-well plates and 

incubated overnight. Cells were washed and switched to serum free media and treated with 

various concentrations of Sac-1004. After 48 h cells were washed and serum free media 

containing MTT (0.1 mg/ml) was added followed by incubation at 37 C for 3 h. The 

residual MTT was carefully removed and the crystals were dissolved by incubation with 

DMSO:Ethanol (1:1). The absorbance was measured at 560 nm spectrophotometry. 

 

FITC-dextran permeability assay 

HUVECs were grown until confluent onto gelatin coated transwell filter (Corning Costar). 

Cells were serum-starved in endothelial serum free medium for 3 h and treated with Sac-

1004 (10 lg/ml) for 60 min before induction with VEGF (Upstate Biotechnology), 

thrombin (Sigma), and histamine (Sigma). FITC-dextran (1 mg/ml; Sigma) was added to 

the upper compartment. Absorbance from the lower chamber solution was measured at 492 

nm excitation and 520 nm emission in a FLUOstar omega. 

 

Immunofluorescence Microscopy  

HUVECs and HRECs were fixed in 3.7% formaldehyde for 20 min at room temperature. 

After fixation, the cells were permeabilized with 0.1% Triton X-100 in phosphate buffered 
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saline for 15 min at 4 °C. Cells were incubated with antibodies such as rabbit anti-occludin 

antibody (Zymed Laboratories Inc., CA), anti-VE-cadherin, b-catenin, p-120 catenin (Santa 

Cruz Biotechnology), ZO-1, ZO-2 (Invitrogen) overnight at 4 °C. The cells were then 

incubated with Anti-rabbit-Alexa Fluor 488 (Molecular Probes) for 1 h at room temperature. 

Actin filaments were visualized by staining with rhodamine-phalloidin (Molecular Probes, 

OR) for 30 min. Cells were mounted using DAKO mounting reagent and observed by 

fluorescence microscopy (Zeiss; magnification, ×400).  

 

Animals  

Eightweeks-old C57BL/6mice (Orient Co., Seoul, Korea) were used for all the experiments. 

All mice were maintained in a laminar airflow cabinet under specific pathogen-free 

conditions. They received food and water ad libitum and were maintained on a 12 h 

alternating light/dark cycle. All facilities are approved by AAALAC (Association of 

Assessment and Accreditation of Laboratory Animal Care), and all animal experiments 

were conducted under the institutional guide-lines established for the Animal Core Facility 

at Yonsei University, College of Medicine, Seoul, Korea. 

 

Rac pull-down assay 

HUVECs grown in 100-mm dishes were incubated with Sac-1004 (10 lg/ml) for various 

time periods in serum-free media. Cells were lysed in lysis buffer and homogenized by 

passing through 26-gage needle. After centrifugation, supernatants were 

incubated with human p21-binding PAK-1 domain (residues 67–150), conjugated to 

agarose beads (10 lg, Upstate BiotechnologyInc.). The agarose beads were washed with the 

lysis buffer and resuspended in 2_ SDS gel loading buffer. The samples were subjected to 

electrophoresis in 15% polyacrylamide gel, and Rac protein was detected using anti-Rac 

mouse monoclonal antibody. 
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Diabetic Retinopathy Mouse Model 

Diabetes was induced in mice by daily intraperitoneal injection of streptozotocin (Sigma) 

(90 mg/kg in 0.1 M sodium citrate buffer [pH 4.5]) for 4 consecutive days as modified from 

Satofuka et al. (2009). The blood glucose level was checked from tail vein blood samples 

using blood glucose test meter (Gluco Dr™, All Medicus) everyday. Three days after last 

streptozotocin injection, mice were declared diabetic when the blood glucose 

concentrations exceeded 300 mg/dl. These mice were intravitreally injected with 1, 5, 10 μg 

of analogue in total volume of 2 μL to one eye and equal volume of vehicle (DMSO) to 

contralateral eye (n=5/group). 24 h post injection, retina leakage was quantified using 

fluorescein angiography and Evans blue.  

 

Measurement of Retinal Leakage using Fluorescein Angiography and Evans Blue  

For fluorescein angiography, mice were injected with 3 mg of 40-kDa FITC-dextran (Sigma 

Aldrich, St Louis, USA) into the left ventricle and the dye was allowed to circulate for 5 

min. The eyes were enucleated and immediately fixed in 4% paraformaldehyde for 45 min. 

The retinas were then dissected out, cut in the Maltese cross-configuration, and flat-

mounted onto glass slides. The retinas were viewed under fluorescence microscope (Zeiss; 

magnification, ×200). Quantification of retinal vascular leakage was done using Evans blue 

dye as modified from Scheppke et al. (2008). After 24 h of analogs injection, Evans blue 

(Sigma) was injected into the tail vein of diabetic mice and the dye was allowed to circulate 

for 1 h. Then, the mice were sacrificed and eyes were immediately enucleated for retina 

isolation as described above. The dissected retinas were dried in vacuum and weighed. 

Evans blue dye was extracted from the retinas in formamide (Bioneer; 0.2 mL/retina) at 

70 °C for 18 h followed by centrifugation at 14,000 rpm for 60 min. The absorbance of 

Evans blue dye in the supernatant was measured at 620 nm. Retinal vascular permeability 

was measured as: [retinal Evans blue concentration (mg/mL)/retinal weight (mg)]/[blood 
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Evans blue concentration (mg/mL)×circulation time (h)]. 

 

Western Blot Analysis 

HRECs were lysed in 200 μLRIPA buffer. Lysates were centrifuged at 14,000 rpm for 15 

min, and the supernatant was collected. Proteins were separated by 8% sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. 

Membranes were incubated with rabbit anti-occludin antibody (Zymed Laboratories Inc., 

CA); and goat anti-rabbit-HRP (Thermoscientific, USA) was used as the secondary 

antibody. Detectionwas performedwith ECL Western blotting detection kit (Amersham, 

UK) according to the manufacturer's instructions. 

 

Tumor model and treatment regime 

B16F10 cells (5×105 cells in 100 µl) and LLC cells (1×106 cells in 100 µl) were 

subcutaneously implanted on the lateral flank of 8-week-old C57BL/6J mice. Sac-1004 (50 

mg/kg) or an equivalent volume of DMSO (in PBS; 100 µl) was injected intravenously into 

the lateral tail vein daily for 7 or 14 days when the tumors were approximately 100 mm3, as 

indicated in the study plan. Mice treated with combination therapy also received an 

intraperitoneal injection of cisplatin (5 mg/kg) every third day for 2 weeks. Tumor volume 

was measured daily with calipers and calculated as width2×length×0.523. 

 

Immunostaining 

Hypoxia was detected by pimonidazole adduct formation caused by an intravenous 

injection of 75 mg/kg pimonidazole (Hypoxyprobe-1, Chemicon) 1 hour before capture of 

tumor. Adducts were stained with a monoclonal antibody directed against pimonidazole 

(Hypoxyprobe-1 kit, Chemicon), and vessel perfusion was assessed with Hoechst dye 

(Sigma, 75 mg/kg) injected intravenously 2 minute before the mice were sacrificed. 
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Statistical Analysis 

All statistical analyses were performed using GraphPad Prism (version 5.0; GraphPad 

Software, La Jolla, CA). Tests for statistical significance were two-sided, and probability 

values less than 0.05 were considered significant. The Student t-test was used to compare 

mean values, and results are presented as mean ± SEM or SD. 
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VI. Appendix 

 
▼ 1H and 13C NMR - ((2R,3S)-3-acetoxy-6-((3S,10R,13S,17R)-10,13-
dimethyl-17-((E)-6-methylhept-2-en-2-yl)-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-
cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl 
acetate (8) 
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▼ 1H and 13C NMR - (E)-methyl 6-((3S,10R,13S,17R)-3-(((5S,6R)-5-
acetoxy-6-(acetoxymethyl)-5,6-dihydro-2H-pyran-2-yl)oxy)-10,13-
dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-
cyclopenta[a]phenanthren-17-yl)hept-5-enoate (20) 
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▼1H and 13C NMR - ((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-
(cyclopentyloxyimino) ethyl)-10,13-dimethyl-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-
cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl 
acetate (29l) 
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▼1H and 13C NMR - ((2R,3S)-3-acetoxy-6-((3S,10R,13S,17S)-17-((E)-1-
(benzyloxyimino) ethyl)-10,13-dimethyl-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-
cyclopenta[a]phenanthren-3-yloxy)-3,6-dihydro-2H-pyran-2-yl)methyl 
acetate (29r) 
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VII. 국문초록 
 
 

혈관내피세포로 이루어진 혈관내벽은 혈관 내강 내 혈류와 그 외 혈관벽 

부분을 나누는 단일막이다. 혈관내벽의 항상성은 세포증식과 세포사멸 간의 

적절한 균형으로 유지되나, 이러한 균형이 무너지게 되면 혈관내피세포들은 

혈관을 유지하지 못하게 되고 혈관내벽은 그 기능을 상실한다. 당뇨병 환자의 

주된 합병증인 당뇨병성 망막병증은 이러한 혈관내벽의 붕괴가 그 병적 증상을 

야기한다고 알려져 있다. 그럼에도 불구하고 이러한 병증의 치료를 위한 

저분자화합물의 개발은 큰 진전을 보이지 못하고 있으며, 레이저를 이용한 

수술이 여전히 주된 치료방법으로 사용되고 있다.  

본 실험실은 선행 공동 연구에서 세포사멸 저해효과를 가지는 인삼 성분 

ginsenoside Rg3, Rk1를 기반으로 glucoside의 bioisostere를 상업적으로 구입 

가능한 유사 steroidal skeleton에 도입하여 합성한 유도체가 이와 동등한 효과를 

가짐을 보고한 바 있다. 이러한 화합물은 천연물 ginsenoside가 가진 다당체의 

불안정성과 추출에 의한 양적인 한계를 극복할 수 있다. 

이에 본 연구자는 ginsenoside Rk1, Rg3와 그 합성 유도체가 세포사멸 억제효과 

외 actin 골격의 정상화, tight junction의 붕괴 예방 효과 또한 동일하게 가지는 

점에 주목하여 구조 최적화를 통한 활성 증가 및 물리화학적 성질의 개선을 

통해 신규 저분자 혈관누출 차단제를 개발하고자 하였다. 17번 탄소 side chain의 

변화를 통해 구조-활성 관계를 연구하여 활성 물질을 도출하였으며, 

망막혈관질환 동물 모델 실험에서도 뛰어난 망막혈관누출 억제 효과를 

보임으로써 의약품 개발 가능성을 확인하였다. 이와 함께 간접적인 방법을 통해 

화합물의 작용 기전을 cAMP/Rac/cortactin pathway로 예측하였으며, 직접적인 

기전연구와 다양한 질환모델연구가 진행 중이다.  

Keyword: Ginsenoside Rk1, anti-apoptotic agent, tight-junction, pregnenolone, oxime, 

diabetic retinopathy, Rac, cortactin 
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Abstract 
The constitutive activation of signal transducer and activator of transcription 3 (STAT3) is 

highly implicated in tumorigenesis through its overexpression and constitutive activation in 

a variety of solid and hematological malignancies. STAT3 modulates critical cellular 

responses, including cell differentiation, proliferation, apoptosis, angiogenesis, metastasis, 

and immune responses. Thus, inhibition of the STAT3 signaling pathway has been 

considered an effective strategy for cancer therapy. 

We have studied the syntheses of 15-deoxy-Δ12,14-prostaglandin J2 (15d-PGJ2) and its 

analogs and their biological consequences on STAT3. By studying the mechanism of action 

of 15d-PGJ2 related to STAT3 inhibition, we attempted to discover a hit for a STAT3 

inhibitor from the in-house library based on diverse natural products. Specifically, a 

focused-library of compounds with electrophilic moiety was prepared based on the 

structural features of known STAT3 inhibitors. By using the focused-library, we expected to 

improve the efficiency of discovery hit compounds. Analog 21, a deguelin derivative 

containing exo-olefin, uniquely inhibited STAT3 transcription at a low micromolar level in 

HeLa cell line. It also inhibited STAT3 phosphorylation without affecting STAT1 

phosphorylation and was selectively cytotoxic in human breast epithelial cells transfected 

with Ras (MCF10A-ras) compared with normal MCF10A cells, suggesting cancer cell-

specific inhibitory properties. We selected three parts of analog 21 for the investigation of 

the substituent effect, confirmation of mechanism of action and assessment of benzopyran 

moiety as a privileged structure. Based on the results of an in vitro assay of the three-part 

modified analogs, further studies are in progress to establish the structure-activity 

relationship of analog 21. 

 

Keyword: STAT3, small molecule inhibitor, 15d-PGJ2, focused-library, Michael addition 

Student Number : 2009-21656 
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I. Introduction 
 
 

1. Overview of STAT proteins  

Signal transducer and activator of transcription (STAT) is a family of seven transcription 

factors (STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b and STAT6) that relay signals 

from cytokines and growth factor receptors in the plasma membrane to the nucleus where 

they regulate gene transcription.1 STAT proteins have distinct structural domains, including 

the N-terminal domain, coiled-coil domain, DNA-binding domain, Src homology 2 (SH2) 

domain, transactivation domain and C-terminus domain with a critical tyrosine residue 

(Tyr705 for STAT3), which is phosphorylated during activation (Figure 1). Upon cellular 

stimulation by growth factor receptor kinases, cytoplasmic kinases, such as cytokine 

receptor-associated Janus kinase (JAKs) and the Src family kinase, STATs become 

activated by phosphorylation on a critical tyrosine residue. After following STAT-STAT 

dimerization through a reciprocal phosphoTyr-SH2 domain interaction, dimers translocate 

to the nucleus and bind to STAT-specific DNA response elements in promoters of target 

genes to induce gene expression (Figure 2). The activation of STATs is an important event 

for the mediation of cellular and biological processes, including proliferation, 

differentiation, survival, development and inflammation.2  

 
Figure 1. The schematic representative domain structure of STAT proteins1a 

 

 



 

 

２ 

 

 
Figure 2. STAT signaling pathway1a 

 

 
 

In the normal biological condition, STAT activation depends on ligand and physiological 

requirements and is rapid and transient. However, abnormal STAT signaling is 

constitutively activated and associated with various human diseases such as immune 

disorders, cancer, asthma and allergies (Table 1).  

STAT1 is activated by interferon (IFN) stimulation and regulates the growth and apoptosis 

of immune cells. STAT1 signaling also controls T helper type 1 (TH 1) cell-specific 

cytokine production, which adjusts immune function and the inflammatory response. 

Moreover, STAT1 is considered a tumor suppressive protein because STAT1-deficient 

malignant cells, which do not respond to IFNγ lead to increased tumor formation.2d, 3  

STAT2 mediates IFN and IFN signaling to induce antiviral effects and apoptosis. In 

addition, STAT2 signaling takes part in carcinogenesis by upregulating the production of 

the STAT3 activation promoter interleukin-6 (IL-6).4 

Interleukins (6, 10, 23, 21, 11), leukemia inhibitory factor (LIF), and oncostatin M (OSM) 
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are key activators of STAT3. STAT3 activation is related to inflammation and immune 

responses, especially embryonic development. Furthermore, STAT3 is involved in the 

response of IL-6, which mediates anti-apoptosis. STAT5 signaling is also important for cell 

proliferation and survival. Though STAT3 and STAT5 promote the growth and survival of 

cells, the constitutive activation of these proteins mediates malignant transformation.1b, 2d 

The function of STAT3 is discussed in detail below.  

STAT4 plays an important role in regulating the differentiation of TH1 by IL-12. For this 

role, STAT4 signaling is related to autoimmune diseases. Moreover, STAT6 signaling 

supports the immune system by regulating the inflammatory and allergic immune responses. 

Because of their diverse biological functions, STAT proteins have received much attention 

since they were first reported, and there are still many efforts to target STAT signaling for 

therapeutic purposes. 

 
Table 1. STAT proteins function and associated diseases2a 
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2. STAT3 as a target for cancer therapy  

In considering a ‘therapeutic target’ for drug discovery, STAT3 has been viewed as a 

promising molecular target for cancer therapy. The constitutive activation of STAT3 has 

been detected in nearly 70% of solid and hematological malignancies. Moreover, tumor 

cells are more dependent on the function of STAT3 than are normal cells. The activity of 

STAT3 could be determined by gene-expression patterns, and it is involved in cell 

proliferation, survival, tumor angiogenesis and immune evasion. Furthermore, STAT3 is 

susceptible to specific inhibition by small molecule inhibitors. For these reasons, STAT3 is 

validated as a remarkable target for cancer drug discovery.1a, 4  

2-1. STAT3 protein 

STAT3 was discovered by two research groups independently as a DNA-binding factor in 

1994. Since then, many isoforms of STAT3 have been reported.  
 

Figure 3. STAT3 with DNA-consensus sequence2b 
 

 
 

STAT3 is the long form (770 amino acid proteins) of STAT3 and the most common form 
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in most cell types. STAT3 is the truncated form of STAT3, in which the 55 C-terminal 

amino acids in the transactivation domain are replaced by seven distinct amino acids. The 

X-ray crystal structure of the mouse STAT3 homodimer bound to DNA (1BG1) and 

structure not bound to DNA (3CWG) are available in the Protein Data Bank. Another 

STAT3 truncated form, STAT3γ, and a putative novel form, STAT3, are also reported. 

The domain structure of STAT3 is a characteristic of the STAT family, including having an 

N-terminal, coiled-coil, DNA-binding, linker, SH2, transactivation and C-terminal domain 

(Figure 3).2b, 5 

STAT3 activation is triggered by both receptors and nonreceptor tyrosine kinases (SRC, 

ABL) via the Tyr705 phosphorylation cascade. Many growth factor receptors including 

EGFRs, HER2, FGFRs, IGFRs, HGFRs, PDGFRs and VEGFRs are known to activate 

STAT3. The ligand-receptor interaction recruits STAT3 and then the receptors, and tyrosine 

kinase phosphorylates the tyrosine within STAT3. Activated STAT3 undergoes homo- and 

hetero-dimerization via an interaction between the phosphor-Tyr705 within one monomer 

and the SH2 domain within the other. The dimers translocate into the nucleus and bind to 

specific DNA sequences such as ISRE and regulate the transcription of target genes. With 

the MAPK and mTOR pathways, Ser727 in the transactivation domain of STAT3 is 

activated, which is necessary to fully activate STAT3. In addition, the acetylation of Lys685 

regulates the activity of STAT3 by stabilizing STAT3 dimers. STAT3 activates the 

transcription of genes that are involved in cell cycle progression, survival, metastasis and 

invasion.5a  
 

2-2. Central role of STAT3 in cancer 

In human blood tumors and solid tumors, STAT1, STAT5 and STAT3 are aberrantly 

activated. Similar to STAT3 signaling, STAT5 signaling has been shown to promote 

oncogenic function. In contrast, STAT1 plays a major role as a pro-inflammatory and anti-
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proliferative factor. Its biological function is thus mostly antagonistic to that of STAT3.6  

The elevated levels of constitutively activated STAT3 are detected in diverse human 

cancers at the highest frequency.1a As mentioned above, STAT3 activation regulates many 

biological functions and plays critical roles in transformation and tumor progression as an 

oncogene. More specifically, for cell survival activity, tumor cells are protected from 

apoptosis and cell proliferation is promoted by STAT3-regulated genes including Bcl-XL, 

Mcl-1, Bcl-2, Fas, cyclin D1, survivin and c-Myc. In addition, STAT3 downregulates the 

tumor suppressor gene TP5, which encodes p53, a cell proliferation inhibitor and apoptosis 

inducer. With the increase in the expression of genes, such as matrix metalloproteinase-2 

(MMP-2), MMP-9, and MMP-10, by STAT3 activation, tumor cell migration and invasion 

are substantially reported. Most tumors cannot maintain their growth without newly formed 

blood vessels which can supply oxygen and nutrient. For this reason, stimulating 

angiogenesis by STAT3 is crucial in tumor cells. 

 
Table 2. Activation of STATs in human cancers1a 
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Constitutively activated STAT3 mediates VEGF, bFGF upregulation and regulates HIF-1 

stability by p53 inhibition. STAT3 also interacts with nuclear factor-KB (NF-KB), and this 

interaction regulates many genes that are important for STAT3 activation and cancer-

promoting inflammation. For immune evasion, constitutively activated STAT3 signaling in 

tumors inhibits the expression of inflammatory cytokines and chemokines, such as IFN-, 

tumor necrosis factor-, and IL-6, and increases the expression of VEGF and IL-10 to 

inhibit the functional differentiation and maturation of dendritic cells (DC).1, 7 These 

functions of STAT3 may result in cancer metastasis, the major cause of death from cancer, 

which need complex multiple processes to occur (Figure 4).7 Therefore, STAT3 is 

promising target for cancer therapy.    

 
Figure 4. Contribution of STAT3 signaling pathway to cancer metastasis7 
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2-3. Small-molecule STAT3 inhibitors with electrophilic moiety 

Because STAT3 is a valuable anti-cancer target, many studies for STAT3 inhibitors are 

currently undergoing. Two main strategies have been explored: i) indirect inhibition by 

targeting upstream molecules of STAT3 signaling and ii) direct targeting of STAT3 proteins 

by way of SH2 domain inhibition, DNA binding domain inhibition and N-terminal domain 

inhibition, which are related to STAT3 phosphorylation, STAT3 dimerization, nuclear 

translocation, STAT3-DNA binding and gene expression.2a, 4-5  

 Many small-molecule STAT3 inhibitors have been identified in a number of different 

ways, including high-throughput screening, virtual screening, rational design based on 

peptides and peptidomimetic inhibitors and fragment-based drug design. However, most of 

the molecules are not specific inhibitors of STAT3, and their further characterization is 

necessary.2a  

Figure 5 lists selected compounds including electrophilic moiety. (-)-Galiellalactone (1) is 

a hexaketide metabolite and selectively inhibits IL-6-induced SEAP expression by blocking 

STAT3-DNA binding.8 Stattic (2) was discovered by high-throughput screening and was 

shown to selectively inhibit phosphorylation and dimerization of STAT3.9 Curcumin (3) is 

the principal curcuminoid of the popular South Asian spice turmeric and it is a non-specific 

STAT3 inhibitor.5a Remarkably, 15-Deoxy-Δ12,14-prostaglandin J2 (15d-PGJ2) (4), one of 

the dienone prostaglandins, shows inhibitory activity toward STAT3 phosphorylation and 

dimerization.10  

  
Figure 5. STAT3 inhibitors with electrophilic moiety 

 

 

 



 

 

９ 

 

3. Preliminary studies 

15d-PGJ2 is a cyclopentanone-type prostaglandin that has a wide spectrum of 

physiological activities.10 It downregulates many microglial functions and restores 

suppressor of cytokine signaling (SOCS), a negative regulator of JAK2-STAT3 signaling in 

many experimentally induced inflammation conditions. The STAT3 signaling pathway has 

been recognized as a central signaling hub in inflammation-mediated tumor promotion and 

progression.10-11 Therefore, 15d-PGJ2 has a therapeutic potential for cancer treatment.  

The initial studies of 15d-PGJ2 on STAT3 inhibition focused on the roles of each 

electrophilic carbon in the analogs. Due to both Michael acceptors on STAT3 inhibition, 

15d-PGJ2 and its analogs were examined.  

 
Figure 6. Biological evaluation of the 15d-PGJ2 analogs with reduced double bond 
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As shown in Figure 6, STAT3 transcription in Human cervical cancer HeLa cells were 

effectively inhibited by 15d-PGJ2 (4) and 14,15-dihydro-15d-PGJ2 (5), but they were not 

induced by 9,10-dihydro-15d-PGJ2 (6) or 12,13,14,15-tetrahydro-15d-PGJ2 (7). These 

results supported the idea that both intracyclic Michael acceptor and exo-olefin are essential 

for STAT3 inhibition. Furthermore, 14,15-dihydro-15d-PGJ2 (5) showed a higher potency 

than did 15d-PGJ2 (4). The reduction of the 14, 15 double bond seemed to induce the C9 to 

be more electrophilic, and the estimated value of charge distribution showed the same 

patterns. Based on this result regarding enhanced STAT3 inhibitory activities by changing 

electronic distribution of the Michael acceptor, we planned further studies on the 

relationship between Michael acceptor ability and STAT3 inhibitory activity. 
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II. Results and Discussion 
 
 

1. STAT3 inhibition with newly designed 15d-PGJ2 analogs 

We first aimed to develop potent 15d-PGJ2 analogs by introducing chloride, an electron-

withdrawing moiety, to the -position of the enone which would make the Michael 

acceptor more electrophilic. Then, the displacement of the linear lipid chain into more 

stable groups in chloro-15d-PGJ2 was planned to enhance stability and STAT3 inhibitory 

activity. 

 
Figure 7. Design strategy based on structural features 

 

 

 
 

1-1. Synthesis and biological evaluation of -chlorinated 15d-PGJ2 based analogs  

To confirm the electronic effect of an α,-unsaturated carbonyl system for STAT3 

inhibition, α-chlorinated 15d-PGJ2 (10) and α-chlorinated 14,15-dihydro-15d-PGJ2 (13) 

were synthesized using the following procedure.12  

The known enone 813 was used to prepare the -hydroxy ketone as diastereomeric 

mixtures via an aldol reaction with trans-2-octenal. Methansulfonylation of the resulting 

alcohol in the presence of Et3N resulted in racemic 15d-PGJ2 methyl ester 9. It was 

transformed into epoxide under the condition of TBHP and triton B. The chlorinated analog 

10 could be synthesized via the addition of LiCl in the presence of amberlyst-15 followed 

by a Me3SnOH-mediated hydrolysis. Then, 11 was synthesized from enone 8 as a key 
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intermediate via epoxidation and chlorination, which could be used for an aldol reaction 

with various aldehydes to make -chain-changed analogs. Analog 12 was synthesized by an 

aldol reaction with -chloro enone 11 and octyl aldehyde followed by dehydration, and 

Me3SnOH-mediated hydrolysis produced -chloro 14,15-dihydro-15d-PGJ2 (13).    

 
 

Scheme 1. Synthesis of -chlorinated 15d-PGJ2 based analogs 
 

 

 
 

Reagents and conditions: (a) LHMDS, trans-2-octenal, THF, 81%; (b) Et3N, MsCl, CH2Cl2, 60%; (c) TBHP, triton 
B, toluene, 90%; (d) LiCl, amberlyst 15, 80%; (e) Me3SnOH, dichloroethane, 70%; (f) LHMDS, trans-2-octanal, 
THF, 60%; (g) Et3N, MsCl, CH2Cl2, 60%; (h) AlCl3, CH2Cl2, 100% 
 

 

To evaluate the influence of chlorination on the STAT3 inhibitory effect, analogs were 

examined by Western blotting assay. As expected, STAT3 phosphorylation in H-ras-

transformed MCF10A (MCF10A-ras) human breast epithelial cells was highly inhibited by 

-chlorinated analogs 10 and 13 compared with 4 and 5. These patterns also showed 

enhanced cleaved PARP signals as a marker for apoptosis. PARP was subsequently shown 

to be cleaved into 89- and 24-kDa fragments that contained the active site and the DNA-

binding domain of the enzyme, respectively, during drug-induced apoptosis in a variety of 

cells.14 Such cleavage essentially inactivates the enzyme by destroying its ability to respond 

to DNA strand breaks. 

In accordance with the assay results of chlorine substitution and the 14, 15-olefin 

reduction of 15d-PGJ2, the higher STAT3 inhibition activity seems to be associated with 
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the electronic effect, with both charge distribution and electronegativity. 

 
Figure 8. STAT3 inhibition effect of -chlorinated 15d-PGJ2-based analogs 

 

 
 

1-2. Synthesis and biological evaluation of -chain substitution analogs  

Because of the linear lipid -chain and acid moiety in the -chain, 15d-PGJ2 shows 

unfavorable characteristics for experimental purposes and for storage. Based on the analysis 

of chlorine substitution and the effects of 14,15-olefin modification on STAT3 inhibition, 

we further designed analogs with shorter chain and carbocycles and then synthesized 

analogs, which reflected the chemical features and stability of 15d-PGJ2.  

The analogs 14 were synthesized according to the procedure utilized for 13, which was 

prepared from the same intermediate -chloro enone 8.  

 
Scheme 2. Synthesis of -chain substitution analogs 

 

 

 
 

Reagents and conditions: (a) LHMDS, aldehyde, THF; (b) Et3N, MsCl, CH2Cl2 then AlCl3; (c) Me3SnOH, 
dichloroethane, 20~55% for 3 steps 
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The displacement of the lipid chain into the benzene ring in chloro-15d-PGJ2 showed 

better stability at room temperature than did the shorter alkyl chain or the aliphatic 

carbocyle. However, it was still unstable for long-term storage.  

 
Figure 9. STAT3 inhibition effect of -chain substitution analogs 

 

 
 

 

 

 The assay results for STAT3 inhibition and early apoptosis signals with these analogs 

was quite noticeable. The analog with cyclopentyl moiety (14c) showed a better STAT3 

inhibitory effect than did the analogs with phenyl (14a) or cyclohexyl moiety (14b). 

Furthermore, the para-position of the phenyl ring in the -chain substituted with tert-butyl 

(14e) or with iodine moiety (14g) showed increased activity (Figure 9). The binding space 

of analogs with the STAT3 protein could be estimated by these results.  

Modification of the lipid -chain of chloro-15d-PGJ2 showed better stability and STAT3 

inhibitory activity, but it was still not sufficiently stable for long-term storage. Therefore, 

modifications of this chain are still being studied. 
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2. Development of novel STAT3 inhibitors 

Approximately 50% of new drug entries between 1981 and 2010 were natural product-

based compounds.15 For a successful drug development, discovery of an appropriate 

molecule in the early stages is still a major key factor. We previously reported various 

analogs based on natural products that have diverse scaffolds with potent biological 

activities.16 Our in-house library is composed of these bioactive analogs, synthetic 

intermediates and natural products. To efficiently find a novel and potent compound from 

the library, we focused on the structures containing a particular moiety as a pharmacophore. 

Molecules with a Michael acceptor have been demonstrated to be a potent inhibitor of 

STAT3 by reacting with active-site cysteine residues.17 Thus, we initiated our studies with 

the focused library by focusing on electrophilic structures as potential binding 

pharmacophores. 

 

2-1. Selection & validation of candidates for STAT3 inhibitor from chemical library 

Surveying previously reported small molecule STAT3 inhibitors, we examined their 

electrophilic structures. Many molecules with ‘Michael acceptor’ properties have been 

demonstrated to be potent inhibitors of STAT3 by reacting with active-cite cysteine residues 

within these proteins.17 The analogs with electrophilic moieties were sorted out from our in-

house library, which was composed of synthetic analogs based on natural products. Then, 

all selected compounds were tested for successful STAT3 inhibition using a HeLa cell-

based luciferase assay.  

 
Figure 10. Design strategy for focused library 
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Of those, several deguelin-based analogs showed impressive potency. Deguelin (15), a 

rotenoid isolated from the African plant Mundulea sericea, was reported to inhibit STAT3 

phosphorylation in KUT-1 and MT-2 cells.18 The selected compounds of the focused library 

were originally derived through the process of developing novel hsp90 inhibitors targeting 

angiogenesis.16a Among the active analogs, 21 most potently inhibited the transcription of 

STAT3 (Figure 11). Its distinct structural feature is an exo-olefin that protruded outside, and 

it might be less sterically hindered than other analogs to be easily approached by a 

nucleophilic cysteine residue. To investigate the detailed mechanism and activity of analog 

21, we performed further biological experiments and chemical modifications. 

 
Figure 11. STAT3 transcription activity of natural product analogs 
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2-2. STAT3 inhibitor 21 for cancer treatment 

2-2-1. STAT3 specific inhibition effect of 21 

The anti-proliferative effects of the analogs were tested on untransformed MCF10A and 

MCF10A-ras cells (Figure 12). MCF10A cells are spontaneously immortalized human 

breast epithelial cells, which are near normal breast epithelial cells. There are several 

transformed lines derived from MFC10A cells and have a diverse spectrum of cell 

phenotypes that range from normal to pre-malignant to fully malignant.19 These MCF10A 

and MCF10A-ras cell lines further differ in the p53 that they express. In human cancers, 

mutant p53 is more stable than the wild-type and can be present at greater levels.20 Mutant 

p53 does not retain the tumor-suppressing abilities of the wild-type and often exhibits 

oncogenic characteristics. Additionally, MCF10A-ras cells express high levels of tyrosine 

phosphorylated STAT3, which is required for invasion and migration.21 The expression of 

normal p53 but not mutant p53 reduced the tyrosine phosphorylation of STAT3 and 

inhibited STAT3 DNA binding activity. Interestingly, analog 21 was selectively cytotoxic 

to MCF10A-ras cells after 24 h of treatment. In contrast, other analogs were not cytotoxic 

for either cell type.  

 

Figure 12. Cytotoxicity evaluation of analogs 
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Moreover, 21 was more effective in terms of suppressing the viability of MDA-MB-231 

human breast adenocarcinoma cells compared with MCF7 cells, another human breast 

cancer cell line. MCF7 cells have wild-type p53, whereas MDA-MB-231 cells have mutant 

p53 due to an arginine to lysine mutation at position 280.22 Both the MCF10A-ras and 

MDA-MB-231 cell lines expressed high levels of pSTAT3, whereas the MCF10A and 

MCF7 cell lines had lower levels of pSTAT3.23  

 

Figure 13. Immunoblotting analysis of analog 21-induced selective inhibition 
 
 

          

Next, we investigated whether analog 21 could discriminate between STAT1 and STAT3 

and induce death in human breast cancer cell lines. STAT1 is another member of the STAT 

family. Although STAT3 and STAT1 are highly similar in terms of both proteins and target 

DNA sequences, STAT1 plays a major role as a pro-inflammatory, anti-pathogen and anti-

proliferative factor. Its biological function is thus mostly antagonistic to that of STAT3. 

Therefore, developing a reagent that is recognized by STAT3 but not STAT1 is important. 

Western blot analysis in Figure 13 showed that analog 21 selectively inhibited the 

phosphorylation of STAT3 over STAT1. This selectivity suggests that analog 21 is an 

effective anticancer reagent. Taken together, a possible mechanism for the selective 

cytotoxicity of the analog 21 towards cancer cells over normal cells could be due to the 
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enhanced requirement for STAT3 activity in cancer cells, leading to a greater reduction in 

cell proliferation upon the inhibition of STAT3 signaling by analog 21. 

2-2-2. Synthesis and binding assay of chemical probe: 21-biotin conjugates 

To demonstrate the direct interaction between STAT3 and analog 21, biotinylated 

compound 33 was synthesized. (Scheme 3) Allylation on phenol 25 followed by a Dess-

Martin oxidation produced aldehyde 26. The anionic addition of lithiated aryl bromide 27 

to the aldehyde and oxidation of the corresponding alcohol 28 yielded allylated analog 29. 

Cross-metathesis (CM) between 29 and tert-butyl N-allylcarbamate using Grubbs’ second-

generation catalyst produced Boc-protected amine 31. Aldol condensation with 

paraformaldehyde gave enone 18, and treatment of 18 with hydrochloric acid produced 

crude amine 32. The crude mixture was treated with Hünig base and N-hydroxy 

succinimide activated biotin to obtain biotinylated compound 33.  
 

Scheme 3. Synthesis of chemical probe 
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Reagents and conditions:  (a) allyl bromide, K2CO3, acetone, reflux, 93%; (b) Dess-Martin Periodinane, NaHCO3, 
CH2Cl2, 0 °C to rt, 26 : 69%. 30 : 70%; (c) 27, n-BuLi, THF, -78 °C to rt, 55%; (d) tert-butyl N-allylcarbamate, 
Grubbs II, CH2Cl2, reflux, 40%; (e) (CH2O)n, K2CO3, DMF, rt, 72%; (f) 4N HCl in dioxane, CH2Cl2, rt; (g) (+)-
Biotin N-hydroxysuccinimide ester, iPr2NEt, DMF, rt, 30% for 2 steps. 



 

 

２０ 

 

 

For immunoblot analysis, the binding of 33 to STAT3 was detected with HRP-streptavidin 

(Figure 14). For a deeper understanding of the mechanism of action, dithiothreitol (DTT) 

was used as a thiol-reducing agent. Abolition of the interaction between 33 and STAT3 by 

DTT suggested a direct interaction between analog 33 and a cysteine residue present in 

STAT3. 

 
Figure 14. Direct binding assay with STAT3      

 
 

 

3. Structure-activity relationship (SAR) study of 21 

Using a potent STAT3 inhibitor 21, we continued to derive the analogs based on the 

structure of 21. We selected three parts of analog 21 for further modification (Figure 15). 

Because we found the electronic effect of chloro-substituent at the α position of the 

Michael acceptor to be crucial in STAT3 inhibitory activity of 15d-PGJ2 analogs, the A 

part’s dimethoxybenzene moiety was considered suitable for investigating both the 

electronic and steric effects of the substituent. Because the Michael acceptor on the B part 

is expected to be a pharmacophore for STAT3 inhibition, modifications on the B part were 

designed to confirm the mode of action by affecting the Michael acceptor ability of the 

analogs. Further, benzopyran moiety on the C part was known as a ‘privileged structure’ 

with versatile binding properties.24 In initial studies using the focused library constructed 

based on the electrophilic structural features, only several deguelin-based analogs 

exhibited selective STAT3 inhibitory activities. Based on these results, we hypothesized 
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that the benzopyran moiety made deguelin analogs selective for the STAT3 protein 

compared with analogs with other core structure classes. Thus, to establish the structure-

activity relationship of compound 21, several chromene-truncated analogs were designed. 

 
Figure 15. Strategy for structure-activity relationship study of analog 21 

 

 

3-1. Synthesis of 21-based analogs 

The analogs were synthesized in two ways. First, the synthetic method 1, which was 

previously reported16a, was used for the synthesis of 21.  

 
Scheme 4. Synthetic method 1 

 

 
 

Reagents and conditions:  (a) 27, n-BuLi, THF, -78°C to rt; (b) Dess-Martin Periodinane, NaHCO3, CH2Cl2, 0 °C to 
rt; (c) (CH2O)n, K2CO3, DMF, rt. 
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 The analogs with ,-unsaturated carbonyl moiety were synthesized via anionic coupling 

with aryl bromide 27 and prepared aldehyde, followed by alcohol oxidation and aldol 

condensation. Because various aldehydes are commercially available and because even 

commercially available alcohols and acids could prepare the aldehydes by simple oxidation 

or reduction, method 1 is a straightforward synthesis. Using the unified synthetic procedure, 

analogs 34-40 and 53-63 were prepared. 

 
Scheme 5. Synthetic method 2 

 

 
 

Reagents and conditions:  (a) 3-methyl-2-butenal, pyridine, microwave, 72%; (b) MeI, K2CO3, acetone, reflux, 95%; 
(c)LHMDS, CF3CO2CH2CF3, THF; (d) MsN3, Et3N, aq. CH3CN, 24% for 2steps; (e) arylboronic acid, Pd(PPh3)4, 
i-Pr2NH, BQ, toluene, reflux, 43~90% . 
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 Method 1 is relatively short and simple, but preparing aryl bromide 27 is very difficult. 

For this reason, we designed the procedure to obtain benzopyran moiety prior to the 

coupling. The benzopyran analog 66 was prepared via condensation with 2,4-dihydroxy 

propiophenone 65 and 3-methyl-2-butenal, followed by methylation. Treatment of 66 with 

LHMDS and 2,2,2-trifluoroethyl trifluoroacetate gave -trifluoroacetyl ketone compound 

67, and following a diazo transfer with methanesulfonyl azide, the key intermediate 68 was 

produced. The coupling of 68 with boronic acids produced the various analogs 41-52.25  

To predict the binding space, we needed the analog containing ,-unsaturated carbonyl 

moiety with no substituent for the A part. After hydrogenation, 40 afforded ,-unsaturated 

carbonyl by way of a Mannich-type reaction on a transiently formed methyleneammonium 

salt.26 
  

Scheme 6. Synthesis of α,β-unsaturated carbonyl moiety with no substituent for A part 

 

 
 
Reagents and conditions:  (a) 10% Pd/C, H2, THF, 55%; (b) diisopropylammonium 2,2,2-trifluoroacetate, iPr2NEt, 
(CH2O)n, THF, 40% 

 

Finally, we synthesized the C-part modified analogs. Before ring truncation, we needed 

to identify the effect of methoxy moiety on benzopyran. Analog 72, with removed methoxy 

group, was prepared using synthetic method 1, anionic coupling with aryl bromide without 

the methoxy group, subsequent DMP oxidation and ultimately an aldol reaction with 

paraformaldehyde. From analog 21, the deprotection of the methyl group gave phenol 

analog 73, and the acetylation of this phenol provided analog 74. 
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Scheme 7. Modification of methoxy group in 21 
 

 
 

Reagents and conditions:  (a) 88, n-BuLi, THF, -78°C to rt; (b) Dess-Martin Periodinane, NaHCO3, CH2Cl2, 0 °C to 
rt; (c) (CH2O)n, K2CO3, DMF, rt; (d) BCl3, CH2Cl2, -78°C, 93%; (e) Ac2O, Et3N, DMAP, CH2Cl2, rt, 79%. 

 

We designed derivatives for modification of the chromeme structure to evaluate the effect 

of this privileged structure. The procedure is similar to synthetic method 1, though diverse 

aryl bromide is used.  

 
Scheme 8. Modification of Chromene unit 

 

 
 
Reagents and conditions:  (a) R-Br, n-BuLi, THF, -78°C to rt; (b) Dess-Martin Periodinane, NaHCO3, CH2Cl2, 0 °C 
to rt; (c) (CH2O)n, K2CO3, DMF, rt. 
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3-2. Confirmation of mode of action 

First, we investigated the mode of action of compound 21. Because a Michael acceptor is 
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necessary for a pharmacophore to cause STAT3 inhibition, analogs 34 to 37, whose 

Michael-acceptor abilities were regulated, were selected to compare their STAT3 inhibitory 

activities. (Figure 16) As expected, analogs having hydrogen (34) and methyl substituents 

(35) at the  position of the carbonyl group failed to suppress STAT3 transcription. Alcohol 

36, the reduced form of analog 21, and α-hydroxy ketone 37, also did not exhibit STAT3 

transcriptional activity, whereas 21 significantly inhibited the transcription of STAT3. To 

investigate a detailed mechanism of the analog, the phosphorylation of STAT3 was 

analyzed by Western blot using H-ras transformed MCF10A (MCF10A-ras) human breast 

epithelial cells, which served as a model for early mammary carcinogenesis. Similar to the 

result of the luciferase assay, analog 21 uniquely suppressed STAT3 phosphorylation. 

The cytotoxicity of the analogs was examined in MCF10A-ras cells. Compound 21 

showed antiproliferative activity in a dose-dependent manner, and the effective 

concentrations correlated with the results of the Western blot analysis. These results 

indicated that the cytotoxicity of compound 21 is attributed to its STAT3 inhibitory activity, 

which is in connection with distinct structural feature, the Michael acceptor. 

 
 

Figure 16. Confirmation of mode of action 
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3-3. Modification of dimethoxybenzene ring of 21 

The dimethoxybenzene moiety was replaced with diverse substituents to evaluate the 

electronic and steric effects on STAT3 inhibition activity.  

 
Figure 17. Modification of dimethoxybenzene ring  
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The analogs with hydrogen (39), methyl (40), and cyclohexyl (53) moiety for the A part 

showed less potent activities, so we predicted the binding space. Then, we examined the 

analogs with the benzene rings, which had different substituents replacing two methoxy 

groups. Halogen atoms were expected to have an electronic effect opposite to the methoxy 

group on the rings. However, they did not exhibit a marked electronic effect. To further 

elucidate the structure and function, more studies including Western blotting assay and 

MTT assay are in progress.  

3-4. Chromeme modification strategy 

The privileged structure has preferred molecular scaffolds that have an intrinsic tendency 

for biological activity, and these scaffolds can be used to provide ligands for a range of 

biological targets through proper modification of functional groups.24 Our in-house library 

is composed of many different scaffolds from natural compounds.16a-c However, in the 

assay results with the focused library for STAT3 inhibition, analogs with chromene units 

showed a particularly selective effect. To confirm the importance of this privileged structure 

chromene, we decided to synthesize the derivatives for this unit.  

 
Figure 18. Modification of methoxy group on the chromene 

 

 

 

Before the modification of the chromene ring part, the methoxy group on the chromene 
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should be evaluated. In case the methoxy group affects the binding with target protein, this 

moiety must be considered when we design the new analogs. Therefore, we prepared the 

analogs for a STAT3 luciferase assay to confirm the effect of the methoxy group. The 

methoxy group on chromene-removed analog 73 showed slightly less potent activity. 

Phenol analog 74 was prepared for the detection of intramolecular hydrogen bonding, but it 

exhibited a negative effect on maintaining the activity, whereas acetylated analog 75 

seemed to have less effect than 74 did. As a result, the methoxy moiety on the C part is 

important for better STAT3 inhibition activity.  

In sequence, we designed a new class of STAT3 inhibitors, which have different aryl 

groups instead of a terminal chromene ring (scheme 8). Chromene is well known as a 

‘privileged structure’, as mentioned above, so this unit is generally effective for biological 

activity but is too common for developing a novel class of STAT3 inhibitors. Therefore, 

new analogs devoid of the terminal chromene unit were designed and synthesized. In 

addition, truncation of the chromene ring enabled the introduction of additional moiety to 

improve physicochemical properties and activity. The biological assay of the analog is in 

progress. 
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III. Conclusion 

 

The constitutive activation of STAT3 participates in oncogenesis and tumor development. 

Inhibition of abnormally elevated STAT3 activity or overexpression is an important 

therapeutic modality for malignancies, including breast cancer. We reported 15d-PGJ2 

analogs with reduced double bond and -chlorination associated with electronic effects, 

both charge distribution and electronegativity, that were identified via a SAR study. 

Additionally, the displacement of the lipid chain into aryl groups in chloro-15d-PGJ2 

showed better stability and equipotent STAT3 inhibitory activity. Furthermore, we 

discovered novel inhibitors of the STAT3 signaling pathway with focused library screening. 

Analog 21, deguelin-based analogs with ,-unsaturated carbonyl moiety, showed potent 

inhibition in STAT3-driven luciferase expression in HeLa cells. Most notably, 21 

selectively inhibited the activation of STAT3 without affecting STAT1 and it showed 

discriminating inhibition for the viability of the human breast cell line harboring 

constitutively active STAT3. Through simple structural modification to remove the Michael 

acceptor, we confirmed that the ,-unsaturated carbonyl moiety of 21 is an essential 

prerequisite for binding with STAT3 by Michael addition and consequent inactivation of 

this oncogenic transcription factor. Intensive studies on the structure-activity relationship of 

analog 21 and the elucidation of the precise mechanism of action of the analog are in 

progress.
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IV. Experimental 
 

 

General experimental 

 

Unless otherwise described, all commercial reagents and solvents were purchased from 

commercial suppliers and used without further purification. Tetrahydrofuran and diethyl 

ether were distilled from sodium benzophenone ketyl. Dichloromethane, triethylamine, 

acetonitrile, and pyridine were freshly distilled with calcium hydride. Flash column 

chromatography was carried out using silica-gel 60 (230-400 mesh, Merck) and preparative 

thin layer chromatography was used with glass-backed silica gel plates (1mm, Merck). Thin 

layer chromatography was performed to monitor reactions. All reactions were performed 

under dry argon atmosphere in flame-dried glassware. Optical rotations were measured 

using a JASCO DIP-1000 digital polarimeter at ambient temperature using 100 nm cells of 

2 mL capacity. Infrared spectra were recorded on a Perkin-Elmer 1710 FT-IR spectrometer. 

Mass spectra were obtained using a VG Trio-2 GC-MS instrument, and high resolution 

mass spectra were obtained using a JEOL JMS-AX 505WA unit. 1H and 13C NMR spectra 

were recorded on either a JEOL JNM-LA 300 (300MHz), JEOL JNM-GCX (400MHz), 

BRUKERAMX-500 (500MHz) or JEOL (600MHz) spectrometers. Chemical shifts are 

provided in parts per million (ppm, ) downfield from tetramethylsilane (internal standard) 

with coupling constant in hertz (Hz). Multiplicity is indicated by the following 

abbreviations: singlet (s), doublet (d), doublet of doublet (dd), triplet (t), quartet (q), quintet 

(quin) multiplet (m) and broad (br). The purity of the compounds was determined by 

normal phase high performance liquid chromatography (HPLC), (Gilson or Waters, 

CHIRALPAK® AD-H (4.6 × 250 mm) or CHIRALPAK® OD-H (4.6 × 250 mm)) 
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1. Chemical Synthesis 

General procedure A  

To a solution of enone 11 (1 equiv) in tetrahydrofuran was added LHMDS (1M in THF, 

1.1 equiv). The reaction mixture was stirred for 1h at -78 °C and corresponding aldehyde 

(1.3 equiv) was added. The reaction mixture was stirred for 10 min at -78°C, quenched with 

saturated aqueous NH4Cl, and diluted with EtOAc. The organic phase was washed with 

H2O and brine, dried over MgSO4, and concentrated in vacuo. Purification of the residue 

via flash column chromatography on silica gel (EtOAc: Hexane = 1: 10 to 1: 5) afforded an 

aldol mixture. To a solution of aldol mixture in CH2Cl2 was added Et3N (3 equiv) and 

methanesulfonyl chloride (2 equiv) at 0 °C. The reaction mixture was stirred until complete 

consumption of the starting material (checked by TLC) at ambient temperature, quenched 

with saturated NH4Cl, and diluted with EtOAc. The organic phase was washed with H2O 

and brine, dried over MgSO4, and concentrated in vacuo to afford a crude mixture of 

mesylated aldol. To a slurry of activated alumina (100 equiv) in CH2Cl2 was added a 

solution of the crude mesylate in CH2Cl2 at 0°C. The reaction mixture was vigorously 

stirred until complete consumption of the starting material (checked by TLC) at ambient 

temperature and filtered through a pad of celite. The filtrate was concentrated in vacuo. 

Purification of the residue via flash column chromatography on silica gel (EtOAc : Hexane 

= 1 : 10 to 1 : 5). Then, to a solution of methyl ester in dichloroethane was added Me3SnOH 

(5 equiv) at ambient temperature. The reaction mixture was refluxed overnight, quenched, 

acidified with 2N-HCl, and diluted with EtOAc. The organic phase was washed with 2N-

HCl and brine, dried over MgSO4, and concentrated in vacuo. Purification of the residue via 

flash column chromatography on silica gel (EtOAc : Hexane : AcOH= 50 : 100 : 1) 

afforded acids 14. 

 

General procedure B (Dess-Martin oxidation) 
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To a solution of alcohol (1 equiv) in CH2Cl2 were added NaHCO3 (3 equiv), Dess-Martin 

periodinane (1.5 equiv) at 0 °C. Then, the reaction mixture was stirred for 1 h at ambient 

temperature and quenched with 10% sodium thiosulfate solution and extracted with CH2Cl2. 

The organic layer was washed with brine, dried over MgSO4, and concentrated under 

reduced pressure. The residue was purified by flash column chromatography on silica gel to 

afford the desired product. 

 

General procedure C (Anionic coupling) 

To a solution of aryl bromide (1.8 equiv) in THF was added dropwise n-BuLi solution (1.6 

M solution in n-hexane, 1.65 equiv) at -78 °C. The resulting solution was stirred for 30 min 

at -78 °C, and aldehyde (1 equiv) in THF was added. The reaction mixture was stirred for 1 

h at -78 °C. The reaction mixture was washed with saturated NH4Cl solution and extracted 

with EtOAc. The organic layer was washed with brine, dried over MgSO4, and concentrated 

under reduced pressure. The residue was purified by flash column chromatography on silica 

gel to afford the desired product.  

 

General procedure D (Aldol condensation) 

To a solution of ketone (1 equiv) in anhydrous DMF were added K2CO3 (15 mg, 2.2 

equiv) and paraformaldehyde (1.6 equiv). The reaction mixture was stirred for 4 h and then 

extracted with EtOAc. The organic layer was washed with saturated NH4Cl solution, brine, 

dried over MgSO4 and concentrated under reduced pressure. The residue was purified by 

flash column chromatography on silica gel to afford the desired product. 
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rac-(Z)-Methyl 7-((S,E)-5-((E)-oct-2-enylidene)-4-oxocyclopent-2-enyl)hept-5-enoate (9) 

To a solution of racemic enone 8 (366 mg, 1.65 mmol) in tetrahydrofuran (5 mL) was 

added LHMDS (1M in THF, 2.14 mL). The reaction mixture was stirred for 20 min at -

78 °C and trans-2-octenal (0.61 mL, 4.12 mmol) was added. The reaction mixture was 

stirred for 10 min at -78 °C, quenched with saturated aqueous NH4Cl, and diluted with 

EtOAc. The organic phase was washed with H2O and brine, dried over MgSO4, and 

concentrated in vacuo. Purification of the residue via flash column chromatography on 

silica gel (EtOAc: Hexane = 1: 10 to 1: 5) afforded 466 mg (81%) a mixture of syn- isomer 

and anti-isomer. To a solution of above aldol mixture (128 mg, 0.37 mmol) in CH2Cl2 (3 

mL) was added Et3N (0.34 mL, 2.41 mmol) and methanesulfonyl chloride (0.09 mL, 1.21 

mmol) at -20 °C. The reaction mixture was stirred until complete consumption of the 

starting material (checked by TLC) at -20 °C, quenched with saturated aqueous NH4Cl, and 

diluted with EtOAc. The organic phase was washed with H2O, brine, dried over MgSO4, 

and concentrated in vacuo. Purification of the residue via flash column chromatography on 

silica gel (EtOAc : Hexane = 1 : 10) afforded 80 mg (65%) of 9: FT-IR (thin film, neat) ν 

max 1739, 1695, 1632 cm-1; 1H-NMR (CDCl3, 300 MHz ) δ 7.45 (dd, 1H, J = 6.0, 2.6 Hz), 

6.93 (d, 1H, J = 10.8 Hz), 6.34-6.16 (m, 3H), 5.48-5.30 (m, 2H), 3.63 (s, 3H), 3.54 (m, 1H), 

2.57 (m, 1H), 2.36-2.17 (m, 5H), 2.04-1.97 (m, 2H), 1.69-1.57 (m, 2H), 1.48-1.22 (m, 6H), 

0.87 (t, 3H, J = 6.9 Hz); 13C-NMR (CDCl3, 125 MHz ) δ 197.3, 173.9, 160.6, 146.9, 135.2, 

134.9, 131.6, 131.4, 125.9, 125.6, 51.5, 43.5, 33.4, 33.4, 31.8, 31.4, 28.4, 26.6, 24.7, 22.4, 

14.0; LR-MS (FAB) m/z 331 (M+H+); HR-MS (FAB) calcd for C21H30O3 (M+H+) 

331.2195; found 331.2273. 

 

rac-9-Chloro-15-deoxy Δ12 Prostaglandin J2 (10) 

To a solution of 9 (20 mg, 0.06 mmol) in toluene (1 mL) was added TBHP (5.5 M in decane, 

17 μL, 0.09 mmol) and triton B (2 drops) at 0 °C. The reaction mixture was stirred for 10 
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min, quenched with saturated aqueous NH4Cl, and diluted with EtOAc. The organic phase 

was washed with H2O, brine, dried over MgSO4, and concentrated in vacuo. Purification of 

the residue via flash column chromatography on silica gel (EtOAc: Hexane = 1: 15) 

afforded 21 mg (90%) of the epoxy derivative as a mixture of two isomers. Then, to a 

solution of above epoxy ester (7 mg, 0.02 mmol) in CH3CN (1 ml) was added LiCl (3 mg, 

0.06 mmol) and Amberlyst-15 resin (18 mg) at ambient temperature. The reaction mixture 

was stirred overnight at ambient temperature and filtered through a pad of celite. The 

filtrate was concentrated in vacuo. Purification of the residue via flash column 

chromatography on silica gel (EtOAc : Hexane = 1 : 5) afforded 6 mg (80%) of methyl ester. 

Finally, to a solution of methyl ester (19 mg, 0.05 mmol) in dichloroethane (1 mL) was 

added Me3SnOH (66 mg, 0.36 mmol) at ambient temperature. The reaction mixture was 

refluxed overnight, quenched, acidified with 2N-HCl, and diluted with EtOAc. The organic 

phase was washed with 2N-HCl and brine, dried over MgSO4, and concentrated in vacuo. 

Purification of the residue via flash column chromatography on silica gel (EtOAc : 

Hexane : AcOH= 1 : 2 : 0.05) afforded 8 mg (81%) of 6b: 1H-NMR (CDCl3, 400 MHz) δ 

7.31 (d, 1H, J = 2.6 Hz), 7.05 (m, 1H), 6.33-6.26 (m, 2H), 5.47 (m, 1H), 5.34 (m, 1H), 3.56 

(m, 1H), 2.59 (m, 1H), 2.36-2.17 (m, 5H), 2.04-1.97 (m, 2H), 1.69-1.63 (m, 2H), 1.48-1.22 

(m, 6H), 0.87 (t, 3H, J = 6.9 Hz); 13C NMR (75 MHz, CDCl3) δ 198.7, 175.1, 152.9, 148.7, 

137.4, 134.0, 132.5, 130.3, 125.3, 125.2, 43.3, 33.5, 31.8, 30.7, 29.7, 28.4, 26.6, 24.5, 22.4, 

14.0; LR-MS (FAB) m/z 351 (M+H+); HR-MS (FAB) calcd for C20H27ClO3 (M+H+) 

351.1727; found 351.1700. 

 

rac-(R,Z)-Methyl 7-(3-chloro-4-oxocyclopent-2-enyl)hept-5-enoate (11) 

To a solution of enone 8 (71 mg, 0.30 mmol) in toluene (2 mL) was added TBHP (5.5 M in 

decane 87 μl, 0.48 mmol) and triton B (2 drops) at 0 °C. The reaction mixture was stirred 

for 20 min, quenched with saturated NH4Cl, and diluted with EtOAc. The organic phase 
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was washed with H2O and brine, dried over MgSO4, and concentrated in vacuo. 

Purification of the residue via flash column chromatography on silica gel (EtOAc: Hexane 

= 1 : 5 to 1 : 2) afforded 58 mg (81%) of a mixture of tow epoxy isomers. Then, to a 

solution of epoxides (53 mg, 0.22 mmol) in CH3CN (2 mL) was added LiCl (28 mg, 0.67 

mmol) and Amberlyst-15 resin (18 mg) at ambient temperature. The reaction mixture was 

stirred overnight and filtered through a pad of celite. The filtrate was concentrated in vacuo. 

Purification of the residue via flash column chromatography on silica gel (EtOAc : Hexane 

= 1 : 5) afforded 46 mg (81%) of 11: 1H-NMR (CDCl3, 500 MHz ) δ 7.48 (d, 1H, J = 2.7 

Hz), 5.53-5.23 (m, 2H), 3.64 (s, 3H), 2.99 (m, 1H), 2.50 (dd, 1H, J = 18.9, 6.2 Hz), 2.31-

2.16 (m, 4H), 2.03 (m, 3H), 1.67 (dt, 2H, J = 14.6, 7.5 Hz); 13C-NMR (CDCl3, 100 MHz) δ 

201.5, 171.1, 160.3, 132.1, 125.9, 114.2, 60.4, 39.4, 33.3, 31.9, 29.7, 21.0, 14.2; LR-MS 

(FAB) m/z 257 (M+H+); HR-MS (FAB) calcd for C13H17ClO3 (M+H+) 257.0944; found 

257.0954. 

 

rac-(Z)-Methyl 7-((S,E)-3-chloro-5-octylidene-4-oxocyclopent-2-enyl)hept-5-enoate (12) 

To a solution of 11 (43 mg, 0.17 mmol) in tetrahydrofuran (2 mL) was added LHMDS (1M 

in THF, 0.18 ml). The reaction mixture was stirred for 1h at -78 °C and octanal (34 μL, 0.22 

mmol) was added. The reaction mixture was stirred for 10 min at -78°C, quenched with 

saturated aqueous NH4Cl, and diluted with EtOAc. The organic phase was washed with 

H2O and brine, dried over MgSO4, and concentrated in vacuo. Purification of the residue 

via flash column chromatography on silica gel (EtOAc: Hexane = 1: 10 to 1: 5) afforded 50 

mg (78%) of an aldol mixture. To a solution of aldol mixture (45 mg, 0.12 mmol) in CH2Cl2 

(1 mL) was added Et3N (49 μL, 0.35 mmol) and methanesulfonyl chloride (27 μL, 0.24 

mmol) at 0 °C. The reaction mixture was stirred until complete consumption of the starting 

material (checked by TLC) at ambient temperature, quenched with saturated NH4Cl, and 

diluted with EtOAc. The organic phase was washed with H2O and brine, dried over MgSO4, 
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and concentrated in vacuo to afford a crude mixture of mesylated aldol. To a slurry of 

activated alumina (1.4 g) in CH2Cl2 (3 ml) was added a solution of the crude mesylate in 

CH2Cl2 at 0°C. The reaction mixture was vigorously stirred until complete consumption of 

the starting material (checked by TLC) at ambient temperature and filtered through a pad of 

celite. The filtrate was concentrated in vacuo. Purification of the residue via flash column 

chromatography on silica gel (EtOAc : Hexane = 1 : 10 to 1 : 5) afforded 22 mg (36 % for 3 

steps) of 12: 1H-NMR (CDCl3, 300 MHz) δ 7.46 (d, 1H, J = 2.7 Hz), 6.71 (t, 1H, J = 7.7 

Hz), 5.45 (m, 1H), 5.34 (m, 1H), 3.64 (s, 3H), 3.47 (m, 1H), 2.58 (m, 1H), 2.36-2.15 (m, 

5H), 2.08-2.02 (m, 2H), 1.72-1.66 (m, 2H), 1.52-1.21 (m, 10H), 0.87 (m, 3H); 13C-NMR 

(CDCl3, 75 MHz) δ 188.6, 173.6, 153.7, 139.0, 137.2, 135.2, 131.8, 125.4, 51.5, 41.4, 33.1, 

31.7, 30.3, 29.4, 29.3, 29.1, 28.5, 26.6 24.3, 22.6, 14.0; LR-MS (FAB) m/z 367 (M+H+). 

HR-MS (FAB) calcd for C21H32ClO3 (M+H+) 367.2040; found 367.2052. 

 

rac-(Z)-7-((S,E)-3-Chloro-5-octylidene-4-oxocyclopent-2-enyl)hept-5-enoic acid (13) 

To a solution of methyl ester of 12 (19 mg, 0.05 mmol) in dichloroethane (1 mL) was added 

Me3SnOH (46 mg, 0.26 mmol) at ambient temperature. The reaction mixture was refluxed 

overnight, quenched, acidified with 2N-HCl, and diluted with EtOAc. The organic phase 

was washed with 2N-HCl and brine, dried over MgSO4, and concentrated in vacuo. 

Purification of the residue via flash column chromatography on silica gel (EtOAc : 

Hexane : AcOH= 50 : 100 : 1) afforded 16 mg (89%) of 13: 1H-NMR (CDCl3, 400 MHz) δ 

7.32 (d, 1H, J = 2.7 Hz), 6.71 (t, 1H, J = 7.7 Hz), 5.47 (m, 1H), 5.34 (m, 1H), 3.49 (m, 1H), 

2.58 (m, 1H), 2.35-2.21 (m, 5H), 2.08-2.02 (m, 2H), 1.72-1.66 (m, 2H), 1.52-1.21 (m, 10H), 

0.87 (m, 3H); 13C-NMR (CDCl3, 125 MHz) δ 188.6, 179.1, 153.7, 139.1, 137.0, 135.1, 

131.8, 125.4, 41.4, 33.2, 31.7, 30.3, 29.4, 29.3, 29.1, 28.5, 26.6, 24.3, 22.6, 14.1; LR-MS 

(FAB) m/z 353 (M+H+). HR-MS (FAB) calcd for C20H30ClO3 (M+H+) 353.1883; found 

353.1883. 
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rac-(Z)-7-((E)-5-benzylidene-3-chloro-4-oxocyclopent-2-en-1-yl)hept-5-enoic acid (14a) 

14a (18 mg, 30% for 3 steps) was afforded from 48 mg of enone 11: : 1H-NMR (CDCl3, 

500 MHz) δ 7.54-7.48 (m, 4H), 7.43-7.37 (m, 3H), 5.42 (m, 1H), 5.27 (m, 1H), 3.97 (m, 

1H), 2.55 (m, 1H), 2.24-1.98 (m, 3H), 1.87-1.79 (m, 2H), 1.60-1.51 (m, 2H). 

 

rac-(Z)-7-((E)-3-chloro-5-(cyclohexylmethylene)-4-oxocyclopent-2-en-1-yl)hept-5-enoic 

acid (14b) 

14b (15 mg, 22% for 3 steps) was afforded from 52 mg of enone 11: : 1H-NMR (CDCl3, 

500 MHz) δ 7.32 (d, 1H, J = 2.3 Hz), 6.54 (d, 1H, J = 10.8 Hz), 5.47 (m, 1H), 5.36 (m, 1H), 

3.51 (m, 1H), 2.58 (m, 1H), 2.41-2.16 (m, 4H), 2.10-2.05 (m, 2H), 1.77-1.61 (m, 9H), 0.88-

0.85 (m, 3H). 

 

rac-(Z)-7-((E)-3-chloro-5-(cyclopentylmethylene)-4-oxocyclopent-2-en-1-yl)hept-5-enoic 

acid (14c) 

14c (15 mg, 25% for 3 steps) was afforded from 49 mg of enone 11: : 1H-NMR (CDCl3, 500 

MHz) δ 7.32 (m, 1H), 6.61 (d, 1H, J = 10.8 Hz), 5.47 (m, 1H), 5.38 (m, 1H), 3.49 (m, 1H), 

2.75 (m, 1H), 2.57 (m, 1H), 2.43-2.17 (m, 3H), 2.08-2.04 (m, 2H), 1.89-1.62 (m, 8H), 1.44-

1.33 (m, 2H). 

 

rac-(Z)-7-((E)-5-butylidene-3-chloro-4-oxocyclopent-2-en-1-yl)hept-5-enoic acid (14d) 

14d (20 mg, 26% for 3 steps) was afforded from 66 mg of enone 11: : 1H-NMR (CDCl3, 

500 MHz) δ 7.33 (m, 1H), 6.71 (t, 1H, J = 7.7 Hz), 5.46 (m, 1H), 5.33 (m, 1H), 3.49 (m, 

1H), 2.59 (m, 1H), 2.35-2.21 (m, 6H), 2.06-2.02 (m, 2H), 1.71-1.67 (m, 3H), 1.61-1.50 (m, 

2H), 1.23 (m, 1H). 

 

rac-(Z)-7-((E)-5-(4-(tert-butyl)benzylidene)-3-chloro-4-oxocyclopent-2-en-1-yl)hept-5-
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enoic acid (14e) 

14e (12 mg, 14% for 3 steps) was afforded from 55 mg of enone 11: : 1H-NMR (CDCl3, 500 

MHz) δ 7.52 (s, 1H), 7.48-7.43 (m, 5H), 5.43 (m, 1H), 5.30 (m, 1H), 3.95 (m, 1H), 2.62 (m, 

1H), 2.25-2.17 (m, 2H), 1.90-1.81 (m, 2H), 1.34-1.29 (m, 9H). 

 

rac-(Z)-7-((E)-3-chloro-5-(4-methoxybenzylidene)-4-oxocyclopent-2-en-1-yl)hept-5-enoic 

acid (14f) 

14f (15 mg, 55% for 3 steps) was afforded from 20 mg of enone 11: : 1H-NMR (CDCl3, 500 

MHz) δ 7.49-7.45 (m, 4H), 6.96-6.88 (m, 2H), 5.43 (m, 1H), 5.29 (m, 1H), 3.92 (m, 1H), 

3.85 (s, 3H), 2.60 (m, 1H), 2.31-2.15 (m, 3H), 1.93-1.81 (m, 2H), 1.68-1.56 (m, 2H). 

 

rac-(Z)-7-((E)-3-chloro-5-(4-iodobenzylidene)-4-oxocyclopent-2-en-1-yl)hept-5-enoic 

acid (14g) 

14g (14 mg, 16% for 3 steps) was afforded from 50 mg of enone 11: : 1H-NMR (CDCl3, 

300 MHz) δ 7.73-7.70 (m, 2H), 7.44-7.39 (m, 2H), 7.20-7.17 (m, 2H), 5.37 (m, 1H), 5.20 

(m, 1H), 3.88 (m, 1H), 2.47 (m, 1H), 2.27-1.94 (m, 3H), 1.84-1.77 (m, 2H), 1.62-1.48 (m, 

2H). 

 

2-(3,4-Dimethoxyphenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one 

(21) 

Ketone 34 (21b) was prepared from aryl bromide 27 and 2-(3,4-

Dimethoxyphenyl)acetaldehyde according to the general procedure C and B and purified 

by flash column chromatography on silica gel (EtOAc/n-hexane = 1:4) to afford 80 mg 

(48% for 2 steps) of pure 34 as pale yellow solid with a melting point of  90 - 92 °C: 1H 

NMR (CDCl3, 300 MHz) δ 7.43 (d, 1H, J = 8.4 Hz), 6.72 (s, 3H), 6.54 (d, 1H, J = 9.9 Hz), 

6.52 (d, 1H, J = 8.4 Hz), 5.62 (d, 1H, J = 9.9 Hz), 4.12 (s, 2H), 3.77(s, 6H), 3.69(s, 3H), 
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1.37(s, 6H); 13C NMR (CDCl3, 75 MHz) δ 198.7, 157.7, 156.3, 148.8, 147.8, 131.1, 130.5, 

127.6, 124.8, 121.7, 116.5, 114.8, 112.8, 112.6, 111.2, 63.2, 55.8, 55.8, 50.3, 50.2, 28.1, 

28.0; HRMS (FAB) calcd for C22H25O5 (M+H+): 369.1702, Found: 369.1705. 

Ketone 34 (20.0 mg, 0.05 mmol) afforded 18.0 mg (87%) of α, β-unsaturated ketone 21 

via general procedure D as colorless oil: 1H NMR (CDCl3, 300 MHz) δ 7.30 (d, 1H, J = 

8.6 Hz), 6.95 (m, 2H), 6.78 (d, 1H, J = 8.0 Hz), 6.51 (m, 2H), 5.90 (s, 1H), 5.60 (d, 1H, J = 

10.0 Hz), 5.55 (s, 1H), 3.81 (s, 3H), 3.80 (s, 3H), 3.70 (s, 3H), 1.38 (s, 6H); 13C NMR 

(CDCl3, 100 MHz) δ 196.5, 157.3, 156.2, 149.4, 149.1, 148.6, 131.7, 130.4, 129.7, 125.0, 

121.7, 120.2, 116.5, 114.8, 111.8, 110.9, 110.7, 77.2, 76.8, 63.1, 55.8, 28.0, 27.9; HRMS 

(FAB) calcd for C23H25O5 (M+H+): 381.1702, Found: 381.1709. 

 

2-(4-(allyloxy)-3-methoxyphenyl)acetaldehyde (26) 

To a stirred solution of phenol 25 (129.2 mg, 0.77 mmol) in dry acetone (10 mL) were 

added allyl bromide (0.13 mL, 1.54 mmol) and potassium carbonate (212.8 mg, 1.54 mmol). 

The reaction mixture was heated to reflux and stirred overnight. The solvent was 

evaporated under reduced pressure and the reaction mixture was extracted with ethyl 

acetate. The organic layer was washed with brine, dried over MgSO4, and concentrated 

under reduced pressure. The residue was purified by flash column chromatography on silica 

gel (EtOAc/n-Hexane = 1:2 to 1:1) to afford 149.0 mg (93%) of allyl ether as a colorless 

oil: 1H NMR (CDCl3, 300 MHz) δ 6.79 (d, 1H, J = 3.3 Hz), 6.73 – 6.69 (m, 2H), 6.05 (m, 

1H), 5.37 (ddt, 1H, J = 17.1, 1.6, 1.6 Hz), 5.25 (ddt, 1H, J = 10.4, 1.4, 1.4 Hz), 4.57 (ddd, 

2H, J = 5.4, 1.4, 1.4 Hz), 3.85 (s, 3H), 3.82 (t, 2H, J = 6.4 Hz), 2.79 (t, 2H, J = 6.4 Hz). 

Allyl ether (51.9 mg, 0.250 mmol) afforded 35.5 mg (69%) of 26 as a colorless oil via 

general procedure B. Purification via flash column chromatography on silica gel 

(EtOAc/n-Hexane = 1:2 to 1:1): 1H-NMR (CDCl3, 300 MHz ) δ 9.68 (t, 1H, J = 2.5 Hz), 

6.84 (d, 1H, J = 7.8 Hz), 6.71 – 6.68 (m, 2H), 6.04 (m, 1H), 5.37 (ddt, 1H, J = 17.2, 1.4, 
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1.4 Hz), 5.25 (ddt, 1H, J = 10.4, 1.2, 1.2 Hz), 4.57 (ddd, 2H, J = 5.4, 1.2, 1.2 Hz), 3.83 (s, 

3H), 3.58 (d, 2H, J = 2.3 Hz). 

 

2-(4-(allyloxy)-3-methoxyphenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)ethan-1-

ol (28)  

Aldehyde 26 (38.6 mg, 0.187 mmol) afforded 38.2 mg (55%) of secondary alcohol 28 as a 

colorless oil via general procedure C. Purification via flash column chromatography on 

silica gel (EtOAc/n-Hexane = 1:3): 1H-NMR (CDCl3, 300 MHz ) δ 7.16 (d, 1H, J = 8.4 Hz), 

6.78 (d, 1H, J = 8.0 Hz), 6.71 (dd, 1H, J = 8.2, 1.8 Hz), 6.65 (d, 1H, J =1.8 Hz), 6.59 (d, 

1H, J = 8.4 Hz), 6.51 (d, 1H, J = 10.0 Hz), 6.05 (m, 1H), 5.61 (d, 1H, J = 9.9 Hz), 5.35 (ddt, 

1H, J = 17.2, 1.4, 1.4 Hz), 5.24 (ddt, 1H, J = 10.4, 1.2, 1.2 Hz), 5.05 (dd, 1H, J = 8.0, 4.9 

Hz), 4.55 (ddd, 2H, J = 5.3, 1.4, 1.4 Hz), 3.78 (s, 3H), 3.63 (s, 3H), 2.97 (dd, 1H, J = 13.5, 

4.9 Hz), 2.89 (dd, 1H, J = 13.5, 8.0 Hz), 1.40 (s, 3H), 1.39 (s, 3H). 

 

2-(4-(allyloxy)-3-methoxyphenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)ethan-1-

one (29) 

Secondary alcohol 28 (37.5 mg, 0.094 mmol) afforded 26.0 mg (70%) of ketone 29 as a 

colorless oil via general procedure B. Purification via flash column chromatography on 

silica gel (EtOAc/n-Hexane = 1:4): 1H-NMR (CDCl3, 300 MHz ) δ 7.47 (d, 1H, J = 8.6 Hz), 

6.80 – 6.71 (m, 3H), 6.58 (d, 1H, J = 9.9 Hz), 6.56 (d, 1H, J = 8.6 Hz), 6.04 (m, 1H), 5.66 

(d, 1H, J = 10.0 Hz), 5.35 (m, 1H), 5.23 (m, 1H), 4.55 (m, 2H), 4.16 (s, 2H), 3.81 (s, 3H), 

3.73 (s, 3H), 1.42 (s, 6H); HR-MS (FAB) calcd for C24H27O5 (M+H+) 395.1858; found 

395.1866. 

 

(E)-tert-butyl 4-(2-methoxy-4-(2-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-

oxoethyl)phenoxy)but-2-enylcarbamate (30) 
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To 29 (98.4 mg, 0.249 mmol) dissolved in dry CH2Cl2 was added t-Butyl-N-allyl 

carbamate at 50 °C and stirred for 30 min. Grubbs’ 2nd catalyst (21.2 mg, 0.025 mmol) was 

added and the reaction mixture kept be stirred for 3 h. The reaction mixture was cooled to 

ambient temperature, filtered through Celite pad. The residue was purified by flash column 

chromatography on silica gel (EtOAc/n-Hexane = 1:4 to 1:2) to afford 51.9 mg (40%) of 30 

as pale brown oil: 1H-NMR (CDCl3, 300 MHz ) δ 7.47 (d, 1H, J = 8.6 Hz), 6.78 – 6.70 (m, 

3H), 6.59 – 6.55 (m, 2H), 5.86 – 5.81 (m, 2H) 5.66 (d, 1H, 10.0 Hz), 4.51 (d, 1H, J = 4.2 

Hz), 4.16 (s, 2H), 3.81 (s, 3H), 3.74 (s, 5H), 1.42 (s, 6H), 1.41 (s, 9H). 

 

tert-butyl (E)-(4-(2-methoxy-4-(3-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-3-

oxoprop-1-en-2-yl)phenoxy)but-2-en-1-yl)carbamate (31) 

Ketone 30 (40.0 mg, 0.076 mmol) afforded 29.5 mg (72%) of α, β-unsaturated ketone 31 

via general procedure D: 1H-NMR (CD3OD, 400 MHz ) δ 7.37 (d, 1H, J = 8.5 Hz), 7.02 (d, 

1H, J = 1.2 Hz), 6.95 – 6.89 (m, 2H), 6.61 – 6.56 (m, 2H), 5.99 (s, 1H), 5.83 – 5.82 (m, 2H), 

5.78 (d, 1H, J = 10.0 Hz), 5.55 (s, 1H), 4.62 – 4.47 (m, 2H), 3.80 (s, 3H), 3.73 (s, 3H), 3.73 

– 3.61 (m, 2H), 1.42 (s, 15H). 

 

N-((E)-4-(2-methoxy-4-(3-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-3-oxoprop-1-en-

2-yl)phenoxy)but-2-en-1-yl)-5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-

4-yl)pentanamide (33) 

To a solution of 31 (25.0 mg, 0.047 mmol) dissolved in dry CH2Cl2 was added 4N HCl 

dioxane solution (0.5mL) and stirred for 2 h. The solvent was evaporated under reduced 

pressure and the crude amine 32 was used for next step without further purification. 

To a solution of crude amine 32 (0.025 mmol) and biotin-succinimide ester (8.5 mg, 0.025 

mmol) was added diisopropylethylamine (0.004 mL, 0.025 mmol) and stirred overnight. 

The reaction mixture was extracted with EtOAc and the organic layer was washed with 



 

 

４２ 

 

water and brine, dried over MgSO4, and concentrated under reduced pressure. The residue 

was purified by flash column chromatography on silica gel (CH2Cl2/MeOH = 10:1) to 

afford 9.3 mg (30%, 2 steps) of 33: 1H-NMR (CDCl3, 300 MHz ) δ 7.35 (d, 1H, J = 8.6 Hz), 

6.98 – 6.95 (m, 2H), 6.82 (d, 1H, J = 8.6 Hz), 6.58 (d, 1H, J = 10.1 Hz), 6.56 (d, 1H, J = 8.4 

Hz), 5.98 (s, 1H), 5.86 (m, 2H), 5.65 (d, 1H, J = 9.9 Hz), 5.61 (s, 1H), 4.56 (m, 2H), 4.50 

(m, 1H), 4.33 (m, 1H), 3.89 (m, 2H), 3.83 (s, 3H), 3.75 (s, 3H), 3.15 (m, 1H), 2.83 (m, 1H), 

2.74 (m, 1H), 2.24 (m, 2H), 1.68 (m, 6H), 1.43 (s, 6H). 

 

2-(3,4-Dimethoxyphenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)propan-1-one 

(35) 

Ketone 35 was prepared from aryl bromide 27 and 2-(3,4-Dimethoxyphenyl)propanal 

according to the general procedure C and B and purified by flash column chromatography 

on silica gel (EtOAc/n-hexane = 1:4) to afford 11 mg (64% for 2 steps) of pure 35 as 

colorless thick oil: 1H NMR (CDCl3, 500 MHz) δ 7.27 (d, 1H, J = 8.5 Hz), 6.76 (m, 3H), 

6.55 (d, 1H, J = 10.0 Hz), 6.48 (d, 1H, J = 8.5 Hz), 5.62 (d, 1H, J = 10.0 Hz), 4.60 (q, 1H, J 

= 6.9 Hz), 3.81 (s, 3H), 3.80 (s, 3H), 3.65 (s, 3H), 1.48 (d, 3H, J = 6.9 Hz), 1.39 (s, 6H); 13C 

NMR (CDCl3, 75 MHz) δ 202.5, 157.1, 155.7, 149.0, 147.9, 133.8, 130.7, 130.5, 125.5, 

120.2, 116.5, 112.3, 111.2, 77.2, 76.7, 63.3, 55.8, 55.7, 50.0, 43.1, 28.0, 28.0, 19.0; HRMS 

(FAB) calcd for C23H27O5 (M+H+): 383.1858, Found: 383.1853. 

 

2-(3,4-dimethoxyphenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-ol 

(36) 

1H NMR (CDCl3, 300 MHz) δ 7.08 (d, 1H, J = 8.4 Hz), 6.89 (m, 2H), 6.74 (d, 1H, J = 8.4 

Hz), 6.54 (d, 1H, J = 10.1 Hz), 6.52 (d, 1H, J = 8.6 Hz), 5.94 (s, 1H), 5.62 (d, 1H, J = 9.2 

Hz), 5.48 (m, 2H), 3.87 (m, 1H), 3.80 (m, 9H), 1.43 (s, 6H) 

 



 

 

４３ 

 

(S)-2-(3,4-dimethoxyphenyl)-1-(2,2-dimethyl-2H-chromen-6-yl)-2-hydroxyethan-1-one 

(37) 

To a dry THF in flask was added NaHMDS solution (0.1 mL, 1.0 M in THF) at – 78 °C. A 

solution of ketone 34 (31.0 mg, 0.084 mmol) in dry THF was added dropwise, stirred at – 

78 °C for 30 mins. A solution of (1S)-(+)-(10-camphorsulfonyl)oxaziridine (28.9 mg, 0.126 

mmol) in 0.5 mL of THF was added dropwise. The reaction mixture was stirred until 

complete consumption of the starting material. The reaction mixture was quenched with sat. 

NH4Cl solution, diluted with 2 mL of diethylether at - 78 °C and the reaction temperature 

was raised to ambient temperature. The reaction mixture was extracted with diethylether 

and the organic layer was washed with Na2S2O3 solution and brine, dried over MgSO4, and 

concentrated under reduced pressure. The residue was purified by flash column 

chromatography on silica gel (EtOAc/n-Hexane = 1:4 to 1:3) to afford 25.0 mg (77%) of 37 

as colorless oil: 1H-NMR (CDCl3, 400 MHz ) δ 7.38 (d, 1H, J = 8.6 Hz), 6.82 (dd, 1H, J = 

8.3, 1.6 Hz), 6.77 (d, 1H, J = 1.4 Hz), 6.71 (d, 1H, J = 8.3 Hz), 6.51 (m, 2H), 5.93 (s, 1H), 

5.64 (d, 1H, J = 10.1 Hz), 4.56 (br, 1H), 3.78 (s, 3H), 3.76 (s, 3H), 3.68 (s, 3H), 1.39 (s, 6H). 

 

1-(5-methoxy-2,2-dimethylchroman-6-yl)ethan-1-one (38) 

1H NMR (CDCl3, 300 MHz) δ 7.53 (dd, 1H, J = 8.8, 0.5 Hz), 6.58 (d, 1H, J = 8.6 Hz), 

3.77 (s, 3H), 2.78 (t, 2H, J = 6.8 Hz), 2.58 (s, 3H), 1.79 (t, 2H, J = 6.8 Hz), 1.33 (s, 6H); 

HR-MS (FAB) calcd for C14H19O3 (M+H+) 235.1334; found 235.1332. 

 

1-(5-methoxy-2,2-dimethylchroman-6-yl)prop-2-en-1-one (39) 

1H NMR (CDCl3, 300 MHz) δ 7.46 (d, 1H, J = 8.8 Hz), 7.11 (dd, 1H, J = 17.2, 10.4 Hz), 

6.60 (d, 1H, J = 8.6 Hz), 6.33 (dd, 1H, J = 17.2, 1.8 Hz), 5.77 (dd, 1H, J = 10.4, 1.8 Hz), 

3.70 (s, 3H), 2.74 (t, 2H, J = 6.8 Hz), 1.79 (t, 2H, J = 6.8 Hz), 1.33 (s, 6H); HR-MS (FAB) 

calcd for C15H19O3 (M+H+) 247.1334; found 247.1336. 



 

 

４４ 

 

 

(S)-2-(3,4-dimethoxyphenyl)-1-(2,2-dimethyl-2H-chromen-6-yl)-2-hydroxyethan-1-one 

(40) 

General procedure D 

1H NMR (CDCl3, 300 MHz) δ 7.08 (d, 1H, J = 8.3 Hz), 6.58 (d, 1H, J = 10.1 Hz), 6.54 (d, 

1H, J = 8.4 Hz), 5.87 (m, 1H), 5.65 (d, 1H, J = 5.1 Hz), 5.63 (s, 3H), 3.71 (s, 3H), 2.02 (s, 

3H), 1.42 (s, 6H); 13C NMR (CDCl3, 300 MHz) δ 197.6, 156.0, 154.9, 145.1, 130.5, 130.2, 

128.2, 116.6, 114.7, 111.5, 111.5, 76.5, 63.1, 28.0, 28.0, 17.7; HR-MS (FAB) calcd for 

C16H19O3 (M+H+) 259.1334; found 259.1324. 

 

1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-phenylprop-2-en-1-one (41) 

General procedure E 

1H NMR (CD3OD, 500 MHz) δ 7.41 (m, 2H), 7.34 (m, 4H), 6.58 (m, 2H), 6.05 (s, 1H), 

5.77 (d, 1H, J = 10.1 Hz), 5.66 (s, 1H), 3.72 (s, 3H), 1.42 (s, 6H); 13C NMR (CDCl3, 300 

MHz) δ 196.3, 157.4, 156.2, 149.9, 137.1, 131.7 130.4, 128.3, 128.3, 128.2, 127.6, 127.6, 

125.0, 123.4, 116.6, 114.9, 111.9, 76.8, 63.2, 28.1, 28.1; HR-MS (FAB) calcd for C21H21O3 

(M+H+) 321.1491; found 321.1503. 

 

2-(3,4-difluorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one 

(42) 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 7.33 (d, 1H, J = 8.4 Hz), 7.26 (m, 1H), 7.11 (m, 2H), 6.58 

(d, 1H, J = 5.1 Hz), 6.55 (d, 1H, J = 6.8 Hz), 6.00 (s, 1H), 5.72 (s, 1H), 5.66 (d, 1H, J = 9.9 

Hz), 3.72 (s, 3H), 1.43 (s, 6H); HR-MS (FAB) calcd for C21H19F2O3 (M+H+) 357.1302; 

found 357.1301. 

 



 

 

４５ 

 

2-(4-fluorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one (43) 

General procedure E 

HR-MS (FAB) calcd for C21H19FO3 (M+H+) 339.1396; found 339.1397. 

 

1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-(3-methoxyphenyl)prop-2-en-1-one (44) 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 7.36 (d, 1H, J = 8.6 Hz), 7.25 (m, 1H), 6.99 (m, 2H), 6.85 

(m, 1H), 6.58 (d, 1H, J = 10.1 Hz), 6.56 (d, 1H, J = 8.4 Hz), 6.02 (s, 1H), 5.69 (s, 1H), 5.65 

(d, 1H, J = 10.1 Hz), 3.78 (s, 3H), 3.75 (s, 3H), 1.43 (s, 6H) ; HR-MS (FAB) calcd for 

C22H23O4 (M+H+) 351.1596; found 351.1584. 

 

1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-(4-methoxyphenyl)prop-2-en-1-one (45) 

General procedure E 

1H NMR (CDCl3, 400 MHz) δ 7.35 (m, 3H), 6.87 (d, 2H, J = 8.6 Hz), 6.57 (m, 2H), 5.96 

(s, 1H), 5.65 (d, 1H, J = 10.1 Hz), 5.60 (s, 1H), 3.79 (s, 3H), 3.75 (s, 3H), 1.43 (s, 6H); 13C 

NMR (CDCl3, 75 MHz) δ 196.6, 159.7, 157.3, 156.2, 149.4, 131.7, 130.4, 129.6, 128.8, 

128.8, 125.1, 121.7, 116.7, 113.8, 113.8, 111.8, 111.8, 76.7, 63.1, 55.3, 28.1, 28.1; HR-MS 

(FAB) calcd for C22H23O4 (M+H+) 351.1596; found 351.1603. 

 

2-(4-chlorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one (46) 

General procedure E 

1H NMR (CDCl3, 400 MHz) δ 7.33 (m, 5H), 6.57 (s, 1H), 6.55 (d, 1H, J = 1.8 Hz), 6.00 (s, 

1H), 5.71 (s, 1H), 5.65 (d, 1H, J = 10.0 Hz), 3.73 (s, 3H), 1.43 (s, 6H); 13C NMR (CDCl3, 

300 MHz) δ 195.9, 157.5, 156.2, 148.8, 135.5, 134.2, 131.5, 130.6, 129.0, 129.0, 128.5, 

128.5, 124.8, 123.7, 116.5, 114.9, 112.0, 76.9, 63.2, 28.1, 28.1; HR-MS (FAB) calcd for 

C21H20ClO3 (M+H+) 355.1101; found 355.1109. 



 

 

４６ 

 

 

2-(3-chloro-4-methoxyphenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-

1-one (47) 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 7.48 (d, 1H, J = 2.2 Hz), 7.34 (d, 1H, J = 8.4 Hz), 7.29 (dd, 

1H, J = 8.4, 2.2 Hz), 6.88 (d, 1H, J = 8.6 Hz), 6.58 (d, 1H, J = 2.2 Hz), 6.55 (s, 1H), 5.97 (s, 

1H), 5.65 (m, 2H), 3.89 (s, 3H), 3.74 (s, 3H), 1.43 (s, 6H); HR-MS (FAB) calcd for 

C22H22ClO4 (M+H+) 385.1207; found 385.1205. 

 

2-(3-fluoro-4-methoxyphenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-

1-one (48) 

General procedure E 

1H NMR (CDCl3, 400 MHz) δ 7.34 (d, 1H, J = 8.5 Hz), 7.21 (dd, 1H, J = 12.4, 2.1 Hz), 

7.14 (m, 1H), 6.90 (t, 1H, J = 8.6 Hz), 6.58 (d, 1H, J = 3.9 Hz), 6.55 (d, 1H, J = 2.2 Hz), 

5.95 (s, 1H), 5.66 (s, 1H), 5.63 (d, 1H, J = 4.0 Hz), 3.88 (s, 3H), 3.73 (s, 3H), 1.43 (s, 6H); 

HR-MS (FAB) calcd for C22H22FO4 (M+H+) 369.1502; found 369.1508. 

 

1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-(4-(trifluoromethyl)phenyl)prop-2-en-1-

one (49) 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 7.60 (d, 2H, J = 8.4 Hz), 7.53 (d, 2H, J = 8.4 Hz), 7.35 (d, 

1H, J = 8.4 Hz), 6.57 (m, 2H), 6.09 (s, 1H), 5.81 (s, 1H), 5.66 (d, 1H, J = 10.1 Hz), 3.73 (s, 

3H), 1.43 (s, 6H); HR-MS (FAB) calcd for C22H20F3O3 (M+H+) 389.1365; found 389.1362. 

 

2-(4-(tert-butyl)phenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one 

(50) 



 

 

４７ 

 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 7.35 (m, 5H), 6.57 (m, 2H), 6.04 (s, 1H), 5.66 (m, 2H), 3.76 

(s, 3H), 1.43 (s, 6H), 1.30 (s, 9H); HR-MS (FAB) calcd for C25H29O3 (M+H+) 377.2117; 

found 377.2110. 

 

1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-(4-nitrophenyl)prop-2-en-1-one (51) 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 8.20 (d, 2H, J = 8.8 Hz), 7.58 (d, 2H, J = 8.8 Hz), 7.37 (d, 

1H, J = 8.4 Hz), 6.59 (d, 1H, J = 8.6 Hz), 6.53 (d, 1H, J = 10.3 Hz), 6.13 (1H), 5.89 (s, 1H), 

5.66 (d, 1H, J = 10.1 Hz), 3.71 (s, 3H), 1.44 (s, 6H); HR-MS (FAB) calcd for C21H20NO5 

(M+H+) 366.1341; found 366.1352. 

 

2-(4-hydroxyphenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one (52) 

1H NMR (CDCl3, 300 MHz) δ 7.33 (m, 3H), 6.79 (d, 1H, J = 8.6 Hz), 6.56 (m, 2H), 5.95 

(s, 1H), 5.65 (d, 1H, J = 9.9 Hz), 5.60 (s, 1H), 3.75 (s, 3H), 1.43 (s, 6H); HR-MS (FAB) 

calcd for C21H21O4 (M+H+) 337.1440; found 337.1430. 

 

2-cyclohexyl-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one (53) 

General procedure D 

1H NMR (CD3OD, 400 MHz) δ 7.08 (d, 1H, J = 8.4 Hz), 6.60 (d, 1H, J = 10.0 Hz), 6.54 (d, 

1H, J = 8.1 Hz), 5.78 (s, 1H), 5.77 (d, 1H, J = 9.8 Hz), 5.58 (s, 1H), 3.68 (s, 3H), 2.64 (m, 

1H), 1.81 (m, 4H), 1.73 (m, 1H), 1.42 (s, 6H), 1.35 (m, 2H), 1.26 (m, 3H); HR-MS (FAB) 

calcd for C21H27O3 (M+H+) 327.1960; found 327.1955. 

 

3-(3-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-3-oxoprop-1-en-2-yl)benzonitrile (54) 

General procedure E 



 

 

４８ 

 

1H NMR (CDCl3, 400 MHz) δ 7.74 (s, 1H), 7.65 (d, 1H, J = 7.9 Hz), 7.59 (d, 1H, J = 7.8 

Hz), 7.44 (t, 1H, J = 7.8 Hz), 7.34 (d, 1H, J = 8.4 Hz), 6.59 (d, 1H, J = 8.5 Hz), 6.55 (d, 1H, 

J = 10.0 Hz), 6.07 (s, 1H), 5.83 (s, 1H), 5.66 (d, 1H, J = 10.0 Hz), 3.72 (s, 3H), 1.44 (s, 

6H); HR-MS (FAB) calcd for C22H20NO3 (M+H+) 346.1443; found 346.1447. 

 

2-(3,5-bis(trifluoromethyl)phenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-

en-1-one (55) 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 7.89 (s, 2H), 7.82 (s, 1H), 7.34 (d, 1H, J = 8.4 Hz), 6.61 (d, 

1H, J = 8.4 Hz), 6.54 (d, 1H, J = 10.1 Hz), 6.17 (s, 1H), 5.92 (s, 1H), 5.67 (d, 1H, J = 10.1 

Hz), 3.72 (s, 3H), 1.44 (s, 6H) 

 

2-(2-chlorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one (56) 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 7.43 (d, 1H, J = 8.4 Hz), 7.29 (m, 4H), 6.58 (m, 2H), 6.04 

(dd, 2H, J = 11.2, 0.7 Hz), 5.65 (d, 1H, J = 9.9 Hz), 3.81 (s, 3H), 1.43 (s, 6H); 13C NMR 

(CDCl3, 75 MHz) δ 194.2, 156.8, 148.8, 137.2, 132.9, 131.6, 131.4, 130.5, 130.1, 129.4, 

129.4, 126.8, 124.5, 116.6, 115.1, 111.4, 111.4, 76.7, 63.5, 28.0, 28.0; HR-MS (FAB) calcd 

for C21H20ClO3 (M+H+) 355.1101; found 355.1111. 

 

2-(3,4-dichlorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one 

(57) 

General procedure E 

1H NMR (CDCl3, 400 MHz) δ 7.55 (d, 1H, J = 2.0 Hz), 7.40 (d, 1H, J = 8.4 Hz), 7.33 (d, 

1H, J = 8.6 Hz), 7.27 (d, 1H, J = 2.2 Hz), 6.58 (d, 1H, J = 8.4 Hz), 6.56 (d, 1H, J = 10.1 

Hz), 6.03 (s, 1H), 5.75 (s, 1H), 5.66 (d, 1H, J = 10.1 Hz), 3.72 (s, 3H), 1.44 (s, 6H); HR-



 

 

４９ 

 

MS (FAB) calcd for C21H19Cl2O3 (M+H+) 389.0711; found 389.0706. 

 

2-(4-fluoro-3-(trifluoromethyl)phenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-

yl)prop-2-en-1-one (58) 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 7.83 (m, 2H), 7.42 (m, 1H), 7.38 (d, 1H, J = 8.4 Hz), 6.62 

(dd, 1H, J = 8.4, 0.7 Hz), 6.60 (dd, 1H, J = 10.1, 0.5 Hz), 6.29 (s, 1H), 5.86 (s, 1H), 5.83 (d, 

1H, J = 9.9 Hz), 3.74 (s, 3H), 1.43 (s, 6H); HR-MS (FAB) calcd for C22H18F4O3 (M+H+) 

407.1270; found 407.1277. 

 

1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-(3-(trifluoromethyl)phenyl)prop-2-en-1-

one (59) 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 7.70 (s, 1H), 7.61 (d, 1H, J = 7.5 Hz), 7.57 (d, 1H, J = 7.8 

Hz), 7.47 (d, 1H, J = 7.5 Hz), 7.35 (d, 1H, J = 8.4 Hz), 6.59 (m, 1H), 6.56 (dd, 1H, J = 6.9, 

0.6 Hz), 6.09 (s, 1H), 5.81 (s, 1H), 5.66 (d, 1H, J = 10.2 Hz), 3.74 (s, 3H), 1.43 (s, 6H); 

HR-MS (FAB) calcd for C22H20F3O3 (M+H+) 389.1365; found 389.1371. 

 

4-(3-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-3-oxoprop-1-en-2-yl)benzonitrile (60) 

General procedure E 

1H NMR (CDCl3, 300 MHz) δ 7.58 (m, 4H), 7.35 (d, 1H, J = 8.4 Hz), 6.58 (d, 1H, J = 8.6 

Hz), 6.54 (d, 1H, J = 10.1 Hz), 6.08s, 1H), 5.84(s, 1H), 5.66 (d, 1H, J = 10.1 Hz), 3.71 (s, 

3H), 1.44 (s, 6H); 13C NMR (CDCl3, 150 MHz) δ 195.2, 157.7, 156.1, 147.9, 138.4, 132.1, 

131.6, 131.4, 131.4, 130.7, 129.1, 125.7, 124.4, 118.6, 116.4, 114.9, 112.6, 112.2, 76.7, 63.3, 

28.1, 28.1; HR-MS (FAB) calcd for C22H20NO3 (M+H+) 346.1443; found 346.1438. 

 



 

 

５０ 

 

2-(3-fluorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one (61) 

General procedure D 

1H NMR (CDCl3, 400 MHz) δ 7.35 (d, 1H, J = 8.5 Hz), 7.28 (m, 1H), 7.18 (m, 2H), 7.00 

(td, 1H, J = 8.5, 1.6 Hz), 6.58 (s, 1H), 6.55 (d, 1H, J = 1.6 Hz), 6.03 (s, 1H), 5.73 (s, 1H), 

5.65 (d, 1H, J = 10.0 Hz), 3.74 (s, 3H), 1.43 (s, 6H); HR-MS (FAB) calcd for C21H20FO3 

(M+H+) 339.1396; found 339.1405. 

 

2-(2-fluorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one (62) 

General procedure D 

1H NMR (CDCl3, 300 MHz) δ 7.23 (m, 3H), 7.01 (m, 2H), 6.53 (d, 1H, J = 9.9 Hz), 6.49 

(m, 1H), 6.05 (s, 1H), 5.91 (s, 1H), 5.59 (d, 1H, J = 9.9 Hz), 3.73 (s, 3H), 1.37 (s, 6H); HR-

MS (FAB) calcd for C21H20FO3 (M+H+) 339.1396; found 339.1392. 

 

1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-(2-(trifluoromethyl)phenyl)prop-2-en-1-

one (63) 

General procedure D 

1H NMR (CDCl3, 300 MHz) δ 7.69 (d, 1H, J = 7.9 Hz), 7.55 (t, 1H, J = 7.5 Hz), 7.44 (t, 

1H, J = 7.3 Hz), 7.29 (m, 3H), 7.24 (d, 1H, J = 1.7 Hz), 6.62 (d, 1H, J = 4.2 Hz), 6.59 (m, 

1H), 6.11 (s, 1H), 6.09 (s, 1H), 5.69 (dd, 1H, J = 9.9, 1.7 Hz), 3.81 (s, 3H), 1.44 (s, 6H); 

HR-MS (FAB) calcd for C22H20F3O3 (M+H+) 389.1365; found 389.1360. 

 

1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)propan-1-one (66) 

1H NMR (CDCl3, 400 MHz) δ 7.49 (d, 1H, J = 8.5 Hz), 6.58 (d, 2H, J = 9.2 Hz), 5.65 (d, 

1H, J = 10.1 Hz), 3.77 (s, 3H), 2.94 (q, 2H, J = 7.2 Hz), 1.43 (s, 6H), 1.16 (t, 3H, J = 7.2 

Hz) 
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2-diazo-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)propan-1-one (68) 

1H NMR (CDCl3, 300 MHz) δ 7.12 (d, 1H, J = 8.4 Hz), 6.58 (s, 1H), 6.55 (d, 1H, J = 3.1 

Hz), 5.64 (d, 1H, J = 10.1 Hz), 3.74 (s, 3H), 2.08 (s, 3H), 1.41 (s, 6H); HR-MS (FAB) calcd 

for C15H16N2O3 (M+H+) 273.1239; found 273.1241. 

 

2-(3,4-dimethoxyphenyl)-1-(2,2-dimethyl-2H-chromen-6-yl)ethan-1-one (72) 

1H NMR (CDCl3, 400 MHz) δ 7.78 (dd, 1H, J = 8.5, 2.2 Hz), 7.64 (d, 1H, J = 2.1 Hz), 

6.77 (m, 4H), 6.32 (d, 1H, J = 9.9 Hz), 5.64 (d, 1H, J = 9.8 Hz), 4.13 (s, 2H), 3.83 (s, 6H), 

1.43 (s, 6H) 

 

2-(3,4-dimethoxyphenyl)-1-(2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one (73) 

1H NMR (CDCl3, 400 MHz) δ 7.70 (dd, 1H, J = 8.5, 2.2 Hz), 7.61 (d, 1H, J = 2.0 Hz), 

6.95 (m, 2H), 6.80 (d, 1H, J = 8.2 Hz), 6.73 (d, 1H, J = 8.4 Hz), 6.30 (d, 1H, J = 9.9 Hz), 

5.88 (s, 1H), 5.63 (d, 1H, J = 9.8 Hz), 5.43 (s, 1H), 3.85 (s, 3H), 3.84 (s, 3H), 1.43 (s, 6H); 

HR-MS (FAB) calcd for C22H23O4 (M+H+) 351.1596; found 351.1586. 

 

2-(3,4-dimethoxyphenyl)-1-(5-hydroxy-2,2-dimethyl-2H-chromen-6-yl)prop-2-en-1-one 

(74) 

1H NMR (CDCl3, 400 MHz) δ 12.85 (s, 1H), 7.43 (d, 1H, J = 8.8 Hz), 6.96 (s, 1H), 6.91 

(m, 1H), 6.80 (d, 1H, J = 8.3 Hz), 6.73 (d, 1H, J = 10.1 Hz), 6.22 (d, 1H, J = 8.6 Hz), 5.83 

(s, 1H), 5.58 (d, 1H, J = 10.0 Hz), 5.35 (s, 1H), 3.86 (s, 3H), 1.44 (s, 6H); HR-MS (FAB) 

calcd for C22H23O5 (M+H+) 367.1545; found 367.1537. 

 

6-(2-(3,4-dimethoxyphenyl)acryloyl)-2,2-dimethyl-2H-chromen-5-yl acetate (75) 

1H NMR (CDCl3, 300 MHz) δ 7.45 (d, 1H, J = 8.7 Hz), 6.95 (dd, 1H, J = 8.1, 2.1 Hz), 

6.91 (d, 1H, J = 2.1 Hz), 6.81 (d, 1H, J = 8.1 Hz), 6.60 (dd, 1H, J = 8.7, 0.9 Hz), 6.38 (dd, 
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1H, J = 10.2, 0.6 Hz), 5.92 (s, 1H), 5.69 (d, 1H, J = 9.9 Hz), 5.53 (s, 1H), 3.85 (s, 3H), 3.83 

(s, 3H), 2.30 (s, 3H), 1.43 (s, 6H); 13C NMR (CDCl3, 300 MHz) δ 195.4, 169.2, 157.6, 

149.2, 148.8, 148.5, 146.2, 133.2, 131.7, 129.6, 123.0, 119.9, 119.8, 115.6, 115.1, 113.3, 

111.0, 110.2, 77.5, 55.9, 55.8, 28.3, 28.3, 20.9; HR-MS (FAB) calcd for C24H24O6 (M+) 

408.1572; found 408.1582. 

 

2-(3,4-dimethoxyphenyl)-1-(5-methoxy-2,2-dimethylchroman-6-yl)prop-2-en-1-one (76) 

General procedure B : 76b 

1H NMR (CDCl3, 300 MHz) δ 7.47 (d, 1H, J = 8.8 Hz), 6.78 (s, 3H), 6.57 (d, 1H, J = 8.8 

Hz), 4.18 (s, 2H), 3.83 (s, 6H), 3.73 (s, 3H), 2.75 (t, 2H, J = 6.8 Hz), 1.79 (t, 2H, J = 6.8 

Hz), 1.33 (s, 6H) 

General procedure D : 76 

1H NMR (CDCl3, 300 MHz) δ 7.35 (d, 1H, J = 8.8 Hz), 7.00 (m, 2H), 6.83 (d, 1H, J = 8.0 

Hz), 6.54 (d, 1H, J = 8.6 Hz), 5.96 (s, 1H), 5.59 (s, 1H), 3.87 (s, 3H), 3.85 (s, 3H), 3.76 (s, 

3H), 2.73 (t, 2H, J = 6.8 Hz), 1.78 (t, 2H, J = 6.8 Hz), 1.33 (s, 3H); HR-MS (FAB) calcd for 

C23H27O5 (M+H+) 383.1858; found 383.1855. 

 

2-(3,4-dimethoxyphenyl)-1-(naphthalen-2-yl)prop-2-en-1-one (77) 

General procedure B : 77b 

1H NMR (CDCl3, 400 MHz) δ 8.53 (s, 1H), 8.04 (d, 1H, J = 8.6 Hz), 7.94 (d, 1H, J = 8.0 

Hz), 7.86 (m, 2H), 7.56 (m, 2H), 6.83 (m, 3H), 4.34 (s, 2H), 3.85 (s, 3H), 3.83 (s, 3H) 

General procedure D : 77 

1H NMR (CDCl3, 300 MHz) δ 8.41 (s, 1H), 8.01 (dd, 1H, J = 8.6, 1.7 Hz), 7.88 (m, 3H), 

7.56 (m, 2H), 7.01 (m, 2H), 6.82 (d, 1H, J = 8.3 Hz), 6.03 (s, 1H), 5.59 (s, 1H), 3.86 (s, 3H), 

3.86 (s, 3H); HR-MS (FAB) calcd for C21H19O3 (M+H+) 319.1334; found 319.1336. 
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1-(4-(tert-butyl)phenyl)-2-(3,4-dimethoxyphenyl)prop-2-en-1-one (80) 

General procedure C : 80a 

1H NMR (CDCl3, 400 MHz) δ 7.36 (d, 2H, J = 8.2 Hz), 7.26 (d, 2H, J = 8.2 Hz), 6.80 (d, 

1H, J = 8.2 Hz), 6.76 (d, 1H, J = 8.4 Hz), 6.56 (s, 1H), 4.82 (m, 1H), 3.84 (s, 3H), 3.76 (s, 

3H), 2.95 (m, 2H), 1.30 (s, 9H) 

General procedure B : 80b 

1H NMR (CDCl3, 400 MHz) δ 7.93 (d, 2H, J = 8.4 Hz), 7.45 (d, 2H, J = 8.3 Hz), 6.79 (m, 

3H), 4.18 (s, 2H), 3.83 (s, 6H), 1.31 (s, 9H) 

General procedure D : 80 

1H NMR (CDCl3, 300 MHz) δ 7.85 (d, 2H, J = 8.3 Hz), 7.43 (d, 2H, J = 8.4 Hz), 6.95 (m, 

2H), 6.81 (d, 1H, J = 9.0 Hz), 5.93 (s, 1H), 5.49 (s, 1H), 3.86 (s, 3H), 3.84 (s, 3H), 1.31 (s, 

9H); HR-MS (FAB) calcd for C21H24O3 (M+) 324.1725; found 324.1722. 

 

1-(4-cyclohexylphenyl)-2-(3,4-dimethoxyphenyl)prop-2-en-1-one (81) 

General procedure C : 81a 

1H NMR (CDCl3, 400 MHz) δ 7.25 (m, 2H), 7.17 (d, 2H, J = 8.0 Hz), 6.79 (d, 1H, J = 8.1 

Hz), 6.75 (d, 1H, J = 8.2 Hz), 4.81 (m, 1H), 3.84 (s, 3H), 3.76 (s, 3H), 2.93 (m, 2H), 2.48 

(m, 1H), 1.83 (m, 4H), 1.39 (m, 4H), 1.23 (m, 1H) 

General procedure B : 81b 

1H NMR (CDCl3, 300 MHz) δ 7.92 (d, 2H, J = 8.3 Hz), 7.26 (d, 2H, J = 8.4 Hz), 6.78 (m, 

3H), 4.18 (s, 2H), 3.83 (s, 6H), 2.53 (m, 1H), 1.83 (m, 4H), 1.31 (m, 6H) 

General procedure D : 81 

1H NMR (CDCl3, 300 MHz) δ 7.79 (d, 2H, J = 8.2 Hz), 7.19 (m, 2H), 6.89 (m, 2H), 6.76 

(d, 1H, J = 8.8 Hz), 5.88 (s, 1H), 5.44 (s, 1H), 3.81 (s, 3H), 3.79 (s, 3H), 2.49 (m, 1H), 1.75 

(m, 4H), 1.31 (m, 6H) ); 13C NMR (CDCl3, 400 MHz) δ 197.5, 153.92, 149.4, 148.9, 148.0, 

134.9, 130.3, 130.3, 129.9, 126.9, 126.9, 119.9, 118.3, 111.1, 110.0, 55.9, 55.9, 44.7, 34.1, 
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34.1, 26.7, 26.7, 26.0; HR-MS (FAB) calcd for C23H26O3 (M+) 350.1882; found 350.1890. 

 

1-(2,4-dimethoxyphenyl)-2-(3,4-dimethoxyphenyl)prop-2-en-1-one (82) 

General procedure C : 82a 

1H NMR (CDCl3, 400 MHz) δ 7.15 (d, 1H, J = 7.9 Hz), 6.77 (d, 1H, J = 8.1 Hz), 6.72 (d, 

1H, J = 8.2 Hz), 6.63 (s, 1H), 6.44 (d, 2H, J = 8.2 Hz), 5.02 (m, 1H), 3.84 (s, 3H), 3.81 (s, 

3H), 3.79 (s, 3H), 3.78 (s, 3H), 2.37 (br, 1H) 

General procedure B : 82b 

1H NMR (CDCl3, 400 MHz) δ 7.78 (d, 1H, J = 8.6 Hz), 6.74 (m, 3H), 6.50 (dd, 1H, J = 8.6, 

2.2 Hz), 6.43 (d, 1H, J = 2.2 Hz), 4.19 (s, 2H), 3.99 (s, 3H), 3.83 (s, 9H) 

General procedure D : 82 

1H NMR (CDCl3, 300 MHz) δ 7.59 (d, 1H, J = 8.4 Hz), 6.93 (m, 3H), 6.79 (d, 1H, J = 8.1 

Hz), 6.49 (dd, 1H, J = 8.6, 2.2 Hz), 6.36 (d, 1H, J = 2.2 Hz), 5.78 (s, 1H), 5.56 (s, 1H), 3.85 

(s, 3H), 3.82 (s, 3H), 3.81 (s, 3H), 3.66 (s, 3H); HR-MS (FAB) calcd for C19H21O5 (M+H+) 

329.1389; found 329.1385. 

 

2-(3,4-dimethoxyphenyl)-1-(4-methoxyphenyl)prop-2-en-1-one (85) 

General procedure C : 85a 

1H NMR (CDCl3, 400 MHz) δ 7.25 (d, 2H, J = 8.5 Hz), 6.86 (d, 2H, J = 8.5 Hz), 6.78 (d, 

1H, J = 8.1 Hz), 6.72 (d, 1H, J = 8.1 Hz), 6.61 (s, 1H), 4.81 (m, 1H), 3.84 (s, 3H), 3.79 (s, 

6H), 2.93 (m, 2H) 

General procedure B : 85b 

1H NMR (CDCl3, 300 MHz) δ 7.98 (d, 2H, J = 9.0 Hz), 6.91 (d, 2H, J = 9.0 Hz), 6.78 (m, 

3H), 4.15 (s, 2H), 3.84 (s, 3H), 3.83 (s, 3H), 3.83 (s, 3H) 

General procedure D : 85 

1H NMR (CDCl3, 400 MHz) δ 7.90 (d, 2H, J = 8.7 Hz), 6.94 (m, 2H), 6.89 (d, 2H, J = 8.8 
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Hz), 6.80 (d, 1H, J = 8.2 Hz), 5.89 (s, 1H), 5.45 (s, 1H), 3.85 (s, 3H), 3.84 (s, 6H); HR-MS 

(FAB) calcd for C18H19O4 (M+H+) 299.1283; found 299.1292. 

 

2. Biological Evaluation 

Cell culture 

MCF10A and MCF10A-ras cells were cultured in DMEM/F-12 medium supplemented 

with 5% heat-inactivated horse serum, 10 μg/mL insulin, 100 ng/mL cholera toxin, 0.5 

μg/mL hydrocortisone, 20 ng/mL h-EGF, 2 mmol/L L-glutamine, and 100 units/mL 

penicillin/streptomycin. MCF7 and PC3 cell lines were grown in RPMI medium 

supplemented with 10% (v/v) heatinactivated FBS (Biowhittaker Inc., Walkerville, MD), 

100 U/ml penicillin and 100 g/ml streptomycin. HeLa/STAT3-luc and MDA-MB-231 cells 

were maintained in DMEM supplemented with 10% fetal bovine serum and 100 ng/ml 

penicillin/streptomycin/fungizone mixture. These cell lines were grown at 37°C in a 

humidified air/CO2 (19:1) atmosphere. The cells were plated at an appropriate density 

according to each experimental scale. 

 

MTT reduction assay 

Cells were plated at a density of 2.5 x 104 cells/200 μl in 48-well plates, and the cell 

viability was determined by the MTT reduction assay. After incubation, cells were treated 

with the MTT solution (final concentration, 1 mg/ml) for 2 h. The dark blue formazan 

crystals formed in intact cells were dissolved with dimethyl sulfoxide (DMSO) and the 

absorbance at 570 nm was read using a microplate reader. Results were expressed as the 

percentage of MTT reduction obtained in the treated cells, assuming that the absorbance of 

control cells was 100%. 

 

Transient transfection and the luciferase reporter assay 
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HeLa/STAT3-luc cells were seeded at a density of 2 x 105 per well in a sixwell dish and 

grown to 60% to 80% confluence in the complete growth medium. Cells were pretreated 

with test compounds for 24 h, stimulated with 10 ng/mL oncostatin M for 5 h. The cells 

were then washed with PBS and lysed in 1x reporter lysis buffer (Promega). The lysed cell 

extract (20 μL) wasmmixed with 100 μL of the luciferase assay reagent, and the luciferase 

activity was determined using a luminometer (AutoLumat LB 953, EG&G Berthold). 

 

Western blot analysis 

MCF10A-ras cells were lysed in lysis buffer [250 mmol/L sucrose, 50 mmol/L Tris-HCl 

(pH 8.0), 25 mmol/L KCl, 5 mmol/L MgCl2, 1 mmol/L EDTA, 2 mmol/L NaF, 2 mmol/L 

sodium orthovanadate, and 1 mmol/L phenylmethylsulfonylfluoride] for 15 min on ice 

followed by centrifugation at 13,000 g for 15 min. The protein concentration of the 

supernatant was measured by using the BCA reagents (Pierce, Rockfold, IL, USA). Protein 

(30 μg) was separated by running through 8% SDSPAGE gel and transferred to the PVDF 

membrane (Gelman Laboratory, Ann Arbor, MI, USA). The blots were blocked with 5% 

nonfat dry milk PBST buffer (PBS containing 0.1% Tween-20) for 1 h at room temperature. 

The membranes were incubated for 2 h at room temperature with 1:1000 dilutionof one of 

the antibodies of pSTAT3, STAT3, PARP, SQSTM1/p62, CyclinD1, Bcl-xL, LC3B (Cell 

Signaling Technology, Beverly, MA, USA) or BECN1 (Santa Cruz Biotechnology, Santa 

Cruz, CA, USA). Equal lane loading was assured using actin (Sigma Chemical Co., St. 

Louis, MO). The blots were rinsed three times with PBST buffer for 10 min each. Washed 

blots were treated with 1:5000 dilution of the horseradish peroxidase conjugated-secondary 

antibody (Pierce Biotechnology, Rockford, IL, USA) for 1 h and washed again three times 

with PBST buffer. The transferred proteins were visualized with an enhanced 

chemiluminescence detection kit (Amersham Pharmacia Biotech, Buckinghamshire, UK). 
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Immunoprecipitation 

MCF10A-ras cells were treated with biotinylated SH48 for 24 h, and cells were lysed in 

250 mmol/L sucrose, 50 mmol/L Tris-HCl (pH 8.0), 25 mmol/L KCl, 5 mmol/L MgCl2, 1 

mmol/L EDTA, 2 mmol/L NaF, 2mmol/L sodium orthovanadate, and 1 mmol/L 

phenylmethylsulfonylfluoride. Total protein (500 μg) was subjected to immunoprecipitation 

by shaking with STAT3 primary antibody at 4°C for 12 h followed by the addition of 

protein A/G-agarose bead suspension (25% slurry, 20 mL) and additional shaking for 2 h at 

4°C. After centrifugation at 10,000 rpm for 1 minute, immunoprecipitated beads were 

collected by discarding the supernatant and washed with cell lysis buffer. The 

immunoprecipitate was then resuspended in 8μL of 6x SDS electrophoresis sample buffer 

and boiled for 5 minutes. Supernatant (48 μL) from each sample was collected by 

centrifugation and loaded on SDS-polyacrylamide gel. The incorporation of biotinylated 

SH48 into immunoprecipitated proteins was visualized by use of Amersham streptavidin–

horseradish peroxidase (HRP) conjugate (GE Healthcare). 

 

Statistical analysis 

When necessary, data were expressed as means ± SDs of at least three independent 

experiments, and statistical analysis for single comparison was performed using the 

Student's t-test. The criterion for statistical significance was P < 0.05. 
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 VI. Appendix 

 

▼ 1H and 13C NMR – rac-(Z)-7-((S,E)-3-Chloro-5-octylidene-4-

oxocyclopent-2-enyl)hept-5-enoic acid (13) 
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▼ 1H NMR - rac-(Z)-7-((E)-5-benzylidene-3-chloro-4-oxocyclopent-2-en-1-

yl)hept-5-enoic acid (14a)  

 

 

 

▼ 1H NMR - rac-(Z)-7-((E)-3-chloro-5-(cyclohexylmethylene)-4-

oxocyclopent-2-en-1-yl)hept-5-enoic acid (14b) 
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▼ 1H and 13C NMR - 2-(4-chlorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-

chromen-6-yl)prop-2-en-1-one (46) 
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▼ 1H NMR - 2-(3-fluoro-4-methoxyphenyl)-1-(5-methoxy-2,2-dimethyl-2H-

chromen-6-yl)prop-2-en-1-one (48) 

 

 

 

▼ 1H NMR - 3-(3-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-3-oxoprop-1-

en-2-yl)benzonitrile (54) 
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▼ 1H NMR - 2-(4-fluoro-3-(trifluoromethyl)phenyl)-1-(5-methoxy-2,2-

dimethyl-2H-chromen-6-yl)prop-2-en-1-one (58) 

 

 

▼ 1H NMR - 6-(2-(3,4-dimethoxyphenyl)acryloyl)-2,2-dimethyl-2H-

chromen-5-yl acetate (75) 
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▼ 1H NMR - 2-(3,4-dimethoxyphenyl)-1-(naphthalen-2-yl)prop-2-en-1-

one (77) 

 

 

▼ 1H NMR - 1-(4-(tert-butyl)phenyl)-2-(3,4-dimethoxyphenyl)prop-2-en-

1-one (80) 
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▼ 1H and 13C NMR - 1-(4-cyclohexylphenyl)-2-(3,4-dimethoxyphenyl)prop-

2-en-1-one (81) 
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VII. 국문초록 

 

STAT3(signal transducer and activator of transcription 3)는 사이토카인과 성장인자의 

신호를 핵으로 전달해 유전자 전사를 조절하는 단백질이며, 이는 세포의 분화, 

증식, 사멸과 혈관신생 및 면역반응 등을 조절하는 것으로 알려져 있다. 

STAT3의 활성화는 정상 상태에서 엄격하게 통제되나 고형 암, 혈액 암 등 

다양한 암에서 과발현 및 지속적인 이상활성화로 비정상적인 세포 성장과 

정상세포에서 악성세포로의 변화, 암세포 증식 등에 영향을 미친다. 따라서 

새로운 STAT3 신호전달 저해제의 개발은 효과적인 항암치료제로서 유망하리라 

사료된다. 

본 연구자는 cyclopentenone PG의 일종인 15-Deoxy-12,14-prostaglandin J2 (15d-

PGJ2)와 그 유도체의 합성 및 STAT3 관련 생리학적 활성 연구를 공동연구로 

수행하여 왔다. 또한, STAT3와 15d-PGJ2의 작용기전에서 착안하여 다양한 

천연물 기반의 화합물로 이루어진 실험실 library에서 STAT3 신호전달을 

저해하는 화합물을 찾고자 하였으며, 보다 효과적인 hit 화합물 도출을 위해 

약리작용단(pharmacophore)을 포함하는 focused library를 구성하였다. 이에 대한 

Breast cancer cell based assay를 수행하여 천연물 Deguelin 유도체 화합물을 

도출하였다. 화합물의 작용기전이 Michael addition임을 확인하였으며, STAT1 

대비 STAT3의 활성화를 선택적으로 저해하고, 정상세포와 STAT3 과발현 

세포에서 선택적인 세포사멸효과를 보여 분자 선택적 항암제로의 개발 

가능성을 보여주었다. 이러한 Hit 화합물의 작용기전을 기반으로 치환기에 따른 

활성 변화를 관찰하고자 유도체 화합물을 설계, 합성하였다. In vitro 효능 평가 

결과를 기반으로 화합물간의 구조-활성 관계를 확립하기 위해 추가적인 연구가 

수행 중이다. 

Keyword: STAT3, small molecule inhibitor, 15d-PGJ2, focused-library, Michael addition 
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