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Abstract 
 

Part I: Extensive studies for treating hypercholesterolemia, one of the major causes of 

human morbidity throughout the world, have led to the development of statin drugs–the most 

prevalent drug prescribed today. In addition to statins, SCH 351448 has attracted considerable 

interest from many synthetic groups as it is the only selective activator of low-density lipoprotein 

receptor (LDL-R) containing structural features such as a C2-symmetry and 2,6-cis-

tetrahydropyrans. Even though direct dimerization has been the most efficient method for the 

construction of C2-symmetric macrodiolides, total syntheses of SCH 351448 were only achived 

by stepwise dimerizations. In this chapter, attempts were made to exploit the inherent C2-

symmetric macrodioloide via direct dimerization using various single monomeric units, but they 

did not prove to be viable. Therefore, formal synthesis of SCH 351448 was accomplished through 

two tandem sequences; cross-metathesis/conjugate addition and allylic oxidation/conjugate 

addition reactions, to stereoselectively construct 2,6-cis-tetrahydropyrans embedded in SCH 

351448. The 1,4-syn aldol and the Suzuki coupling reactions were effective for the construction 

of the monomeric units. This convergent route should be broadly applicable to the synthesis of a 

diverse set of analogues of SCH 351448 for further biological studies. 

 

Part II: Histone deacetylases (HDACs) play a significant role in tumorigenesis and have 

been recognized as one of the target enzymes for cancer therapy. Extensive studies in small 

molecules inhibiting HDAC enzymes have resulted in pan-HDAC inhibitor suberoylanilide 

hydroxamic acid (SAHA) and class I HDAC inhibitor FK228, approved by FDA in 2006 and 

2009, respectively. Recently, largazole, a natural product was isolated from Symploca sp. 
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presented HDAC inhibitory activity. Due to its unique differential cytotoxicity, potency, and class 

selectivity, structure-activity relationship (SAR) studies of largazole have been achieved to 

improve the potency and class selectivity. In addition to such biological activities, 

pharmacokinetic characteristics and isoform selectivity should be improved for the therapeutic 

potential of cancer therapy. In this chapter, two types of largazole analogues were synthesized by 

a convergent route that involved an efficient and high yielding multistep sequence. The synthesis 

of three disulfide analogues to improve pharmacokinetics and five linker analogues to enhance 

HDAC isoform selectivity is disclosed. The evaluation of biological studies is in progress. 
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1. Introduction  
 

1.1 Drug Discovery from Natural Products 

 

In 1804, pharmacist Friedrich Sertürner first isolated the biologically active small 

molecule morphine from the plant opium produced by cut seed pods of the poppy, Papaver 

somniferum.1 Since this discovery, the majority of new drugs have historically originated from 

natural products or their derivatives. As of 1990, approximately 80% of drugs were inspired by 

natural products: antibiotics (penicillin, erythromycin), antimalarials (quinine, artemisinin), 

hypocholesterolmics (lovastatin), and anticancers (taxol, doxorubicin).2  

 

Figure 1.1. Structure of penicillin and taxol. 
 

For instance, penicillin is one of the earliest discovered and widely used antibiotic agents 

against many previously serious diseases, derived from the Penicillium fungi even though many 

types of bacteria are now resistant to it. More recently, taxol (paclitaxel), a molecule that received 

much attention in the early 1990s, was isolated from the bark of the Pacific Yew tree, Taxus 

brevifolia in 1962 by Wall and co-workers.2b However, one 100-year-old yew tree would provide 

approximately 300 mg of taxol, just enough for one single dose for a cancer patient. Following 
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studies of semi-2c and total synthesis2d of it as well as its clinical studies, it was approved for the 

treatment of ovarian cancer by FDA in 1992. Through this drug discovery process, natural 

sources have been essential for drug development. 

 

 

Figure 1.2. All new chemical entities by source (N = 1184).3 
 

Recently, Newman and co-workers summarized sources of new drugs from 1981 to 

2006.3 They categorized the sources of new chemical entities covering all diseases, countries, and 

sources: biological (B), natural product (N), derived from natural product usually semisynthetic 

modification (ND), totally synthetic drug (S), made by total synthesis (S*), natural product mimic 

(NM), and vaccine (V). As shown in Figure 1.2, approximately 58% (N, ND, and S) of 1184 new 

chemical entities originated from natural sources. In addition, 24% (S/NM, NM, and S/*NM) 

have been related to natural products. Another investigation by source and year showed that there 

has been a sharp decrease in the number of N and ND starting in 1997 (Figure 1.3). As such a 

trend toward natural product-based drug discovery has been descending, only 13 natural product-

based drugs were approved by FDA in the United States between 2005 and 2007 with the 

proportion also decreasing to below 50%.2 
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Figure 1.3. All new chemical entities by source and year (N = 1184).3 
 

Due to the prevailing paradigm in the pharmaceutical industries and difficulties to finding 

new chemical entities with desirable activities, the effort and outcome of drug discovery based on 

natural sources has declined in both industries and academia. However, we should not overlook 

beneficial aspects from this research field. Although the practice of isolation and total synthesis 

of natural products have changed throughout the course of its history, its fundamentals have 

continued regardless of the change in scientific environment. Specifically, total synthesis of 

natural products not only provides various research opportunities to study further biological 

mechanisms but also elicits the discovery of new chemical reactions or organic theories. In the 

industrial point of view, it should be noted that in 2008 the best-selling drug was a 

hypocholesterolemic atorvastatin (Lipitor), which sold over $12.4 billion worldwide and $5.9 
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billion in the US and its origin derived from natural sources. During the search for potent and 

efficacious inhibitors of the enzyme HMG-CoA reductase in the 1980s, compactin was first 

isolated from the microorganism Penicillium brevicompactum by Beecham and co-workers.3b 

Although it was a potent and competitive HMG-CoA reductase inhibitor, safety concerns 

resulting from preclinical toxicology studies led to development of novel inhibitors based on the 

structural modification. Among many synthetic molecules derived through structure–activity 

relationship, atorvastatin showed the outstanding potency and efficacy at lowering cholesterol 

levels.  

In the field of academia, prostaglandin F2a,4 a subclass of eicosanoids found in most 

tissues and organs, served as the inspiration for E. J. Corey to discover chiral catalysts to enable 

asymmetric Diels–Alder reactions in the 1970s.5,6 In addition, synthesis of cobyric acid (vitamin 

B12)7 and its derivatives also served as the basis for new reactions and physical organic principles8, 

such as the Eschenmoser corrin synthesis9 and the Woodward–Hoffman rules10 (Figure 1.4). 

 

Figure 1.4. Representative natural products. 
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Consequently, in spite of the current low level of natural product-based drug discovery 

programs in major pharmaceuticals and academia, natural products must still be playing a highly 

significant role in drug discovery and organic chemistry. Therefore, it is impossible to 

overestimate the importance of natural products toward drug discovery as well as chemical 

development.  

 

1.2 Goal of Dissertation 
 

The reminder of this dissertation will be focused on my studies towards total or formal 

syntheses of biologically active natural products and their analogues. To provide context for all 

the work, the biological background as well as the previous synthetic works from other groups 

will be introduced in each chapter. 

In chapter 2, the formal synthesis of SCH 351448 and the attempt of direct dimerization 

toward the total synthesis will be discussed. Chapter 3 will focus on the synthesis of two different 

types of largazole analogues, their biological studies including pharmacokinetic characteristics 

and histone deacetylase (HDAC) isoform profiling. 
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2. Formal Synthesis of SCH 351448 

 

2.1 Introduction 

 

2.1.1 Hypercholesterolemia 

Hypercholesterolemia refers to elevated levels of lipid and cholesterol in the blood serum, 

and is also identified as dyslipidemia, to describe the manifestations of different disorders of 

lipoprotein metabolism.11 Cholesterol is mainly produced in the endoplasmic reticulum of 

mammalian cells via the mevalonate pathway12 (Figure 2.1) and supplemented from dietary fat 

sources. Total fat intake plays an important role in the regulation of cholesterol levels. In 

particular, while saturated fats have been shown to increase low-density lipoprotein (LDL) 

cholesterol levels, cis-unsaturated fats have been shown to lower levels of total cholesterol and 

LDL in the bloodstream. Although cholesterol is important and necessary for biological processes, 

high levels of cholesterol in the blood have been associated with artery and cardiovascular 

diseases. Due to dietary changes in the past a few decades, occurrences of hypercholesterolemia 

have been rising, leading it to be one of the major causes to human morbidity throughout the 

world. 



 

7 

 

Figure 2.1. Mevalonate pathway. 

 

Among the chemotherapies for treating hypercholesterolemia, statins are the most 

prevalent drugs prescribed today. As shown in Figure 2.2, representative statins have common 

structural motifs, including carboxylate, diol, and hetero- and carbocycles. Such statins 

commonly act as competitive inhibitors of HMG-CoA reductase in the mevalonate pathway 
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(Figure 2.1). The inhibition results in the cessation of cholesterol biosynthesis and subsequent 

overexpression of low density lipoprotein receptor (LDL-R) to intake cholesterol from 

extracellular sources. Eventually, the level of LDL is decreased in the blood serum. 
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Figure 2.2. Representative statin drugs marketed. 

 

Since HMG-CoA reductase catalyzes the primary rate-limiting step in the hepatic 

biosynthesis of cholesterol, enzyme inhibitors effectively regulate the synthesis of cholesterol. 

The HMG-CoA reductase inhibitors, statin drugs (Figure 2.2), have been successfully used to 

treat hypercholesterolemia. Despite their efficiencies, the statin drugs have been reported to be 

associated with side effects such as hepatotoxicity and myotoxicity.13 The problem may be caused 
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by the suppression of the formation of mevalonate, which is not only the first intermediate in 

cholesterol biosynthesis but also a precursor of other vital products such as dolichol and 

ubiquinone. Alternatively, since bile acids are biosynthesized from cholesterol, the bile acid 

sequestrants (colesevelam, cholestyramine, and colestipol) decrease the cholesterol levels by 

disruption of bile acid reabsorption. However, they are not more efficacious to lower cholesterol 

levels than the statin drugs. In addition, the fibrates (bezafibrate, ciprofibrate, clofibrate, 

gemfibrozil, and fenofibrate), a class of amphipathic carboxylic acids, are used to treat 

hypercholesterolemia but usually in combination with the statin drugs. Therefore, there have been 

constant studies and efforts by academia and pharmaceutical industries to develop new classes of 

drugs. 

 

2.1.2 C2-Symmetric Macrodiolides 

There have been several natural products that belong to the C2-symmetric macrodiolide 

class which are characterized by the presence of a bislactone in a C2-symmetric fashion.14 This 

class of macrodiolides consists of a single and common monomeric structure and has typically 

been isolated from natural sources. Some of the most well-known C2-symmetric macrodiolides 

with tetrahydropyrans are swinholide A,15,16 tartrolon B,17,18 elaiolide/elaiophylin19 and 

cycloviracin B1
20,21 (Figure 2.3). Their biological activities vary widely including anticancer, 

antibiotic, antiviral, and hypercholesterolemia activity. Among the various approaches for their 

syntheses, the stepwise and direct dimerization have mainly been attempted based on the dimeric 

nature inspired by biosynthetic pathways to construct C2-symmetric macrodiolide core.22 
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Figure 2.3. Reresentative C2-symmetric macrodiolide natural products. 

 

2.1.3 Direct Dimerization 

The actinomycete strain Kibdelosporangium albatum so. nov. (R761-7) isolated from a 

soil sample collected on Mindanao Island, Philippines, was found to produce a complex 

glycolipid cycloviracin B1, which exhibited pronounced antiviral activity against the human 

pathogens herpes simplex virus type 1 (HSV-1), influenza A virus, varicella-zoster virus, and 

human immunodeficiency virus type 1 (HIV-1).23,24 
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Scheme 2.1. Synthesis of cycloviracin B1 by Fürstner. 

 

In the total synthesis of cycloviracin B1 by Fürstner and co-workers, the key step of 

template-directed macrodilactonization is outlined in Scheme 2.1. Although preliminary 

experiments using DCC/DMAP as the activating agents were unsuccessful, the original plan was 

pursued further in the hope that a more efficient activator than DCC would allow to enable the 

desired macrodilactonization. Encouraging observations were made when compound 2.1 was 

exposed to 2-chloro-1,3-dimethylimidazolinium chloride. Specifically, reaction of 2.1 with 2.2 in 

the presence of DMAP at 0 °C afforded a separable mixture of cyclic monomer 2.4 (20%), the 

desired cyclic dimer 2.3 (75%), and several oligomeric byproducts (combined yield ca. 5%). 

Since the effect exerted by Na+ or Cs+ was much less pronounced, the optimal outcome was 

deemed to reflect the ability of the K+ cation to preorganize the cyclization precursor 2.1 for 

directed macrodilactonization. Even though the cyclic monomer was produced as a minor product, 

it was remarkable that the cyclodimer could be formed in a single step with a common monomer. 
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Scheme 2.2. Synthesis of elaiolide by Paterson. 

 

Elaiophylin, a sixteen-membered macrolide, first isolated from cultures of Streptomyces 

melanosporus by Arcamone and co-workers25 and displayed antimicrobial activity against several 

strains of gram-positive bacteria.26–28 Elaiophylin also had anthelmintic activity against 

Trichonomonas Vaginalis,29 as well as inhibitory activity against K+-dependent adenosine 

triphosphatases.30 The elaiophylin aglycon elaiolide has been obtained through acidic 

deglycosylation of elaiophylin.31 

Paterson and co-workers envisioned a novel cyclodimerization process, involving the 

Stille cross-coupling reaction,32 to construct the macrocyclic core. The key cyclodimerization 

reaction was performed on the vinylstannane 2.5 with copper(I) thiophene-2-carboxylate 

(CuTC)33 under mild conditions in the absence of Pd catalyst to produce the required sixteen-

membered macrocycle 2.6 as a white crystalline solid in 80% yield, accompanied by traces of 

other macrocycles. The reaction led to clean formation of 2.6 without the isolation of the open-

chain intermediate, suggesting the occurrence of a rapid Cu(I)-mediated cyclization without 

competing oligomerization (Scheme 2.2). 
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2.1.4 Stepwise Dimerization 

One of the most common methods for C2-symmetric macrodiolide synthesis is the 

stepwise dimerization. This initiates intermolecular esterification between two different 

monomeric units one of which protects the alcohol or carboxylic acid. Then, following the 

deprotection, the macrolactonization proceeds intramolecularly to construct the macrodiolide. For 

example, swinholide A and tartrolon B were synthesized in this manner. 

Swinholide A is a marine natural product isolated from the sponge Theonella swinhoei.34 

It was demonstrated that the producer organisms of this natural product are heterotrophic 

unicellular bacteria.35–39 It displayed impressive biological properties including antifungal activity 

and potent cytotoxicity against a number of tumor cells. Its cytotoxicity has been attributed to its 

ability to dimerize actin and disrupt the actin cytoskeleton.40 Swinholide A is a C2-symmetric 

forty-membered macrodiolide, which consists of two conjugated diene, two trisubstituted oxane, 

and two disubstituted oxene systems. 
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Reagents and conditions: (a) 2.7, 2,4,6-trichlorobenzoyl chloride, Et3N, toluene, 25 °C; (b) 2.8, 
DMAP, toluene, 105 °C, 46%; (c) Ba(OH)2·H2O, MeOH, 25 °C, 83%; (d) 2,4,6-trichlrobenzoyl 
chloride, Et3N, toluene, 25 °C, then, DMAP, toluene, 110 °C, 38%; (e) HF, MeCN, 0 °C, 60%. 
 

Scheme 2.3. Synthesis of swinholide A by Nicolaou. 

 

In the total synthesis of swinholide A by Nicolaou and co-workers,15 stepwise 

dimerization is outlined in Scheme 2.3. Esterification of carboxylic acid 2.7 with alcohol 2.8 

under the Yamaguchi procedure41 (2,4,6-trichlorobenzoyl chloride, Et3N, DMAP) was employed 
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affording hydroxy ester 2.9 in 46% yield which had suffered concomitant TMS removal. 

Selective saponification42 of the ester 2.9 by Ba(OH)2, followed by macrolactonization of the 

resultant hydroxy acid using Yamaguchi protocol (0.5 mM in toluene), gave the protected 

swinholide A 2.10 (38% yield, based on 75% conversion). Finally, concurrent removal of all the 

protecting groups from 2.10 with aqueous HF in acetonitrile liberated swinholide A in 60% yield. 

Despite the low yield in esterification and macrolactonization steps, it provided only 

macrodiolide without any monolide formation issue. 

The tartrolons were first isolated in 1994 by Hӧfle and Reichenbach from 

Myxobacterium Sorangium cellulosum strain So ce678.43,44 The fermentation furnished tartrolon 

A or B depending on the fermentation vessel. Glass vessels provided boron and hence allowed the 

formation of tartrolon B, whereas in steel fermenters the boron-free compounds tartrolon A was 

formed as diastereomeric mixtures. Alternatively, the boron could be incorporated into tartrolon 

A chemically. This leads to a fixation of the variable stereogenic center at C2 and forces tartrolon 

B into a C2-symmetrical structure. Both tartrolon A and B act as ion carriers, and they are both 

active against gram-positive bacteria with MIC values of 1 µg/mL. 
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Reagents and conditions: (a) Ba(OH)2·H2O, MeOH, 1 h; (b) 2,4,6-trichlorobenzoyl chloride, 
Et3N, DMAP, toluene, then, 2.11, 74%; (c) HF/pyridine, THF, 25 °C, 24 h, 96%; (d) 
Ba(OH)2·H2O, MeOH, 15 min; (e) 2,4,6-trichlorobenzoyl chloride, Et3N, DMAP, toluene, 35 °C, 
82%; (f) (COCl)2, DMSO, Et3N, CH2Cl2, –78 °C, 89%; (g) Me2BBr, CH2Cl2, –78 °C, 65%; (h) 
Na2B4H7·10H2O, MeOH, 60 °C, 41%. 
 

Scheme 2.4. Synthesis of tartrolon B by Mulzer. 

 

Mulzer and co-workers reported the total synthesis of tartrolon B in 1999 via both direct 

and stepwise dimerization as key steps.17 They first attempted the direct dimerization with a 

single monomeric unit in one operation. However, Yamaguchi lactonization45 resulted in a 1:9 

mixture of the desired diolide 2.13 together with the monolide in 89% combined yield. Therefore, 

turning to the stepwise manner, the hydroxy ester 2.11 was divided in two portions one of which 

was desilylated to the diol while the other one was saponified. Yamaguchi esterification of diol 

and the free acid of 2.11 gave the desired ester 2.12. Desilylation and selective saponification46 of 
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the methyl ester furnished the dimeric seco acid, which was smoothly cyclized to the 42-

membered lactone 2.13 as a mixture of diastereomers under Yamaguchi conditions in 82% yield. 

Reoxidation of the 9-OH and removal of the MOM and the acetonide group in one step with 

Me2BBr47 delivered tartrolon A as a diastereomeric mixture. Treatment with Na2B4O7 in methanol 

at 50 °C completed the synthesis of tartrolon B. In this report, even though they showed both 

direct and stepwise dimerization, the latter was more effective (Scheme 2.4). 

 

2.1.5 Background and Isolation of SCH 351448 

In 2000, Hedge and co-workers screened microbial fermentation broths and reported the 

isolation and structure elucidation of SCH 351448 (2.14, Figure 2.4), an activator of low-density 

lipoprotein receptor (LDL-R). The ethyl acetate extract obtained from a microorganism belonging 

to Micromonospora sp. displayed distinct activity in the LDL-R assay and subsequent bioassay-

guided fractionation of this extract led to the isolation of 2.14.48 It is the first and only natural 

product acting as an activator of LDL-R promoter, and therefore has been attracted as a potential 

therapeutic for controlling cholesterol levels.49 

 

Figure 2.4. The structure of SCH 351448. 
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SCH 351448 showed an ED50 of 25 µM in the LDL-R promoter transcription assay using 

hGH as a reporter gene, but it did not activate transcription of hGH from the SRα promoter. Thus, 

2.14 selectively activates transcription from the LDL-R promoter and was the only selective 

activator of LDL-R transcription in natural product libraries. Therefore, 2.14 is the first small 

molecule activator of the LDL-R promoter identified to date and may be able to decrease LDL 

levels in serum by increasing LDL uptake by the LDL-R. 

 

Figure 2.5. Single crystal X-ray structure of SCH 351448.48 

 

After the isolation of SCH 351448, its structure and relative configuration were 

determined by extensive NMR studies and single crystal X-ray analysis, which revealed that the 

structure consists of a 28-membered pseudo-C2-symmetric dimeric macrodiolide (Figure 2.5). In 

addition, 2.14 is composed of four 2,6-cis-tetrahydropyrans and two salicylates including 14 

stereogenic centers. In 2008, Rychnovsky and co-workers established its absolute stereochemistry 

via total synthesis, in which both natural and synthetic 2.14 had positive specific optical rotation 

values (synthetic: [α]23
D +80, c 1.0, CHCl3 and natural: [α]23

D +26, c 1.0, CHCl3).50  
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2.1.6 Previous Syntheses 

Since SCH 351448 was isolated in 2000, there have been five total syntheses reported by 

Lee,51,52 De Brabander,53 Leighton,54 Crimmins,55 and Rychnovsky.50 They all disconnected two 

ester bonds to give monomeric units, but used different protecting groups at C1 and C11 positions 

as shown in Figure 2.6. From these monomeric units, they synthesized 2.14 in a stepwise fashion 

using coupling, macrolactonization, cross-metathesis, and/or photochemical reaction. For the 

synthesis of 2,6-cis-tetrahydropyrans, they utilized radical cyclization, base-catalyzed conjugate 

addition reaction, diastereoselective reduction, ring closing metathesis, or Prins reaction. 
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Figure 2.6. Retrosynthetic analysis by other groups. 

 

2.1.6.1 Lee’s Total Synthesis51,52 

The synthesis of one of the two 2,6-cis-tetrahydropyrans by the Lee group started from an 
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aldehyde with Mukaiyama aldol reaction of the aldehyde 2.1556 mediated by a chiral borane 

reagent.57 The secondary alcohol obtained was converted into the α-alkoxyacrylate 2.16 via 

reaction with methyl propiolate, TBS deprotection, and iodide substitution. Radical cyclization58 

in the presence of hypophosphite and triethylborane in ethanol59 proceeded efficiently to yield 

2,6-cis-tetrahydropyran 2.17.  For the other 2,6-cis-tetrahydropyran, the selenide obtained from 

2.18 was converted into 2.19 via regioselective benzylation and reaction with methyl propiolate. 

Radical cyclization of 2.19 proceeded smoothly in the presence of tributylstannane and AIBN to 

provide 2,6-cis-tetrahydropyran 2.20 in good yield (Scheme 2.5). 

 

Reagents and conditions: (a) N-tosyl-(S)-valine, BH3·THF, 2.15, Me2CC(OMe)(OTMS), 
CH2Cl2, –78 °C, 94%; (b) CHCCO2Me, NMM, MeCN; (c) c-HCl, MeOH; (d) I2, PPh3, imidazole, 
THF, 0 °C, 71% for three steps; (e) H3PO2, 1-ethylpiperidine, Et3B, EtOH, 99%; (f) TsCl, Et3N, 
CH2Cl2, 0 °C; (g) PhSeSePh, NaBH4, EtOH; (h) c-HCl, MeOH, 81% for three steps; (i) Bu2SnO, 
benzene, reflux; BnBr, TBAI, benzene, reflux; (j) CHCCO2Me, NMM, MeCN, 61% for two 
steps; (k) n-Bu3SnH, AIBN, benzene, reflux, 98%. 

 

Scheme 2.5. Synthesis of 2,6-cis-tetrahydropyrans by Lee. 

 

Basic hydrolysis of 2.17 provided a monocarboxylic acid, and followed by reduction and 

oxidation gave the aldehyde, which was converted into the correct homoallylic alcohol (dr = 

9.6:1) via Brown allylation. Benzyl protection and transesterification with TMSE-OH led to a 
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new ester 2.21. The aldehyde obtained via oxidative cleavage was converted into the homoallylic 

alcohol 2.22 (dr=14.1:1) via Brown crotylation.60 A five-step sequence converted the homoallylic 

alcohol 2.22 into the sulfone 2.23, which was efficiently coupled with the aldehyde 2.26 to 

generate the olefin. The monomeric unit 2.24 was obtained from the olefin via diimide reduction 

(Scheme 2.6). 

 

Reagents and conditions: (a) KOH, THF/H2O/MeOH (3:1:1); (b) BH3·DMS, B(OMe)3, THF, 
0 °C; (c) SO3·Pyr, Et3N, DMSO/CH2Cl2 (1:1), 0 °C; (d) CH2CHCH2B(lIpc)2, ether, –78 °C; 
NaOH, H2O2, reflux; (e) NaHMDS, BnBr, THF/DMF (4:1), 0 °C to 25 °C; (f) Ti(Oi-Pr)4, 
TMSCH2CH2OH, DME, 120 °C, 55% for six steps; (g) OsO4, NMO, acetone/H2O (3:1); NaIO4; 
(h) (E)-CH3CHCHCH2B(dIpc)2, THF, –78 °C; NaOH, H2O2, –78 °C to 25 °C, 69% for two steps; 
(i) TBSOTf, 2,6-lutidine, CH2Cl2, 0 °C; (j) OsO4, NMO, acetone/H2O (3:1), NaIO4; (k) NaBH4, 
EtOH; (l) 2.25, DIAD, PPh3, THF, 0 °C; (m) (NH4)6Mo7O24·4H2O, H2O2, EtOH, 0 °C to 25 °C, 
84% for five steps; (n) NaHMDS, ether, –78 °C; 2.26, –78 °C to 25 °C; (o) TsNHNH2, NaOAc, 
DME/H2O (1:1), reflux, 79% for two steps. 

 

Scheme 2.6. Synthesis of monomeric unit by Lee. 

 

The final assembly of the fragments was initiated by reacting the sodium alkoxide 

derived from 2.22 with 2.27. The coupled product was then converted into another alkoxide after 
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TBS-deprotection, which was used for the coupling with 2.30 to produce the diester 2.28. 

Intramolecular olefin metathesis of 2.28 mediated by Grubbs’ 2nd generation catalyst proceeded 

smoothly, and subsequent hydrogenation–hydrogenolysis afforded the macrodiolide 2.29. TMSE 

ester functionalities in 2.29 were removed by reaction with TBAF, and the monosodium salt 2.14 

was obtained when the reaction mixture was equilibrated with 4 N HCl saturated with sodium 

chloride (Scheme 2.7). 
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Reagents and conditions: (a) NaHMDS, THF, 0 °C, 2.27; (b) c-HCl, MeOH; (c) NaHMDS, 
THF, 0 °C, 2.30, 0 °C, 77% for three steps; (d) 10 mol % Grubbs’ 2nd generation catalyst, CH2Cl2 
(3 mM), 80 °C; (e) H2, Pd/C, MeOH/EtOAc (3:1), 70% for two steps; (f) TBAF, THF, 4 N HCl 
(saturated with NaCl), 91%. 

 

Scheme 2.7. Synthesis of SCH 351448 by Lee. 
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2.1.6.2 Leighton’s Total Synthesis54 
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Reagents and conditions: (a) ent-2.37, CH2Cl2, –10 °C; (b) p-TsOH, benzene, reflux, 72% for 
two steps; (c) BnO2CCH(CH3)2, LDA, THF, 0 °C; (d) BF3·OEt2, Et3SiH, CH2Cl2, –78 °C, 68% 
for two steps; (e) OsO4, NMO, acetone, H2O, NaIO4, THF, H2O; (f) (+)-B-methoxyldiisopino-
campheylborane, AllylMgBr, Et2O, –100 °C, 80% for six steps; (g) NaH, BnBr, DMF, 0 °C; (h) 
OsO4, NMO, acetone, H2O, NaIO4, THF, H2O, 89% for two steps; (i) 2.38, CH2Cl2, 0 °C, 80%; 
(j) (Allyl)2Si(NEt2)H, CH2Cl2; (k) i) 5 mol% Rh(acac)(CO)2, 900 psi, CO, PhH, 65 °C; ii) n-
Bu4NF, THF, reflux, 69% for two steps; (l) 2.39, 10 mol% Grubbs’ 2nd generation catalyst, 
CH2Cl2, reflux, 85%; (m) Lindlar catalyst, H2, MeOH; (n) BF3·OEt2, Et3SiH, CH2Cl2, –78 °C, 
68% for two steps; (o) TBSOTf, Et3N, CH2Cl2, 99%. 

 

Scheme 2.8. Synthesis of monomeric unit by Leighton. 

 

Asymmetric allylation of aldehyde 2.31 using silane reagent ent-2.3761 followed by 

lactonization with p-TsOH provided lactone 2.32 in 72% yield (93% ee). Addition of the lithium 

enolate derived from benzyl isobutyrate to lactone 2.32, and cis diastereoselective (>20:1) 

reduction of the resulting lactol62 gave tetrahydropyran 2.33 in 68% yield for two steps. Oxidative 

cleavage of the alkene to the corresponding aldehyde was followed by asymmetric Brown 

allylation63 (dr ≥10:1) to give the alcohol in 80% yield for two steps. Protection of alcohol as a 
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benzyl ether and oxidative cleavage of the alkene gave aldehyde 2.34 in 89% yield for two steps. 

Asymmetric crotylation employing the enantiomer of crotylsilane 2.3864 gave the alcohol as a 

single diastereomer (dr≥20:1) in 80% yield. Treatment of alcohol with diallyl-diethylaminosilane 

provided silyl ether, which was immediately subjected to the rhodium-catalyzed tandem 

silylformylation–allylsilylation reaction (5 mol % Rh(acac)(CO)2, 900 psi CO, PhH, 65 °C).65,66 

Upon ventilation of the high-pressure reaction apparatus, the residue was treated with n-Bu4NF in 

refluxing THF to provide diol 2.35 as a single diastereomer in 69% yield for two steps. Cross 

metathesis67 between 2.35 and enone 2.39 proceeded smoothly using the Grubbs’ 2nd generation 

catalyst68,69 to deliver the enone in 85% yield. Conjugate reduction was accomplished by 

hydrogenation over Lindlar’s catalyst, and the resulting lactol was reduced with Et3SiH and 

BF3·OEt2 to give monomeric unit as a single diastereomer (dr>20:1) in 91% yield for two steps. 

Protection of the alcohol with TBS proceeded to give 2.36 in 99% yield (Scheme 2.8). 
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Reagents and conditions: (a) 2.40, NaHMDS, THF, 0 °C, then, 2.36; (b) HCl, Et2O, MeOH, 
66% for two steps; (c) NaHMDS, THF, 0 °C, then, 2.42, 63%; (d) 10 mol% Grubbs’ 2nd 
generation catalyst, CH2Cl2, reflux; (e) Pd/C, H2, MeOH, EtOAc, 57% for two steps. 

 

Scheme 2.9. Synthesis SCH 351448 by Leighton. 

 

With fragments 2.36 and 2.40 in hand, they were positioned to investigate their coupling. 

Thus, deprotonation of alcohol 2.40 with NaHMDS and addition of acetonide 2.36 led to the 

desired ester product, and methanolysis of the TBS ether then produced alcohol 2.41 in 66% yield 

for two steps. Deprotonation of 2.41 with NaHMDS and treatment with acetonide 2.42 provided 

bis-benzoyl ester 2.43 in 63% yield. RCM then proceeded smoothly using the Grubbs’ 2nd 

generation catalyst, and the macrocycle product was subjected to hydrogenation over Pd/C, 

resulting in reduction of the alkene, both benzyl ethers, and both benzyl esters. After workup with 

4 N HCl saturated with NaCl, SCH 351448 was obtained in 57% yield (Scheme 2.9). 
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2.2 Result and Discussion 

 

2.2.1 The First Approach to SCH 351448 

2.2.1.1 Retrosynthetic Analysis 

1,4-syn-Aldol

O

O

Sonogashira Coupling

O

TfO

O

O

O

O

O OH
SS

O

HO

OH

OH

O

+ +

+ +

SS SS

TIPSO

TIPSO PMBO

OH

SS

PMBO

Tandem Oxidation /
Conjugate Addition

OH

O
SS

TIPSO

O

1,3-Dithiane Coupling

OAc OTBS

O

O

O O

H

H

O
H H

TIPSO
SS

S

SO

NaO2C

O
OH

O O O

CO2H

O O

HO
O

HO

OH

H

H

H

H

H

H

H

Hcis

cis

cis

cis

2.14 2.44

2.45 2.46 2.47

2.48 2.49 2.50

2.51
2.52

2.53
 

Figure 2.7. The first retrosynthetic analysis of SCH 351448. 
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Our retrosynthetic plan for SCH 351448 relies on the tandem allylic oxidation/conjugate 

addition reaction for the synthesis of the 2,6-cis-tetrahydropyrans embedded in 2.14 (Figure 2.7). 

We envisioned that C2-symmetric dimer 2.14 would be dissected to the monomeric unit 2.44 and 

the Sonogashira coupling reaction and asymmetric aldol reaction of 2.45, 2.46 and 2.47 would 

complete the monomeric unit 2.44. The tandem allylic oxidation/conjugate addition reaction in 

conjuction with the dithiane coupling reaction was expected to afford 2,6-cis-tetrahydropyran 

2.45 and 2.46 with excellent yield and diastereoselectivity. The requisite epoxide 2.51 and 2.53 

could be readily prepared from commerially available (R)-pantolactone and L-aspartic acid, 

respectively.  

 

2.2.1.2 Synthesis of 2,6-cis-Tetrahydropyrans 

 

Reagents and conditions: (a) NaNO2, KBr, H2SO4, H2O, 0 °C, 3 h, 91%; (b) BH3·THF, THF, 
25 °C, 4 h, 90%; (c) NaH, THF, –10 °C, 0.5 h; (d) PMBCl, TBAI, THF, 25 °C, 14 h, 74% for 2 
steps; (e) TsCl, DMAP, pyridine, CH2Cl2, 25 °C, 18 h, 83%; (f) DIBALH, THF, 0 °C, 12 h, 76%; 
(g) TIPSCl, TBAI, THF, 25 °C, 16 h, 75% for 2 steps. 

 

Scheme 2.10. Synthesis of two epoxides. 
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The synthesis of the two epoxides commenced from L-aspartic acid and (R)-pantolactone 

which are commercially available. L-Aspartic acid 2.54 was converted into bromosuccinic acid 

2.55 by treatment of sodium nitrite and potassium bromide under aqueous sulfuric acid in 91%. 

The diacid 2.55 was reduced into the bromodiol 2.56 in 90% yield.70 Then, epoxidation under 

sodium hydride, followed by PMB protection provided epoxide 2.53 in 74% yield for two steps. 

Tosylation of (R)-pantolactone 2.58 and followed by reduction by DIBALH gave diol 2.60 in 

83% and 76%, respectively.71 Then, epoxidation and TIPS protection provided epoxide 2.51 in 

75% yield in two steps (Scheme 2.10).72 

 

Reagents and conditions: (a) t-BuLi, HMPA/THF (1:10), –78 °C, 1 h, 78%; (b) MnO2, CH2Cl2, 
25 °C, 16 h, 82%; (c) t-BuLi, HMPA/THF (1:5), –78 °C, 1 h, 77%; (d) MnO2, CH2Cl2, 25 °C, 24 
h, 62%. 

 

Scheme 2.11. Synthesis of two 2,6-cis-tetrahydropyrans. 

 

To construct 2,6-cis-tetrahydropyrans, dithiane coupling73 and subsequent tandem allylic 

oxidation and conjugate addition reaction was utilized, which was developed by our group.73,74 
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Dithiane coupling with epoxide 2.53 provided diol 2.62 in 78% yield, which was subjected to 

tandem reaction using MnO2 to smoothly yield 2,6-cis-tetrahydropyranyl aldehyde 2.63 with 

excellent yield and stereoselectivity (82%, dr >20:1) In similar fashion, epoxide 2.51 was coupled 

with dithane 2.52. However, a higher ratio of HMPA (HMPA/THF =1:5) was required, 

presumably due to the steric congestion of the adjacent dimethyl group. The diol 2.64 was 

smoothly converted into 2,6-cis-tetrahydropyranyl aldehyde 2.45 in 62% yield and excellent 

diastereoselectivity (dr >20:1) to set the stage for the asymmetric aldol reaction. The relative 

stereochemistry was determined to be cis configuration by extensive 2D NMR studies (Scheme 

2.11). 
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Reagents and conditions: (a) p-TsN3, (MeO)2P(O)CHCOCH3, MeCN, MeOH, 25 °C, 16 h, 
82%; (b) NaHMDS, TIPSCl, THF, 0 °C, 1 h, 88%; (c) DDQ, CH2Cl2/H2O (10/1), 25 °C, 1 h, 
90%; (d) MsCl, Et3N, CH2Cl2, 25 °C, 0.5 h; (e) NaI, acetone, reflux, 16 h, 81% for 2 steps; (f) 
LDA, LiCl, THF, MeOH, 25 °C, 36 h, 95%; (g) Tf2O, pyridine, CH2Cl2, 0 °C, 0.5 h; (h) MeMgBr, 
THF, 0 °C, 1 h, then, 0.1 N HCl, TFA, 50 °C, 2 h, 95% for 2 steps. 
 

Scheme 2.12. Synthesis of methyl ketone. 

 

To construct the central piece, one-carbon homologation of 2.63 was achieved using the 

Bestmann reagent.75 Then, TIPS protection and PMB deprotection gave alcohol 2.67 in 88% and 

90%, respectively. Alcohol 2.67 was converted into iodide 2.69 through the mesylate 

intermediate 2.68 in 81% for two steps. The Myers’ asymmetric alkylation reaction76 of 2.69 and 

(R,R)-pseudoephedrine propionamide afforded the desired alkylation product 2.70 as a single 

disastereomer in 95% yield. Treatment of 2.70 with CH3Li directly afforded the corresponding 
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methyl ketone 2.72 in 33% yield along with several byproducts which presumably come from 

deprotonation at the propargyl position in 2.70 by MeLi, followed by ring opening. Alternatively, 

the formation of oxazolium triflate 2.71 and Grignard addition under mild conditions provided 

methyl ketone 2.72 in 95% for two steps (Scheme 2.12).77 

 

2.2.1.3 Asymmetric Aldol Reaction 

 

Figure 2.8. Asymmetric aldol reaction with 1,4-syn induction. 

 

With aldehyde 2.45 and methyl ketone 2.72 in hand, asymmetric aldol reaction78 was 

attempted using boron reagents to give an aldol adduct with 1,4-syn induction in substrate-

controlled manner under the various conditions as shown in Table 2.1. However all reactions 

resulted in no reaction or decomposition of aldehyde 2.45. So, we assumed that boron could not 

form the boron enolate to facilitate a rigid cyclic transition state but preferably coordinated with 

sulfur atoms in the dithiane group. Therefore, we decided to attempt alkali metal mediated 

conditions. 
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Table 2.1. Boron mediated asymmetric aldol reaction. 

entry reagents conditions yield (dr) 
1 c-Hex2BCl, Et3N, Et2O –78 ºC (1 h), –20 ºC (3 h) Dec.a 
2 c-Hex2BCl, Et3N, THF –78 ºC (1 h), –20 ºC (2 h), 0 ºC (12 h) N.R.b 
3 c-Hex2BCl, i-Pr2NEt, Et2O –78 ºC (1 h), –20 ºC (2 h), 0 ºC (12 h) N.R.b 
4 c-Hex2BCl, i-Pr2NEt, THF –78 ºC (1 h), –20 ºC (2 h), 0 ºC (12 h) N.R.b 
5 n-Bu2BOTf, Et3N, Et2O –78 ºC (1 h), –20 ºC (3 h) Dec.a 
6 n-Bu2BOTf, Et3N, THF –78 ºC (1 h), –20 ºC (2 h), 0 ºC (12 h) N.R.b 
7 n-Bu2BOTf, i-Pr2NEt, Et2O –78 ºC (1 h), –20 ºC (2 h), 0 ºC (12 h) N.R.b 
8 n-Bu2BOTf, i-Pr2NEt, THF –78 ºC (1 h), –20 ºC (3 h) N.R.b 

aDec.: decomposition. bN.R.: no reaction. 

 

As shown in Table 2.2, Li, Na, and K metal using various sources were tried for aldol 

reactions in Figure 2.8. Unsuccessfully, we could only obtain aldol adduct with low yield and 

poor diastereoselectivity. Furthermore, the minor diastereomer was the desired product which 

was proved via Mosher ester analysis.79 From these results, we assumed that those bases 

abstracted the propargyl proton in methyl ketone 2.72 and/or α-proton in aldehyde 2.45 to induce 

retro conjugate addition reaction to open the tetrahydropyran rings. Alternatively, various aldol 

conditions were attempted, but we could not get a successful result (Table 2.3). 

 

Table 2.2. Alkali metal mediated asymmetric aldol reaction. 

entry reagents conditions yieldb (drc) 
1 LiHMDS, THF –78 ºC (1 h), –20 ºC (2 h)  30% (1:2)  
2 NaHMDS, THF –78 ºC (0.5 h), –20 ºC (1 h)  16% (1:2.4) 
3 NaHMDS, THF –78 ºC (0.5 h), –20 ºC (10 min)  Dec.a 
4 KHMDS, THF –78 ºC (0.5 h), –20 ºC (1 h)  30% (1:2.5) 
5 t-BuOK, THF –78 ºC (1 h), –20 ºC (2 h)  Dec.a 
6 LDA, THF –78 ºC (0.5 h), –20 ºC (1 h)  Dec.a 

aDec.: decomposition. bcombined yield. cthe diastereomeric ratio was determined by integration 
of the 1H NMR of the mixture. 
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Table 2.3. Other asymmetric aldol reaction. 

entry reagents conditions yieldc (drd) 
1 TiCl4, i-Pr2NEt, CH2Cl2 –78 ºC (0.5 h), –20 ºC (1 h) 23% (1:1.2) 
2 MBDA, THF –78 ºC (0.5 h), –20 ºC (1 h) Dec.a 
3 LiHMDS, MgBr2·OEt2, THF –78 ºC (0.5 h), –20 ºC (1 h) 40% (1:2) 
4 LiHMDS, MgBr2·OEt2, THF –78 ºC (0.5 h), –20 ºC (1 h) 55% (1:1.1) 
5 LiHMDS, HMPA, THF –78 ºC (0.5 h), –20 ºC (1 h) 14% (1:2) 
6 LiHMDS, c-Hex2BCl, THF –78 ºC (0.5 h), –20 ºC (1 h) low yield 
7 DBU, c-Hex2BCl, Et2O 0 ºC (1 h), –78 ºC (1 h), –20 ºC (1 h) N.R.b 
8 DBU, n-Bu2BOTf, Et2O 0 ºC (1 h), –78 ºC (1 h), –20 ºC (1 h) N.R.b 
9 Chiral Li amide,e THF –78 ºC (0.5 h), –20 ºC (1 h) 53% (1:2.5) 
10 MgBr2·OEt2, CH2Cl2 0 ºC (1.5 h), 25 ºC (12 h) N.R.b 
11 TiCl4, CH2Cl2 –78 ºC (1 h), –20 ºC (14 h) N.R.b 

aDec.: decomposition. bN.R.: no reaction. ccombined yield. dthe diastereomeric ratio was 
determined by integration of the 1H NMR of the mixture. ebenzenemethanamine, α-methyl-N-
[(1R)-1-phenylethyl]-, lithium salt. 

 

To prove the above assumptions, we tested aldol reactions with or without the dithiane 

group. Aldol reactions of 2.74 with 2.72 and 2.45 with 2.76 resulted in low yield and poor 

diastereoselectivity similar to the real substrate with both dithiane functionals (Table 2.4 and 2.5). 

As expected, the substrate without the dithiane group could form the boron enolate to give high 

yield (82%) and moderate diastereoselectivity (2.5:1) (Scheme 2.13). Consequently, we needed to 

revise the retrosynthetic analysis to bring about aldol substrates without the dithiane functional on 

both the aldehyde and methyl ketone. 
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Table 2.4. Model test of aldol reaction with propionaldehyde. 

OH O

O
H

H
TIPS

S

S

H3C

O

O
H

H
TIPS

S

S

+

conditions

O

2.74

2.72 2.75  

entry reagents conditions yielda 
1 LiHMDS, THF –78 ºC (0.5 h), –78 ºC (0.5 h) 34% 
2 MgBr2·OEt2, CH2Cl2 0 ºC (16 h) N.R.b 
3 c-Hex2BCl, Et3N, Et2O –78 ºC (1 h), –20 ºC (14 h) Dec.c 

acombined yield. bN.R.: no reaction. cDec.: decomposition. 

 

Table 2.5. Model test of aldol reaction with simple methyl ketone. 

 

entry reagents conditions yieldb (drc) 
1 LiHMDS, THF –78 ºC (0.5 h), –78 ºC (0.5 h) 23% (1:2.7)  
2 MgBr2·OEt2, CH2Cl2 0 ºC (16 h) N.R.a  
3 TiCl4, i-Pr2NEt, CH2Cl2 –78 ºC (0.5 h), –78 ºC (0.5 h) 15% (1.1:1)  
4 c-Hex2BCl, Et3N, Et2O –78 ºC (1 h), –20 ºC (14 h) N.R.a 

aN.R.: no reaction. bcombined yield. cthe diastereomeric ratio was determined by integration of 
the 1H NMR of the mixture. 
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Scheme 2.13. Model test of aldol reaction with simple methyl ketone and propionaldehyde. 
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2.2.2 The Second Approach to SCH 351448 

2.2.2.1 Revised Retrosynthetic Analysis 

 

Figure 2.9. The second retrosynthetic analysis of SCH 351448. 

 

Our second retrosynthetic plan for SCH 351448 relied on the tandem cross-

metathesis/conjugate addition reaction and the tandem allylic oxidation/conjugate addition 

reaction for the synthesis of the 2,6-cis-tetrahydropyrans embedded in 2.14 (Figure 2.9). We 

envisioned that the Suzuki coupling reaction of 2.47 and 2.80 would complete the monomeric 
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unit 2.79, which would constitute a formal synthesis of 2.14. The tandem allylic 

oxidation/conjugate addition reaction in conjuction with the dithiane coupling reaction was 

expected to afford 2,6-cis-tetrahydropyran 2.80 with excellent stereoselectivity. The requisite 

epoxide 2.82 could be prepared by the 1,4-syn aldol reaction of tetrahydropyran aldehyde 2.83 

and ketone 2.76. We envisioned that the tandem CM/conjugate addition reaction of hydroxy 

alkene 2.84 and (E)-crotonaldehyde would  smoothly proceed to provide 2,6-cis-tetrahydropyran 

aldehyde 2.83 under mild thermal conditions. 

 

2.2.2.2 Synthesis of 2,6-cis-Tetrahydropyrans 

 

Reagents and conditions: (a) 3-butenylmagnesium bromide, CuI, THF, –20 °C, 1 h, 71%; (b) 
(E)-crotonaldehyde, Hoveyda–Grubbs’ 2nd generation catalyst, toluene, 110 °C, 18 h, 60–77%; 
(c) LDA, LiCl, THF, –78 °C, 1 h, then 2.87, 25 °C, 3 h, 97%; (d) CH3Li, THF, 0 °C, 0.5 h, 89%. 
 

Scheme 2.14. Synthesis of 2,6-cis-tetrahydropyran and methyl ketone. 

 

The synthesis of SCH 351448 started with the preparation of 2,6-cis-tetrahydropyran 

aldehyde 2.83 and ketone 2.76 (Scheme 2.14). Opening of the chiral epoxide 2.8580 with 3-

butenylmagnesium bromide provided hydroxy alkene 2.84. The CM reaction of 2.84 and (E)-

crotonaldehyde in the presence of Hoveyda–Grubbs’ 2nd generation catalyst81,82 and the 



 

38 

subsequent conjugate addition reaction smoothly proceeded to provide the desired 2,6-cis-

tetrahydropyran aldehyde 2.83 (60–77%, dr = 4–5:1).83–88 The conjugate addition step required no 

activation by base or microwave83 and proceeded under mild thermal conditions. To the best of 

our knowledge, this is the first successful example of the tandem CM/conjugate addition reaction 

with aldehyde substrates. The Myers’ asymmetric alkylation reaction76 of 2.87 and 2.88 afforded 

the desired alkylation product 2.89 as a single disastereomer in 97% yield. Treatment of 2.89 with 

CH3Li afforded the corresponding methyl ketone 2.76 in 89% yield. 

 

2.2.2.3 Asymmetric Aldol Reaction 

Table 2.6. 1,4-syn-Aldol reaction of 8 and 9 

 

entry reagents enolization 
conditions reaction conditions yield (%)a drb 

1 c-Hex2BCl, 
Et3N, Et2O 0 °C, 1 h –78 °C, 1 h; –20 °C, 14 h 55 1.5:1 

2 (–)-Ipc2BCl, 
Et3N, Et2O 0 °C, 2 h –78 °C, 5 h 70 3:1 

3 (–)-Ipc2BCl, 
Et3N, Et2O 0 °C, 1 h –78 °C, 1 h; –20 °C, 3 h 62 4:1 

4 (–)-Ipc2BCl, 
Et3N, Et2O 0 °C, 1 h –78 °C, 2 h; –20 °C, 16 h 72 9:1 

acombined yield of the isolated 2.90 and 2.90ʹ. bthe diastereomeric ratio (2.90:2.90ʹ) was 
determined by integration of the 1H NMR of the mixture. 

 

With efficient routes to 2.85 and 2.76 in hand, we next examined the coupling of 2.85 and 

2.76 through the 1,4-syn aldol reaction78 (Table 2.6). The aldol addition of 2.76 to 2.85 (c-
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Hex2BCl, Et3N, Et2O) provided the desired β-hydroxy ketone 2.90 (55%), but with poor 

stereoselectivity (dr = 1.5:1, entry 1). The 1,4-syn aldol reaction of 2.85 and 2.76 at −78 °C in the 

presence of (–)-Ipc2BCl78 improved the stereoselectivity of the reaction (dr = 3:1, entry 2). 

Surprisingly, higher reaction temperature and prolonged reaction time further improved the 

stereoselectivity of the 1,4-syn aldol reaction (dr = 9:1, entry 4). Despite its broad utility, the 1,4-

syn aldol reaction has rarely been applied in the stereoselective synthesis of natural products.89,90 

 

2.2.2.4 Synthesis of Monomeric Unit 

From 1,4-syn aldol adduct 2.90, 1,3-anti reduction,91 TBS protection, selective acetonide 

deprotection using Zn(NO3)2
92, and epoxide formation93 set the stage for the installation of the 

second 2,6-cis-tetrahydropyran moiety. The coupling reaction of epoxide and dithiane proceeded 

smoothly to provide allyl alcohol 2.93 in 80% yield. Subsequent tandem allylic 

oxidation/conjugate addition reaction stereoselectively provided the desired 2,6-cis-

tetrahydropyran aldehyde 2.94 with excellent stereoselectivity (dr >20:1). One-carbon 

homologation of aldehyde 2.94 was achieved using the Bestmann reagent. The Suzuki coupling 

reaction94–97 of alkyne 2.95 with triflate 2.47 and TBS deprotection set the stage for the 

dimerization of monomeric unit 2.97. In such a sp–sp2 coupling reaction, the Sonogashira 

reaction98 of alkyne 2.95 and triflate 2.47 provided only the homo-coupling product of 2.95. 

Other coupling reactions (the Negishi, the Stille, and the Heck reaction) were not effective in 

providing the desired coupling product (Scheme 2.15). 
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Reagents and conditions: (a) Me4NBH(OAc)3, MeCN, HOAc, 25 °C, 4 h, 75%; (b) TBSCl, 
Et3N, DMAP, DMF, 25 °C, 24 h, 93%; (c) Zn(NO3)2, MeCN, 50 °C, 4 h, 62%; (d) NaH, 1-
tosylimidazole, THF, 25 °C, 4 h, 91%. (e) 2.52, t-BuLi, THF/HMPA (4:1), –78 °C, 5 min, then, 
2.92, –78 °C, 1 h, 70%; (f) MnO2, CH2Cl2, 25 °C, 16 h, 82%; (g) p-TsN3, K2CO3, 
(MeO)2P(O)CH2COCH3, MeCN, MeOH, 25 °C, 6 h, 90%; (h) 2.47, NaHMDS, B-OMe-9-BBN, 
KBr, PdCl2(dppf), THF, reflux, 12 h, 60%; (i) HF·pyridine, THF, 25 °C, 12 h, 95%. 
 

Scheme 2.15. Synthesis of diol monomeric unit. 
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Reagents and conditions: (a) HF·pyridine, THF, 25 °C, 12 h, 92%; (b) p-anisaldehyde, dimethyl 
acetal, PPTS, CH2Cl2, 25 °C, 2 h; (c) NaBH3CN, TFA, DMF, 0 °C, 15 min, then, 25 °C, 2 h, 67% 
for 2 steps (2.99:2.100 = 3:2); (d) TBSCl, Et3N, DMAP, DMF, 25 °C, 14 h, 99%; (e) 2.47, 
NaHMDS, B-OMe-9-BBN, KBr, PdCl2(dppf), THF, reflux, 16 h, 87%; (h) HF·pyridine, THF, 
25 °C, 9 h, 35%. 
 

Scheme 2.16. Synthesis of PMB monomeric unit. 

 

To differentiate the two hydroxy functional groups, TBS deprotection of 2.95, PMB 

acetal formation, and regioselective cleavage of acetal provided two regioisomers (2.99:2.100 = 

3:2) in 62% for three steps, one of which, 2.99, proceeded to TBS protection. The Suzuki 

coupling reaction of alkyne 2.101 with triflate 2.47 and TBS deprotection set the stage for the 

direct dimerization of monomeric unit 2.103 with only one hydroxy group (Scheme 2.16). 
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Reagents and conditions: (a) NaH, BnBr, TBAI, DMF, 25 °C, 18 h, 91%; (b) DDQ, 
CH2Cl2/H2O, 25 °C, 1 h, 71%; (c) NaHMDS, 2.47, THF, 0 °C, 2 h, 45%; (d) BnBr, K2CO3, DMF, 
25 °C, 1 h, 99%.  
 

Scheme 2.17. Synthesis of alkyne monomeric unit. 

 

While all precedents disassembled SCH 351448 at both internal lactone bonds to give a 

monomeric unit, we attempted to disconnect 2.14 via two inter- and intramolecular Suzuki 

coupling reactions. Based on this retrosynthetic analysis, one of two regioisomers in acetal 

cleavage 2.100 proceeded to benzyl protection and PMB deprotection in 91% and 71%, 

respectively. The coupling of alcohol 2.105  with triflate 2.47 and benzyl protection set the stage 

for the direct dimerization of monomeric unit 2.107 using the Suzuki coupling reaction (Scheme 

2.17). 
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2.2.2.5 Attempts for Direct Dimerization 

We hypothesized that the internal triple bond in the monomeric unit might reduce the 

tendency to cyclize intramolecularly due to two linear sp orbitals with 180° angles. Based on this 

postulation, we attempted the direct dimerization with diol monomeric unit 2.97 as shown in 

Table 2.7. While NaHMDS decomposed the substrate, NaH washed with hexane gave two 

undesired products. The one was intramolecularly lactonized to give 14-membered cyclic 

monomer 2.108 (14%) confirmed by MS and the other was intermolecularly cyclized to give 

unsymmetric dimer 2.109 (13%) which was confirmed by 1H–NMR. At this point, we were 

looking forward to the direct dimerization if the substrate contained only one hydroxy group to 

react with acetonide. 
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Table 2.7. Dimerization with diol monomer. 

 
 

entry conditions results 
1 NaHMDS, THF, 25 °C, 24 h Dec.a 
2 NaH, THF, 25 °C, 4 h 2.108 (8%) and 2.109 (12%) 
3 NaHb, THF, 25 °C, 4 h 2.108 (14%) and 2.109 (13%) 

aDec.: decomposition of 2.97. bwashed with hexanes twice and dried under reduced pressure. 

 

Second, we attempted the direct dimerization again with PMB protected alcohol 2.103 

under the condition on entry 3 in Table 2.7. However, the only isolated product was the 

intramolecularly cyclized macrolactone 2.110 in 71% yield. Consequently, we concluded that the 

direct dimerization under the coupling condition did not work favorably in an intermolecular 

fashion (Scheme 2.18). 
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Reagents and conditions: (a) NaH, THF, 25 °C, 4 h, 71%. 
 

Scheme 2.18. Dimerization with PMB monomer. 

 

Lastly, sp–sp2 coupling dimerization was attempted as shown in Table 2.8. 

Unsuccessfully, the Suzuki coupling and the Sonogashira coupling did not work but decomposed 

the substrate in all cases.  

 

Table 2.8. Dimerization with alkyne monomer. 

 
entry conditions results 

1 NaHMDS, B-OMe-9-BBN, KBr, PdCl2(dppf), reflux, 1 h  Dec.a 
2 NaHMDS, B-OMe-9-BBN, KBr, PdCl2(dppf), reflux, 12 h Dec.a 
3 Et2NH, CuI, Pd(PPh3)4, THF, 25 ºC, 5 h  Dec.a 

aDec.: decomposition of 2.107. 
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Even though we attempted two different types of direct dimerizations, such conditions 

were not effective to give the desired C2-symmetric macrodiolide. Therefore, the aim of this 

project was changed to the formal synthesis of the known monomeric unit, from which the final 

SCH 351448 would be achieved by stepwise dimerization. 

 

2.2.3 Formal Synthesis of SCH 351448 

 

Reagents and conditions: (a) Me4NBH(OAc)3, MeCN, HOAc, 25 °C, 4 h, 75%; (b) p-
anisaldehyde, dimethyl acetal, PPTS, CH2Cl2, 25 °C, 2 h, 85%; (c) DIBALH, toluene, –20 °C, 1 h, 
72%; (d) MOMCl, i-Pr2NEt, CH2Cl2, 25 °C, 24 h, 92%; (e) PPTS, CHCl3/MeOH, 25 °C, 48 h, 
91%; (f) NaH, 1-tosylimidazole, THF, 25 °C, 6 h, 90%. 
 

Scheme 2.19. Synthesis of epoxide. 

 

From 1,4-syn aldol adduct 2.89, 1,3-anti reduction91, PMB-acetal protection, and DIBAL-

reduction provided a mixture of 2.114 and 2.115 (3:1). MOM-protection, acetonide-deprotection, 
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and epoxide formation93 set the stage for the installation of the second 2,6-cis-tetrahydropyran 

moiety (Scheme 2.19). 
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Reagents and conditions: (a) 2.52, t-BuLi, THF/HMPA (4:1), –78 °C, 5 min, then, 2.117, –
78 °C, 1 h, 80%; (b) MnO2, CH2Cl2, 25 °C, 8 h, 90%; (c) p-TsN3, K2CO3, 
(MeO)2P(O)CH2COCH3, MeCN, MeOH, 25 °C, 18 h, 89%; (d) NaHMDS, B-OMe-9-BBN, KBr, 
PdCl2(dppf), THF, reflux, 3 h, 73%; (e) H2, Raney-Ni, EtOH, 50 °C, 40 h, 50%; (f) Dess–Martin 
periodinane, pyridine, CH2Cl2, 25 °C, 5 h, 93%; (g) NaClO2, NaH2PO4·H2O, 2-methyl-2-butene, 
t-BuOH/H2O (1:1), 25 °C, 4 h; (h) BnBr, Cs2CO3, MeCN, 25 °C, 2 h, 84% for 2 steps; (i) DDQ, 
CH2Cl2/H2O, 25 °C, 1 h, 98%. 
 

Scheme 2.20. Formal synthesis of SCH 351448. 
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The coupling reaction of epoxide 2.117 and dithiane 2.52 proceeded smoothly to provide 

allyl alcohol 2.118 for the key tandem allylic oxidation/conjugate addition reaction. The tandem 

allylic oxidation/conjugate addition reaction of 2.118 (MnO2, CH2Cl2, 25 °C, 8 h) 

stereoselectively provided the desired 2,6-cis-tetrahydropyran aldehyde 2.119 with excellent yield 

and stereoselectivity (90%, dr >20:1). One-carbon homologation of aldehyde 2.119 was achieved 

by the Bestmann reagent. 

Having successfully assembled both the 2,6-cis-tetrahydropyran moieties in 2.14, we 

embarked on the final stage of the synthesis of 2.14. The Suzuki coupling94–97 reaction of alkyne 

2.120 with triflate 2.4799 provided the corresponding coupling product 2.121. Simultaneous Bn-

deprotection, desulfurization, and reduction of alkyne 2.121 were accomplished by treatment with 

Raney-Ni. Oxidation of alcohol 2.122 to the corresponding carboxylic acid was achieved in a 

two-step sequence (Scheme 2.20). Formation of Bn ester and PMB-deprotection completed the 

synthesis of 2.124, which proved identical in all respects with the known synthetic 2.124 reported 

by De Brabander and co-workers (Table 2.10 and 2.11).53 
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Table 2.9. Comparison of 1H NMR data for 2.124 (CDCl3)a  

Carbon 
# 

chemical shifts (δ) Carbon 
# 

chemical shifts (δ) 
De Brabander 

(400 MHz) 
Hong

(500 MHz) 
De Brabander 

(400 MHz) 
Hong

(500 MHz) 
1 – – 20 1.39–1.65 (m) 1.38–1.65 (m)

2 – – 21 1.74–1.88 (m) 1.74–1.88 (m)

3 3.51 (d) 3.50 (d) 1.07–1.28 (m) 1.06–1.28 (m)

4 1.39–1.65 (m) 1.38–1.65 (m) 22 3.06-3.13 (m) 3.06-3.13 (m)

5 1.74–1.88 (m) 1.74–1.88 (m) 23 – – 

1.39–1.65 (m) 1.38–1.65 (m) 24 6.78 (d) 6.78 (d) 

6 1.39–1.65 (m) 1.38–1.65 (m) 25 7.28 (t) 7.38 (t) 

1.07–1.28 (m) 1.06–1.28 (m) 26 6.93 (d) 6.93 (d) 

7 3.17–3.40 (m) 3.17–3.37 (m) 27 – – 

8 1.39–1.65 (m) 1.38–1.65 (m) 28 – – 

9 3.90–4.00 (m) 3.92–3.98 (m) 29 – – 

10 1.39–1.65 (m) 1.38–1.65 (m) 30 – – 

11 3.63–3.69 (m) 3.63–3.68 (m) 1-OCH2Ph 7.27–7.40 (m) 7.27–7.35 (m)

12 1.39–1.65 (m) 1.38–1.65 (m) 1-OCH2Ph 4.58 (d) 4.58 (d) 

13 1.39–1.65 (m) 1.38–1.65 (m) 1-OCH2Ph 4.61 (d) 4.61 (d) 

1.07–1.28 (m) 1.06–1.28 (m) 2-Me 1.12 (s) 1.12 (s) 

14 1.07–1.28 (m) 1.06–1.28 (m) 2-Me 1.20 (s) 1.20 (s) 

15 3.17–3.40 (m) 3.17–3.37 (m) 9-OCH2OCH3 5.12 (s) 5.12 (s) 

16 1.39–1.65 (m) 1.38–1.65 (m) 9-OCH2OCH3 3.35 (s) 3.35 (s) 

17 1.39–1.65 (m) 1.38–1.65 (m) 11-OH 2.95 (m) 2.94 (d) 

1.74–1.88 (m) 1.74–1.88 (m) 12-Me 0.86 (d) 0.86 (d) 

18 1.39–1.65 (m) 1.38–1.65 (m) 30-Me 1.69 (s) 1.69 (s) 

1.07–1.28 (m) 1.06–1.28 (m) 30-Me 1.69 (s) 1.69 (s) 

19 3.17–3.40 (m) 3.17–3.37 (m)    
a Chemical shifts of methylenes in the upfield region may be interchangeable. 
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Table 2.10. Comparison of 13C NMR data for 2.124 (CDCl3) 

Carbon 
# 

chemical shifts (δ) Carbon 
# 

chemical shifts (δ) 

De Brabander 

(100 MHz) 
Hong

(125 MHz) 
 De Brabander 

(100 MHz) 
Hong

(125 MHz) 
1 176.9 176.9 22 34.4 34.4 

2 46.9 46.9 23 148.4 148.4 

3 82.4 82.4 24 125.4 125.4 

4 36.6 36.6 25 135.3 135.2 

5 23.8 23.8 26 115.3 115.3 

6 32.0 32.0 27 112.2 112.2 

  7 a 75.2 75.1 28 160.4 160.4 

8 41.4 41.3 29 157.3 157.3 

9 73.6 73.6 30 105.1 105.1 

10 39.1 39.1 1-OCH2Ph 136.6 136.6 

11 71.7 71.7  128.6 128.6 

12 37.2 37.2  128.1 128.1 

13 27.3 27.3  127.9 127.9 

14 25.3 25.3 1-OCH2Ph 66.3 66.3 

  15 a 77.8 77.8 2-Me 21.4 21.3 

16 31.9 31.9 2-Me 20.7 20.7 

17 23.9 23.9 9-OCH2OCH3 96.2 96.2 

18 31.7 31.7 9-OCH2OCH3 56.0 55.9 

191 78.5 78.4 12-Me 15.3 15.3 

20 34.3 34.3 30-Me 25.9 25.9 

21 28.4 28.3 30-Me 25.8 25.8 
a Chemical shifts may be interchangeable. 
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2.3 Conclusion  

 

In summary, we explored the feasibility of direct dimerization with various single 

monomeric units. We expected the gem-disubstituent effect of dithianes and the reduced 

flexibility by alkyne would facilitate the formation of the C2-symmetric macrodiloides. If this 

hypothesis had worked well, it could be the first successful total synthesis of SCH 351448 by 

direct dimerization. Despite our best efforts, direct dimerization was not successful. Therefore, 

efforts toward the total synthesis of SCH 351448 culminated in the formal synthesis of the 

monomeric unit 2.117 which proved identical in all respects with the known synthetic monomer 

reported by De Brabander and co-workers. 

In this formal synthesis, the utility of the tandem CM/conjugate addition reaction and the 

tandem allylic oxidation/conjugate addition reaction was demonstrated for the efficient formal 

synthesis of SCH 351448. The tandem reactions proceeded under mild reaction conditions and 

required no activation of oxygen nucleophiles and/or aldehydes. It was also shown that the 1,4-

syn aldol reaction and the Suzuki coupling reaction were effective for the efficient construction of 

the monomeric unit of 2.14. It is noteworthy that all seven of the stereogenic centers in 2.117 

were derived from three simple fragments 2.85–87 and substrate-controlled reactions. The 

convergent route should be broadly applicable to the synthesis of a diverse set of analogues of 

SCH 351448 for further biological studies. 
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2.4 Experimental Section 

 

Preparation of Hydroxy Alkene 2.84 

 

To a cooled (–78 °C) solution of 3-butenylmagnesium bromide (163 mg, 3.636 mmol) in THF 

(10 mL) were added CuI (93 mg, 0.485 mmol) and epoxide 2.85 (500 mg, 2.424 mmol) in THF 

(5 mL). After stirred for 1 h at –20 °C, the reaction mixture was quenched with addition of 

saturated aqueous NH4Cl solution. 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, 

EtOAc/hexanes, 1/20) to afford hydroxy alkene 2.84 (450 mg, 71%): [α]25
D= +29.9 (c 1.0, 

CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.26–7.37 (m, 5H), 5.83 (dddd, J = 17.0, 10.0, 6.5, 6.5 Hz, 

1H), 5.02 (dd, J = 17.0, 1.5 Hz, 1H), 4.95 (dd, J = 10.5, 1.0 Hz, 1H), 4.51 (d, J = 4.0 Hz, 2H), 

3.42–3.45 (m, 1H), 3.40 (d, J = 8.5 Hz, 1H), 3.29 (d, J = 9.0 Hz, 1H), 3.20 (d, J = 4.0 Hz, 1H), 

2.04–2.14 (m, 2H), 1.69–1.79 (m, 1H), 1.38–1.50 (m, 2H), 1.26–1.34 (m, 1H), 0.92 (s, 3H), 0.91 

(s, 3H); 13C NMR (125 MHz, CDCl3) δ 139.1, 137.9, 128.5, 127.76, 127.56, 114.4, 80.0, 78.5, 

73.6, 38.4, 33.9, 31.1, 26.0, 22.9, 19.8; IR (neat) 3500, 1098, 910, 738, 698 cm–1; HRMS (ESI) 

m/z 263.2004 [(M+H)+, C17H26O2 requires 263.2006]. 
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Preparation of 2,6-cis-Tetrahydropyran 2.83 by Tandem CM/Conjugate Addition Reaction 

 

To a solution of hydroxy alkene 2.84 (50–200 mg, 0.191–0.762 mmol) in toluene (3–10 mL) 

were added (E)-crotonaldehyde (0.08–0.32 mL, 0.955–3.811 mmol) and Grubbs’ 2nd generation 

catalyst (5 mol %) at 25 °C. After refluxed for 18 h, the reaction mixture was concentrated in 

vacuo. The residue was purified by column chromatography (silica gel, EtOAc/hexanes, 1/40 to 

1/20) to afford 2,6-cis-tetrahydropyran 2.83 (29–113 mg, 49–51%) and 2,6-trans-tetrahydropyran 

2.86 (6–29 mg, 10–13%): [For 2,6-cis-tetrahydropyran 2.83] [α]25
D= –9.9 (c 1.0, CHCl3); 1H 

NMR (500 MHz, CDCl3) δ 9.97 (dd, J = 3.0, 2.0 Hz, 1H), 7.25–7.38 (m, 5H), 4.48 (s, 2H), 3.79–

3.85 (m, 1H), 3.33 (dd, J = 11.0, 1.5 Hz, 1H), 3.32 (d, J = 8.5 Hz, 1H), 3.15 (d, J = 8.5 Hz, 1H), 

2.46 (ddd, J = 16.0, 8.0, 3.0 Hz, 1H), 2.39 (ddd, J = 16.0, 4.5, 2.0 Hz, 1H), 1.85–1.91 (m, 1H), 

1.48–1.60 (m, 3H), 1.17–1.31 (m, 2H), 0.89 (s, 3H), 0.88 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 

202.3, 139.1, 128.3, 127.41, 127.37, 81.4, 76.9, 73.5, 73.2, 50.0, 38.5, 31.5, 24.6, 23.8, 21.5, 

20.3; IR (neat) 1725, 1090, 1048, 734 cm–1; HRMS (ESI) m/z 291.1954 [(M+H)+, C18H26O3 

requires 291.1955]. [For 2,6-trans-tetrahydropyran 2.86] [α]25
D= –33.3 (c 1.0, CHCl3); 1H 

NMR (500 MHz, CDCl3) δ 9.77 (dd, J = 2.5, 2.0 Hz, 1H), 7.27–7.40 (m, 5H), 4.59–4.63 (m, 1H), 

4.53 (d, J = 12.5 Hz, 1H), 4.44 (d, J = 12.0 Hz, 1H), 3.53 (dd, J = 11.5, 2.0 Hz, 1H), 3.29 (d, J = 

8.5 Hz, 1H), 3.14 (d, J = 9.0 Hz, 1H), 3.06 (ddd, J = 16.0, 10.0, 3.0 Hz, 1H), 2.37 (ddd, J = 16.0, 

10.5, 2.0 Hz, 1H), 1.78–1.86 (m, 1H), 1.70–1.76 (m, 1H), 1.55–1.66 (m, 2H), 1.42–1.46 (m, 1H), 

1.34 (ddd, J = 24.5, 12.5, 4.0 Hz, 1H), 0.90 (s, 3H), 0.89 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 

201.8, 139.0, 128.2, 127.43, 127.34, 76.7, 73.1, 72.8, 68.5, 44.4, 38.3, 28.3, 24.9, 21.5, 20.1, 18.8. 
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Preparation of Methyl Ketone 2.76 by Myers’ Asymmetric Alkylation 

 

To a cooled (–78 °C) suspension of lithium chloride (153 mg, 3.616 mmol) in THF (2 

mL) were added LDA (1.0 M, 1.4 mL, 1.4 mmol) and amide 2.87 (100 mg, 0.452 mmol) in THF 

(5 mL). The reaction mixture was stirred at –78 °C for 1 h, at 0 °C for 15 min, at 25 °C for 5 min 

and then, cooled to 0 °C, and iodide 2.88 (310 mg, 1.356 mmol) was added. After stirred for 3 h 

at 25 °C, the reaction mixture was quenched with addition of saturated aqueous NH4Cl solution. 

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, EtOAc/hexanes, 1/1 to 2/1) to afford amide 2.89 

(153 mg, 97 %): [α]25
D= –69.6 (c 1.0, CHCl3); 1H NMR (2:1 rotamer ratio, * denotes minor 

rotamer peaks, 500 MHz, C6H6) δ 7.05–7.35 (m, 5H), 5.12 (br, 1H), 4.56 (dd, J = 6.0 Hz, 1H), 

4.38–4.45 (m, 1H), 4.34–4.40* (m, 1H), 4.27* (s, 1H), 4.07–4.13* (m, 1H), 3.90–3.96* (m, 1H), 

3.87* (dd, J = 7.0 Hz, 1H), 3.78–3.83 (m, 1H), 3.76 (dd, J = 7.0 Hz, 1H), 3.42* (dd, J = 7.0 Hz, 

1H), 3.32 (dd, J = 7.0 Hz, 1H), 2.82–2.89 (m, 1H), 2.84* (s, 3H), 2.35 (s, 3H), 2.23–2.28 (m, 1H), 

2.04–2.11* (m, 1H), 1.62–1.85 (m, 1H), 1.02–1.53 (m, 2H), 1.42* (s, 3H), 1.39 (s, 3H), 1.34* (s, 

3H), 1.29 (s, 3H), 0.99* (d, J = 6.5 Hz, 3H), 0.96* (d, J = 7.0 Hz, 3H), 0.91 (d, J = 6.5 Hz, 3H), 

0.71 (d, J = 6.5 Hz, 3H); 13C NMR (2:1 rotamer ratio, * denotes minor rotamer peaks, 125 MHz, 

C6H6) δ 177.2, 176.5*, 143.3, 142.9*, 128.3*, 128.0, 127.0, 126.5, 108.4, 76.0*, 75.74, 75.65, 

74.9*, 69.4*, 69.2, 57.8, 36.1, 35.3*, 31.14, 31.11*, 30.0*, 29.7, 26.97, 26.94, 25.77*, 25.60, 
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18.1*, 17.1, 15.3*, 14.0 ; IR (neat) 3389, 1615, 1214, 1050, 701 cm–1; HRMS (ESI) m/z 350.2326 

[(M+H)+, C20H31NO4 requires 350.2326]. 

To a cooled (–78 °C) solution of 2.89 (80 mg, 0.229 mmol) in THF (5 mL) was added 

methyllithium in diethyl ether (1.6 M, 0.72 mL, 1.145 mmol). The resulting mixture was warmed 

to 0 °C and stirred for 15 min at 0 °C. Excess methyllithium was scavenged by the addition of 

diisopropylamine (0.13 mL, 0.916 mmol) at 0 °C. The reaction mixture was quenched by addition 

of acetic acid in diethyl ether (10% v/v, 2 mL). After stirred for 15 min at 25 °C, the reaction 

mixture was neutralized with addition of saturated aqueous NaHCO3 solution. 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, EtOAc/hexanes, 1/10) to afford methyl ketone 2.76 (41 mg, 89 %): 

[α]25
D= –6.7 (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 3.90–3.97 (m, 2H), 3.39 (t, J = 7.0 Hz, 

1H), 2.41–2.46 (m, 1H), 2.03 (s, 3H), 1.65–1.73 (m, 1H), 1.35–1.47 (m, 2H), 1.28 (s, 3H), 1.22–

1.28 (m, 1H), 1.22 (s, 3H), 1.00 (d, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 212.1, 108.7, 

75.7, 69.2, 45.8, 31.1, 28.6, 27.9, 26.9, 25.6, 16.2; IR (neat) 1713, 1057, 668 cm–1; HRMS (ESI) 

m/z 223.1305 [(M+Na)+, C11H20O3 requires 223.1305]. 

 



 

56 

Preparation of β-Hydroxy Ketone 2.90 

 

A flask charged with (–)-Ipc2BCl (2.9 g, 9.09 mmol) was further dried under high 

vacuum for 2 h to remove traces of HCl. To a cooled (0 °C) solution of dried (–)-Ipc2Cl in Et2O 

(40 mL) were added methyl ketone 2.76 (910 mg, 4.54 mmol) in Et2O (20 mL) and triethylamine 

(1.9 mL, 13.63 mmol), and the resulting white suspension was stirred for 1 h at 0 °C. The mixture 

was cooled to –78 °C, and aldehyde 2.83 (1.8 g, 6.19 mmol) in Et2O (30 mL) was added slowly. 

The reaction mixture was stirred for 2 h at –78 °C and for additional 2 h at –20 °C. The reaction 

mixture was kept in –20°C refrigerator for 14 h. The resulting mixture was stirred at 0 °C and pH 

7 Phosphate buffer solution (8 mL), MeOH (2 mL), and 50% H2O2 (5 mL) were added to the 

reaction mixture at 0 °C, and the resulting mixture was stirred for 1 h at 25 °C. The layers were 

separated, and the aqueous layer was extracted with Et2O. The combined organic layers were 

dried over anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanes, 1/5) to afford an inseparable 9:1 mixture of 2.90 and 

2.125 (1.6 g, 72%): [For 2.90] [α]25
D= –0.7 (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.25–

7.38 (m, 5H), 4.48 (AB, ∆υ = 32.5 Hz, JAB = 12.5 Hz, 2H), 4.26–4.31 (m, 1H), 3.98–4.07 (m, 3H), 

3.57–3.62 (m, 1H), 3.50 (dd, J = 7.0, 6.5 Hz, 1H), 3.35 (d, J = 5.5 Hz, 1H), 3.25 (d, J = 9.0 Hz, 

1H), 3.18 (d, J = 9.0 Hz, 1H), 2.71 (dd, J = 16.5, 6.5 Hz, 1H), 2.56 (dd, J = 7.0 Hz, 1H), 2.50 (dd, 
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J = 16.5, 5.0 Hz, 1H), 1.76–1.86 (m, 2H), 1.44–1.65 (m, 7H), 1.40 (s, 3H), 1.34 (s, 3H), 1.19–

1.33 (m, 3H), 1.09 (d, J = 7.0 Hz, 3H), 0.92 (s, 3H), 0.88 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 

213.5, 138.9, 128.3, 127.42, 127.36, 108.8, 82.1, 78.8, 77.2, 75.8, 73.2, 69.3, 67.9, 48.1, 46.6, 

42.7, 38.3, 32.1, 31.1, 28.4, 26.9, 25.7, 24.9, 23.6, 21.6, 21.0, 16.2; IR (neat) 3478, 1709, 1368, 

1046, 735 cm–1; HRMS (ESI) m/z 513.3189 [(M+Na)+, C29H46O6 requires 513.3187]. 

 

Preparation of 1,3-anti-Diol 2.112 

 

To a cooled (–20 °C) solution of Me4NBH(OAc)3 (3.7 g, 14.265 mmol) in MeCN/HOAc 

(1:1, 70 mL) was added 2.90 (1.4 g, 2.853 mmol) in MeCN (5 mL). After stirred for 4 h at 25 °C, 

the reaction mixture was quenched with addition of saturated aqueous NaHCO3 solution. The 

layers were separated, and the aqueous layer was extracted with CH2Cl2. The combined organic 

layers were dried over anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by 

column chromatography (silica gel, EtOAc/hexanes, 1/7 to 1/2) to afford 1,3-anti-diol 2.112 (1.05 

g, 75%): [α]25
D= –4.3 (c 0.5, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.25–7.38 (m, 5H), 4.48 (AB, 

∆υ = 31.0 Hz, JAB = 12.5 Hz, 2H), 4.40 (s, 1H), 4.15–4.19 (m, 1H), 4.01–4.09 (m, 2H), 3.71–3.74 

(m, 1H), 3.60 (dd, J = 10.5 Hz, 1H), 3.50 (dd, J = 7.0 Hz, 1H), 3.37–3.39 (m, 2H), 3.23 (d, J = 

9.5 Hz, 1H), 3.17 (d, J = 9.0 Hz, 1H), 1.73–1.86 (m, 2H), 1.44–1.68 (m, 10H), 1.40 (s, 3H), 1.34 

(s, 3H), 1.19–1.33 (m, 2H), 1.05–1.13 (m, 1H), 0.91 (s, 3H), 0.87 (d, J = 6.0 Hz, 3H), 0.87 (s, 

3H); 13C NMR (125 MHz, CDCl3) δ 138.9, 128.3, 127.52, 127.48, 108.6, 82.3, 80.14, 77.3, 76.5, 

73.2, 72.3, 70.8, 69.6, 42.4, 38.95, 38.81, 38.34, 32.4, 31.2, 28.3, 27.0, 25.8, 24.9, 23.6, 21.8, 21.1, 
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15.2; IR (neat) 3445, 1368, 1046, 735 cm–1; HRMS (ESI) m/z 493.2523 [(M+H)+, C29H48O6 

requires 493.2524]. 

 

Preparation of Acetal 2.113 

 

To a cooled (0 °C) solution of 1,3-anti-diol 2.112 (1.0 g, 2.029 mmol) in CH2Cl2 (100 

mL) were added p-anisaldehyde dimethyl acetal (1.1 g, 6.089 mmol) and PPTS (102 mg, 0.406 

mmol). After stirred for 2 h at 25 °C, the reaction mixture was quenched with addition of 

saturated aqueous NH4Cl solution. The layers were separated, and the aqueous layer was 

extracted with CH2Cl2. The combined organic layers were dried over anhydrous Na2SO4 and 

concentrated in vacuo. The residue was purified by column chromatography (silica gel, EtOAc/ 

hexanes, 1/10) to afford 3:2 mixture of acetal 2.113 (1.05 g, 85%): [α]25
D= –4.3 (c 0.5, CHCl3); 

1H NMR (500 MHz, CDCl3, 3:2 mixture, * denotes minor peaks) δ 7.42* (d, J = 9.0 Hz, 2H), 

7.40 (d, J = 9.0 Hz, 2H), 7.26–7.35 (m, 5H), 6.88* (d, J = 8.0 Hz, 2H), 6.87 (d, J = 8.0 Hz, 2H), 

5.72 (s, 1H), 5.67* (s, 1H), 4.45–4.53 (m, 2H), 4.16–4.42* (m, 1H), 4.01–4.09 (m, 2H), 3.79 (s, 

3H), 3.72–3.76 (m, 1H), 3.45–3.52* (m, 1H), 3.33–3.40 (m, 1H), 3.36 (d, J = 9.0 Hz, 1H), 3.26–

3.30* (m, 2H), 3.25 (d, J = 9.0 Hz, 1H), 3.20* (d, J = 11.5 Hz, 1H), 3.16 (d, J = 9.0 Hz, 1H), 

2.30–2.38* (m, 1H), 2.10–2.16 (m, 1H), 1.77–1.98 (m, 4H), 1.45–1.71 (m, 7H), 1.42 (s, 3H), 

1.41* (s, 3H), 1.37 (s, 3H), 1.36* (s, 3H), 1.10–1.30 (m, 3H), 0.96* (s, 3H), 0.90–0.91 (m, 9H); 
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IR (neat) 1516, 1246, 1048, 669 cm–1; HRMS (ESI) m/z 633.3754 [(M+Na)+, C37H54O7 requires 

633.3762]. 

 

Preparation of Alcohol 2.114 

O
H

O

H

OOBn

PMP

O
O2.113

O
H

O

H

OHOBn

DIBAL
toluene

+

O
H

OH

H

OPMBOBn

2.114 2.115
O

O
O

O

PMB

–20 °C, 1 h
72%

[2.114:2.115 = 3:1]

 

To a cooled (–20 °C) solution of acetal 2.113 (50 mg, 0.081 mmol) in toluene (2 mL) was 

added diisobutylaluminum hydride (1.0 M, 0.4 mL, 0.405 mmol). After stirred for 1 h at the same 

temperature, the reaction mixture was quenched with addition of saturated aqueous potassium 

sodium tartate solution 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, 

EtOAc/hexanes, 1/10) to afford 2.114 (27 mg, 54%) and 2.115 (9 mg, 18%): [For 2.114] [α]25
D= 

+8.6 (c 0.5, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.27–7.37 (m, 5H), 7.24 (d, J = 8.5 Hz, 2H), 

6.83 (d, J = 8.0 Hz, 2H), 4.54 (d, J = 12.0 Hz, 1H), 4.52 (d, J = 11.0 Hz, 1H), 4.45 (d, J = 11.0 

Hz, 1H), 4.44 (d, J = 12.5 Hz, 1H), 4.00–4.11 (m, 4H), 3.77 (s, 3H), 3.64 (ddd, J = 5.5, 5.0, 5.0 

Hz, 1H), 3.58 (dd, J = 10.5, 10.0 Hz, 1H), 3.49 (dd, J = 7.0 Hz, 1H), 3.39 (d, J = 11.0 Hz, 1H), 

3.29 (d, J = 9.0 Hz, 1H), 3.21 (d, J = 8.5 Hz, 1H), 1.79–1.86 (m, 2H), 1.45–1.66 (m, 10H), 1.41 
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(s, 3H), 1.35 (s, 3H), 1.18–1.32 (m, 2H), 1.04–1.13 (m, 1H), 0.95 (s, 3H), 0.87 (d, J = 5.5 Hz, 

3H), 0.89 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 159.1, 138.9, 131.3, 129.4, 128.3, 127.48, 

127.42, 113.8, 108.6, 82.1, 79.8, 79.3, 77.3, 76.3, 73.3, 72.0, 69.5, 68.8, 55.3, 43.9, 38.45, 38.38, 

35.8, 32.4, 31.7, 29.0, 27.0, 25.8, 24.9, 23.7, 21.6, 21.1, 14.3; IR (neat) 3501, 1516, 1250 cm–1; 

HRMS (ESI) m/z 635.3910 [(M+Na)+, C37H56O7 requires 635.3918]. 

[For 2.115] [α]25
D= +3.6 (c 0.2, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.26–7.36 (m, 

5H), 7.25 (d, J = 8.5 Hz, 2H), 6.86 (d, J = 8.5 Hz, 2H), 4.50 (d, J = 11.5 Hz, 1H), 4.47 (d, J = 

10.0 Hz, 1H), 4.42 (d, J = 11.5 Hz, 1H), 4.40 (d, J = 11.0 Hz, 1H), 4.01–4.07 (m, 2H), 3.88–3.94 

(m, 1H), 3.78 (s, 3H), 3.61–3.66 (m, 1H), 3.48 (dd, J = 7.0, 6.0 Hz, 1H), 3.28 (d, J = 8.5 Hz, 1H), 

3.24–3.30 (m, 1H), 3.18 (d, J = 11.5 Hz, 1H), 3.16 (d, J = 8.5 Hz, 1H), 3.05 (s, 1H), 1.92–1.99 

(m, 1H), 1.81–1.87 (m, 1H), 1.68–1.74 (m, 1H), 1.45–1.64 (m, 9H), 1.40 (s, 3H), 1.35 (s, 3H), 

1.15–1.32 (m, 2H), 1.02–1.09 (m, 1H), 0.90 (s, 3H), 0.88 (s, 3H) 0.82 (d, J = 7.0 Hz, 3H); 13C 

NMR (125 MHz, CDCl3) δ 159.3, 139.2, 130.5, 129.6, 128.3, 127.42, 127.36, 113.9, 108.7, 81.6, 

77.2, 76.6, 74.7, 73.9, 73.3, 72.2, 70.4, 69.6, 55.4, 39.6, 38.91, 38.68, 35.6, 32.3, 31.2, 28.3, 27.1, 

25.9, 25.0, 24.0, 21.6, 20.7, 15.4. 

 

Determination of Absolute Stereochemistry of C9 

O
H

OH

H

OPMBOBn

2.114
O

O

(R) or (S)-
MTPA-Cl

Et3N, DMAP
CH2Cl2

O
H

O

H

OPMBOBn
(R)/(S)-MTPA

1

2' 2'

3
9

12'

16

17'
17'

O
O

25 °C, 2 h

 

[(R)-MTPA ester of 2.114] 1H NMR (500 MHz, CDCl3) δ 7.54–7.56 (m, 2H), 7.34–7.39 

(m, 3H), 7.22–7.33 (m, 7H), 6.86 (d, J = 9.0 Hz, 2H), 5.55–5.61 (m, 1H), 4.42 (d, J = 12.5 Hz, 
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1H), 4.37 (d, J = 11.0 Hz, 1H), 4.32 (d, J = 12.5 Hz, 1H), 4.20 (d, J = 10.5 Hz, 1H), 3.92–3.99 

(m, 2H), 3.78 (s, 3H), 3.55 (s, 3H), 3.40–3.45 (m, 1H), 3.26–3.33 (m, 1H), 3.24 (d, J = 9.0 Hz, 

1H), 3.14 (d, J = 11.0 Hz, 1H), 3.11 (d, J = 8.5 Hz, 1H), 3.09–3.13 (m, 1H), 1.91–1.98 (m, 1H), 

1.74–1.85 (m, 2H), 1.65–1.72 (m, 2H), 1.58–1.63 (m, 1H), 1.42–1.52 (m, 5H), 1.40 (s, 3H), 1.35 

(s, 3H), 1.08–1.24 (m, 3H), 0.92–1.01 (m, 1H), 0.89 (s, 3H), 0.83 (s, 3H), 0.79 (d, J = 6.5 Hz, 

3H). 

[(S)-MTPA ester of 2.114] 1H NMR (500 MHz, CDCl3) δ 7.52–7.55 (m, 2H), 7.34–7.39 

(m, 3H), 7.22–7.33 (m, 7H), 6.86 (d, J = 8.5 Hz, 2H), 5.50–5.58 (m, 1H), 4.43 (d, J = 13.0 Hz, 

1H), 4.32 (d, J = 10.5 Hz, 1H), 4.35 (d, J = 12.5 Hz, 1H), 4.25 (d, J = 10.5 Hz, 1H), 3.97–4.01 

(m, 2H), 3.78 (s, 3H), 3.49 (s, 3H), 3.42–3.47 (m, 1H), 3.17–3.27 (m, 2H), 3.24 (d, J = 9.0 Hz, 

1H), 3.12 (d, J = 8.5 Hz, 1H), 3.09 (d, J = 11.5 Hz, 1H), 1.62–1.89 (m, 6H), 1.29–1.55 (m, 5H), 

1.40 (s, 3H), 1.36 (s, 3H), 1.00–1.24 (m, 4H), 0.89 (s, 3H), 0.84 (d, J = 6.5 Hz, 3H), 0.83 (s, 3H). 

Table 2.11. Chemical shift of (R) and (S)-MTPA ester of 2.114. 

 H-1A H-2ʹ H-2ʹ H-3 H-16A H-16B H-17ʹ H-17ʹ H-12ʹ
(S)– 
ester 3.237 0.888 0.828 3.092 3.448 3.991 1.403 1.355 0.845 

(R)– 
ester 3.244 0.892 0.829 3.140 3.429 3.965 1.401 1.353 0.795 

δS–δR 
(ppm) –0.007 –0.004 –0.001 –0.048 +0.019 +0.026 +0.002 +0.002 +0.050

 

Preparation of 2.116 
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To a solution of alcohol 2.114 (300 mg, 0.489 mmol) in CH2Cl2 (15 mL) were added 

N,N-diisopropylethylamine (1.7 mL, 9.790 mmol) and chloromethyl methyl ether (0.37 mL, 

4.895 mmol) at 25 °C. After stirred for 24 h at the same temperature, the reaction mixture was 

quenched with addition of saturated aqueous NH4Cl solution. The layers were separated, and the 

aqueous layer was extracted with CH2Cl2. The combined organic layers were dried over 

anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanes, 1/5) to afford 2.116 (299 mg, 92%): [α]25
D= +11.2 (c 

0.5, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.25–7.36 (m, 7H), 6.87 (d, J = 8.5 Hz, 2H), 4.67 (d, 

J = 7.0 Hz, 1H), 4.57 (d, J = 6.5 Hz, 1H), 4.53 (d, J = 10.5 Hz, 1H), 4.47 (d, J = 12.0 Hz, 1H), 

4.39 (d, J = 12.5 Hz, 1H), 4.38 (d, J = 11.0 Hz, 1H), 4.03–4.09 (m, 2H), 3.96–4.01 (m, 1H), 3.80 

(s, 3H), 3.57–3.60 (m, 1H), 3.51 (dd, J = 5.5 Hz, 1H), 3.39 (s, 3H), 3.36–3.42 (m, 1H), 3.29 (d, J 

= 8.5 Hz, 1H), 3.21 (d, J = 9.0 Hz, 1H), 3.20 (d, J = 10.5 Hz, 1H), 1.82–1.96 (m, 3H), 1.45–1.69 

(m, 8H), 1.44 (s, 3H), 1.38 (s, 3H), 1.08–1.30 (m, 4H), 0.95 (s, 3H), 0.91 (d, J = 6.5 Hz, 3H), 

0.88 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 159.1, 139.3, 131.4, 129.3, 128.2, 127.33, 127.26, 

113.7, 108.7, 96.2, 81.7, 79.1, 77.2, 76.4, 74.5, 73.22, 73.18, 70.9, 69.6, 55.8, 55.3, 42.8, 38.6, 

35.8, 34.9, 32.3, 31.9, 29.3, 27.1, 25.8, 25.0, 24.1, 21.45, 21.27, 13.9; IR (neat) 1514, 1246, 1034, 

697 cm–1; HRMS (ESI) m/z 679.4170 [(M+Na)+, C39H60O8 requires 679.4180]. 
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Preparation of Diol 2.126 

 

To a solution of 2.116 (295 mg, 0.449 mmol) in CHCl3/MeOH (1:1, 14 mL) was added 

PPTS (113 mg, 0.449 mmol) at 25 °C. After stirred for 48 h at the same temperature, the reaction 

mixture was quenched with addition of saturated aqueous NaHCO3 solution. The layers were 

separated, and the aqueous layer was extracted with CH2Cl2. The combined organic layers were 

dried over anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanes, 1/3 to 2/1) to afford diol 2.126 (249 mg, 91%): 

[α]25
D= +15.3 (c 0.5, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.25–7.36 (m, 7H), 6.87 (d, J = 8.5 

Hz, 2H), 4.66 (d, J = 6.5 Hz, 1H), 4.57 (d, J = 6.5 Hz, 1H), 4.52 (d, J = 10.5 Hz, 1H), 4.47 (d, J 

= 12.0 Hz, 1H), 4.39 (d, J = 12.5 Hz, 1H), 4.38 (d, J = 11.5 Hz, 1H), 3.95–4.05 (m, 1H), 3.80 (s, 

3H), 3.63–3.68 (m, 2H), 3.57–3.61 (m, 1H), 3.35–3.45 (m, 2H), 3.39 (s, 3H), 3.29 (d, J = 9.0 Hz, 

1H), 3.21 (d, J = 9.0 Hz, 1H), 3.20 (d, J = 10.5 Hz, 1H), 2.56 (br s, 1H), 2.41 (br s, 1H), 1.81–

1.96 (m, 3H), 1.63–1.70 (m, 1H), 1.41–1.59 (m, 8H), 1.12–1.29 (m, 3H), 0.95 (s, 3H), 0.91 (d, J 

= 7.0 Hz, 3H), 0.88 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 159.0, 139.3, 131.3, 129.3, 128.2, 

127.34, 127.27, 113.7, 96.1, 81.7, 78.9, 77.2, 74.5, 73.31, 73.19, 72.6, 70.8, 66.8, 55.8, 55.3, 42.8, 

38.6, 35.7, 34.9, 32.3, 31.4, 29.1, 25.0, 24.1, 21.43, 21.24, 14.1; IR (neat) 3418, 1456, 1250, 739 

cm–1; HRMS (ESI) m/z 639.3851 [(M+Na)+, C36H56O8 requires 639.3867]. 
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Preparation of Epoxide 2.117 

 

To a cooled (0 °C) solution of diol 2.126 (245 mg, 0.397 mmol) in THF (10 mL) was 

added NaH (60% dispersion in mineral oil, 48 mg, 1.192 mmol) and the resulting mixture was 

stirred for 20 min before 1-tosylimidazole (106.0 mg, 0.476 mmol) was added. After stirred for 6 

h at 25 °C, the reaction mixture was quenched with addition of saturated aqueous NH4Cl solution 

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, EtOAc/hexanes, 1/5) to 

afford epoxide 2.117 (214 mg, 90%): [α]25
D= +22.7 (c 0.5, CHCl3); 1H NMR (500 MHz, CDCl3) 

δ 7.25–7.33 (m, 7H), 6.85 (d, J = 9.0 Hz, 2H), 4.65 (d, J = 6.5 Hz, 1H), 4.55 (d, J = 6.5 Hz, 1H), 

4.51 (d, J = 11.0 Hz, 1H), 4.45 (d, J = 12.5 Hz, 1H), 4.37 (d, J = 12.0 Hz, 1H), 4.36 (d, J = 10.5 

Hz, 1H), 3.93–3.99 (m, 1H), 3.78 (s, 3H), 3.54–3.59 (m, 1H), 3.33–3.40 (m, 1H), 3.37 (s, 3H), 

3.27 (d, J = 8.5 Hz, 1H), 3.19 (d, J = 9.0 Hz, 1H), 3.18 (d, J = 13.0 Hz, 1H), 2.87–2.91 (m, 1H), 

2.74 (dd, J = 4.5, 4.0 Hz, 1H), 2.46 (dd, J = 5.0, 3.0 Hz, 1H), 1.90–1.96 (m, 1H), 1.79–1.86 (m, 

2H), 1.41–1.71 (m, 9H), 1.12–1.31 (m, 3H), 0.93 (s, 3H), 0.89 (d, J = 7.0 Hz, 3H), 0.86 (s, 3H); 

13C NMR (125 MHz, CDCl3) δ 159.1, 139.3, 131.4, 129.3, 128.2, 127.33, 127.25, 113.8, 96.2, 

81.7, 79.1, 77.2, 74.5, 73.24, 73.17, 70.9, 55.8, 55.3, 52.6, 47.1, 42.8, 38.6, 35.8, 34.7, 32.3, 30.8, 

29.4, 25.0, 24.1, 21.44, 21.25, 13.9; IR (neat) 1513, 1247, 1035, 668 cm–1; HRMS (ESI) m/z 

621.3753 [(M+Na)+, C36H54O7 requires 621.3762]. 
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Preparation of Allyl Alcohol 2.118 

 

To a cooled (–78 ºC) solution of 2.52 (405 mg, 2.138 mmol) in THF/HMPA (4:1, 12.5 

mL) was added dropwise t-BuLi (2.5 mL, 1.7 M in pentane, 4.276 mmol) and the resulting 

mixture was stirred for 5 min before epoxide 2.117 (160 mg, 0.267 mmol) was added. After 

stirred for 1 h at –78 ºC, the reaction mixture was quenched with addition of saturated aqueous 

NH4Cl 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, EtOAc/hexanes, 1/2) to afford allyl alcohol 2.118 (168 mg, 80%): 

[α]25
D= +7.0 (c 0.5, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.25–7.35 (m, 7H), 6.86 (d, J = 8.5 

Hz, 2H), 5.81–5.86 (m, 1H), 5.69–5.74 (m, 1H), 4.66 (d, J = 7.0 Hz, 1H), 4.56 (d, J = 6.0 Hz, 1H), 

4.53 (d, J = 10.5 Hz, 1H), 4.47 (d, J = 12.5 Hz, 1H), 4.39 (d, J = 10.0 Hz, 1H), 4.37 (d, J = 8.0 Hz, 

1H), 4.24 (dd, J = 12.5, 6.5 Hz, 1H), 4.16 (dd, J = 12.5, 6.5 Hz, 1H), 3.94–4.05 (m, 2H), 3.79 (s, 

3H), 3.56–3.60 (m, 1H), 3.38 (s, 3H), 3.34–3.42 (m, 1H), 3.28 (d, J = 8.5 Hz, 1H), 3.21 (d, J = 

9.0 Hz, 1H), 3.19 (d, J = 9.0 Hz, 1H), 2.79–3.00 (m, 5H), 2.73 (dd, J = 15.0, 7.0 Hz, 1H), 2.19–

2.26 (m, 2H), 1.80–2.09 (m, 7H), 1.62–1.70 (m, 1H), 1.42–1.59 (m, 8H), 1.12–1.29 (m, 3H), 0.95 

(s, 3H), 0.91 (d, J = 6.0 Hz, 3H), 0.88 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 159.0, 139.3, 132.0, 

131.4, 129.3, 128.2, 127.32, 127.22, 126.2, 113.7, 96.1, 81.7, 79.0, 77.2, 74.5, 73.25, 73.14, 70.7, 

69.1, 58.4, 55.8, 55.3, 51.9, 44.7, 42.8, 38.6, 37.3, 36.2, 35.6, 34.7, 32.3, 29.0, 26.46, 26.25, 25.03, 
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24.89, 24.1, 21.41, 21.19, 13.9; IR (neat) 3445, 1516, 1249, 1039, 739 cm–1; HRMS (ESI) m/z 

811.4242 [(M+Na)+, C44H68O8S2 requires 811.4248]. 

 

Preparation of 2,6-cis-Tetrahydropyran Aldehyde 2.119 by Tandem Oxidation/Conjugate 

Addition Reaction  

 

To a stirred solution of allyl alcohol 2.118 (128 mg, 0.162 mmol) in CH2Cl2 (10 mL) was 

added MnO2 (212 mg, 2.433 mmol) at 25 °C. After stirred for 8 h at the same temperature, the 

reaction mixture was filtered through celite with EtOAc and concentrated in vacuo. The residue 

was purified by column chromatography (silica gel, EtOAc/hexanes, 1/5 to 1/3) to afford 2,6-cis-

tetrahydropyran aldehyde 2.119 (115 mg, 90%): [α]25
D= +15.1 (c 0.5, CHCl3); 1H NMR (500 

MHz, CDCl3) δ 9.80 (s, 1H), 7.25–7.35 (m, 7H), 6.86 (d, J = 5.0 Hz, 2H), 4.67 (d, J = 7.0 Hz, 

1H), 4.57 (d, J = 6.5 Hz, 1H), 4.52 (d, J = 10.5 Hz, 1H), 4.47 (d, J = 13.0 Hz, 1H), 4.39 (d, J = 

9.0 Hz, 1H), 4.37 (d, J = 7.5 Hz, 1H), 4.30–4.35 (m, 1H), 3.94–4.05 (m, 1H), 3.79 (s, 3H), 3.73–

3.82 (m, 1H), 3.54–3.58 (m, 1H), 3.39 (s, 3H), 3.34–3.42 (m, 1H), 3.28 (d, J = 8.5 Hz, 1H), 3.21 

(d, J = 9.0 Hz, 1H), 3.19 (d, J = 10.5 Hz, 1H), 2.73–3.00 (m, 4H), 2.62 (ddd, J = 16.5, 8.0, 2.5 Hz, 

1H), 2.47 (ddd, J = 16.5, 4.5, 2.5 Hz, 1H), 2.37 (d, J = 13.5 Hz, 1H), 2.20 (d, J = 13.5 Hz, 1H), 

1.95–2.10 (m, 2H), 1.81–1.92 (m, 3H), 1.44–1.69 (m, 11H), 1.12–1.29 (m, 3H), 0.95 (s, 3H), 0.89 

(d, J = 8.0 Hz, 3H), 0.88 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 200.9, 159.0, 139.3, 131.4, 

129.3, 128.2, 127.31, 127.21, 113.7, 96.2, 81.7, 79.2, 77.2, 74.5, 73.21, 73.14, 73.03, 70.8, 68.5, 
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55.8, 55.3, 49.1, 47.8, 43.20, 42.90, 42.78, 38.6, 35.8, 34.8, 33.9, 32.3, 28.8, 26.00, 25.93, 25.81, 

25.0, 24.1, 21.4, 21.2, 13.9; IR (neat) 1725, 1512, 1035, 668 cm–1; HRMS (ESI) m/z 809.4087 

[(M+Na)+, C44H66O8S2 requires 809.4081]. 

 

Preparation of Alkyne 2.120 

 

To a suspension of K2CO3 (351 mg, 2.541 mmol) and p-toluenesulfonyl azide (1.0 M, 

1.02 mL, 1.016 mmol) in MeCN (7 mL) was added dimethyl-2-oxopropylphosphonate (169 mg, 

1.016 mmol) at 25 °C. The resulting suspension was stirred for 2 h at the same temperature and 

then the aldehyde 2.119 (160 mg, 0.203 mmol) in MeOH (5 mL) was added. After stirred for 18 h 

at the same temperature, the solvents were removed in vacuo and the residue was dissolved in 

EtOAc/H2O (1:1, 30 mL). 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, EtOAc/hexanes, 1/5) to 

afford alkyne 2.120 (141 mg, 89%): [α]25
D= +16.2 (c 0.5, CHCl3); 1H NMR (500 MHz, CDCl3) δ 

7.25–7.35 (m, 7H), 6.86 (d, J = 9.0 Hz, 2H), 4.67 (d, J = 7.0 Hz, 1H), 4.58 (d, J = 6.5 Hz, 1H), 

4.52 (d, J = 10.5 Hz, 1H), 4.47 (d, J = 12.5 Hz, 1H), 4.39 (d, J = 12.5 Hz, 1H), 4.36 (d, J = 11.0 

Hz, 1H), 3.95–4.05 (m, 1H), 3.89–3.95 (m, 1H), 3.80 (s, 3H), 3.74–3.81 (m, 1H), 3.55–3.59 (m, 

1H), 3.39 (s, 3H), 3.35–3.42 (m, 1H), 3.29 (d, J = 9.0 Hz, 1H), 3.21 (d, J = 9.0 Hz, 1H), 3.20 (d, J 

= 9.5 Hz, 1H), 2.73–3.02 (m, 4H), 2.57 (d, J = 13.5 Hz, 1H), 2.52 (ddd, J = 16.5, 5.5, 3.0 Hz, 
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1H), 2.34 (ddd, J = 16.5, 7.5, 2.5 Hz, 1H), 2.21 (d, J = 14.0 Hz, 1H), 1.95–2.10 (m, 3H), 1.81–

1.94 (m, 3H), 1.44–1.70 (m, 11H), 1.12–1.29 (m, 3H), 0.95 (s, 3H), 0.89 (d, J = 7.5 Hz, 3H), 0.88 

(s, 3H); 13C NMR (125 MHz, CDCl3) δ 159.0, 139.4, 131.5, 129.3, 128.2, 127.34, 127.23, 113.7, 

96.2, 81.7, 80.5, 79.3, 77.2, 74.5, 73.22, 73.17, 73.15, 71.2, 70.8, 70.5, 55.8, 55.3, 48.0, 43.2, 42.9, 

42.1, 38.6, 35.8, 34.8, 34.0, 32.3, 28.9, 26.03, 25.93 (2 carbons), 25.5, 25.0, 24.1, 21.4, 21.2, 

13.8; IR (neat) 3304, 1514, 1248, 1038, 738 cm–1; HRMS (ESI) m/z 805.4136 [(M+Na)+, 

C45H66O7S2 requires 805.4142]. 

 

Preparation of 2.121 

 

To a cooled (–78 ºC) solution of alkyne 2.120 (117 mg, 0.149 mmol) in THF (10 mL) 

was added NaHMDS (1.0 M, 0.30 mL, 0.299 mmol). After stirred for 30 min at the same 

temperature, B-OMe-9-BBN (1.0 M, 0.37 mL, 0.374 mmol) was added and the resulting mixture 

was then warmed to 25 ºC. After stirred for 30 min, KBr (36 mg, 0.299 mmol), PdCl2(dppf) (22 

mg, 0.030 mmol), and triflate 2.47 (98 mg, 0.299 mmol) were added. After refluxed for 3 h, the 

reaction mixture was cooled to 25 ºC and quenched with addition of saturated aqueous NH4Cl 

solution. 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, EtOAc/hexanes, 1/10 to 1/5) to afford 

2.121 (122 mg, 73%): [α]25
D= +1.6 (c 0.2, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.42 (dd, J = 
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8.5, 7.5 Hz, 1H), 7.21–7.33 (m, 8H), 6.88 (d, J = 8.0 Hz, 1H), 6.84 (d, J = 8.5 Hz, 2H), 4.64 (d, J 

= 7.0 Hz, 1H), 4.55 (d, J = 6.0 Hz, 1H), 4.50 (d, J = 11.5 Hz, 1H), 4.45 (d, J = 13.0 Hz, 1H), 4.36 

(d, J = 12.5 Hz, 1H), 4.34 (d, J = 10.5 Hz, 1H), 4.01–4.07 (m, 1H), 3.92–3.99 (m, 1H), 3.77 (s, 

3H), 3.73–3.82 (m, 1H), 3.52–3.58 (m, 1H), 3.36 (s, 3H), 3.31–3.40 (m, 1H), 3.15–3.27 (m, 4H), 

2.74–3.05 (m, 2H), 2.85 (dd, J = 17.0, 5.0 Hz, 1H), 2.73–2.79 (m, 1H), 2.63–2.68 (m, 1H), 2.63 

(dd, J = 17.0, 9.0 Hz, 1H), 2.05–2.13 (m, 2H), 1.79–1.97 (m, 4H), 1.71 (s, 6H), 1.41–1.69 (m, 

11H), 1.10–1.23 (m, 3H), 0.92 (s, 3H), 0.86 (d, J = 8.0 Hz, 3H), 0.86 (s, 3H); 13C NMR (125 

MHz, CDCl3) δ 159.0, 158.9, 156.6, 139.4, 134.9, 131.5, 129.4, 129.1, 128.2, 127.37, 127.25, 

125.9, 116.9, 114.3, 113.8, 105.6, 96.2, 93.9, 81.8, 80.6, 79.2, 77.2, 74.6, 73.25, 73.20, 72.7, 71.9, 

70.8, 55.8, 55.4, 48.2, 43.6, 42.9, 42.2, 38.6, 35.8, 34.8, 34.1, 32.3, 28.9, 26.9, 26.08, 26.02, 25.86, 

25.85, 25.76, 25.1, 24.1, 21.5, 21.2, 13.8; IR (neat) 2232, 1738, 1271, 1036, 734cm–1; HRMS 

(ESI) m/z 981.4615 [(M+Na)+, C55H74O10S2 requires 981.4616]. 

 

Preparation of Alcohol 2.127 

 

To a stirred solution of coupling product 2.121 (40 mg, 0.042 mmol) in EtOH (0.5 mL) 

was added Raney® 2400 nickel slurry in EtOH (2 pipets). After stirred under H2 atmosphere for 

40 h at 50 °C, the reaction mixture was then filtered through celite with EtOAc and concentrated 

in vacuo. The residue was purified by column chromatography (silica gel, EtOAc/hexanes, 1/5 to 

2/1) to afford alcohol 2.122 (16 mg, 50%): [α]25
D= +26.6 (c 0.2, CHCl3); 1H NMR (500 MHz, 
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CDCl3) δ 7.38 (dd, J = 7.5 Hz, 1H), 7.27 (d, J = 8.5 Hz, 2H), 6.92 (d, J = 7.5 Hz, 1H), 6.86 (d, J = 

8.5 Hz, 2H), 6.79 (d, J = 7.5 Hz, 1H), 4.59 (d, J = 7.0 Hz, 1H), 4.50 (d, J = 11.5 Hz, 1H), 4.49 (d, 

J = 7.0 Hz, 1H), 4.31 (d, J = 11.0 Hz, 1H), 3.87–3.93 (m, 1H), 3.79 (s, 3H), 3.56 (dd, J = 10.0, 

3.0 Hz, 1H), 3.47 (dd, J = 10.5, 5.5 Hz, 1H), 3.31 (s, 3H), 3.17–3.36 (m, 5H), 3.09 (dd, J = 7.0 Hz, 

2H), 2.95 (dd, J = 10.0, 4.0 Hz, 1H), 1.75–1.95 (m, 5H), 1.68 (s, 6H), 1.54–1.67 (m, 6H), 1.36–

1.52 (m, 10H), 1.24–1.30 (m, 1H), 1.08–1.20 (m, 3H), 0.86 (s, 3H), 0.86 (d, J = 8.0 Hz, 3H), 0.72 

(s, 3H); 13C NMR (125 MHz, CDCl3) δ 160.2, 159.1, 157.1, 148.3, 135.1, 130.8, 129.8, 125.2, 

115.1, 113.7, 112.0, 104.9, 96.3. 83.7, 78.9, 78.0, 77.7, 75.4, 73.2, 70.7, 70.2, 55.6, 55.3, 42.2, 

38.0, 36.4, 34.81 (2 carbons), 34.27, 34.24, 32.0, 31.69 (2 carbons), 29.1, 27.1, 25.72, 25.62, 25.0, 

23.9, 23.7, 22.7, 19.5, 13.4; IR (neat) 3520, 1738, 1038, 751 cm–1; HRMS (ESI) m/z 791.4702 

[(M+Na)+, C45H68O10 requires 791.4705]. 

 

Preparation of Benzyl Ester 2.123 
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[Dess−Martin Oxidation] To a stirred solution of alcohol 2.122 (16 mg, 0.021 mmol) in 

CH2Cl2 (1 mL) were added pyridine (3.4 µL, 0.042 mmol) and Dess−Martin periodinane (13 mg, 

0.032 mmol) at 25 ºC. After stirred for 5 h, the reaction mixture was quenched with addition of 

saturated aqueous Na2S2O3 and saturated aqueous NaHCO3. The layers were separated, and the 

aqueous layer was extracted with CH2Cl2. The combined organic layers were dried over 

anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanes, 1/2) to afford aldehyde 2.127 (15 mg, 93%): 1H 

NMR (500 MHz, CDCl3) δ 9.53 (s, 1H), 7.38 (dd, J = 7.5 Hz, 1H), 7.26 (d, J = 9.0 Hz, 2H), 6.93 

(d, J = 7.0 Hz, 1H), 6.86 (d, J = 9.0 Hz, 2H), 6.79 (dd, J = 8.0, 1.0 Hz, 1H), 4.58 (d, J = 6.0 Hz, 

1H), 4.50 (d, J = 10.5 Hz, 1H), 4.48 (d, J = 8.0 Hz, 1H), 4.30 (d, J = 11.5 Hz, 1H), 3.83–3.89 (m, 

1H), 3.79 (s, 3H), 3.48–3.53 (m, 1H), 3.32 (s, 3H), 3.24–3.40 (m, 3H), 3.17–3.23 (m, 1H), 3.09 

(dd, J = 7.0 Hz, 2H), 1.71–1.94 (m, 5H), 1.69 (s, 3H), 1.68 (s, 3H), 1.54–1.67 (m, 4H), 1.36–1.52 

(m, 11H), 1.08–1.23 (m, 5H), 1.00 (s, 3H), 0.99 (s, 3H), 0.87 (d, J = 7.0 Hz, 3H). 

[Oxidation to Carboxylic Acid] To a solution of aldehyde 2.127 (15 mg, 0.019 mmol) 

in t-BuOH/ H2O (1/1, 2 mL) were added 2-methyl-2-butene (83 µL, 0.782 mmol), sodium 

phosphate monobasic monohydrate (5.2 mg, 0.038 mmol), and sodium chlorite (3.5 mg, 0.038 

mmol) at 25 °C. After stirred for 4 h at 25 °C, 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 dried over anhydrous Na2SO4 and concentrated in vacuo to afford the crude 

carboxylic acid 2.128, which was employed in the next step without further purification. 

[Esterification] To a solution of carboxylic acid 2.128 in MeCN (1 mL) were added 

Cs2CO3 (31 mg, 0.095 mmol) and benzyl bromide (23 µL, 0.190 mmol) at 25 °C. After stirred for 

2 h at 25 °C, the reaction mixture was quenched with addition of saturated aqueous NH4Cl 

solution and diluted with EtOAc. The layers were separated, and the aqueous layer was extracted 
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with EtOAc. The combined organic layers were dried over anhydrous Na2SO4 and concentrated 

in vacuo. The residue was purified by column chromatography (silica gel, EtOAc/hexanes, 1/5) to 

afford benzyl ester 2.123 (14 mg, 84% for two steps): [α]25
D= +14.1 (c 0.15, CHCl3); 1H NMR 

(500 MHz, CDCl3) δ 7.37 (dd, J = 7.5 Hz, 1H), 7.28–7.35 (m, 5H), 7.24 (d, J = 8.0 Hz, 2H), 6.92 

(d, J = 7.5 Hz, 1H), 6.86 (d, J = 8.5 Hz, 2H), 6.78 (d, J = 7.5 Hz, 1H), 5.07 (s, 2H), 4.58 (d, J = 

7.0 Hz, 1H), 4.50 (d, J = 6.5 Hz, 1H), 4.48 (d, J = 12.5 Hz, 1H), 4.30 (d, J = 11.5 Hz, 1H), 3.85–

3.91 (m, 1H), 3.77 (s, 3H), 3.49–3.54 (m, 1H), 3.45 (dd, J = 11.0, 1.5 Hz, 1H), 3.35–3.41 (m, 1H), 

3.32 (s, 3H), 3.24–3.29 (m, 1H), 3.17–3.22 (m, 1H), 3.09 (dd, J = 7.0 Hz, 2H), 1.85–1.92 (m, 1H), 

1.74–1.82 (m, 3H), 1.69 (s, 6H), 1.32–1.64 (m, 16H), 1.08–1.24 (m, 5H), 1.19 (s, 3H), 1.11 (s, 

3H), 0.86 (d, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 176.7, 160.4, 159.1, 157.3, 148.3, 

136.7, 135.3, 131.5, 129.4, 128.6, 128.00, 127.91, 125.3, 115.3, 113.8, 112.2, 105.1, 96.3, 82.1, 

79.3, 78.2, 77.9, 75.0, 73.2, 70.7, 66.1, 55.8, 55.4, 46.9, 42.9, 36.6, 35.9, 35.0, 34.7, 34.4, 32.01, 

31.82 (2 carbons), 29.2, 27.3, 25.85, 25.76, 25.70, 23.90, 23.82, 22.2, 20.3, 13.8; IR (neat) 1737, 

1513, 1389, 1039, 669 cm–1; HRMS (ESI) m/z 895.4966 [(M+Na)+, C52H72O11 requires 895.4967]. 

 

Preparation of 2.124 

 

To a cooled (0 °C) solution of benzyl ester 2.123 (14 mg, 0.016 mmol) in CH2Cl2/H2O 

(10:1, 1.1 mL) was added DDQ (11 mg, 0.048 mmol). After stirred for 1 h at 25 °C, the reaction 

mixture was quenched with addition of saturated aqueous NaHCO3 solution. The layers were 
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separated, and the aqueous layer was extracted with CH2Cl2. The combined organic layers were 

dried over anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanes, 1/5) to 2.124 (12 mg, 98%): [α]25
D= +7.9 (c 0.07, 

CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.38 (t, J = 8.0 Hz, 1H), 7.27–7.35 (m, 5H), 6.93 (d, J = 

7.5 Hz, 1H), 6.78 (d, J = 8.5 Hz, 1H), 5.12 (s, 2H), 4.61 (d, J = 6.0 Hz, 1H), 4.58 (d, J = 6.5 Hz, 

1H), 3.92–3.98 (m, 1H), 3.63–3.68 (m, 1H), 3.50 (d, J = 10.0 Hz, 1H), 3.17–3.37 (m, 3H), 3.35 (s, 

3H), 3.06–3.13 (m, 2H), 2.94 (d, J = 4.0 Hz, 1H), 1.74–1.88 (m, 3H), 1.69 (s, 6H), 1.38–1.65 (m, 

16H), 1.07–1.28 (m, 6H), 1.20 (s, 3H), 1.12 (s, 3H), 0.86 (d, J = 6.5 Hz, 3H); 13C NMR (125 

MHz, CDCl3) δ 176.9, 160.4, 157.3, 148.4, 136.6, 135.2, 128.6, 128.1, 127.9, 125.4, 115.3, 112.2, 

105.1, 96.2, 82.4, 78.4, 77.8, 75.1, 73.6, 71.7, 66.3, 55.9, 46.9, 41.3, 39.1, 37.2, 36.6, 34.4, 34.3, 

32.0, 31.9, 31.7, 28.3, 27.3, 25.9, 25.8, 25.3, 23.9, 23.8, 21.3, 20.7, 15.3; IR (neat) 3521, 1733, 

1456, 1038, 734 cm–1; HRMS (ESI) m/z 775.4390 [(M+Na)+, C44H64O10 requires 775.4392]. 
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3. Synthesis and Characterization of Largazole 
Analogues 

 

3.1 Introduction 

 

3.1.1 Histone Deacetylase Enzymes 

Core histones have been known for decades to undergo extensive post-translational 

modifications such as acetylation, methylation and phosphorylation, as well as ubiquitination, 

sumoylation and ADP-ribosylation.100 Among them, Alfrey and co-workers100c proposed that 

acetylation could have significant roles on the transcriptional response of the cell in 1964. 

Thereafter, extensive studies on histone deacetylase (HDAC) revealed that HDAC plays a 

significant role in carcinogenesis and has been recognized as one of the target enzymes for cancer 

therapy.100 In addition to the transcriptional regulation in carcinogenesis, HDAC plays an 

important role in several interactions, such as protein–DNA interaction, protein–protein 

interaction, and protein stability by changing the acetylation levels of proteins, including p53, 

transcription factor, and tubulin.100b Together with histone acetyl transferases (HATs), HDACs 

are responsible for chromatin packaging, which regulates the transcriptional process. High levels 

of HATs is associated with increased transcriptional activity, whereas high levels of HDACs 

decreases acetylation levels to suppress transcriptional activity.101 Deacetylation of a lysine 

residue on the histone tail results in a positively charged ammonium residue which complexes 

with negatively charged DNA.102 This condensed chromatin causes cessation of the 

transcriptional process and represses the expression of the target gene. In this manner, reversible 

acetylation of histones is catalyzed by two key enzymes, HAT and HDAC (Figure 3.1). 
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Figure 3.1. Role of HAT and HDAC in transcriptional regulation. (A) Histone modification by 
HAT and HDAC. (B) Regulation of gene-expression switch by co-activator or co-repressor 
complex.100b 
 

HDACs are classified into four major classes based on the their homology to yeast 

proteins: class I (HADCs 1,2,3,8), class IIa (HDACs 4,5,7,9), class IIb (HDACs 6,10), class IV 

(HDAC 11), and class III (Figure 3.2).104 While class I has homology to yeast RPD3, class IIa has 

homology to yeast HDA1. Class IIb uniquely contains two catalytic sites, whereas class IV has 

conserved residues in its catalytic center that are shared by both class I and II. Remarkably, while 

class III is a structurally distinct group of NAD-dependent deacetylases,105–107 class I, II, and IV 

are Zn2+-dependent histone deacetylases sharing a common enzymatic mechanism of 

deacetylation. 
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Figure 3.2. Classification of classes I, II, and IV HDACs.104 

 

Structurally, class I HDACs are smaller, have fewer domains, and share similar 

sequences in the catalytic domain close to the C-terminus. Class I HDACs are mostly localized 

within the nucleus whereas class II HDACs shuttle between the nucleus and the cytoplasm. 

Specifically, HDACs 1, 2, and 3 are ubiquitously expressed and function to complex with other 

proteins whereas HDAC8 is mainly expressed in the liver (Figure 3.2).108  

Targeting of HDACs for therapeutic purposes requires knowledge of their function in 

normal tissues in order to understand the potential side effects of their inhibitors. Several 

knockout mice targeting HDAC family members have been generated, providing valuable 

insights into their physiological function.108b In general, class I HDACs plays a role in cell 

survival and proliferation. For instance, HDAC1 knockout has a wide range of proliferation and 

survival defect despite compensatory upregulation of HDAC2 and HDAC3. Expression of the 
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cyclin-dependent kinase (CDK) inhibitors p21 and p27 is upregulated and global HDAC activity 

is downregulated. HDAC2 modulates transcriptional activity through the regulation of p53 

binding affinity because its silencing resulted in neonatal lethality, accompanied by cardiac 

arrhythmias and dilated cardiomyopathy. Deletion of HDAC3 led to a delay in cell cycle 

progression, cell cycle-dependent DNA damage and apoptosis in mouse embryonic fibroblasts. 

Liver specific knockout of HDAC3 resulted in an enlarged organ, hepatocyte hypertrophy and 

disturbed fat metabolism. In the class II HDACs, HDAC4 knockout mice displayed premature 

ossification of developing bones and hence, is a central regulator of chondrocyte hypertrophy and 

endochondral bone formation. Deletion of HDAC5 and HDAC9 developed spontaneous cardiac 

hypertrophy in response to pressure overload resulting from aortic constriction or consititutive 

activation of cardiac stress signals. Disruption of HDAC7 resulted in embryonic lethality due to a 

failure in endothelial cell–cell adhesion and consequent dilatation and rupture of blood vessels. 

Mice lacking HDAC6, known as a tubulin deacetylase, were viable despite highly elevated 

tubulin acetylation and changes in bone mineral density and immune response (Table 3.1).108b 

Silencing of HDAC8, 10, 11 have not yet been reported. These knockout studies demonstrated 

that the function of individual HDACs cannot be compensated by other members of the HDAC 

family and the use of pan-HDAC inhibitors can produce significant side effects. 
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Table 3.1. Functions of members of the HDAC family. 

classes members knockout phenotype 
I HDAC1 embryonic lethal, p21 and p27 upregulation, reduced overall HDAC 

activity 
 HDAC2 viable until perinatal period, fatal multiple cardiac defects, excessive 

hyperplasia of heart muscle, arrythmia 
 HDAC3 embryonic lethal, defective cell cycle, DNA repair and apoptosis in 

embryonic fibroblasts. conditional liver knock out results in hepatocyte 
hypertrophy and induction of metabolic genes 

 HDAC8 unknown 
IIa HDAC4 viable, premature and ectopic ossification, chondrocyte hypertrophy 

 HDAC5 myocardial hypertrophy, abnormal cardiac stress response 
 HDAC7 embryonic lethal, lack of endothelial cell-cell adhesion 
 HDAC9 viable at birth, spontaneous myocardial hypertrophy 

IIb HDAC6 viable, no significant defects, increase in global tubulin acetylation. 
MEFs fail to recover from oxidative stress 

 HDAC10 unknown 
IV HDAC11 unknown 

 

Although knowledge about HDAC functions has been well-established, a single HDAC 

isoform specific inhibitor has never been reported. Most HDAC inhibitors reported so far 

displayed only class-selective inhibition. Even suberoylanilide hydroxamic acid (SAHA), which 

was approved by the FDA for the treatment of cutaneous T cell lymphoma in 2006, is a pan-

HDAC inhibitor and demonstrates numorous side effects such as bone marrow depression, 

diarrhea, weight loss, taste disturbances, electrolyte changes, disordered clotting, fatigue, and 

cardiac arrhythmias. Despite these disadvantages, these pan-HDAC inhibitors not only play a 

significant role in understanding the mode of action in cellular or molecular levels, but also serve 

as potential drugs in cancer therapy.  
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3.1.2 Acyclic Histone Deacetylase Inhibitors 

Figure 3.3 shows the representative acyclic HDAC inhibitors. Trichostatin A (TSA) was 

obtained from a natural source and SAHA was discovered by small molecule screening. TSA was 

isolated from a culture broth of Streptomyces platensis as a fungal antibiotic in 1976.110 

Thereafter, TSA was found to cause an accumulation of acetylated histones in a variety of 

mammalian tumor cell lines in 1990.111 Following this discovery, Yoshida and co-workers 

reported its potent inhibitory effect upon HDACs in 1995 (IC50 = 20 nM against HDAC 1, 3, 4, 6, 

and 10).111,112 In addition, its X-ray co-crystal structure with HDAC-like protein (HDLP) has 

shown that terminal hydroxamic acid functions to coordinate Zn2+ ion in the active pocket site of 

the enzyme while the aliphatic chain reaches through a long narrow binding cavity and 

dimethylaniline interacts with amino acids on the surface of the enzyme.113 So far, its 

pharmacological activity is now found to affect both gene expression of tumor cells and to be a 

profound therapeutic agent in several non-cancer diseases. 

 

Figure 3.3. Representative acyclic HDAC inhibitors. 

 

Among the acyclic HDAC inhibitors as cancer therapeutics, SAHA (Zolinza® by Merck) 

was the most extensively studied and first approved by FDA for the treatment of cutaneous T cell 

lymphoma (CTCL) in 2006.114 It was developed through the screening of numerous small 

molecules.115 Its biological activity has been shown to potently inhibit HDAC1 (IC50 = 10 nM) 

and HDAC3 (IC50 = 20 nM) resulting in induction of cell differentiation, cell growth arrest, and 
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apoptosis in various cell lines. In animal studies, it inhibited solid tumor growth such as breast, 

prostate, lung, and gastric cancers as well as hematological malignancies with little toxicity. Even 

though it is the first therapeutically approved HDAC inhibitor, it functions like a pan-HDAC 

inhibitor and lacks the specificity, which means it inhibits all HDAC isoforms in class I and II.116 

Due to this limitation, it is proposed that adverse effects such as cardiac complications may 

occur.117 

VPA was first synthesized in 1882 as an analogue of valeric acid, naturally originated 

from Valeriana officinalis.118 Since valeric acid has a similar structure to both γ-hydroxybutyric 

acid (GHB) and the neurotransmitter γ-aminobutyric acid (GABA) in the human brain, VPA and 

valeric acid function as an antagonist, inhibiting GABA transaminase and increasing the level of 

GABA.119 Therefore, its semisodium salt formulation was approved by FDA for the treatment of 

the manic episodes of bipolar disorder.  Recently, its anticancer activity has been revealed 

through HDAC inhibition and its magnesium salt is in phase III clinical trials for cervical cancer 

and ovarian cancer.   

 

3.1.3 Cyclic Tetrapeptide Histone Deacetylase Inhibitors 

Due to the lack of potency and HDAC specificity, macrocyclic peptides have attracted a 

great deal of attention to enhance degrees of class selectivity.120 Also, this group of HDAC 

inhibitors possesses more potent biological activity than acyclic HDAC inhibitors. Those 

different biological features between the two classes might arise from the different Zn2+ binding 

moiety and the greater complexity of the cap region. Figure 3.4 shows the representative two 

classes of cyclic tetrapeptide HDAC inhibitors: reversible and irreversible. While the α-epoxy 

ketone containing inhibitors are typically classified as irreversible HDAC inhibitors, those 

without the α-epoxy ketone moiety are reversible inhibitors. 
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Figure 3.4. Representative cyclic tetrapeptide HDAC inhibitors. 

 

One of the first cyclic tetrapeptide HDAC inhibitors bearing (S)-2-amino-9,10-epoxy-8-

oxodecanoic acid (L-Aoe) was HC-toxin, which was isolated from Helminthosporium carbonum 

in 1970.120b All this class of inhibitors possess a cyclic tetrapeptide containing hydrophobic amino 

acids in the cap region, saturated alkyl chain in the linker region, and α-epoxy ketone (red) in the 

Zn2+ binding region. L-Aoe side chain is essentially isosteric with an acetylated lysine residue, 

suggesting that this class of inhibitors acts as substrate mimics. And they typically displayed 

nanomolar levels of HDAC inhibitory activity. Interestingly, Cyl-2 showed the greater potency 

(IC50=0.75 nM against HDAC1) and the impressive selectivity for class I HDAC1 (IC50 = 0.70 ± 

0.45 nM) over class II HDAC6 (IC50 = 40,000 ± 11,000 nM).121a 
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Within the subclass of cyclic tetrapeptide, ketones are one of the active variants of L-Aoe 

moiety. Studies on this subclass have demonstrated that the hydrate form of the ketone acts as a 

transition-state analogue and coordinates the Zn2+ ion in the active site. Apicidin, which was 

isolated from cultures of Fusarium pallidoroseum in 1996,121b contains an (S)-2-amino-8-

oxodecanoyl side chain lacking an epoxide. It displays broad spectrum activity ranging from 4–

125 ng/mL against the apicomplexan family of parasites, presumably via inhibition of protozoan 

histone deacetylases (IC50 = 1–2 nM), and demonstrates efficacy against Plasmodium berghei 

malaria in mice.121c 

 

 

Figure 3.5. Structure of azumamide A–E. 

 

Azumamides was isolated from the marine sponge Mycale izuensis by Nakao and co-

workers in 2006.193a Structurally, azumamides include three D-α-amino acids (D-Phe, D-Tyr, D-

Ala, D-Val) and a unique β-amino acid assigned as (Z,2S,3R)-3-amino-2-methyl-5-nonenedioic 

acid 9-amide (amnaa), in azumamides A, B and D, and (Z,2S,3R)-3-amino-2-methyl-5-

nonenedioic acid (amnda), in azumamides C and E (Figure 3.5). Azumamides show an unusual 

stereochemical arrangement displaying an inverse direction of the amide bonds and opposite 

absolute configuration at C3 position. Although azumamides present relatively weak Zn2+ ion 
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binding moieties, carboxamides (A, B, and D) and carboxylic acids (C and E), they showed a 

high degree of HDAC inhibitory potency against the crude enzymes extracted from K562 cells 

with IC50 values ranging from 45 nM (azumamide A) to 1.3 µM (azumamide D).193a 

 

3.1.4 Sulfur-Containing Histone Deacetylase Inhibitors 

One of the class of HDAC inhibitors which are studied extensively and approved by the 

FDA are macrocyclic depsipeptides bearing sulfur atom in the Zn2+ ion binding domain. This 

group of HDAC inhibitors displays the greater HDAC inhibitory activity than acyclic and cyclic 

tetrapeptide HDAC inhibitors and possesses structurally unique Zn2+ binding moieties, free thiols. 

Figure 3.6 shows the representative macrocyclic HDAC inhibitors: FK228 (romidepsin), 

FR901375, spiruchostatins A/B, and largazole. In addition to the Zn2+ binding moiety, they 

structurally consist of a larger cap region (the macrocycle) to interact with the surface of the 

enzyme. These more extensive interactions between the inhibitor and enzyme may explain the 

higher degree of class selectivity.121 Also, while FK228, FR901375, and spiruchostatins 

commonly contain disulfide linkages connecting a β-hydroxy mercaptoheptenoic acid residue and 

a cysteine residue, largazole uniquely holds a thioester bond. 
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Figure 3.6. Representative sulfur-containing macrocyclic HDAC inhibitors. 

 

FK228 (Romidepsin or FR901228) is the FDA-approved drug for the treatment of 

cutaneous T cell lymphoma (CTCL) in 2009 and was isolated from a culture of Chromobacterium 

violaceum from a soil sample in Japan by Ueda and co-workers at Fujisawa Pharmaceuticals in 

1994.122 Structurally, FK228 consists of a sixteen-membered macrocyclic ring as the cap group 

and a β-hydroxy mercaptoheptenoic acid in the conjunction with internal cysteine residue. Under 

the reductive conditions within the cell, FK228 releases a free thiol to tightly bind to Zn2+ ion in 

the narrow binding pocket of HDAC enzyme. Thus, the disulfide molecule acts as a prodrug. 

Biologically, it showed potent antitumor activity with little effect on normal cells. In addition, it 

presented class I HDAC1 (IC50 = 30 nM) selectivity over class II HDAC6 (IC50 = 14,000 nM).123 
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Reagents and conditions: (a) Ti(IV) catalyst, toluene, 99%; (b) LiOH, MeOH, 100%; (c) Fmoc-
L-Thr, BOP, i-Pr2NEt, 95%; (d) Et2NH; (e) Fmoc-D-Cys(Trt), BOP, i-Pr2NEt, 97%; (f) Et2NH; 
(g) Fmoc-D-Val, BOP, i-Pr2NEt, 86%; (h) Tos2O, 97%; (i) DABCO; (j) Et2NH; (k) BOP, i-
Pr2NEt, 95%; (l) LiOH, MeOH, 98%; (m) DIAD, PPh3, 62%; (n) I2, MeOH, 84%. 

 

Scheme 3.1. Synthesis of FK228 by Simon. 

 

To date, there have been three total syntheses of FK228 reported: first by Simon and co-

workers124 in 1996 followed by Williams and co-workers125 and Ganesan and co-workers126 in 

2008. Simon and co-workers utilized a titanium-mediated asymmetric aldol reaction to synthesize 

the β-hydroxy mercaptoheptenoic acid 3.4 with great yield and enantioselectivity (>95% yield 

and >98% ee).127 The peptide bond was assembled by standard Fmoc peptide synthetic methods 

using the BOP coupling reagent.128 In macrocyclization, under the Mitsunobu conditions (DIAD 

and PPh3) with the additive TsOH to suppress elimination of the activated allylic alcohol, 
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hydroxy acid 3.8 afforded macrocycle 3.9 in 62% yield. Oxidation of 3.9 with iodine in dilute 

MeOH solution129 provided FK228 in 84% yield (Scheme 3.1). 
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Reagents and conditions: (a) (n-Bu)2BOTf, i-Pr2NEt, then, 3.11, 69%; (b) Al–Hg; (c) LiOH, 
78%; (d) HCl(g), MeOH; (e) NH3(g), Et2O; (f) Fmoc-D-Cys(Trt), EDCI, HOBt; (g) TBSCl, 
imidazole, 83%; (h) Et2NH; (i) Fmoc-D-Val, EDCI, HOBt, 97%; (j) Et2NH; (k) Fmoc-D-Val, 
EDCI, HOBt, 71%; (l) BOP, i-Pr2NEt; (m) LiOH, 79%; (n) DIAD, PPh3, TsOH, 58%; (o) I2, 
MeOH; (p) 5% HF, MeCN, 63%. 

 

Scheme 3.2. Synthesis of FR901375 by Janda. 

 

FR901375 was discovered by Fujisawa Pharmaceuticals in the fermentation broth of 

Pseudomonas chloroaphis (No. 2522), is a member of a rare and structurally elegant family of 

macrocyclic depsipeptides.130 Like FK228, this natural product possesses potent antitumor 

activity against a range of murine and human solid tumors, and its mode of action has been linked 
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to the reversal of prodifferentiation effects of the ras oncogene pathway via blockade of p21 

protein-mediated signal transduction.131–134 FR901375 reveals several unique structural aspects, a 

tetrapeptide framework H2N-D-Val-D-Val-D-Cys-L-Thr-OH, consisting of a sixteen-membered 

macrocyclic ring, β-hydroxy mercaptoheptenoic acid, and an internal disulfide linkage. There has 

been only one total synthesis reported by Janda and co-workers in 2003.135 They utilized Evan’s 

aldol reaction136 for the construction of β-hydroxy mercaptoheptenoic acid and the Mitsunobu 

conditions (DIAD and PPh3) with additive TsOH for macrocyclization (Scheme 3.2). 

Spiruchostatins A and B were isolated from a culture broth of a Pseudomonas sp. in 

2001,137 showing gene expression–enhancement properties. Structurally, while spiruchostatin A 

contains a valine residue at C-4 position, spiruchostatin B bears an isoleucine residue. 

Biologically, both exhibited extremely potent inhibitory activity against HDAC1 (IC50 = 2.2–3.3 

nM) whereas both were essentially inactive for HDAC6 (IC50 = 1,400–1,600 nM). There have 

been three total syntheses of spiruchostatin A by Ganesan and co-workers in 2004,138 Doi and co-

workers in 2006,139 and Miller and co-workers in 2009.140 The only one total synthesis of 

spiruchostatin B was reported by Katoh and co-workers in 2009.141 

Scheme 3.3 representatively shows Ganesan’s total synthesis of spiruchostatin A.138 They 

synthesized β-hydroxy mercaptoheptenoic acid 3.20 using with the Nagao’s N-

acetylthiazolidinethione auxiliary under Vilarrasa’s TiCl4 conditions142 with high 

diastereoselectivity (syn:anti = 9.5:1), which was readily coupled with the free amine of the 

peptide framework 3.23. In macrocyclization, Yamaguchi macrolactonization proceeded in 53% 

yield. Finally, oxidation and TIPS deprotection completed the total synthesis of spiruchostatin A.  
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Reagents and conditions: (a) TiCl4, i-Pr2NEt, CH2Cl2, –78 °C, 30 min, 84%; (b) PfpOH, 
EDAC·HCl, DMAP, CH2Cl2, 0 °C, 30 min, 20 °C, 4 h; (c) LiCH2CO2CH3, THF, –78 °C, 45 min, 
66%; (d) KBH4, MeOH, –78 to 0 °C, 50 min, 70%; (e) LiOH, THF/H2O (4:1), 0 °C, 1 h; (f) 
TceOH, DCC, DMAP, CH2Cl2, 0 °C to 25 °C, 18 h, 95%; (g) TFA, CH2Cl2, 25 °C, 3 h; (h) 
Fmoc-D-Cys(STrt), PyBOP, i-Pr2NEt, MeCN, 20 °C, 20 min, 74%; (i) TIPSOTf, 2,6-lutidine, 
CH2Cl2, 25 °C, 3 h, 93%; (j) 5% Et2NH/MeCN, 20 °C, 3 h; (k) Fmoc-D-Ala, PyBOP, i-Pr2NEt, 
MeCN, 20 °C, 1 h, 82%; (l) 3.23, 5% Et2NH/MeCN, 20 °C, 5 h; (m) 3.20, DMAP, CH2Cl2, 0 °C, 
then 20 °C, 7 h, 84%; (n) Zn, NH4OAc/THF, 20 °C, 5 h, 71%; (o) 2,4,6-trichlorobenzoyl chloride, 
Et3N, MeCN/THF, 0 °C, then 20 °C, 1 h; (p) DMAP, toluene, 50 °C, 4 h, 53%; (q) I2, 10% 
MeOH/CH2Cl2, 20 min, 84%; (r) HCl, EtOAc, –30 to 0 °C, 3 h, 77%. 

 

Scheme 3.3. Synthesis of spiruchostatin A by Ganesan. 
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3.1.5 Background of Largazole 

 

3.1.5.1. Discovery and Biological Activities of Largazole 

The most recent sulfur-containing macrocyclic depsipeptide HDAC inhibitor, largazole, 

was isolated from the marine cyanobacterium of Symploca sp. from coastal Florida by Luesch 

and co-workers in 2008.143 From one Symploca extract from Key Largo, Florida possessing 

potent antiproliferative activity, they isolated a new chemical entity, termed as largazole, for its 

collection site (Key Largo) and structural feature (thiazole) using bioassay-guided fractionation 

and HPLC (Figure. 3.7).144,145 The structural elucidation was confirmed by extensive 1D and 2D 

NMR analysis and high-resolution and tandem mass spectroscopy. Consequently, Luesch and co-

workers could clearly establish its structure and absolute configuration, through the degradation 

analysis. Largazole contains only one natural amino acid, L-valine (black), one thiazole linearly 

fused to a 4-methylthiazoline (blue), and 3-hydroxy-7-mercapto-hept-4-enoic acid capped as an 

octanoyl thioester (red).146 

 

Figure 3.7. The structure of largazole. 

 

With largazole from natural source in hand, Luesch and co-workers attempted to assess if 

it had any selectivity towards certain cancer cell types and any selectivity for cancer cells over 

non-transformed cells, because they reasoned that these would be the first differentiating factors 
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when assessing the compound’s therapeutic potential as an anticancer agent.146 As shown in 

Table 3.2, it potently inhibited the growth of highly invasive transformed human mammary 

epithelial cells (MDA-MB-231) in a dose-dependent manner (GI50 = 7.7 nM) and induced 

cytotoxicity at a higher concentration (LC50 = 117 nM) while not being potent for nontransformed 

murine mammary epithelial cells (NMuMG) and differentication (GI50 = 122 nM and LC50 = 272 

nM). Compared with other natural products or drugs (paclitaxel, actinomycin D, and doxorubicin), 

largazole might have a greater selectivity and was worthy of further study. In addition, it similarly 

showed a selective tendency for transformed firoblastic osteosarcoma U2OS cells (GI50 = 55 nM 

and LC50 = 94 nM) over nontransformed fibroblasts NIH3T3 (GI50 = 480 nM and LC50 > 8 µM). 

This promising result suggested that largazole preferentially targeted cancer cells over normal 

cells.145 

 

Table 3.2. Growth inhibitory activity (GI50) of natural products.145 

 MDA-MB-231 NMuMG U2OS NIH3T3 

Largazole 7.7 nM 122 nM 55 nM 480 nM 

Paclitaxel 7.0 nM 5.9 nM 12 nM 6.4 nM 

Actinomycin D 0.5 nM 0.3 nM 0.8 nM 0.4 nM 

Doxorubicin 310 nM 63 nM 220 nM 47 nM 
 

Due to the limited amount of material from natural sources, synthetic studies to provide 

sufficient amounts of largazole were required for extensive biological studies, including its mode 

of action and target identification. These efforts culminated in the first total synthesis by the 

Hong/Luesch group,150 followed by ten other total syntheses,151–160 which will be discussed in 

more detail later.  
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Although the thioester functionality in largazole is unusual in the HDAC inhibitory 

natural products, such a thioester linkage could be hydrolyzed under the normal cellular 

metabolism to release the thiol functionality, suggesting that largazole is a prodrug. Based on the 

structural similarity between largazole and FK228, which is an already established HDAC 

inhibitor, largazole was hypothesized to be a HDAC inhibitor. Figure 3.8 shows the structural 

similarities between largazole and FK228, especially after the reduction of the disulfide bond in 

FK228 and the hydrolysis of the thioester in largazole.  

 

 

Figure 3.8. Structural similarity between FK228 and largazole and modes of activation.146 
 

 

To prove the hypothesis of its mode of action, Hong/Luesch and co-workers150 first 

assessed the cellular HDAC activity upon treatment with largazole in HCT-116 cells found to 

possess high intrinsic HDAC activity. The result showed a decrease of HDAC activity in a dose–

response manner and the IC50 for HDAC inhibition was closely corresponded with the GI50 of 
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largazole (Figure 3.9, Table 3.3). This correlation suggested that HDAC is the relevant target 

responsible for its antiproliferative effect. Additionally, largazole showed 10-fold lower potency 

(IC50 = 25 ± 11 nM) than largazole thiol (IC50 = 2.5 ± 1.4 nM) against HDAC1 in the in vitro 

enzymatic assay, supporting the hypothesis of prodrug activation of largazole.150 This 

comparative decrease in potency between largazole and largazole thiol was also reported by 

Williams and co-workers.152 

 

 

Figure 3.9. Cellular activity of largazole in HCT-116 cells.150 

 

Table 3.3. GI50 and IC50 values for largazole and largazole free thiol (nM).150 

 HCT-116 
growth inhibition 

HCT-116 
HDAC cellular assay 

HeLa nuclear extract 
HDACs 

largazole 44 ± 10 51 ± 3 37 ± 11 
largazole thiol 38 ± 5 209 ± 15 42 ± 29 
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3.1.5.2. Total Syntheses of Largazole 

The remarkable potency and selectivity of largazole against cancer cells has prompted its 

biological studies and total syntheses. To date, there have been eleven total syntheses of natural 

largazole reported150–160, which have been extensively reviewed.146,148 The synthetic challenges 

included enantioselective synthesis of the β-hydroxy acid subunit, macrocylization of the sixteen-

membered cyclic core, and formation of the thioester functionality. Two main synthetic strategies 

for the total synthesis of largazole are illustrated in Figure 3.10: macrolactamization I/II followed 

by installation of the thioester side chain via cross-metathesis and incorporation of the S-protected 

precursors to the linker chain followed by macrolactamization I/II and/or acylation.146 
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Figure 3.10. Strategies for the total synthesis of largazole.146 

 

For the synthesis of the β-hydroxy acid, Hong/Luesch, Williams, Doi, Ye, and Xie used 

Nagao asymmetric aldol reaction whereas Phillips, Cramer, and Ghosh took advantage of an 

enzymatic resolution of t-butyl-3-hydroxypent-4-enoate. Forsyth uniquely synthesized a fully 

elaborated derivative of 3-hydroxy-7-(octanoylthio)hept-4-enoic acid using acylation of α,β-

epoxy-aldehyde via the mediation of an N-heterocyclic carbene (NHC). With all three subunits, 

each group combined them together to prepare macrocyclic core in two different sequences, 
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macrolactamization I and II. While Hong/Luesch, de Lera, Xie, Tillekeratne, and Doi prepared 

largazole through the macrolactamization I, the other groups synthesized it through the 

macrolactamization II. Although Hong/Luesch and Forsyth attempted the macrolactonization 

reaction for the macrocyclic core, this approach failed due to ring strain and possible elimination 

of the β-hydroxy acid to a conjugated diene. 

For the installation of the thioester during the synthesis of largazole, Hong/Luesch, 

Cramer, Phillips, Ghosh, and de Lera utilized the cross-metathesis reaction using a higher ratio 

(50 mol%) of Grubbs’ 2nd generation catalyst because of the possible coordination of the sulfur 

atom with the ruthenium catalyst. Since Williams, Doi, Ganesan, Ye, Xie, and Tillekeratne 

incorporated the side chain as a thiotrityl or a thioester at the early stage, removal of the trityl 

group and acylation completed the synthesis of largazole. 

Hong/Luesch and co-workers completed the first total synthesis of largazole as shown in 

Scheme 3.4 using the strategy of macrolactamization I and cross-metathesis.150 Condensation of 

nitrile 3.26 with (R)-2-methyl cysteine methyl ester 3.27161 gave the thiazoline-thiazole subunit 

3.28. Removal of Boc protecting group, followed by coupling with β-hydroxy acid 3.29162,163 

which came from Nagao asymmetric aldol reaction, provided 3.30 in 94% yield. Yamaguchi 

esterification with N-Boc-L-valine set the stage for macrolactamization. Subsequent hydrolysis, 

Boc deprotection, and macrolactamization164–167 using HATU–HOAt coupling reagents provided 

macrocycle 3.32 in 64% yield for three steps. The cross-metathesis in the presence of Grubbs’ 2nd 

generation catalyst (50 mol%) gave largazole in 41% yield. 
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Reagents and conditions: (a) 3.27, Et3N, EtOH, 50 °C, 72 h, 51%; (b) TFA, CH2Cl2, 25 °C, 1 h; 
(c) 3.29, DMAP, CH2Cl2, 25 °C, 1 h, 94% for 2 steps; (d) 2,4,6-trichlorobenzoyl chloride, Et3N, 
THF, 0 °C, 1 h; then 3.30, DMAP, 25 °C, 10 h, 99%; (e) 0.5 N LiOH, THF, H2O, 0 °C, 3 h; (f) 
TFA, CH2Cl2, 25 °C, 2 h; (g) HATU, HOAt, i-Pr2NEt, CH2Cl2, 25 °C, 24 h, 64% for 3 steps; (h)  
Grubbs’ 2nd generation catalyst (50 mol %), toluene, reflux, 4 h, 41% (64% BRSM). 

 

Scheme 3.4. Synthesis of largazole by Hong/Luesch. 

 

Williams and co-workers utilized the macrolactamization II and thiol deprotection/ 

acylation strategies, which began with thiazolidinethione 3.34168 containing thiotrityl side chain. 

Substitution of auxiliary with TMSE ester, followed by esterification with N-Fmoc-L-valine 

provided diester 3.35. Deprotection of Fmoc protecting group and subsequent coupling with 

thiazoline-thiazole subunit 3.36 gave 3.37 for the macrolactamization. Removal of Boc and 

TMSE protecting groups and macrolactamization using HATU coupling reagent provided the 

macrocycle 3.38 in 77% yield. For the formation of thioester, removal of trityl group and 

acylation with octanoyl chloride under standard conditions completed the synthesis of largazole 

in 89% yield (Scheme 3.5).152 
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Reagents and conditions: (a) TMSEOH, imidazole, CH2Cl2, 83%; (b) Fmoc-L-Val, EDCI, 
DMAP, CH2Cl2; (c) Et2NH, MeCN; (d) 3.36, PyBOP, i-Pr2NEt, CH2Cl2, 73% for 3 steps; (e) TFA, 
CH2Cl2; (f) HATU, HOBt, i-Pr2NEt, CH2Cl2, 77% for 2 steps; (g) TFA, i-Pr3SiH, CH2Cl2; (h) 
octanoyl chloride, Et3N, CH2Cl2, 89%. 

 

Scheme 3.5. Synthesis of largazole by Williams. 
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3.1.5.3. Mode of Action of Largazole 

 

Figure 3.11. Molecular docking of largazole thiol into an HDAC1 homology model.146 
 

As described in section 3.1.5.1, mechanism of action of largazole is mediated by the 

inhibition of HDAC enzymes and in the presence of plasma or cellular proteins, largazole is 

rapidly hydrolyzed to release largazole thiol, a reactive species, through a general protein-assisted 

mechanism. To figure out the interaction between largazole thiol and the HDAC enzymes, several 

groups have used molecular docking of largazole thiol into an HDAC1 homology modeling 

(Figure 3.11).171,174,175 However, to support this prediction reliably, a real visualization of the 

interaction between HDAC enzyme and largazole thiol should be required. Recently, 

Christianson and co-workers reported the X-ray crystal structure of HDAC8 complexed with 

largazole free thiol at 2.14 Å resolution (Figure. 3.12).149 It was the first structure of an HDAC 

complex with a macrocyclic depsipeptide inhibitor. It revealed that ideal thiolate-zinc 

coordination geometry is the requisite chemical feature responsible for its exceptional affinity and 
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biological activity. While the macrocyclic core underwent minimal conformational changes upon 

binding to HDAC8, the enzyme required remarkable conformational changes to accommodate the 

binding of largazole free thiol. Then, the side chain with a thiol functionality extended into the 

active pocket site. The overall metal coordination geometry was nearly tetrahedral, with ligand–

Zn2+–ligand angles ranging between 107.6º and 111.8º. This co-crystal structure of the HDAC8–

largazole free thiol complex provided a foundation for understanding structure–activity 

relationships in a number of largazole analogues synthesized so far. 

 

 

Figure 3.12. Co-crystal structure of HDAC8–largazole thiol complex.149 

 

3.1.5.4. Syntheses of Largazole Analogues 

In addition to eleven total syntheses reported to date, numerous largazole analogues have 

been synthesized to enhance potency and isoform selectivity based on structure–activity 

relationship studies. Structural substitutions took place at variable positions: L-valine amino acid, 
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NH of amide bond, C9 methyl, thiazoline, thiazole, (17R)-configuration, (E)-geometry, number 

of carbons in the liker region, ester bond, and thioester (Figure 3.13).146 

 

Figure 3.13. Structure–activity relationship studies of largazole.146 

 

The L-valine subunit of largazole could be substituted with various amino acids as in 

Figure 3.13.151,155,169 However, they did not show any drastic change of activity, which was 

rationalized by the co-crystal structure of HDAC8–largazole complex. Since L-valine side chain 

faces toward the solvent, other amino acids and epimer (D-valine) does not affect on the 

interactions between the enzyme and largazole so variability might be tolerated at this position.149 

Interestingly, 2-epi-largazole presented more potency to inhibit prostate cancer cells (LNCaP and 

PC-3).170 

The thioester linker region has been one of the most extensively studied including Zn2+ 

binding moierty, length of side chain, olefin geometry, or configuration at C17. Alteration of the 

length, cis configuration, or (17S) stereochemistry resulted in significant loss of activity.169,171 

Each modification would compromise the ideal zinc coordination geometry in the complex. 

Replacement of zinc binding moieties with thioacetyl, aminobenzamide, thioamide, 2-thiomethyl 

pyridine, 2-thiomethyl thiophene, 2-thiomethyl phenol, or carboxylic acid did not enhance the 

potency.170,172 
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It has been shown that the replacement of the methyl group of the 4-methylthiazoline 

moiety with a hydrogen atom, an ethyl, or a benzyl group did not significantly affect its 

activity.170,173 The HDAC8–largazole complex proved that this methyl group is oriented parallel 

to the protein surface. However, Christianson and co-workers suggested that longer and larger 

substituents would possibly allow for the capture of additional interaction. In addition, structural 

modification of 4-methylthiazoline might change the conformation of the macrocycle to affect its 

binding affinity because the strained bithiazole analogue by Williams170 was 25–145 times less 

active than largazole and the simplified dehydrobutyrine analogue by Ganesan155 showed 

nanomolar HDAC inhibition (IC50 = 0.99 nM). Williams and co-workers reported the pyridine 

analogue instead of the thiazole, leading to 3–4 fold enhanced potency (IC50 = 0.32 nM).170  Also, 

they reported methyloxazoline–oxazole analogue which showed slightly more potency (IC50 = 

0.69 nM).170   Even though the crystal structure showed that the methylthiazoline-thiazole ring is 

oriented away from the protein structure and faced toward the solvent, it is possible that this 

position could tolerate additional substitution and conformational change in macrocycle core 

might have an effect on affinity.  

The rest of the analogues were the amide isostere174 and N-methyl analogues.175 Although 

the replacement of an oxygen with nitrogen had minimal effect, such an analogue showed 4–9 

times less potency against HDAC 1–3. N-methylated analogues were 100- to 1000-fold less 

active, which was explained by loss of a possible hydrogen bonding between the amide and the 

thiazoline substructure leading to a conformational change. 
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3.2 Result and Discussion 

 

3.2.1 Synthetic Goals 

The therapeutic potential of largazole is determined by its potency and selectivity as well 

as pharmacokinetic properties. However, there have been only a few reports about its stability. 

Hong/Luesch and co-workers reported that >99% of largazole is rapidly hydrolyzed to largazole 

thiol in mouse serum within 5 min.175 Ganesan and co-workers investigated that the largazole 

thiol is relatively stable in murine liver homogenate with a half-life of 51 min at 37 °C.155 These 

results reveal the potential disadvantage of thioester prodrugs compared to disulfide prodrugs 

such as FK228 approved by the FDA. It has been reported that the half-lives of FK228 and 

redFK228 were >12 h and 0.54 h, respectively, in growth medium and 4.7 h and <0.3 h in 

serum.147 Therefore, we envisioned that the incorporation of a disulfide linkage in largazole would 

improve the pharmacokinetic characteristics, without the compromise of the potency and 

selectivity.  
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Figure 3.14. Schematic representation of HDLP–TSA interaction.113 

 

Given that most HDAC inhibitors lack isoform selectivity, we have been pursuing new 

analogues which could display more isoform-selectivity. To do this, we focused on the linker 

region without altering the macrocyclic core based on the co-crystal structure of HDLP–TSA 

which was reported by Pavletich and co-workers. They presented that the walls of the enzyme 

pocket are covered with hydrophobic and aromatic residues that are identical in HDAC1 such as 

P22, G140, F141, F198, L265, and Y297 (Figure 3.14).113 Particularly, phenyl groups of F141 

and F198 face each other in parallel at a distance of 7.5 Å, making the narrowest portion of the 

pocket. Therefore, we planned to substitute the olefin of the linker region with aromatic or 

heteroaromatic rings because π–π stacking interaction would facilitate the enzyme–inhibitor 

binding. 
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3.2.2 Retrosynthetic Analysis 

Based on the rationale and goals mentioned earlier, we attempted to synthesize two 

different sets of largazole analogues to enhance pharmacokinetics and isoform-selectivity. For the 

first purpose, we planned to synthesize both a disulfide homodimer and a hetero disulfide with 

cysteine (Figure 3.15). We envisioned that those three analogues could be prepared from the 

common macrocycle 3.38 using the standard oxidation conditions as shown in the synthesis of 

FK228, FR901375, and spiruchostatins A/B. 

 

 

Figure 3.15. Retrosynthetic analysis of disulfide analogues. 

 

Aiming for the isoform-selective analogues, we designed phenyl and triazolyl analogues 

in collaboration with the Luesch group based on the π–π stacking interaction between the enzyme 
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and inhibitors (Figure 3.16). Our common retrosynthetic analysis relies on the total synthesis of 

natural largazole. Thioester could be incorporated by trityl deprotection and acylation of 

macrocylic core 3.42. Then, we envisioned disconnection of the macrocycle 3.42 into the two 

common units and one variable unit: methylthiazoline-thiazole 3.28, L-valine 3.44, and various 

hydroxy acids 3.43. Given the methylthiazoline-thiazole synthesis from prior efforts, the 

underlying synthetic challenge turned out to be the preparation of several aldehydes 3.45 for the 

asymmetric aldol reaction. 

 

 

Figure 3.16. Retrosynthetic analysis of phenyl and triazolyl analogues. 

 

3.2.3 Synthesis of Disulfide Analogues 

The synthesis commenced with the coupling of the Nagao aldol product 3.47138 with 

methylthiazoline-thiazole 3.28176 to afford 3.48 in 91% yield. Yamaguchi esterification of 3.48 
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and Fmoc-L-valine 3.44 provided the linear depsipeptide 3.49. Hydrolysis of 3.49 under basic 

conditions (1.2 equiv. 0.25 N LiOH, THF, 0 °C, 2 h) followed by the deprotection of Fmoc group 

and subsequent macrolactamization using HATU coupling reagent to afford macrocycle 3.38 in 

60% for three steps (Scheme 3.6). This convergent route (51% overall yield for 6 steps) should be 

broadly applicable to the large scale synthesis of natural largazole as well as its disulfide 

analogues for further biological studies. 
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Reagents and conditions: (a) 3.28, TFA, CH2Cl2, 25 ºC, 2 h; (b) 3.47, DMAP, CH2Cl2, 25 ºC, 3 
h, 91% for three steps; (c) N-Fmoc-L-Valine, 2,4,6-trichlorobenzoyl chloride, Et3N, 0 ºC, 1 h, and 
then, 3.48, DMAP, THF, 25 ºC, 2 h, 94%; (d) LiOH, THF/H2O, 0 ºC, 1.5 h; (e) Et2NH, MeCN, 25 
ºC, 3 h; (f) HATU, i-Pr2NEt, CH2Cl2, 25 ºC, 18 h, 60% for three steps. 

 

Scheme 3.6. Synthesis of common macrocycle core. 

 
As shown in Scheme 3.7, for the synthesis of largazole disulfide analogues (3.39, 3.40, 

3.41), we utilized standard iodine oxidation conditions129 from a common macrocylic core 

with/without cysteine amino acids. All three cases smoothly provided the desired disulfide 

linkage in excellent yield (88–93%). We expect that homodimer 3.39 would show very similar 

potency in cellular assay with greater bioavailability. Simultaneously, we attempted to prepare 
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hetero disulfide analogue 3.40 with cysteine amino acid. In addition, free carboxylic acid 

analogue 3.41 was synthesized to improve the water-solubility. The evaluation of their biological 

activities and pharmacokinetic characteristics are in progress by our collaborator, the Luesch 

group at Univ. of Florida.  
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Reagents and conditions: (a) I2, CH2Cl2/MeOH (9:1), 25 ºC, 0.5 h, 88%; (b) Boc-Cys(Trt)-OtBu, 
I2, CH2Cl2/MeOH (9:1), 25 ºC, 0.5 h, 93%; (c) Boc-Cys(Trt)-OH, I2, CH2Cl2/MeOH (9:1), 25 ºC, 
0.5 h, 89%. 
 

Scheme 3.7. Synthesis of disulfide analogues. 
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3.2.4 Synthesis of Phenyl and Triazolyl Analogues 

 

3.2.4.1. Synthesis of Phenyl Analogues 

To prepare various phenyl analogues, the respective aldehydes are required. First, trityl 

protection of 3.50 followed by the reduction of nitrile 3.51 provided aldehyde 3.45a in 91% for 

two steps. For the preparation of 3.45b, three step sequence from 3.52, bromination, trityl 

protection, and nitrile reduction, afforded aldehyde 3.45b in 96% (Scheme 3.8). 

 

 

Reagents and conditions: (a) LiOH, TrtSH, EtOH/H2O (3:1), 25 °C, 5 h; (b) DIBALH, toluene, 
0 °C, 1 h, 91% for two steps; (c) CBr4, PPh3, CH2Cl2, 25 °C, 1.5 h; (d) LiOH, TrtSH, 
EtOH/H2O/THF (3:1:1), 25 °C, 2 h; (e) DIBALH, toluene, 0 °C, 2 h, 96% for three steps. 

 

Scheme 3.8. Synthesis of aldehyde 3.45a and 3.45b. 

 

The synthesis of m-mercaptoethyl benzaldehyde 3.45c required a few more steps from 

the commercially available 3.54. Stille coupling177,178 of 3-bromobenzonitrile 3.54 with 

tributylvinyltin in the presence of Pd(PPh3)4 and LiCl followed by hydroboration–oxidation179 

provided alcohol 3.56 along with a byproduct from partial reduction of nitrile 3.56.180 Then, 

mesylation, tritylation, and reduction of nitrile 3.58 provided aldehyde 3.45c in 50% for three 

steps (Scheme 3.9). 
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Reagents and conditions: (a) tributylvinyltin, LiCl, Pd(PPh3)4, THF, 70 °C, 14 h, 96%; (b) 
BH3·THF, THF, 0 °C, 1 h, then, 4 N NaOH, 50% H2O2, 25 °C, 40 min, 45%; (c) MsCl, Et3N, 
CH2Cl2, 0 °C, 0.5 h; (d) NaH, TrtSH, THF/DMF, 25 °C, 16 h; (e) DIBALH, toluene, 0 °C, 1 h, 
50% for three steps. 

 

Scheme 3.9. Synthesis of aldehyde 3.45c. 

 

The last phenyl aldehyde 3.45d required for the aldol reaction is benzacetaldehyde. 

Initially, we attempted the four–step sequence as outlined in Scheme 3.10. Bromination of 3.59, 

and subsequent tritylation and reduction smoothly provided alcohol 3.62. The oxidation of 

alcohol 3.62 to aldehyde 3.45d was thought to be trivial. However, various oxidation conditions 

(Dess–Martin periodinane,181 Parikh–Doering oxidation,182 and TPAP183) did not work well. 

Additionally, we observed that some amount of benzaldehyde was formed due to oxidative 

cleavage of carbon–carbon bond, similar to the oxidation of substituted phenylethanol.184 

Simultaneously, we also suspected that sulfur might be oxidized to sulfone or sulfoxide. Due to 

these reasons, we planned to introduce other precursors for this aldehyde (Scheme 3.10). 
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Reagents and conditions: (a) NBS, (BzO)2, CCl4, reflux, 4 h, 52%; (b) TrtSH, LiOH, 
EtOH/THF/H2O (3:1:1), 25 ºC, 2 h, 78%; (c) LiAlH4, THF, 0 ºC, 2 h, 71%. 

 

Scheme 3.10. Inital attempt for the synthesis of aldehyde 3.45d. 

 

Based on the previous results, we envisioned that a nitrile would be one of the possible 

precursors of the aldehyde. Esterification of 3.63, and subsequent bromination and cyanation 

afforded the nitrile 3.65 in 83% yield.185 Then, chemoselective reduction of ester 3.65 by 

NaBH4,186 bromination, and tritylation smoothly proceeded to provide the nitrile 3.67 in 81% 

yield for three steps. Then, DIBALH reduction clearly and quantitatively converted nitrile 3.67 to 

aldehyde 3.45d (Scheme 3.11). However, it decomposed during column chromatography on silica 

gel. Therefore, aldehyde 3.45d was used in the next step without purification. 

 

Reagents and conditions: (a) SOCl2, MeOH, reflux, 1 h; (b) NBS, (BzO)2, MeCN, reflux, 5 h, 
90% for two steps; (c) KCN, MeOH/H2O, reflux, 6 h, 92%; (d) NaBH4, MeOH, THF, 80 °C, 16 h, 
88%; (e) CBr4, PPh3, CH2Cl2, 0 °C, 0.5 h; (f) LiOH, TrtSH, EtOH/H2O/THF (3:1:1), 25 °C, 2 h, 
92% for two steps; (g) DIBALH, toluene, 0 °C, 1 h. 

 

Scheme 3.11. Second attempt for the synthesis of aldehyde 3.45d. 
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With the four phenyl aldehydes 3.45a–d and N-acetyl-thiazolidinethione 3.46 in hand, 

asymmetric aldol reaction provided the syn products 3.43a–d as the major products under 

Vilarrasa’s TiCl4 conditions.142 For the benzacetaldehyde 3.34d, the yield was not as great as the 

others due to the instability of aldehyde 3.34d. Then, the coupling of the aldol products 3.43a–d 

with methylthiazoline-thiazole 3.68 smoothly afforded amides 3.69a–d, which were esterified 

with Fmoc-L-valine under the Yamaguchi conditions to provide the linear depsipeptides 3.70a–d. 

Subsequent hydrolysis of 3.70a–d under basic condition (1.2 equiv. 0.25 N LiOH, THF, 0 °C, 2 

h), deprotection of the Fmoc group, and macrolactamization using HATU coupling reagent 

afforded macrocycles 3.71a–d (Scheme 3.12).  

 

Reagents and conditions: (a) 3.46, TiCl4, i-Pr2NEt, CH2Cl2, –78 ºC, 1 h, then, 3.45, –78 ºC, 1 h, 
39% (3.43a), 65% (3.43b), 70% (3.43c), 18% (3.43d); (b) 3.68, CH2Cl2, DMAP, 25 ºC, 2 h, 87% 
(3.43a), 94% (3.43b), 87% (3.43c), 85% (3.43d); (c) N-Fmoc-L-valine, 2,4,6-trichlorobenzoyl 
chloride, NEt3, 0 ºC, 1 h, and then, 3.69, DMAP, THF, 25 ºC, 2 h, 99% (3.43a), 83% (3.43b), 
85% (3.43c), 93% (3.43d); (d) LiOH, THF/H2O (4/1), 0 ºC, 1.5 h; (e) Et2NH, MeCN, 25 ºC, 3 h; 
(f) HATU, i-Pr2NEt, CH2Cl2, 25 ºC, 18 h, 42% (3.43a), 48% (3.43b), 23% (3.43c), 39% (3.43d). 

 

Scheme 3.12. Synthesis of phenyl macrocycle 3.71. 
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With the macrocycles 3.71a–d in hand, trityl deprotection and subsequent acylation with 

octanoyl chloride successfully completed the synthesis of 3.73a–d (Scheme 3.13). The evaluation 

of biological activities and HDAC isoform profiling of 3.73a–d are in progress in collaboration 

with the Luesch group. 
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Reagents and conditions: (a) TFA, i-Pr3SiH, CH2Cl2, 25 ºC, 1 h, 76% (3.43a), 83% (3.43b), 
55% (3.43c), 84% (3.43d); (b) octanoyl chloride, i-Pr2NEt, CH2Cl2, 0 ºC, 30 min, 81% (3.43a), 
91% (3.43b), 70% (3.43c), 98% (3.43d). 

 

Scheme 3.13. Completion of largazole phenyl analogues. 

 

3.2.4.2. Synthesis of Triazolyl Analogues 

The synthesis of triazolyl aldehyde 3.79 commenced with the azide–alkyne 

cycloaddition187,188 of 3.74 with 3.75 using a ruthenium catalyst189,190 to afford the desired 1,5-

adduct 3.76. Then, we attempted to oxidize alcohol 3.76 to aldehyde 3.79 under various oxidation 

conditions (Dess–Martin periodinane, Parikh–Doering oxidation, and TPAP). However, all 

attempts were not effective in providing the aldehyde 3.79, presumably due to the possible 

oxidation of the sulfur atom. Alternatively, dimethyl acetal 3.78 was synthesized, which would be 
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converted to aldehyde 3.79 by hydrolysis. However, standard hydrolysis conditions failed to give 

the desired aldehyde 3.79 (Scheme 1.14).  

 

 

Reagents and conditions: (a) Cp*RuCl(PPh3)2, THF, reflux, 12 h, 46% (3.76) and 64% (3.78).  

 

Scheme 3.14. Attempt to the synthesis of triazolyl aldehyde 3.79. 

 

Since the oxidation and hydrolysis of triazolyl substrates turned out to be challenging, the 

synthesis of β-hydroxy acid commenced with chiral L-malic acid 3.80. Esterification and 

regioselective reduction191 (BH3·SMe2 and NaBH4) provided diol 3.82, which was followed by 

selective tosylation and azidation to afford azide 3.84.192 Ruthenium catalyzed azide–alkyne 

cycloaddition of 3.84 with alkyne 3.75 gave the 1,5-adduct 3.85 in 56% yield.  
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Reagents and conditions: (a) SOCl2, MeOH, reflux, 0 °C, 1 h, 84%; (b) BH3·SMe2, NaBH4, 
THF, 0 °, 1 h; (c) p-TsCl, pyridine, 0 °C, 1 h; (d) NaN3, DMF, 80 °C, 1 h, 36% for three steps; (e) 
3.75, Cp*RuCl(PPh3)2, benzene, reflux, 12 h, 56%; (f) TFA, i-Pr3SiH, CH2Cl2, 25 ºC, 1 h, 89%. 

 

Scheme 3.15. Synthesis of triazolyl β-hydroxy ester. 

 

With β-hydroxy ester 3.85 and methylthiazoline-thiazole 3.68 in hand, hydrolysis of 3.85 

followed by coupling with amine 3.68 afforded amide 3.88 in 85% yield for two steps. 

Subsequent Yamaguchi esterification, hydrolysis, Fmoc deprotection, and macrolactamziation, 

which were already optimized for the synthesis of phenyl analogues, afforded the macrocycle 

core 3.91 in very low yield possibly due to the non-selective hydrolysis of the two ester group in 

3.94. Therefore, we considered an alternative ester to avoid the hydrolysis step using the 9-

fluorenylmethyl (Fm) protecting group, which could readily be cleaved under mild conditions 

(Et2NH or piperidine). As expected, hydrolysis of 3.85 and coupling with Fm ester 3.87 smoothly 

provided amide 3.89 in 89% yield for two steps. Then, Yamaguchi esterification (93% yield), 

cleavage of Fm and Fmoc groups, and macrolactamization using HATU coupling reagent 

afforded macrocycle 3.91 in 27% yield for two steps. Finally, trityl deprotection of 3.91 and 

subsequent acylation with octanoyl chloride successfully completed the synthesis of thioester 

3.92 (Scheme 3.16). 
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Reagents and conditions: (a) LiOH, THF/H2O (4:1), 25 °C, 3 h; (b) 3.87, PyBOP, DMAP, 
MeCN, 25 °C, 4 h, 89% for two steps; (c) N-Fmoc-L-Valine, 2,4,6-trichlorobenzoyl chloride, 
NEt3, 0 ºC, 1 h, and then, alcohol, DMAP, THF, 25 ºC, 2 h, 93%; (d) Et2NH, MeCN, 25 ºC, 3 h; 
(e) HATU, i-Pr2NEt, CH2Cl2, 25 ºC, 12 h, 27%; (f) TFA, Et3SiH, CH2Cl2, 25 ºC, 1 h, 72%; (g) 
octanoyl chloride, i-Pr2NEt, CH2Cl2, 0 ºC, 30 min, 63%. 

 

Scheme 3.16. Completion of the triazolyl analogue. 

 
 

3.3 Conclusion 

 

In summary, we investigated the synthesis of numerous largazole analogues in the pursuit 

of improved pharmacokinetic characteristics and isoform-selectivity. For the first goal, we 

synthesized three disulfide analogues, because this disulfide linkage was expected to improve the 

half-lives of the inhibitor in growth medium or serum as observed in pharmacokinetic studies of 

FK228. The hydrophilic cysteine disulfide analogue 3.41 shows great promise to present similar 
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potency but greater bioavailability and water-solubility. Currently, pharmacokinetic studies are 

underway in collaboration with the Luesch group at Univ. of Florida. 

In order to improve the HDAC isoform-selectivity, we designed and prepared four phenyl 

and one triazolyl analogue based on the hypothesis of π–π stacking interaction between the 

enzyme and the inhibitor. During the synthesis of the triazolyl analogue, we modified the route to 

avoid the regioselective hydrolysis of the methyl ester by using the Fm ester. This Fm protecting 

group should be applicable to the synthesis of a diverse set of largazole analogues with increased 

overall yield. Further biological evaluations including HDAC isoform profiling with these 

analogues are currently underway in collaboration with the Luesch group. 
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3.4 Experimental Section 

 

Preparation of Amide 3.48 

 

[Boc Deprotection] To a cooled (0 °C) solution of 3.28 (950 mg, 2.557 mmol) in CH2Cl2 

(16 mL) was added dropwise TFA (4.0 mL). After stirring for 2 h at 25 °C, the reaction mixture 

was concentrated and washed with Et2O to afford the crude amine, which was employed in the 

next step without further purification.  

[Coupling] To a solution of crude amine in CH2Cl2 (50 mL) were added 3.47 (1.1 g, 

1.957 mmol) in CH2Cl2 (10 mL) and DMAP (1.2 g, 9.785 mmol). After stirring for 3 h at 25 °C, 

the reaction mixture was quenched by the addition of H2O. The layers were separated, and the 

aqueous layer was extracted with CH2Cl2. The combined organic layers were dried over 

anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanesMeOH, 10/10/1) to afford 3.48 (1.2 g, 91%): 1H NMR 

(500 MHz, CDCl3) δ 7.91 (s, 1 H), 7.40–7.41 (m, 6 H), 7.26–7.29 (m, 6 H), 7.19–7.22 (m, 3 H), 

5.55 (ddd, J = 7.0, 7.0, 15.0 Hz, 1 H), 5.42 (dd, J = 5.5, 15.0 Hz, 1 H), 4.68 (dd, J = 5.5, 5.5 Hz, 1 

H), 4.45 (m, 1 H), 3.86 (d, J = 11.0 Hz, 1 H), 3.79 (s, 3 H), 3.26 (d, J = 11.5 Hz, 1 H), 2.44 (dd, J 

= 4.5, 15.0 Hz, 1 H), 2.38 (dd, J = 8.0, 15.0 Hz, 1 H), 2.21 (dd, J = 7.0, 7.0 Hz, 2 H), 2.06 (ddd, J 

= 7.0, 7.0, 7.0 Hz, 2 H), 1.64 (s, 3 H).  
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Preparation of Ester 3.49 

 

To a cooled (0 °C) solution of Fmoc-L-Val-OH (919 mg, 2.709 mmol) in THF (50 mL) 

were added dropwise 2,4,6-trichlorobenzoyl chloride (0.45 mL, 2.902 mmol) and Et3N (0.43 mL, 

3.096 mmol). After stirring for 1 h at 0 °C, 3.48 (1.3 g, 1.935 mmol) in THF (10 mL) and DMAP 

(284 mg, 2.322 mmol) were added at 0 °C. After stirring for 2 h at 25 °C, the reaction mixture 

was quenched by the addition of saturated NH4Cl solution. 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, EtOAc/hexanes/MeOH, 2/1/0 to 10/10/1) to afford 3.49 (1.8 g, 94%): 

1H NMR (500 MHz, CDCl3) δ 7.88 (s, 1 H), 7.75 (d, J = 8.0 Hz, 2 H), 7.57 (d, J = 7.5 Hz, 2 H), 

7.38–7.39 (m, 8 H), 7.26–7.32 (m, 8 H), 7.19–7.22 (m, 3 H), 6.83 (dd, J = 6.0, 6.0 Hz, 1 H), 5.68 

(ddd, J = 7.0, 7.0, 15.0 Hz, 1 H), 5.62 (m, 1 H), 5.42 (dd, J = 7.5, 15.5 Hz, 1 H), 5.27 (d, J = 7.5 

Hz, 1 H), 4.69 (d, J = 5.5 Hz, 2 H), 4.35 (m, 2 H), 4.19 (m, 1 H), 4.07 (m, 1 H), 3.85 (d, J = 11.0 

Hz, 1 H), 3.77 (s, 3 H), 3.23 (d, J = 11.5 Hz, 1 H), 2.57 (d, J = 6.0 Hz, 2 H), 2.18 (m, 2 H), 2.04 

(m, 3 H), 1.63 (s, 3 H), 0.90 (d, J = 6.0 Hz, 3 H), 0.85 (d, J = 7.0 Hz, 3 H). 
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Preparation of Macrocycle 3.38 

 

[Hydrolysis] To a cooled (0 °C) solution of 3.49 (1.0 g, 1.007 mmol) in THF/H2O (50 

mL, 4:1, 0.02M) was added LiOH (0.25 M, 4.83 mL, 1.208 mmol). After stirring for 1.5 h at 0 °C, 

the reaction mixture was acidified by KHSO4 solution (1.0 M) 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 to afford the crude 

carboxylic acid, which was employed in the next step without further purification.  

[Fmoc Deprotection] To a solution of crude carboxylic acid in MeCN (55 mL) was 

added Et2NH (4.0 mL) at 25 °C. After stirring for 3 h at 25 °C, the reaction mixture was 

concentrated in vacuo to afford the crude amine, which was employed in the next step without 

further purification.  

[Macrocyclization] To a solution of crude amine in CH2Cl2 (1.14 L, 0.88 mM) were 

added HATU (765 mg, 2.012 mmol) and i-Pr2NEt (0.53 mL, 3.018 mmol) at 25 °C. After stirring 

for 18 h at 25 °C, the reaction mixture was concentrated. The residue was dissolved in EtOAc and 

H2O. 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, EtOAc/hexanes/MeOH, 10/10/1) to afford 3.38 

(450 mg, 60% for 3 steps): 1H NMR (500 MHz, CDCl3) δ 7.73 (s, 1 H), 7.36–7.38 (m, 6 H), 

7.25–7.28 (m, 6 H), 7.18–7.21 (m, 4 H), 6.53 (dd, J = 9.0, 3.0 Hz, 1 H), 5.71 (ddd, J = 7.0, 7.0, 
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15.0 Hz, 1 H), 5.62 (m, 1 H), 5.40 (dd, J = 7.0, 15.5 Hz, 1 H), 5.19 (dd, J = 9.0, 17.5 Hz, 1 H), 

4.56 (dd, J = 3.5, 9.0 Hz, 1 H), 4.10 (dd, J = 3.0, 17.5 Hz, 1 H), 4.02 (d, J = 11.0 Hz, 1 H), 3.26 (d, 

J = 11.0 Hz, 1 H), 2.77 (dd, J = 9.5, 16.0 Hz, 1 H), 2.65 (dd, J = 3.0, 16.0 Hz, 1 H), 2.20 (m, 2 H), 

2.05 (m, 3 H), 1.83 (s, 3 H), 0.68 (d, J = 6.5 Hz, 3 H), 0.52 (d, J = 6.5 Hz, 3 H). 

 

Preparation of Homodimer 3.39 
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To a solution of 3.38 (110 mg, 0.149 mmol) in CH2Cl2/MeOH (15 mL, 9:1) was added I2 

(76 mg, 0.298 mmol) at 25 °C. After stirring for 30 min at 25 °C, the reaction mixture was 

quenched by the addition of saturated Na2S2O3 solution. The layers were separated, and the 

aqueous layer was extracted with CH2Cl2. The combined organic layers were dried over 

anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanes/MeOH, 5/5/1) to afford 3.39 (135 mg, 88%): [α]25
D= 

+23.1 (c 0.1, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.76 (s, 2 H), 7.17 (d, J = 9.5 Hz, 2 H), 6.40 

(dd, J = 9.0, 3.0 Hz, 2 H), 5.89 (ddd, J = 16.0, 7.5, 7.0 Hz, 2 H), 5.69 (m, 2 H), 5.54 (dd, J = 15.5, 

7.0 Hz, 2 H), 5.24 (dd, J = 17.5, 9.5 Hz, 2 H), 4.61 (dd, J = 9.5, 3.5 Hz, 2 H), 4.21 (dd, J = 17.5, 

3.5 Hz, 2 H), 4.02 (d, J = 11.5 Hz, 2 H), 3.27 (d, J = 11.0 Hz, 2 H), 2.88 (dd, J = 16.5, 10.5 Hz, 2 

H), 2.72 (m, 2 H), 2.71 (dd, J = 7.0, 7.0 Hz, 4 H), 2.43 (m, 4 H), 2.10 (m, 2 H), 1.86 (s, 6 H), 0.70 

(d, J = 7.0 Hz, 6 H), 0.53 (d, J = 7.0 Hz, 6 H); 13C NMR (125 MHz, CDCl3) δ 173.7, 169.41, 
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169.07, 168.17, 164.7, 147.6, 132.9, 128.5, 124.3, 84.6, 72.1, 57.9, 43.4, 41.2, 40.6, 37.8, 34.3, 

31.9, 24.4, 19.0, 16.8; HRMS (ESI) m/z 991.2456 [(M+H)+, C42H54N8O8S6 requires 991.2462]. 

 

Preparation of Disulfide 3.40 

 

To a solution of 3.38 (32 mg, 0.043 mmol) in CH2Cl2/MeOH (4 mL, 9:1) was added N-

Boc-Cys(STrt)-OtBu (223 mg, 0.43 mmol) and I2 (220 mg, 0.87 mmol) at 25 °C. After stirring for 

30 min at 25 °C, the reaction mixture was quenched by the addition of saturated Na2S2O3 solution. 

The layers were separated, and the aqueous layer was extracted with CH2Cl2. The combined 

organic layers were dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was 

purified by column chromatography (silica gel, EtOAc/hexanes/MeOH, 10/10/1) to afford 3.40 

(31 mg, 93%): [α]25
D= –9.7 (c 1.5, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.76 (s, 1 H), 7.16 (d, J 

= 9.2 Hz, 1 H), 6.51 (d, J = 7.2 Hz, 1 H), 5.86 (ddd, J = 15.2, 7.2, 7.0 Hz, 1 H), 5.66 (m, 1 H), 

5.53 (dd, J = 15.6, 6.8 Hz, 1 H), 5.30 (m, 1 H), 5.27 (dd, J = 17.6, 9.2 Hz, 1 H), 4.58 (dd, J = 9.2, 

3.2 Hz, 1 H), 4.43 (m, 1 H), 4.26 (dd, J = 17.6, 2.8 Hz, 1 H), 4.02 (d, J = 11.2 Hz, 1 H), 3.26 (d, J 

= 11.6 Hz, 1 H), 3.15 (dd, J = 13.6, 4.8 Hz, 1 H), 3.06 (dd, J = 13.6, 4.8 Hz, 1 H), 2.85 (dd, J = 

16.4, 10.0 Hz, 1 H), 2.72 (dd, J = 6.4, 6.4 Hz, 2 H), 2.68 (dd, J = 13.6, 2.4 Hz, 1 H), 2.42 (ddd, J 

= 7.2, 7.2, 7.2 Hz, 2 H), 2.08 (m, 1 H), 1.85 (s, 3 H), 1.46 (s, 9 H), 1.43 (s, 9 H), 0.68 (d, J = 6.8 

Hz, 3 H), 0.50 (d, J = 6.8 Hz, 3 H); 13C NMR (100 MHz, CDCl3) δ 173.6, 169.7, 169.3, 168.9, 

168.0, 164.6, 115.1, 47.5, 132.5, 128.5, 124.3, 84.4, 82.7, 79.9, 72.0, 57.8, 53.8, 43.3, 41.8, 41.1, 
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40.4, 37.6, 34.2, 31.7, 28.4, 28.0, 24.3, 18.9, 16.7; HRMS (ESI) m/z 772.2537 [(M+H)+, 

C33H49N5O8S4 requires 772.2537]. 

 

Preparation of Disulfide 3.41 

 

To a solution of 3.38 (22 mg, 0.030 mmol) in CH2Cl2/MeOH (4 mL, 9:1) was added N-

Boc-Cys(STrt)-OH (138 mg, 0.298 mmol) and I2 (151 mg, 0.596 mmol) at 25 °C. After stirring 

for 30 min at 25 °C, the reaction mixture was quenched by the addition of saturated Na2S2O3 

solution. The layers were separated, and the aqueous layer was extracted with CH2Cl2. The 

combined organic layers were dried over anhydrous Na2SO4, and concentrated in vacuo. The 

residue was purified by column chromatography (silica gel, EtOAc/hexanes/MeOH, 10/10/1) to 

afford 3.41 (19 mg, 89%): [α]25
D= –375.1 (c 0.8, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.81 (s, 1 

H), 7.65 (dd, J = 8.2, 2.8 Hz, 1 H), 7.06 (d, J = 9.6 Hz, 1 H), 5.78 (dd, J = 16.0, 3.6 Hz, 1 H), 

5.60 (m, 2 H), 5.25 (dd, J = 17.6, 9.2 Hz, 1 H), 5.00 (d, J = 7.2 Hz, 1 H), 4.71 (m, 1 H), 4.64 (dd, 

J = 9.2, 3.2 Hz, 1 H), 4.16 (dd, J = 17.6, 3.6 Hz, 1 H), 4.04 (d, J = 11.2 Hz, 1 H), 3.33 (d, J = 

11.6 Hz, 1 H), 3.22 (m, 2 H), 3.14 (dd, J = 14.0, 2.4 Hz, 1 H), 2.84 (dd, J = 16.4, 2.4 Hz, 1 H), 

2.57 (m, 3 H), 2.18 (m, 2 H), 1.83 (s, 3 H), 1.41 (s, 9 H), 0.75 (d, J = 7.2 Hz, 3 H), 0.53 (d, J = 

7.2 Hz, 3 H); 13C NMR (100 MHz, CD3OD) δ 175.8, 174.6, 172.2, 170.3, 170.0, 168.2, 157.9, 

148.0, 133.5, 130.0, 126.9, 85.0, 80.6, 79.5, 73.9, 59.0, 54.3, 43.7, 41.8, 41.5, 40.6, 38.6, 35.4, 

32.7, 28.8, 24.3, 19.7, 17.1; HRMS (ESI) m/z 716.1927 [(M+H)+, C29H41N5O8S4 requires 

716.1911]. 
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 Preparation of Aldehyde 3.45a 

 

[Tritylation] To a solution of 3.50 (300 mg, 1.530 mmol) in EtOH/H2O (100 mL, 3:1) 

were added TrtSH (846 mg, 3.060 mmol) and LiOH (74 mg, 3.060 mmol) at 25 °C. After stirring 

for 5 h at 25 °C, the reaction mixture was concentrated. The residue was dissolved in CH2Cl2 and 

H2O. The layers were separated, and the aqueous layer was extracted with CH2Cl2. The combined 

organic layers were dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was 

purified by column chromatography (silica gel, EtOAc/hexanes, 1/20) to afford 3.51: 1H NMR 

(400 MHz, CDCl3) δ 7.44–7.47 (m, 6H), 7.30–7.34 (m, 9H), 7.24–7.28 (m, 4H), 3.37 (s, 2 H). 

[Reduction] To a cooled (0 °C) solution of 3.51 in toluene (10 mL) was added DIBALH 

(1.0M, 3.0 mL, 3.060 mmol). After stirring for 1 h at 0 °C, the reaction mixture was quenched by 

the addition of HCl solution (1.0 M) and diluted with CH2Cl2 and H2O. The layers were separated, 

and the aqueous layer was extracted with CH2Cl2. The combined organic layers were dried over 

anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanes, 1/20) to afford 3.45a (550 mg, 91% for 2 steps): 1H 

NMR (500 MHz, CDCl3) δ 9.93 (s, 1 H), 7.69 (d, J = 6.5 Hz, 1 H), 7.57 (s, 1 H), 7.46–7.48 (m, 6 

H), 7.36–7.40 (m, 2 H), 7.27–7.32 (m, 6 H), 7.22–7.25 (m, 3 H), 3.41 (s, 2 H). 

 

Preparation of β-Hydroxy Amide 3.43a 
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To a cooled (–78 °C) solution of 3.46 (300 mg, 1.475 mmol) in CH2Cl2 (15 mL) was 

added TiCl4 (1.0 M, 1.6 mL, 1.622 mmol). After stirring for 5 min at –78 °C, i-Pr2NEt (0.28 mL, 

1.622 mmol) was added slowly. The resulting mixture was stirred for 1 h at –78 °C before the 

addition of 3.45a (514 mg, 1.302 mmol) in CH2Cl2 (5 mL). After stirring for 1 h at –78 °C, the 

reaction was quenched by the addition of saturated NH4Cl solution. The layers were separated, 

and the aqueous layer was extracted with CH2Cl2. The combined organic layers were dried over 

anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanes, 1/5 to 1/3) to afford 3.43a (301 mg, 39%): 1H NMR 

(500 MHz, CDCl3) δ 7.49–7.50 (m, 6 H), 7.33 (dd, J = 7.5, 7.5 Hz, 1 H), 7.24–7.27 (m, 5 H), 7.16 

(s, 1 H), 7.10 (m, 1 H), 5.22 (m, 1 H), 5.10 (dd, J = 7.0, 7.0 Hz, 1 H), 3.72 (dd, J = 2.5, 17.5 Hz, 1 

H), 3.63 (dd, J = 9.0, 17.5 Hz, 1 H), 3.44 (dd, J = 8.0, 11.5 Hz, 1 H), 3.35 (s, 2 H), 3.18 (d, J = 

4.0 Hz, 1 H), 2.98 (d, J = 11.0 Hz, 1 H), 2.37 (m, 1 H), 1.07 (d, J = 7.0 Hz, 3 H), 1.00 (d, J = 6.5 

Hz, 3 H). 

 

Preparation of Amide 3.69a 

N S

BocHN

N
S

MeO2C 1) TFA, CH2Cl2
25 °C, 2 h

N S

N
H

N
S

MeO2C

OOH
2) DMAP, CH2Cl2

25 °C, 2 h
87% for 2 steps

SN

SOOH

TrtS

TrtS

3.43a

3.28
3.69a

 

[Boc Deprotection] To a cooled (0 °C) solution of 3.28 (190 mg, 0.512 mmol) in CH2Cl2 

(3 mL) was added dropwise TFA (1.0 mL). After stirring for 2 h at 25 °C, the reaction mixture 
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was concentrated and washed with Et2O to afford the crude amine, which was employed in the 

next step without further purification.  

[Coupling] To a solution of crude amine in CH2Cl2 (15 mL) were added 3.43a (300 mg, 

0.502 mmol) in CH2Cl2 (10 mL) and DMAP (313 mg, 2.560 mmol). After stirring for 2 h at 25 °C, 

the reaction mixture was quenched by the addition of H2O. The layers were separated, and the 

aqueous layer was extracted with CH2Cl2. The combined organic layers were dried over 

anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanesMeOH, 10/10/1) to afford 3.69a (310 mg, 87%): 1H 

NMR (500 MHz, CDCl3) δ 7.86 (s, 1 H), 7.44 (d, J = 8.0 Hz, 6 H), 7.29 (dd, J = 8.0, 8.0 Hz, 6 H), 

7.13–7.23 (m, 5 H), 7.10 (s, 1 H), 7.03 (d, J = 6.5 Hz, 1 H), 5.04 (dd, J = 3.0, 9.5 Hz, 1 H), 4.69 

(dd, J = 6.0, 16.0 Hz, 1 H), 4.64 (dd, J = 6.0, 16.0 Hz, 1 H), 4.18 (br s, 1 H), 3.83 (d, J = 15.0 Hz, 

1 H), 3.75 (s, 3 H), 3.29 (s, 2 H), 3.23 (d, J = 11.0 Hz, 1 H), 2.59 (dd, J = 8.0, 15.0 Hz, 1 H), 2.53 

(dd, J = 4.5, 15.0 Hz, 1 H), 1.61 (s, 3 H); 13C NMR (125 MHz, CDCl3) δ 173.6, 172.0, 168.0, 

162.9, 148.2, 144.7, 143.4, 137.3, 129.6, 128.75, 128.56, 128.0, 126.8, 126.4, 124.4, 122.5, 84.5, 

70.6, 67.5, 53.0, 44.8, 41.5, 40.8, 37.0, 24.0.  

 

Preparation of Ester 3.70a 

 

To a cooled (0 °C) solution of Fmoc-L-Val-OH (128 mg, 0.376 mmol) in THF (10 mL) 

were added dropwise 2,4,6-trichlorobenzoyl chloride (63 µL, 0.403 mmol) and Et3N (60 µL, 
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0.429 mmol). After stirring for 1 h at 0 °C, 3.69a (190 mg, 0.268 mmol) in THF (5 mL) and 

DMAP (39 mg, 0.322 mmol) were added at 0 °C. After stirring for 2 h at 25 °C, the reaction 

mixture was quenched by the addition of saturated NH4Cl solution. 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, EtOAc/hexanes/MeOH, 2/1/0 to 10/10/1) to afford 3.70a (290 mg, 

99%): 1H NMR (500 MHz, CDCl3) δ 7.88 (s, 1 H), 7.75 (d, J = 7.0 Hz, 2 H), 7.57 (m, 2 H), 7.45 

(d, J = 7.5 Hz, 6 H), 7.39 (m, 2 H), 7.31 (dd, J = 7.5, 7.5 Hz, 8 H), 7.18–7.25 (m, 5 H), 7.13 (s, 1 

H), 7.07 (m, 1 H), 6.52 (dd, J = 5.5, 5.5 Hz, 1 H), 6.17 (dd, J = 4.5, 8.5 Hz, 1 H), 5.22 (d, J = 9.0 

Hz, 1 H), 4.70 (d, J = 6.0 Hz, 1 H), 4.38 (m, 2 H), 4.20 (m, 2 H), 3.85 (d, J = 12.0 Hz, 1 H), 3.78 

(s, 3 H), 3.28 (d, J = 9.5 Hz, 2 H), 3.24 (d, J = 10.5 Hz, 1 H), 2.89 (dd, J = 8.5, 15.0 Hz, 1 H), 

2.67 (dd, J = 4.5, 15.0 Hz, 1 H), 1.63 (s, 3 H), 0.84 (d, J = 6.0 Hz, 3 H), 0.70 (d, J = 7.0 Hz, 3 H). 

 

Preparation of Macrocycle 3.71a 

 

[Hydrolysis] To a cooled (0 °C) solution of 3.70a (230 mg, 0.223 mmol) in THF/H2O 

(11 mL, 4:1, 0.02 M) was added LiOH (0.25 M, 1.07 mL, 0.268 mmol). After stirring for 1.5 h at 

0 °C, the reaction mixture was acidified by KHSO4 solution (1.0 M) and diluted with EtOAc. The 

layers were separated, and the aqueous layer was extracted with EtOAc. The combined organic 
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layers were dried over anhydrous Na2SO4, and concentrated in vacuo to afford the crude 

carboxylic acid, which was employed in the next step without further purification.  

[Fmoc Deprotection] To a solution of crude carboxylic acid in MeCN (10 mL) was 

added Et2NH (1.0 mL) at 25 °C. After stirring for 3 h at 25 °C, the reaction mixture was 

concentrated in vacuo to afford the crude amine, which was employed in the next step without 

further purification.  

[Macrocyclization] To a solution of crude amine in CH2Cl2 (253 mL, 0.88 mM) were 

added HATU (170 mg, 0.446 mmol) and i-Pr2NEt (0.12 mL, 3.018 mmol) at 25 °C. After stirring 

for 18 h at 25 °C, the reaction mixture was concentrated. The residue was dissolved in EtOAc and 

H2O. 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, EtOAc/hexanes/MeOH, 10/10/1) to afford 3.71a 

(73 mg, 42% for 3 steps): 1H NMR (500 MHz, CDCl3) δ 7.77 (s, 1 H), 7.44 (d, J = 8.0 Hz, 6 H), 

7.30 (dd, J = 8.0, 8.0 Hz, 6 H), 7.20–7.23 (m, 4 H), 7.15 (s, 1 H), 7.14 (d, J = 8.0 Hz, 1 H), 7.06 

(d, J = 7.5 Hz, 1 H), 6.33 (dd, J = 9.5, 3.0 Hz, 1 H), 6.07 (dd, J = 7.5, 2.5 Hz, 1 H), 5.31 (dd, J = 

17.5, 10.0 Hz, 1 H), 4.55 (dd, J = 9.0, 3.0 Hz, 1 H), 4.23 (dd, J = 17.5, 3.0 Hz, 1 H), 4.06 (d, J = 

11.5 Hz, 1 H), 3.08 (m, 3 H), 3.05 (dd, J = 27.5, 11.0 Hz, 1 H), 2.75 (dd, J = 16.0, 2.5 Hz, 1 H), 

2.10 (m, 1 H), 1.87 (s, 3 H), 0.69 (d, J = 7.0 Hz, 3 H), 0.55 (d, J = 7.0 Hz, 3 H). 

 

Preparation of Thiol 3.72a 
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To a cooled (0 °C) solution of 3.71a (21 mg, 0.027 mmol) in CH2Cl2 (10 mL) were added 

TFA (0.15 mL) and i-Pr3SiH (12 µL, 0.054 mmol). After stirring for 2 h at 25 °C, the reaction 

mixture was concentrated in vacuo. The residue was purified by column chromatography (silica 

gel, EtOAc/hexanes/MeOH, 15/15/1) to afford 3.72a (11 mg, 76%): 1H NMR (500 MHz, CDCl3) 

δ 7.79 (s, 1 H), 7.38 (s, 1 H), 7.30 (m, 3 H), 7.19 (d, J = 8.0 Hz, 1 H), 6.34 (dd, J = 9.5, 3.0 Hz, 1 

H), 6.14 (dd, J = 11.5, 2.5 Hz, 1 H), 5.31 (dd, J = 17.5, 9.0 Hz, 1 H), 4.57 (dd, J = 9.0, 3.5 Hz, 1 

H), 4.25 (dd, J = 17.5, 3.5 Hz, 1 H), 4.06 (d, J = 11.5 Hz, 1 H), 3.72 (dd, J = 8.0, 2.0 Hz, 2 H), 

3.30 (d, J = 12.0 Hz, 1 H), 3.09 (dd, J = 16.0, 10.5 Hz, 1 H), 2.80 (dd, J = 16.0, 2.5 Hz, 1 H), 2.06 

(m, 1 H), 1.91 (s, 3 H), 1.77 (dd, J = 8.0, 8.0 Hz, 1 H), 0.70 (d, J = 6.5 Hz, 3 H), 0.56 (d, J = 7.0 

Hz, 3 H). 

 

Preparation of Thioester 3.73a 

 

To a cooled (0 °C) solution of 3.72a (32 mg, 0.060 mmol) in CH2Cl2 (3 mL) were added 

octanoyl chloride (51 µL, 0.300 mmol) and i-Pr2NEt (105 µL, 0.600 mmol). After stirring for 0.5 

h at 25 °C, the reaction mixture was quenched by the addition of saturated NaHCO3 solution. The 

layers were separated, and the aqueous layer was extracted with CH2Cl2. The combined organic 

layers were dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was purified 

by column chromatography (silica gel, EtOAc/hexanes/MeOH, 10/10/1) to afford 73a (32 mg, 

81%): 1H NMR (500 MHz, CDCl3) δ 7.78 (s, 1 H), 7.17–7.29 (m, 5 H), 6.40 (dd, J = 9.5, 3.0 Hz, 

1 H), 6.10 (dd, J = 11.0, 2.5 Hz, 1 H), 5.31 (dd, J = 17.5, 10.0 Hz, 1 H), 4.56 (dd, J = 9.0, 3.0 Hz, 
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1 H), 4.24 (dd, J = 17.5, 3.0 Hz, 1 H), 4.08 (s, 2 H), 4.05 (d, J = 11.0 Hz, 1 H), 3.29 (d, J = 11.5 

Hz, 1 H), 3.07 (dd, J = 16.5, 11.5 Hz, 1 H), 2.77 (dd, J = 16.5, 2.5 Hz, 1 H), 2.54 (dd, J = 7.5, 7.5 

Hz, 2 H), 2.09 (m, 1 H), 1.90 (s, 3 H), 1.65 (m, 2 H), 1.27 (m, 8 H), 0.86 (dd, J = 6.5, 6.5 Hz, 3 

H), 0.69 (d, J = 6.5 Hz, 3 H), 0.54 (d, J = 7.0 Hz, 3 H); 13C NMR (125 MHz, CDCl3) δ 198.9, 

173.8, 169.6, 168.9, 168.1, 164.7, 147.6, 140.0, 138.6, 129.18, 128.87, 126.5, 124.78, 124.46, 

84.5. 73.9, 57.8, 44.0, 43.4, 42.9, 41.3, 34.4, 33.0, 31.7, 29.02, 29.01, 25.7, 24.5, 22.7, 18.9, 16.8, 

14.2, 34.4, 33.0, 31.7, 29.02, 29.01. 

 

Preparation of Aldehyde 45b 

 

[Bromination] To a solution of 3.52 (300 mg, 2.038 mmol) in CH2Cl2 (15 mL) were 

added CBr4 (743 mg, 2.242 mmol) and PPh3 (588 mg, 2.242 mmol) at 25 °C. After stirring for 1.5 

h at 25 °C, the reaction mixture was concentrated. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanes, 1/20) to afford 3.53: 1H NMR (500 MHz, CDCl3) δ 

7.61 (d, J = 8.0 Hz, 2 H), 7.33 (d, J = 8.0 Hz, 2 H), 3.58 (dd, J = 7.5, 7.5 Hz, 2 H), 3.23 (dd, J = 

7.5, 7.5 Hz, 2 H). 

[Tritylation] To a solution of 3.53 in EtOH/THF/H2O (20 mL, 3:1:1) were added TrtSH 

(845 mg, 3.057 mmol) and LiOH (98 mg, 4.076 mmol) at 25 °C. After stirring for 2 h at 25 °C, 

the reaction mixture was concentrated. The residue was dissolved in CH2Cl2 and H2O. The layers 

were separated, and the aqueous layer was extracted with CH2Cl2. The combined organic layers 

were dried over anhydrous Na2SO4, and concentrated in vacuo to afford nitrile, which was 

employed in the next step without further purification.  
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[Reduction] To a cooled (0 °C) solution of the crude nitrile in toluene (10 mL) was 

added DIBALH (1.0M, 3.0 mL, 3.057 mmol). After stirring for 2 h at 0 °C, the reaction mixture 

was quenched by the addition of HCl solution (1.0 M) and diluted with CH2Cl2 and H2O. The 

layers were separated, and the aqueous layer was extracted with CH2Cl2. The combined organic 

layers were dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was purified 

by column chromatography (silica gel, EtOAc/hexanes, 1/10) to afford 3.45b (800 mg, 96% for 3 

steps): 1H NMR (400 MHz, CDCl3) δ 9.98 (s, 1 H), 7.79 (d, J = 8.0 Hz, 2 H), 7.46–7.49 (m, 6 H), 

7.31–7.37 (m, 6 H), 7.25–7.29 (m, 3 H), 7.19 (d, J = 8.0 Hz, 2 H), 2.69 (dd, J = 8.0, 8.0Hz, 2 H), 

2.54 (dd, J = 8.0, 8.0 Hz, 2 H). 

 

Preparation of β-Hydroxy Amide 3.43b 

 

To a cooled (–78 °C) solution of 3.46 (250 mg, 1.229 mmol) in CH2Cl2 (15 mL) was 

added TiCl4 (1.0 M, 1.35 mL, 1.352 mmol). After stirring for 5 min at –78 °C, i-Pr2NEt (0.24 mL, 

1.352 mmol) was added slowly. The resulting mixture was stirred for 1 h at –78 °C before the 

addition of 3.45b (505 mg, 1.239 mmol) in CH2Cl2 (5 mL). After stirring for 1 h at –78 °C, the 

reaction was quenched by the addition of saturated NH4Cl solution. The layers were separated, 

and the aqueous layer was extracted with CH2Cl2. The combined organic layers were dried over 

anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanes, 1/5 to 1/3) to afford 3.43b (490 mg, 65%): 1H NMR 

(500 MHz, CDCl3) δ 7.40 (d, J = 7.5 Hz, 6 H), 7.20–7.29 (m, 11 H), 6.98 (d, J = 7.5 Hz, 2 H), 

5.21 (dd, J = 8.5, 1.5 Hz, 1 H), 5.10 (dd, J = 7.0, 7.0 Hz, 1 H), 3.73 (dd, J = 2.5, 17.5 Hz, 1 H), 
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3.59 (dd, J = 9.0, 17.5 Hz, 1 H), 3.44 (dd, J = 7.5, 11.5 Hz, 1 H), 3.09 (br s, 1 H), 2.97 (d, J = 

11.5 Hz, 1 H), 2.57 (dd, J = 7.5, 7.5 Hz, 2 H), 2.44 (dd, J = 8.0, 8.0 Hz, 2 H), 2.35 (m, 1 H), 1.05 

(d, J = 7.0 Hz, 3 H), 0.98 (d, J = 7.0 Hz, 3 H). 

 

Preparation of Amide 3.69b 

 

[Boc Deprotection] To a cooled (0 °C) solution of 3.28 (15 mg, 0.040 mmol) in CH2Cl2 

(3 mL) was added dropwise TFA (1.0 mL). After stirring for 2 h at 25 °C, the reaction mixture 

was concentrated and washed with Et2O to afford the crude amine, which was employed in the 

next step without further purification.  

[Coupling] To a solution of crude amine in CH2Cl2 (5 mL) were added 3.43b (29 mg, 

0.047 mmol) in CH2Cl2 (3 mL) and DMAP (29 mg, 0.235 mmol). After stirring for 2 h at 25 °C, 

the reaction mixture was quenched by the addition of H2O. The layers were separated, and the 

aqueous layer was extracted with CH2Cl2. The combined organic layers were dried over 

anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanesMeOH, 10/10/1) to afford 3.69b (32 mg, 94%): 1H 

NMR (500 MHz, CDCl3) δ 7.90 (s, 1 H), 7.39 (d, J = 8.0 Hz, 6 H), 7.27 (dd, J = 7.5, 7.5 Hz, 6 H), 

7.19–7.22 (m, 5 H), 6.99 (dd, J = 6.0, 6.0 Hz, 1 H), 6.94 (d, J = 8.0 Hz, 2 H), 5.06 (dd, J = 10.0, 

3.0 Hz, 1 H), 4.74 (dd, J = 16.0, 6.0 Hz, 1 H), 4.68 (dd, J = 16.0, 5.5 Hz, 1 H), 3.86 (d, J = 11.5 



 

132 

Hz, 1 H), 3.77 (s, 3 H), 3.26 (d, J = 11.5 Hz, 1 H), 2.59 (dd, J = 15.0, 9.5 Hz, 1 H), 2.56 (m, 3 H), 

2.42 (dd, J = 7.5, 7.5 Hz, 2 H), 1.63 (s, 3 H). 

 

Preparation of Ester 3.70b 

N S

N
H

N
S

OOO

R2
R1

3.70b : R1 = CO2Me
R2 = NHFmoc

1) Fmoc-L-Val-OH,Et3N
2,4,6-trichlorobenozyl chloride
THF, 0 °C, 1 h

2) 3.69b, DMAP
25 °C, 2 h
83%

N S

N
H

N
S

MeO2C

OOH

TrtS TrtS
3.69b

 

To a cooled (0 °C) solution of Fmoc-L-Val-OH (204 mg, 0.601 mmol) in THF (20 mL) 

were added dropwise 2,4,6-trichlorobenzoyl chloride (101 µL, 0.644 mmol) and Et3N (96 µL, 

0.687 mmol). After stirring for 1 h at 0 °C, 3.69b (310 mg, 0.429 mmol) in THF (5 mL) and 

DMAP (63 mg, 0.515 mmol) were added at 0 °C. After stirring for 2 h at 25 °C, the reaction 

mixture was quenched by the addition of saturated NH4Cl solution. 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, EtOAc/hexanes/MeOH, 2/1/0 to 10/10/1) to afford 3.70b (370 mg, 

83%): 1H NMR (500 MHz, CDCl3) δ 7.88 (s, 1 H), 7.75 (d, J = 7.0 Hz, 2 H), 7.57 (d, J = 7.5 Hz, 

2 H), 7.38 (d, J = 7.5 Hz, 8 H), 7.25–7.31 (m, 8 H), 7.20–7.22 (m, 5 H), 6.94 (d, J = 8.0 Hz, 2 H), 

6.62 (dd, J = 6.0, 6.0 Hz, 1 H), 6.18 (dd, J = 4.5, 8.5 Hz, 1 H), 5.25 (d, J = 8.5 Hz, 1 H), 4.69 (m, 

2 H), 4.38 (m, 2 H), 4.20 (dd, J = 7.0, 7.0 Hz, 2 H), 3.85 (d, J = 11.0 Hz, 1 H), 3.78 (s, 3 H), 3.24 

(d, J = 11.5 Hz, 1 H), 2.90 (dd, J = 8.5, 15.0 Hz, 1 H), 2.70 (dd, J = 4.5, 15.0 Hz, 1 H), 2.53 (dd, J 

= 7.5, 7.5 Hz, 2 H), 2.41 (m, 2 H), 2.05 (m, 1 H), 1.63 (s, 3 H), 0.83 (d, J = 7.0 Hz, 3 H), 0.69 (d, 

J = 7.0 Hz, 3 H). 
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Preparation of Macrocycle 3.71b 

 

[Hydrolysis] To a cooled (0 °C) solution of 3.70b (370 mg, 0.354 mmol) in THF/H2O 

(18 mL, 4:1, 0.02 M) was added LiOH (0.25 M, 1.7 mL, 0.425 mmol). After stirring for 1.5 h at 

0 °C, the reaction mixture was acidified by KHSO4 solution (1.0 M) 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 to afford the crude 

carboxylic acid, which was employed in the next step without further purification.  

[Fmoc Deprotection] To a solution of the crude carboxylic acid in MeCN (15 mL) was 

added Et2NH (3.0 mL) at 25 °C. After stirring for 3 h at 25 °C, the reaction mixture was 

concentrated in vacuo to afford the crude amine, which was employed in the next step without 

further purification.  

[Macrocyclization] To a solution of the crude amine in CH2Cl2 (400 mL, 0.88 mM) were 

added HATU (270 mg, 0.708 mmol) and i-Pr2NEt (0.18 mL, 1.062 mmol) at 25 °C. After stirring 

for 18 h at 25 °C, the reaction mixture was concentrated. The residue was dissolved in EtOAc and 

H2O. 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, EtOAc/hexanes/MeOH, 10/10/1) to afford 3.71b 

(133 mg, 48% for 3 steps): 1H NMR (400 MHz, CDCl3) δ 7.76 (s, 1 H), 7.44 (d, J = 8.0 Hz, 6 H), 

7.23–7.27 (m, 6 H), 7.14–7.21 (m, 5 H), 6.92 (d, J = 8.0 Hz, 1 H), 6.43 (dd, J = 9.6, 3.2 Hz, 1 H), 
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6.06 (dd, J = 11.6, 2.4 Hz, 1 H), 5.29 (dd, J = 17.6, 9.6 Hz, 1 H), 4.52 (dd, J = 9.6, 3.2 Hz, 1 H), 

4.20 (dd, J = 17.5, 3.2 Hz, 1 H), 4.03 (d, J = 11.6 Hz, 1 H), 3.27 (d, J = 11.2 Hz, 1 H), 3.05 (dd, J 

= 16.4, 11.6 Hz, 1 H), 2.68–2.73 (m, 1 H), 2.50 (m, 2 H), 2.40 (m, 2 H), 2.08 (m, 1 H), 1.88 (s, 3 

H), 0.66 (d, J = 6.8 Hz, 3 H), 0.51 (d, J = 6.8 Hz, 3 H). 

 

Preparation of Thiol 3.72b 

TFA, i-Pr3SiH
CH2Cl2, 25 °C, 2 h

83%

N S

N
H

N
SO

OOO

NH

TrtS

N S

N
H

N
SO

OOO

NH

HS
3.71b 3.72b  

To a cooled (0 °C) solution of 3.71b (133 mg, 0.169 mmol) in CH2Cl2 (10 mL) were 

added TFA (1.0 mL) and i-Pr3SiH (69 µL, 0.338 mmol). After stirring for 2 h at 25 °C, the 

reaction mixture was concentrated in vacuo. The residue was purified by column chromatography 

(silica gel, EtOAc/hexanes/MeOH, 15/15/1) to afford 3.72b (76 mg, 83%): 1H NMR (500 MHz, 

CDCl3) δ 7.79 (s, 1 H), 7.27 (d, J = 8.0 Hz, 2 H), 7.17 (d, J = 8.0 Hz, 2 H), 6.33 (dd, J = 9.5, 3.0 

Hz, 1 H), 6.13 (dd, J = 11.0, 2.0 Hz, 1 H), 5.34 (dd, J = 17.5, 9.5 Hz, 1 H), 4.56 (dd, J = 9.5, 3.0 

Hz, 1 H), 4.25 (dd, J = 17.5, 3.5 Hz, 1 H), 4.07 (d, J = 11.5 Hz, 1 H), 3.30 (d, J = 11.5 Hz, 1 H), 

3.10 (dd, J = 16.5, 11.0 Hz, 1 H), 2.90 (dd, J = 7.5, 7.5 Hz, 2 H), 2.77 (m, 3 H), 2.10 (m, 1 H), 

1.91 (s, 3 H), 1.39 (dd, J = 8.0, 8.0 Hz, 1 H), 0.68 (d, J = 7.0 Hz, 3 H), 0.54 (d, J = 6.5 Hz, 3 H). 
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Preparation of Thioester 3.73b 

 

To a cooled (0 °C) solution of 3.72b (60 mg, 0.109 mmol) in CH2Cl2 (10 mL) were added 

octanoyl chloride (93 µL, 0.545 mmol) and i-Pr2NEt (190 µL, 1.090 mmol). After stirring for 0.5 

h at 25 °C, the reaction mixture was quenched by the addition of saturated NaHCO3 solution. The 

layers were separated, and the aqueous layer was extracted with CH2Cl2. The combined organic 

layers were dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was purified 

by column chromatography (silica gel, EtOAc/hexanes/MeOH, 10/10/1) to afford 3.73b (67 mg, 

91%): 1H NMR (500 MHz, CDCl3) δ 7.79 (s, 1 H), 7.27 (d, J = 8.0 Hz, 2 H), 7.20 (d, J = 8.5 Hz, 

2 H), 6.44 (dd, J = 9.0, 3.0 Hz, 1 H), 6.12 (dd, J = 11.5, 2.5 Hz, 1 H), 5.33 (dd, J = 17.5, 10.0 Hz, 

1 H), 4.56 (dd, J = 9.5, 3.0 Hz, 1 H), 4.24 (dd, J = 17.5, 3.5 Hz, 1 H), 4.06 (d, J = 11.0 Hz, 1 H), 

3.29 (d, J = 11.5 Hz, 1 H), 3.07–3.13 (m, 3 H), 2.84 (dd, J = 7.5, 7.5 Hz, 2 H), 2.76 (dd, J = 16.5, 

2.5 Hz, 1 H), 2.55 (dd, J = 7.5, 7.5 Hz, 2 H), 2.10 (m, 1 H), 1.90 (s, 3 H), 1.65 (m, 2 H), 1.27 (m, 

8 H), 0.86 (dd, J = 7.0, 7.0 Hz, 3 H), 0.68 (d, J = 7.0 Hz, 3 H), 0.54 (d, J = 7.0 Hz, 3 H); 13C 

NMR (125 MHz, CDCl3) δ 199.5, 173.7, 169.6, 168.9, 168.1, 164.7, 147.5, 140.2, 134.7, 129.0, 

126.2, 124.5, 84.4, 74.0, 57.7, 44.2, 43.4, 42.7, 41.2, 35.7, 34.3, 31.7, 30.1, 28.9, 25.7, 24.4, 22.6, 

18.9, 16.7, 14.1. 

 



 

136 

Preparation of Nitrile 3.55 

 

To a suspension of 3.54 (500 mg, 2.746 mmol) and LiCl (835 mg, 19.70 mmol) in THF 

(12 mL) was added Pd(PPh3)4 (50 mg, 0.043 mmol) at 25 °C. After stirring for 1 h at 25 °C, 

tributylvinyltin (0.88 mL, 3.021 mmol) was added. After heating at 70 °C for 14 h, the reaction 

mixture was diluted with EtOAc and filtered. The filtrate was washed with 10% NaOH solution 

twice. The organic layer was dried over anhydrous Na2SO4, and concentrated in vacuo. The 

residue was purified by column chromatography (silica gel, EtOAc/hexanes, 1/30) to afford 3.55 

(340 mg, 96%): 1H NMR (500 MHz, CDCl3) δ 7.63 (s, 1 H), 7.59 (d, J = 8.0 Hz, 1 H), 7.49 (d, J 

= 7.0 Hz, 1 H), 7.40 (dd, J = 7.5, 7.5 Hz, 1 H), 6.65 (dd, J = 17.5, 11.0 Hz, 1 H), 5.79 (d, J = 

17.5 Hz, 1 H), 5.36 (d, J = 10.5 Hz, 1 H). 

 

Preparation of Alcohol 3.56 

 

To a cooled (0 °C) solution of 3.55 (330 mg, 2.555 mmol) in THF (12 mL) was added 

BH3·THF (1.0 M, 3.1 mL, 3.066 mmol). After stirring for 1 h at 0 °C, H2O (2.0 mL) was added. 

After stirring for 10 min, NaOH (4.0 M, 2.6 mL) and H2O2 (50%, 2.0 mL) were added. After 

stirring for 40 min, 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 
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dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanes, 1/2) to afford 3.56 (168 mg, 45%). 

 

Preparation of Aldehyde 3.45c 

CNHO
DIBALH, toluene

0 °C, 1 h TrtS
O

50% for 3 steps

CN

1) MsCl, Et3N
CH2Cl2
0 °C, 30 min TrtS

2) TrtSH, NaH
THF/DMF
25 °C, 16 h3.56 3.58 3.45c  

[Mesylation] To a cooled (0 °C) solution of 3.56 (150 mg, 1.019 mmol) in CH2Cl2 (8 

mL) were added MsCl (0.16 mL, 2.038 mmol) and Et3N (0.43 mL, 3.057 mmol). After stirring 

for 0.5 h at 0 °C, brine was added. The layers were separated, and the aqueous layer was 

extracted with CH2Cl2. The combined organic layers were dried over anhydrous Na2SO4, and 

concentrated in vacuo to afford 3.57, which was employed in the next step without further 

purification.  

[Tritylation] To a cooled (0 °C) solution of 3.57 in THF/DMF (15 mL, 4:1) were added 

TrtSH (1.13 g, 4.076 mmol) and NaH (60% dispersion in mineral oil, 163 mg, 4.076 mmol). 

After stirring for 16 h at 25 °C, the reaction mixture was quenched by the addition of saturated 

NH4Cl solution. 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, EtOAc/hexanes, 1/30) to afford 3.58 

(1.8 g, 94%); 1H NMR (400 MHz, CDCl3) δ 7.45–7.69 (m, 19 H), 2.80 (dd, J = 7.6, 7.6 Hz, 2 H), 

2.68 (dd, J = 7.6, 7.6 Hz, 2 H). 

[Reduction] To a cooled (0 °C) solution of 3.58 in toluene (8 mL) was added DIBALH 

(1.0M, 2.0 mL, 2.038 mmol). After stirring for 1 h at 0 °C, the reaction mixture was quenched by 

the addition of HCl solution (1.0 M) and diluted with CH2Cl2 and H2O. The layers were separated, 
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and the aqueous layer was extracted with CH2Cl2. The combined organic layers were dried over 

anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanes, 1/30) to afford 3.45c (208 mg, 50% for 3 steps): 1H 

NMR (400 MHz, CDCl3) δ 9.95 (s, 1 H), 7.69 (d, J = 7.6 Hz, 1 H), 7.49 (s, 1 H), 7.19–7.41 (m, 

17 H), 2.63 (dd, J = 7.6, 7.6 Hz, 2 H), 2.47 (dd, J = 7.6, 7.6 Hz, 2 H). 

 

Preparation of β-Hydroxy Amide 3.43c 

 

To a cooled (–78 °C) solution of 3.46 (100 mg, 0.492 mmol) in CH2Cl2 (10 mL) was 

added TiCl4 (1.0 M, 0.6 mL, 0.596 mmol). After stirring for 5 min at –78 °C, i-Pr2NEt (0.1 mL, 

0.596 mmol) was added slowly. The resulting mixture was stirred for 1 h at –78 °C before the 

addition of 3.45c (61 mg, 0.149 mmol) in CH2Cl2 (3 mL). After stirring for 1 h at –78 °C, the 

reaction was quenched by the addition of saturated NH4Cl solution. The layers were separated, 

and the aqueous layer was extracted with CH2Cl2. The combined organic layers were dried over 

anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanes, 1/5 to 1/3) to afford 3.43c (64 mg, 70%): 1H NMR 

(400 MHz, CDCl3) δ 7.40 (d, J = 7.6 Hz, 6 H), 7.24–7.31 (m, 6 H), 7.17–7.23 (m, 5 H), 7.02 (s, 1 

H), 6.91 (d, J = 6.4 Hz, 1 H), 5.21 (dd, J = 9.2, 2.4 Hz, 1 H), 5.12 (dd, J = 6.8, 6.8 Hz, 1 H), 3.73 

(dd, J = 2.8, 17.2 Hz, 1 H), 3.56 (dd, J = 9.2, 17.2 Hz, 1 H), 3.46 (dd, J = 8.0, 11.6 Hz, 1 H), 3.11 

(br s, 1 H), 3.01 (dd, J = 11.6, 0.8 Hz, 1 H), 2.58 (m, 2 H), 2.45 (m, 2 H), 2.39 (m, 1 H), 1.06 (d, J 

= 6.8 Hz, 3 H), 0.99 (d, J = 6.8 Hz, 3 H). 
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Preparation of Amide 3.69c 

 

[Boc Deprotection] To a cooled (0 °C) solution of 3.28 (58 mg, 0.157 mmol) in CH2Cl2 

(3 mL) was added dropwise TFA (1.0 mL). After stirring for 2 h at 25 °C, the reaction mixture 

was concentrated and washed with Et2O to afford the crude amine, which was employed in the 

next step without further purification.  

[Coupling] To a solution of the crude amine in CH2Cl2 (10 mL) were added 3.43c (64 mg, 

0.104 mmol) in CH2Cl2 (5 mL) and DMAP (64 mg, 0.520 mmol). After stirring for 2 h at 25 °C, 

the reaction mixture was quenched by the addition of H2O. The layers were separated, and the 

aqueous layer was extracted with CH2Cl2. The combined organic layers were dried over 

anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanesMeOH, 10/10/1) to afford 3.69c (65 mg, 87%): 1H 

NMR (400 MHz, CDCl3) δ 7.88 (s, 1 H), 7.35–7.38 (m, 6 H), 7.05–7.26 (m, 12 H), 6.96 (s, 1 H), 

6.85 (d, J = 7.2 Hz, 1 H), 5.03 (dd, J = 9.2, 3.2 Hz, 1 H), 4.66 (m, 2 H), 3.83 (d, J = 11.2 Hz, 1 H), 

3.74 (s, 3 H), 3.23 (d, J = 11.2 Hz, 1 H), 2.55 (m, 4 H), 2.40 (dd, J = 7.6, 7.6 Hz, 2 H), 1.60 (s, 3 

H). 
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Preparation of Ester 3.70c 
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3.70c : R1 = CO2Me
R2 = NHFmoc

1) Fmoc-L-Val-OH,Et3N
2,4,6-trichlorobenozyl chloride
THF, 0 °C, 1 h

2) 3-69c, DMAP
25 °C, 2 h
85%
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N
H

N
S

MeO2C
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TrtS TrtS

3.69c

 

To a cooled (0 °C) solution of Fmoc-L-Val-OH (43 mg, 0.126 mmol) in THF (10 mL) 

were added dropwise 2,4,6-trichlorobenzoyl chloride (21 µL, 0.135 mmol) and Et3N (20 µL, 

0.144 mmol). After stirring for 1 h at 0 °C, 3.69c (65 mg, 0.090 mmol) in THF (5 mL) and 

DMAP (13 mg, 0.108 mmol) were added at 0 °C. After stirring for 2 h at 25 °C, the reaction 

mixture was quenched by the addition of saturated NH4Cl solution. 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, EtOAc/hexanes/MeOH, 2/1/0 to 10/10/1) to afford 3.70c (80 mg, 

85%): 1H NMR (400 MHz, CDCl3) δ 7.91 (s, 1 H), 7.77 (d, J = 7.6 Hz, 2 H), 7.61 (d, J = 7.2 Hz, 

2 H), 7.17–7.43 (m, 21 H), 7.01 (s, 1 H), 6.92 (m, 1 H), 6.85 (m, 1 H), 6.21 (dd, J = 4.8, 8.4 Hz, 1 

H), 5.38 (d, J = 8.8 Hz, 1 H), 4.68 (d, J = 5.6 Hz, 2 H), 4.30 (m, 2 H), 4.23 (m, 2 H), 3.87 (d, J = 

11.2 Hz, 1 H), 3.80 (s, 3 H), 3.26 (d, J = 11.6 Hz, 1 H), 2.93 (dd, J = 8.8, 14.8 Hz, 1 H), 2.71 (dd, 

J = 4.8, 15.2 Hz, 1 H), 2.56 (m, 2 H), 2.44 (m, 2 H), 2.05 (m, 1 H), 1.66 (s, 3 H), 0.83 (d, J = 6.8 

Hz, 3 H), 0.69 (d, J = 6.4 Hz, 3 H). 
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Preparation of Macrocycle 3.71c 

 

[Hydrolysis] To a cooled (0 °C) solution of 3.70c (80 mg, 0.076 mmol) in THF/H2O (4 

mL, 4:1, 0.02 M) was added LiOH (0.25 M, 0.36 mL, 0.091 mmol). After stirring for 2 h at 0 °C, 

the reaction mixture was acidified by KHSO4 solution (1.0 M) 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 to afford the crude 

carboxylic acid, which was employed in the next step without further purification.  

[Fmoc Deprotection] To a solution of the crude carboxylic acid in MeCN (8 mL) was 

added Et2NH (2.0 mL) at 25 °C. After stirring for 2 h at 25 °C, the reaction mixture was 

concentrated in vacuo to afford the crude amine, which was employed in the next step without 

further purification.  

[Macrocyclization] To a solution of the crude amine in CH2Cl2 (86 mL, 0.88 mM) were 

added HATU (58 mg, 0.152 mmol) and i-Pr2NEt (40 µL, 0.228 mmol) at 25 °C. After stirring for 

24 h at 25 °C, the reaction mixture was concentrated. The residue was dissolved in EtOAc and 

H2O. 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, EtOAc/hexanes/MeOH, 10/10/1) to afford 3.71c 

(14 mg, 23% for 3 steps): 1H NMR (400 MHz, CDCl3) δ 7.75 (s, 1 H), 7.32–7.34 (m, 6 H), 7.12–

7.27 (m, 11 H), 7.05 (d, J = 7.6 Hz, 1 H), 6.97 (s, 1 H), 6.82 (d, J = 7.6 Hz, 1 H), 6.25 (m, 1 H), 
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6.02 (dd, J = 10.8, 2.4 Hz, 1 H), 5.25 (dd, J = 17.2, 9.6 Hz, 1 H), 4.49 (dd, J = 9.6, 3.6 Hz, 1 H), 

4.15 (dd, J = 17.2, 3.2 Hz, 1 H), 4.02 (d, J = 11.6 Hz, 1 H), 3.26 (d, J = 11.6 Hz, 1 H), 3.00 (dd, J 

= 16.0, 11.6 Hz, 1 H), 2.68 (dd, J = 16.4, 2.4 Hz, 1 H), 2.49 (m, 2 H), 2.37 (m, 2 H), 2.06 (m, 1 

H), 1.84 (s, 3 H), 0.63 (d, J = 7.2 Hz, 3 H), 0.49 (d, J = 6.8 Hz, 3 H). 

 

Preparation of Thiol 3.72c 

 

To a cooled (0 °C) solution of 3.71c (13 mg, 0.017 mmol) in CH2Cl2 (3 mL) were added 

TFA (0.5 mL) and i-Pr3SiH (7 µL, 0.033 mmol). After stirring for 1 h at 25 °C, the reaction 

mixture was concentrated in vacuo. The residue was purified by column chromatography (silica 

gel, EtOAc/hexanes/MeOH, 20/20/1) to afford 3.72c (5 mg, 55%): 1H NMR (500 MHz, CDCl3) δ 

7.80 (s, 1 H), 7.28–7.32 (m, 2 H), 7.24 (s, 1 H), 7.18 (d, J = 8.0 Hz, 1 H), 7.13 (d, J = 7.5 Hz, 1 

H), 6.33 (d, J = 6.0 Hz, 1 H), 6.15 (dd, J = 10.5, 2.0 Hz, 1 H), 5.31 (dd, J = 17.5, 9.5 Hz, 1 H), 

4.57 (dd, J = 9.5, 3.5 Hz, 1 H), 4.25 (dd, J = 17.5, 3.5 Hz, 1 H), 4.07 (d, J = 11.0 Hz, 1 H), 3.31 (d, 

J = 11.5 Hz, 1 H), 3.10 (dd, J = 16.5, 10.0 Hz, 1 H), 2.90 (dd, J = 8.0, 8.0 Hz, 2 H), 2.80 (dd, J = 

16.5, 2.5 Hz, 1 H), 2.76 (ddd, J = 8.0, 8.0, 8.0 Hz, 2 H), 2.11 (m, 1 H), 1.91 (s, 3 H), 1.34 (dd, J = 

8.0, 8.0 Hz, 1 H), 0.70 (d, J = 6.5 Hz, 3 H), 0.57 (d, J = 6.5 Hz, 3 H). 
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Preparation of Thioester 3.73c 

 

To a cooled (0 °C) solution of 3.72c (2.8 mg, 0.0051 mmol) in CH2Cl2 (2 mL) were 

added octanoyl chloride (5 µL, 0.026 mmol) and i-Pr2NEt (9 µL, 0.051 mmol). After stirring for 

0.5 h at 25 °C, the reaction mixture was quenched by the addition of saturated NaHCO3 solution. 

The layers were separated, and the aqueous layer was extracted with CH2Cl2. The combined 

organic layers were dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was 

purified by column chromatography (silica gel, EtOAc/hexanes/MeOH, 10/10/1) to afford 3.73c 

(2.4 mg, 70%): 1H NMR (500 MHz, CDCl3) δ 7.79 (s, 1 H), 7.32 (m, 2 H), 7.28 (s, 1 H), 7.16 (d, 

J = 8.0 Hz, 2 H), 6.34 (dd, J = 9.5, 3.0 Hz, 1 H), 6.15 (dd, J = 10.5, 2.5 Hz, 1 H), 5.32 (dd, J = 

17.5, 9.5 Hz, 1 H), 4.57 (dd, J = 9.5, 3.0 Hz, 1 H), 4.25 (dd, J = 17.5, 3.5 Hz, 1 H), 4.07 (d, J = 

11.0 Hz, 1 H), 3.30 (d, J = 11.5 Hz, 1 H), 3.06–3.12 (m, 3 H), 2.82–2.88 (m, 2 H), 2.76 (dd, J = 

16.5, 3.0 Hz, 1 H), 2.53 (dd, J = 7.5, 7.5 Hz, 2 H), 2.11 (m, 1 H), 1.91 (s, 3 H), 1.64 (m, 2 H), 

1.27 (m, 8 H), 0.88 (dd, J = 7.0, 7.0 Hz, 3 H), 0.71 (d, J = 6.5 Hz, 3 H), 0.57 (d, J = 7.0 Hz, 3 H). 

 

Preparation of Bromide 3.64 

 

[Esterification] To a cooled (0 °C) solution of m-toluic acid (1.0 g, 7.345 mmol) in 

MeOH (30 mL) was added SOCl2 (1.07 mL, 14.69 mmol). After refluxing for 1 h, the reaction 
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mixture was concentrated. The resulting mixture was diluted with H2O and CH2Cl2. The layers 

were separated, and the aqueous layer was extracted with CH2Cl2. The combined organic layers 

were dried over anhydrous Na2SO4, and concentrated in vacuo to afford 3.63.1, which was 

employed in the next step without further purification. 

[Bromination] To a solution of 3.63.1 in MeCN (30 mL) were added NBS (1.96 g, 11.02 

mmol) and Bz2O2 (178 mg, 0.735 mmol). After refluxing for 5 h, the reaction mixture was 

concentrated. The resulting mixture was diluted with H2O and CH2Cl2. The layers were separated, 

and the aqueous layer was extracted with CH2Cl2. The combined organic layers were dried over 

anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanes, 1/30) to afford 3.64 (1.51 g, 90% for 2 steps): 1H 

NMR (400 MHz, CDCl3) δ 8.05 (s, 1 H), 7.95 (d, J = 7.6 Hz, 1 H), 7.57 (d, J = 8.0 Hz, 1 H), 7.41 

(dd, J = 7.6, 7.6 Hz, 1 H), 4.50 (s, 2 H), 3.91 (s, 3 H). 

 

Preparation of Nitrile 3.65 

 

To a solution of 3.64 (570 mg, 2.488 mmol) in MeOH/H2O (20 mL, 3:1) was added KCN 

(810 mg, 12.44 mmol). After refluxing for 5 h, the reaction mixture was concentrated. The 

resulting mixture was diluted with H2O and CH2Cl2. The layers were separated, and the aqueous 

layer was extracted with CH2Cl2. The combined organic layers were dried over anhydrous 

Na2SO4, and concentrated in vacuo. The residue was purified by column chromatography (silica 

gel, EtOAc/hexanes, 1/10) to afford 3.65 (366 mg, 84%): 1H NMR (400 MHz, CDCl3) δ 7.97 (m, 
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2 H), 7.52 (d, J = 8.0 Hz, 1 H), 7.44 (dd, J = 8.0, 8.0 Hz, 1 H), 3.90 (s, 3 H), 3.79 (s, 2 H); 13C 

NMR (100 MHz, CDCl3) δ 166.3, 132.3, 131.1, 130.5, 129.31, 129.27, 129.07, 117.5, 52.3, 23.4. 

 

Preparation of Alcohol 3.66 

 

To a solution of 3.65 (220 mg, 1.256 mmol) in THF (20 mL) was added NaBH4 (285 mg, 

7.536 mmol). After stirring for 15 min, MeOH (5 mL) was added. The resulting mixture was 

heated at 80 °C for 1 h, then the reaction mixture was quenched by the addition of saturated 

NH4Cl solution. 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, EtOAc/hexanes, 1/2) to afford 3.66 

(163 mg, 88%): 1H NMR (500 MHz, CDCl3) δ 7.35 (dd, J = 7.5, 7.5 Hz, 1 H), 7.29 (s, 1 H), 7.28 

(d, J = 8.0 Hz, 1 H), 7.21 (d, J = 8.0 Hz, 1 H), 4.63 (s, 2 H), 3.71 (s, 2 H), 3.23 (br s, 1 H). 

 

Preparation of Nitrile 3.67 

 

[Bromination] To a cooled (0 °C) solution of 3.66 (450 mg, 3.058 mmol) in CH2Cl2 (30 

mL) were added CBr4 (1.12 g, 3.363 mmol) and PPh3 (882 mg, 3.363 mmol). After stirring for 1 

h at 0 °C, the reaction mixture was diluted with H2O and CH2Cl2. The layers were separated, and 

the aqueous layer was extracted with CH2Cl2. The combined organic layers were dried over 
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anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanes, 1/10) to afford 3.66-1: 1H NMR (500 MHz, CDCl3) 

δ 7.26–7.39 (m, 4 H), 4.49 (s, 2 H), 3.75 (s, 2 H). 

[Tritylation] To a solution of 3.66-1 in EtOH/THF/H2O (30 mL, 3:1:1) were added 

TrtSH (1.27 g, 4.587 mmol) and LiOH (110 mg, 4.587 mmol) at 25 °C. After stirring for 2 h at 

25 °C, the reaction mixture was concentrated. The residue was dissolved in CH2Cl2 and H2O. The 

layers were separated, and the aqueous layer was extracted with CH2Cl2. The combined organic 

layers were dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was purified 

by column chromatography (silica gel, EtOAc/hexanes, 1/10) to afford 3.67 (1.14 g, 92% for 2 

steps): 1H NMR (400 MHz, CDCl3) δ 7.48–7.51 (m, 6 H), 7.31–7.36 (m, 6 H), 7.24–7.28 (m, 4 H), 

7.16 (d, J = 7.6 Hz, 1 H), 7.12 (d, J = 7.6 Hz, 1 H), 7.04 (s, 1 H), 3.67 (s, 2 H), 3.36 (s, 2 H). 

 

Preparation of Aldehyde 3.45d 

 

To a cooled (0 °C) solution of 3.67 (792 mg, 1.953 mmol) in toluene (20 mL) was added 

DIBALH (1.0 M, 2.9 mL, 2.930 mmol). After stirring for 1 h at 0 °C, the reaction mixture was 

quenched by the addition of HCl solution (1.0 M) and diluted with CH2Cl2 and H2O. The layers 

were separated, and the aqueous layer was extracted with CH2Cl2. The combined organic layers 

were dried over anhydrous Na2SO4, and concentrated in vacuo, which was employed in the next 

step without further purification due to the instability. For the spectral analysis, the residue was 

purified by column chromatography (silica gel, EtOAc/hexanes, 1/10) to afford 3.45d: 1H NMR 

(400 MHz, CDCl3) δ 9.69 (dd, J = 2.4 Hz, 1 H), 7.45–7.48 (m, 6 H), 7.28–7.33 (m, 6 H), 7.21–
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7.26 (m, 4 H), 7.08 (d, J = 8.0 Hz, 1 H), 7.05 (d, J = 7.6 Hz, 1 H), 6.93 (s, 1 H), 3.61 (d, J = 2.4 

Hz, 2 H), 3.32 (s, 2 H). 

 

Preparation of β-Hydroxy Amide 3.43d 

 

To a cooled (–78 °C) solution of 3.46 (279 mg, 1.370 mmol) in CH2Cl2 (15 mL) was 

added TiCl4 (1.0 M, 1.5 mL, 1.508 mmol). After stirring for 5 min at –78 °C, i-Pr2NEt (0.26 mL, 

1.508 mmol) was added slowly. The resulting mixture was stirred for 1 h at –78 °C before the 

addition of crude 3.45d (280 mg, 0.685 mmol) in CH2Cl2 (5 mL). After stirring for 1 h at –78 °C, 

the reaction was quenched by the addition of saturated NH4Cl solution. The layers were separated, 

and the aqueous layer was extracted with CH2Cl2. The combined organic layers were dried over 

anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanes, 1/5 to 1/3) to afford 3.43d (77 mg, 18% for 2 steps): 

1H NMR (500 MHz, CDCl3) δ 7.46–7.49 (m, 6 H), 7.27–7.33 (m, 6 H), 7.21–7.25 (m, 3 H), 7.20 

(dd, J = 7.6, 7.6 Hz, 1 H), 7.07 (d, J = 7.6 Hz, 1 H), 7.03 (d, J = 7.6 Hz, 1 H), 6.98 (s, 1 H), 5.14 

(dd, J = 6.8, 6.8 Hz, 1 H), 4.33 (m, 2 H), 3.60 (dd, J = 2.4, 17.6 Hz, 1 H), 3.49 (dd, J = 8.0, 11.2 

Hz, 1 H), 3.30 (s, 2 H), 3.16 (dd, J = 11.6, 9.2 Hz, 1 H), 3.00 (d, J = 11.2 Hz, 1 H), 2.79 (m, 3 H), 

2.33 (m, 1 H), 1.04 (d, J = 6.8 Hz, 3 H), 0.96 (d, J = 6.8 Hz, 3 H). 
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Preparation of Amide 3.69d 

 

[Boc Deprotection] To a cooled (0 °C) solution of 3.28 (80 mg, 0.215 mmol) in CH2Cl2 

(3 mL) was added dropwise TFA (1.0 mL). After stirring for 2 h at 25 °C, the reaction mixture 

was concentrated and washed with Et2O to afford the crude amine, which was employed in the 

next step without further purification.  

[Coupling] To a solution of the crude amine in CH2Cl2 (10 mL) were added 3.43d (77 

mg, 0.125 mmol) in CH2Cl2 (5 mL) and DMAP (76 mg, 0.625 mmol). After stirring for 2 h at 

25 °C, the reaction mixture was quenched by the addition of H2O. The layers were separated, and 

the aqueous layer was extracted with CH2Cl2. The combined organic layers were dried over 

anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanesMeOH, 10/10/1) to afford 3.69d (78 mg, 85%): 1H 

NMR (400 MHz, CDCl3) δ 7.90 (s, 1 H), 7.44–7.48 (m, 6 H), 7.27–7.32 (m, 6 H), 7.20–7.25 (m, 

3 H), 7.17 (dd, J = 7.6, 7.6 Hz, 1 H), 6.98–7.03 (m, 3 H), 6.94 (s, 1 H), 4.72 (dd, J = 16.0, 6.0 Hz, 

1 H), 4.65 (dd, J = 16.0, 6.0 Hz, 1 H), 4.19 (m, 1 H), 3.84 (d, J = 11.2 Hz, 1 H), 3.79 (s, 3 H), 

3.29 (s, 2 H), 3.24 (d, J = 11.2 Hz, 1 H), 2.77 (dd, J = 13.2, 7.6 Hz, 1 H), 2.69 (dd, J = 13.6, 6.0 

Hz, 1 H), 2.41 (dd, J = 15.2, 2.8 Hz, 1 H), 2.31 (dd, J = 15.2, 4.8 Hz, 1 H), 1.61 (s, 3 H). 
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Preparation of Ester 70d 

N S

N
H

N
S

OOO

R2
R1

3.70d : R1 = CO2Me
R2 = NHFmoc

1) Fmoc-L-Val-OH,Et3N
2,4,6-trichlorobenozyl chloride
THF, 0 °C, 1 h

2) 3.69d, DMAP
25 °C, 2 h
93%

N S

N
H

N
S

MeO2C

OOH

TrtS TrtS

3.69d

 

To a cooled (0 °C) solution of Fmoc-L-Val-OH (51 mg, 0.151 mmol) in THF (10 mL) 

were added dropwise 2,4,6-trichlorobenzoyl chloride (26 µL, 0.162 mmol) and Et3N (24 µL, 

0.173mmol). After stirring for 1 h at 0 °C, 3.69d (78 mg, 0.108 mmol) in THF (5 mL) and DMAP 

(13 mg, 0.108 mmol) were added at 0 °C. After stirring for 2 h at 25 °C, the reaction mixture was 

quenched by the addition of saturated NH4Cl solution. 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, EtOAc/hexanes/MeOH, 2/1/0 to 10/10/1) to afford 3.70d (105 mg, 

93%): 1H NMR (400 MHz, CDCl3) δ 7.92 (s, 1 H), 7.77 (d, J = 7.6 Hz, 2 H), 7.61 (d, J = 7.2 Hz, 

2 H), 7.44–7.48 (m, 6 H), 7.19–7.33 (m, 14 H), 7.16 (dd, J = 7.6, 7.6 Hz, 1 H), 6.98–7.03 (m, 3 

H), 6.93 (s, 1 H), 6.21 (m, 1 H), 5.41 (m, 1 H), 4.70 (d, J = 6.0 Hz, 2 H), 4.30 (m, 2 H), 4.23 (m, 2 

H), 3.87 (d, J = 11.2 Hz, 1 H), 3.78 (s, 3 H), 3.31 (s, 2 H), 3.25 (d, J = 11.6 Hz, 1 H), 2.77 (dd, J 

= 13.2, 7.6 Hz, 1 H), 2.69 (dd, J = 13.6, 6.0 Hz, 1 H), 2.41 (dd, J = 15.2, 2.8 Hz, 1 H), 2.31 (dd, J 

= 15.2, 4.8 Hz, 1 H), 2.06 (m, 1 H), 1.67 (s, 3 H), 0.84 (d, J = 6.8 Hz, 3 H), 0.67 (d, J = 6.8 Hz, 3 

H). 
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Preparation of Macrocycle 3.71d 

 

[Hydrolysis] To a cooled (0 °C) solution of 3.70d (105 mg, 0.101 mmol) in THF/H2O (5 

mL, 4:1, 0.02 M) was added LiOH (0.25 M, 0.48 mL, 0.121 mmol). After stirring for 2 h at 0 °C, 

the reaction mixture was acidified by KHSO4 solution (1.0 M) 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 to afford the crude 

carboxylic acid, which was employed in the next step without further purification.  

[Fmoc Deprotection] To a solution of the crude carboxylic acid in MeCN (10 mL) was 

added Et2NH (2.0 mL) at 25 °C. After stirring for 2 h at 25 °C, the reaction mixture was 

concentrated in vacuo to afford the crude amine, which was employed in the next step without 

further purification.  

[Macrocyclization] To a solution of the crude amine in CH2Cl2 (115 mL, 0.88 mM) were 

added HATU (77 mg, 0.202 mmol) and i-Pr2NEt (53 µL, 0.303 mmol) at 25 °C. After stirring for 

24 h at 25 °C, the reaction mixture was concentrated. The residue was dissolved in EtOAc and 

H2O. 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, EtOAc/hexanes/MeOH, 10/10/1) to afford 3.71d 

(31 mg, 39% for 3 steps): 1H NMR (400 MHz, CDCl3) δ 7.75 (s, 1 H), 7.45–7.48 (m, 6 H), 7.31 
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(dd, J = 7.6, 7.6 Hz, 6 H), 7.19–7.25 (m, 3 H), 7.18 (dd, J = 7.6, 7.6 Hz, 1 H), 7.11 (d, J = 9.6 Hz, 

1 H), 7.02–7.05 (m, 2 H), 6.90 (s, 1 H), 6.24 (dd, J = 9.2, 3.2 Hz, 1 H), 5.42 (m, 1 H), 5.21 (dd, J 

= 17.6, 9.2 Hz, 1 H), 4.68 (dd, J = 9.2, 3.2 Hz, 1 H), 4.19 (dd, J = 17.6, 3.2 Hz, 1 H), 4.05 (d, J = 

11.6 Hz, 1 H), 3.30 (s, 2 H), 3.27 (d, J = 11.6 Hz, 1 H), 3.22 (dd, J = 13.6, 4.0 Hz, 1 H), 2.63 (dd, 

J = 12.8, 9.2 Hz, 1 H), 2.62 (dd, J = 16.4, 10.8 Hz, 1 H), 2.53 (dd, J = 16.4, 2.8 Hz, 1 H), 2.19 (m, 

1 H), 1.85 (s, 3 H), 0.71 (d, J = 7.2 Hz, 3 H), 0.50 (d, J = 6.8 Hz, 3 H). 

 

Preparation of Thiol 3.72d 

 

To a cooled (0 °C) solution of 3.71d (19 mg, 0.024 mmol) in CH2Cl2 (3 mL) were added 

TFA (0.5 mL) and i-Pr3SiH (10 µL, 0.033 mmol). After stirring for 1 h at 25 °C, the reaction 

mixture was concentrated in vacuo. The residue was purified by column chromatography (silica 

gel, EtOAc/hexanes/MeOH, 15/15/1) to afford 3.72d (11 mg, 84%): 1H NMR (400 MHz, CDCl3) 

δ 7.76 (s, 1 H), 7.19–7.25 (m, 2 H), 7.16 (s, 1 H), 7.07–7.12 (m, 2 H), 6.27 (dd, J = 9.6, 2.8 Hz, 1 

H), 5.46 (m, 1 H), 5.22 (dd, J = 17.6, 9.6 Hz, 1 H), 4.69 (dd, J = 9.6, 3.2 Hz, 1 H), 4.22 (dd, J = 

17.6, 3.6 Hz, 1 H), 4.05 (d, J = 11.2 Hz, 1 H), 3.71 (d, J = 7.6 Hz, 2 H), 3.27 (d, J = 11.2 Hz, 1 H), 

3.23 (dd, J = 13.6, 4.0 Hz, 1 H), 2.76 (dd, J = 13.2, 8.8 Hz, 1 H), 2.68 (dd, J = 16.4, 10.4 Hz, 1 H), 

2.60 (dd, J = 16.4, 3.2 Hz, 1 H), 2.17 (m, 1 H), 1.86 (s, 3 H), 1.77 (dd, J = 7.6, 7.6 Hz, 1 H), 0.70 

(d, J = 6.8 Hz, 3 H), 0.50 (d, J = 7.2 Hz, 3 H). 
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Preparation of Thioester 3.73d 

 

To a cooled (0 °C) solution of 3.72d (5.0 mg, 0.0091 mmol) in CH2Cl2 (2 mL) were 

added octanoyl chloride (8 µL, 0.046 mmol) and i-Pr2NEt (16 µL, 0.091 mmol). After stirring for 

0.5 h at 25 °C, the reaction mixture was quenched by the addition of saturated NaHCO3 solution. 

The layers were separated, and the aqueous layer was extracted with CH2Cl2. The combined 

organic layers were dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was 

purified by column chromatography (silica gel, EtOAc/hexanes/MeOH, 10/10/1) to afford 3.73d 

(6.0 mg, 98%): 1H NMR (500 MHz, CDCl3) δ 7.75 (s, 1 H), 7.22 (dd, J = 7.5, 7.5 Hz, 1 H), 7.16 

(d, J = 7.5 Hz, 1 H), 7.08–7.12 (m, 3 H), 6.28 (dd, J = 9.0, 3.5 Hz, 1 H), 5.45 (m, 1 H), 5.23 (dd, J 

= 17.5, 9.0 Hz, 1 H), 4.69 (dd, J = 10.0, 3.0 Hz, 1 H), 4.22 (dd, J = 17.5, 3.0 Hz, 1 H), 4.08 (d, J = 

1.5 Hz, 2 H), 4.05 (d, J = 11.5 Hz, 1 H), 3.27 (d, J = 11.0 Hz, 1 H), 3.22 (dd, J = 13.0, 4.0 Hz, 1 

H), 2.76 (dd, J = 13.5, 9.0 Hz, 1 H), 2.67 (dd, J = 17.0, 10.5 Hz, 1 H), 2.59 (dd, J = 17.0, 3.5 Hz, 

1 H), 2.56 (dd, J = 7.5, 7.5 Hz, 2 H), 2.17 (m, 1 H), 1.86 (s, 3 H), 1.66 (m, 2 H), 1.29 (m, 8 H), 

0.87 (dd, J = 7.0, 7.0 Hz, 3 H), 0.71 (d, J = 6.5 Hz, 3 H), 0.51 (d, J = 7.0 Hz, 3 H). 
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Preparation of Azide 3.84 

 

[Esterification] To a cooled (0 °C) solution of (L)-(–)-malic acid (2.0 g, 14.92 mmol) in 

MeOH (30 mL) was added SOCl2 (2.17 mL, 29.83 mmol). After stirring for 1 h, the reaction 

mixture was concentrated. The resulting mixture was diluted with H2O and CH2Cl2. The layers 

were separated, and the aqueous layer was extracted with CH2Cl2. The combined organic layers 

were dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by 

column chromatography (silica gel, EtOAc/hexanes, 1/10) to afford 3.81 (2.03 g, 84%).   

[Reduction] To a solution of 3.81 (2.03 g, 12.53 mmol) in THF (30 mL) was added 

BH3·SMe2 (1.31 mL, 13.79 mmol) at 25 °C. After cooling to 0 °C, NaBH4 (47 mg, 1.253 mmol) 

was added to the reaction mixture. After stirring for 1 h at 25 °C, the reaction mixture was 

quenched by the addition of MeOH (10 mL) and PTSA (238 mg, 1.253 mmol). The crude was 

diluted with H2O and 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 to afford the crude 3.82, which was employed in the next step without further 

purification.  

[Tosylation] To a cooled (0 °C) solution of 3.82 in pyridine (25 mL) was added p-TsCl 

(2.63 g, 13.78 mmol). After stirring for 1 h at 25 °C, the reaction mixture was quenched by the 

addition of 1 N HCl and extracted with EtOAc. The organic layer was dried over anhydrous 

Na2SO4, and concentrated in vacuo to afford the crude 3.83, which was employed in the next step 

without further purification. 
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[Azidation] To a solution of 3.83 in DMF (15 mL) was added NaN3 (1.63 g, 25.06 

mmol). After heating for 1 h at 80 °C, the reaction mixture was concentrated and diluted with 

EtOAc and H2O.  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, EtOAc/hexanes, 1/2) to afford 3.84 

(1.08 g, 30% for 3 steps): 1H NMR (400 MHz, CDCl3) δ 4.18 (m, 1 H), 3.69 (s, 3 H), 3.31 (m, 3 

H), 2.51 (m, 2 H); 13C NMR (100 MHz, CDCl3) δ 172.5, 67.3, 55.6, 52.1, 38.3. 

 

Preparation of Triazole 3.85 

 

To a solution of 3.84 (280 mg, 1.759 mmol) and 3.75 (867 mg, 2.639 mmol) in benzene 

(20 mL) was added Cp*RuCl(PPh3)2 (28 mg, 0.035 mmol) at 25 °C. After refluxing for 12 h, the 

reaction mixture was concentrated in vacuo. The residue was purified by column chromatography 

(silica gel, EtOAc/hexanes/MeOH, 15/15/1) to afford 3.85 (484 mg, 56%): 1H NMR (400 MHz, 

CDCl3) δ 7.40–7.42 (m, 6 H), 7.21–7.32 (m, 10 H), 4.43 (m, 1 H), 4.23 (dd, J = 14.0, 3.6 Hz, 1 

H), 4.09 (dd, J = 14.0, 7.2 Hz, 1 H), 3.70 (s, 3 H), 2.59–2.66 (m, 2 H), 2.46–2.66 (m, 4 H); 13C 

NMR (100 MHz, CDCl3) δ 172.0, 144.5, 136.8, 132.2, 129.6, 128.1, 126.9, 67.24, 67.08, 52.19, 

52.06, 38.5, 30.4, 22.8. 
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Preparation of Thiol 3.86 

 

To a cooled (0 °C) solution of 3.85 (47 mg, 0.096 mmol) in CH2Cl2 (6 mL) were added 

TFA (1.0 mL) and i-Pr3SiH (39 µL, 0.0352 mmol). After stirring for 1 h at 25 °C, the reaction 

mixture was concentrated in vacuo. The residue was purified by column chromatography (silica 

gel, EtOAc/hexanes/MeOH, 10/10/1) to afford 3.86 (21 mg, 89%): 1H NMR (400 MHz, CDCl3) δ 

7.48 (s, 1 H), 4.50 (m, 1 H), 4.44 (dd, J = 14.0, 3.0 Hz, 1 H), 4.30 (dd, J = 14.0, 7.0 Hz, 1 H), 

3.97 (br s, 1 H), 3.70 (s, 3 H), 3.04 (dd, J = 6.5, 6.5 Hz, 2 H), 2.81 (ddd, J = 7.5, 7.5, 7.5 Hz, 2 H), 

2.64 (dd, J = 17.0, 5.0 Hz, 1 H), 2.55 (dd, J = 17.0, 8.0 Hz, 1 H). 

 

Preparation of Amide 3.89 

 

[Hydrolysis] To a solution of 3.85 (90 mg, 0.185 mmol) in THF/H2O (6 mL, 4:1) was 

added LiOH (1.0 M, 0.37 mL, 0.370 mmol). After stirring for 2 h at 25 °C, the reaction mixture 

was acidified by KHSO4 solution (1.0 M) and diluted with EtOAc. The layers were separated, and 

the aqueous layer was extracted with EtOAc. The combined organic layers were dried over 
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anhydrous Na2SO4, and concentrated in vacuo to afford the crude carboxylic acid, which was 

employed in the next step without further purification.  

[Coupling] To a solution of the crude carboxylic acid and 3.87 (132 mg, 0.241 mmol) in 

MeCN (15 mL) were added PyBOP (193 mg, 0.370 mmol) and DMAP (90 mg, 0.740 mmol) at 

25 °C. After stirring for 4 h at 25 °C, the reaction mixture was concentrated. The residue was 

dissolved in EtOAc and the saturated NH4Cl solution. 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, 

EtOAc/hexanes/MeOH, 10/10/1) to afford 3.89 (147 mg, 89% for 2 steps): 1H NMR (400 MHz, 

CDCl3) δ 7.84 (s, 1 H), 7.72 (dd, J = 7.6, 4.4 Hz, 2 H), 7.58 (dd, J = 7.6, 3.2 Hz, 2 H), 7.52 (dd, J 

= 5.6, 5.6 Hz, 1 H), 7.15–7.43 (m, 19 H), 4.73 (dd, J = 16.0, 6.0 Hz, 1 H), 4.67 (dd, J = 16.8, 6.0 

Hz, 1 H), 4.50 (d, J = 6.4 Hz, 2 H), 4.34 (m, 1 H), 4.23 (dd, J = 6.4, 6.4 Hz, 1 H), 3.69 (d, J = 

11.2 Hz, 1 H), 3.20 (d, J = 11.2 Hz, 1 H), 2.58 (dd, J = 7.6, 7.6 Hz, 2 H), 2.50 (dd, J = 15.6, 4.0 

Hz, 1 H), 2.44 (dd, J = 7.6, 7.6 Hz, 2 H), 2.33 (dd, J = 14.8, 8.4 Hz, 1 H), 1.57 (s, 3 H). 

 

Preparation of Ester 3.90 

 

To a cooled (0 °C) solution of Fmoc-L-Val-OH (75 mg, 0.220 mmol) in THF (8 mL) 

were added dropwise 2,4,6-trichlorobenzoyl chloride (37 µL, 0.236 mmol) and Et3N (35 µL, 
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0.251 mmol). After stirring for 1 h at 0 °C, 3.89 (140 mg, 0.157 mmol) in THF (5 mL) and 

DMAP (23 mg, 0.188 mmol) were added at 0 °C. After stirring for 2 h at 25 °C, the reaction 

mixture was quenched by the addition of saturated NH4Cl solution. 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, EtOAc/hexanes/MeOH, 15/15/1 to 10/10/1) to afford 3.90 (177 mg, 

93%): 1H NMR (400 MHz, CDCl3) δ 7.93 (s, 1 H), 7.73 (dd, J = 6.4, 6.4 Hz, 4 H), 7.61 (d, J = 

7.2 Hz, 2 H), 7.54 (d, J = 7.2 Hz, 2 H), 7.19–7.41 (m, 24 H), 5.59 (m, 1 H), 5.29 (d, J = 7.6 Hz, 1 

H), 4.77 (dd, J = 6.0, 6.0 Hz, 2 H), 4.43–4.53 (m, 4 H), 4.39 (dd, J = 10.4, 6.8 Hz, 1 H), 4.33 (dd, 

J = 10.4, 6.8 Hz, 1 H), 4.24 (dd, J = 6.8, 6.8 Hz, 1 H), 4.17 (dd, J = 6.8, 6.8 Hz, 1 H), 3.93 (dd, J 

= 6.4, 6.4 Hz, 1 H), 3.74 (d, J = 11.6 Hz, 1 H), 3.19 (d, J = 11.2 Hz, 1 H), 2.74 (dd, J = 14.8, 6.0 

Hz, 1 H), 2.45–2.66 (m, 6 H), 1.88 (m, 1 H), 1.64 (s, 3 H), 3.19 (d, J = 6.4 Hz, 6 H); 13C NMR 

(100 MHz, CDCl3) δ 173.0, 171.4, 168.7, 168.5, 163.0, 156.6, 148.5, 144.4, 143.67, 143.61, 

143.52, 141.39, 141.36, 136.5, 132.4, 129.6, 128.1, 127.91, 127.87, 127.19, 127.13, 126.95, 

125.30, 125.21, 125.11, 125.05, 122.1, 120.10, 120.07, 84.6, 70.2, 67.48, 67.36, 67.24, 59.9, 48.9, 

47.1, 46.8, 41.7, 41.3, 38.1, 30.26, 30.19, 24.1, 22.7, 18.9, 18.0. 

 

Preparation of Macrocycle 3.91 

1) Et2NH, CH3CN
25 °C, 2 h

2) HATU, i-Pr2NEt
CH2Cl2, 25 °C, 12 h
27% for 2 steps

3.90 : R1 = CO2Fm
R2 = NHFmoc
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[Deprotection] To a solution of 3.90 (79 mg, 0.065 mmol) in MeCN (8 mL) was added 

Et2NH (1.5 mL) at 25 °C. After stirring for 2 h at 25 °C, the reaction mixture was concentrated in 

vacuo to afford the crude acid amine, which was employed in the next step without further 

purification.  

[Macrocyclization] To a solution of the crude acid amine in CH2Cl2 (74 mL, 0.88 mM) 

were added HATU (49 mg, 0.130 mmol) and i-Pr2NEt (34 µL, 0.195 mmol) at 25 °C. After 

stirring for 12 h at 25 °C, the reaction mixture was concentrated. The residue was dissolved in 

EtOAc and H2O. 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, EtOAc/hexanes/MeOH, 10/10/1) to 

afford 3.91 (14 mg, 27% for 2 steps): 1H NMR (500 MHz, CDCl3) δ 7.74 (s, 1 H), 7.38 (d, J = 7.5 

Hz, 6 H), 7.34 (s, 1 H), 7.28 (dd, J = 7.5, 7.5 Hz, 6 H), 7.21 (dd, J = 7.0, 7.0 Hz, 3 H), 7.06 (d, J = 

10.0 Hz, 1 H), 6.72 (dd, J = 9.0, 3.5 Hz, 1 H), 5.31 (m, 1 H), 5.21 (dd, J = 17.5, 9.0 Hz, 1 H), 4.66 

(dd, J = 9.0, 3.5 Hz, 1 H), 4.53 (dd, J = 14.0, 8.5 Hz, 1 H), 4.40 (dd, J = 14.0, 3.5 Hz, 1 H), 4.25 

(dd, J = 17.5, 9.0 Hz, 1 H), 4.01 (d, J = 12.0 Hz, 1 H), 3.28 (d, J = 11.0 Hz, 1 H), 2.78 (dd, J = 

16.0, 3.0 Hz, 1 H), 2.72 (dd, J = 16.5, 10.0 Hz, 1 H), 2.68 (m, 1 H), 2.58 (m, 1 H), 2.46 (dd, J = 

7.0, 7.0 Hz, 2 H), 2.14 (m, 1 H), 1.82 (s, 3 H), 0.73 (d, J = 7.0 Hz, 3 H), 0.54 (d, J = 6.5 Hz, 3 H). 

 

Preparation of Thiol 3.93 
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To a cooled (0 °C) solution of 3.91 (14 mg, 0.0176 mmol) in CH2Cl2 (3 mL) were added 

TFA (0.5 mL) and i-Pr3SiH (7 µL, 0.0352 mmol). After stirring for 1 h at 25 °C, the reaction 

mixture was concentrated in vacuo. The residue was purified by column chromatography (silica 

gel, EtOAc/hexanes/MeOH, 5/5/1) to afford 3.93 (7 mg, 72%): 1H NMR (400 MHz, CDCl3) δ 

7.76 (s, 1 H), 7.58 (s, 1 H), 7.07 (d, J = 9.6 Hz, 1 H), 6.60 (dd, J = 9.2, 3.2 Hz, 1 H), 5.43 (m, 1 

H), 5.23 (dd, J = 17.6, 9.2 Hz, 1 H), 4.72 (dd, J = 9.6, 3.6 Hz, 1 H), 4.70 (dd, J = 15.2, 7.6 Hz, 1 

H), 4.63 (dd, J = 14.8, 3.6 Hz, 1 H), 4.26 (dd, J = 17.6, 3.6 Hz, 1 H), 4.01 (d, J = 11.2 Hz, 1 H), 

3.29 (d, J = 11.6 Hz, 1 H), 3.03 (ddd, J = 7.2, 7.2, 2.8 Hz, 2 H), 2.89 (dd, J = 16.8, 3.2 Hz, 1 H), 

2.83 (m, 2 H), 2.79 (dd, J = 16.8, 10.4 Hz, 1 H), 2.16 (m, 1 H), 1.84 (s, 3 H), 1.58 (dd, J = 7.6, 7.6 

Hz, 1 H), 0.73 (d, J = 6.8 Hz, 3 H), 0.52 (d, J = 6.8 Hz, 3 H). 

 

Preparation of Thioester 3.92 

 

To a cooled (0 °C) solution of 3.93 (2.6 mg, 0.0047 mmol) in CH2Cl2 (2 mL) were added 

octanoyl chloride (4 µL, 0.024 mmol) and i-Pr2NEt (8 µL, 0.047 mmol). After stirring for 0.5 h at 

25 °C, the reaction mixture was quenched by the addition of saturated NaHCO3 solution. The 

layers were separated, and the aqueous layer was extracted with CH2Cl2. The combined organic 

layers were dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was purified 

by column chromatography (silica gel, EtOAc/hexanes/MeOH, 10/10/1) to afford 3.92 (2.0 mg, 

63%): 1H NMR (500 MHz, CDCl3) δ 7.75 (s, 1 H), 7.55 (s, 1 H), 7.09 (d, J = 10.0 Hz, 1 H), 6.71 
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(dd, J = 9.0, 3.5 Hz, 1 H), 5.45 (m, 1 H), 5.22 (dd, J = 17.5, 8.5 Hz, 1 H), 4.77 (dd, J = 14.5, 8.0 

Hz, 1 H), 4.66 (dd, J = 9.0, 3.5 Hz, 1 H), 4.66 (dd, J = 13.0, 3.5 Hz, 1 H), 4.28 (dd, J = 17.5, 4.0 

Hz, 1 H), 4.01 (d, J = 11.5 Hz, 1 H), 3.28 (d, J = 11.0 Hz, 1 H), 3.11 (m, 2 H), 2.99 (m, 2 H), 2.87 

(dd, J = 16.0, 3.0 Hz, 1 H), 2.78 (dd, J = 16.0, 10.0 Hz, 1 H), 2.55 (dd, J = 7.5, 7.5 Hz, 2 H), 2.14 

(m, 1 H), 1.84 (s, 3 H), 1.62 (m, 2 H), 1.28 (m, 8 H), 0.88 (dd, J = 7.0, 7.0 Hz, 3 H), 0.74 (d, J = 

7.0 Hz, 3 H), 0.55 (d, J = 7.0 Hz, 3 H). 
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