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Abstract 

Natural products have a significant influence on the development of chemical 

treatments for diseases as well as the exploration of biological pathways and are still a 

major pipeline for novel drug discovery. However, their use has diminished in past 

decades, because of technical barriers to secure compounds. Recently, the development 

of new techniques, such as combinatorial chemistry and high-throughput screening, 

revitalizes the value of natural products. In this regard, the synthetic studies of natural 

products and their analogs for biological evaluations are still important for utilizing 

them. 

Subglutinols A and B were reported as natural immunosuppressive products. 

Our group reported the first total synthesis of subglutinols A and B and also revealed 

that subglutinol A effectively blocks T-cell proliferation and survival in vitro and in vivo. 

However, subglutinols cannot be easily obtained from natural sources and synthesis of 

these molecules is challenging because of their structural complexity. Therefore, our aim 

has been to develop structurally simple and readily synthesized subglutinol-derived 

chemical probes for the investigation of autoimmune mechanisms. In attempts to 

develop a more efficient biological probe as well as a potential therapeutic, we designed 

and synthesized subglutinol A analogs, and then evaluated their biological activities. 

Our efforts have resulted in the identification of simple analog 2.170, based on several in 
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vitro experiments, which led to the evaluation of in vivo efficacy in EAE mouse model. 

Although the analog 2.170 treated mice were worse than the DMSO control group, we 

were able to find the reason by immune profiling. We hope this study could be a good 

starting point to develop new immunosuppressants.  

Grayanoids are isolated from the plants of Ericaceae and exhibit a wide variety of 

biological activities. Recently, the potent antinociceptive activities of rhodojaponins, 

which belong to the diterpenoids of grayanoids, were reported. Although over 290 

natural grayanoids have been identified, only one total synthesis was reported in 1994. 

Rhodojaponins possess a 5/7/6/5 membered fused ring system, which is the featuring 

structure of grayanane diterpenoids. Therefore, a unique structural feature and 

remarkable biological activities determine these molecules as a great target for the total 

synthesis. Our synthetic efforts focused on the conjugate addition to establish the 

quaternary carbon center and the Conia-ene reaction to obtain the 6/5 bicyclic system. 

These synthetic strategies will contribute to the completion of the total synthesis of 

rhodojaponins in the future. 
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1. Introduction  

1.1 Natural Products in Development of Chemical Probes and 

Therapeutics 

 Living organisms produce chemical compounds or substances, which are known 

as natural products. Natural products have a broad spectrum including biotic materials, 

metabolites, and other natural materials.1 Historically, natural products from plants and 

animals were the source of all medical preparations for the treatment of a variety of 

ailments.2 Therefore, natural products have long been explored as irreplaceable 

resources of drug development as well as inspirations of biological phenomena and 

biochemical pathways. To date, natural products significantly contribute to the field of 

drug discovery and chemical biology.3, 4  

 There have been many examples of natural products being used in drug 

discovery efforts (Figure 1). One of famous example is acetylsalicylic acid (aspirin) 

derived from the natural product salicin, which was isolated from the bark of the willow 

tree Salix alba L.5 Willow bark extract have been used from ancient as a pain, fever, and 

inflammation reliever and in 1853, acetylsalicylic acid was synthesized by Gerhardt. 

Aspirin is still one of the most widely used medication. Paclitaxel (Taxol®) is a secondary 

metabolite natural diterpenoid, isolated from the bark of the Pacific yew Taxus brevifolia 

by Wani and co-workers in 1967.6 Paclitaxel is used for a number of types of cancer 

including ovarian, breast, lung, cervical, and pancreatic cancers.7 Another classical 



 

2 

example is morphine, isolated from the opium poppy plant Papaver somniferum L. by 

Serturner in 1804.8 Morphine acts directly on the central nerve system (CNS) to decrease 

pain. Despite serious side effects such as addictiveness, morphine is widely used to treat 

both acute and chronic pains.9, 10 

 

Figure 1: Structure of acetylsalicyclic acid, paclitaxel, and morphine. 

 

 An analysis of drugs that have been worldwide approved since 2000 reveals still 

the importance of natural products in drug discovery (Figure 2).11  New drugs approved 

from a New Drug Application (NDA) are New Chemical Entities (NCEs) and from a 

Biologics License Application (BLA) are New Biological Entities (NBEs). Figure 2A 

shows the classification of worldwide NCEs approved from 2000 to 2013 as NP-derived 

NCEs (Natural Product derived New Chemical Entities), NP-derived ADCs (Natural 

Product derived Antibody Drug Conjugates) and other NCEs by Butler and co-workers 

in 2014. NP-derived drugs consistently account for an important number of launched 

drugs: 3 of 19 in 2009 (14%), 6 of 19 (32%) in 2010, and 3 of 25 in 2013 (12%). Among all 



 

3 

approved NCEs from 2000 to 2013, the 54 NP-derived NCEs and 2 ADCs are also 

classified as NP (Natural Product), SS NP (Semi-Synthetic Natural Product), NP derived, 

and ADCs. As shown in Figure 2B, unmodified NPs account for a significant number of 

the 56 NP-derived drugs (14, 25%).  
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Figure 2: Worldwide approved drugs. A, Worldwide New Chemical Entities (NCEs) 

approved from 2000–2013 divided into NP-derived NCEs, NP-derived ADCs and other 

NCEs. B, Classification of the 54 NP-derived NCEs and 2 ADCs approved from 2000–

2013. Figure adopted from ref 11. 
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 Natural products have a huge impact on the development of chemical biology as 

chemical probes to explore biological pathways and protein functions (Figure 3).3 

Schreiber and co-workers reported the utilization of the natural product as a chemical 

probe in 1996.12 They studied about histone deacetylase functions by using trapoxin as a 

chemical probe. Trapoxin is a cyclotetrapeptide which was isolated from the fungus 

Helicoma ambients. Trapoxin was reported to irreversibly inhibit histone deacetylase in 

vitro and in vivo causing cell cycle arrest in mammalian cells. Therefore, the authors 

hypothesized that the electrophilic epoxy-ketone moiety in trapoxin may participate in a 

covalent bond with the protein target. To identify the protein target, they developed a 

trapoxin-based affinity resin, known as K-trap. Utilizing K-trap, they detected Rpd3p, 

the yeast transcriptional regulator possessing histone deacetylase activity. Through this 

study, the relationship between histone deacetylases (HDACs) and transcriptional 

regulation was started to discover, which led to the development of HDAC inhibitors for 

cancer treatments.13  

 Another representative example is the use of bacterial natural products FK506 

and rapamycin to explore several cellular processes in the immune responses. FK506 

known as tacrolimus is a macrolactam natural product, which was isolated from the 

fermentation broth of the bacterium Streptomyces tsuubaensis in 1987.14 Rapamycin (also 

known as sirolimus) is a macrolide produced by Streptomyces hygroscopicus.15 Both FK506 

and rapamycin showed high level of immunosuppressive activities in vitro and in vivo, 
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including inhibition of cytotoxic T-cell generation and the production of T-cell derived 

soluble mediators.16-18 Both of them also bind to FK506-binding protein (FKBP), but 

downstream mechanisms of action are different. The FKBP-FK506 complex inhibits 

calcineurin, which results in the reduction of T-cell signal transduction and interleukin-2 

(IL-2) production.19 The FKBP-rapamycin complex binds the mammalian target of 

rapamycin (mTOR), which led to the inhibition of responses to IL-2.20, 21 Thus, studying 

natural product-protein interactions discovered that two natural products are 

structurally similar but influence discrete T-cell signal transductions pathways.  

 

 

Figure 3: Structure of trapoxin, rapamycin, and FK506. 

 

 

Despite significant contributions of natural products as a rich source for studying 

biological systems or drug discovery, their use has been diminished in the past decades. 
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There are concerns about the difficulties associated with the repeated isolation of 

compounds and with synthesizing natural products.4 Also, new techniques such as 

combinatorial chemistry, high-throughput screening, bioinformatics, and proteomics 

have emerged as alternative concepts to circumvent some of the drawbacks of natural 

products. However, natural products have their own irreplaceable properties including 

a wide range of pharmacophores, a high degree of stereochemistry and biological 

activities. Additionally, advancements of the aforementioned new techniques have 

facilitated a revival of interest in natural products.22, 23 Therefore, the future for natural 

products is very bright. Based on this perspective, this dissertation aims at synthetic 

studies about biological active natural products and their analogs. 
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2. Design, Synthesis, and Biological Characterization of 
Subglutinol A Analogs 

2.1 Introduction 

2.1.1 Autoimmune Diseases 

Innate immune mechanisms generally function immediate and non-specific 

responses against foreign infectious agents as the first line of defense. Adaptive immune 

mechanisms involve the engagement of receptors driven by specific signals and the 

main components include B- and T-lymphocytes. In general, self-tolerance is mediated 

by the acquired immune systems (Figure 4).24 In the process of central tolerance, naïve 

lymphocytes (Th0 class) learn to ignore self-elements as potential targets, and 

thymocytes with excess reactivity to self-antigen are eliminated by apoptosis or 

programmed cell death. In peripheral tolerance, regulatory T-cells inhibit, kill, or turn 

off mature self-reactive lymphocytes by antigen-presenting cells (APC). The loss of one 

or multiple self-tolerance mechanisms, which immune cells are unable to distinguish 

self- and non self-antigens, is the hallmark of autoimmune diseases. The breakdown of 

mechanisms controlling immune tolerance is believed to be responsible for the attack of 

self-antigens by auto reactive lymphocytes, leading to tissue injury.25 However, the 

mechanisms responsible for a breakdown in tolerance are poorly defined. The presence 

of auto-antibodies and inflammation by mononuclear phagocytes, auto-reactive T-

lymphocytes, or plasma cells (auto-antibody producing B-cells) are a common feature of 

all autoimmune diseases.26  
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Figure 4: Central and peripheral tolerance mechanisms. The central tolerance takes 

place in the thymus. Thymocytes undergo a maturation and selection process in which 

strongly self-reactive thymocytes are deleted. Only thymocytes that are activated by self-

peptide and major histocompatibility complex (MHC) below a certain threshold are 

positively selected and migrate into the periphery as mature T cells. Most of these 

thymic emigrants develop into effector CD4+ and CD8+ T cells, and mediate both 

humoral (antibody-mediated) and cellular immune responses. A small percentage of T 

cells that emigrate from the thymus express the transcription factor FOXP3 and develop 

into CD4+, CD25+ and CTLA4+ regulatory T cells (natural TReg cells). Figure reused with 

the permission from ref 24. 
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The combination of genetic/epigenetic and environmental factors such as 

hormone, chemical diet, toxins and drugs, and infections contributes to develop 

autoimmune diseases.27, 28 There are more than 80 types of autoimmune diseases 

including type 1 diabetes, rheumatoid arthritis (RA), multiple sclerosis, systemic lupus 

erythematosus, Addison’s disease, inflammatory bowel disease, and Sjögren’s 

syndrome. The symptoms of autoimmune diseases depend on individual diseases, but 

inflammation is usually the first sign of an autoimmune disease. According to 

womenshealth.gov, overall 23.5 million Americans suffer from autoimmune diseases. 

Especially, women are greater risk of acquiring autoimmune diseases than men. Almost 

5% of the world population are affected by autoimmune diseases, and among this 5%, 

women account for approximately 75%.27 Additionally, many autoimmune diseases start 

at a relatively young age in women, and thus their social and economic impacts are 

enormous.29 

 

2.1.2 Current Treatments of Autoimmune Diseases and Challenges 

The treatment of autoimmune diseases is typically based on 

immunosuppressants or cytotoxic drugs.30 The first-generation immunosuppressive 

drugs are cytostatic and antiproliferative agents, such as azathioprine, methotrexate, and 

cyclophosphamide.31 However, they cause serious non-specific bone marrow 

http://womenshealth.gov/
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suppression and chromosomal breakage in many different types of cells.32, 33 To reduce 

these side effects, T-cell selective inhibitors, including cyclosporin A (CsA), FK506 

(tacrolimus), and rapamycin (sirolimus), were developed. Cyclosporin A is a cyclic 

undecapeptide natural product that exhibits potent immunosuppressive activity by 

binding cyclophilin A, which results in inhibition of the phosphatase calcineurin, and 

thus preventing the generation of the nuclear factor of activated T-cells (NF-AT) (Figure 

5). However, several serious side effects including nephrotoxicity are the major 

limitations of cyclosporin A. FK506 and rapamycin show significantly improved T-cell 

selectivity, but they also possess serious side effects, such as hyperglycaemia and 

nephrotoxicity. More recently, antiproliferative immunosuppressive drugs are being 

developed, namely mycophenolate mofetil, leflunomide, and brequinar. However, 

mycophenolate mofetil has no effect on long-term graft survival rates and leflunomide 

and brequinar are significantly toxic.30, 34, 35 

 

Figure 5: Structure of cyclosporin A. 
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Biological therapies and monoclonal antibodies are another treatment for 

autoimmune diseases.36 Therapies utilize basic mechanisms operating in autoimmunity 

by targeting modulation of certain cytokines or using therapeutic vaccination with 

regulatory T-cells.37 Currently, 14 biologicals and 2 monoclonal antibodies are applied to 

treatment of autoimmune diseases patients. Although biological therapies show higher 

efficacy than the existing therapies, these therapies are expensive and cause severe side 

effects, which results in a profound impact on some patients.38 Therefore, the need to 

develop alternatives that lack serious side effect is urgent.   

 

2.1.3 Backgrounds of Subglutinols A and B 

2.1.3.1 Structurally Similar Diterpenoid Natural Products 

 There have been several reported pyrone-diterpenes and related natural 

products.39  This intriguing diterpenoid pyrone natural products have been only isolated 

in fungal strains so far and exhibit a wide variety of biological activities, such as 

immunosuppressive activities, anticancer, antihypersensitive, insecticidal, anti-

inflammatory, bronchospasmolytic, and laxative. In this section, a brief overview of the 

isolation, the synthesis, and biological characterization of these natural products will be 

presented (Figure 6). 
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 Clardy and co-workers reported the isolation and structural elucidation of two 

metabolites viridoxins A and B from the entomopathogenic fungus Metarhizium 

flavoviride in 1993.40 Their absolute configurations were elucidated by extensive NMR 

studies and preparing chiral esters with (R)- and (S)-O-methylmandelic acid. Viridoxins 

A and B are potent insect toxins. Interestingly, hydrolysis of viridoxins results in the 

complete loss of insecticidal properties. In 2009, matarhizins A and B were also isolated 

from the same entomopathogenic fungus Metarhizium flavoviride by Oshima and co-

workers.41 Their relative configurations were elucidated by several NMR studies, then 

the absolute configuration of matarhizin A was determined by converting it to viridoxin 

A. Matarhizins A and B potently inhibited insect cell proliferation as well as human 

cancer cell lines, such as K562 (leukemia), A540 (lung cancer), and HCT116 (colon 

cancer). Watanabe and co-workers reported the isolation and the structural elucidation 

of new natural products subglutinol C and D from the entomopathogenic fungus 

Metarhizium robertsii ARSEF23 in 2016.42 After the elucidation of their structures, they 

identified the gene cluster which are responsible for the formation of subglutinols by 

bioinformatic analysis. 
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Figure 6: Structures of diterpenoid pyrones 

 

 Sesquicillin was isolated from the culture broth Acremonium sp., strain 132-94 by 

Erkel and co-workers in 1998 as an inhibitor of glucocorticoid mediated signal 

transduction.43 Sesquicilin inhibited the glucocorticoid induced reporter gene expression 
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and also was reported to strongly induce G1 phase arrest in human breast cancer. The 

first total synthesis of sesqucillin was reported by Danishefsky and a co-worker in 2002 

(Scheme 1).44 The synthesis was started from the known ketone 2.001 and the 

homoprenyl chain was installed by Wittig reaction. The allyl alcohol 2.003 was 

constructed for the crucial [3,3]-sigmatropic rearrangement. The screening of Claisen-

related protocols resulted in the application of the stereoselective Eschenmoser variation 

to introduce the C3 exo-methylene functionality as well as the ,-unsaturated N,N-

dimethylamine group. They completed the synthesis of sesquicilin 2.008 by the aldol-

type coupling reaction to assemble the requisite carbon framework for an α-pyrone 

formation and DBU mediated enol lactonization.  
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Scheme 1: Danishefsky’s the total synthesis of (±)-sesquicilin 

 

 Nalanthalide was isolated from the fungal culture broth of Nalanthamala sp. by the 

Merck research group in 2001.45 The structure and stereochemistry of nalanthalide was 

elucidated by extensive 2D NMR studies. Nalanthalide represents a class of voltage-

gated potassium (Kv 1.3) channel blocker and inhibits the binding of ChTX to Jurkat cell 

membranes. Katoh and co-workers reported the first total synthesis of nalanthalide in 

2006, as shown in Scheme 2.46 They adopted the Danishefsky’s procedure with slight 
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modification to achieve the allylic alcohol and then, the subsequent stannylmethylation 

gave the stannyl methyl ether 2.009. The first key feature of the Katoh’s synthesis is the 

stereo-controlled [2,3]-Wittig rearrangement of 2.009 to construct the C8 exo-methylene 

functionality as well as the desired axial alcohol at C9 position. After Dess–Martin 

oxidation, the crucial coupling reaction of the resulting aldehyde 2.010 with bromo-𝛾-

pyrone was investigated to afford 2.011. The synthesis of nalanthalide 2.012 was 

completed by Barton–McCombie deoxygenation, TBS deprotection, and acetylation.  

 

 

Scheme 2: Katoh’s the total synthesis of (–)-nalanthalide 

  

 The Merck research laboratories also reported the isolation and the structural 

elucidation of candelalide A–C from fermentation broths of Sesquicillium candelabrum in 
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2001 as blockers of the voltage-gated potassium channel Kv1.3.47 After successfully 

synthesized nalanthalide, Katoh and co-workers reported the first total synthesis of 

candelalides A–C in 2009.48 As shown in Scheme 3, the synthetic route was almost 

identical to their previous synthesis of nalanthalide with slight modifications to achieve 

the common intermediate 2.018. The deprotection of TES group in 2.018 resulted in the 

subsequent cyclized semiacetal 2.019 for the construction of A ring in candelalides, 

followed by the elimination reaction to complete the synthesis of candelalide A. In the 

case of the synthesis of candelalide C, the requisite homoprenyl side chain was obtained 

by the Wittg reaction of the aldehyde 2.018 and then, the chemoselective epoxidation 

with m-CPBA provided 2.020. The synthesis of candelalide C 2.022 was completed by 

the deprotection of TES group in 2.020 and subsequent cyclization to form the 

tetrahydropyran ring (A ring). 
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Scheme 3: Katoh’s the total synthesis of (–)-candelalides 
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2.1.3.2 Isolation, Structural Elucidation, and Biological Characterization of 

Subglutinols A and B 

 

 

Figure 7: Structures of subglutinols A and B 

 

Stroble, Clardy, and co-workers first reported the isolation, structural 

elucidation, and biological characterization of two novel immunosuppressive diterpene 

pyrones subglutinols A and B in 1995 (Figure 7).49 They explored endophytic fungi that 

live in the intercellular spaces, and then the screening fungi from perennial twining vine 

Triperygium wilfordii led to the discovery of these two immunosuppressive compounds. 

Subglutinols A and B were isolated from Fusarium subglutinans, an endophytic fungus 

from T. wilfordii. The ethyl acetate extract of the culture medium of F. subglutinans was 

subjected to silica gel chromatography and reverse phase HPLC to give two natural 

products. The structural elucidation and relative stereochemistry were assigned by the 

extensive NMR spectroscopic analysis, high resolution fast-atom bombardment mass 

spectrometry (HRFABMS), and X-ray diffraction analysis. They deduced the planar 

structure of subglutinol A from the analysis of 1D- and 2D-NMR spectra, such as 1H 
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NMR, 13C NMR, HMBC, ROESY, COSY, and HMQC. Through NOE experiments, they 

determined that subglutinol B is the C12 epimer of subglutinol A, confirming the 

assigned stereochemistry by a single crystal X-ray diffraction analysis of subglutinol B 

(Figure 8). The absolute configurations were tentatively inferred from the structurally 

related natural products viridoxins A and B (Figure 6). In conclusion, subglutinol A and 

B possess a tricyclic ring system consisted of a trans-fused decline ring and trisubstituted 

tetrahydrofuran ring, an exocyclic double bond, and an α-pyrone appendage at C4 

position.  

 

 

Figure 8: X-ray crystal structure of subglutionl B. Figure reused with the permission 

from ref 49. 
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After the isolation and the structural elucidation of subglutinols A and B, Clardy 

and co-workers examined the immunosuppressive activities of these compounds. 

Subglutinols A and B are equipotent in the mixed lymphocyte reaction (MLR) assay and 

thymocyte proliferation (TP) assay (IC50 = 0.1μM). This result suggested that the C12 

stereogenic center, which the difference of the two compounds would not participate in 

the interaction with the biological target. Next, to compare immunosuppressive 

activities of subglutiols A and B to currently an FDA approved drug, they performed the 

same assay using cyclosporin A. Subglutinols turned out to be roughly as potent as 

cyclosporin A in the MLR assay and 104 times more potent in the TP assay.49 
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2.1.3.3 Hong’s Total Synthesis of Subglutinols A and B 

 

Scheme 4: Retrosynthesis of subglutinols A and B by Hong 

 

The first total synthesis of subglutinols A and B was completed by our group in 

2009 (Scheme 4).50, 51 Based on methods of the installation of α-pyrone, the synthetic 

routes involved two distinct strategies. Furthermore, the reductive deoxygenation was 

utilized for the introduction of the tetrahydrofuran ring in subglutinol A. For the 
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synthesis of the tetrahydrofuran ring in subglutinol B, the tandem olefin cross 

metathesis (CM) followed by intramolecular SN2’ cyclization was applied.   

As shown in Scheme 5, to begin the first-generation synthesis, 2.033 was 

subjected to ozonolysis, addition of TIPS-acethylene, and MnO2 oxidation to provide the 

-hydroxy ketone 2.031. The formation of the key tetrahydrofuran ring in 2.035 was 

accomplished by the BF3⋅OEt2-promoted reductive deoxygenation reaction in 91% yield. 

Treatment of 2.033 with allyl chloride in the presence of Grubbs 2nd catalyst afforded 

the corresponding 2.030 by the tandem CM and intramolecular SN2’ reaction. 

Compounds 2.029 and 2.030 were transformed to the stannyl methyl ether 2.036 and 

2.037 by following the known procedures established by Danishefsky and Katoh. 

Subjection of 2.036 and 2.037 to [2,3]-Wittig rearrangement gave the allylic alcohols, 

followed by Dess–Martin oxidation to provide the appropriately functionalized 

aldehydes 2.038 and 2.039. First, a direct coupling of the activated decalin moiety 2.037 

and the metallated α-pyrone moiety failed, due to the steric congestion around the 

decalin moiety. Next, the coupling reaction of 2.037 with α-pyrone moiety smoothly 

proceeded, but the deprotection of methyl group under various conditions (NaOH, HCl, 

BCl3, BBr3, or TMSI) resulted in either no reaction or complex reaction mixture. Lastly, 

the coupling reactions of 2.038 and 2.039 with -pyrone moiety, which was developed by 

Katoh group, were adopted to generate 2.040 and 2.041, followed by Barton–McCombie 

deoxygenation and olefin cross-metathesis to afford 2.042 and 2.043. Hydrolysis and 
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subsequent tautomerization of 2.042 and 2.043 successfully resulted in the completion of 

the synthesis of subglutinols A and B. 

 

 

Scheme 5: Hong’s first-generation synthesis of subglutinols A and B 
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To further improve the efficiency of the first-generation synthesis of subglutinols 

A and B, we developed the second generation of the synthesis of subglutinols A and B 

(Scheme 6). We envisioned Cu(I)-mediated intermolecular SN2’ alkylation to establish a 

more straightforward and efficient for the installation of the α-pyrone. Formation of 

2.049 and 2.050 from the phosphates 2.046 and 2.047 by Cu(I)-mediated intermolecular 

SN2’ reaction in the presence of CuI⋅2LiCl with the Grignard reagent 2.048 was 

successfully accomplished in good regioselectivity. Aldol reactions of 2.051 and 2.052 

with the pyrone precursor 2.053, subsequent oxidation, deprotection of dithaine, and 

DBU-mediated cyclization completed the second-generation synthesis of subglutinols A 

and B. 

 

 

Scheme 6: Hong’s second-generation synthesis of subglutinols A and B 



 

27 

2.1.3.4 Katoh’s Total Synthesis of Subglutinols A and B 

 

Scheme 7: Retrosynthesis of subglutinols A and B by Katoh 

 

Katoh and co-workers reported the total synthesis of sugblutinols A and B in 

2011.52 As shown in Scheme 7, the Katoh’s strategy for the tetrahydrofuran ring 

construction was the internal SN2 cyclization of diols 2.056 and 2.057, by which the 

requisite stereogenic center at C12 was established. Their previously developed 

procedure for the installation of -pyrone and [2,3]-Wittig rearrangement was adopted. 

 To commence the synthesis of subglutinols A and B, 2.013 was subjected to 

LiAlH4 reduction, ketal deprotection, and TES protection to afford 2.061 (Scheme 8). The 

conversion of 2.061 to the stannyl methyl ether 2.060 was achieved by the application of 

their previous procedure in 6 steps (Scheme 2). The crucial [2,3]-Wittig rearrangement of 
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the stannyl methyl ether 2.060 provided the desired homo allylic alcohol 2.059 (75%) 

with the C4 epimer (10%) under the condition optimized in their previous work. Dess–

Martin oxidation of 2.062 and the addition of -pyrone gave the expected coupling 

product 2.063. Barton–McCombie deoxygenation to remove the hydroxyl group, 

followed by site selective Lemieux–Johnson oxidation using OsO4 and NaIO4 furnished 

the requisite aldehyde intermediate 2.056. For the target subglutinol A, the sequence 

involved stereo-controlled formation of the tetrahydrofuran ring by the nucleophilic 

addition using a Grignard reagent. In the case of the synthesis of subglutinol B, the 

common intermediate 2.056 was converted to its C12 epimer 2.057 by oxidation and 

subsequent DIBAL-H reduction. After deprotection of TES group in 2.056 and 2.057, the 

resulting diols were subjected to the crucial SN2 type cyclization with TsCl in pyridine. 

The stereochemistry of C12 in the cyclized product 2.064 and 2.065 was determined by 

the prerequisite stereogenic center at C12 in the diols. Hydrolysis of -pyrone moiety 

completed the synthesis of subglutinols A and B. 
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Scheme 8: Katoh’s total synthesis of subglutinols A and B 

 

2.1.3.5 Baran’s Total Synthesis of Subglutinols A and B 

Baran and co-workers reported a divergent synthesis of pyrone diterpenes 

including the formal synthesis of subglutinols A and B and the total synthesis of 

higginsianins A and B via radical cross-coupling in 2018.53 Key features of the synthesis 

included the construction of C–C bonds through decarboxylative Giese-type reaction 
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and alkenylation cross couplings (Scheme 9). The synthesis commenced with the 

preparation of 2.068 by Mn-mediated radical polycyclization from polyene 2.067. They 

improved this Sinder cyclization, such as the use of cheap Mn(II)-acetate instead of 

expensive Mn(OAc)3, electrochemical conditions, the use of Cu(sal)2, and the reduction 

of metal-based waste. Formation of 2.069 was accomplished by a diastereoselective 

Tsuji-allylation using achiral H-PHOX, quenched with LiAlH4 to obtain the alcohol. 

Sharpless’s V-directed epoxidation of resulting alcohol and in situ cyclization provided a 

single THF diastereomer 2.069. SeO2-mediated allylic oxidation, TES protection, and 

hydroboration/oxidation furnished the acid 2.070 set the stage for a key decarboxylative 

radical cross-coupling. The acid 2.070 was subjected to Giese-type radical cross-coupling 

with the methyl acrylate to provide 2.071 in 44% yield for 2 steps (dr = 4:1). Formation of 

keto-aldehyde using PPTS and Dess–Martin periodinane, and subsequent Takai–

Lombardo olefination provided 2.072, completing the formal total synthesis of 

subglutinol A. For the synthesis of subglutinol B, treatment of 2.071 with PPTS and 

TPAP/NMO, followed by Ni-catalyzed radical cross-coupling with alkyl zinc reagent 

delivered the isopropenyl group. The resulting ketone product was converted to 2.052 

by Takai–Lombardo olefination, completing the formal synthesis of subglutinol B. 
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Scheme 9: Baran’s total synthesis of subglutinols A and B 

 

2.1.3.6 Biological Evaluation of Subglutinols A and B 

  After the completion of the synthesis of subglutinols, our group reported 

immunosuppressive activities of subglutinol A (2.023) and related synthetic 

intermediates. Initial biological tests showed that subglutinol A (2.023) (IC50 = 25 nM) 

was indeed more potent than cyclosporin A (IC50 = 89 nM) in MLR assay. The 
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preliminary SAR study of subglutinol A and related synthetic intermediates suggested 

that the pyrone moiety plays an important role in immunosuppressive activity. We also 

showed that the molecular target of subglutinol A is different from that of cyclosporin A 

through the binding study using the SUPREX technique.51, 54 

 Based on the encouraging preliminary data, more comprehensive evaluations of 

in vitro and in vivo immunosuppressive activity of subglutinol A were conducted.55 We 

evaluated the capacity of subglutinol A in suppressing T cell effector responses using 

primary mouse T-cell to assess T-cell proliferation (Figure 9A). After treating with 100 

nM of subglutionl A, the ratio of the undivided T-cells increased, compared to the 

DMSO control, which suggested that subglutinol A and cyclosporin A effectively 

blocked T-cell proliferation on both CD4+ and CD8+ T cell. As shown in the live and 

undivided section, the survival ratio in the subglutinol A treated cells was higher than in 

the cyclosporin A treated cells, which means subglutinol A has a slightly lower 

cytotoxicity for undivided T-cells. Also, we tested whether subglutinol A affects 

cytokine productions in fully differentiated effector CD4+ T-cells. The production of pro-

inflammatory cytokines makes diseases worse and cause fever, inflammation, tissue 

disruption, and in some cases, shock and death. Therefore, blocking the production of 

these pro-inflammatory cytokines would be therapeutically beneficial. The percentage of 

IFN-producing cells in fully differentiated Th1 cells was diminished from 90% to less 

than 1% with 10 nM subglutinol A treatment (Figure 9B). Subglutinol A suppressed 
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IFN production more effectively than cyclosporin A. In the case of Th17 effector 

responses, the production of IL-17A was effectively suppressed by the treatment with 

subglutinol A (Figure 9C).  

 

 

Figure 9: In vitro results of treatment of subglutiol A in T-cells. A, T cell 

proliferation and apoptosis after subglutinol A treatment. B, The percentage of IFN 

production in fully differentiated Th1 cells. C, The percentage of IL-17A production in 

fully differentiated Th17 cells. Figure reprinted with the permission from ref 55. 
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 Additionally, our group demonstrated that subglutinol A showed promising in 

vivo efficacy in antigen-induced delayed hypersensitivity (Figure 10).  The classical Th1-

driven inflammatory response of delayed-type hypersensitivity was utilized to assess in 

vivo immunosuppressive effect of subglutinol A. The tissue integrity of the antigen 

treated mice was severely disrupted in the comparison of the tissue of the antigen free 

mice. However, in the case of the treatment with equimolar amount of the antigen and 

subglutinol A, the tissue injury was ameliorated, and the inflammation-induced footpad 

swelling was blocked. Taken together, these in vitro and in vivo results suggested the 

potential of subglutinol A as a novel therapeutic for inflammatory diseases.55  

 

Figure 10: Antigen induced delay hypersensitivity responses in vivo after subglutinol 

A treatment. Figure reused with the permission from ref 55. 

 

 

2.1.3.7 Limitations of Developing Subglutinol A as an Immunosuppressive Agent 

 As mentioned in Section 2.1.3.6, subglutinol A possesses promising 

immunosuppressive activities. However, there are several challenges for subglutinol A 
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to be further developed as a new immunosuppressive agent; its structural complexity 

and unknown mode of action. As subglutinols cannot be easily obtained from natural 

sources, the synthesis of these natural products is necessary. However, their structural 

complexity makes the synthesis of these molecules challenging. Hence, we set our main 

goal as to define the structural requirements for their immunosuppressive activity, 

through SAR studies of subglutinol A analogs, which then allows the structural 

modifications for high activity and lack of toxicity. In this regard, we focused on the 

synthesis and biological characterizations of subglutinol A analogs to establish 

structure–activity relationship as well as define pharmacophore. 

 

2.2 Results and Discussions  

2.2.1 Plan of Structure Activity Relationship Studies 

One of the most critical aspects of drug discovery programs driven by natural 

product is the identification of structurally simple and readily synthesized compounds. 

Based on the structure of subglutinol A, the new analogs were designed to determine 

key pharmacophores as well as specificity and safety properties. Subglutinol A consists 

of four regions: tetrahydrofuran (THF) region, decalin region, α-pyrone region, and exo-

methylene region (Figure 11). Each of regions were modified to understand the 

structural requirements for immunosuppressive activities of subglutinols. First, to 
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investigate the THF region in the structure of subglutinol A, de-THF analog (2.073) and 

allyl analog (2.074) were proposed. The THF core was replaced to allyl group to assess 

the effect of acyclic form. In the case of de-THF analog, all parts of the THF region were 

removed to assess the effect of THF ring. Second, the decalin subunit was replaced to a 

naphthalene moiety (2.076) to simplify key structure and overcome synthetically 

difficulties. Also, as a potential pharmacophore, we hypothesized that the α-pyrone may 

function as an electrophile at the molecular target.54 To test this hypothesis, a phenyl 

group was introduced instead of the α-pyrone (2.076). Lastly, to introduce exo-

methylene group in subglutinol A, 7 steps were more needed, and the installation of exo-

methylene group was not efficient. Therefore, to reduce synthetic hardship and 

determine the effect of exo-methylene group, de-exo-methylene analogs were designed 

(2.077, 2.078). 

 

 

 

Figure 11: Plan for SAR study of subglutinol A 



 

37 

2.2.2 Synthesis of 1st generation Subglutinol A Analogs 

2.2.2.1 Optimization of Subglutinol A Synthesis 

Because subglutinol A itself was needed for more comprehensive biological 

evaluations, the synthesis of subglutinol A was conducted at first. During the synthesis 

of subglutinol A, several steps were modified and optimized.  

As shown in Scheme 10, the common intermediate 2.001, prepared from the 

enantiomerically pure (S)-(+)-5-methyl-Wieland–Miescher ketone,56 was subjected to 

reductive alkylation to provide 2.013.51 Reduction of the ketone 2.013 to the 

corresponding alcohol 2.033 and ozonolysis afforded the lactol 2.079. However, the 

addition of (triisopropylsilyl)acetylene to 2.079 was problematic during the gram-scale 

reaction. The n-butyl adduct product 2.083 instead of the desired product 2.080 was 

obtained.  It would seem that the n-butyl group was added to the lactol 2.079, because 

the lithiation of 2.082 did not work in the gram-scale reaction. 
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Scheme 10: Synthesis of propargylic alcohol 2.080 

  

 To overcome the lithiation problem using n-BuLi for the addition of TIPS-

acetylene, we decided to use commercially available vinylmagnesium bromide. We 

expected that the resulting allylic ketone 2.085 could be cyclized by the reductive 

deoxygenation. Addition of vinylmanesium bromide to the lactol 2.079 provided allyl 

alcohol 2.084, which was followed by MnO2 oxidation to obtain the -hydroxy ketone 

2.085. In our previous report, the reductive deoxygenation with BF3⋅OEt2 and NaBH3CN 

of the same starting material 2.085 failed to get the desired product 2.029.51 Only the 2-

ethyltetrahydroguran side product was obtained through 1,4-addition of a hydride to 
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the alkene group in the intermediate, followed by 1,2-addition of a hydride. Therefore, 

different reaction conditions instead of BF3⋅OEt2 and NaBH3CN were attempted for the 

reductive deoxygenation of allylic ketone 2.085 (Table 1). However, none of these 

reaction conditions resulted in any desired product. Only decomposition of the starting 

material was obtained with no product formation on TFA and Et3SiH condition, while 

there was no consumption in the starting material on BF3⋅OEt2 and Et3SiH condition. 

 

Table 1: Attempts for BF3·OEt2 promoted reductive deoxygenation 

 

entry conditions yield 

1 TFA, Et3SiH, CH2Cl2, –78 °C decomposed 

2 BF3·OEt2, Et3SiH, CH2Cl2, –78 °C no reaction 

  

 Back to the original reaction condition, we thought that 10 min for the lithiation 

was not be enough to generate the lithiated TIPS-acetlyene in the gram-scale. Thus, we 

anticipated that the longer lithiation time might be helpful to generate the lithiated TIPS-

acetylene. With 30 min lithiation time, the desired propargylic alcohol 2.080 could be 

successfully obtained.  The -hydroxy ketone 2.031 was prepared by MnO2 oxidation.  
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The -hydroxy ketone 2.031 was converted to 2.035 by stereoselective reductive 

deoxygenation, followed by the deprotection of TIPS group in 2.035 by TBAF. 

 

Scheme 11: Preparation of 2.086 

  

 In the case of the partial reduction with Lindlar’s catalyst, the reported condition 

was 10 wt.% of Lindlar’s catalyst and 3 h of the reaction time (entry1). At first, the 

reported condition was followed, but only the fully reduced product 2.087 was 

produced. To obtain the desired alkene product 2.029, we further improved the partial 

reduction conditions, in particular the amount of Lindlar’s catalyst and the reaction time 

(Table 2). The result of partial reduction could be greatly promoted when both 
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conditions were changed. Pleasingly, we succeeded in synthesizing only the desired 

product 2.029 with 5 wt.% of Lindlar’s catalyst for 20 min in 91% yield, suggesting that 

two factors have a decisive effect on this reaction. 

Table 2: Partial reduction with Lindlar’s catalyst 

 

entry 
amount of  

Lindlar’s catalyst 
time 2.029:2.087 yield 

1 10 wt.% 3 h 2.087 only - 

2 10 wt.% 1 h 1:3.5 - 

3 8 wt.% 30 min 1:0.2 - 

4 5 wt.% 30 min 1:0.1 - 

5 5 wt.% 20 min 2.029 only 91% 

 

 One of the important steps in the total synthesis of subglutinol A is the 

installation of the pyrone. The reported procedure was the coupling with the aldehyde 

and bromo--pyrone. However, we attempted the addition of bromo-α-pyrone 2.089 to 

install the pyrone part straightforwardly (Scheme 12). The key aldehyde intermediate 

2.038 was obtained by Dess–Martin oxidation. The crucial coupling of the aldehyde 

intermediate 2.038 with lithio-α-pyrone was attempted via a bromine/lithium exchange. 

Unfortunately, the undesired product 2.090 was obtained upon the treatment of 5 equiv. 
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of bromo-α-pyrone and 5 equiv. of n-BuLi which was the reported condition. 

Presumably, following the bromine/lithium exchange, the base deprotonated the acidic 

proton of α-pyrone, causing the side reaction to form 2.090. Therefore, a smaller amount 

of n-BuLi (4 equiv.) than bromo-α-pyrone (5 equiv.) was used to prevent the side 

reaction. Under this condition, the homo allylic alcohol 2.091 could be achieved. 

 

 

Scheme 12: Attempts for coupling of decalin and -pyrone 
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 With the key intermediate 2.091 in hand, the Barton–McCombie deoxygenation 

was attempted to remove the hydroxyl group (Scheme 13). The hydroxy group in 2.091 

was converted to xanthate, which was removed by the radical reaction. Having achieved 

the important deoxygenated product 2.092, we turned our attention to the deprotection 

of the methyl group in the α-pyrone. In our previous report, conversion of the methoxy 

group to the hydroxy group was fail under various conditions (NaOH, HCl, BCl3, BBr3, 

or TMSI).51 Either no reaction or complex reaction mixtures was observed in the methyl 

deprotection reaction. With these observations in mind, we tried to find the appropriate 

references except conditions we tried before. After an extensive investigation of the 

methyl deprotection conditions in the α-pyrone, we decided to adopt the condition 

using sodium thioethoxide in DMF, employed for the first time for such an application 

by Welke and co-workers.57 Finally, the demethylation of the pyrone ether group was 

achieved in moderate yield. However, decomposition of the starting material was 

obtained with Grubbs 2nd catalyst to introduce the isopropylene group. 

 

Scheme 13: Attempts for the demethylation of the -pyrone 
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 At this point, we attempted the introduction of isopropylene group with Grubbs 

2nd catalyst first, and then tried the demethylation of the pyrone ether group (Scheme 

14). The olefin cross-metathesis of 2.092 successfully provided 2.094, and the total 

synthesis of subglutinol A was finished by the conversion of methoxy group to hydroxy 

group in the α-pyrone under the condition of sodium thioethoxide in DMF at reflux. All 

spectral data (1H NMR, HRMS) was in agreement with the reported by previously our 

group, which led to the completion of the total synthesis of subglutinol A. 

 

Scheme 14: Completion of the total synthesis of subglutinol A 

 

2.2.2.2 Synthesis of de-THF Analog 

 The de-THF analog was designed to assess the effect of the THF ring in 

subglutinol A on immunosuppressive activities. The synthesis of de-THF analog started 

with the preparation of optically pure Wieland–Miescher ketone 2.097. At first, the 

asymmetric intramolecular aldol condensation using L-proline was adopted (Scheme 
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15). This procedure was discovered independently by Hajos and co-workers and by 

Eder and co-workers, and then developed by Furst and co-workers to obtain the highly 

optically pure product.58-60 Methyl vinyl ketone 2.095 was converted to the triketone 

2.096, followed by aldol condensation to afford 2.097. After finishing the reaction, the 

product was purified not only by column chromatography but also by recrystallization. 

With the crystal in hand, the optical purity observed by optical rotation. The reported 

literature value of the enantiomerically pure Wieland–Miescher ketone is [α]D = + 100.60 

However, even multiple recrystallizations of the product did not result in the 

enantiomerically pure product. Our observed optical rotation of 2.097 was [α]D = + 60. 

 

Scheme 15: Synthesis of Wieland–Miescher ketone using L-proline 

 

 The study about organocatalysis was emerged in several decades, which led to 

improvements of the preparation of Wieland–Miescher ketone 2.097.61 Among the 

extensive studies about the Robinson annulation of 2.096 using the β-amino acid 

organocatalysis, we decided to utilize binam-proline-sulfonamide 2.098 (Figure 12). This 
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catalyst was developed by Shi and co-workers to examine the asymmetric aldol reaction 

of arylaldehydes with acetone or cyclohexanone, and then adopted to prepare 

enantiopure Wieland–Miescher ketone by Nájera and co-workers.62, 63 They reported that 

Wieland–Miescher and their analogs using this kind of organocatalyst were obtained 

with high enantioselectivities and high yields.  

 

Figure 12: Reported asymmetric aldol reaction using organocatalyst 2.098 
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ethyl chloroformate to activate Boc-L-proline.64 Having successfully obtained the 

coupling product 2.101, the synthesis of the organocatalyst 2.098 was completed by the 

deprotection of Boc group. 

 

Table 3: Synthesis of the bynam-proline-sulfonamide 2.098 

 

entry reagents conditions yield 

1 Boc-L-proline (1.2 eq), DCC (1.2 eq), DMAP (0.16 eq), CH2Cl2 25 °C, 24 h 32% 

2 Boc-L-proline (4.8 eq), DCC (4.8 eq), DMAP (0.64 eq), CH2Cl2 25 °C, 12 h decomposed 

3 Boc-L-proline, HATU, DIPEA, CH2Cl2 25 °C, 24 h no reaction 

4 Boc-L-proline, HATU, DIPEA, HOBt, DMF 25 °C, 24 h no reaction 

5 Boc-L-proline, ethyl chloroformate, Et3N, THF 0 °C to reflux, 16 h 80% 

 

 With the organocatalyst 2.098 in hand, we attempted the Robinson annulation for 

the synthesis of enantiomerically pure Wieland–Miescher ketone (Scheme 16). The 

addition of catalyst 2.098 to triketone 2.096 gave the desired product 2.097 with high 

yield. After the reaction, the product 2.097 was also re-purified by recrystallization after 

column chromatography. The optical rotation of the obtained crystal was evaluated for 
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the initial examination of optical purity. The observed optical rotation of 2.097 was [α]D = 

+ 94, which was close to the reported value ([α]D = + 100).60  

 

Scheme 16: Synthesis of Wieland–Miescher ketone using the bynam-proline-

sulfonamide 2.098 

 

 The enantiomeric excess was confirmed by chiral HPLC (Figure 13). The racemic 

material of 2.097 was examined to compare the retention time of each of enantiomers. 

The obtained Wieland–Miescher ketone was analyzed to calculate an enantiomeric 

excess value. As shown in Figure 13, the enantiomeric excess value of 2.097 was 99%.  
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Figure 13: Chiral HPLC data of 2.097 

 

 After obtaining the enantiopure Wieland–Miescher ketone 2.097, our attention 

was redirected to completing the synthesis of de-THF analog 2.073. The synthesis of key 

intermediate 2.105 was already reported by Smith and co-workers.65 Therefore, we 

decided to follow the known procedure, as shown in Scheme 17. The Wieland–Miescher 

ketone 2.097 was selectively protected as the ketal 2.102. Because the bis-ketal side 
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product and the remained starting material were not easily separated from the mono-

ketal product, the complete consumption of the starting material as much as possible 

during the reaction was extremely important. At this point, the amount of molecular 

sieve had an effect on the reactivity of the ketal protection. With 100 wt% of molecular 

sieve, more than one-third of the stating material was remained. On the other hand, with 

80 wt% of molecular sieve, the almost starting material was disappeared, and the 

desired product was obtained with an excellent yield of 83%. The subsequent Birch 

reduction resulted in 2.103, followed by Wolff–Kishner reduction to provide 2.104. Acid-

catalyzed ketal deprotection of 2.104 was performed to obtain the ketone 2.105. 

 

Scheme 17: Synthesis of known ketone 2.105 
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 With the key intermediate 2.105 in hand, we applied our developed procedure 

for the total synthesis of subglutinol A to establish the final stage of the synthesis of de-

THF analog (Scheme 18).51 The ketone 2.105 was subjected to formylation to yield the 

enol, followed by the protection of the hydroxy group on enol to furnish the enol ether 

2.106. The reduction of α,β-unsaturated ketone 2.106 with sodium borohydride 

produced the alcohol. The dehydration of the resulting alcohol proceeded via 

mesylation and subsequent elimination reactions to provide the α,β-unsaturated 

aldehyde 2.107 with the excellent yield. The following sodium borohydride reduction of 

2.107 resulted in the allylic alcohol 2.108. Stannylmethylation of the allylic alcohol 2.108 

with iodomethyltributyltin in the presence of potassium hydride and 18-crown-6, 

followed by [2,3]-Wittig rearrangement under the n-butyl lithium condition to form the 

homo allylic alcohol 2.110 constructing exo-methylene group. Dess–Martin oxidation of 

2.110 generated the aldehyde 2.111 for the subsequent coupling reaction with pyrone. 

The coupling reaction with homo allylic aldehyde 2.111 with 3-lithio--pyrone via a 

bromine/lithium exchange afforded a mixture of epimeric alcohols 2.112. The alcohols 

2.112 was converted to the xanthate 2.113 for applying the Barton–McCombie 

deoxygenation to remove the sterically hindered hydroxy group in 2.113. Radical 

reaction with tributyltin hydride and AIBN gave rise to the deoxygenated product 2.114. 

Finally, the hydrolysis of 2.114 under aqueous NaOH condition provided the target de-

THF analog. 



 

52 

 

Scheme 18: Synthesis of de-THF analog 
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2.2.2.3 Synthesis of Allyl Analog 

 The allyl analog 2.074 was proposed to examine the effect of an acyclic form 

within the structure of subglutinol A on immunosuppressive activities, by replacing the 

THF ring with a simple allyl group. The synthesis of allyl analog 2.074 proceeded in very 

similar fashion as subglutinol A (Scheme 19). The synthesis of allyl analog 2.074 was 

started from the known alcohol 2.033, which was prepared by following the reported 

procedure.51 First, the acetal in 2.033 was converted to the ketone 2.115 with an excellent 

yield of 93%, followed by TBS protection of 2.115 to give silyl ether 2.116 in 10 min. 

Then, Katoh’s procedure was employed to install homo allylic alcohol and a pyrone 

moiety. Formylation of 2.116 with ethyl formate gave enol, and then the resulting enol 

was protected through an enol acetalization protocol to furnish 2.117. The ketone 2.117 

was converted to an alcohol by sodium borohydride reduction. Mesylation and 

subsequent dehydration were performed to obtain allylic aldehyde 2.118. Sodium 

borohydride reduction gave the allylic alcohol 2.119, followed by stannylmethylation to 

obtain stannylmethyl ether 2.120, which is the substrate for the [2,3]-Wittig 

rearrangement. The stannylmethyl ether 2.120 was subjected to the [2.3]-Wittig 

rearrangement, which is one of the key steps in the synthetic scheme. Moderate yields 

were typically obtained for this rearrangement because several byproducts were 

produced during the reaction, such as the diastereomer, the undesired methyl ether 

product, and α-elimination product.  
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Scheme 19: Synthesis of allylic alcohol 2.121 

 

 With the homo allylic alcohol 2.121 in hand, we embarked on the installation of 

the pyrone moiety (Scheme 20). The homo allylic alcohol 2.121 was treated with Dess–

Martin periodinane and sodium bicarbonate to afford the homo allylic aldehyde 2.122 

with a moderate yield of 52%. Addition of 3-lithio--pyrone, which was generated by a 

bromine/lithium exchange, to the homo allylic aldehyde 2.122 was attempted. A mixture 

of epimeric alcohols 2.123 resulted from this coupling reaction. The xanthate was formed 

upon the treatment of carbon disulfide with NaHMDS, followed by addition of 
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iodomethane. Following the formation of xanthate, the Barton–McCombie 

deoxygenation reaction was carried out immediately after purification by flash 

chromatography. The desired deoxygenated product 2.124 was obtained in 71% yield for 

two steps. The TBS protecting group was removed by BF3⋅OEt2 to provide 2.125 in 

excellent yield. Finally, hydrolysis successfully generated the allyl analog 2.074. 

 

Scheme 20: Synthesis of allyl analog by addition of -pyrone 

  

 To install the pyrone straightforwardly, the addition of bromo-α-pyrone was 

attempted to generate allyl analog (Scheme 21). The coupling reaction of the allylic 

aldehyde 2.122 with 3-lithio-α-pyrone was successfully achieved by an initial 

bromine/lithium exchange. Treatment of 2.126 with dimethyl sulfide and NaHMDS, and 
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subsequent addition of iodomethane gave the xanthate 2.127 with a moderate yield of 

46%. The amount of NaHMDS affected the formation of xanthate. When 1.5 equivalents 

of NaHMDS was treated to the alcohol 2.126, unidentified product was observed. The 

desired xanthate 2.127 could be obtained with 1.1 equivalents of NaHMDS, although the 

starting alcohol 2.126 remained (68% BRSM). The Barton–McCombie deoxygenation of 

2.127 smoothly proceeded to provide the deoxygenated product 2.128. The silyl ether 

2.128 was converted to the alcohol 2.129. The methyl deprotection conditions with 

sodium thioethoxide in DMF was applicable in the synthesis of allyl analog, which led to 

the completion of the synthesis of the allyl analog with a moderate yield of 30%. 

 

 

Scheme 21: Synthesis of allyl analog by addition of -pyrone 
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2.2.2.4 Synthesis of Phenyl Analog 

As stated in the plan of SAR studies, the phenyl analog was designed to test the 

function of α-pyrone as an electrophile at the target. With the known homo allylic 

alcohol 2.088, the completion of the synthesis of the phenyl analog proceeded via the 

similar fashion to the synthesis of subglutinol A (Scheme 22). Dess–Martin oxidation of 

the alcohol 2.088 resulted in homo allylic aldehyde 2.038, followed by coupling with 

phenyl lithium instead of -pyrone to afford 2.130. Removal of the hydroxy group in 

2.130 was carried out to obtain the deoxygenated product 2.131. The synthesis of the 

phenyl analog 2.075 was completed by the olefin cross-metathesis of the deoxygenated 

product 2.131. 

 

 

Scheme 22: Synthesis of phenyl analog 
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2.2.2.5 Synthesis of Naphthalene Analog 

The decalin part is one of the main structures in subglutinol A and the 

construction of enantiomerically pure decalin was not trivial. We decided to replace the 

decalin with a naphthalene group to assess the effect of the decalin subunit because we 

assume that this study could help to simplify the key structure and overcome difficulties 

in the synthesis of the decalin moiety.  

In our previously reported synthesis of subglutinol A, there were two 

approaches to introduce the α-pyrone. The first approach is the addition of -pyrone to 

the aldehyde, followed by Barton–McCombie deoxygenation, and 

hydrolysis/tautomerization of  -pyrone to install the α-pyrone. This conventional 

approach was applied to the synthesis of the designed analogs by our previous lab 

member, Dr. Mijung Kim, as shown in Scheme 23. Here, Dess–Martin oxidation of 2.132 

provided the aldehyde 2.133 in quantitative yield, followed by the coupling with 3-

lithio--pyrone to give alcohols 2.134. The xanthate formation of 2.134 smoothly 

proceeded in 90% yield. Unfortunately, the desired product was not observed from the 

radical deoxygenation reaction. Therefore, we decided to adopt the second approach, 

which is the second-generation synthesis of subglutinol A to pursue the synthesis of 

naphthalene analog 2.076. 



 

59 

 

Scheme 23: Previous study of the synthesis of naphthalene analog 

 

 We envisioned that the naphthalene analog would be accomplished by aldol 

reaction in the second-generation synthesis of subglutinol A.51 The synthesis started with 

commercially available 6-hydroxy-1-naphthioc acid 2.137 (Scheme 24). The methyl ester 

2.138 was prepared in an excellent yield of 97% by the treatment of 2.137 with thionyl 

chloride,66 followed by allylation of the phenol 2.138 to provide 2.139. This allyl 

functional group was necessary for the Claisen rearrangement reaction. Reduction of the 

ester 2.139 by LiAlH4 furnished the alcohol 2.140, which was converted to bromide 2.141 

with a moderate yield of 62%. The coupling of the bromide 2.141 with dimethyl 

malonate resulted in 2.142,67 and subsequent Krapcho deoxygenation generated the 
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methyl ester 2.143. Unexpectedly, a small amount of the Claisen rearrangement product 

2.144 was obtained under this condition. 

 

Scheme 24: Preparation of 2.143 

  

With the key intermediate 2.143 in hand, the Claisen rearrangement was 
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because the reaction did not well proceed to generate the product 2.144, which resulted 

in the low yield, despite long reaction time (48 h). Therefore, we decided to change the 

solvent to 1,2-dichlorobenzene. Only side product 2.145 was obtained in high 

temperature conditions with this solvent. The structure of byproduct 2.145 suggested 

that the reaction was proceeded further after the Claisen rearrangement. Although all 

starting material was not be consumed, the best result of the conversion was observed 

with 1,2-dichlorobenzene and a 24 h reaction time at 150 °C. 

 

Table 4: Attempts for the Claisen rearrangement 

 

entry solvent conditions yield 

1 xylene 210 °C, 48 h 31% (62% BRSM) 

2 1,2-dichlorobenzene 210 °C, 15 h only 2.145 

3 1,2-dichlorobenzene 150 °C, 11 h 23% (56% BRSM) 

4 1,2-dichlorobenzene 150 °C, 24 h 52% (62% BRSM) 
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 The Claisen rearrangement product 2.144 was treated with commercially 

available cis-1,4-diacetoxy-2-butene and 10 mol% Grubbs 2nd generation catalyst 

providing the allylic acetate 2.146 (Scheme 25).68 An BF3⋅OEt2 promoted intramolecular 

ring closing process of the allylic acetate 2.146 gave the desired tetrahydrofuran ring 

2.147 with a moderate yield of 30%.69 To install the isopropylene group, the cyclized 

product 2.147 was subjected to cross-metathesis with 2-methylpropene and Grubbs 2nd 

generation catalyst. Having successfully prepared the aldol partner 2.148, we embarked 

on the aldol reaction that was reported in the second-generation synthesis of subglutinol 

A. The resulting enolate, deprotonated by LDA, was coupled with the aldehyde 2.053, 

followed by Dess–Martin oxidation to give 2.149. The synthesis of the naphthalene 

analog 2.076 was completed by deprotection of 1,3-dithiane in 2.149 and subsequent 

DBU-mediated cyclization.51  

  



 

63 

 

Scheme 25: Completion of synthesis of naphthalene analog 
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 The most challenging part of the synthesis of subglutinol A analogs was the 

introduction of the desired axial alcohol without having exo-methylene in the structure. 

Our first attempt to install the axial alcohol was the hydrogen atom transfer (HAT). 

Shenvi and co-workers developed the HAT using transition metal from Drago–

Mukaiyama reaction. To increase the chemoselectivity of dissolving metal reduction, 

they utilized radical anion via HAT.70, 71 The ketone 2.150, which is one of the 

intermediates from the subglutinol A synthesis was converted to the enol ether 2.151 by 

the Wittig reaction in 89% yield. Unfortunately, only the undesired methyl ether 2.153 

was obtained by the hydrogen atom transfer hydrogenation of 2.151. Presumably, the 

undesired axial methyl ether 2.153 was not only kinetically but also thermodynamically 

favorable.   

 

Scheme 26: Attempts for hydrogen atom transfer 
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To install the axial functional group, further investigations were carried out. We 

envisioned that an SN2 reaction would provide the desired product by reversing the 

stereogenic center during the reaction.72 As shown in Scheme 27, sodium borohydride 

reduction of ketone 2.150 gave exclusively equatorial alcohol 2.154. The resulting alcohol 

was converted to a mesylate to serve as a leaving group. However, the following 

substitution reaction failed to give the desired cyanide product with no consumption of 

the starting material 2.155. 

 

 

Scheme 27: Attempts for SN2 reaction 

 

Our next attempt to install the desired axial alcohol relied on the 

hydroboration/oxidation reaction (Scheme 28). Since the alkene could be subjected to the 

hydroboration reaction, we decided to convert the alkene in the ketone 2.150 to alkane 

first. Treatment of the alkene 2.150 with 10 wt% palladium on carbon under a hydrogen 

gas provided the alkane 2.157, followed by the Wittig reaction to obtain the terminal 

olefin 2.158 with a moderate yield of 61%. We first tried the hydroboration/oxidation 

with 9-BBN, as we expected that the bulkiness of 9-BBN could lead to the desired 
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stereoselectivity during the reaction via the approach to less hindered Re face. However, 

according to the 1H NMR spectrum of the product, a 3:1 mixture of inseparable 

diastereomers was observed. In addition, the reaction yield was low (39%) even with the 

prolonged reaction time (2 days). Then, we switched 9-BBN to a BH3-THF complex, 

which resulted in a 1.2:1 mixture of diastereomers with an improved yield of 86%. At 

this stage, we could not determine which diastereomer was the desired product as the 

separation of these diastereomers was unfeasible. We continued to the Dess–Martin 

oxidation of 2.159, and successfully separated the resulting mixture of diastereomeric 

aldehydes by column chromatography. 

 

 

Scheme 28: Attempts for hydroboration/oxidation 

 

To determine the configuration of C4 in 2.159, the 1H NMR spectra of the 

diastereomeric aldehydes were carefully analyzed (Figure 14). The top spectrum 
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represents the minor product of the Dess–Martin oxidation and the bottom spectrum 

resulted from the major one. The dihedral angles between the H4 and the two H3s and 

the magnitude of their coupling constant in the 1H NMR spectra allowed us to 

rationalize our stereochemical assignments. In the case of the desired axial aldehyde 

2.160, both dihedral angles between equatorial H4 and two H3s were 60. On the other 

hand, in the case of the equatorial aldehyde 2.161, the dihedral angle between axial H4 

and equatorial H3 was 60 and the dihedral angle between the axial H4 and the axial H3 

was 180. According to the Karplus equation, when the dihedral angle is 60, their 

coupling constant would be around 2 to 4 Hz whereas when the angle is 180, the 

coupling constant would be over 10 Hz.73, 74 The coupling constants of the top spectrum 

in Figure 14 were 3.6 and 3.2 Hz, which led to the confirmation of the desired axial 

aldehyde 2.160. We determined that the bottom spectrum corresponded the equatorial 

aldehyde 2.161 because the coupling constants of the H4 with the two H3s were 13.1 and 

3.1 Hz. We concluded that the minor product of the Dess–Martin oxidation was the 

desired axial aldehyde 2.160. The diastereomeric ratio was determined by the 

hydroboration reaction, not by the Dess–Martin oxidation. In this context, BH3-THF 

complex was better than 9-BBN as a hydroboration reagent in terms of both the 

diastereomeric ratio and the yield. 
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Figure 14: Analysis of 1H NMR of diastereomeric aldehydes 
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With the desired axial aldehyde 2.160 in hand, we turned our attention to the 

completion of the synthesis of the de-exo-methylene analog (Scheme 29). The coupling of 

aldehyde 2.160 and 3-lithio--pyrone provided an epimeric mixture of alcohols 2.162, 

followed by Barton–McCombie deoxygenation to give the deoxygenated product 2.163 

with a moderate yield of 38%. The completion of the synthesis of the de-exo-methylene 

analog 2.077 was achieved by the hydrolysis of 2.163. 

 

 

Scheme 29: Completion of the synthesis of de-exo-methylene analog 2.077 

 

With the epi-C4-de-exo-methylene analog 2.078, we could assess how the 

stereochemistry of C4 affects immunosuppressive activities. The diastereomeric 

aldehyde 2.161 was subjected to a coupling reaction with 3-lithio--pyrone as well. The 
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alcohols 2.164 was successfully obtained with a 63% yield (Scheme 30). The xanthate 

formation proceeded smoothly, but the radical deoxygenation did not furnish the 

oxygenated product 2.165. 

 

 

Scheme 30: Attempts for the preparation of epi-de-exo-methylene analog 

 

Unfortunately, the deoxygenation procedure was not suitable for the preparation 

of the epi-C4-de-exo-methylene analog 2.078. Therefore, we decided to apply the 

procedure of our second-generation synthesis of subglutinol A to synthesize the 

diastereomer of de-exo-methylene analog (Scheme 31). The Wittig reaction of the 

aldehyde 2.161 gave the α,β-unsaturated ester 2.166 with an excellent yield of 82%. The 

ester part of 2.167, used in the aldol condensation, was achieved by hydrogenation using 

palladium on carbon. The aldol reaction of 2.167 with the aldehyde 2.168 followed by 

Dess–Martin provided 2.169. The synthesis of the epi-de-exo-methylene analog 2.078 was 

completed by deprotection of 1,3-dioxolane in 2.169 and subsequent DBU-mediated 

cyclization.51 
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Scheme 31: Completion of synthesis of epi-de-exo-methylene analog 

 

2.2.3 Biological Evaluation of Initially Designed Analogs 

 After the completion of the synthesis of analogs, we turned our attention to 

exploring the immunosuppressive activities of analogs we prepared. Our collaborator, 

Dr. Qi-Jing Li (Immunology, Duke University), performed all biological experiments to 

evaluate initially designed analogs.  

 First, subglutinol A and all 6 analogs were tested against the production of 

inflammatory cytokines in fully differentiated Th1 cell at 10 μM concentration (Figure 

15). Since activated CD4+ T cells produce cytokines, such as IL-2 and IFN-, naïve 

LLO118 CD4+ T cells were polarized in vitro under Th1 conditions for 4 days to 

investigate the effect of subglutinol A analogs on the production of these cytokines. For 
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Th1 differentiation, 50 U/ml IL-2 (Biolegend), 50 ng/ml IL-12 (R&D Systems), and 10 

μg/mL anti-IL-4 (Clone 11B11; Biolegend) were added. After treatment of the indicated 

amount of analogs or DMSO vehicle control, intracellular staining for cytokines was 

performed, of which data was acquired on the FACSCanto II flow cytometer (BD) by 

calculating the percentage of IFN- and IL-2 productions.55 As shown in Figure 15, all 

analogs at 10 μM effectively diminished the percentage of both IFN- and IL-2 

producing cells to less than 20%.  

 

Figure 15: Influence of 10 μM all analogs in suppression of inflammatory 

cytokines production. 
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 Cytotoxicity of subglutinol A analogs at 10 μM was examined by assessing the 

cell death of naive CD4+ and CD8+ cells (Figure 16). Cytotoxicity test showed that 

subglutinol A demonstrated high toxicity against both naïve CD4+ and CD8+ cells. 

Surprisingly, subglutinol A analogs except 2.077 (de-exo-methylene analog) have no 

toxicity, and even 2.077 was less toxic than subglutinol A. Since main drawback of FDA 

approved immunosuppressants was high toxicity, these initial results were good 

starting points to investigate further studies.  

 

Figure 16: Cytotoxicity test of 10 μM all analogs 
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 With the promising initial results in hand, we tried the suppression assay in fully 

differentiated Th1 cell with dose dependent manner. After naïve CD4+ T cells were 

polarized to effector Th1 cells for 4 days, these effector Th1 cells were then treated with 

various doses of 2.073 (de-THF analog), 2.075 (phenyl analog), 2.077 (de-exo-methylene 

analog), 2.023 (subglutinol A), or the vehicle control DMSO, followed by incubation for 

48 h. As shown in Figure 17, all analogs effectively diminished the percentage of IFN- 

and IL-2 producing cells, even though the data of 100 nM was not consistent. 

Remarkably, 2.077 (de-exo-methylene analog) suppressed IFN- and IL-2 production 

more effectively than 2.023 (subglutinol A).  
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Figure 17: The percentage inhibition of IFN- and IL-2 of 2.073, 2.075, 2.077, and 

subglutinol A 
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 Next, we tested cytotoxicity of those analogs with dose dependent manner. 

Figure 18 depicted the resultant of naïve CD4+ or CD8+ cell numbers after 2 days of 

addition of analogs or 2.023 (subglutinol A), as compared to DMSO control. Overall, 

more CD8+ T cells survived in this assay, but in the case of both CD4+ and CD8+ cells, 

relative killings of all analogs were reduced comparing subglutinol A in high dose.  

 

Figure 18: Cytotoxicity test of 2.073, 2.075, 2.077 and subglutinol A 
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 Based on the initial results of both the cytokine suppression assay and 

cytotoxicity assay, it is not surprising as previous reports have shown that subglutinol A 

profoundly inhibited pathogenic cytokine productions and also had high toxicity. 

Interestingly, 2.077 (de-exo-methylene analog) showed high cytokine suppression activity 

and this analog also showed cytotoxicity, but less than subglutinol A. Additionally, 

2.073 (de-THF analog) showed less the cytokine suppression activity than subglutinol A, 

but much less cytotoxicity. These results suggested that the exo-methylene group and 

THF group in subglutinol A are not critical for inhibition of the cytokine production, but 

these group might have influence on the cytotoxicity (Figure 19). 

 

 

Figure 19: Summary of SAR of subglutinol A 
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2.2.4 Synthesis of the 2nd generation Subglutinol A Analog 

 Based on preliminary biological activities, the de-THF analog 2.073 and the de-

exo-methylene analog 2.077 displayed good balance between immunosuppressive 

oriented inhibition and toxicity. Therefore, we designed the second-generation analog 

2.170, which is the simplest analog (Figure 20). 

 

Figure 20: Structure of the second-generation analog 

  

 Although the previous sequence (Scheme 28) provided the desired axial alcohol, 

more efficient methods were needed because of the low diastereoselectivity between the 

desired axial 2.160 and the equatorial alcohols 2.161 (dr = 1:2). With promising results 

from the hydroboration of 2.158, we tested the hydroboration/oxidation conditions on 

the synthesis of a second-generation analog 2.170 (Table 5).75 Installation of exo-

methylene at the C4 position of 2.105 was accessed by a Wittig reaction.76 Hydroboration 

of 2.171 with BH3-THF was attempted at first, which resulted in a 1:1 mixture of 

diastereomers. As shown in entry 2, using 9-BBN raised the amount of the undesired 

H

O OH

O

2.170
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diastereomer. There was no consumption of the starting material under the 

pinacolborane condition (entry 4). The diastereomeric ratio was not improved with the 

asymmetric hydroboration condition (entry 5).77 All attempts were not sufficient to 

exclusively obtain the desired axial alcohol.  

Table 5: Attempts for hydroboration/oxidation 

 

entry reagent results (equatorial:axial) 

1 BH3·THF complex 1:1 

2 9-BBN 3:1 

3 catecholborane 1:1 

4 pinacolborane no reaction 

5 (–)-Ipc2BH 1:1 

 

 

After an extensive search for an efficient way to install the alcohol, we adopted 

the Lewis acid promoted rearrangement of epoxides into carbonyl compounds (Table 

6).78  The alkene 2.171 was subjected to epoxidation with m-CPBA to provide a mixture 

of epimeric epoxides 2.183. Unfortunately, all attempts to furnish the desired aldehyde 

failed. Only the undesired aldehyde was obtained with BF3⋅OEt2. This result suggested 

that the epoxide rearrangement proceeded to form the thermodynamically favorable 

product. Using TiCl4, unidentified product was obtained with no product formation. 
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Table 6: Attempts for the rearrangement of epoxides 

 

entry reagent results 

1 BF3·OEt2 only undesired aldehyde 

2 TiCl4 decomposed 

3 SnCl4 unidentified product 

 

 

 Because epoxide rearrangement reactions were not applicable to our substrates, 

further investigations were carried out to install the desired axial alcohol. We decided to 

apply an asymmetric hydrogenation to our system (Scheme 32).  We attempted the Ir-

catalyzed asymmetric hydrogenation to the enol ether 2.175. The ketone 2.105 was 

converted to the enol ether 2.175 by the Wittig reaction. The enol ether 2.175 was 

subjected to the Ir-catalyzed asymmetric hydrogenation.79 However, only the undesired 

aldehyde was obtained. Based on the structure of the undesired product, we assumed 

that after the methyl group is removed, the tautomerization of the resulting enol is 

probably proceeded to generate the thermodynamically favorable aldehyde 2.177. We 

then attempted an asymmetric hydrogenation of the allylic alcohol. Allylic oxidation of 

2.171 with selenium dioxide provided the allylic alcohol 2.178, followed by the 

hydrogenation with palladium on carbon to yield the alcohol, but no reaction was 
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observed on TLC.80 Because treatment of the olefin 2.171 with selenium dioxide did not 

provide enough allylic alcohol 2.178, Stille coupling was carried out. The ketone 2.105 

was converted to the enol triflate 2.179, and subsequent Stille coupling provided the 

allylic alcohol 2.178.81 However, the Ir-catalyzed hydrogenation did not give the desired 

product. 

 

Scheme 32: Attempts for asymmetric hydrogenation 

 

 Based on the several attempts for the synthesis of the desired axial alcohol, we 

decided that the hydroboration with BH3-THF complex would be suitable for the 

completion of the synthesis of the second-generation analog (Scheme 33). With the 

alcohol 2.172 obtained from hydroboration with BH3-THF, Dess–Martin oxidation 
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provided the epimeric mixture of aldehydes 2.174, which were not separable by column 

chromatography. Addition of 3-lithio--pyrone to the aldehydes 2.174 gave the alcohols 

2.180, followed by Barton–McCombie deoxygenation to afford the deoxygenated 

product 2.181. The completion of the synthesis of a second-generation analog was 

achieved by hydrolysis. The stereochemistry of C4 in the product 2.170 was confirmed 

by the nOe experiment.  

 

Scheme 33: Completion of synthesis of the second-generation analog 
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2.2.4 Biological Evaluation of the 2nd generation Subglutinol A Analog 

 After the synthesis of the second-generation subglutinol A analog 2.170, the same 

cytokine suppression assay and cytotoxicity assay previously described were attempted 

to evaluate their activities. Those assays were carried out by the Li group at Duke 

University. Figure 21 shows the percent suppression of IFN- and IL-17A production by 

pathogenic Th1 and Th17 cells, respectively. The second-generation analog 2.170 

showed potency comparable to other analogs including the de-THF analog 2.073 and the 

de-exo-methylene analog 2.077 in the suppression of IFN- production, although 

subglutinol A still have the most potent among analogs (Figure 21A). In terms of Th17 

effector responses, the second-generation analog 2.170 suppressed IL-17A production 

effectively following dose dependent (Figure 21B). The analog 2.170 showed higher 

potency than de-THF analog 2.073, but less than subglutinol A 2.023. These results 

demonstrated that the exo-methylene group and THF group in subglutinol A do not play 

a critical role in the cytokine productions.55 
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Figure 21: The percentage inhibition of cytokine production. A, Inhibition of IFN- by 

Th1 cells. B, Inhibition of IL-17A by Th17 cells. 

  

 Cytotoxicity of the second-generation analog 2.170 is summarized in Figure 22. 

In accordance with previous toxicity test, overall more CD8+ T cells survived in this 

assay than CD4+ under the treatment of analogs. The most promising feature of the 

second-generation analog 2.170 was that it did not show cytotoxicity even with high 

concentration. Taken together, the second-generation analog 2.170 effectively attenuates 

inflammatory cytokine production without cytotoxicity.  
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Figure 22: Cytotoxicity test of 2.073, 2.077, 2.170 and subglutinol A 

 

 Based on these promising in vitro biological activities, we decided that further 

investigations would be carried out with the second-generation analog 2.170. To 

examine the immunosuppressive effects of the analog 2.170 in vivo, we utilized the 

experimental autoimmune encephalomyelitis (EAE) as a model for multiple sclerosis, 

since the EAE is a CD4+ T-cell mediated autoimmune disease and the most commonly 
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used experimental model for the human inflammatory demyelinating diseases.82 The 

EAE in mouse was induced by immunization with the peptide corresponding to the 

immunodominant epitope of MOG35-55 and pertussis toxin (PT) was injected to 

produce severe and reliable EAE. After the induction, each mouse was treated with 400 

nM of 2.170 or DMSO vehicle control at day 4, day 6, and day 8. The EAE was scored on 

scale 0 to 5 based on the guideline of clinical observations by monitoring paralysis in 

mouse.83 As shown in Figure 23, the 2.170 treated mice developed the disease slightly 

earlier than the DMSO treated mice and both groups sustained the disease for a long 

time. After around 40 day, the DMSO treated mice started to resolve the disease, but the 

2.170 treated mice were still sick. This in vivo result indicated that the second-generation 

analog 2.170 made EAE symptoms worse, instead of alleviating the disease in mouse. 

 

Figure 23: Influence of 2.170 in vivo EAE model 
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When rationalizing the in vivo data, we decided to investigate immune profiling 

by sacrificing all mice. Several cell types including T-cells, dendritic cells, macrophages, 

neutrophils, and regulatory T-cells were analyzed by immune profiling. The percentage 

of T-cells showed that there were not many differences between the DMSO and 2.170 

treated mice (Figure 24A, B). However, there was a huge difference in the percentage of 

inflammatory neutrophil cells (Figure 24C). The percentage of inflammatory neutrophil 

cells in the 2.170 treated mice was increased, which resulted in the subsequently 

decrease of the amount of granulocytic Myeloid Derived Suppressor Cells (gMDSC). 

The gMDSCs are a subset of myeloid cells expressing neutrophilic markers and possess 

strong immunosuppressive activities rather than immunostimulatory properties.84 These 

results could explain why the 2.170 treated mice have worse EAE than the DMSO 

treated mice. In recent year, there were several reports about the accumulation of 

MDSCs in many pathogenic conditions, including cancer and chronic infectious 

disease.85 Therefore, through further studies, we could define the second-generation 

analog 2.170 as a good drug in other diseases. 
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Figure 24: Immune profiling. A, B, The percentage of T-cells. C, The percentage of 

macrophages, inflammatory neutrophils, and gMDCs. 
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2.3 Conclusions 

 In summary, we have designed, prepared, and evaluated a series of subglutinol 

A analogs in pursuit of developing immunosuppressive agents that have high efficacy 

and lack of toxicity. Each of regions in the structure of subglutinol A was replaced with 

distinct chemical functionalities. In order to access these analogs, the original synthetic 

route of subglutinol A was utilized with several modifications. Our synthetic efforts for 

the preparation of all of the analogs were focused on the coupling of the decalin segment 

with -pyrone. First, the six analogs were prepared and tested for the in vitro pathogenic 

cytokine suppression activity and cytotoxicity. Based on in vitro tests, we demonstrated 

that the de-THF analog 2.073 and the de-exo-methylene analog 2.077 showed promises as 

a starting point. They suppressed inflammatory cytokine productions with low 

cytotoxicity. In order to further study, we designed the second-generation analog 2.170, 

which is the simplest analog. 

We prepared the second-generation analog utilizing the original synthetic route 

of subglutinol A and carried out the in vitro inhibitory activity of inflammatory cytokine 

productions and cytotoxicity. With the promising in vitro results, we conducted the in 

vivo immunosuppressive activity using EAE model. However, the analog treated mice 

were sicker than the DMSO treated mice, due to the increase of inflammatory neutrophil 

cells. Therefore, the analog would be further evaluated to find an appropriate model of 

diseases. Taken together, this study provided the basis for further investigation for the 
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development of immunosuppressive agents. More comprehensive and specific 

biological studies would be needed, but this study could play an important role in the 

future design of subglutinol A analogs in efforts to develop immunosuppressants. 

 

2.4 Experimental Sections 

General Methods 

 All reagents were purchased from Sigma–Aldrich, Acros, Alfa Aesar, TCI, or 

Fisher, and used without further purification, unless otherwise stated. All solvents were 

ACS grad or better and used without purification. Moisture sensitive steps were carried 

out in anhydrous THF which was freshly distilled from sodium/benzophenone each 

time before use. All reactions were conducted in oven-dried glassware under nitrogen. 

Analytical thin layer chromatography (TLC) was performed with glass backed silica gel 

(60 Å) plate with florescent indication (Whatman) purchased from Merck. Visualization 

was accomplished by UV irradiation at 254 nm and/or by staining with para-

anisaldehyde, KMnO4, or phosphomolybdic acid (PMA) solutions. Column 

chromatography was performed using silica gel grade 230–400 mesh, 60 Å purchased 

from Silicycle. Nuclear magnetic resonance (NMR) spectra were recorded on Varian 

NMR spectrometer at 400 MHz or 500 MHz for 1H and 13C NMR in CDCl3, unless 

otherwise noted. Chemical shits are reported as s (singlet), d (doublet), t (triplet), or m 

(multiplet). Coupling constants (J values) are reported in hertz (Hz). The chemical shifts 
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are reported as parts per million (δ) relative to the solvent peak. Electrospray ionization 

(ESI) mass spectrometry (MS) were reported with an Agilent 1100 series (LC/MSD trap) 

spectrometer and were performed to obtain the molecular masses of the compounds.  

 

Preparation of EE protected enol 2.106 

 

To a cooled (0 °C) solution of 2.105 (185 mg, 1.113 mmol) in THF (16 ml) were added 

ethyl formate (0.9 ml, 11.127 mmol) and NaH (267 mg, 60% dispersion in mineral oil, 

6.676 mmol). After stirred for 2 h under reflux condition, the reaction mixture was 

cooled to 0 °C, and quenched with saturated aqueous NH4Cl. The aqueous phase was 

extracted with EtOAc. The combined organic phases were washed with brine, dried over 

anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, hexane/EtOAc, 20/1) to afford enol as a colorless oil (212 mg, 

98%). :1H NMR (400 MHz, CDCl3) δ 8.44 (s, 1H), 2.37–2.33 (m, 2H), 2.01 (d, J = 12.0 Hz, 

1H), 1.43 (d, J = 12.0 Hz, 1H), 1.63–1.58 (m, 1H), 1.52–1.36 (m, 5H), 1.37–1.15 (m, 3H), 1.08 

(s. 3H); 13C NMR (125 MHz, CDCl3) δ 194.2, 185.7, 106.1, 41.3, 33.2, 27.9, 26.2, 25.1, 22.9, 

21.3, 17.5; HRMS (ESI) m/z 195.1375 [(M+H)+, C12H18O2 requires 195.1307]. To a solution 

of enol ketone (212 mg, 1.091 mmol) in THF (14 mL) were added ethyl vinyl ether (1.0 

mL, 10.912 mmol) and PPTS (56 mg, 0.223 mmol) at 25 ˚C. After stirred at the same 

H
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1. NaH, ethylformate
    THF, reflux, 2 h, 98%

2. ethyl vinyl ether
    PPTS, THF, 1.5 h
    70%

H
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92 

temperature for 1.5 h, the reaction mixture was quenched with saturated aqueous 

NaHCO3. The layers were separated, and the aqueous layer was extracted with EtOAc. 

The combined organic layers were washed with brine, dried over anhydrous Na2SO4, 

and concentrated in vacuo. The residue was purified by column chromatography (silica 

gel, hexane/EtOAc, 20/1 containing 1 % Et3N) to afford EE-protected enol 2.106 as a 

colorless oil (207 mg, 70%). :1H NMR (400 MHz, CDCl3) δ 7.36(s, 1H), 5.02–4.96 (m, 1H), 

3.66–3.58 (m, 1H), 3.44–3.36 (m, 1H), 2.62–2.55 (m, 1H), 2.26–2.12 (m, 1H), 1.90 (d, J = 13.4 

Hz, 1H), 1.60 (d, J = 12.3 Hz, 1H), 1.55–1.36 (m, 5H), 1.34–1.32 (m, 3H), 1.29–1.16 (m, 4H), 

1.12 (td, J = 7.1, 1.4 Hz, 3H), 0.92 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 206.0, 151.2, 114.1, 

103.4, 63.5, 45.7, 41.2, 33.4, 28.5, 26.1, 25.0, 22.1, 21.6, 21.0, 16.1, 14.9; HRMS (ESI) m/z 

289.1780 [(M+Na)+, C16H26O3 requires 289.1774]. 

 

Preparation of enal 2.107 

 

[Reduction] To a cooled (0 °C) solution of EE-protected enol ketone 2.106 (207 mg, 0.777 

mmol) in EtOH (8 mL) was added NaBH4 (147 mg, 3.886 mmol) with portionwise. After 

stirred at same temperature for 2 h, the reaction mixture was quenched with saturated 

aqueous NaHCO3, diluted with EtOAc, and the resulting mixture was stirred vigorously 

for 1 h. The layers were separated, and the aqueous layer was extracted with EtOAc. The 
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combined organic layers were washed with brine, dried over anhydrous Na2SO4, and 

concentrated in vacuo. The residue was purified by column chromatography (silica gel, 

hexane/EtOAc, 15/1 containing 1% Et3N) to afford EE-protected alcohol (203 mg, 97%). 

[Mesylation & Elimination] To a cooled solution of the EE-protected alcohol (203 mg, 

0.756 mmol) in CH2Cl2 (15 mL) were added Et3N (1.0 mL, 7.563 mmol) and 

methanesulfonyl chloride (0.3 mL, 3.782 mmol). After stirred at 25 °C for 30 min, the 

reaction mixture was quenched with saturated NaHCO3. The layers were separated, and 

the aqueous layer was extracted with CH2Cl2. The combined organic layers were washed 

with brine, dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was 

purified by column chromatography (silica gel, hexane/EtOAc, 7/1) to afford enal 2.107 

as a colorless oil (128 mg, 95%). :1H NMR (400 MHz, CDCl3) δ 9.35 (s, 1H), 6.46 (s, 1H), 

2.29 (dd, J = 18.0, 5.8 Hz, 1H), 2.16–2.04 (m, 1H), 1.71 (d, J = 10.7 Hz, 1H), 1.61–1.19 (m, 

10H), 0.92 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 195.1, 161.8, 138.5, 42.9, 37.9, 36.4, 28.0, 

26.7, 24.3, 22.2, 21.5, 17.8; HRMS (ESI) m/z 178.0512 [(M)+, C12H18O requires 178.1358]. 

 

Preparation of allylic alcohol 2.108 

 

To a cooled (0 °C) solution of α,β-unsaturated aldehyde 2.107 (128 mg, 0.718 mmol) in 

EtOH (6 mL) was added NaBH4 (109 mg, 2.872 mmol). After stirred at the same 
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temperature for 30 min, the reaction mixture was quenched with saturated aqueous 

NaHCO3 and diluted with EtOAc. The layers were separated, and the aqueous layer was 

extracted with EtOAc. The combined organic layers were washed with brine, dried over 

anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, hexane/EtOAc, 5/1) to afford allylic alcohol 2.108 as a 

colorless oil (89 mg, 69%). : 1H NMR (400 MHz, CDCl3) δ 5.44 (s, 1H), 3.96 (s, 2H), 2.15–

1.97 (m, 2H), 1.77–1.66 (m, 1H), 1.56–1.14 (m, 10H), 0.86 (s, 3H); 13C NMR (125 MHz, 

CDCl3) δ 135.4, 134.6, 67.4, 43.4, 39.2, 34.5, 28.3, 27.1, 26.5, 25.4, 21.8, 18.8; HRMS (ESI) m/z 

203.1401 [(M+Na)+, C12H20O requires 203.1406]. 

 

Preparation of 2.109 

 

To a cooled (0 °C) solution of allylic alcohol 2.108 (37 mg, 0.205 mmol) in THF (5 mL) 

were added KH (82 mg, 30% dispersion in mineral oil, 0.616 mmol) in THF (0.5 mL), 18-

crown-6 (108 mg, 0.410 mmol), and n-Bu3SnCH2I (0.07 mL, 0.246 mmol). After stirred at 

the same temperature for 30 min, the reaction mixture was quenched with saturated 

aqueous NH4Cl and diluted with EtOAc. The layers were separated, and the aqueous 

layer was extracted with EtOAc. The combined organic layers were washed with brine, 

dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by 

H

OH

n-Bu3SnCH2I
KH 
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column chromatography (silica gel, hexane only to hexane/EtOAc, 500/1) to afford 2.109 

as a colorless oil (79 mg, 80%). : 1H NMR (400 MHz, CDCl3) δ 5.41 (s, 1H), 3.70–3.67 (m, 

2H), 3.66 (dd, J = 2.7, 0.8 Hz, 2H), 2.05–1.97 (m, 2H), 1.77–1.69 (m, 2H), 1.61–1.38 (m, 

11H), 1.38–1.16 (m, 11H), 1.00–0.80 (m, 18H); 13C NMR (125 MHz, CDCl3) δ 173.3, 132.1, 

79.7, 60.6, 43.5, 39.3, 34.8, 29.3, 28.4, 27.5, 27.2, 26.8, 25.6, 22.0, 18.9, 13.9, 9.2. 

 

Preparation of homoallylic alcohol 2.110 

 

To a cooled (–50 °C) solution of 2.109 (79 mg, 0.163 mmol) in hexane (5 mL) was added 

n-BuLi (0.65 mL, 2.5 M in hexane, 1.634 mmol). After stirred at the same temperature for 

10 min, the reaction mixture was slowly allowed to warm to 25 °C for 5 h. The reaction 

mixture was quenched with saturated aqueous NH4Cl and diluted with EtOAc. The 

layers were separated, and the aqueous layer was extracted with EtOAc. The combined 

organic layers were washed with brine, dried over anhydrous Na2SO4 and concentrated 

in vacuo. The residue was purified by column chromatography (silica gel, hexane/EtOAc, 

20/1) to afford homoallylic alcohol 2.110 as a colorless oil (23 mg, 73%): 1H NMR (400 

MHz, CDCl3) δ 4.91 (d, J = 1.6 Hz, 1H), 4.73 (d, J = 1.6 Hz, 1H), 3.70 (dd, J = 10.1, 5.2 Hz, 

1H), 3.59 (t, J = 10.6 Hz, 1H), 2.21–2.07 (m, 2H), 1.97 (dd, J = 11.0, 5.2 Hz, 1H), 1.52–1.12 

(m, 11H), 0.84 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 147.5, 113.7, 72.8, 58.8, 58.2, 39.0, 

H

O Sn(n-Bu)3
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36.8, 31.1, 30.0, 28.9, 26.8, 21.8, 19.2; HRMS (ESI) m/z 195.1739 [(M+H)+, C13H22O requires 

195.1743]. 

 

Preparation of 2.112 

 

[Dess–Martin Oxidation] To a cooled (0 °C) solution of 2.110 (12 mg, 0.062 mmol) in 

CH2Cl2 (5 mL) was added Dess–Martin Periodinane (53 mg, 0.124 mmol) and NaHCO3 

(21 mg, 0.247 mmol). After stirred for 1 h at 25 °C, the reaction mixture was quenched 

with saturated aqueous N2S2O3 and saturated aqueous NaHCO3. The resulting mixture 

was stirred vigorously for 1 h. The layers were separated, and the aqueous layer was 

extracted with EtOAc. The combined organic layers were washed with brine, dried over 

anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, hexane/EtOAc, 10/1) to afford homoallylic aldehyde 2.111 as 

a colorless oil (11 mg, 93%). [γ-Pyrone Addition] To a cooled (–78 ˚C) solution of bromo-

γ-pyrone (67 mg, 0.286 mmol) in THF (5 mL) was added n-BuLi (0.1 mL, 2.5 M in 

hexane, 0.257 mmol) with dropwise manner. After stirred at same temperature for 5 

min, aldehyde 2.111 (11 mg, 0.057 mmol) in THF (1 mL) was added with dropwise 
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manner to this solution. The reaction mixture was further stirred at same temperature 

for 30 min, quenched with saturated aqueous NH4Cl, and diluted with EtOAc. The 

layers were separated, and the aqueous layer was extracted with EtOAc. The combined 

organic layers were washed with brine, dried over anhydrous Na2SO4 and concentrated 

in vacuo. The residue was purified by column chromatography (silica gel, hexane/EtOAc, 

1/1) to afford alcohols 2.112 as a colorless oil (17 mg, 86%).: [For less polar alcohol] 1H 

NMR (400 MHz, CDCl3) δ 5.12 (d, J = 4.7 Hz, 1H), 4.75 (d, J = 1.9 Hz, 1H), 4.37 (d, J = 1.7 

Hz, 1H), 3.96 (s, 1H), 2.55 (td, J = 13.0, 12.2, 5.0 Hz, 1H), 2.27 (s, 3H), 2.24–2.22 (m, 1H), 

2.10 (tt, J = 12.4, 3.6 Hz, 1H), 1.98 (d, J = 4.8 Hz, 1H), 1.87 (s, 3H), 1.75–1.66 (m, 2H), 1.52–

1.48 (m, 2H), 1.47–1.28 (m, 3H), 1.28–1.11 (m, 3H), 0.82 (s, 3H); 13C NMR (125 MHz, 

CDCl3) δ 182.1, 160.8, 155.6, 148.8, 119.6, 112.3, 105.4, 67.9, 59.6, 55.7, 38.6, 37.9, 36.6, 34.4, 

30.5, 29.4, 26.8, 22.3, 19.2, 17.1, 9.8; [For more polar alcohol] 1H NMR (400 MHz, CDCl3) 

δ 5.02 (d, J = 8.0 Hz, 1H), 4.46 (d, J = 5.2 Hz, 2H), 3.94 (d, J = 1.5 Hz, 3H), 2.58 (d, J = 8.4 

Hz, 1H), 2.24 (s, 3H), 1.93–1.88 (m, 2H), 1.86 (m, 3H), 1.83–1.79 (m, 1H), 1.73–1.06 (m, 

10H), 0.87 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 181.9, 160.9, 155.8, 149.2, 119.5, 110.9, 

106.0, 66.5, 61.7, 55.6, 38.9, 38.8, 38.1, 32.7, 30.7, 29.6, 26.9, 22.3, 19.3, 17.1, 9.7; HRMS (ESI) 

m/z 347.2218 [(M+H)+, C21H30O4 requires 347.2217]. 
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Preparation of 2.114 

 

[Methyl Xanthate Formation] To a cooled (–78 °C) solution of alcohols 2.112 (11 mg, 

0.032 mmol) in THF (5 mL) containing CS2 (0.04 mL, 0.634 mmol) was added NaHMDS 

(0.19 mL, 0.2 M in THF, 0.038 mmol). After stirred at same temperature for 1 h, MeI (0.04 

mL, 0.634 mmol) was added with dropwise manner to this solution at –78 °C. The 

resulting mixture was further stirred at same temperature for 1 h, quenched with 

saturated aqueous NH4Cl, and diluted with EtOAc. The layers were separated, and the 

aqueous layer was extracted with EtOAc. The combined organic layers were washed 

with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. The residue was 

purified by column chromatography (silica gel, hexane/EtOAc, 3/1) to afford xanthate 

2.113 as a yellow oil (6 mg, 55%). [Barton−McCombie Deoxygenation] For the deaeration 

of toluene, it was frozen using –78 °C bath with argon bubbling, and toluene was 

evacuated in vacuo for 30 min. To a solution of xanthate 2.113 (6 mg, 0.017 mmol) in dry 

toluene were added AIBN (0.5 mg, 0.003 mmol) and n-Bu3SnH (0.01 mL, 0.052 mmol) at 

25 °C. The resulting mixture was cooled to –78 °C, degassed, and refilled with argon 3 

times. The reaction mixture was refluxed for 1 h, cooled to 25 ˚C, and concentrated in 

vacuo. The residue was purified by column chromatography (silica gel, hexane/EtOAc, 
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3/1) to afford 2.114 as a colorless oil (5 mg, 87%).: 1H NMR (400 MHz, CDCl3) δ 4.51 (t, J = 

2.5 Hz, 1H), 4.19 (t, J = 2.1 Hz, 1H), 3.85 (s, 3H), 2.66 (dd, J = 12.9, 3.9 Hz, 1H), 2.50 (t, J = 

12.4 Hz, 1H), 2.39 (td, J = 13.6, 5.8 Hz, 1H), 2.24 (s, 3H), 2.09–1.97 (m, 2H), 1.90 (s, 3H), 

1.77–1.61 (m, 3H), 1.75–1.60 (m, 1H), 1.42–1.10 (m, 7H), 0.83 (s, 3H); 13C NMR (125 MHz, 

CDCl3) δ 180.4, 162.9, 154.8, 149.8, 118.5, 109.6, 103.6, 55.3, 53.2, 37.6, 37.4, 36.5, 31.1, 30.5, 

29.2, 26.9, 22.1, 19.4, 18.9, 17.0, 10.1; HRMS (ESI) m/z 331.2269 [(M+H)+, C21H30O3 requires 

331.2268]. 

 

Preparation of de-THF analog 2.073 

 

To a solution of 2.114 (5 mg, 0.015 mmol) in THF/MeOH (2/1, total 1.5 mL) was added 2 

N NaOH (0.5 mL) at 25 °C. The resulting mixture was refluxed for 15 h, cooled to 25 °C, 

neutralized with saturated aqueous NH4Cl, and diluted with EtOAc. The layers were 

separated, and the aqueous layer was extracted with EtOAc. The combined organic 

layers were washed with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. 

The residue was purified by column chromatography (silica gel, hexane/EtOAc, 3/1) to 

afford 2.073 as a white solid (4 mg, 84%).: 1H NMR (400 MHz, CDCl3) δ 5.73 (s, 1H), 4.69 

(s, 1H), 4.49 (s, 1H), 2.81 (dd, J = 14.7, 3.7 Hz, 1H), 2.52 (dd, J = 14.5, 10.2 Hz, 1H), 2.40 (td, 

H
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J = 13.6, 5.5 Hz, 1H), 2.20 (s, 3H), 2.16 (d, J = 4.6 Hz, 1H), 1.98 (dd, J = 10.5, 3.8 Hz, 1H), 

1.91 (s, 3H), 1.76–1.69 (m, 2H), 1.63–1.54 (m, 2H), 1.49 (dt, J = 13.1, 3.7 Hz, 1H), 1.45–1.34 

(m, 2H), 1.34–1.10 (m, 4H), 0.84 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 165.1, 164.3, 155.9, 

150.2, 111.4, 106.1, 103.2, 54.7, 37.8, 37.7, 36.6, 31.4, 30.3, 29.2, 26.8, 22.1, 22.0, 18.9, 17.4, 

10.0; HRMS (ESI) m/z 317.2112 [(M+H)+, C20H28O3 requires 317.2111]. 

 

Preparation of 2.115 

 

To a solution of 2.033 (3.7 g, 13.267 mmol) in THF/H2O (4:1, total 150 mL) was added 1 N 

HCl (13 mL) at 25 °C. The resulting mixture was stirred at 60 °C for 3 h. After cooling 

down to 0 ˚C, the reaction mixture was quenched with saturated NaHCO3 solution and 

diluted with EtOAc. The layers were separated, and the aqueous layer was extracted 

with EtOAc. The combined organic layers were washed with brine, dried over 

anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, hexane/EtOAc, 5/1) to afford 2.115 as a colorless oil (2.9 g, 

93%).: 1H NMR (400 MHz, CDCl3) δ 5.67 (dddd, J = 13.5, 9.4, 8.1, 6.9 Hz, 1H), 4.99 (d, J = 

12.2 Hz, 2H), 3.43–3.30 (m, 1H), 2.49 (td, J = 14.0, 7.0 Hz, 1H), 2.31 (dd, J = 14.2, 7.0 Hz, 

1H), 2.16–2.07 (m, 1H), 2.04–1.89 (m, 1H), 1.74–1.33 (m, 8H), 1.25–1.15 (m, 1H), 1.09 (s, 
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3H), 0.85 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 215.5, 134.2, 118.0, 72.7, 48.3, 47.5, 42.7, 

41.9, 37.4, 31.1, 26.6, 25.9, 20.4, 19.0, 16.6; HRMS (ESI) m/z 237.1849 [(M+H)+, C15H24O2 

requires 237.1849]. 

 

Preparation of 2.116 

 

To a cooled (–78 °C) solution of 2.115 (2.2 g, 9.160 mmol) in CH2Cl2 including 2,6-lutidine 

(1.6 mL, 13.740 mmol) was added TBSOTf (2.5 mL, 10.992 mmol) with dropwise manner. 

After stirred for 10 min, the reaction mixture was quenched with saturated aqueous 

NH4Cl, and diluted with EtOAc. The layers were separated, and the aqueous layer was 

extracted with EtOAc. The combined organic layers were washed with brine, dried over 

anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, hexane/EtOAc, 3/1) to afford 2.116 as a colorless oil (3.2 g, 

98%).: 1H NMR (400 MHz, CDCl3) δ 5.73–5.59 (m, 1H), 5.05–4.93 (m, 2H), 3.46–3.36 (m, 

1H), 2.51 (td, J = 13.9, 6.9 Hz, 1H), 2.33 (dd, J = 14.5, 6.0 Hz, 1H), 2.14 (dd, J = 14.0, 4.4 Hz, 

1H), 2.05–1.95 (m, 1H), 1.91 (dd, J = 14.3, 9.0 Hz, 1H), 1.74–1.33 (m, 7H), 1.23 (dd, J = 11.1, 

3.3 Hz, 1H), 1.12 (s, 12H), 0.86 (s, 6H); 13C NMR (125 MHz, CDCl3) δ 215.4, 134.3, 117.5, 
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73.4, 48.3, 47.2, 43.2, 41.4, 37.6, 31.0, 27.2, 26.0, 20.5, 19.0, 18.2, 17.5, –3.4, –4.7; HRMS (ESI) 

m/z 351.2709 [(M+H)+, C21H38O2Si requires 351.2714]. 

 

Preparation of 2.118 

 

[Formylation] To a cooled (0 °C) solution of 2.116 (984 mg, 2.806 mmol) in THF (40 ml) 

were added ethyl formate (2.3 ml, 28.064 mmol) and NaH (673 mg, 60% dispersion in 

mineral oil, 16.839 mmol). After stirred for 2.5 h under reflux condition, the reaction 

mixture was cooled to 0 °C, and quenched with saturated aqueous NH4Cl. The aqueous 

phase was extracted with EtOAc. The combined organic phases were washed with brine, 

dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by 

column chromatography (silica gel, hexane/EtOAc, 30/1) to afford enol as a colorless oil 

(936 mg, 88%). [EE protection] To a solution of enol ketone (936 mg, 2.475 mmol) in THF 

(35 mL) were added ethyl vinyl ether (2.4 mL, 24.745 mmol) and PPTS (124 mg, 0.495 

mmol) at 25 °C. After stirred at the same temperature for 16 h, the reaction mixture was 

quenched with saturated aqueous NaHCO3. The layers were separated, and the aqueous 

layer was extracted with EtOAc. The combined organic layers were washed with brine, 

dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by 
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column chromatography (silica gel, hexane/EtOAc, 30/1 containing 1 % Et3N) to afford 

EE-protected enol ketone 2.117 as a colorless oil (1.1 g, 80%). [Reduction] To a cooled (0 

°C) solution of EE-protected enol ketone 2.117 (1.1 g, 2.475 mmol) in EtOH (40 mL) was 

added NaBH4 (1.4 g, 37.118 mmol) with portionwise. After stirred at same temperature 

for 2 h, the reaction mixture was quenched with saturated aqueous NaHCO3, diluted 

with EtOAc, and the resulting mixture was stirred vigorously for 1 h. The layers were 

separated, and the aqueous layer was extracted with EtOAc. The combined organic 

layers were washed with brine, dried over anhydrous Na2SO4, and concentrated in 

vacuo. The residue was purified by column chromatography (silica gel, hexane/EtOAc, 

15/1 containing 1% Et3N) to afford EE-protected alcohol (902 mg, 76%). [Mesylation & 

Elimination] To a cooled solution of the EE-protected alcohol (902 mg, 1.992 mmol) in 

CH2Cl2 (15 mL) were added Et3N (2.8 mL, 19.923 mmol) and methanesulfonyl chloride 

(0.8 mL, 9.962 mmol). After stirred at 25 °C for 30 min, the reaction mixture was 

quenched with saturated NaHCO3. The layers were separated, and the aqueous layer 

was extracted with CH2Cl2. The combined organic layers were washed with brine, dried 

over anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, hexane/EtOAc, 10/1) to afford enal 2.118 as a colorless oil 

(661 mg, 90%).: 1H NMR (400 MHz, CDCl3) δ 9.37 (s, 1H), 6.38 (s, 1H), 5.80–5.64 (m, 1H), 

5.11–4.98 (m, 2H), 3.52 (dd, J = 11.0, 5.0 Hz, 1H), 2.41–2.29 (m, 2H), 2.07–1.93 (m, 2H), 

1.85–1.61 (m, 3H), 1.56 (dt, J = 13.0, 3.5 Hz, 1H), 1.46–1.27 (m, 2H), 1.20 (dd, J = 12.3, 1.5 
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Hz,. 1H), 1.05 (s, 3H), 0.89 (s, 9H), 0.81 (s, 3H), 0.05 (d, J = 6.2 Hz, 6H); 13C NMR (125 

MHz, CDCl3) δ 195.0, 162.0, 138.0, 134.5, 117.7, 73.8, 44.5, 42.4, 41.3, 36.5, 36.1, 27.8, 26.0, 

22.7, 20.9, 18.3, 17.3, –3.3, –4.7. 

 

Preparation of allylic alcohol 2.119 

 

To a cooled (0 °C) solution of α,β-unsaturated aldehyde 2.118 (661 mg, 1.823 mmol) in 

EtOH (30 mL) was added NaBH4 (276 mg, 7.291 mmol). After stirred at the same 

temperature for 30 min, the reaction mixture was quenched with saturated aqueous 

NaHCO3 and diluted with EtOAc. The layers were separated, and the aqueous layer was 

extracted with EtOAc. The combined organic layers were washed with brine, dried over 

anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, hexane/EtOAc, 10/1) to afford allylic alcohol 2.119 as a 

colorless oil (652 mg, 93%).: 1H NMR (400 MHz, CDCl3) δ 5.79–5.68 (m, 1H), 5.32 (s, 1H), 

5.02 (d, J = 12.7 Hz, 2H), 3.93 (s, 2H), 3.50 (dd, J = 11.0, 5.0 Hz, 1H), 2.33 (dd, J = 14.3, 6.6 

Hz, 1H), 2.11–1.87 (m, 3H), 1.80–1.50 (m, 3H), 1.49–1.33 (m, 2H), 1.30–1.10 (m, 2H), 0.95 

(s, 3H), 0.88 (s, 9H), 0.78 (s, 3H), 0.05 (s, 3H), 0.04 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 
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136.3, 135.1, 133.9, 117.2, 74.2, 67.3, 44.9, 42.2, 41.5, 37.3, 34.7, 28.2, 27.0, 26.1, 21.9, 18.3, 

17.2, –3.3, –4.7; HRMS (ESI) m/z 365.2862 [(M+H)+, C22H40O2Si requires 365.2870]. 

 

Preparation of homoallylic alcohol 2.121 

 

[O-Alkylation] To a cooled (0 °C) solution of allylic alcohol 2.119 (59 mg, 0.162 mmol) in 

THF (4 mL) were added KH (65 mg, 30% dispersion in mineral oil, 0.485 mmol) in THF 

(0.4 mL), 18-crown-6 (86 mg, 0.324 mmol), and n-Bu3SnCH2I (0.06 mL, 0.194 mmol). 

After stirred at the same temperature for 30 min, the reaction mixture was quenched 

with saturated aqueous NH4Cl and diluted with EtOAc. The layers were separated, and 

the aqueous layer was extracted with EtOAc. The combined organic layers were washed 

with brine, dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was 

purified by column chromatography (silica gel, hexane only to hexane/EtOAc, 100/1) to 

afford 2.120 as a colorless oil (103 mg, 95%). [2,3-Wittig Rearrangement] To a cooled (–50 

°C) solution of 2.120 (119 mg, 0.178 mmol) in hexane (7 mL) was added n-BuLi (0.71 mL, 

2.5 M in hexane, 1.782 mmol). After stirred at the same temperature for 10 min, the 

reaction mixture was slowly allowed to warm to 25 °C for 5 h. The reaction mixture was 

quenched with saturated aqueous NH4Cl and diluted with EtOAc. The layers were 
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separated, and the aqueous layer was extracted with EtOAc. The combined organic 

layers were washed with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. 

The residue was purified by column chromatography (silica gel, hexane/EtOAc, 20/1) to 

afford homoallylic alcohol 2.121 as a colorless oil (36 mg, 50%).: 1H NMR (400 MHz, 

CDCl3) δ 5.84–5.69 (m, 1H), 5.10–4.97 (m, 2H), 4.93 (s, 1H), 4.75 (s, 1H), 3.72 (dd, J = 10.0, 

5.1 Hz, 1H), 3.54 (t, J = 10.3 Hz, 1H), 3.44 (dd, J = 11.2, 4.6 Hz, 1H), 2.31 (dd, J = 15.4, 6.1 

Hz, 1H), 2.23 (d, J = 13.9 Hz, 1H), 2.03 (td, J = 13.1, 5.0 Hz, 1H), 1.97–1.87 (m, 2H), 1.76–

1.53 (m, 3H), 1.49–1.30 (m, 3H), 1.28–1.16 (m, 1H), 0.98 (s, 3H), 0.88 (s, 9H), 0.77 (s, 3H), 

0.06 (s, 3H), 0.05 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 147.0, 134.9, 117.3, 113.3, 74.3, 

60.4, 59.1, 42.6, 41.4, 40.4, 37.2, 34.5, 31.0, 27.8, 27.1, 26.0, 23.0, 17.7, –3.3, –4.6; HRMS (ESI) 

m/z 379.3028 [(M+H)+, C23H42O2Si requires 379.3027].  

 

Preparation of 2.123 

 

[Dess–Martin Oxidation] To a cooled (0 °C) solution of 2.121 (89 mg, 0.235 mmol) in 

CH2Cl2 (10 mL) was added Dess–Martin Periodinane (299 mg, 0.705 mmol) and NaHCO3 

(197 mg, 2.350 mmol). After stirred for 1 h at 25 °C, the reaction mixture was quenched 
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with saturated aqueous N2S2O3 and saturated aqueous NaHCO3. The resulting mixture 

was stirred vigorously for 1 h. The layers were separated, and the aqueous layer was 

extracted with EtOAc. The combined organic layers were washed with brine, dried over 

anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, hexane/EtOAc, 7/1) to afford homoallylic aldehyde 2.122 as a 

colorless oil (69 mg, 52%). [γ-Pyrone Addition] To a cooled (–78 °C) solution of bromo-γ-

pyrone (213 mg, 0.916 mmol) in THF (20 mL) was added n-BuLi (0.35 mL, 2.5 M in 

hexane, 0.879 mmol) with dropwise manner. After stirred at same temperature for 5 

min, aldehyde 2.122 (69 mg, 0.183 mmol) in THF (4 mL) was added with dropwise 

manner to this solution. The reaction mixture was further stirred at same temperature 

for 30 min, quenched with saturated aqueous NH4Cl, and diluted with EtOAc. The 

layers were separated, and the aqueous layer was extracted with EtOAc. The combined 

organic layers were washed with brine, dried over anhydrous Na2SO4 and concentrated 

in vacuo. The residue was purified by column chromatography (silica gel, 

hexane/EtOAc/CH2Cl2, 4/1/1) to afford alcohols 2.123 as a colorless oil (72 mg, 76%).: 

HRMS (ESI) m/z 531.3502 [(M+H)+, C31H50O5Si requires 531.3500]. 
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Preparation of 2.124 

 

[Methyl Xanthate Formation] To a cooled (–78 °C) solution of alcohols 2.123 (119 mg, 

0.224 mmol) in THF (25 mL) containing CS2 (0.28 mL, 4.622 mmol) was added NaHMDS 

(0.30 mL, 1.0 M in THF, 0.301 mmol). After stirred at same temperature for 1 h, MeI (0.29 

mL, 4.622 mmol) was added with dropwise manner to this solution at –78 °C. The 

resulting mixture was further stirred at same temperature for 1 h, quenched with 

saturated aqueous NH4Cl and diluted with EtOAc. The layers were separated, and the 

aqueous layer was extracted with EtOAc. The combined organic layers were washed 

with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. The residue was 

purified by flash column chromatography (silica gel, hexane/CH2Cl2/EtOAc, 3/1/1) to 

afford xanthate as a yellow oil (138 mg). [Barton−McCombie Deoxygenation] For the 

deaeration of toluene, it was frozen using –78 °C bath with argon bubbling, and toluene 

was evacuated in vacuo for 30 min. To a solution of xanthate (138 mg, 0.222 mmol) in dry 

toluene were added AIBN (7.3 mg, 0.044 mmol) and n-Bu3SnH (0.13 mL, 0.666 mmol) at 

25 °C. The resulting mixture was cooled to –78 °C, degassed, and refilled with argon 3 

times. The reaction mixture was refluxed for 1 h, cooled to 25 °C, and concentrated in 
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vacuo. The residue was purified by column chromatography (silica gel, toluene/EtOAc, 

30/1) to afford 2.124 as a colorless oil (82 mg, 71% for two steps).: 1H NMR (400 MHz, 

CDCl3) δ 5.90–5.82 (m, 1H), 5.17–4.98 (m, 2H), 4.48 (s, 1H), 4.16 (s, 1H), 3.82 (s, 3H), 3.49 

(dd, J = 10.8, 4.5 Hz, 1H), 2.64 (dd, J = 12.7, 3.3 Hz, 1H), 2.38 (t, J = 12.2 Hz, 1H), 2.32–2.28 

(m, 1H), 2.23 (s, 3H), 2.12–2.00 (m, 2H), 2.00–1.93 (m, 1H), 1.89 (s, 3H), 1.85–1.53 (m, 6H), 

1.43–1.21 (m, 2H), 0.91 (s, 3H), 0.88 (s, 9H), 0.77 (s, 3H), 0.05 (d, J = 5.0 Hz, 6H); 13C NMR 

(125 MHz, CDCl3) δ 180.5, 163.0, 155.0, 149.2, 135.3, 118.7, 117.0, 109.1, 103.6, 74.7, 55.9, 

55.5, 42.4, 41.5, 39.0, 37.5, 34.0, 30.7, 28.0, 26.0, 20.0, 18.2, 17.4, 17.1, 10.1, –3.3, –4.7; HRMS 

(ESI) m/z 515.3552 [(M+H)+, C31H50O4Si requires 515.3551]. 

 

Preparation of 2.125 

 

To a cooled (0 °C) solution of 2.124 (57 mg, 0.111 mmol) in MeCN (5 mL) was added 

BF3·Et2O (0.05 mL, 0.443 mmol) with dropwise manner. After stirred for 1.5 h at same 

temperature, the reaction mixture was quenched with saturated aqueous NaHCO3 and 

diluted with EtOAc. The layers were separated, and the aqueous layer was extracted 

with EtOAc. The combined organic layers were washed with brine, dried over 
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anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, hexane/EtOAc, 1/1) to afford alcohol 2.125 as a colorless oil 

(44 mg, 91%).: 1H NMR (400 MHz, CDCl3) δ 6.01–5.86 (m, 1H), 5.19–5.06 (m, 2H), 4.50 (s, 

1H), 4.18 (s, 1H), 3.83 (s, 3H), 3.50 (dd, J = 8.9, 6.9 Hz ,1H), 2.64 (dd, J = 12.8, 3.6 Hz, 1H), 

2.40 (t, J = 12.3 Hz, 1H), 2.36 – 2.28 (m, 2H), 2.23 (s, 3H), 2.10–2.03 (m, 2H), 1.89 (s, 3H), 

1.86–1.80 (m, 1H), 1.72–1.67 (m, 2H), 1.63–1.56 (m, 2H), 1.44–1.22 (m, 3H), 0.92 (s, 3H), 

0.82 (s, 2H); 13C NMR (125 MHz, CDCl3) δ 180.5, 163.0, 155.1, 149.0, 135.6, 118.7, 117.7, 

109.4, 103.4, 74.8, 55.9, 55.5, 42.9, 42.3, 40.1, 37.8, 34.2, 30.9, 27.7, 23.0, 22.9, 20.0, 17.1, 16.2, 

10.2; HRMS (ESI) m/z 401.2684 [(M+H)+, C25H36O4 requires 401.2686]. 

 

Preparation of allyl analog 2.074 

 

To a solution of 2.125 (16 mg, 0.040 mmol) in THF/MeOH (2/1, total 4.5 mL) was added 2 

N NaOH (1.5 mL) at 25 °C. The resulting mixture was refluxed for 24 h, cooled to 25 °C, 

neutralized with saturated aqueous NH4Cl, and diluted with EtOAc. The layers were 

separated, and the aqueous layer was extracted with EtOAc. The combined organic 

layers were washed with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. 
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The residue was purified by column chromatography (silica gel, hexane/EtOAc, 2/1) to 

afford 2.074 as a white solid (14 mg, 90%).: 1H NMR (400 MHz, MeOD-d4) δ 5.60–5.89 (m, 

1H), 5.20–5.05 (m, 2H), 4.48 (t, J = 2.3 Hz, 1H), 4.20 (t, J = 2.0 Hz, 1H), 3.54–3.46 (m, 1H), 

2.72 (dd, J = 13.0, 11.8 Hz, 1H), 2.54 (dd, J = 13.1, 4.4 Hz, 1H), 2.43 (td, J = 13.3, 5.3 Hz, 

1H), 2.33 (dd, J = 14.2, 7.4 Hz, 1H), 2.20 (s, 3H), 2.12 (dd, J = 11.7, 4.5 Hz, 1H), 2.09–2.00 

(m, 2H), 1.93 (s, 3H), 1.83–1.61 (m, 4H), 1.42–1.21 (m, 3H), 0.96 (s, 3H), 0.81 (s, 3H); 13C 

NMR (125 MHz, MeOD-d4) δ 169.2, 167.6, 156.8, 150.3, 136.0, 118.0, 110.2, 108.7, 104.2, 

74.4, 56.4, 43.0, 42.7, 40.4, 38.7, 35.5, 32.2, 28.3, 23.9, 23.5, 22.5, 17.5, 17.3, 10.4; HRMS (ESI) 

m/z 387.2532 [(M+H)+, C24H34O4 requires 387.2530]. 

 

Preparation of 2.130 

 

To a cooled (–78 °C) solution of aldehyde 2.038 (14 mg, 0.051 mmol) in THF (5 mL) was 

added phenyllithium (0.13 mL, 1.9 M in dibutyl ether, 0.255 M) with dropwise manner. 

After stirred for 30 min at same temperature, the reaction mixture was quenched with 

saturated aqueous NH4Cl, and diluted with EtOAc. The layers were separated, and the 

aqueous layer was extracted with EtOAc. The combined organic layers were washed 

with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. The residue was 
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purified by column chromatography (silica gel, hexane/EtOAc, 10/1) to afford alcohols 

2.130 as a colorless oil (14 mg, 82%).: [For less polar alcohol] 1H NMR (400 MHz, CDCl3) 

δ 7.33−7.29 (m, 5H), 5.97 (ddd, J = 17.0, 10.4, 6.5 Hz, 1H), 5.22 (dt, J = 17.1, 1.5 Hz, 1H), 

5.08 (dt, J = 10.5, 1.5 Hz, 1H), 4.99 (dd, J = 6.7, 2.4 Hz, 1H), 4.89 (t, J = 2.0 Hz, 1H), 4.50 (t, J 

= 2.0 Hz, 1H), 4.48–4.41 (m, 1H), 3.09 (dd, J = 11.1, 4.3 Hz, 1H), 2.47 (td, J = 13.2, 5.8 Hz, 

1H), 2.36 (dd, J = 13.4, 4.0 Hz, 1H), 2.21 (d, J = 6.8 Hz, 1H), 1.97 (dd, J = 12.8, 3.4 Hz, 1H), 

1.83 (t, J = 10.8 Hz, 1H), 1.71−1.44 (m, 7H), 0.97 (s, 3H), 0.82 (s, 3H); 13C NMR (125 MHz, 

CDCl3) δ 146.5, 145.3, 140.1, 128.5, 127.6, 127.1, 115.2, 114.4, 87.5, 78.6, 72.6, 64.5, 47.2, 

46.5, 44.5, 39.2, 36.0, 33.1, 25.2, 25.1, 22.6, 17.1; [For more polar alcohol] 1H NMR (400 

MHz, CDCl3) δ 7.40–7.24 (m, 5H), 6.03 (ddd, J = 17.0, 10.4, 6.5 Hz, 1H), 5.28 (d, J = 17.2 

Hz, 1H), 5.13 (d, J = 10.3 Hz, 1H), 4.99 (d, J = 8.4 Hz, 1H), 4.52 (dd, J = 11.1, 5.5 Hz, 1H), 

4.46 (s, 1H), 4.41 (s, 1H), 3.30 (dd, J = 12.1, 3.3 Hz, 1H), 2.39–2.16 (m, 2H), 2.00–1.55 (m, 

8H), 1.46–1.41 (m, 2H), 1.06 (s, 3H), 0.88 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 146.7, 

144.0, 140.1, 128.0, 127.8, 127.7, 115.2, 113.7, 87.7, 78.5, 74.6, 65.9, 47.3, 44.6, 39.5, 36.1, 33.1, 

25.4, 25.2, 22.7, 17.1; HRMS (ESI) m/z 337.2369 [(MH-H2O)+, C24H32O2 requires 337.2370]. 

 

Preparation of 2.131 
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[Methyl Xanthate Formation] To a cooled (–78 °C) solution of alcohols 2.130 (14 mg, 

0.039 mmol) in THF (5 mL) containing CS2 (0.05 mL, 0.832 mmol) was added NaHMDS 

(0.25 mL, 0.2 M in THF, 0.049 mmol) with dropwise manner. After stirred at same 

temperature for 1 h, MeI (0.05 mL, 0.832 mmol) was added with dropwise manner to 

this solution at –78 °C. The resulting mixture was further stirred at same temperature for 

1 h, quenched with saturated aqueous NH4Cl and diluted with EtOAc. The layers were 

separated, and the aqueous layer was extracted with EtOAc. The combined organic 

layers were washed with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. 

The residue was purified by column chromatography (silica gel, hexane/EtOAc, 10/1) to 

afford xanthate as a yellow oil (11 mg, 63%). [Barton−McCombie Deoxygenation] For the 

deaeration of toluene, it was frozen using –78 °C bath with argon bubbling, and toluene 

was evacuated in vacuo for 30 min. To a solution of xanthate (11 mg, 0.025 mmol) in dry 

toluene were added AIBN (0.8 mg, 0.005 mmol) and n-Bu3SnH (0.02 mL, 0.074 mmol) at 

25 °C. The resulting mixture was cooled to –78 °C, degassed, and refilled with argon 3 

times. The reaction mixture was refluxed for 2 h, cooled to 25 °C and concentrated in 

vacuo. The residue was purified by column chromatography (silica gel, hexane/EtOAc, 

20/1) to afford 2.131 as a colorless oil (8 mg, 96%).: 1H NMR (400 MHz, CDCl3) δ 7.23 (t, J 

= 7.4 Hz, 2H), 7.15 (t, J = 7.3 Hz, 1H), 7.07 (d, J = 7.0 Hz, 2H), 6.00 (ddd, J = 17.0, 10.8, 6.6 

Hz, 1H), 5.25 (dt, J = 17.1, 1.6 Hz, 1H), 5.10 (dt, J = 10.4, 1.5 Hz, 1H), 4.52 (t, J = 2.2 Hz, 

1H), 4.49−4.44 (m, 1H), 4.14 (t, J = 2.1 Hz, 1H), 3.18 (dd, J = 11.7, 3.1 Hz, 1H), 2.96 (dd, J = 
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13.3, 3.6 Hz, 1H), 2.59 (dd, J = 13.3, 10.7 Hz, 1H), 2.36–2.25 (m, 1H), 2.24 – 2.16 (m, 1H), 

1.95−1.88 (m, 2H), 1.86−1.79 (m, 2H), 1.67−1.55 (m, 4H), 1.52−1.46 (m, 1H), 1.38−1.34 (m, 

1H), 0.99 (s, 3H), 0.85 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 146.7, 141.9, 140.1, 129.1, 

128.1, 125.7, 115.2, 111.3, 87.8, 78.6, 60.8, 47.0, 45.8, 44.5, 38.9, 35.3, 33.9, 30.9, 25.3, 24.8, 

22.6, 17.0; HRMS (ESI) m/z 337.2529 [(M+H)+, C24H32O requires 337.2526]. 

 

Preparation of phenyl analog 2.075 

 

To a cooled (–78 °C) solution of alkene 2.131 (4.3 mg, 0.013 mmol) in 2-

methylpropene/CH2Cl2 (2:1, total 1.5 mL) was added Grubbs’ second-generation catalyst 

(1 mg, 0.0013 mmol). The resulting mixture was refluxed for 12 h. An addition of 

Grubbs’ second-generation catalyst (1 mg, 0.0013 mmol) was repeated twice every 12 h. 

The reaction mixture was cooled to –78 °C and DMSO (2 drops) was added. The 

resulting mixture was stirred for 12 h at 25 ˚C. The solvent was removed in vacuo. The 

residue was purified by column chromatography (silica gel, hexane/EtOAc, 50/1) to 

afford 2.075 as a colorless oil (1.6 mg, 35%).: 1H NMR (400 MHz, CDCl3) δ 7.28–7.18 (m, 

2H), 7.14 (td, J = 7.3, 1.5 Hz, 1H), 7.06 (d, J = 7.9 Hz, 2H), 5.37 (d, J = 8.5 Hz, 1H), 4.71 (td, J 

= 9.5, 3.5 Hz, 1H), 4.52 (d, J = 2.0 Hz, 1H), 4.14 (d, J = 2.0 Hz, 1H), 3.16–3.07 (m, 1H), 2.96 
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(dd, J = 13.2, 3.5 Hz, 1H), 2.63–2.53 (m, 1H), 2.35–2.24 (m, 1H), 2.19 (dd, J = 13.6, 4.6 Hz, 

1H), 1.94–1.80 (m, 5H), 1.72 (d, J = 8.0 Hz, 6H), 1.61–1.56 (m, 2H), 1.51–1.45 (m, 2H), 1.36–

1.32 (m, 1H), 0.98 (s, 3H), 0.87 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 146.8, 141.9, 135.7, 

129.1, 128.1, 127.4, 125.6, 111.2, 87.5, 74.3, 60.8, 48.1, 45.8, 44.6, 38.9, 35.3, 33.9, 30.9, 25.9, 

25.3, 24.8, 22.6, 18.3, 17.1; HRMS (ESI) m/z 365.2839 [(M+H)+, C26H36O requires 365.2839]. 

 

Preparation of 2.139 

 

To a solution of alcohol 2.138(1.98 g, 9.812 mmol) in acetone were added allyl bromide 

(2.5 mL, 29.435 mmol) and K2CO3 (4 g, 29.435 mmol) at 25 °C. After stirred for 13 h 

under reflux condition, the reaction mixture was cooled down to 25 °C, and K2CO3 was 

filtered through the pad of Celite. The filtrate was concentrated in vacuo. The residue 

was purified by column chromatography (silica gel, hexane/EtOAc, 10/1) to afford 2.139 

as a white solid (2.36 g, 99%).: 1H NMR (400 MHz, CDCl3) δ 8.84 (d, J = 9.5 Hz, 1H), 8.04 

(dd, J = 7.3, 1.3 Hz, 1H), 7.89 (d, J = 8.2 Hz, 1H), 7.45 (dd, J = 8.2, 7.3 Hz, 1H), 7.31 (dd, J = 

9.4, 2.7 Hz, 1H), 7.17 (d, J = 2.7 Hz, 1H), 6.18–6.08 (m, 1H), 5.48 (dq, J = 17.3, 1.6 Hz, 1H), 

5.34 (dq, J = 10.5, 1.4 Hz, 1H), 4.67 (dt, J = 5.3, 1.5 Hz, 2H), 3.99 (s, 3H); 13C NMR (125 
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MHz, CDCl3) δ 168.2, 156.6, 135.4, 133.1, 132.2, 128.1, 127.6, 127.1, 126.9, 125.2, 120.7, 

118.0, 107.7, 68.9, 52.2; HRMS (ESI) m/z 243.1018 [(M+H)+, C15H14O3 requires 243.1016]. 

 

Preparation of 2.140 

 

To a cooled (0 °C) solution of 2.139 (1.68 g, 6.934 mmol) in THF (80 mL) was added 

LiAlH4 (6.9 mL, 2 M in THF, 13.869 mmol) with dropwise manner. After stirred for 30 

min at same temperature, the reaction mixture was quenched with EtOAc and saturated 

aqueous Rochelle salt. The resulting mixture was vigorously stirred for 3 h at 25 °C. The 

layers were separated, and the aqueous layer was extracted with EtOAc. The combined 

organic layers were washed with brine, dried over anhydrous Na2SO4 and concentrated 

in vacuo. The residue was purified by column chromatography (silica gel, hexane/EtOAc, 

6/1) to afford 2.140 as a white solid (1.23 g, 83%).: 1H NMR (400 MHz, CDCl3) δ 8.06 (d, J 

= 9.2 Hz, 1H), 7.70 (d, J = 7.8 Hz, 1H), 7.44 – 7.35 (m, 2H), 7.24 (d, J = 2.7 Hz, 1H), 7.19 (d, J 

= 2.6 Hz, 1H), 6.18–6.08 (m, 1H), 5.48 (dt, J = 17.2, 1.6 Hz, 1H), 5.34 (dt, J = 10.6, 1.6 Hz, 

1H), 5.12 (d, J = 5.9 Hz, 2H), 4.67 (dt, J = 5.3, 1.4 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 

156.5, 136.4, 135.2, 133.2, 127.6, 126.8, 126.1, 125.4, 123.4, 119.2, 117.9, 108.0, 68.9, 63.8; 

HRMS (ESI) m/z 215.1068 [(M+H)+, C14H14O2 requires 215.1067]. 
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Preparation of 2.141 

 

To a cooled (0 °C) solution of 2.140 (336 mg, 1.568 mmol) in CH2Cl2 (15 mL) was added 

PBr3 (0.16 mL, 1.725 mmol). After stirred at same temperature for 1.5 h, the reaction 

mixture was quenched with ice water and diluted with CH2Cl2. The layers were 

separated, and the aqueous layer was extracted with CH2Cl2. The combined organic 

layers were washed with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. 

The residue was purified by column chromatography (silica gel, hexane/EtOAc, 30/1) to 

afford 2.141 as a white solid (271 mg, 62%).: 1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 9.2 

Hz, 1H), 7.73 (d, J = 8.0 Hz, 1H), 7.41–7.34 (m, 2H), 7.32 (dd, J = 9.2, 2.6 Hz, 1H), 7.19 (d, J 

= 2.8 Hz 1H), 6.18–6.08 (m, 1H), 5.48 (dq, J = 17.2, 1.6 Hz, 1H), 5.34 (dq, J = 10.5, 1.4 Hz, 

1H), 4.93 (s, 3H), 4.67 (dt, J = 5.3, 1.5 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 156.8, 135.5, 

133.4, 133.1, 128.8, 126.6, 126.1, 125.7, 125.5, 119.6, 118.0, 108.2, 69.0, 32.0. 

 

Preparation of 2.142 
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To a cooled (0 °C) solution of NaH (1.35 g, 60% dispersion in mineral oil, 33.645 mmol) 

in THF (80 mL) was added dimethyl malonate (3 mL, 26.916 mmol) with dropwise 

manner. After warming to 25 °C for 30 min, a solution of 2.141 (1.87 g, 6.729 mmol) in 

THF (50 mL) was added with dropwise manner to this mixture. The resulting mixture 

was stirred at same temperature for 1 h, quenched with saturated aqueous NH4Cl, and 

diluted with EtOAc. The layers were separated, and the aqueous layer was extracted 

with EtOAc. The combined organic layers were washed with brine, dried over 

anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, hexane/EtOAc, 6/1) to afford 2.142 as a white solid (2.09 g, 

94%).: 1H NMR (400 MHz, CDCl3) δ 7.94 (d, J = 9.2 Hz, 1H), 7.62 (d, J = 8.2 Hz, 1H), 7.33 

(dd, J = 8.3, 7.0 Hz, 1H), 7.25 (dd, J = 9.2, 2.6 Hz, 1H), 7.21 (d, J = 6.9 Hz, 1H), 7.17 (d, J = 

2.6 Hz, 1H), 6.18–6.08 (m, 1H), 5.48 (dq, J = 17.3, 1.5 Hz, 1H), 5.34 (dq, J = 10.5, 1.4 Hz, 

1H), 4.66 (dt, J = 5.3, 1.5 Hz, 2H), 3.86 (t, J = 7.5 Hz, 1H), 3.70 (s, 6H), 3.67 (s, 2H); 13C 

NMR (125 MHz, CDCl3) δ 169.5, 156.4, 135.3, 133.8, 133.2, 127.1, 126.8, 126.2, 125.0, 124.8, 

119.3, 117.9, 108.3, 108.2, 69.9, 52.8, 52.7, 32.0; HRMS (ESI) m/z 329.1386 [(M+H)+, C19H20O5 

requires 329.1384]. 
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Preparation of 2.143 

 

To a solution of 2.142 (2.09 g, 6.45 mmol) in DMSO (40 mL) were added LiCl (547 mg, 

12.901 mmol) and H2O (0.23 mL, 12.901 mmol) at 25 °C. The resulting mixture was 

heated to 130 °C and left to stir for 15 h. After cooling down to 25 °C, the reaction was 

quenched with brine, and diluted with EtOAc. The layers were separated, and the 

aqueous layer was extracted with EtOAc. The combined organic layers were dried over 

anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, hexane/EtOAc, 6/1) to afford 2.143 as a pale yellow solid (945 

g, 54%).: 1H NMR (400 MHz, CDCl3) δ 7.94 (d, J = 9.3 Hz, 1H), 7.61 (d, J = 8.3 Hz, 1H), 

7.36 (t, J = 7.6 Hz, 1H), 7.27–7.15 (m, 3H), 6.21–6.07 (m, 1H), 5.48 (dt, J = 17.3, 1.4 Hz, 1H), 

5.33 (dt, J = 10.5, 1.3 Hz, 1H), 4.66 (dd, J = 5.3, 1.4 Hz, 2H), 3.70 (s, 3H), 3.39 (t, J = 8.0 Hz 

2H), 2.75 (t, J = 8.0 Hz 2H); 13C NMR (125 MHz, CDCl3) δ 173.6, 156.4, 136.6, 135.3, 133.3, 

127.2, 126.3, 126.2, 125.1, 123.9, 119.0, 117.9, 108.1, 68.9, 51.8, 35.2, 28.3; HRMS (ESI) m/z 

271.1338 [(M+H)+, C17H18O3 requires 271.1329]. 
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Preparation of 2.144 

 

2.143 (119 mg, 0.440 mmol) was dissolved in 1,2-dichlorobenzene (4 mL). The resulting 

mixture was heated at 150 °C and left to stir for 24 h. After cooling down to 25 °C, the 

solvent was removed in vacuo. The residue was purified by column chromatography 

(silica gel, hexane/EtOAc, 10/1 to 3/1) to afford 2.144 as a pale yellow solid (62 mg, 52%): 

1H NMR (400 MHz, CDCl3) δ 7.88 (d, J = 9.1 Hz, 1H), 7.82 (d, J = 8.7 Hz, 1H), 7.40 (dd, J = 

8.7, 6.9 Hz, 1H), 7.21 (d, J = 6.8 Hz, 1H), 7.14 (d, J = 9.1 Hz, 1H), 6.14–6.00 (m, 1H), 5.14 – 

5.01 (m, 2H), 3.83 (dd, J = 5.7, 1.9 Hz, 2H), 3.71 (s, 3H), 3.40 (t, J = 8.0 Hz, 2H), 2.76 (t, J = 

8.0 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 173.9, 151.2, 137.1, 136.0, 134.0, 127.5, 126.4, 

123.7, 123.5, 122.4, 118.0, 117.9, 116.0, 51.9, 35.3, 29.6, 28.6; HRMS (ESI) m/z 271.1331 

[(M+H)+, C17H18O3 requires 271.1329]. 

 

Preparation of 2.146 

 

To a solution of 2.144 (188 mg, 0.695 mmol) in CH2Cl2 (6 mL) were added to Grubbs’ 

second catalyst (59 mg, 0.069 mmol) and cis-1,4-diacetoxy-2-butene at 25 °C. The reaction 
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mixture was stirred for 2.5 h under reflux condition. The solvent was removed under 

reduced pressure. The residue was purified by column chromatography (silica gel, 

hexane/EtOAc, 6/1 to 2/1) to afford 2.146 as a yellow solid (176 mg, 74%).: 1H NMR (400 

MHz, CDCl3) δ 7.87 (d, J = 9.1 Hz, 1H), 7.78 (d, J = 8.6 Hz, 1H), 7.39 (ddd, J = 8.7, 6.9, 1.8 

Hz, 1H), 7.20 (d, J = 7.0 Hz, 1H), 7.13 (d, J = 9.1 Hz, 1H), 6.07–5.95 (m, 1H), 5.66 (s, 1H), 

5.64–5.52 (m, 1H), 4.49 (d, J = 6.3 Hz, 2H), 3.83 (d, J = 5.8 Hz, 2H), 3.72 (s, 3H), 3.39 (t, J = 

8.0 Hz, 2H), 2.76 (t, J = 8.0 Hz, 2H), 2.02 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 173.9, 

171.3, 151.2, 137.1, 134.0, 133.7, 133.5, 127.4, 126.4, 124.8, 123.7, 123.4, 122.3, 117.9, 65.2, 

52.0, 35.3, 28.5, 28.1, 21.2; HRMS (ESI) m/z 365.1362 [(M+Na)+, C20H22O5 requires 

365.1359]. 

 

Preparation of 2.147 

 

To a cooled (0 °C) solution of 2.146 (58 mg, 0.169 mmol) in CH2Cl2 (6 mL) was added 

BF3·Et2O with dropwise manner. After stirred for 30 min at same temperature, the 

reaction mixture was further stirred for 2 h at 25 °C. The reaction mixture was quenched 

with saturated aqueous NaHCO3 and diluted with CH2Cl2. The layers were separated, 

and the aqueous layer was extracted with CH2Cl2. The combined organic layers were 
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dried over anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by 

column chromatography (silica gel, hexane/EtOAc, 5/1) to afford 2.147 as a pale yellow 

oil (14 mg, 30%).: 1H NMR (400 MHz, CDCl3) δ 7.89 (d, J = 8.8 Hz, 1H), 7.47 (d, J = 8.7 Hz, 

1H), 7.42–7.35 (m, 1H), 7.21–7.14 (m, 2H), 6.18–6.03 (m, 1H), 5.49–5.35 (m, 2H), 5.26 (dd, J 

= 10.4, 1.4 Hz, 1H), 3.75–3.63 (m, 4H), 3.39 (t, J = 8.0 Hz, 2H), 3.27 (dd, J = 15.4, 7.5 Hz, 

1H), 2.75 (t, J = 8.0 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 173.6, 156.8, 137.7, 137.6, 131.5, 

127.4, 126.7, 124.7, 123.3, 122.0, 119.2, 116.9, 112.1, 84.4, 51.8, 35.3, 35.2, 28.8; HRMS (ESI) 

m/z 283.1340 [(M+H)+, C18H18O3 requires 283.1329]. 

 

Preparation of 2.148 

 

To a cooled (–78 °C) solution of alkene 2.147 (55 mg, 0.195 mmol) in 2-

methylpropene/CH2Cl2 (1:1, total 6 mL) was added Grubbs’ second-generation catalyst 

(8.3 mg, 0.097 mmol). The resulting mixture was refluxed for 12 h. An addition of 

Grubbs’ second-generation catalyst (8.3 mg, 0.097 mmol) was repeated twice every 12 h. 

The reaction mixture was cooled to –78 °C and DMSO (10 drops) was added. The 

resulting mixture was stirred for 12 h at 25 ˚C. The solvent was removed in vacuo. The 

residue was purified by column chromatography (silica gel, hexane/EtOAc, 10/1) to 
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afford 2.148 as a colorless oil (50 mg, 83%).; 1H NMR (400 MHz, CDCl3) δ 7.88 (d, J = 9.0 

Hz, 1H), 7.47 (d, J = 8.4 Hz, 1H), 7.38 (t, J = 8.0 Hz 1H), 7.17 (d, J = 6.9 Hz, 1H), 7.14 (d, J = 

9.0 Hz, 1H), 5.68 (q, J = 9.0 Hz, 1H), 5.57–5.50 (m, 1H), 3.73–3.60 (m, 4H), 3.39 (t, J = 8.0 

Hz, 2H), 3.19 (dd, J = 15.1, 8.2 Hz, 1H), 2.75 (t, J = 8.0 Hz 2H), 1.85 (s, 3H), 1.82 (s, 3H); 13C 

NMR (125 MHz, CDCl3) δ 173.5, 156.8, 138.1, 137.6, 131.4, 127.2, 126.5, 125.0, 124.4, 123.1, 

122.0, 119.7, 112.1, 80.7, 51.8, 35.8, 35.3, 28.7, 25.9, 18.5; HRMS (ESI) m/z 311.1648 [(M+H)+, 

C20H22O3 requires 311.1642]. 

 

Preparation of naphthalene analog 2.076 

 

[Aldol Reaction] To a stirred solution of diisopropylamine in THF (2 mL) at 0 °C was 

added n-BuLi (0.4 mL, 2.5 M in hexane, 0.966 mmol) with dropwise manner. The 

resulting solution was stirred for 30 min at 0 °C and 5 min at 25 °C and then, cooled 

down to –78 °C to generate LDA. The ester 2.148 (50 mg, 0.161 mmol) in THF (1 mL) was 

added with dropwise manner to a solution of LDA at –78 °C. After stirred for 30 min at 

same temperature, the aldehyde 2.053 (163 mg, 0.856 mmol) in THF (1 mL) was added 

with dropwise manner to this solution. The resulting mixture was additionally stirred 
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for 30 min at –78 °C. The reaction mixture was quenched with saturated aqueous NH4Cl 

and diluted with EtOAc. The layers were separated, and the aqueous layer was 

extracted with EtOAc. The combined organic layers were washed with brine, dried over 

anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by flash column 

chromatography (silica gel, hexane/EtOAc, 4/1) to afford alcohols. [Dess–Martin 

Oxidation] To a cooled solution (0 ˚C) of alcohols were added Dess–Martin Periodinane 

(109 mg, 0.258 mmol) and NaHCO3 (58 mg, 0.687 mmol). After stirred for 1 h at 25 °C, 

the reaction mixture was quenched with saturated aqueous N2S2O3 and saturated 

aqueous NaHCO3. The resulting mixture was stirred vigorously for 1 h. The layers were 

separated, and the aqueous layer was extracted with EtOAc. The combined organic 

layers were washed with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. 

The residue was purified by column chromatography (silica gel, hexane/EtOAc, 10/1) to 

afford 2.149 as a colorless oil (42 mg, 52% for two steps). [Deketalization] To a solution 

of 2.149 (42 mg, 0.084 mmol) in CH3CN/H2O (3:1, total 5 mL) were added CaCO3 (169 

mg, 1.684 mmol) and MeI (0.1 mL, 1.684 mmol) at 25 °C. After stirred at same 

temperature for 60 h, the reaction mixture was diluted with EtOAc and H2O. The layers 

were separated, and the aqueous layer was extracted with EtOAc. The combined organic 

layers were washed with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. 

This crude was used in next step without further purification. [Pyrone Annulation] To a 

solution of the crude in benzene (6 mL) was added DBU (0.13 mL, 0.842 mmol) at 25 °C. 
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The resulting mixture was stirred under reflux condition for 3 h and cooled down to 25 

°C. The reaction mixture was neutralized carefully with 1 N HCl at 0 °C and diluted 

with EtOAc and H2O. The layers were separated, and the aqueous layer was extracted 

with EtOAc. The combined organic layers were washed with brine, dried over 

anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, hexane/EtOAc, 2/1) to afford 2.076 as a colorless oil (4 mg, 

13% for two steps).: 1H NMR (400 MHz, CDCl3) δ 7.88 (d, J = 9.1 Hz, 1H), 7.51 (d, J = 8.3 

Hz, 1H), 7.37 (dd, J = 8.2, 7.1 Hz, 1H), 7.25 (d, J = 6.6 Hz, 1H), 7.10 (d, J = 9.0 Hz, 1H), 6.64 

(s, 1H), 5.66 (q, J = 9.0 Hz, 1H), 5.50 (dt, J = 8.5, 1.5 Hz, 1H), 4.21 (s, 3H), 3.62 (dd, J = 15.4, 

9.3 Hz, 1H), 3.16 (dd, J = 15.3, 8.3 Hz, 1H), 2.19 (s, 3H), 1.83 (d, J = 1.4 Hz, 3H), 1.80 (d, J = 

1.4 Hz, 3H), 1.77 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 166.7, 165.3, 157.5, 156.7, 138.3, 

135.6, 131.8, 127.5, 126.5, 125.5, 124.9, 123.4, 122.5, 119.8, 112.6, 107.2, 100.8, 80.8, 35.7, 

28.8, 26.0, 18.5, 17.4, 9.8; HRMS (ESI) m/z 399.1568 [(M+Na)+, C24H24O4 requires 399.1567]. 

 

Preparation of 2.151 

 

To a stirred solution of diisopropylamine (0.28 mL, 2.000 mmol) in THF (10 mL) at 0 °C 

was added n-BuLi (0.8 mL, 2.5 M in hexane, 2.000 mmol) with dropwise manner. The 
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resulting solution was stirred for 30 min at 0 °C and 5 min at 25 °C and then, cooled 

down to –78 °C to generate LDA. (Methoxymethyl)diphenylphosphine oxide (615 mg, 

2.496 mmol) in THF (8 mL) was added with dropwise manner to a solution of LDA at –

78 °C. After stirred for 30 min at same temperature, 2.150 (62 mg, 0.250 mmol) in THF (2 

mL) was added with dropwise manner to this solution. The resulting mixture was 

additionally stirred at –78 °C for 1 h and at 0 °C for 1 h. The reaction mixture was 

quenched with saturated aqueous NH4Cl and diluted with EtOAc. The layers were 

separated, and the aqueous layer was extracted with EtOAc. The combined organic 

layers were washed with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. 

The residue was purified by flash column chromatography (silica gel, hexane/EtOAc, 

10/1) to afford alcohols (62 mg, 89%).:[For less polar enol ether] 1H NMR (400 MHz, 

CDCl3) δ 6.02–5.92 (m, 1H), 5.46 (s, 1H), 5.21 (dd, J = 17.1, 1.0 Hz, 1H), 5.06 (dd, J = 10.4, 

1.1 Hz, 1H), 4.42–4.36 (m, 1H), 3.43 (s, 3H), 3.16 (dd, J = 12.1, 3.4 Hz, 1H), 2.17–1.96 (m, 

3H), 1.91–1.57 (m, 6H), 1.50 (dd, J = 11.6, 3.6 Hz, 1H), 1.41 (dd, J = 13.3, 3.6 Hz, 1H), 1.34–

1.21 (m, 2H), 1.15 (s, 3H), 0.82 (s, 3H); [For more polar enol ether] 1H NMR (400 MHz, 

CDCl3) δ 6.00–5.92 (m, 1H), 5.70 (s, 1H), 5.20 (dt, J = 17.2, 1.2 Hz, 1H), 5.06 (dt, J = 10.4, 1.5 

Hz, 1H), 4.42–4.36 (m, 1H), 3.51 (s, 3H), 3.09 (dd, J = 12.1, 3.5 Hz, 1H), 2.75–2.67 (m, 1H), 

1.92–1.69 (m, 5H), 1.69–1.59 (m, 2H), 1.54–1.48 (m, 2H), 1.40 (d, J = 13.6 Hz,  1H), 1.32–

1.20 (m, 1H), 1.14 (dd, J = 12.7, 3.0 Hz, 1H), 1.10 (s, 3H), 0.83 (s, 3H). 
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Preparation of 2.157 

 

To a solution of 2.150 (400 mg, 1.611 mmol) in EtOAc (80 mL) was added Pd/C (40 mg, 

10 wt%). The reaction mixture was stirred at 25 °C for 1 h under H2 atmosphere. The 

reaction mixture was filtered through a pad of Celite. The filtrate was concentrated in 

vacuo. The residue was purified by column chromatography (silica gel, hexane/EtOAc, 

2/1) to afford 2.157 as a white solid (382 mg, 95%).: 1H NMR (400 MHz, CDCl3) δ 3.83–

3.76 (m, 1H), 2.99 (dd, J = 11.0, 3.4 Hz, 1H), 2.54 (td, J = 14.0, 7.1 Hz, 1H), 2.18 (dd, J = 13.8, 

4.2 Hz, 1H), 2.09–2.00 (m, 1H), 1.91–1.63 (m, 2H), 1.79–1.45 (m, 8H), 1.33 (dd, J = 11.8, 4.1 

Hz, 1H), 1.27 (dd, J = 12.9, 2.6 Hz, 1H), 1.16 (s, 3H), 0.97–0.87 (m, 6H); 13C NMR (125 

MHz, CDCl3) δ 213.8, 86.1, 79.7, 53.1, 49.0, 45.1, 44.4, 37.2, 31.8, 29.6, 26.3, 22.8, 21.5, 20.4, 

17.5, 10.9; HRMS (ESI) m/z 251.2009 [(M+H)+, C16H26O2 requires 251.2006]. 

 

Preparation of 2.158 
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To a cooled solution (0 °C) of methyltriphenylphosphonium iodide (2.64 g, 6.502 mmol) 

in THF (25 mL) was added LHMDS (5.9 mL, 1 M in THF, 5.911 mmol) with dropwise 

manner. After stirred at 0 °C for 1 h, 2.157(148 mg, 0.591 mmol) in THF (5 mL) was 

added with dropwise manner to the reaction mixture at same temperature. After stirred 

at 25 °C for 14 h, the reaction mixture was quenched with saturated aqueous NH4Cl, and 

diluted with EtOAc. The layers were separated, and the aqueous layer was extracted 

with EtOAc. The combined organic layers were washed with brine, dried over 

anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by flash column 

chromatography (silica gel, hexane/EtOAc, 4/1) to afford 2.158 as a white solid (89 mg, 

61%, 82% brsm).; 1H NMR (400 MHz, CDCl3) δ 4.48 (dt, J = 9.5, 1.7 Hz, 2H), 3.83–3.76 (m, 

1H), 3.05 (dd, J = 12.0, 3.5 Hz, 1H), 2.27 (td, J = 13.6, 5.1 Hz, 1H), 2.10 (ddt, J = 13.8, 4.2, 1.9 

Hz, 1H), 1.91–1.83 (m, 2H), 1.81–1.61 (m, 5H), 1.61–1.47 (m, 2H), 1.46–1.38 (m, 1H), 1.31 

(dd, J = 11.6, 4.2 Hz, 2H), 1.11 (d, J = 2.9 Hz, 1H), 1.09 (s, 3H), 0.94 (t, J = 7.4 Hz, 3H), 0.86 

(s, 3H); 13C NMR (125 MHz, CDCl3) δ 159.6, 102.0, 87.1, 80.1, 53.8, 45.7, 44.6, 40.6, 36.3, 

33.0, 29.9, 28.4, 24.3, 22.6, 22.4, 17.4, 11.2. 

 

Preparation of 2.159 

 



 

129 

To a cooled solution (0 °C) of 2.158 (50 mg, 0.201 mmol) in THF was added borane 

tetrahydrofuran complex solution (0.7 mL, 1 M in THF, 0.705 mmol) with dropwise 

manner. After stirred 0 °C for 2 h, 3 N NaOH (0.6 mL) and 30% H2O2 (0.6 mL) were 

added with dropwise manner. After further stirred at 0 °C for 16 h, the reaction mixture 

was quenched with H2O. The layers were separated, and the organic layer was washed 

with brine. The organic layer was dried over anhydrous Na2SO4 and concentrated in 

vacuo. The residue was purified by flash column chromatography (silica gel, 

hexane/EtOAc, 3/1) to afford 2.159  (1:1.2 diastereomeric mixtures) as a colorless oil (46 

mg, 86%).: 1H NMR (400 MHz, CDCl3) [For two diastereomers] δ 3.92 (dd, J = 10.8, 4.7 

Hz, 1H), 3.85–3.77 (m, 3.4H), 3.65 (dd, J = 10.6, 7.5 Hz, 1H), 3.29 (dd, J = 10.6, 7.2 Hz, 

1.2H), 3.05 (dd, J = 12.2, 3.2 Hz, 1.2H), 3.02–2.95 (m, 1H), 1.88–1.46 (m, 22H), 1.39–1.30 

(m, 7H), 1.26–1.16 (m, 4H), 1.10 (s, 3H), 1.05 (dd, J = 12.6, 2.3 Hz, 2.2H), 0.99–0.90 (m, 

6.6H), 0.85 (s, 3.6H), 0.82 (s, 6.6H); 13C NMR (125 MHz, CDCl3) δ 87.14, 87.0, 80.0, 79.9, 

63.2, 61.3, 55.3, 53.8, 50.8, 47.6, 45.6, 43.9, 38.2, 37.3, 35.5, 29.74, 29.70, 26.6, 25.5, 24.7, 23.9, 

23.4, 22.4, 22,2, 21.6, 17.4, 17.3, 16.3, 11.09, 11.05; HRMS (ESI) m/z 249.2214 [(M+H2O)+, 

C17H30O2 requires 249.2213]. 
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Preparation of 2.160 

 

To a cooled (0 °C) solution of 2.159 (285 mg, 1.069 mmol) in CH2Cl2 (30 mL) was added 

Dess–Martin Periodinane (1.4 g, 3.209 mmol) and NaHCO3 (99 mg, 10.697 mmol). After 

stirred for 2 h at 25 °C, the reaction mixture was quenched with saturated aqueous 

N2S2O3 and saturated aqueous NaHCO3. The resulting mixture was stirred vigorously for 

1 h. The layers were separated, and the aqueous layer was extracted with CH2Cl2. The 

combined organic layers were washed with brine, dried over anhydrous Na2SO4 and 

concentrated in vacuo. The residue was purified by column chromatography (silica gel, 

hexane/EtOAc, 10/1) to afford 2.160 as a colorless oil (75 mg, 28%).: 1H NMR (400 MHz, 

Acetone-d6) δ 10.03 (d, J = 2.4 Hz, 1H), 3.78–3.71 (m, 1H), 3.12–3.05 (m, 1H), 2.01 (dt, J = 

3.6, 3.2 Hz, 1H), 1.94–1.86 (m, 1H), 1.82–1.80 (m, 2H), 1.77–1.71 (m, 2H), 1.72–1.63 (m, 

5H), 1.55–1.41 (m, 4H), 1.32 (dd, J = 11.7, 4.1 Hz, 1H), 1.13 (d, J = 1.0 Hz, 3H), 0.91 (t, J = 

7.4 Hz, 3H), 0.83 (d, J = 1.1 Hz, 3H). 

135 mg, 48% yield; 1H NMR (400 MHz, Acetone-d6) δ 9.81 (d, J = 1.4 Hz, 

1H), 3.78–3.71 (m, 1H), 3.08 (dd, J = 11.4, 4.2 Hz, 1H), 2.01 (dt, J = 13.1, 3.2 Hz, 1H), 1.90–
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1.83 (m, 1H), 1.81–1.71 (m, 2H), 1.72–1.44 (m, 9H), 1.44–1.35 (m, 1H), 1.32 (dd, J = 11.6, 4.1 

Hz, 1H), 1.21 (dd, J = 12.6, 2.7 Hz, 1H), 1.00 (s, 3H), 0.92 (t, J = 7.4 Hz, 3H), 0.81 (d, J = 1.0 

Hz, 3H). 

 

Preparation of 2.162 

 

To a cooled (–78 °C) solution of bromo-γ-pyrone (390 mg, 1.674 mmol) in THF (20 mL) 

was added n-BuLi (0.6 mL, 2.5 M in hexane, 1.522 mmol) with dropwise manner. After 

stirred at same temperature for 5 min, aldehyde 2.160 (75 mg, 0.284 mmol) in THF (8 

mL) was added with dropwise manner to this solution. The reaction mixture was further 

stirred at same temperature for 30 min, quenched with saturated aqueous NH4Cl, and 

diluted with EtOAc. The layers were separated, and the aqueous layer was extracted 

with EtOAc. The combined organic layers were washed with brine, dried over 

anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, hexane/EtOAc, 1/1) to afford alcohols 2.162 as a colorless oil 

(107 mg, 90%).: HRMS (ESI) m/z 419.2796 [(M+H)+, C25H38O5 requires 419.2792]. 
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Preparation of 2.163 

 

[Methyl Xanthate Formation] To a cooled (–78 °C) solution of alcohols 2.162 (27 mg, 

0.065 mmol) in THF (8 mL) containing CS2 (0.08 mL, 1.254 mmol) was added NaHMDS 

(0.12 mL, 1.0 M in THF, 0.125 mmol). After stirred at same temperature for 1 h, MeI (0.08 

mL, 1.254 mmol) was added with dropwise manner to this solution at –78 °C. The 

resulting mixture was further stirred at same temperature for 1 h, quenched with 

saturated aqueous NH4Cl and diluted with EtOAc. The layers were separated, and the 

aqueous layer was extracted with EtOAc. The combined organic layers were washed 

with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. The residue was 

purified by flash column chromatography (silica gel, hexane/EtOAc, 1/1) to afford 

xanthate as a yellow oil (30 mg). [Barton−McCombie Deoxygenation] For the deaeration 

of toluene, it was frozen using –78 °C bath with argon bubbling, and toluene was 

evacuated in vacuo for 30 min. To a solution of xanthate (30 mg, 0.059 mmol) in dry 

toluene were added AIBN (2 mg, 0.012 mmol) and n-Bu3SnH (0.03 mL, 0.173 mmol) at 25 

°C. The resulting mixture was cooled to –78 °C, degassed, and refilled with argon 3 

times. The reaction mixture was refluxed for 3 h, cooled to 25 °C, and concentrated in 

vacuo. The residue was purified by column chromatography (silica gel, hexane/EtOAc, 
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3/1) to afford 2.163 as a colorless oil (10 mg, 38% for two steps).: 1H NMR (400 MHz, 

CDCl3) δ 3.92 (s, 3H), 3.84–3.78 (m, 1H), 3.04 (dd, J = 11.8, 3.5 Hz, 1H), 2.58–2.44 (m, 2H), 

2.25 (s, 3H), 1.91 (s, 3H), 1.86–1.60 (m, 6H), 1.60–1.41 (m, 4H), 1.41–1.29 (m, 5H), 1.16 (d, J 

= 13.8 Hz, 1H), 1.06 (s, 3H), 0.95 (t, J = 7.4 Hz, 3H), 0.82 (s, 3H); 13C NMR (125 MHz, 

CDCl3) δ 180.8, 162.7, 155.0, 118.9, 104.2, 87.4, 80.1, 55.5, 46.4, 46.1, 45.9, 44.1, 38.2, 35.4, 

30.0, 24.8, 24.2, 24.0, 22.6, 21.2, 19.7, 17.6, 17.1, 11.3, 10.2; HRMS (ESI) m/z 403.2850 

[(M+H)+, C25H38O4 requires 403.2843]. 

 

Preparation of de-exo-methylene analog 2.077 

 

To a solution of 2.163 (6 mg, 0.015 mmol) in THF/MeOH (2/1, total 1.5 mL) was added 2 

N NaOH (0.5 mL) at 25 ˚C. The resulting mixture was refluxed for 24 h, cooled to 25 °C, 

neutralized with saturated aqueous NH4Cl, and diluted with EtOAc. The layers were 

separated, and the aqueous layer was extracted with EtOAc. The combined organic 

layers were washed with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. 

The residue was purified by column chromatography (silica gel, EtOAc/MeOH, 50/1) to 

afford 2.077 as a white solid (5 mg, 86%).: 1H NMR (400 MHz, DMSO-d6) δ 3.75–3.68 (m, 

1H), 2.95 (dd, J = 11.2, 3.8 Hz, 1H), 2.60–2.39 (m, 2H), 2.13 (s, 3H), 1.86 (s, 3H), 1.83–1.73 
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(m, 1H), 1.72–1.54 (m, 4H), 1.49–1.37 (m, 5H), 1.31–1.22 (m, 3H), 1.19 (d, J = 13.2 Hz, 1H), 

1.10 (d, J = 12.8 Hz, 1H), 1.01 (s, 3H), 0.88 (t, J = 7.4 Hz, 3H), 0.75 (s, 3H); 13C NMR (125 

MHz, DMSO-d6) δ 165.2, 164.2, 154.9, 106.5, 102.5, 86.3, 78.8, 45.6, 45.4, 45.2, 43.5, 37.6, 

34.9, 29.5, 24.6, 23.7, 23.6, 22.1, 21.1, 20.9, 17.3, 17.1, 11.1, 10.4; HRMS (ESI) m/z 389.2695 

[(M+H)+, C24H36O4 requires 389.2686]. 

 

Preparation of 2.166 

 

To a solution of aldehyde 2.161 (52 mg, 0.197 mmol) in CH2Cl2 was added methyl 

(triphenylphosphoranylidene)acetate (474 mg, 1.418 mmol) at 0 °C with portionwise per 

12 h. After stirred at same temperature, the solvent was removed in vacuo. The residue 

was purified by column chromatography (silica gel, hexane/EtOAc, 10/1) to afford 2.166 

as a transparent oil (52 mg, 82%).: 1H NMR (400 MHz, CDCl3) δ 6.96 (dd, J = 15.7, 8.3 Hz, 

1H), 5.76 (dd, J = 15.6, 1.1 Hz, 1H), 3.85–3.78 (m, 1H), 3.72 (s, 3H), 3.06 (dd, J = 12.3, 3.5 

Hz, 1H), 1.97–1.69 (m, 5H), 1.68–1.56 (m, 4H), 1.56–1.43 (m, 3H), 1.39 (dd, J = 13.6, 4.0 Hz, 

1H), 1.33 (dd, J = 11.6, 4.2 Hz, 1H), 1.18 (td, J = 12.7, 4.3 Hz, 1H), 1.09 (dd, J = 12.6, 2.6 Hz, 

1H), 0.95 (t, J = 7.4 Hz, 3H), 0.90 (s, 3H), 0.83 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 167.1, 
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150.8, 121.5, 87.1, 80.2, 55.0, 54.5, 51.5, 45.6, 44.2, 39.0, 38.3, 29.9, 27.0, 26.3, 23.7, 22.4, 17.4, 

16.3, 11.2; HRMS (ESI) m/z 321.2432 [(M+H)+, C20H32O3 requires 321.2424]. 

 

Preparation of 2.167 

 

To a solution of 2.166 (52 mg, 0.162 mmol) in EtOH (8 mL) was added Pd/C (16 mg, 30 

wt%). The reaction mixture was stirred at 25 °C for 15 h under H2 atmosphere. The 

reaction mixture was filtered through a pad of Celite. The filtrate was concentrated in 

vacuo. The residue was purified by column chromatography (silica gel, hexane/EtOAc, 

5/1) to afford 2.167 as a white solid (52 mg, 99%).: 1H NMR (400 MHz, CDCl3) δ 3.83–3.74 

(m, 1H), 3.63 (s, 3H), 3.02 (dd, J = 12.2, 3.0 Hz, 1H), 2.33 (ddd, J = 15.2, 9.3, 5.6 Hz, 1H), 

2.15 (dt, J = 15.7, 8.0 Hz, 1H), 1.88–1.64 (m, 7H), 1.59–1.44 (m, 4H), 1.33–1.23 (m, 4H), 

1.18–0.96 (m, 3H), 0.92 (t, J = 7.4 Hz, 3H), 0.82 (s, 3H), 0.80 (s, 3H); 13C NMR (125 MHz, 

CDCl3) δ 174.5, 87.2, 80.2, 55.4, 51.6, 51.0, 45.8, 44.2, 38.3, 38.1, 33.0, 29.9, 27.3, 27.0, 25.0, 

24.0, 22.5, 17.5, 15.6, 11.3; HRMS (ESI) m/z 323.2585 [(M+H)+, C20H34O3 requires 323.2581]. 
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Preparation of epi-de-exo-methylene analog 2.078 

 

[Aldol Reaction] To a stirred solution of diisopropylamine (0.07 mL, 0.465 mmol) in THF 

(1.5 mL) at 0 °C was added n-BuLi (0.18 mL, 2.5 M in hexane, 0.465 mmol) with 

dropwise manner. The resulting solution was stirred for 30 min at 0 °C and 5 min at 25 

°C and then, cooled down to –78 °C to generate LDA. The ester 2.167 (25 mg, 0.078 

mmol) in THF (0.7 mL) was added with dropwise manner to a solution of LDA at –78 

°C. After stirred for 30 min at same temperature, the aldehyde 2.168 (89 mg, 0.623 mmol) 

in THF (0.7 mL) was added with dropwise manner to this solution. The resulting 

mixture was additionally stirred for 30 min at –78 °C. The reaction mixture was 

quenched with saturated aqueous NH4Cl and diluted with EtOAc. The layers were 

separated, and the aqueous layer was extracted with EtOAc. The combined organic 

layers were washed with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. 

The residue was purified by flash column chromatography (silica gel, hexane/EtOAc, 

2/1) to afford alcohols (40 mg, 87%). [Dess–Martin Oxidation] To a cooled solution (0 °C) 

of alcohols (40 mg, 0.086 mmol) were added Dess–Martin Periodinane (73 mg, 0.171 

mmol) and NaHCO3 (29 mg, 0.343 mmol). After stirred for 2 h at 25 °C, the reaction 
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mixture was quenched with saturated aqueous N2S2O3 and saturated aqueous NaHCO3. 

The resulting mixture was stirred vigorously for 1 h. The layers were separated, and the 

aqueous layer was extracted with EtOAc. The combined organic layers were washed 

with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. The residue was 

purified by column chromatography (silica gel, hexane/EtOAc, 10/1) to afford 2.169 as a 

colorless oil (19 mg, 61%). [Deketalization] To a solution of 2.169 (19 mg, 0.041 mmol) in 

acetone (2 mL) was added Cl2Pd(CH3CN)2 (1.5 mg, 0.004 mmol) at 25 ˚C. After stirred at 

same temperature for 15 h, the solvent was removed in vacuo. The residue was purified 

by column chromatography (silica gel, hexane/EtOAc, 10/1) to afford the ketone (13 mg, 

76%). [Pyrone Annulation] To a solution of the ketone (13 mg, 0.031 mmol) in benzene (3 

mL) was added DBU (0.05 mL, 0.309 mmol) at 25 °C. The resulting mixture was stirred 

under reflux condition for 1.5 h and cooled down to 25 °C. The reaction mixture was 

neutralized carefully with 1 N HCl at 0 °C and diluted with EtOAc and H2O. The layers 

were separated, and the aqueous layer was extracted with EtOAc. The combined organic 

layers were washed with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. 

The residue was purified by column chromatography (silica gel, EtOAc/MeOH, 30/1) to 

afford 2.078 as a colorless oil (8 mg, 67%).: 1H NMR (400 MHz, DMSO-d6) δ 3.73–3.65 (m, 

1H), 2.95 (dd, J = 11.9, 3.5 Hz, 1H), 2.31 (dd, J = 13.2, 1.5 Hz, 1H), 2.19 (dd, J = 12.6, 10.3 

Hz, 1H), 2.13 (s, 3H), 1.85 (s, 3H), 1.74–1.38 (m, 6H), 1.30–1.10 (m, 8H), 0.97 (dd, J = 12.4, 

1.6 Hz, 2H), 0.93–0.82 (m, 6H), 0.76 (s, 3H); 13C NMR (125 MHz, DMSO-d6) δ 165.1, 164.2, 
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154.8, 106.6, 101.5, 86.3, 78.9, 54.7, 49.5, 45.3, 43.6, 37.8, 37.2, 29.5, 26.5, 26.3, 23.7, 23.0, 

22.2, 17.2, 17.0, 15.2, 11.1, 10.3. 

 

Preparation of 2.171 

 

To a solution of methyltriphenylphosphonium bromide (2.50 g, 6.947 mmol) in toluene 

(17 mL) was added potassium tert-butoxide (709 mg, 6.315 mmol) at 25 °C. After stirred 

at same temperature for 1 h, 2.105 (105 mg, 0.632 mmol) in THF (4 mL) was added with 

dropwise manner to the reaction mixture at same temperature. The reaction mixture was 

stirred at 110 °C for 3 h. After cooling down to 0 ˚C, acetone was added to the reaction 

mixture, and then the solid residue was filtered through the pad of Celite. The filterate 

was concentrated in vacuo. The residue was purified by flash column chromatography 

(silica gel, hexane/EtOAc, 100/1) to afford 2.171 as a colorless oil (65 mg, 56%).:1H NMR 

(400 MHz, CDCl3) δ 4.60 (s, 1H), 4.56 (s, 1H), 2.37 (td, J = 12.6, 4.7 Hz, 1H), 2.18–2.09 (m, 

1H), 1.84–1.76 (m, 1H), 1.73–1.66 (m, 1H), 1.65–1.56 (m, 3H), 1.56–1.49 (m, 1H), 1.46–1.10 

(m, 7H), 0.98 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 159.0, 103.9, 46.4, 39.6, 37.0, 33.1, 29.5, 

29.1, 28.4, 26.9, 22.4, 17.2. 
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Preparation of 2.172 

 

To a cooled solution (0 °C) of 2.171 (23 mg, 0.140 mmol) in THF (2 mL) was added 

borane tetrahydrofuran complex solution (0.5 mL, 1 M in THF, 0.500 mmol) with 

dropwise manner. After stirred 0 °C for 1.5 h, 3 N NaOH (0.5 mL) and 30% H2O2 (0.5 

mL) were added with dropwise manner. After further stirred at 0 °C for 16 h, the 

reaction mixture was quenched with H2O. The layers were separated, and the organic 

layer was washed with brine. The organic layer was dried over anhydrous Na2SO4 and 

concentrated in vacuo. The residue was purified by flash column chromatography (silica 

gel, hexane/EtOAc, 6/1) to afford 2.172 (1:1 diastereomeric mixtures) as a colorless oil (21 

mg, 83%).: 1H NMR (400 MHz, CDCl3) δ 3.91 (dd, J = 10.7, 5.4 Hz, 1H), 3.82 (dd, J = 10.4, 

3.2 Hz, 1H), 3.66 (dd, J = 10.6, 8.6 Hz, 1H), 3.25 (dd, J = 10.4, 8.4 Hz, 1H), 1.82–1.62 (m, 

8H), 1.52–1.45 (m, 4H), 1.44–1.31 (m, 4H), 1.31–1.11 (m, 14H), 1.11–0.99 (m, 2H), 0.97 (s, 

3H), 0.72 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 63.7, 61.5, 51.7, 47.7, 46.7, 39.9, 38.9, 37.1, 

36.3, 36.2, 29.4, 28.7, 26.9, 26.8, 26.4, 25.7, 23.5, 22.1, 22.0, 21.8, 18.6, 12.0; HRMS (ESI) m/z 

200.2005 [(M+NH4)+, C12H22O requires 200.2009]. 
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Preparation of 2.175 

 

To a stirred solution of diisopropylamine (0.3 mL, 2.165 mmol) in THF (10 mL) at 0 °C 

was added n-BuLi (0.7 mL, 2.5 M in hexane, 1.732 mmol) with dropwise manner. The 

resulting solution was stirred for 30 min at 0 °C and 5 min at 25 °C and then, cooled 

down to –78 °C to generate LDA. (Methoxymethyl)diphenylphosphine oxide (533 mg, 

2.165 mmol) in THF (8 mL) was added with dropwise manner to a solution of LDA at –

78 °C. After stirred for 30 min at same temperature, 2.105 (36 mg, 0.217 mmol) in THF (2 

mL) was added with dropwise manner to this solution. The resulting mixture was 

additionally stirred at –78 °C for 1 h and at 0 °C for 1 h. The reaction mixture was 

quenched with saturated aqueous NH4Cl and diluted with EtOAc. The layers were 

separated, and the aqueous layer was extracted with EtOAc. The combined organic 

layers were washed with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. 

The residue was purified by flash column chromatography (silica gel, hexane/EtOAc, 

5/1) to afford 2.175 (17 mg, 40%).: 1H NMR (400 MHz, CDCl3) δ 5.69 (s, 1H), 3.53 (s, 3H), 

2.71 (dd, J = 14.2, 3.9 Hz, 1H), 1.91–1.79 (m, 1H), 1.79–1.64 (m, 2H), 1.62–1.43 (m, 4H), 

1.34–1.11 (m, 7H), 0.96 (s, 3H). 
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Preparation of 2.179 

 

To a cooled (–78 °C) solution of alcohols 2.105 (30 mg, 0.180 mmol) in THF (2 mL) 

containing N-phenyl-bis(trifluoromethanesulfonimide (77 mg, 0.217 mmol) was added 

LHMDS (0.36 mL, 1.0 M in THF, 0.361 mmol). The resulting mixture was stirred at 0 °C 

for 10 min, quenched with saturated aqueous NH4Cl, and diluted with EtOAc. The 

layers were separated, and the aqueous layer was extracted with EtOAc. The combined 

organic layers were washed with brine, dried over anhydrous Na2SO4 and concentrated 

in vacuo. The residue was purified by flash column chromatography (silica gel, 

hexane/EtOAc, 20/1) to afford 2.179 (48 mg, 89%).: 1H NMR (400 MHz, CDCl3) δ 5.57 (dd, 

J = 4.8, 3.1 Hz, 1H), 2.30–2.12 (m, 2H), 1.80–1.71 (m, 2H), 1.67–1.22 (m, 9H), 1.09 (s, 3H). 

 

Preparation of 2.178 

 

To a solution of 2.179 (48 mg, 1.061 mmol) in THF (2 mL) were added LiCl (12 mg, 0.292 

mmol), Pd(PPh3)4 (18 mg, 0.015 mmol) and n-Bu3SnCH2OH (99 mg, 0.307 mmol) in THF 

(0.5 mL) at 25 °C. The reaction mixture was warmed to 65 °C and stirred at same 
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temperature for 5 h. After cooling down to 25 °C, the solvent was removed in vacuo. The 

residue was purified by flash column chromatography (silica gel, hexane/EtOAc, 10/1) to 

afford 2.178 (14 mg, 48%).: 1H NMR (400 MHz, CDCl3) δ 5.56 (t, J = 3.4 Hz, 1H), 4.11 

(ddd, J = 22.7, 13.1, 1.4 Hz, 2H), 2.12–2.07 (m, 1H), 1.79–1.16 (m, 12H), 1.01 (s, 2H). 

 

Preparation of 2.180 

 

[Dess–Martin Oxidation] To a cooled (0 °C) solution of 2.172 (21 mg, 0.115 mmol) in 

CH2Cl2 (5 mL) was added Dess–Martin Periodinane (147 mg, 0.346 mmol) and NaHCO3 

(97 mg, 1.152 mmol). After stirred for 2 h at 25 °C, the reaction mixture was quenched 

with saturated aqueous N2S2O3 and saturated aqueous NaHCO3. The resulting mixture 

was stirred vigorously for 1 h. The layers were separated, and the aqueous layer was 

extracted with CH2Cl2. The combined organic layers were washed with brine, dried over 

anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, hexane/EtOAc, 20/1) to afford 2.174 as a colorless oil (18 mg, 

87%). [γ-Pyrone Addition] To a cooled (–78 °C) solution of bromo-γ-pyrone (116 mg, 

0.499 mmol) in THF (5 mL) was added n-BuLi (0.18 mL, 2.5 M in hexane, 0.449 mmol) 
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with dropwise manner. After stirred at same temperature for 5 min, aldehyde 2.174 (18 

mg, 0.100 mmol) in THF (2 mL) was added with dropwise manner to this solution. The 

reaction mixture was further stirred at same temperature for 30 min, quenched with 

saturated aqueous NH4Cl, and diluted with EtOAc. The layers were separated, and the 

aqueous layer was extracted with EtOAc. The combined organic layers were washed 

with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. The residue was 

purified by column chromatography (silica gel, hexane/CH2Cl2/EtOAc, 1/1/1) to afford 

alcohols 2.180 as a colorless oil (21 mg, 63%).: HRMS (ESI) m/z 335.2224 [(M+H)+, 

C20H30O4 requires 335.2217]. 

 

Preparation of 2.181 

 

To a cooled (–78 °C) solution of alcohols 2.180 (21 mg, 0.063 mmol) in THF (8 mL) 

containing CS2 (0.08 mL, 1.256 mmol) was added NaHMDS (0.09 mL, 1.0 M in THF, 

0.094 mmol). After stirred at same temperature for 1 h, MeI (0.08 mL, 1.256 mmol) was 

added with dropwise manner to this solution at –78 °C. The resulting mixture was 

further stirred at same temperature for 1 h, quenched with saturated aqueous NH4Cl, 

and diluted with EtOAc. The layers were separated, and the aqueous layer was 

1. NaHMDS, CS2 
    THF, –78 °C, 1 h
    then MeI, 1 h
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extracted with EtOAc. The combined organic layers were washed with brine, dried over 

anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by flash column 

chromatography (silica gel, hexane/CH2Cl2/EtOAc, 3/1/1) to afford xanthate as a yellow 

oil (21 mg). [Barton−McCombie Deoxygenation] For the deaeration of toluene, it was 

frozen using –78 °C bath with argon bubbling, and toluene was evacuated in vacuo for 30 

min. To a solution of xanthate (21 mg, 0.049 mmol) in dry toluene were added AIBN (2 

mg, 0.010 mmol) and n-Bu3SnH (0.03 mL, 0.149 mmol) at 25 °C. The resulting mixture 

was cooled to –78 °C, degassed and refilled with argon 3 times. The reaction mixture 

was refluxed for 3 h, cooled to 25 °C, and concentrated in vacuo. The residue was 

purified by column chromatography (silica gel, hexane/ CH2Cl2/EtOAc, 5/1/1) to afford 

2.181 as a colorless oil (10 mg, 50% for two steps).: HRMS (ESI) m/z 319.2270 [(M+H)+, 

C20H30O3 requires 319.2268]. 

 

Preparation of 2.170 

 

To a solution of 2.181 (8 mg, 0.025 mmol) in THF/MeOH (2/1, total 1.5 mL) was added 2 

N NaOH (0.5 mL) at 25 °C. The resulting mixture was refluxed for 24 h, cooled to 25 °C, 

neutralized with saturated aqueous NH4Cl, and diluted with EtOAc. The layers were 
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separated, and the aqueous layer was extracted with EtOAc. The combined organic 

layers were washed with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. 

The residue was purified by column chromatography (silica gel, hexane/ CH2Cl2/EtOAc, 

10/1/1) to afford 2.170 as a white solid (2 mg, 21%).: 1H NMR (400 MHz, CDCl3) δ; 2.67 

(dd, J = 13.3, 11.0 Hz, 1H), 2.56 (dd, J = 12.9, 4.0 Hz, 1H), 2.23 (s, 3H), 1.96 (s, 3H), 1.91 (d, 

J = 13.8 Hz, 1H), 1.78–1.48 (m, 7H), 1.43–1.13 (m, 8H), 0.99 (s, 3H); 13C NMR (125 MHz, 

DMSO-d6) δ 165.2, 164.2, 154.8, 106.5, 102.4, 41.7, 37.8, 36.3, 36.2, 29.1, 29.0, 26.5, 23.8, 21.7, 

21.1, 20.5, 18.5, 17.1, 10.4; HRMS (ESI) m/z 305.2114 [(M+H)+, C19H28O3 requires 305.2111]. 
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3. Synthetic Efforts Towards the Total Synthesis of 
Rhodojaponins 

3.1 Introduction 

3.1.1 Current Pain Managements and Opioid Crisis 

Pain is defined as “an unpleasant sensory and emotional experience associated 

with actual or potential tissue damage or described in terms of such damage” by the 

International Association for the study of Pain (IASP) in 1994. Pain is always subjective, 

and pain responses are affected by individual experiences, affective and cognitive 

influences, gender, and even cultural expectations.86 Pain is the most common symptom 

for which people seek medicinal care. According to the American Pain Society, more 

than 40% of the Unites States (US) adult population is affected by painful health 

conditions. Also, the overall cost of treating certain chronic pain conditions estimated to 

be more than US $130 billion.87  

There are two major categories of pain by its duration into acute (< 6 months) or 

chronic (> 6 months) pain. Acute pain is severe or sudden pain but resolves in relative 

short amount of time. Chronic pain persists for months or even longer and is resistant to 

medical treatments, which causes severe problems for patients. Chronic pain can be 

further classified by the source of pain production, such as nociceptive pain, neuropathic 

pain, visceral pain, and mixed pain. Pain mechanisms usually start with the activation of 

sensory receptors in peripheral systems (nociceptors), which transmitted the 
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information via the dorsal horn to central nervous system (CNS).88 Diverse pathological 

situations, such as cancer, inflammation, tissue injury or lesions of the nervous system, 

from different anatomical sites can lead to pain and sometimes pain can occur without 

any indication of an injury or illness. Although pain plays a protective role from injury, 

the aversiveness of pain is important for survival.89 

Current pain management heavily relies on analgesic medications, such as non-

narcotic analgesics (acetaminophen and aspirin), narcotic analgesics (opioid), non-

steroidal anti-inflammatory drugs (NSAIDs), and thermal agents. Among them, over 

50% of the current market for chronic pain targeted the endogenous opioid system or 

the enzymatic cascade related to inflammatory processes (NSAIDs). More recently, other 

medicines have been added, such as antiepileptics, antidepressants, and 

anticonvulsants, but the share of market of these drugs was insignificant (Figure 25).90  
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Figure 25: Total value and market share by sales in the seven major 

pharmaceutical markets of major pain drug classes in 2009. Figure adapted from ref 90. 

 

The misuse of prescription opioids and ineffective management of chronic pain 

have fueled the opioid crisis in US, which affects public health as well as social and 

economic welfare.91 Every day, about 200 Americans are dying due to opioid-related 

drug overdoses.92 During the Second World War and Vietnam War, amphetamine was 

used to empower solders to prevent mental breakdowns from combat stress by the 

Department of Defense.93, 94 In the mid- to late 19th century, physicians’ unrestricted 

opioid prescriptions, such as morphine, laudanum, paregoric, codeine, and heroin for 



 

149 

pain or other ailments resulted in the dramatically increased of opioid use, since opioids 

were more effective and reliable medications for pain, compared with existing 

alternatives.95 This phenomenon was promoted by the aggressively inclusions of patent 

opioid medicines.96 Additionally, illicit opioid distributions by clandestine profiteers 

wreaked havoc on the opioid epidemic. To address the opioid crisis, the Department of 

Health and Human Services has invested millions of dollars for treatments and 

prescription drug-monitoring programs. Also, considerable research efforts have been 

devoted to developing new medical entities based on the novel therapeutic strategies 

targeting ion channels, enzymes and G-protein coupled receptors (GPCRs). However, 

there are only a few launched drugs in the pain market.97 Therefore, to combat the 

prevalence of opioid diversion and overdose, innovative solutions including the 

development of effective and safe analgesics without a liability for abuse are urgently 

needed. 

 

3.1.2 Backgrounds of Grayanoids 

 Secondary metabolites, especially grayanoids, occur exclusively in the plants of 

Ericaceae, which have been limited to the genera Piers, Rhododendron, Kalmia, 

Craibiodendron, Leucothoe, and Lyonia.98 Grayanoids exhibit a wide variety of biological 

activities, such as antifeedant, insecticidal, analgesic, neuroprotective effects, cAMP 



 

150 

regulation, sedative properties, and sodium channel modulating activity.99 The first 

grayanoid, grayanotoxin I was initially isolated from the leaves of Leucothoe grayana by 

Tallent and co-workers in 1954.100 Leucothoe grayana is the most representative 

grayanoids producing species and the name grayanoid was originated from this species. 

Its absolute configuration was established by Narayanan and co-workers in 1970, which 

resolved the ambiguity of the A/B ring junction by X-ray analysis.101 To date, over 290 

natural grayanoids have been identified, and this number continues to increase.  

 The structure of grayanane diterpenoids possesses the specialized carbon 

skeleton, a 5/7/6/5 ring system, which is biogenically derived from ent-kaurane.102, 103 

Based on the biosynthetic pathway points, these grayanoids belong to 18 different ring 

systems (Figure 26), such as grayanane (A-nor-B-homo ent-kaurane), 1,5-seco-grayanane, 

3,4-seco-grayanane, 9,10-seco-grayanane, 1,10:2,3-di-seco-grayanane, leucothane (A-homo-

B-nor grayanane), 2,3:5,6-di-seco-grayanane, kalmane (B-homo-C-nor grayanane), 1,5-

seco-kalmane, micranthane (C-homo grayanane), mollebenzylane, mollane (C-nor-D-

homo grayanane), rhodomollane (D-homo grayanane, featuring a 5/7/6/6-fused ring 

system and a 5/7/5/5/ tetracyclic system), ent-kaurane, 4,5-seco-ent-kaurane, pierisketane 

(A-homo-B-nor-ent-kaurane), and podocarpane.  
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Figure 26: Diterpenoid skeletons from Ericaceae and their proposed biosynthetic 

relationships. Figure adapted from ref 99. 

 

 All grayananes possess an A-nor-B-homo ent-kaurane skeleton, and most of 

grayanoids belong to this ring system. Among them, the total synthesis of grayanotoxin 

III was only accomplished by Shirahama and co-workers in 1994104 and the partial 

synthesis of pierisformaside C was reported by Williams and co-workers in 2011105. The 

3,4-seco-grayanane is assumed to be derived by an oxidative cleavage between C3 and 

C4. The most interesting feature of these 3,4-seco-grayananes is that their structures 

contain a five-membered lactone ring produced by intramolecular esterification at C3 

and C10. To date, five diterpenoids in natural product are categorized to the 1,5-seco-

grayanane type whose carbon skeleton was possibly rearranged from the grayanane 
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type and leucothane type. The kalmanel type grayanoids possess a B-homo-C-nor 

skeleton and there are only three kalmanel type grayanoids found in nature so far. In 

1996 Paquette and a co-worker reported the first synthesis of a highly functionalized B-

homo-C-nor molecule closely related to kalmanol, but the total synthesis still remains 

unsolved.106  

 Some of grayanoids, the so-called grayanotoxins, are well-known highly toxic 

components, which led to their antifeedant and insecticidal activities. It is believed that 

grayanotoxin toxicity results from the persistent activation of sodium channels.107, 108 If 

they bind to the sodium channel in its open site, the inactivation process of the modified 

sodium channels would be inhibited, resulting in a prolonged depolarization of the cell 

membrane. Additionally, there are several studies about their remarkable biological 

activities, including analgesic, sedative, neuroprotective effects, anticancer, antiviral, 

antioxidant, and muscle spindle stimulant.98, 99 There are reported SAR studies (Figure 

27). 
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Figure 27: A summary of the SAR profile of grayanane derivatives. Figure adapted 

from ref 99. 

  

 In 2015, Yu and co-workers reported the isolation, structural elucidation, and 

antinociceptive activities of gayanoids from Rhododendron molle G. Don.109 After 

identifying 9 new grayanoids together with 11 known compounds, they focused on the 

extensive investigations of their antinociceptive activities (Figure 28). At first, the acetic 

acid-induced writhing test, a known sensitive and predictive animal model for acute 

pain, was conducted. As shown in Figure 29A, the administration of 14 (rhodojaponin 

III), and 15 (rhodojaponin VI) significantly reduced writhing with percentage inhibitions 

of 73.7%, and 64.2%, respectively, at very low dose (0.08 mg/kg), comparing with the 

treatment of morphine (0.8 mg/kg). On the basis of the initial data, the acetic acid-

induced writhing test and the hot plate test (thermal stimuli test) at three doses (0.02, 

0.04, and 0.08 mg/kg) were conducted to evaluate the antinociceptive effects of 

rhodojaponins III and VI (Figure 29B, C). In the case of the acetic acid-induced writhing 
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test, the administration of rhodojaponins III and VI showed the highly potent activities 

in dose dependent manner. In the case of hot plat test, only rhodojaponin III prolonged 

the licking latency at 0.08 mg/kg, but this result looked still promising as compared with 

the result of morphine (10 mg/kg). Also, it was revealed that the endogenous opioid 

system is not involved in the antinociceptive activity of these two compounds as shown 

in Figure 29D. Because naloxone is a non-selective opioid antagonist, the result of the 

acetic acid-induced writhing test of morphine was reversed by naloxone. On the other 

hand, the antinociceptive activities of rhodojaponins III and VI were almost same in both 

the presence and the absence of naloxone.109  

 

 

Figure 28: The structure of grayanoids from the Roots of Rhododendron molle. 

Figure adapted from ref 109. 
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Figure 29: Antinociceptive activities of the purified samples from the roots of R. 

molle. A, Influence of the all purified samples from the roots of R. molle in acetic acid 

induced writhing test. B, Influence of various concentration of 14 (rhodojaponin III) and 

15 (rhodojaponin VI) in acetic acid induced writhing test. C, Influence of various 

concentration of 14 and 15 in hot place test. D, Antinociceptive effects of 14, 15, and 

morphine with or without naloxone pretreatment. Figure reused with the permission 

from ref 109. 
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 The studies described above have provided us with valuable information 

regarding the importance of grayanoids natural products. Especially, rhodojaponin III 

and VI merit consideration as synthetic targets. They have a complex but unique 

structure and highly potent antinociceptive activities as non-opioid analgesics. Also, no 

the total synthesis of these attractive natural products has been reported. Therefore, the 

synthetic study towards this kind of natural products still would be an invaluable effort 

in medicinal chemistry as well as synthetic chemistry. Here, efforts towards the total 

synthesis of rhodojaponins will be described.  

 

3.1.3 Previous Synthesis of Grayanoids 

The unique structural feature and promising biological effects of the grayanane 

diterpenoids render them attractive targets for partial and total syntheses. Hamanaka 

and Matsumote first reported the partial synthesis of grayanotoxin II in 1972,110 and after 

four years, they reported the relay syntheses of graynotoxin II.111 The first total synthesis 

of grayanotoxin III was accomplished by Shirahama and co-workers in 1994.104 Paquette 

and Borrelly reported the synthesis of the tetracyclic 7-oxy-5,6-dioxykalmanol that was 

an advanced intermediate of kalmanol in 1995.106 Williams and co-workers reported a 

synthetic approach for pierisformaside C in 2011.106 In the subsequent sections, brief 

overview of these previous syntheses will be presented. 
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3.1.3.1 Shirahama’s Total Synthesis of (–)-Grayanotoxin III 

In 1994, Shirahama and co-workers reported the first total synthesis of (–)-

grayanotoxin III. This report is the only total synthesis of the grayanane diterpenoids so 

far. The stereoselective SmI2-mediated radical cyclization was utilized as a key reaction 

to prepare the formation of each of A, B, and D rings.104 

As shown in Scheme 34, the synthesis began with treatment of 3.001 with NaSPh 

to provide the phenyl sulfide through in situ formation of (R)-propylene oxide and 

successive opening of the epoxide ring. Alcohol protection of the resulting phenyl 

sulfide as its benzyl ether, oxidation of the phenyl thioether group, and subsequent 

Pummerer rearrangement of the resulting sulfoxide gave the aldehyde 3.002. 

Construction of (Z)-alkene 3.003 was achieved by the Wittig reaction of 3.002 with 

methyl (triphenylphosphoranylidene)acetate. The Diels–Alder reaction of 3.003 yielded 

the epimeric mixture of the silyl alcohols, followed by silyl deprotection and oxidation 

to furnish the C-ring system precursor 3.004. To construct the D-ring precursor, the 

stereo-controlled alkylation of 3.004 with propargyl bromide proceeded. Subsequent 

cleavage of the benzyl ether, regio- and stereoselective reduction with sodium 

borohydride in the presence of CeCl3⋅7H2O, and hydration of the alkyne provided the 

ketol 3.005. Treatment of 3.005 with SmI2 in an effort to promote the reductive 

cyclization resulted in the formation of the CD-ring system 3.007. They previously 

reported that SmI2-induced cyclization is completely stereo-controlled by chelation of 
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the Sm(III) cations with the hydroxy group in the molecule. Based on their initial 

studies, the hydroxy ketone 3.006 must be generated in an equilibrium process between 

3.005 and 3.006 before the ketone-olefin coupling because the stereochemistry of the 

product 3.007 is established by the chelation between the hydroxy group of 3.006 and 

the Sm(III) cation.  

With this key intermediate 3.007 in hand, they focused on the construction of the 

A-ring system. Protection of the two hydroxyl groups, hydrolysis of the -lactone ring, 

esterification, and Jones oxidation provided 3.008. The allyl sulfide 3.009 was generated 

by vinyl triflate formation from the lithium enolate of the methyl ketone 3.008, and the 

coupling reaction of the triflate with Li2CuCN(CH2SPh)2. The (E)-allyl sulfide 3.012, 

which is the precursor of A ring, was installed through stepwise manipulation including 

Wittig reaction and coupling with the (R)-epoxide 3.011. The SmI2-mediated cyclization 

of 3.013 furnished the homo-allyl alcohol 3.014 with excellent stereochemical control. The 

regioselective hydroboration/oxidation using bulky borane 9-BBN, and subsequent 

epoxidation and immediate reduction gave the triol 3.015. The configuration of C10 in 

3.015 was directed by the C5 hydroxyl group during epoxidation. Dess–Martin 

oxidation, MOM protection, and removal of the silyl ether yielded the ketone aldehyde 

3.016, which was the precursor of B-ring construction. The hydroxy group at C3 was 

directed cyclization induced by SmI2 proceeded to furnish the triol 3.017 with the 

excellent diastereoselectivity. The synthesis of (–)-grayanotoxin III 3.018 was completed 
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by acetylation, oxidation of the methylene moieties of the MOM ether groups, and 

hydrolysis. 
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Scheme 34: Shirahama’s total synthesis of (–)-graynotoxin III 
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3.1.3.2 Paquette’s Synthesis of a Highly Functionalized B-homo-C-nor Grayanotoxin 

 

Scheme 35: Paquette’s synthetic target for the approach to kalmanol 

 

Paquette and a co-worker reported the synthesis of a highly functionalized B-

homo-C-nor graynotoxin that closely related to kalmanol 3.021 in 1996 (Scheme 35). The 

key features of Paquette’s synthesis are the implementation of sequential Tebbe 

olefination, Claisen rearrangement and the formation of the diquinane subunit via an 

enantioselective route.106 

The synthesis commenced with the copper-catalyzed 1,4-addition of the 

Grignard reagent 3.022 to the known (4R)-(+)-tert-butyldimethylsiloxycyclopentenone 

3.019, followed by O-triflate formation to provide 3.023 (Scheme 36). 

Carbomethoxylation of 3.023 under 1 atm of CO and ketal deprotection yielded 3.024. 

Treatment of the keto ester 3.024 with potassium tert-butoxide resulted in the cyclized 

product 3.025 as a major product and diastereomers. The stereochemistry of 

diastereomers were determined by nOe analysis. The ketone protection and subsequent 

TBS deprotection proceeded, and the resulting alcohol was subjected to TPAP oxidation 

to give 3.026. After the formation of TMS enolates, bromination and elimination 
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furnished the unsaturated keto ester 3.027. They unexpectedly found that the formation 

of TMS enolates on both the ketone and the ester in 3.026 was important, because the 

undesired α-hydroxy ketone was generated from the mono-O-silylation product. 

Epoxidation, Wittig reaction, and subsequent Pd-mediated hydrogenolysis using 

ammonium formate as a hydride source (Tsuji’s protocol) provided 3.028. The key 

intermediate 3.029 was obtained by the benzyl protection of the alcohol in 3.028 and 

ketal deprotection. At this stage, they focused on introduction of the A ring system and 

constructing the cyclooctanoid B ring. The coupling reaction of the ketone 3.029 with 

alkenyl bromide 3.030 resulted in the cyclized lactone 3.031. The construction of the 

cyclooctanoid B ring 3.032 was accomplished by treatment of 3.031 with Tebbe reagent 

and subsequent Claisen ring expansion. TBS deprotection, epoxidations, and oxidation 

introduced requisite oxygen atoms at both C10 and C16 and the subsequent saturation 

of the resulting enone by catalytic hydrogenation provided 3.033. The C3 ketone group 

in 3.033 was selectively converted to the alcohol, which was promptly protected by TBS 

group to give 3.034. To remove the benzyl protecting group, the ketone in 3.034 was 

converted to the alcohol, and treatment of the resulting benzyl ether with lithium in 

liquid ammonia resulted in cleavage of the benzyl ether, followed by Dess–Martin 

oxidation to complete the synthesis of the advanced intermediate 3.020.   
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Scheme 36: Paquette’s synthesis of the B-homo-C-nor grayanotoxin 
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3.1.3.3 Williams’s Synthetic Approach for Pierisformaside C 

 

Scheme 37: Williams’s synthetic target for the approach to pierisformoside C 

 

In 2011, Williams and co-workers synthesized the central core of pierisformaside 

C (Scheme 37). Their synthetic strategy involved the construction of the central 7-

membered ring via Claisen cyclization and the coupling the 5-membered A-ring 

precursor with the C/D-fused ring precursor via Sonogashira coupling.105  

The synthesis began with Birch reduction of 3-methoxy benzoic acid 3.035, 

followed by esterification to provide 3.038 (Scheme 38). The 6/5-fused ring 3.039 was 

readily obtained via known radical cyclization of 3.038. Reduction of 3.039 with LiAlH4 

afforded the diol intermediate, which was subjected to TPAP oxidation to give 3.040. 

Treatment of 3.040 with the Seyferth–Gilbert reagent 3.041 furnished the alkyne 3.042. 

The synthesis of the key intermediate 3.044 was accomplished by Sonogashira coupling 

of 3.042 with the 5-membered ring 3.043 in 72% yield. They adopted the methodology of 

reduction that described by Wei and co-workers utilizing palladium acetate and sodium 

methoxide. First, they obtained the advanced intermediate 3.046 in a one-pot cascade. 

The 7-membered ring system could be mechanistically constructed by the removal of the 
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benzoyl protecting group, partial reduction, and subsequent Claisen cyclization. Despite 

the one-pot reaction, they decided to stop further improvement because of low yield 

(10%) and the formation of side products. The careful Lindlar reduction was performed 

and the crude material was treated with sodium methoxide to provide the same 

advanced intermediate 3.046 in 30% yield. Obtaining the advanced intermediate 3.046 

was further investigated because they found that the exo-methylene in 3.045 was 

susceptible to reduction under Lindlar conditions. Thus, the exo-methylene group was 

converted to the epoxide 3.047 and the two steps procedure of Lindlar reduction 

followed by exposure to sodium methoxide afforded the cyclized advanced intermediate 

3.036 in an acceptable yield of 47%. 
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Scheme 38: Williams’s synthetic approach for pierisformaside C 
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3.2 Results and Discussions  

3.2.1 Retrosynthetic Analysis 

 

Scheme 39: Retrosynthetic analysis of rhodojaponins 

  

 The synthetic plan for rhodojaponin III (3.048) is outlined in Scheme 39. The 

underlying strategy of this synthesis relies on the conjugate addition to introduce the 

quaternary carbon center and the Conia-ene reaction to construct C/D fused ring of 

rhodojaponins. We anticipated that rhodojaponin III (3.048) could be achieved from α,β-

unsaturated ketone 3.049 by 1,4-addition and several following reactions. Advanced 

intermediate 3.049 could be obtained through the coupling reaction of the 6/5 bicyclic 

ring 3.050 and the 5-membered ring 3.051. We envisioned that 6/5 bicycle 3.050 could be 

secured from the terminal alkyne 3.053 through the key Conia-ene reaction. Lastly, the 
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chiral terminal alkyne 3.053 could be prepared from commercially available 2-methoxy 

benzoic acid 3.054.   

 

3.2.2 Attempts for the Enantioselective Conjugate Allylation of the 
Cyclic Enones 

 To begin the proposed synthesis of rhodojaponins, it was necessary to prepare 

the appropriately functionalized cyclic enone. The synthesis of rhodojaponins started 

with the preparation of known cyclic enone 3.057 (Table 7).112 Birch reductive alkylation 

of 2-methoxy benzoic acid with liquid ammonia and lithium gave spiro lactone 3.055 by 

alkylating the anion. The addition of potassium t-butoxide was important to improve 

the yield of this reaction because the base would help the stabilization of anions before 

alkylation occurred. Following acid hydrolysis of 3.055 provided the alcohol 3.056. p-

Methoxybenzyl chloride (PMB) was used to protect the alcohol because a PMB group 

can be removed by DDQ instead of palladium catalyzed hydrogenation, which can lead 

to the introduction of allyl group. The general conditions used in PMB protection with 

NaH and PMBCl were applied to the alcohol 3.056 for the first attempt, but 

decomposition of the substrate was observed on TLC (entry 1). There was no 

consumption of the starting material using Et3N, DMAP, and PMBCl condition (entry 2). 

Pleasingly, treatment of 3.056 with DIPEA and PMBCl without solvent resulted in the 

desired product 3.057 with a good yield of 82%.113 
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Table 7: Attempts for the PMB protection 

 

entry reagents conditions yield 

1 NaH, PMBCl, TBAI THF, 0 to 25 °C, 16 h decomposed 

2 Et3N, DMAP, PMBCl CH2Cl2, 0 to 25 °C, 16 h no reaction 

3 DIPEA, PMBCl 150 °C, 2 h 82% 

 

 

 Taber and co-workers reported the α-substituted cyclic enone version of the 

conjugate allylation and obtained high yields and excellent enantioselectivities of several 

cyclic enones (Scheme 40).114 Catalytic enantioselective 1,2-addition using 3,3’-dibromo-

BINOL 3.059, as the enantioselective catalyst, followed by oxy-Cope rearrangement 

delivered the ketone as a mixture of diastereomers. Unlike the substrate in this reported 

synthesis, our substrate has a PMB protecting group instead of a benzyl protecting 

group. Also, the length of the 2-alkyl chain on our substrate is shorter than the reported 

one. We decided to adopt this method to our system due to the similarities with the 

substrate structure. Allylborane 3.058 was prepared from trimethyl borate by the 

Grignard reaction, hydrolysis, and ketalization. The catalytic enantioselective allyl 

addition to the ketone 3.057 was successfully carried out to give the product 3.061 with 

an excellent yield of 98%.  



 

170 

 

Scheme 40: Attempts for the enantioselective conjugate addition using BINOL 

  

 The enantiomeric excess for the 1,2-allylation was established by chiral HPLC 

(Figure 30). The reported condition of chiral HPLC was followed. Based on the 

comparison of the retention time between the racemate and the product 3.061, the 

enantiomeric excess of 3.061 was 89%.    
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Figure 30: Enantioselectivity of 3.061 based on chiral HPLC data 

 

 With the product 3.061 of an enantioselective 1,2-addition in hand, the oxy-Cope 

rearrangement was attempted for the conjugate addition (Table 8). Originally, they 

reported that using KH in paraffin is convenient for the oxy-Cope rearrangement. Since 

it was anticipated that the reactivity of KH in paraffin might be similar to KH in mineral 

oil, we decided to use KH in mineral oil for the oxy-Cope rearrangement for the first 

time. However, decomposition of the starting material on TLC was observed with KH in 

mineral oil. There was no consumption of the starting material with the potassium t-

butoxide condition. The desired product 3.062 was accomplished by using KH in 

paraffin for 1 h, but a lot of undesired spots appeared as well. We assumed that KH in 
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paraffin would be slowly dissolved in THF, which resulted in the product, but the 

product could be decomposed under basic conditions. Therefore, we decided to shorten 

the reaction time to reduce side reactions, and the oxy-Cope rearrangement with KH in 

paraffin for 20 min successfully gave the product with a good yield of 76%.  These 

results indicated that KH in paraffin was important to form the product.114 

Table 8: Attempts for the oxy-Cope rearrangement of 3.061 

 

entry reagents conditions yield 

1 KH (30% dispersion in mineral oil), 18-crown-6 THF, reflux, 1 h decomposed 

2 KOtBu, 18-crown-6 toluene, 85 °C, 1 h no reaction 

3 KH (in pafaffin), 18-crown-6 THF, reflux, 1 h 14% 

4 KH (in paraffin), 18-crown-6 THF, reflux, 30 min 41% 

5 KH (in paraffin), 18-crown-6 THF, reflux, 20 min 76% 

 

 

 Next, we focused our attention on the introduction of a propargyl group which 

was chosen for the next Conia-ene reaction. To install a hydroxy group at the C3 

position of 3.064, we envisioned that isomerization of the terminal olefin and subsequent 

ozonolysis would make the 3.064 shortened by two carbons (Table 9). Isomerization of 

the terminal olefin 3.062 by combining the Grubbs 2nd catalyst with silyl enol ether 
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provided the internal olefin 3.063.115 Then, ozonolysis of 3.063 and the following reduced 

workup with sodium borohydride afforded 3.064.116 Subsequent TBS protection to form 

3.065 set the stage for the propargylation by generating the thermodynamic enolate, but 

this propargylation was problematic. Treatment of 3.065 with NaH and propargyl 

bromide proved to be ineffective with no consumption of the starting material 3.065.  

Table 9: Attempts for the propargylation 

 

entry reagents conditions yield 

1 NaH, propargyl bromide THF, reflux, 16 h no reaction 

2 NaH, propargyl bromide DMF, 25 °C, 16 h  no reaction 

 

 With 1H NMR spectrum of 3.065, we thought that the TBS protection of 3.064 

smoothly proceeded to provide the desired product 3.065. However, we could not 

confirm whether the product has the ketone or not by the 1H NMR spectrum. Therefore, 

the 13C NMR spectrum obtained for the product of TBS protection is shown in Figure 31. 
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The absence of the expected ketone peak was clearly observed in the 13C NMR spectrum. 

Presumably, under basic conditions, the ketone in 3.064 might be attacked by the 

alcohol, and then would be trapped by TBS to afford 3.065a.117   

 

 

Figure 31: 13C NMR spectrum of 3.065 

 

 In order to circumvent the problem of TBS protection, we decided to mask the 

functionality of the ketone by ketal protection (Scheme 41). The general method for ketal 
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protection using ethylene glycol and p-TsOH was attempted, but a small amount of the 

product 3.067 was obtained, as well as a lot of decomposed spots were observed on TLC. 

This result indicated that the ketal protection was not a practical approach to proceed 

the following reactions. 

 

Scheme 41: Acetal protection of 3.063 

 

At this stage, the preliminary results obtained from the propargylation prompted 

us to use a model system to find proper conditions. Toward this aim, the racemic staring 

material 3.062 was prepared via a similar route shown in Scheme 40. Initially, the 

reaction was tested with NaH and propargyl bromide, the previously failed condition 

(Table 10). Only decomposition of the starting material was obtained using DMF solvent 

(entry 1), while there was no consumption of the starting material with THF (entry 2). 

Since all attempts using NaH were unsuccessful, we changed the base to potassium tert-

butoxide (entry 3); however, the product 3.068 was not observed on TLC. The acidic 

alkyne proton might cause the decomposition of the product, hence TMS propargyl 

bromide was used in a final attempt to add a propargyl group. Several spots appeared 

on TLC but attempts to elucidate their structure by NMR were not conclusive. 
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Table 10: Attempts for the propargylation 

 

entry reagents conditions yield 

1 NaH, propargyl bromide DMF, 25 °C, 16 h decomposed 

2 NaH, propargyl bromide THF, reflux, 16 h no reaction 

3 KOtBu, propargyl bromide t-BuOH, 50 °C, 16 h decomposed 

4 Sodium t-pentoxide, TMS-propargyl bromide toluene, 110 °C, 12 h unidentified  

 

 

3.2.3 Attempts for the Conjugate Addition to the Cyclic Enones 

The asymmetric conjugate addition has been developed to solve a synthetic 

challenge about the creation of enantioenriched quaternary carbon centers. Especially, 

the asymmetric conjugate addition to α,β-unsaturated carbonyls was extensively studied 

in several decades. Even though the enantiomerically enriched product was obtained by 

the asymmetric 1,4-addition, the enolate formation would be further needed to generate 

multiple stereogenic centers. However, regioselective deprotonation of the ketones can 

be tricky, and sequential enolate trapping and following addition of electrophile would 

be the strategy. In this context, Alexakis and co-workers studied the asymmetric 

conjugate addition to cyclic enones using Cu catalysts, chiral ligands, and Grignard 

reagents (Figure 32).118, 119 They first developed this methodology for five-membered 

rings and optimized a tandem asymmetric conjugate addition-enolate trapping for a 
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broad scope of electrophiles. The use of Mauduit-type NHC ligand made the 

breakthrough for the asymmetric addition of Grignard reagent in the presence of copper 

salt with the promising ee value. After extensive screening of Mauduit-type NHC 

ligands, they found the L-tert-leucinol and di-o-tolymethan amine-based Mauduit-type 

NHC ligand 3.069, which resulted in high selectivity. As an example from Alexakis’s 

studies, α-substituted cyclohexanones 3.070 were treated with isopropyl magnesium 

bromide in the presence of catalytic 3.069 and Cu(OTf)2 to give the magnesium enolate 

intermediate, followed by the addition of propargyl group to provide 3.071 in high 

enantiomeric selectivity (90:1) and diastereomeric selectivity (99:1) in favor of the trans 

adduct.  

 

 

Figure 32: Alexakis’s studies of asymmetric addition of Grignard using chiral ligand 
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 We first examined the conjugate addition to our α-substituted cyclohexanones 

3.057 before applying the Mauduit-type NHC ligand 3.069, since we have to generate 

this non-commercially available ligand. Therefore, we turned our attention to exploring 

the conjugate addition without the ligand to form the racemate 3.073. Copper-catalyzed 

conjugate addition of vinyl Grignard to the α,β-unsaturated cyclic enone 3.057, in the 

presence of TMSCl and HMPA, proceeded as described in Scheme 42.120 Propargylation 

of the resulting silyl enol ether 3.072, via the corresponding lithium enolate, provided 

the desired product 3.073 as well as the diastereomer 3.074 and O-alkylation byproduct 

3.075.121 

 

 

Scheme 42: Attempts for copper-catalyzed conjugate addition 

 

 Two diastereomers, 3.073 and 3.074 were separable by column purification, and 

the diastereomeric ratio was about 1:1. Since the structures of diastereomers could not be 
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verified by 1H NMR spectrum, one attempt was made to crystalize diastereomers via 

liquid-liquid diffusion method. The crystal of the desired diastereomer 3.073 was 

successfully obtained, which led to the confirmation of the structure (Figure 33).  

 
Figure 33: X-ray crystallographic data of 3.073 
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3.2.4 Synthesis of the C/D Fused Ring of Rhdojaponin III 

 Having secured a successful route to the preparation of the propargyl group, we 

turned our attention to the crucial Conia-ene reaction for the construction of the C/D 

fused ring of rhodojaponins. The intramolecular addition of enols to alkynes or alkenes 

represents one of the most powerful and widely employed methods for the formation of 

carbon–carbon bond, known as the Conia-ene reaction. Originally, Conia and co-

workers studied the thermal intramolecular cyclization of ketones onto alkynes leading 

to valuable five- or six-membered carbocycles (Figure 34). However, the high 

temperature is necessary for this reaction to occur, and many functional groups are 

limited to applying this restrictive reaction conditions. To overcome this critical 

shortcoming, transition metal-catalyzed versions of this reaction have been developed.122 

In this context, employing gold(I) complexes as catalysts rendered the Cona-ene reaction 

under exceptionally mild reaction conditions, which resulted in increasing the utility of 

the Conia-ene reaction. This chapter introduced our attempts to install C/D fused ring in 

rhodojaponins using the Conia-ene type reactions. 

 

Figure 34: Thermal intramolecular cyclization of ketones 
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Trauner and co-workers reported a Conia-ene-type cyclization under basic 

conditions.123 They unintentionally discovered this methodology during the studies 

towards the synthesis of lycopodine-type alkaloids. They initially expected to get the 

isomerization product by transforming a terminal alkyne into an internal one under 

basic condition, but an exo-methylene containing product instead of their intended 

internal alkyne product was obtained within 30 min. We decided to apply this 

methodology to our system because this reported reaction is transition metal free and 

common base-mediated carbocyclization using unactivated alkyne (Scheme 43). 

However, treatment of 3.073 with potassium tert-butoxide in DMSO afforded the 

undesired internal alkyne product 3.076 instead of the Conia-ene cyclization product 

3.077. 

 

Scheme 43: Attempts for Conia-ene reaction using KOtBu 
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 Transition metal-catalyzed version of the Conia-ene reaction was widely employed 

for the formation carbon–carbon bonds. These catalytic reactions normally require 

enolate generation, strong acid, or photochemical activation. Toste and co-workers 

developed these reactions that proceeded at ambient temperatures and under neutral 

conditions using several kinds of gold(I) complex.124 Through the study towards the 

total synthesis of (±)-gomerone C, Carreira and co-workers adopted this catalytic version 

of the Conia-ene reaction. After few preliminary experiments and minor optimizations, 

they obtained the desired cyclization product by the removal of the silyl protecting 

group on alkyne and sequential the gold mediated Conia-ene cyclization. Due to their 

success with the gold(I)-catalyzed reaction for the complex fused ring structure, we 

wondered whether this method could be applicable to our synthesis (Table 11).125 At 

first, the formation of silyl enolate 3.078 was attempted with TBSCl and NaHMDS, but 

the protection of terminal acetylene with TBS group occurred. Pleasingly, treatment of 

3.073 with TBSCl, NaI and Et3N under reflex condition provided the silyl enolate 3.078 

with an excellent yield of 84%. Then the resulting silyl enolate 3.078 was employed in 

the gold mediated Conia-ene cyclization. However, only the byproduct 3.080 of the 6-

endo-dig cyclization was obtained 
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Table 11: Attempts for gold(I)-catalyzed Conia-ene reactions. 

 

entry gold catalyst conditions yield 

1 [(CyJohnphos)Au(MeCN)]SbF6 acetone, 45 °C, 5 h undesired product 3.080 

2 [(CyJohnphos}Au(MeCN)]SbF6 CH2Cl2, 25 °C, 5 h undesired product 3.080 

 

 

Based on the initial results of the gold mediated Conia-ene reaction, it was 

suspected that the free terminal alkyne rendered the 6-endo-dig cyclization and blocking 

it by TMS group would result in the 5-exo-dig product (Scheme 44). Treatment of 3.073 

with TMSCl and n-BuLi provided the product 3.081, but the yield was very low, which 
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makes this method unpractical. Next, the addition of TMS protected propargyl bromide 

to the silyl enolate 3.072 was attempted. Although the diastereomer 3.084 was still 

obtained, the desired TMS protected alkyne functional group was installed. Following 

the formation of the silyl enolate with TBSCl, NaI and Et3N formed 3.085, set the stage 

for the gold(I)-catalyzed Conia-ene reaction. 

 

 

Scheme 44: The preparation of TMS protected 3.085 

  

 With the TMS protected alkyne 3.085 in hand, we pursued the gold(I)-catalyzed 

cyclization again, but none of these reaction conditions resulted in any desired 5-exo-dig 

product (Table 12). Treatment of silyl enol ether 3.085 with Echavarren catalyst in 

acetone gave the undesired product 3.080. The different spots on TLC were observed by 

changing the solvent to CH2Cl2, but the NMR spectra were not conclusive. 
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Table 12: Attempts for gold(I)-catalyzed Conia-ene reactions 

 

entry gold catalyst conditions yield 

1 [(t-BuJohnphos)Au(MeCN)]SbF6 acetone, 45 °C, 5 h undesired product 3.080 

2 [(t-BuJohnphos}Au(MeCN)]SbF6 CH2Cl2, 25 °C, 5 h unidentified 

 

 

Several reports indicated that the above results were not surprising. Barriault 

and co-workers studied a gold(I)-catalyzed 6-endo-dig cyclization of the cyclic silyl enol 

ether to synthesize the bicyclic bridgehead ketone and proposed the mechanism based 

on their results (Figure 35). They predominantly obtained the product of 6-endo-dig 

cyclization by treatment of silyl enol ether with the gold catalyst, which was the similar 

condition to our attempts.126 
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Figure 35: Barriault’s proposed mechanism of gold(I)-catalyzed Conia-ene reaction. 

Figure adopted from ref 126. 

 

 According to Barriault’s report, the halogenated alkyne substrate was transformed 

to the mixtures of the 6-endo product and 5-exo one. Interestingly, the formation of the 5-

exo product in MeOH was slightly favored (Scheme 45).126 As this result seemed quite 

promising, an additional attempt with our substrate was necessary. Iodination of 3.078 

using NIS and silver nitrate formed the iodinated alkyne 3.086, followed by the gold(I)-

catalyzed cyclization to get the 5-exo product 3.087. However, neither the desired 5-exo-

dig product nor the 6-endo one was not observed. 
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Scheme 45: Attempts for the gold(I)-catalyzed Conia-ene reaction of the halogenated 

alkyne 3.086 

 

  

 After an extensive investigation of conditions of the alkynyl ketone cyclization 

reaction conditions, we adopted the Mn(III)-initiated cyclization method, which was 

reported by Snider and co-workers (Scheme 46).127 They found that the cyclization of 

(trimethylsilyl)alkynyl ketone by Mn(OAc)3,  initiated free radical cyclization, provided 

the silylalkenes, which were the exo-cyclization products. Finally, 5-exo cyclization 

product 3.088 was achieved by treatment of 3.083 with Mn(OAc)3 for 3 days with a 

moderate yield, as shown in Scheme 46. 
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Scheme 46: Attempts for Mn(OAc)3 catalyzed cyclization of 3.083 

 

3.2.5 Attempts for the Stereoselective Reduction of the Ketone 

 Having achieved the successful installation of the C/D fused ring in 

rhodojaponins, we embarked on the stereoselective reduction of the ketone. Because the 

removal of TMS group was slightly problematic, minor optimizations were required 

(Table 13). Initial attempt to convert 3.088 to 3.076 with TFA gave only byproduct 3.089 

in 30 min. The structure of the byproduct indicated that both TMS and PMB groups 

were removed. Since different protecting groups for the incoming alcohols would be 

necessary, the PMB group should be maintained. We then tried TBAF or PPTS 

conditions, however, there was no consumption of the starting material 3.088 under 

these conditions. The desired product 3.076 was obtained by treatment of 3.088 with p-

TsOH, whereas a trace amount of the byproduct was still observed. With the free alkene 

product 3.076 in hand, the sodium borohydride reduction was attempted to examine the 
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stereoselectivity. Surprisingly, only one of diastereomer was afforded, but we could not 

confirm the structure by 1H NMR.  

Table 13: Attempts for TMS deprotection of 3.088 

 

entry conditions yield 

1 TFA, CH2Cl2, 0 °C, 30 min by product 3.089 

2 TBAF, THF, 0 °C, 24 h no reaction 

3 PPTS, MeCN, 25 °C, 3 days no reaction 

4 p-TsOH, MeCN, 0 °C, 2 h 73%, trace amount of 3.089 

 

 Two-dimensional NMR analyses, including 1H–1H COSY and 1H–1H NOESY, 

were completed for the reduction product. The 1H NMR of 3.090 contained one doublet 

in the 3.6–3.7 ppm region, which corresponded to the C8 position. However, the precise 

assignment of 1–2.5 ppm region could not be determined from simple calculations and 

the comparison of coupling constants. Thus, the application of the 1H–1H COSY in the 

spectral assignments would allow the identification of each proton peaks in 1H NMR. As 

shown in blue boxes of Figure 36, important interactions of 1”-H & 2-H, 8-H & 5-H, 4-H 

& 5-H, and 1’-H & 2’-H were identified, which resulted in the assignment of 1H NMR 
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peaks in 1–3.7 ppm region and, one unassigned peak in 2.1–2.2 ppm was tentatively 

indicated to the 7-H. 
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Figure 36: 1H–1H COSY spectrum of 3.090 
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 As depicted in Figure 37, to examine space nOe relationship, 1H–1H NOESY 

spectrum was then collected for the reduction product 3.090. As might be expected for 

the axial alcohol, which is the undesired product, nOe interactions were observed for 8-

H & 5-H and 8-H & 7-H. The coupling of 8-H & 5-H could be observed in the structure 

of the desired equatorial alcohol as well as the axial alcohol. However, if the structure of 

product is the equatorial alcohol, the coupling for 8-H & 7-H could not be present, due 

to their large distance. Therefore, the structure of the reduction product was tentatively 

assigned as the undesired axial alcohol 3.090.  
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Figure 37: 1H–1H NOESY spectrum of 3.090 
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 A possible three-dimensional conformation which helps better understanding of 

the observed nOe interactions was shown in Figure 38. This three-dimensional 

conformation represents the axial alcohol structure of 3.090. The axial alcohol 

conformation at C8 could orient 7-H and 8-H in close proximity to each other through 

space. From this conformation, one would also expect to observe the nOe interactions 

including 5-H & 8-H, and 1’-H & 8-H. These nOe coupling were observed in the 

experimental spectrum. However, it would be confident in our structural assignment, if 

we have the desired equatorial alcohol structure of 3.090. 

 

Figure 38: 3-Dimensional structure of 3.090 
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 After two-dimensional NMR analyses, we thought that X-ray crystal analysis 

also could been performed to determine the configuration of the alcohol in 3.090. One 

attempt was made to crystalize 3.090 via conversion to p-NO2benzoyl 3.093, but all 

efforts to crystalize the sample were unsuccessful (Table 14). Thus, a tentative 

assignment of the C8 configuration was made as the axial alcohol 3.092 based on the 

two-dimensional NMR studies.  To obtain the desired equatorial alcohol 3.091, we 

turned our attention to the inversion of the stereochemistry by Mitsunobu reaction 

condition.128, 129 Unfortunately, all attempts were not effective for the inversion of the 

stereochemistry. Treatment of 3.092 with PPh3, DIAD, and 4-nitrobenzoic acid at –20 °C 

did not give any products, only the starting material was recovered (entry 1). Changing 

the temperature to room temperature was ineffective with no reaction being observed 

(entry 2). Changing the amine reagent to DEAD did not demonstrate any change in 

reactivity (entry 3). 
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Table 14: Attempts for Mitsunobu reaction conditions 

 

entry reagents conditions yield 

1 PPh3, DIAD, 4-nitrobenzoic acid THF, –20 °C, 16 h no reaction 

2 PPh3, DIAD, 4-nitrobenzoic acid THF, 0 to 25 °C, 16 h no reaction 

3 PPh3, DEAD, 4-nitrobenzoic acid THF, 0 to 25 °C, 16 h no reaction 

4 PPh3, DIAD, 4-nitrobenzoic acid THF, 40 °C, 16 h decomposed 

 

 

 At this stage, it was essential to examine the reduction conditions to get the 

desired equatorial alcohol 3.091, since all attempts for the direct inversion of 

stereochemistry were unsuccessful. We anticipated that the bulky hydride such as 

DIBAL-H and L-Selectride could afford the opposite result in comparison to the product 

of sodium borohydride reduction, but 3.092 was obtained exclusively (Table 15, entry 1 

and 2). Then, the asymmetric reduction was chosen to furnish the chiral alcohol. 

However, both (R)-Me-CBS and (S)-Me-CBS were ineffective, and the desired alcohol 
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3.091 was not formed. These results suggested that the nucleophile could not approach 

to the hindered Si face. 

 

Table 15: Attempts of the reduction of 3.076 

 

entry reagents yield 

1 DIBAL-H 3.092 (50%) 

2 L-Selectride 3.092 (83%) 

3 (R)-Me-CBS 3.092 (28%) 

4 (S)-Me-CBS 3.092 (10%) 

 

 

3.3 Conclusions 

 In summary, current knowledge of grayanoid diterpenoid type natural products, 

especially rhodojaponins, has been discussed. Because rhodojaponins have no total 

syntheses to date, the extensive synthetic studies on preparation of 3.048 have been 

described.  

Our synthetic efforts are focused on the construction of the C/D fused ring in 

rhodojaponins. At first, we attempted the enantioselective conjugate alkylation of cyclic 

enone using the chiral BINOL. Although we successfully obtained the enantioselective 
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1,2-addition product, all attempts for following propargylation were failed. Secondly, 

the Cu-catalyzed conjugate addition of Grignard reagent to the α,β-unsaturated cyclic 

enone 3.057 was employed to generate the silyl enol ether 3.072 and subsequent 

propargylation was accomplished to provide 3.083. Interestingly, after propargylation, 

almost 1:1 diastereomeric mixture was obtained, which indicated that the existing 

stereochemistry of C3 might not significantly affect this reaction. With this key 

intermediate, we attempted the Conia-ene reaction to install the C/D fused ring in 

rhodojaponins. In particular, Mn(OAc)3 initiated free radical cyclization provided the 

desired fused ring system. The completion of the total synthesis of rhodojaponins will be 

accomplished in the future after addressing enantioselective conjugate addition, 

stereoselective reduction, and subsequent studies.   

 

3.4 Experimental Sections 

General Methods 

 All reagents were purchased from Sigma–Aldrich, Acros, Alfa Aesar, TCI, or 

Fisher, and used without further purification, unless otherwise stated. All solvents were 

ACS grad or better and used without purification. Moisture sensitive steps were carried 

out in anhydrous THF which was freshly distilled from sodium/benzophenone each 

time before use. All reactions were conducted in oven-dried glassware under nitrogen. 

Analytical thin layer chromatography (TLC) was performed with glass backed silica gel 
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(60 Å) plate with florescent indication (Whatman) purchased from Merck. Visualization 

was accomplished by UV irradiation at 254 nm and/or by staining with para-

anisaldehyde, KMnO4, or phosphomolybdic acid (PMA) solutions. Column 

chromatography was performed using silica gel grade 230–400 mesh, 60 Å purchased 

from Silicycle. Nuclear magnetic resonance (NMR) spectra were recorded on Varian 

NMR spectrometer at 400 MHz or 500 MHz for 1H and 13C NMR in CDCl3, unless 

otherwise noted. Chemical shits are reported as s (singlet), d (doublet), t (triplet), or m 

(multiplet). Coupling constants (J values) are reported in hertz (Hz). The chemical shifts 

are reported as parts per million (δ) relative to the solvent peak. Electrospray ionization 

(ESI) mass spectrometry (MS) were reported with an Agilent 1100 series (LC/MSD trap) 

spectrometer and were performed to obtain the molecular masses of the compounds.  

 

Preparation of PMB protected alcohol 3.057 

 

A mixture of DIPEA (0.15 mL, 0.87 mmol), PMBCl (0.11 mL, 0.79 mmol), and 3.056 (101 

mg, 0.72 mmol) in sealed tube was stirred at 150 °C for 3 h. After cooling down to room 

temperature, the mixture was quenched with saturated aqueous NaHCO3 and diluted 

with EtOAc. The layers were separated, and aqueous layer was extracted with EtOAc. 

The combined organic layers were dried over anhydrous Na2SO4, filtered, and 
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concentrated in vacuo. The residue was purified by column chromatography (silica gel, 

hexane/EtOAc, 5/1) to afford 3.056 as a pale yellow oil (154 mg, 82%): 1H NMR (400 

MHz, CDCl3) δ 7.22 (d, J = 7.5 Hz, 2H), 6.85 (d, J = 7.2 Hz, 2H), 6.80 (t, J = 4.5 Hz, 1H), 4.41 

(s, 2H), 3.78 (s, 3H), 3.50 (dt, J = 6.4, 3.2 Hz, 2H), 2.48 (t, J = 6.5 Hz, 2H), 2.43–2.37 (m, 2H), 

2.37–2.29 (m, 2H), 1.97 (q, J = 6.4, 6.0 Hz, 2H). 

 

Preparation of 3.060 

 

To a dry flask was charged (S)-(–)-3,3’-dibromo-1,1’-bi-2-naphthol (26.3 mg, 0.06 mmol), 

followed by tert-butyl alcohol (0.22 mL, 2.37 mmol) and allyl borane 3.058 (224 mg, 1.77 

mmol). This suspension was stirred until all of the BINOL was dissolved. This clear 

solution was added to enone 3.057 (154 mg, 0.59 mmol), and the reaction mixture was 

stirred at 25 °C for 16 h. The mixture was purified directly by column chromatography 

(silica gel, hexane/EtOAc, 8/1) to affored 3.060 as a colorless oil (179 mg, 98%): 1H NMR 

(400 MHz, CDCl3) δ 7.24 (d, J = 8.5 Hz, 2H), 6.87 (d, J = 8.6 Hz, 1H), 5.73 (ddt, J = 19.2, 9.0, 

7.2 Hz, 1H), 5.59 (t, J = 3.5 Hz 1H), 5.10–5.01 (m, 2H), 4.47 (s, 2H), 3.80 (s, 3H), 3.69 (s, 

1H), 3.65 (dt, J = 9.6, 4.9 Hz, 1H), 3.47 (td, J = 9.2, 4.4 Hz, 1H), 2.54 (ddd, J = 15.2, 8.3, 3.7 

Hz, 1H), 2.37 (d, J = 7.2 Hz, 2H), 2.18 (dt, J = 14.7, 3.7 Hz, 1H), 2.08–1.89 (m, 2H), 1.75–1.52 

(m, 4H). 
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Preparation of 3.062 

 

To a solution of 3.060 (125 mg, 0.41 mmol) in THF (5.5 mL) was added KH(P) (25 mg, 

0.62 mmol) and 18-crown-6 (109 mg, 0.41 mmol) at 0 °C. The mixture was refluxed for 30 

min. After cooling down to room temperature, the reaction mixture was quenched with 

saturated aqueous NH4Cl and diluted with EtOAc. The layers were separated, and the 

aqueous layer was extracted with EtOAc. The combined organic layers were dried over 

anhydrous Na2SO4, filtered, and concentrated in vacuo. The residue was purified by 

column chromatography (silica gel, hexane/EtOAc, 6/1) to afford 3.062 as a colorless oil 

(95 mg, 76%, a 2:1 mixture of diastereomers): 1H NMR (400 MHz, CDCl3) δ 7.23 (d, J = 8.3 

Hz, 2H), 7.18 (d, J = 8.8 Hz, 1H), 6.86 (d, J = 8.2 Hz, 3H), 5.75 (ddd, J = 17.2, 14.1, 7.7 Hz, 

1H), 5.69–5.59 (m, 0.5H), 5.06–4.98 (m, 3H), 4.46–4.32 (m, 3H), 3.79 (s, 4.5H), 3.53–3.38 (m, 

3H), 2.44–2.37 (m, 2H), 2.23–2.21 (m, 4H), 2.17–1.40 (m, 12H). 

 

Preparation of 3.063 
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To a solution of 3.062 (33 mg, 0.11 mmol) in CH2Cl2 (8 mL) including 

trimethyl(vinyloxy)silane (0.16 mL. 1.09 mL) was added Grubbs’ second-generation 

catalyst (5 mg, 0.0054 mmol). The resulting mixture was stirred at 50 °C for 12 h. An 

addition of grubbs’ second-generation catalyst (1 mg, 0.0013 mmol) was repeated twice 

every 12 h. The solvent was removed in vacuo. The residue was purified by column 

chromatography (silica gel, hexane/EtOAc, 4/1) to afford 3.063 as a colorless oil (29 mg, 

94%): 1H NMR (400 MHz, CDCl3) δ 7.23 (d, J = 8.2 Hz, 2H), 6.86 (d, J = 8.2 Hz, 3H), 5.55–

5.36 (m, 1H), 5.32–5.13 (m, 1H), 4.44–4.31 (m, 2H), 3.78 (s, 3H), 3.56–3.33 (m, 2H), 2.80–

2.59 (m, 1H), 2.44–2.22 (m, 3H), 2.15–1.84 (m, 4H), 1.83–1.50 (m, 4H). 

 

Preparation of alcohol 3.064 

 

Ozone was bubbled to a stirred solution of 3.063 (29 mg, 0.10 mmol) in CH2Cl2/MeOH 

(1:1, total 3.6 mL) at –78 °C through the solution until a blue color persisted. NaBH4 (22 

mg, 0.58 mmol) was added and the reaction mixture was stirred at 0 °C for 1 h. The 

reaction mixture was quenched with saturated aqueous NaHCO3 and diluted with 

EtOAc. The layers were separated, and the aqueous layer was extracted with EtOAc. The 

combined organic layers were dried over anhydrous Na2SO4, filtered, and concentrated 

in vacuo. The residue was purified by column chromatography (silica gel, hexane/EtOAc, 



 

203 

1/2) to afford 3.064 as a colorless oil (17 mg, 61%): 1H NMR (400 MHz, CDCl3) δ 7.24 (d, J 

= 7.6 Hz, 2H), 6.87 (d, J = 7.0 Hz, 2H), 4.45 (s, 2H), 3.79 (s, 3H), 3.72–3.43 (m, 4H), 2.13–

1.13 (m, 10H). 

 

Preparation of TMS enolate 3.072 

 

To a cooled solution (–78 °C) of CuBr·Me2S (26 mg, 0.13 mmol) in THF (2 mL) was 

added dropwise vinylmagnesium bromide (4 mL, 0.7 M in THF, 2.78 mmol). After 15 

min, HMPA (0.19 mL, 1.11 mmol) at –78 °C. After 20 min, the solution of 3.057 (145 mg, 

0.56 mmol) and TMSCl (0.14 mL, 1.11 mmol) in THF (0.2 mL) was added dropwise over 

10 min at –78 °C. The stirring was continued for 3 h at –78 °C. Et3N (0.16 mL, 1.69 mmol) 

was added and after 10 min, pentane was added. The mixture was poured into H2O, the 

layers were separated while each phase was still cold, and the aqueous layer was 

extracted with EtOAc. The combined organic layers were dried over anhydrous Na2SO4, 

filtered, and concentrated in vacuo. The residue was purified by column chromatography 

(silica gel, hexane/EtOAc, 8/1) to afford 3.072 as a colorless oil (153 mg, 76%): 1H NMR 

(400 MHz, CDCl3) δ 7.25 (d, J = 7.9 Hz, 2H),  6.86 (d, J = 8.4 Hz, 2H), 5.67 (ddd, J = 17.7, 

10.5, 8.1 Hz, 1H), 5.02–4.91 (m, 2H), 4.42 (s, 2H), 3.80 (s, 3H), 3.42 (t, J = 7.9 Hz, 2H), 2.80–

2.73 (m, 1H), 2.56–2.52 (m, 1H), 2.15–1.93 (m, 3H), 1.76–1.40 (m, 4H), 0.16 (s, 9H). 
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Preparation of propargyl 3.073 

 

To a cooled solution (0 °C) of 3.072 (265 mg, 0.73 mmol) in THF (6.5 mL) was added 

dropwise MeLi-LiBr complex (0.54 mL, 1.5 M in Et2O, 0.54 mmol). The resulting mixture 

was stirred for 1 h, then cooled to –78 °C. Propargyl bromide (0.2 mL, 80% in toluene, 

1.84 mmol) in HMPA (1.8 mL) was added dropwise at –78 °C. The resulting solution 

was allowed to stir for 16 h with gradual warming to 25 °C. The reaction mixture was 

quenched with H2O and diluted with EtOAc. The layers were separated, and the 

aqueous layer was extracted with EtOAc. The combined organic layers were dried over 

anhydrous Na2SO4, filtered, and concentrated in vacuo. The residue was purified by 

column chromatography (silica gel, hexane/EtOAc, 15/1) to afford 3.073 as a colorless oil 

(88 mg, 37%): 1H NMR (400 MHz, CDCl3) δ 7.19 (d, J = 8.6 Hz, 2H), 6.84 (d, J = 8.6 Hz, 

2H), 5.77 (ddd, J = 16.9, 10.3, 8.3 Hz, 1H), 5.20 (d, J = 17.1 Hz, 1H), 5.10 (d, J = 10.4 Hz, 

1H), 4.27 (d, J = 2.3 Hz, 2H), 3.78 (s, 3H), 3.41–3.36 (m, 1H), 3.22–3.17 (m, 1H), 2.94–2.80 

(m, 2H), 2.55 (td, J = 14.0, 6.2 Hz, 1H), 2.32 (d, J = 14.0 Hz, 1H), 2.23 (dt, J = 14.5, 7.3 Hz, 

1H), 2.10 (dd, J = 16.5, 2.7 Hz, 1H), 2.00 (t, J = 2.7 Hz, 1H), 1.99–1.95 (m, 1H), 1.89–1.81 (m, 

1H), 1.75–1.56 (m, 3H). 
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 A colorless oil, 35%: 1H NMR (400 MHz, CDCl3) δ 7.20 (d, J = 8.5 Hz, 

2H), 6.85 (d, J = 8.6 Hz, 2H), 5.67 (dt, J = 16.8, 10.1 Hz, 1H), 5.16 (dd, J = 16.9, 1.9 Hz, 1H), 

5.07 (dd, J = 10.2, 1.9 Hz, 1H), 4.32 (s, 2H), 3.78 (s, 3H), 3.55–3.50 (m, 1H), 3.35–3.30 (m, 

1H), 2.81–2.69 (m, 2H), 2.56 (dd, J = 17.6, 2.7 Hz, 1H), 2.46–2.35 (m, 1H), 2.34–2.10 (m, 

4H), 1.93 (t, J = 2.7 Hz, 1H), 1.92–1.81 (m, 2H), 1.66–1.56 (m, 1H). 

A colorless oil, 15%: 1H NMR (400 MHz, CDCl3) δ 7.26 (d, J = 8.6 Hz, 2H), 

6.87 (d, J = 8.6 Hz, 2H), 5.69 (ddd, J = 16.2, 10.9, 8.1 Hz, 1H), 5.04–4.96 (m, 2H), 4.44 (s, 

2H), 4.37 (d, J = 2.4 Hz, 2H), 3.80 (s, 3H), 3.54–3.41 (m, 2H), 2.83–2.78 (m, 1H), 2.74–2.65 

(m, 1H), 2.39 (t, J = 2.4 Hz, 1H), 2.19–2.07 (m, 2H), 1.78–1.57 (m, 4H), 1.51–1.45 (m, 1H). 

 

Preparation of TBS enolate 3.078 

 

To a solution of 3.073 (50 mg, 0.15 mmol) in acetonitrile (2 mL) was added Et3N (0.09 

mL, 0.61 mmol), and then flame dried NaI (69 mg, 0.46 mmol) and TBSCl (69 mg, 0.46 

mmol) were added. The mixture was allowed to reflux for 16 h. After cooling down to 
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room temperature, the reaction mixture was quenched with saturated aqueous NaHCO3 

and diluted with EtOAc. The layers were separated, and the aqueous layer was 

extracted with EtOAc. The combined organic layers were dried over anhydrous Na2SO4, 

filtered, and concentrated in vacuo. The residue was purified by column chromatography 

(silica gel, hexane/EtOAc, 10/1) to afford 3.078 as a colorless oil (57 mg, 84%): 1H NMR 

(400 MHz, CDCl3) δ 7.24 (d, J = 8.5 Hz, 2H), 6.87 (d, J = 8.6 Hz, 2H), 5.78 (dtd, J = 17.0, 9.4, 

8.7, 1.2 Hz, 1H), 5.14 (d, J = 17.1 Hz, 1H), 5.06 (dd, J = 10.2, 1.9 Hz, 1H), 4.82 (dd, J = 5.2, 

2.3 Hz, 1H), 4.40 (s, 2H), 3.80 (s, 3H), 3.60–3.46 (m, 2H), 2.72 (dd, J = 16.0, 8.2 Hz, 1H), 

2.60 (dd, J = 16.3, 2.5 Hz, 1H), 2.20–2.08 (m, 2H), 2.06–1.96 (m, 1H), 1.92 (t, J = 2.1 Hz, 1H), 

1.85–1.74 (m, 1H), 1.63–1.53 (m, 3H), 0.93 (s, 9H), 0.20 (s, 3H), 0.16 (s, 3H). 

 

Preparation of 3.083 

 

To a cooled solution (0 °C) of 3.072 (516 mg, 1.43 mmol) in THF (10 mL) was added 

dropwise MeLi-LiBr complex (1.0 mL, 1.5 M in Et2O, 1.57 mmol). The resulting mixture 

was stirred for 1 h, then cooled to –78 °C. (3-Bromoprop-1-yn-1-yl)trimethylsilane (0.6 

mL, 3.58 mmol) in HMPA (2.5 mL) was added dropwise at –78 °C. The resulting 

solution was allowed to stir for 16 h with gradual warming to 25 °C. The reaction 

mixture was quenched with H2O and diluted with EtOAc. The layers were separated, 
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and the aqueous layer was extracted with EtOAc. The combined organic layers were 

dried over anhydrous Na2SO4, filtered, and concentrated in vacuo. The residue was 

purified by column chromatography (silica gel, hexane/EtOAc, 20/1) to afford 3.083 as a 

colorless oil (194 mg, 34%): 1H NMR (400 MHz, CDCl3) δ 7.20 (d, J = 8.6 Hz, 2H), 6.85 (d, 

J = 8.6 Hz, 2H), 5.81 (ddd, J = 16.9, 10.3, 8.3 Hz, 1H), 5.19 (d, J = 17.1 Hz, 1H), 5.09 (dd, J = 

10.3, 1.8 Hz, 1H), 4.28 (d, J = 4.8 Hz, 2H), 3.79 (s, 3H), 3.43–3.38 (m, 1H), 3.23–3.17 (m, 

1H), 2.87–2.79 (m, 2H), 2.56 (td, J = 14.0, 6.3 Hz, 1H), 2.33 (d, J = 12.9 Hz, 1H), 2.27–2.17 

(m, 2H), 2.03–1.96 (m, 1H), 1.92–1.82 (m, 1H), 1.77–1.59 (m, 3H), 0.13 (s, 9H). 

A colorless oil, 34%: 1H NMR (400 MHz, CDCl3) δ 7.20 (d, J = 8.6 Hz, 

2H), 6.86 (d, J = 8.6 Hz, 2H), 5.74–5.60 (m, 1H), 5.14 (dd, J = 16.8, 1.8 Hz, 1H), 5.07 (dd, J = 

10.2, 1.9 Hz, 1H), 4.32 (s, 2H), 3.79 (s, 3H), 3.55–3.51 (m, 1H), 3.35–3.29 (m, 1H), 2.79–2.70 

(m, 2H), 2.56 (d, J = 17.7 Hz, 1H), 2.46–2.25 (m, 3H), 2.25–2.07 (m, 2H), 1.98–1.83 (m, 2H), 

1.68–1.58 (m, 1H), 0.13 (s, 9H). 

 

Preparation of TBS enolate 3.085 
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To a solution of 3.083 (16 mg, 0.04 mmol) in acetonitrile (0.5 mL) was added Et3N (0.02 

mL, 0.16 mmol), and then flame dried NaI (18 mg, 0.12 mmol) and TBSCl (18 mg, 0.12 

mmol) were added. The mixture was allowed to reflux for 16 h. After cooling down to 

room temperature, the reaction mixture was quenched with saturated aqueous NaHCO3 

and diluted with EtOAc. The layers were separated, and the aqueous layer was 

extracted with EtOAc. The combined organic layers were dried over anhydrous Na2SO4, 

filtered, and concentrated in vacuo. The residue was purified by column chromatography 

(silica gel, hexane/EtOAc, 20/1) to afford 3.085 as a colorless oil (55 mg, 78%): 1H NMR 

(400 MHz, CDCl3) δ 7.23 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 5.79 (ddd, J = 16.9, 

10.2, 8.8 Hz, 1H), 5.12 (dd, J = 17.0, 2.2 Hz, 1H), 5.05 (dd, J = 10.2, 2.3 Hz, 1H), 4.80 (dd, J = 

5.3, 2.6 Hz, 1H), 4.39 (s, 2H), 3.80 (s, 3H), 3.57–3.45 (m, 2H), 2.74 (td, J = 9.0, 5.5 Hz, 1H), 

2.59 (d, J = 16.4 Hz, 1H), 2.16 (d, J = 16.5 Hz, 1H), 2.14–1.94 (m, 2H), 1.80–1.73 (m, 1H), 

1.64–1.47 (m, 3H), 0.92 (s, 9H), 0.19 (s, 3H), 0.15 (s, 3H), 0.12 (s, 9H). 

 

Preparation of 3.086 

 

The flask was warp by wrapped by aluminum foil. To a cooled solution (0 °C) of 3.078 

(34 mg, 0.08 mmol) in DMF (1 mL) were added NIS (24 mg, 0.11 mmol) and silver nitrate 

(18 mg, 0.11 mmol). After stirring for 2 h at 0 °C, the reaction mixture was quenched by 



 

209 

saturated aqueous Na2S2O3 and diluted with EtOAc. The layers were separated, and the 

aqueous layer was extracted with EtOAc. The combined organic layers were dried over 

anhydrous Na2SO4, filtered, and concentrated in vacuo. The residue was purified by 

column chromatography (silica gel, hexane/EtOAc, 20/1) to afford 3.086 as a colorless oil 

(30 mg, 69%): 1H NMR (400 MHz, CDCl3) δ 7.23 (d, J = 8.4 Hz, 2H), 6.86 (d, J = 8.5 Hz, 

2H), 5.76 (dt, J = 18.4, 9.5 Hz, 1H), 5.12 (d, J = 17.2 Hz, 1H), 5.06 (d, J = 10.2 Hz, 1H), 4.82–

4.78 (m, 1H), 4.39 (s, 2H), 3.80 (s, 3H), 3.59–3.44 (m, 2H), 2.77 (d, J = 16.3 Hz, 1H), 2.62 

(dd, J = 16.0, 8.3 Hz, 1H), 2.32 (d, J = 16.3 Hz, 1H), 2.20–2.06 (m, 1H), 2.06–1.93 (m, 1H), 

1.84–1.72 (m, 1H), 1.63–1.49 (m, 3H), 0.92 (s, 9H), 0.19 (s, 3H), 0.16 (s, 3H). 

 

Preparation of 3.088 

 

For the dearation of EtOH and acetic acid, it was frozen using –78 °C bath with argon 

bubbling, and they were evacuated in vacuo for 30 min. To a solution of 3.083 (180 mg, 

0.45 mmol) in degassed EtOH/AcOH (9:1, total 8 mL) was added Mn(OAc)3 (1.05 g, 4.52 

mmol). The mixture was stirred for 36 h at 100 °C. After cooling down to room 

temperature, Mn(OAc)3 (1.05 g, 4.52 mmol) was added again to the suspension. The 

mixture was stirred additionally for 36 h at 100 °C and cooled down to room 
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temperature. The mixture was dissolved in EtOAc and washed with 10% aqueous 

NaHSO3 solution and saturated aqueous NaHCO3 solution. The organic layer was dried 

over anhydrous Na2SO4, filtered, and concentrated in vacuo. The residue was purified by 

column chromatography (silica gel, hexane/EtOAc, 10/1) to afford 3.088 as a colorless oil 

(90 mg, 50%): 1H NMR (400 MHz, CDCl3) δ 7.24 (dd, J = 8.5, 3.4 Hz, 2H), 6.87 (dd, J = 8.6, 

2.7 Hz, 2H), 5.71 (dtd, J = 16.9, 9.9, 7.0 Hz, 1H), 5.46 (s, 1H), 5.04 (d, J = 10.2 Hz, 1H), 4.98 

(d, J = 17.1 Hz, 1H), 4.39 (d, J = 4.4 Hz, 2H), 3.80 (s, 3H), 3.51–3.38 (m, 2H), 3.00 (d, J = 4.6 

Hz, 1H), 2.84–2.61 (m, 3H), 2.27–2.03 (m, 2H), 1.93–1.79 (m, 2H), 1.75–1.66 (m, 1H), 1.41 

(d, J = 13.8 Hz, 1H), 0.10 (d, J = 9.3 Hz, 9H). 

 

Preparation of 3.076 

 

To a cooled solution (0 °C) of 3.088 (25 mg, 0.06 mmol) in acetonitrile (1.0 mL) was 

added p-toluenesulfonic acid (24 mg, 0.12 mmol). After stirring for 2 h at 0 °C, the 

reaction mixture was quenched with saturated aqueous NaHCO3 and diluted with 

CH2Cl2. The layers were separated, and the aqueous layer was extracted with CH2Cl2. 

The combined organic layers were dried over anhydrous Na2SO4, filtered, and 

concentrated in vacuo. The residue was purified by column chromatography (silica gel, 



 

211 

hexane/EtOAc, 10/1) to afford 3.076 as a colorless oil (15 mg, 73%): 1H NMR (400 MHz, 

CDCl3) δ 7.24 (d, J = 8.6 Hz, 2H), 6.88 (d, J = 8.6 Hz, 2H), 5.70 (dt, J = 16.8, 10.2 Hz, 1H), 

5.07–4.93 (m, 4H), 4.39 (d, J = 4.5 Hz, 2H), 3.81 (s, 3H), 3.44 (t, J = 6.8 Hz, 2H), 2.87 (d, J = 

4.6 Hz, 1H), 2.79–2.60 (m, 3H), 2.28–2.08 (m, 2H), 1.95–1.87 (m, 1H), 1.83 (dt, J = 14.1, 6.2 

Hz, 1H), 1.70 (dt, J = 14.4, 7.0 Hz, 1H), 1.41 (d, J = 12.1 Hz, 1H). 

 

Preparation of alcohol 3.092 

 

To a cooled solution (0 °C) of 3.076 (23 mg, 0.07 mmol) in MeOH (1.5 mL) was added 

NaBH4 (8 mg, 0.21 mmol). After stirring for 2 h at 0 °C, the reaction mixture was 

quenched with saturated aqueous NaHCO3 and diluted with EtOAc. The layers were 

separated, and the aqueous layer was extracted with EtOAc. The combined organic 

layers were dried over anhydrous Na2SO4, filtered, and concentrated in vacuo. The 

residue was purified by column chromatography (silica gel, hexane/EtOAc, 5/1) to 

afford 3.092 as a colorless oil (15 mg, 65%): 1H NMR (400 MHz, CDCl3) δ 7.24 (d, J = 8.6 

Hz, 2H), 6.88 (d, J = 8.6 Hz, 2H), 6.51 (ddd, J = 17.1, 10.4, 8.8 Hz, 1H), 5.01–4.80 (m, 4H), 

4.41 (s, 2H), 3.80 (s, 3H), 3.75 (t, J = 4.4 Hz, 1H), 3.60 (dt, J = 9.4, 5.7 Hz, 1H), 3.49 (dt, J = 

9.5, 6.6 Hz, 1H), 2.65 (t, J = 5.1 Hz, 1H), 2.29–2.08 (m, 4H), 1.99–1.90 (m, 1H), 1.79 (t, J = 6.2 

Hz, 2H), 1.48 (dd, J = 14.2, 4.9 Hz, 1H), 1.35–1.26 (m, 1H). 
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Preparation of 3.093 

 

To a solution of 3.092 (9 mg, 0.03 mmol) in CH2Cl2 (0.5 mL) were added Et3N (0.01 mL, 

0.08 mmol) and 4-nitrobenzoyl chloride (10 mg, 0.05 mmol). After stirring for 1 h at 25 

°C, the reaction mixture was quenched with saturated aqueous NaHCO3 and diluted 

with CH2Cl2. The layers were separated, and the aqueous layer was extracted with 

CH2Cl2. The combined organic layers were dried over anhydrous Na2SO4, filtered, and 

concentrated in vacuo. The residue was purified by column chromatography (silica gel, 

hexane/EtOAc, 5/1) to afford 3.093 as a colorless oil (9 mg, 77%): 1H NMR (400 MHz, 

CDCl3) δ 8.30 (d, J = 8.8 Hz, 2H), 8.20 (d, J = 8.8 Hz, 2H), 7.20 (d, J = 8.5 Hz, 2H), 6.83 (d, J 

= 8.6 Hz, 2H), 6.31 (ddd, J = 17.1, 10.4, 8.9 Hz, 1H), 5.09–4.89 (m, 5H), 4.38 (s, 2H), 3.79 (s, 

3H), 3.60–3.44 (m, 2H), 2.98 (t, J = 4.1 Hz, 1H), 2.47–2.28 (m, 2H), 2.09–1.88 (m, 3H), 1.69 

(dt, J = 14.4, 7.4 Hz, 1H), 1.56–1.52 (m, 2H), 1.44–1.36 (m, 1H). 
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4. Conclusions 

In chapter 2, we have designed, prepared, and evaluated a series of subglutinol 

A analogs in pursuit of developing immunosuppressive agents that have high efficacy 

and lack of toxicity. Our synthetic efforts for the preparation of all of the analogs were 

focused on the coupling of the decalin segment with -pyrone. After the evaluation of 

initially designed analogs in vitro, we designed and prepared the second-generation 

analog utilizing the original synthetic route of subglutinol A and carried out the in vitro 

inhibitory activity of inflammatory cytokine productions and cytotoxicity. With the 

promising in vitro results, we conducted the in vivo immunosuppressive activity using 

EAE model. However, the analog treated mice were sicker than the DMSO treated mice, 

due to the increase of inflammatory neutrophil cells. Therefore, the analog would be 

further evaluated to find an appropriate model of diseases. Taken together, this study 

provided the basis for further investigation for the development of immunosuppressive 

agents.  

In chapter 3, current knowledge of grayanoid diterpenoid type natural products, 

especially rhodojaponins, has been discussed. Especially, rhodojaponin III and VI 

showed high potent of antinociceptive activities as a non-opioid analgesic. Our synthetic 

efforts are focused on the construction of the C/D fused ring in rhodojaponins. The Cu-

catalyzed conjugate addition of Grignard reagent to the α,β-unsaturated cyclic enone 
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3.057 was employed to generate the silyl enol ether 3.072 and subsequent propargylation 

was accomplished to provide 3.083. With this key intermediate, we attempted the Conia-

ene reaction to install the C/D fused ring in rhodojaponins. In particular, Mn(OAc)3 

initiated free radical cyclization provided the desired fused ring system. The completion 

of the total synthesis of rhodojaponins will be accomplished in the future after 

addressing enantioselective conjugate addition, stereoselective reduction, and 

subsequent studies.   

 

 

 

 

 

 

 

 

 

 

 

 



 

215 

Appendix. Synthesis of Rev1-Rev3/7 Inhibitors  

1. Introduction 

Proliferating cells bypass a DNA damaged lesion in order to promote the 

completion of DNA replication, which is known as Translesion Synthesis (TLS).130, 131 The 

importance of this mechanism is due to its implication in the development of cancer 

drug resistance, following chemotherapy. Rev1 acts as a scaffold protein that interacts 

by binding with other TLS polymerases. The ability of Rev1 about resistance of DNA 

damaging agents and promoting mutagenesis results from its interactions with other 

TLS polymerases.132-135 Therefore, the inhibition of Rev1 could lead to a decrease in both 

mutagenesis and acquired drug resistance in cancer.136, 137 The ultimate goal of Rev1 

inhibitors, is the development of a promising new class of adjuvant agents, which 

cotreat with cisplatin or UV light. 

 

2. Results and Discussion 

 

Figure 39: Main region of RE01 
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In previous studies, we have identified the promising lead compound RE01 and 

designed and evaluated of a series of analogs for translesion synthesis inhibition (Figure 

39). The ELISA screening assay revealed that RE01 has a low micromolar affinity (IC50 = 

1.2 M). Through in vitro cell viability test and HPRT mutagenesis test as an important 

step toward our goal of sensitizing cancer cells to cisplatin, RE01 is highly potent 

inhibitor of Rev1-mediated translesion synthesis. Moreover, with considerable efforts, 

we solved the co-crystal structure of RE01 trapped between two Rev1 CTD units in 

creating a dimeric structure. Based on the co-crystal structure, we explored different 

substituent in quinolone and aniline regions to improve the activities. The quinolone 

area was encompassed by hydrophobic residues of Rev1 protein. To access the effect of 

size and hydrophobicity, various functional groups were introduced. In this context, we 

designed eight analogs for the quinolone region and five analogs for the aniline region 

(Figure 40). 
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Figure 40: Rev1 analogs 

 

 Since, the synthesis of RE01 has been reported, Rev1 analogs were prepared 

through a very similar route as the known procedure.138, 139 In the case of quinolone 
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analog series, the synthesis started with the preparation of the acyl Meldrum’s acid 15, 

which was treated with seven different anilines to provide the -oxo-amides (Scheme 

47). Transformation of each -oxo-amide into the acyl(arylcarbamoyl)ketone dithioacetal 

followed by cyclization proceeded to afford the sulfides. Oxidation of sulfides provided 

sulfoxides, which were coupled with 2,4-dichlorianiline to give the quinolone analogs. 

Deprotection of the methyl group in 7 produced the alcohol 8 smoothly.  

 

 

Scheme 47: Synthesis of quinolone analog series 
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 The aniline analogs were prepared from the advanced known intermediate of the 

synthesis of RE01. As shown in Scheme 48, five analogs were obtained by coupling of 

the sulfoxide 44 with various aniline derivatives. After accomplishing the synthesis of all 

of the designed analogs, we are looking forward to the results of in vitro efficacy.  

 

 

Scheme 48: Synthesis of aniline analog series 

 

3. Experimental Section 

General Methods 

 All reagents were purchased from Sigma–Aldrich, Acros, Alfa Aesar, TCI, or 

Fisher, and used without further purification, unless otherwise stated. All solvents were 
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ACS grad or better and used without purification. Moisture sensitive steps were carried 

out in anhydrous THF which was freshly distilled from sodium/benzophenone each 

time before use. All reactions were conducted in oven-dried glassware under nitrogen. 

Analytical thin layer chromatography (TLC) was performed with glass backed silica gel 

(60 Å) plate with florescent indication (Whatman) purchased from Merck. Visualization 

was accomplished by UV irradiation at 254 nm and/or by staining with para-

anisaldehyde, KMnO4, or phosphomolybdic acid (PMA) solutions. Column 

chromatography was performed using silica gel grade 230–400 mesh, 60 Å purchased 

from Silicycle. Nuclear magnetic resonance (NMR) spectra were recorded on Varian 

NMR spectrometer at 400 MHz or 500 MHz for 1H and 13C NMR in CDCl3, unless 

otherwise noted. Chemical shits are reported as s (singlet), d (doublet), t (triplet), or m 

(multiplet). Coupling constants (J values) are reported in hertz (Hz). The chemical shifts 

are reported as parts per million (δ) relative to the solvent peak. Electrospray ionization 

(ESI) mass spectrometry (MS) were reported with an Agilent 1100 series (LC/MSD trap) 

spectrometer and were performed to obtain the molecular masses of the compounds.  

 

Preparation of 16 
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64% yield; 1H NMR (400 MHz, CDCl3) δ 9.29 (s, 1H), 7.53 (d, J = 7.7 Hz, 2H), 7.28 (t, J = 

7.9 Hz, 2H), 7.09 (t, J = 7.4 Hz, 1H), 3.50 (s, 2H), 2.40 (d, J = 6.9 Hz, 2H), 2.18–2.08  (m, 

1H), 0.91 (d, J = 6.7 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 206.9, 164.1, 137.6, 128.9, 124.5, 

120.2, 52.7, 49.9, 24.3, 22.4; HRMS (ESI) m/z 220.1335 [(M+H)+, C13H17NO2 requires 

22.1332]. 

 

Preparation of 17 

 

93% yield; 1H NMR (400 MHz, CDCl3) δ 9.61 (brs, 1H), 8.42 (s, 1H), 7.83 (dd, J = 8.2, 1.2 

Hz, 1H), 7.79 (d, J = 7.8 Hz, 1H), 7.38 (t, J = 8.1 Hz, 1H), 3.59 (s, 2H), 2.43 (d, J = 6.9 Hz, 

2H), 2.15–2.05 (m, 1H), 0.86 (d, J = 6.6 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 206.5, 164.9, 

148.3, 138.7, 129.7, 125.8, 118.9, 114.7, 52.5, 49.8, 24.2, 22.3; HRMS (ESI) m/z 265.1184 

[(M+H)+, C13H16N2O4 requires 265.1183]. 

 

Preparation of 18 
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97% yield; 1H NMR (400 MHz, CDCl3) δ 9.34 (s, 1H), 8.54 (s, 1H), 7.60 (d, J = 6.8 Hz, 1H), 

7.08 (d, J = 8.3 Hz, 1H), 3.48 (s, 2H), 2.30 (d, J = 6.7 Hz, 2H), 2.18 (s, 3H), 2.01–1.94 (m, 1H), 

0.75 (d, J = 6.6 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 206.8, 164.5, 146.0, 136.3, 136.1, 

130.5, 118.8, 116.5, 52.2, 48.7, 23.9, 22.0, 17.7; HRMS (ESI) m/z 279.1344 [(M+H)+, 

C14H18N2O4 requires 279.1339]. 

 

Preparation of 19 

 

88% yield; 1H NMR (400 MHz, CDCl3) δ 9.13 (s, 1H), 8.72 (d, J = 2.7 Hz, 1H), 7.47 (dd, J = 

9.0, 2.7 Hz, 1H), 6.49 (d, J = 9.0 Hz, 1H), 3.57 (s, 3H), 3.21 (s, 2H), 2.05 (d, J = 6.9 Hz, 2H), 

1.80–1.70 (m, 1H), 0.51 (d, J = 6.6 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 206.2, 164.1, 

152.9, 140.9, 127.5, 119.9, 114.7, 109.2, 56.5, 52.6, 49.5, 24.2, 22.3; HRMS (ESI) m/z 295.1293 

[(M+H)+, C14H18N2O5 requires 295.1289]. 

 

Preparation of 20 
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96% yield; 1H NMR (400 MHz, CDCl3) δ 9.74 (s, 1H), 9.06 (d, J = 4.5 Hz, 1H), 7.85 (dd, J = 

8.0, 4.0 Hz, 1H), 7.15 (t, J = 9.2 Hz, 1H), 3.61 (s, 2H), 2.41 (d, J = 6.8 Hz, 2H), 2.13–2.03 (m, 

1H),  0.84 (d, J = 6.6 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 206.7, 164.7, 155.6 (JCF = 254.2 

Hz), 144.0, 126.9 (JCF = 11.8 Hz), 119.9 (JCF = 8.9 Hz), 117.1, 115.4 (JCF = 21.8 Hz), 52.5, 48.9, 

24.1, 22.2; HRMS (ESI) m/z 283.1095 [(M+H)+, C13H15FN2O4 requires 283.1089]. 

 

Preparation of 21 

 

82% yield; 1H NMR (400 MHz, CDCl3) δ 9.91 (s, 1H), 9.03 (s, 1H), 7.61 (dd, J = 36.8, 7.7 

Hz, 2H), 3.59 (s, 2H), 2.40 (d, J = 6.8 Hz, 2H), 2.13–2.06  (m, 1H), 0.85 (d, J = 6.6 Hz, 6H); 

13C NMR (125 MHz, CDCl3) δ 207.0, 164.3, 147.1, 136.7, 132.8, 119.9, 119.1, 116.1, 52.6, 

48.5, 24.1, 22.2; HRMS (ESI) m/z 343.0289 [(M+H)+, C13H15BrN2O4 requires 343.0289]. 

 

Preparation of 22 

 



 

224 

92% yield; 1H NMR (400 MHz, CDCl3) δ 9.56 (s, 1H), 7.91 (d, J = 2.6 Hz, 1H), 7.12 (d, J = 

8.9 Hz, 1H), 6.48 (dd, J = 8.8, 2.9 Hz, 1H), 3.67 (s, 3H), 3.49 (s, 2H), 2.34 (d, J = 6.9 Hz, 2H), 

2.13–2.03 (m, 1H), 0.84 (d, J = 6.6 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 206.6, 163.8, 

158.5, 135.1, 129.1, 114.4, 110.7, 107.1, 55.3, 52.6, 49.23, 24.11, 22.2; HRMS (ESI) m/z 

284.1053 [(M+H)+, C14H18NO3 requires 284.1048]. 

 

Preparation of 23 

 

75% yield; 1H NMR (400 MHz, CDCl3) δ 8.75 (s, 1H), 7.63 (d, J = 7.9 Hz, 2H), 7.30 (t, J = 

7.9 Hz, 2H), 7.09 (t, J = 7.4 Hz, 1H), 2.60 (d, J = 6.8 Hz, 2H), 2.39 (s, 6H), 2.19–2.11 (m, 1H), 

0.89 (d, J = 6.7 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 199.4, 163.2, 154.5, 139.0, 137.8, 

128.9, 124.5, 119.9, 50.8, 25.0, 22.5; HRMS (ESI) m/z 324.1092 [(M+H)+, C16H21NO2S2 

requires 324.1087]. 

 

Preparation of 24 
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72% yield; 1H NMR (400 MHz, CDCl3) δ 8.91 (s, 1H), 8.52 (t, J = 2.0 Hz, 1H), 7.96 (dd, J = 

8.2, 2.1 Hz, 2H), 7.49 (t, J = 8.2 Hz, 1H), 2.70 (d, J = 6.8 Hz, 2H), 2.47 (s, 6H), 2.26–2.14 (m, 

1H), 0.94 (d, J = 6.7 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 202.0, 162.3, 155.8, 148.7, 139.0, 

138.1, 130.0, 125.6, 119.2, 114.8, 51.9, 25.7, 22.7, 18.4; HRMS (ESI) m/z 369.0939 [(M+H)+, 

C16H20N2O4S2 requires 369.0937]. 

 

Preparation of 25 

 

40% yield; 1H NMR (400 MHz, CDCl3) δ 8.93 (s, 1H), 8.82 (s, 1H), 7.82 (dd, J = 8.5, 2.5 Hz, 

1H), 7.28 (d, J = 8.4 Hz, 1H), 2.71 (d, J = 6.8 Hz, 3H), 2.44 (s, 6H), 2.36 (s, 3H), 2.19–2.11 (m, 

1H), 0.90 (d, J = 6.7 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 202.6, 161.7, 155.5, 146.7, 138.0, 

136.6, 135.6, 130.9, 119.2, 116.3, 51.9, 25.6, 22.5, 18.4, 18.2; HRMS (ESI) m/z 383.1098 

[(M+H)+, C17H22N2O4S2 requires 383.1094]. 

 

Preparation of 26 
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85% yield; 1H NMR (400 MHz, CDCl3) δ 9.32 (d, J = 2.6 Hz, 1H), 8.85 (s, 1H), 7.99 (dd, J = 

9.0, 2.7 Hz, 1H), 6.94 (d, J = 9.1 Hz, 1H), 4.01 (s, 3H), 2.68 (d, J = 6.8 Hz, 2H), 2.45 (s, 6H), 

2.24–2.16  (m, 1H), 0.93 (d, J = 6.7 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 201.4, 162.0, 

164.7, 153.0, 141.7, 138.7, 127.8, 120.4, 115.1, 109.4, 56.7, 51.8, 25.3, 22.7, 18.3; HRMS (ESI) 

m/z 399.1041 [(M+H)+, C17H22N2O5S2 requires 399.1043]. 

 

Preparation of 27 

 

10% yield; 1H NMR (400 MHz, CDCl3) δ 9.29 (dd, J = 6.6, 2.9 Hz, 1H), 9.04 (s, 1H), 7.95 

(ddd, J = 9.0, 4.4, 2.8 Hz, 1H), 7.22 (t, J = 9.4 Hz, 1H), 2.70 (d, J = 6.8 Hz, 2H), 2.46 (s, 6H), 

2.21–2.13  (m, 1H), 0.91 (d, J = 6.7 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 201.9, 161.8, 

156.8, 154.7, 144.4, 137.3, 127.2 (JCF =11.8 Hz), 120.0 (JCF =9.3 Hz), 117.1, 115.5 (JCF =21.9 

Hz), 51.9, 25.5, 22.6, 18.3; HRMS (ESI) m/z 387.0853 [(M+H)+, C16H19FN2O4S2 requires 

387.0843]. 

 

Preparation of 28 

 



 

227 

43% yield; 1H NMR (400 MHz, CDCl3) δ 9.29 (d, J = 2.3 Hz, 1H), 9.18 (s, 1H), 7.88 (ddd, J 

= 8.8, 2.6, 0.6 Hz, 1H), 7.69 (d, J = 8.8 Hz, 1H), 2.71 (d, J = 6.8 Hz, 2H), 2.46 (s, 6H), 2.22–

2.13 (m, 1H), 0.92 (d, J = 6.7 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 202.3, 161.5, 156.6, 

147.6, 137.3, 137.0, 133.0, 120.0, 119.4, 116.1, 52.1, 25.5, 22.6, 18.3; HRMS (ESI) m/z 

447.0044 [(M+H)+, C16H19BrN2O4S2 requires 447.0042]. 

 

Preparation of 29 

 

93% yield; 1H NMR (400 MHz, CDCl3) δ 8.71 (s, 1H), 8.03 (s, 1H), 7.14 (d, J = 8.8 Hz,  1H), 

6.52 (d, J = 8.8 Hz, 1H), 3.71 (s, 3H), 2.62 (d, J = 6.7 Hz, 2H), 2.37 (s, 6H), 2.20–2.08 (m, 1H), 

0.87 (d, J = 6.6 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 200.7, 161.8, 158.7, 153.9, 138.6, 

134.9, 129.1, 114.2, 110.9, 105.6, 55.4, 51.4, 24.9, 22.4, 18.0; HRMS (ESI) m/z 388.08061092 

[(M+H)+, C17H22ClNO3S2 requires 388.0802]. 

 

Preparation of 30 

 



 

228 

58% yield (1:1 mixture); 1H NMR (400 MHz, CDCl3) δ 9.03 (s, 1H), 8.28 (s, 1H), 8.26 (s, 

1H), 7.77 (s, 1H), 7.71 (s, 1H), 7.57 (s, 1H), 7.43–7.34 (m, 3H), 3.22 (d, J = 4.9 Hz, 2H), 3.07 

(d, J = 4.8 Hz, 2H), 2.71 (s, 3H), 2.58 (s, 3H), 2.47–2.34 (m, 1H), 2.33–2.20 (m, 1H), 1.01 (s, 

6H), 0.96 (s, 6H); 13C NMR (125 MHz, CDCl3) δ 207.5, 202.8, 175.6, 169.9, 159.4, 156.9, 

148.3, 138.8, 133.3, 132.8, 127.5, 126.7, 125.7, 125.1, 124.3, 119.9, 118.9, 117.0, 112.2, 52.9, 

52.8, 25.7, 25.3, 23.0, 22.8, 15.0, 14.8; HRMS (ESI) m/z 276.1058 [(M+H)+, C15H17NO2S 

requires 276.1053]. 

 

Preparation of 31 

 

37% yield; 1H NMR (400 MHz, CDCl3) δ 8.61 (s, 1H), 8.40 (d, J = 9.1 Hz, 1H), 8.14 (d, J = 

10.3 Hz, 1H), 3.22 (d, J = 6.1 Hz, 2H), 2.73 (s, 3H), 2.43–2.36  (m, 1H), 1.03 (d, J = 6.3 Hz, 

6H); HRMS (ESI) m/z 321.0908 [(M+H)+, C15H16N2O4S requires 321.0904]. 

 

Preparation of 32 

 



 

229 

40% yield; 1H NMR (400 MHz, CDCl3) δ 7.54 (d, J = 7.3 Hz, 1H), 7.30 (dd, J = 7.7, 2.0 Hz, 

1H), 3.18 (d, J = 8.6 Hz, 2H), 2.68 (d, J = 2.1 Hz, 3H), 2.67 (s, 3H), 2.42–2.33 (m, 1H), 1.01 

(dd, J = 6.6, 2.1 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 207.5, 168.2, 160.8, 146.5, 146.0, 

140.0, 131.7, 119.1, 112.5, 109.8, 53.0, 25.4, 22.8, 18.3, 15.4; HRMS (ESI) m/z 335.1066 

[(M+H)+, C16H18N2O4S requires 335.1060]. 

 

Preparation of 33 

 

65% yield; 1H NMR (400 MHz, CDCl3) δ 8.66 (s, 1H), 7.12 (d, J = 8.3 Hz, 1H), 6.88 (d, J = 

8.0 Hz, 1H), 4.03 (s, 3H), 2.93 (d, J = 6.4 Hz, 2H), 2.53 (s, 3H), 2.22–2.15 (m, 1H), 0.89 (d, J = 

5.6 Hz, 6H); ); HRMS (ESI) m/z 351.1016 [(M+H)+, C16H18N2O5S requires 351.1009]. 

 

Preparation of 34 

 

57% yield; HRMS (ESI) m/z 339.0814 [(M+H)+, C15H15FN2O4S requires 339.0809]. 

 

 



 

230 

Preparation of 35 

 

45% yield (1:1 mixture); 1H NMR (400 MHz, CDCl3) δ 8.70 (s, 1H), 8.00 (d, J = 7.8 Hz, 1H), 

7.83 (d, J = 8.3 Hz, 1H), 7.24 (d, J = 8.1 Hz, 1H), 7.16 (d, J = 8.1 Hz, 1H), 3.17 (d, J = 6.5 Hz, 

2H), 2.92 (d, J = 6.8 Hz, 2H), 2.74 (s, 3H), 2.62 (s, 3H), 2.38–2.32 (m, 1H), 2.21–2.14 (m, 

1H), 1.00 (d, J = 6.6 Hz, 6H), 0.89 (d, J = 6.6 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 207.6, 

200.5, 171.3, 168.1, 163.5, 159.6, 148.1, 146.7, 144.5, 136.1, 135.2, 135.1, 126.8, 119.2, 119.0, 

118.4, 117.8, 113.4, 112.6, 110.9, 53.0, 52.2, 25.2, 24.8, 22.9, 22.7, 15.9, 14.3; HRMS (ESI) m/z 

339.0004 [(M+H)+, C15H15BrN2O4S requires 339.0009]. 

 

Preparation of 36 

 

76% yield; 1H NMR (400 MHz, CDCl3) δ 10.25 (s, 1H), 7.50 (d, J = 10.0 Hz, 1H), 6.55 (d, J = 

8.5 Hz, 1H), 4.00 (s, 3H), 2.83 (d, J = 6.8 Hz, 2H), 2.62 (s, 3H), 2.33–2.22 (m, 1H), 0.97 (d, J = 

6.6 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 203.5, 160.5, 160.2, 155.1, 145.0, 130.4, 125.4, 

118.0, 109.4, 103.8, 56.8, 53.3, 24.9, 22.9, 13.9; HRMS (ESI) m/z 340.0769 [(M+H)+, 

C16H18ClNO3S requires 340.0773]. 
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Preparation of 37 

 

93% yield; 1H NMR (400 MHz, CDCl3) δ 10.94 (s, 1H), 8.35 (d, J = 8.2 Hz, 1H), 7.73–7.63 

(m, 2H), 7.44 (ddd, J = 8.1, 5.5, 2.6 Hz, 1H), 3.10 (dd, J = 16.9, 6.8 Hz, 2H), 2.99 (s, 3H), 

2.30–2.13 (m, 1H), 0.91 (dd, J = 6.7, 5.2 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 201.2, 176.4, 

161.5, 137.3, 133.4, 127.7, 127.0, 126.3, 118.8, 114.7, 51.7, 44.0, 24.5, 22.8; HRMS (ESI) m/z 

292.1007 [(M+H)+, C15H17NO3S requires 292.1002]. 

 

Preparation of 38 

 

89% yield; 1H NMR (400 MHz, CDCl3) δ 11.07 (s, 1H), 8.67–8.59 (m, 2H), 8.28 (d, J = 8.5 

Hz, 1H), 3.16 (t, J = 7.6 Hz, 2H), 3.09 (s, 3H), 2.28–2.22 (m, 1H), 1.00 (t, J = 6.5 Hz, 6H); 

HRMS (ESI) m/z 337.0852 [(M+H)+, C15H16N2O5S requires 337.0853]. 
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Preparation of 39 

 

78% yield; 1H NMR (400 MHz, CDCl3) δ 10.88 (s, 1H), 7.61 (d, J = 7.8 Hz, 1H), 7.31 (d, J = 

7.8 Hz, 1H), 3.05 (t, J = 6.6 Hz, 2H), 3.01 (s, 3H), 2.67 (s, 3H), 2.22–2.12 (m, 1H),  0.91 (t, J = 

6.1 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 200.6, 173.5, 160.9, 147.9, 136.5, 133.7, 130.1, 

119.8, 119.0, 115.5, 51.7, 43.7, 24.2, 22.7, 16.7; HRMS (ESI) m/z 351.1008 [(M+H)+, 

C16H18N2O5S requires 351.1009]. 

 

Preparation of 40 

 

51% yield; 1H NMR (400 MHz, CDCl3) δ 11.09 (s, 1H), 7.45 (d, J = 8.5 Hz, 1H), 7.15 (d, J = 

8.5 Hz, 1H), 4.13 (s, 3H), 3.09 (t, J = 6.7 Hz, 2H), 3.01 (s, 3H), 2.25–2.15 (m, 1H), 0.93 (dd, J 

= 6.7, 4.9 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 200.8, 173.2, 161.1, 150.3, 142.4, 128.8, 

120.9, 120.3, 116.3, 111.0, 57.2, 51.8, 43.9, 24.4, 22.8; HRMS (ESI) m/z 367.0962 [(M+H)+, 

C16H18N2O6S requires 367.0958]. 
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Preparation of 41 

 

34% yield; 1H NMR (400 MHz, CDCl3) δ 10.95 (s, 1H), 7.57 (t, J = 8.7 Hz, 1H), 7.46 (dd, J = 

8.5, 4.3 Hz, 1H), 3.09 (dd, J = 6.6, 4.7 Hz, 2H), 3.04 (s, 3H), 2.24–2.18 (m, 1H), 0.94 (t, J = 6.2 

Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 200.5, 172.5, 161.9, 152.4 (JCF = 256.4 Hz), 145.4, 

128.0 (JCF = 13.9 Hz), 120.9, 120.2 (JCF = 7.4 Hz), 118.0 (JCF =18.6 Hz), 116.5, 51.9, 43.9, 24.3, 

22.8; HRMS (ESI) m/z 355.0757 [(M+H)+, C15H15FN2O5S requires 355.0759]. 

 

Preparation of 42 

 

40% yield; HRMS (ESI) m/z 414.9950 [(M+H)+, C15H15BrN2O5S requires 414.9958]. 

 

Preparation of 43 
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28% yield; 1H NMR (400 MHz, CDCl3) δ 10.94 (s, 1H), 7.63 (d, J = 8.9 Hz, 1H), 6.82 (d, J = 

8.9 Hz, 1H), 4.01 (s, 3H), 3.12 (d, J = 6.8 Hz, 2H), 3.01 (s, 3H), 2.27–2.17 (m, 1H), 0.93 (dd, J 

= 9.6, 6.7 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 201.1, 176.5, 160.2, 160.0, 136.0, 133.3, 

118.5, 116.8, 114.3, 107.5, 56.7, 51.8, 43.8, 24.4, 22.8; HRMS (ESI) m/z 356.0722 [(M+H)+, 

C16H18ClNO4S requires 356.0718]. 

 

Preparation of 1 

 

21% yield; 1H NMR (400 MHz, CDCl3) δ 13.41 (s, 1H), 8.29 (d, J = 7.9 Hz, 1H), 7.71 (s, 1H), 

7.60 (s, 1H), 7.50  (t, J = 7.5 Hz, 1H), 7.40 (s, 2H), 7.29 (t, J = 7.6 Hz, 1H), 7.01 (d, J = 8.2 Hz, 

1H), 3.22 (d, J = 6.8 Hz, 2H), 2.33–2.27 (m, 1H), 1.01 (d, J = 6.6 Hz, 6H); HRMS (ESI) m/z 

389.0815 [(M+H)+, C20H18Cl2N2O2 requires 389.0818]. 
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Preparation of 2 

 

11% yield; 1H NMR (400 MHz, CDCl3) δ 13.50 (s, 1H), 8.48 (d, J = 8.2 Hz, 1H), 8.09 (s, 1H), 

7.94–7.90 (m, 2H), 7.76 (s, 1H), 7.67–7.66 (m, 1H), 7.47 (d, J = 6.3 Hz, 1H), 7.42 (d, J = 7.4 

Hz, 1H), 3.21 (d, J = 5.6 Hz, 2H), 2.40–2.25 (m, 1H), 1.02 (d, J = 6.5 Hz, 6H); HRMS (ESI) 

m/z 434.0663 [(M+H)+, C20H17Cl2N3O4 requires 434.0669]. 

 

Preparation of 3 

 

45% yield; 1H NMR (400 MHz, CDCl3) δ 13.25 (s, 1H), 7.66 (s, 1H), 7.65 (s, 1H), 7.56 (d, J = 

8.5 Hz, 1H), 7.48 (dd, J = 8.5, 2.2 Hz, 1H), 7.27 (d, J = 8.4 Hz, 1H), 7.02 (d, J = 7.8 Hz, 1H), 

3.05 (d, J = 6.7 Hz, 2H), 2.25–2.22 (m, 1 H), 2.19 (s, 3H), 0.95 (d, J = 6.6 Hz, 6H); HRMS 

(ESI) m/z 448.0822 [(M+H)+, C21H19Cl2N3O4 requires 448.0825]. 
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Preparation of 4 

 

63% yield; 1H NMR (400 MHz, CDCl3) δ 13.23 (s, 1H), 8.26 (s, 1H), 7.62 (d, J = 2.2 Hz, 1H), 

7.51 (d, J = 8.5 Hz, 1H), 7.44 (dd, J = 8.5, 2.2 Hz, 1H), 7.08 (d, J = 8.5 Hz, 1H), 6.90 (d, J = 8.5 

Hz, 1H), 3.93 (s, 3H), 3.05 (d, J = 6.7 Hz, 2H), 2.26–2.16 (m, 1H), 0.93 (d, J = 6.6 Hz, 6H); 

13C NMR (125 MHz, CDCl3) δ 204.0, 173.5, 152.9, 147.7, 142.3, 134.2, 132.0, 131.4, 131.0, 

128.9, 127.5, 126.9, 118.0, 117.0, 110.4, 102.4, 57.1, 52.7, 24.8, 22.9; HRMS (ESI) m/z 

464.0778 [(M+H)+, C21H19Cl2N3O5 requires 464.0775]. 

 

Preparation of 5 

 

39% yield; 1H NMR (400 MHz, CDCl3) δ 13.38 (s, 1H), 7.65 (d, J = 2.3 Hz, 1H), 7.52 (d, J = 

8.0 Hz, 1H), 7.44 (dd, J = 8.4, 2.5 Hz, 1H), 7.31 (t, J = 8.9 Hz, 1H), 7.17 (dd, J = 8.6, 4.3 Hz, 
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1H), 3.09 (d, J = 6.6 Hz, 2H), 2.26–2.20 (m, 1H), 0.96 (d, J = 6.6 Hz, 6H); HRMS (ESI) m/z 

452.0578 [(M+H)+, C20H16Cl2FN3O4 requires 452.0575]. 

 

Preparation of 6 

 

37% yield; 1H NMR (400 MHz, CDCl3) δ 13.37 (s, 1H), 8.28 (s, 1H), 7.77 (d, J = 8.3 Hz, 1H), 

7.68 (d, J = 1.8 Hz, 1H), 7.55–7.43 (m, 2H), 7.10 (d, J = 8.3 Hz, 1H), 3.10 (d, J = 6.7 Hz, 2H), 

2.27–2.21 (m, 1H), 0.96 (d, J = 6.6 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 204.1, 172.9, 

153.7, 148.6, 135.1, 134.8, 134.5, 132.6, 131.7, 130.5, 129.2, 128.2, 118.4, 117.4, 112.1, 101.6, 

52.7, 24.8, 22.9; HRMS (ESI) m/z 511.9772 [(M+H)+, C20H16BrCl2N3O4 requires 511.9774]. 

 

Preparation of 7 
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51% yield; 1H NMR (400 MHz, CDCl3) δ 7.56 (d, J = 8.5 Hz, 1H), 7.49 (s, 1H), 7.35 (dd, J = 

8.8, 2.5 Hz, 1H), 6.63 (d, J = 8.7 Hz, 2H), 4.06 (s, 3H), 3.10 (d, J = 6.8 Hz, 2H), 2.36–2.29 (m 

1H), 0.98 (d, J = 6.7 Hz, 6H); HRMS (ESI) m/z 453.0530 [(M+H)+, C21H18Cl3N2O3 requires 

453.0534]. 

 

Preparation of 8 

 

To a cooled (–78 ˚C) solution of 7 (17 mg, 0.037 mmol) in CH2Cl2, BBr3 (0.04 mL, 1 M in 

CH2Cl2, 0.045 mmol) was added dropwise. The reaction mixture was allowed to 25 ˚C 

and stirred for 48 h at same temperature. The reaction mixture was quenched with ice 

water and diluted with CH2Cl2. The layers were separated, and the aqueous layer was 

extracted with CH2Cl2. The combined organic layers were washed with brine, dried over 

anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, hexane/EtOAc, 6/1) to afford 8 as a white solid (7 mg, 55%); 

1H NMR (400 MHz, CDCl3) δ 13.35 (s, 1H), 8.17 (s, 1H), 7.69–7.65 (m, 1H), 7.46 (d, J = 1.4 

Hz, 2H), 7.37 (d, J = 7.4 Hz, 1H), 6.64 (d, J = 8.9 Hz, 1H), 3.14 (d, J = 6.7 Hz, 2H), 2.33–2.23 

(m, 1H), 1.01 (d, J = 6.7 Hz, 6H); HRMS (ESI) m/z 439.0367 [(M+H)+, C20H17Cl3N2O3 

requires 439.0378].  
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