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Abstract 

Gihan C Dissanayake 

Department of Chemistry  

The University of Kansas 

 

 Naturally occurring and synthetic macrocycles are considered as useful 

scaffolds as therapeutics and probes in both medicine and chemical biology. Due to the 

pre-organized nature and unique architecture, macrocycles have emerged as an 

important entity for chemical probe discovery in medicinal chemistry and chemical 

biology. Moreover, naturally derived macrocyclic secondary metabolites have 

demonstrated profound pharmacological properties.  

Chapter 1 discusses synthetic strategies to 14-membered macrolides 

possessing various chemotypes. In this regard, the family of 14-membered macrolides 

were divided into six categories based on structural characteristics, namely macrolides 

containing (i) lactone rings, (ii) D�E-unsaturated macrolactones, (iii) THP rings (iv) 

pyran hemiketal rings, (v) fused ring systems, and (vi) amides and enamide macrolides. 

The synthesis of aforementioned chemotypes were discussed briefly in a retrosynthetic 

fashion to provide a global understanding on distinct synthetic strategies. 

 Chapter 2 focuses on a modular synthetic strategy employing a phosphate-

tether mediated-one-pot sequential approach for the formal synthesis of (2S)-epimer of 

sanctolide A, and the total synthesis of sanctolide A. Sanctolide A is a polyketide 

nonribosomal peptide (PK-NRP) macrolide, which comprises a 14-membered enamide 

macrolactone core. A phosphate-tether mediated double diastereotopic group 

differentiation protocol was employed as the key step for the formal synthesis of the 

(2S)-epimer of sanctolide A. Concurrently, a phosphate-tether mediated one-pot 

sequential RCM/CM/substrate-controlled “H2” /tether removal approach was utilized 

with improved atom- and step-economy to accomplish the total synthesis of the natural 

product sanctolide A.  In order to deconvolute complex characterization issues due to 
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C2 epimerization of the C2-methyl bearing stereocenter, as well as amide rotamers and 

E/Z isomers, comprehensive and detailed 1H and 13C NMR analysis was carried out, 

which enabled identification of the source of epimerization and allowed for new 

conditions to circumvent the issue.  Collectively, a strategy for simpler and more stable 

analogs was developed and reported in Chapter 3. 

 Chapter 3 provides the details of the synthesis of a small library of macrocyclic 

analogs of aforementioned natural product, sanctolide A that was carried out by 

adopting a build-couple-couple-pair (BCCP) strategy coupled with phosphate tether 

one-pot sequential protocols. The synthetic strategy was focused on generating 

simplified, des-methyl sanctolide analogs containing an D,E-unsaturated lactone 

moiety to simplify the synthesis and importantly, to improve the stability of the analogs. 

In this regard, a total of 5 D�E-unsaturated macrolides, and 2 enamide macrolides with 

variable substituents and sidechains were generated.  In addition, a one-pot 

CM/RCM/H2/LAH protocol was developed in the “build phase” for the synthesis of 

the C1–C10 1,3-anti-diol-containing subunit (sanctolide numbering). 

 Chapter 4 outlines a pot-economical approach for the streamlined synthesis of 

advanced polyol subunits. The key reactions involved are iterative use of a phosphate 

tether-mediated one-pot sequential RCM/CM/H2 with subsequent utilization of either 

a regio-/diasteroselective cuprate addition or a Pd-catalyzed allylic transposition. This 

method highlights the asymmetric synthesis of 12 complex polyol subunits in 4–6 one-

pot sequential operations with a total of 12–14 reactions, with minimal workup and 

purification procedures. 

 Chapter 5 provides experimental details and spectroscopic data of new 

compounds, as well as full spectrum 1H, 13C, 31P, 19F, DEPT, 1H 1H COSY, 1H 13C 

HSQC, 1H 13C HMBC, and nOe.  In addition, X-ray data, IR and mass spectral data are 

provided, as well as a general experimental section detailing instruments used 

throughout this thesis.  
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1.1 Introduction 

Macrocycles are considered as an important class of scaffolds which have had a 

tremendous impact in both medicine and chemical biology. Macrocycles represent a rich 

source of diversity in terms of both structure and function and have a wide range of 

medicinal properties.1 A number of diverse macrocycles are naturally occurring and 

occupy a wide range of chemical space that are not usually covered by small molecules. 

There are over hundred drugs approved or in clinical stages which incorporate macrocyclic 

scaffolds as the active substance (Figure 1.1).2 Some interesting aspects of this intriguing 

class of molecules include diverse functionality and stereochemical complexity, which 

many times occupy a conformationally pre-organized ring structure due to restricted 

rotation within the molecule.3 This intriguing class of privileged structures displays unique 

features, such as conformational pre-organization, flexibility, selectivity, and potential 

higher affinity with protein targets,4 and are thus promising molecules for the modulation 

of challenging processes.5  Moreover, macrocycles are not completely rigid, and thus can 

retain the required flexibility to potentially form optimal interactions, which ultimately can 

lower the entropic cost of binding to an active site of a biomolecule.2a,d  

Macrocycles are also many times generally considered as outliers of “Lipinski’s 

rule of five” due to exceedingly high molecular weights that they possess.6 In spite of this 

property, macrocycles have proven utility as useful therapeutics owing due to drug-like 

physicochemical and pharmacokinetic properties, such as good solubility, lipophilicity, 

resistance to metabolic degradation, and bioavailability.2a,7 Moreover, macrocycles have 
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been extensively utilized as chemical probes in chemical biology to aid in further our 

understanding of protein-protein interactions (PPI).8  

 

Figure 1.1 Representative macrocyclic drugs. 

1.2 Therapeutic and biologically active macrocyclic lactones  

 Macrocyclic lactones can be classified into different classes based on the size of the 

carbon skeleton which typically include a 12- or higher membered ring architecture. 

Despite structural complexity and associated synthetic challenges, a number of 

macrocycles have been identified as therapeutic targets and compounds with unrivalled 

biological activities.9 Representative structures of select macrocyclic therapeutics and 

biologically active macrocycles of various ring structures are shown in Figure 1.2. The 

macrolide antibiotic erythromycin, bearing a 14-membered macrocyclic lactone, is one of 

the most studied antibiotics, and was isolated from the fungus Saccharopolyspora 

erythraea and used against bacterial infections.10 Azithromycin, a 15-membered aza-

macrolide with extended ring derived from erythromycin is another effective antibacterial 

therapeutic that belongs to this macrocyclic lactone family.11 Ivermectin is a highly 
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effective antiparasitic and anthelmintic agent  bearing a 16-membered macrocyclic lactone 

ring, and is on the World Health Organizations (WHO) essential medicine list due to its 

medicinal properties.12 (±)-laulimalide is a highly potent 20-membered macrocyclic 

lactone isolated from marine sponges, which shows a similar mode of action to Taxol,® 

and activity against multidrug-resistant cancer cell lines.13  

 

Figure 1.2: Therapeutics/ biologically active macrocycles with different ring sizes. 

 Taken collectively, naturally occurring, and synthetic macrocycles are thus 

considered as useful scaffolds as therapeutics and probes in both medicine and chemical 

biology. This chapter focuses mainly on targeted-oriented synthetic (TOS) methods that 

have been utilized in the syntheses of naturally derived 14-membered macrolactones, and 

related macrolides and analogs.  The advent of new macrocyclization methods, such as 

RCM,14,15 has undoubtedly changed synthetic strategies.  Moreover, the emergence of 
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diversity-oriented synthesis (DOS),16 has also populated macromolecular space, and will 

undoubtedly impact the field for years to come. 

While extensive reviews exist in the literature outlining physical properties and 

syntheses of macrocyclic drugs and biologically active macrocyclic natural products,17 

reviews organized encompassing structural feature subtypes (chemotypes) within a given 

ring-size are not apparent.  In this regard, 14-membered macrocyclic lactones have 

attracted much attention in the synthetic, medicinal and chemical biology communities due 

to their complex ring architectures and unique biological activities. Synthetic efforts 

carried out by many groups toward the synthesis of 14-membered lactone macrolides and 

their analogs stand as a testament for the importance of these macrocyclic structures.17 This 

chapter will report a comparative mini-review highlighting the synthesis and applications 

of various 14-membered macrocyclic lactone/lactam systems, organized around 

chemotypes possessed within. 

1.3 14-Membered macrolactones 

 The 14-membered macrocyclic core is frequently seen in several naturally derived 

secondary metabolites with diverse and unique architectures. For this chapter, the 14-

membered macrolide natural products are categorized into the following chemotypes, 

namely (Figure 1.3).  

1.3.1 14-Membered macrolactones.  
1.3.1.1 D�E-Unsaturated 14-membered macrolactones. 

1.3.2  Pyran/tetrahydropyran/dihydropyran subunit-containing macrolactones. 

1.3.3   Pyran hemiketal subunit-containing macrolactones. 

1.3.4   Fused core-containing macrolactones. 

1.3.5   14-Membered macrolactams and macrocyclic enamides. 
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Figure 1.3: Representative chemotypes of 14-membered macrolides. 

1.3.1 Lactone core containing 14-membered macrolides 

 The synthesis of polyketide macrolides has notably inspired the development of 

synthetic methods within organic chemistry over a significant period of time. After the first 

total synthesis of the polyketide 14-membered macrolide erythromycin A in 1981 by 

Woodward and coworkers,18 several state-of-the-art developments have been made over 

the past 40 years in the organic synthesis. Since this seminal synthesis, a number of elegant 

total syntheses were reported over the next few decades for macrocyclic scaffolds 

possessing similar architecture such as oleandomycin,19 erythromycins A18 and B,20 

erythronolides A21 and B,22 (9S)-dihydroerythronolide A,23 and 6-deoxyerythronolide B.24  

 Historically, methods for macrocyclization to deliver the macrolactone core of 

above antibiotic macrolides were largely carried out via macrolactonization of the 

stereochemically-defined seco-acids (Figure 1.4).25 A number of acid activation strategies 

have been utilized in the macrocyclization step and are summarized in Figure 1.4. The 
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Corey-Nicolaou method employing 2-pyridinethiol ester activation method26 was readily 

utilized to construct the macrolide core of erythromycin A, erythronolide A and B. 

Moreover, the Yamaguchi method,27 which uses 2,4,6-trichlorobenzoyl mixed anhydride 

as the carboxy acid activation group has been even more frequently applied in the 

macrolactonization step. In 1986, Stork utilized modified Steglich esterification 

conditions,28 employing DCC and DMAP for the macrolactonization step of (9S)-

dihydroerythronolide A.23b In 1990, Tatsuta utilized an intramolecular Horner Wadsworth 

Emmons (HWE)29 cyclization in their synthesis of oleandomycin (Figure 1.4).19a 

 

Figure 1.4 Acid activation strategies in the macrocyclization to erythronolide A, B and 
oleandomycin. 
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In 2009, White and coworkers reported a novel approach for the  macrocyclization 

of 6-deoxyerythronolide B (6-deb) core using a late-stage C-H oxidative 

macrolactonization method.24d,30 In this work, the Pd-catalyzed oxidative 

macrolactonization reaction proceeded with high regio-, chemo- and diastereoselectivity 

to generate the required macrolide core from the advanced linear precursor under chelate-

controlled conditions (Scheme 1.1). Synthesis of the acyclic alkenoic acid was carried out 

via using a diastereoselective Meyer’s alkylation31 to install the C11 carbinol center, while 

two highly selective Evans syn-aldol reactions,32 followed by Meyers alkylation were used 

to install the C10, C8 and C6 stereocenters, respectively. Generation of the C5, C4 and C3 

centers were carried out via a syn-aldol, followed by a chelation-controlled reduction.  

In this work, a Pd-catalyzed oxidative macrolactonization under chelate-controlled 

conditions was employed to afford the macrolactone with required configuration at the C13 

center. It is worthy to note that the authors were also able to carry out the synthesis of the 

13-epi-6-deb diastereomer using nonchelation-controlled conditions, which also however, 

removed the element of stereocontrol during the late-stage macrolactonization event.  

In 2013, Krische and coworkers achieved the synthesis of the macrolactone core of 

6-deoxyerythronolide B, using a ring-closing enyne metathesis reaction (RCEM) as the 

macrocyclization step (Scheme 1.1).24e In this work, the authors used an enyne precursor 

for the RCEM reaction.  The main enyne-containing fragment was generated from a 

Yamaguchi esterification of two advanced subunits, which in turn were generated via use 

of the authors signature Ru-catalyzed syn-crotylation33 and Ir-catalyzed double anti-

crotylation34 methods, respectively.  
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Scheme 1.1 Synthetic strategies to 6-deoxyerthronolide B. 

 

 
1.3.1.1 D�E-Unsaturated 14-membered macrolactones. 

 Macrolactone cores comprising D,E-unsaturated chemotypes are commonly seen in 

many polyketide-derived natural products.17e A number of 14-membered macrolides have 

been isolated and respective syntheses have been carried out over the past few decades. 

ripostatin B,35 narbonolide,36 pikromycin,37 SCH-72567438 and gliomasolide A-D39 are 

representative examples for the aforementioned class of compounds (Figure 1.5).  
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Figure 1.5 Macrolactone cores comprising D,E-unsaturated chemotypes. 

 In 2012, the first three syntheses of ripostatin B were reported independently by 

Altmann, 40 Christmann41 and Prusov42 (Scheme 1.2). All three syntheses utilize a late-

stage Ru-catalyzed RCM macrocyclization event using either Grubbs I or II catalysts  

G-I, [(PCy3)2(Cl)2Ru=CHPh]43 G-II, [(ImesH2)(PCy3)(Cl)2Ru=CHPh].44  In the Altmann 

synthesis, the final macrocyclization was carried out using the Grubbs G-I catalyst. The 

diene precursor was synthesized utilizing a Yamaguchi esterification, followed by a Stille 

coupling45 with Bu3SnCH2CH=CH2. Installation of the triol was carried out via a 

diastereoselective aldol reaction (Paterson conditions)46 and Evans±Tishchenko anti 1,3-

reduction.47 While the end game of the Christmann synthesis is similar to the Altmann 

synthesis, the installation of the triol was carried out via a linchpin coupling and 

diastereoselective reduction of ketone using Evans±Tishchenko conditions.47 In the Prusov 

synthesis of ripostatin B, the final macrocyclization was carried out using the Grubbs  
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G-II catalyst. The diene precursor was installed via a Yamaguchi esterification, followed 

by a double Stille cross-coupling reaction. Installation of the stereotriad was accomplished 

by utilizing a Paterson aldol reaction,46 followed by a diastereoselective anti 1,3-

reduction47 of the post-aldol ketone moiety.  

Scheme 1.2 Three syntheses of ripostatin B. 

 

 Narbomycin and pikromycin are polyketide-derived 14-membered natural products 

belonging to the pikromycin macrolide family (Figure 1.5). Narbonolide is the aglycon of 

narbomycin. The first total synthesis of Narbonolide was reported in 1982 by Masamune 

and coworkers (Scheme 1.3).48 The final macrolactonization of the seco-acid was carried 

out via activation of the carboxylic acid using a phosphoric acid mixed anhydride. 

Installation of the D,E-unsaturated ketone was accomplished via utilization of a Peterson 



 12 

olefination reaction.46 The linear C1±C9 precursor was synthesized according to their 

previous synthesis of 6-deoxyerythronolide B.24a  

In 2006, Fecik and coworkers carried out the total synthesis of narbonolide and 

biotransformed the aglycon into pikromycin using pikAI deletion mutant of Streptomyces 

venezuelae (see Figure 1.5 for structures).49 The D,E-unsaturated macrolide aglycon was 

furnished with an intramolecular Nozaki-Hiyama-Kishi coupling50 followed by Dess-

Martin oxidation.51 Synthesis of the linear chain was carried out via transformation 

comprising Evans syn aldol32 and protecting group manipulations.  

In 2008, Kang and coworkers reported their efforts towards the synthesis of the 

aglycon narbonolide utilizing an RCM macrocyclization as the final step.52  The diene 

precursor for the RCM reaction was generated via a Yamaguchi esterification of the 

fragment generated via consecutive use of asymmetric syn-aldol reactions.32  

Scheme 1.3 Syntheses of narbomycin. 
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 In 1987, Yonemitsu and coworkers reported the first synthesis of the aglycon of 

pikromycin where the final macrocyclization was furnished via an intramolecular HWE 

reaction.53 The linear precursor was generated via Yamaguchi esterification of C1±C10 and 

C11-C13 subunits. The key stereocenters were installed using an erythro-selective Cram 

addition of crotyl-tri-n-butyltin54 to the Prelog-Djerassi lactone55 equivalent compound 

bearing four stereogenic centers present in pikromycin core (Scheme 1.4).  

In 2012, Kang and coworkers reported the synthesis of the macrolide antibiotic 

pikromycin using an RCM reaction for the final macrocyclization of the aglycon (Scheme 

1.4).56 In this work, the synthesis of the aglycon was carried out in a similar fashion to their 

previous narbonolide synthesis in 2008.52 The aglycon was coupled with the 

trichloroacetimidate derivative of D-desosamine under Lewis acidic conditions,57 to afford 

pikromycin. 

Scheme 1.4 Syntheses of pikromycin and aglycon pikronolide. 
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 Sch-725674 is another prominent 14-membered macrolide that contains an E- 

configured D,E-unsaturated chemotype and four stereogenic centers including a 1,3-anti-

diol subunit.  Sch-725674 was isolated from the culture of Aspergillus sp. by Yang and 

coworkers in 2005. (Figure 1.5).38  

 In 2012, Curran and coworkers carried out the first total synthesis of macrocyclic 

lactone natural product Sch-725674 and complete library of stereoisomers, using an elegant 

and efficient fluorous tagging technique developed in their laboratory (Scheme 1.5).58 In 

this work, an encoded method was used that employed four mixtures of four fluorous-

tagged quasiisomers that were synthesized, de-mixed, and de-tagged to generate 16 

stereoisomers of the Sch725674. The authors developed a new bare-minimum tagging 

pattern which needed only two tags, one fluorous and one non-fluorous, to encode four 

stereoisomers. Using this method the authors were able to assign the absolute structure of 

Scheme 1.5 Currans fluorous-tagging strategy to all stereoisomers of Sch-725674. 
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Sch725674 as (5R,6S,8R,14R,E)-5,6,8-trihydroxy-14-pentyloxacyclotetradec-3-en-2-one. 

In addition, the authors provided structural insights as to when/why related compounds 

have the same or different spectra.  This latter feature of the work was made possible via 

comparisons of the spectra of 32 lactones (16 with tags, 16 without) and 16 ester precursors 

(8 with tags, 8 without) (Scheme 1.5). 

In 2014, Prasad and coworkers carried out an enantioselective total synthesis of 

Sch-725674 (Scheme 1.6), whereby final macrocyclization was furnished via an 

intramolecular RCM reaction.59 The C3–C13 linear precursor containing the four requisite 

stereogenic centers was generated via key reactions involving Ley’s dithiaketalization60 of 

an alkynone derived from bis-Weinreb amide of tartaric acid and an Evans anti-reduction.61   

Scheme 1.6 Synthetic strategies to Sch-725674. 

 

In 2015, Kaliappan and coworkers reported a 13-step synthesis of  

Sch-725674.62 Synthesis of the macrolactone core was furnished via a Yamaguchi 
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macrolactonization. Assembly of the seco-acid precursor was carried out utilizing a 

dithiane alkylation,63 followed by a cross metathesis with methyl acrylate (Scheme 1.6).  

 In 2016, Hanson and coworkers reported a pot-economical total synthesis of  

Sch-725674, taking the advantage of one-pot, sequential transformations coupled to 

phosphate tether-mediated protocols developed in their lab (Figure 1.7).64,65,66 Final 

macrolactone core of the macrolide was furnished via an intramolecular RCM reaction. 

Phosphate tether-mediated RCM/CM chemoselective hydrogenation,67 tether removal 

followed by a Sharpless asymmetric epoxidation (SAE)68 and a one-pot, Finkelstein 

reaction/Boord olefination69/acetonide deprotection sequence was utilized to generate the 

diene precursor possessing the requisite stereotetrad.  In addition, the authors published 

related efforts to a modular synthesis of novel electrophilic macrocycles bearing D,E-

unsaturated 14-membered chemotypes through a series of one-pot, sequential protocols 

(Scheme 1.7).65d  

Scheme 1.7 Synthetic strategies to Sch-725674 and related analogs. 

 



 17 

In 2016, Kumar and coworkers reported the total synthesis of Sch-725674 utilizing 

an RCM macrocyclization strategy to generate the macrolide core (Scheme 1.7).70 The 

diene precursor with the required four sterogenic centers was assembled via Yamaguchi-

Hirao alkynylation,71 followed by substrate controlled-diastereoselective vinyl Grignard 

addition, and subsequent acryloylation.  

  In 2016, Reddy and coworkers reported a short synthesis of Sch-725674. 

Generation of the 14-membered macrolide core was carried out via a Yamaguchi 

macrolactonization (Scheme 1.8).72 Cross metathesis, followed by Wacker-type 

oxidation,73 delivered the acyclic seco-acid precursor. Subsequent Yamaguchi 

macrolactonization and transannular diastereoselective reduction of ketone, delivered the 

natural product.  

In 2016, Sabitha and coworkers completed their synthesis of Sch-725674 by 

utilizing a Yamaguchi macrolactonization to deliver the macrolide core (Scheme 1.8).74 

The linear precursor of the seco-acid was generated via HWE29 olefination and a 

diastereoselective CBS reduction.75  

 In 2016, Aggarwal and coworkers carried out a nine-step concise total synthesis of 

Sch-725674 involving use of a novel desymmetrizing enantioselective diboration of 

divinyl carbinol to generate the C3±C13 subunit (Scheme 1.8).76 After the initial diboration 

reaction to establish the C4 and C5 stereocenters, two consecutive lithiation borylation 

oxidation (L-B-O)77 reactions were carried out to install the required C7 and C13 

stereocenters. Subsequent cross metathesis, followed by Yamaguchi macrolactonization, 

furnished the macrolactone core in a highly efficient manner.  
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Scheme 1.8 Synthetic strategies to Sch-725674. 

 

 

 The 14-membered macrolides gliomasolide A±E were isolated from the sponge-

derived fungus Gliomastix sp. ZSDS1-F7-2 by the Liu and Xu groups in 2015 (for 

structures, see Figure 1.5 and Scheme 1.9).39 During the isolation, the authors were able to 

confirm the structure and stereochemical configuration of gliomasolide A and gliomasolide 

B via 2D NMR analysis, followed by single-crystal X-ray analysis. The structure of the 

gliomasolide C was also determined by 2D NMR analysis, and was further confirmed by 

Reddy and coworkers during their synthesis in 2016, vide infra.78  Furthermore, during the 

initial report by Liu and Xu groups, the absolute configuration of C17 in gliomasolide D 

was not established due to the limited supply of the isolated natural products. 

In 2016, Reddy and coworkers generated the 14-membered macrolide core of 

gliomasolide D using an intramolecular RCM macrocyclization (Scheme 1.9).78 Cross 
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metathesis, followed by substrate-controlled dihydroxylation, and subsequent 

acryloylation delivered the linear diene precursor. Spectral data for the synthesized 

macrolactone were identical to the reported data, which further confirmed the structure and 

stereochemical configuration of gliomasolide C established by the Liu and Xu groups in 

2015.39  

In 2017, Reddy and coworkers focused their efforts toward determining the 

absolute configurations within gliomasolide D by synthesizing both C17 epimers of the 

natural product (Scheme 1.9).79 The synthesis of gliomasolide D resembled the key features 

of their Sch-725674 synthesis, wherein the 14-membered macrolide core was delivered via 

a Yamaguchi macrolactonization, and subsequent substrate-controlled ketone reduction.72 

Cross metathesis, followed by a regioselective Wacker-type oxidation of the C7 olefinic 

carbon, generated the seco-acid. After careful analysis of the 13C NMR data and specific  

 

Scheme 1.9 Synthetic strategies to gliomasolide C and D. 
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rotation data of the two epimers, the authors were able to conclude that the absolute 

configuration at the C17 carbinol center is 17-R. It is worth noting, that the C9 carbinol 

center of gliomasolide E was not established during the initial report. 

 In 2017, Mahopatra and coworkers used total synthesis to establish the absolute 

configuration of the C9 carbinol within of gliomasolide E (Scheme 1.10).80 The 14-

membered macrolactone core was furnished utilizing an intramolecular HWE 

macrocyclization. The linear precursor was accessed from a Yamaguchi-Hirao 

alkynylation71 of the requiste epoxide. The authors carried out the synthesis of both C9 

epimers of the natural product. Based on the spectral and specific rotation data, 

determination was made of absolute C9-R carbinol configuration of gliomasolide E.  

 

Scheme 1.10 Synthetic strategies to gliomasolide A and E 
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In 2019, Palakodety and coworkers reported the first total synthesis of gliomasolide 

A.81 The final macrolactone core was furnished via an intramolecular RCM reaction of the 

corresponding diene. The diene precursor was generated utilizing a Brown asymmetric 

allylation,82 a Sharpless kinetic resolution83 and subsequent acryloylation. 

 

1.3.2 Pyran/tetrahydropyran/dihydropyran subunit-containing macrolactones. 

 Tetrahydropyran (THP) and dihydropyran (DHP) motifs are another unique 

structural feature embedded within some 14-membered macrolide natural products. To the 

best of our knowledge, there are only a few THP/DHP-containing 14-membered 

macrocyclic lactones reported in the literature,17 namely aspergillide A±C,84 neopeltolide85 

and paecilomycin B.86 Due to their promising biological activities and intriguing chemical 

architecture, numerous successful synthetic efforts have been carried out for the synthesis 

of these natural products over the past few decades.  

 The 14-membered macrolides aspergillide A, B and C were isolated in 2008 by 

Kusumi and coworkers from marine fungus Aspergillus ostianus strain 01F313 (Figure 

1.6).84 These secondary metabolites were shown to exhibit significant toxicity against 

mouse lymphocytic leukemia cells with IC50 values of 2.1, 70, and 2.0 Pg/mL, respectively. 

The originally proposed structures for aspergillides A and B were revised87 by X-ray 

crystallography studies by the same authors and the structure of aspergillide C was 

confirmed via synthesis in 2009 by Kuwahara and coworkers (Figure 1.6), vide infra.88 

Their unique biological profile and challenging chemical architectures have attracted 
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considerable attention over the past few decades, which has led to a number of successful 

syntheses (more than 20) for all three natural products aspergillide A±C.  

 

Figure 1.6 – Aspergillide family of THP/DHP-containing 14-membered macrolactones. 

 

 The first total synthesis of aspergillide A was attempted by Uenishi and coworkers 

in 2009.89 However, the spectral data of the synthetic aspergillide A was non-identical with 

aspergillide A, but did match with naturally occurring aspergillide B. This discrepancy led 

to a structural revision of the two natural products and Kusumi and coworkers 

unequivocally determined the correct structure for aspergillide A and B via X-ray 

crystallography.87 After the structural revision, more than seven syntheses have been 

reported for aspergillide B,90 including Kuwahara (2009),90a Marco (2009),90b She 

(2009),90c Jennings (2010),90d Trost (2012),90e Srihari (2013)90f and Yadav (2018).90g More 

than ten syntheses have been reported for aspergillide A91, including Kuwahara (2010),91a 

Marco (2010),91b Fuwa (2010),91c Yadav (2010),91d Takahashi (2011),91e Shishido 

(2011),91f Kuwahara (2011),91g Marco (2011),91h Gomez and Fall (2011, formal 

synthesis).91i More recently Fuwa (2013),91j, Commu (2015, formal synthesis),91k and Loh 
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(2015)91l have carried out syntheses.i For aspergillide C, five total syntheses have been 

reported,92 Kuwahara (2009),92a Waters-(2009),92b Shishido (2011),92c,d and Srihari 

(2011).92e For the purpose of this chapter review, selected applications with unique 

synthetic strategies for each natural product will be discussed.  

 In 2012, Trost90e and coworkers reported a highly efficient total synthesis of 

aspergillide B utilizing a Zn-ProPhenol-catalyzed asymmetric alkyne addition93 in 

conjunction with a Ru-catalyzed trans-hydrosilylation (Scheme 1.11).94 Final macrolide 

core synthesis was achieved via a macrolactonization using Yamaguchi-conditions. The 

C3/C7 trans-substituted pyran ring was generated via an intramolecular oxy-Michael 

addition of the corresponding , -unsaturated ester moiety.  

Scheme 1.11 Synthetic strategies to aspergillide B. 

 

 
i Note: references 91c, 91f, 91h and 91k describe the formal and total syntheses of both 
natural products aspergillide A and B]. 
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 In 2013, Srihari carried out the total synthesis of aspergillide B and 7-epi-

aspergillide A (Scheme 1.11).90f The synthesis of the key acetal intermediate was generated 

via an Achmatowicz rearrangement.95 Subsequent Ferrier-type alkynylation,96 followed by 

hydrosilylation±±similar to the approach Trost and coworkers94 used in the above protocol, 

delivered the seco-acid for the macrolactonization. Final CBS-reduction75 completed the 

synthesis.  

In 2018, Yadav and coworkers carried out the total synthesis of aspergillide B 

utilizing a highly diastereoselective Pd(0)-B(OPh)3 mediated syn-vic-diol formation from 

an epoxide97 to generate the C3/C4 carbinol centers (Scheme 1.11).90g Synthesis of the 

C3/C7 trans-substituted pyran ring was achieved via an iodine-catalyzed allylation strategy 

developed by their group.98  Cross metathesis and subsequent macrolactonization delivered 

the final macrolide. 

 In 2010, Kuwahara and coworkers reported the first total synthesis of aspergillide 

A (Scheme 1.12).91a In this work, the cyclic acetal with 3,7-trans substitution was achieved 

by Ferrier-type reaction.96 Epimerization of the C3 position for the synthesis of aspergillide 

A was carried out utilizing the Massi±Dondoni protocol99 employing proline as the 

epimerization catalyst. Julia±Kocienski olefination100 and Yamaguchi macrolactonization 

completed the synthesis.  

 In 2010, Fuwa and coworkers completed the total synthesis of both aspergillide A 

and B macrolides by accessing a common intermediate (Scheme 1.12).91c The pyran ring 

with required cis-stereochemistry was furnished via an intramolecular oxy-Michael 
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reaction. Utilization of Suzuki-Miyaura coupling,101 followed by Yamaguchi 

macrolactonization, completed the synthesis.  

In 2015, Loh and coworkers demonstrated the synthesis of aspergillide A macrolide 

core, whereby all the carbon atoms of the molecule originated from biomass derived 

platform chemicals such as ethanol, levulinic acid and 5-hydroxymethylfurfural (Scheme 

1.12).91l The synthesis of the key pyran ring was carried out by an Achmatowicz 

rearrangement.95 Subsequent Negishi coupling,102 and a macrolactonization, completed the 

synthesis.  

Scheme 1.12 Synthetic strategies to aspergillide A. 

 

 In 2009, Waters and coworkers completed the synthesis of aspergillide C.92b 

Installation of the C3/C7 trans-substituted dihydropyran ring was achieved by a Ferrier-

type addition,96 followed by a Pd-catalyzed oxidative lactonization.103 An E-selective 

Julia-Kocienski100 olefination, and a subsequent macrolactonization, were utilized to 

complete the synthesis (Scheme 1.13).  
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 In 2011, Shishido and coworkers utilized a transannular oxy-Michael reaction to 

install the C3/C7 trans-substituted tetrahydropyran ring in their synthesis of aspergillide 

C.92d Synthesis of the seco-acid precursor was carried out with a CM reaction, followed by 

HWE Wittig29 olefination. After the macrolactonization event, a transannular oxy-Michael 

reaction was performed to generate aspergillide C (Scheme 1.13).  

 

Scheme 1.13 Synthetic strategies to aspergillide C. 

 

 

 Neopeltolide is a THP-containing macrolide isolated in 2007 by Wright and 

coworkers from the deep±water sponge family Neopeltidae.85 The first proposed structure 

of neopeltolide was revised by Panek and coworkers after their first total synthesis in 2007 

(Figure 1.7).104 Along with its intriguing chemical architecture, neopeltolide has a unique 

pharmaceutical profile, demonstrating extremely potent anti-proliferative activity against 

cancer cell lines, including P388 murine leukemia (IC50 = 0.56 nM), A-549 human lung 
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adenocarcinoma (IC50 = 1.2 nM), and NCI-ADR-RES human ovarian sarcoma (IC50 = 5.1 

nM). Additionally, it has shown significant cytostatic inhibitory effects in PANC-1 

pancreatic and DLD-1 colorectal cell lines. Neopeltolide also exhibits potent antifungal 

activity against pathogenic yeast Candida albicans.105 Neopeltolide has attracted much 

attention within the synthetic community due to its potent biological activity, as well as the 

challenging chemical structure, thus inspiring a number of total106 and formal syntheses.107 

 

Figure 1.7 Neopeltolide and revised structure. 

 

 In 2015, Dai and coworkers provided the field with an excellent comprehensive  

review of all total syntheses in chronological fashion, mainly focusing on the construction 

of the cis-tetrahydropyran-containing macrolactone core (Figure 1.14).108 In 2016, Fuwa 

also summarized total and formal syntheses of neopeltolide as well as analog syntheses.109 

For the purpose of this Chapter, two notable bodies of work±± contained in the Dai review, 

are highlighted below (Dai in 2014, and Hoveyda in 2015), along with one total synthesis 

by Kadota in 2019.  It is also worth noting that one additional formal synthesis was reported 

by Boddy in 2016,107i and one analog synthesis of fluorescence-labeled neopeltolide 

derivatives was reported by Fuwa in 2019.107j 
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 In 2014, Dai and coworkers applied their Pd-catalyzed alkoxycarbonylative 

macrolactonization method to synthesize 9-demethylneopeltolide, a simplified analog of 

neopeltolide with similar biological activity (Scheme 1.14).106n The linear precursor was 

synthesized utilizing a similar approach reported in the synthesis of neopeltolide by Fuwa 

in 2008.106f Subsequent Pd-catalyzed alkoxycarbonylative macrolactonization 

conditions110 delivered the C3/C7 cis-substituted pyran ring, while final ketal removal and 

substrate-controlled reduction delivered the macrolactone.  

In 2015, Hoveyda and coworkers reported an elegant synthesis of neopeltolide 

where they utilized catalyst controlled stereoselective olefin metathesis111 throughout, 

including enantioselective ring-opening cross metathesis (ROCM) for synthesizing the 

THP ring, as well as Z-selective CM as key steps (Scheme 1.14).106o The installation of the  

Scheme 1.14 Recent representative synthetic strategies to neopeltolide. 
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1,3-anti-diol subunit was carried out via enantioselective boron conjugate addition with a 

chiral NHC catalyst,112 followed Evans-Tishchenko reduction.47 Final macrolactone 

synthesis was carried out via a macrocyclic RCM using the Hoveyda-Schrock 

bis(aryloxide) Mo-catalyst.113 

In 2019, Kadota and coworkers reported a stereoselective synthesis of the 

macrolactone core of the neopeltolide (Scheme 1.14).106p The cis-THP ring was generated 

via a key intramolecular allylation of an D-acetoxy ether, and final macrolactonization was 

used to deliver the macrolide core.  

Paecilomycin B is another 14-membered macrolide isolated by Chen and Wei in 

2010 from mycelial solid cultures of Paecilomyces sp (Figure 1.8).86 SC0924 along with 

other secondary metabolites paecilomycin A, C±F.86 Paecilomycins showed high to 

moderate antiplasmodial activities. Later, paecilomycins G±I114 and Paecilomycins J±M115 

were isolated and characterized. Interestingly, only paecilomycin B contains a 

characteristic THP ring. The remainder of the 14-membered paecilomycins, namely 

paecilomycins A, E, F, G, and I are benzofused (benzannulated) macrolides, while 

paecilomycins J, L, K and M possess a tetrahydrofuran (THF) moiety. A more detailed 

discussion of the retrosynthesis of additional macrolactones within the family of fused  

14-membered paecilomycins, will be highlighted later on in this chapter. 
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Figure 1.8 Paecilomycin family of fused-aromatic/-THF 14-membered macrolactones. 

 

 In 2015, Nakata and coworkers reported the first of two total syntheses of the 

macrolide paecilomycin B, containing a fused benzene ring and a cis-tetrahydropyran 

(THP) moiety as the key structural features (Schemes 1.15).116 The synthesis of the 

macrolactone core was achieved via a key RCM macrocyclization reaction. The diene 

precursor was derived from a spiroketal, which was generated via a Barbier-type coupling 

reaction117 of the G-lactone and aryl bromide, as well as a Mitsunobu esterification 

reaction.118 
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In 2018, Nakata and coworkers119 explored two different macrocyclization 

strategies utilizing (i) an intramolecular Nozaki−Hiyama−Kishi (NHK)50 coupling reaction 

onto an alpha-THP-substituted aldehyde and (ii) an intramolecular nucleophilic addition 

reaction of an aryl iodide to establish the cis-fused THP ring. By employing these two 

methods, the authors were able to achieve the synthesis of paecilomycin B and 6′-epi-

paecilomycin B (Scheme 1.15).  

Scheme 1.15 Synthetic strategies to paecilomycin B. 

 

1.3.3 Pyran hemiketal subunit-containing macrolactones. 

 14-membered macrolides containing a pyran hemiketal subunit are a diverse 

subfamily of macrolides with a wide range of pharmaceutical profiles, particularly anti-

cancer activity. Macrolides (–)-lyngbouilloside,120 (–)-lyngbyaloside B121, auriside122 and 

callipeltoside A belong to this subfamily of macrolides with similar structural features and 

interesting biological activities. A number of total and formal syntheses have been reported 

for the above natural products and will be briefly discussed in this section.  
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 (–)-Lyngbouilloside and (–)-lyngbyaloside B are two related cytotoxic 14-

membered macrolides that were isolated in 2002 by Hoffmann and coworkers from two 

different marine cyanobacteria of the genus lyngbya bouillonii (Oscillatoriaceae).123 

Biological studies carried out by the Gerwick120 and Moore121 groups discovered, 

lyngbouilloside exhibited moderate cytotoxic activity towards neuroblastoma cells (IC50 = 

17 μM),120 while lyngbyaloside B was weakly cytotoxic against KB cell lines (IC50 = 4.3 

μM) (Figure 1.9).121 

 

 

Figure 1.9 (–)-Lyngbouilloside and (–)-lyngbyaloside B and 13-desmethyl variants.  
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 The original structure of lyngbouilloside was determined after exhaustive 1D and 

2D NMR analysis, HR-FABMS, IR, and UV absorption experiments, which revealed the 

presence of a glycosylated 14-membered macrolactone, three secondary carbinol 

stereogenic centers at C5, C7, and C11, as well as a tertiary carbinol stereogenic center at 

C13 (Figure 1.9). The original structural analysis also revealed the relative configuration 

of the stereogenic centers in the aglycon portion of the natural product, a methyl-bearing 

stereogenic center at C10 of the macrolactone with anti-C10/11 stereochemistry, and an 

embedded C3/C7-cis-disubstituted pyran possessing a pyranyl hemiketal at C3.  The 

macrolactone also possesses a pendant E,E-configured octyldienyl side chain, and an  

L-rhamnose-derived glycoside conjugated at the C5 carbinol center.120  

 In 2012, Cossy and coworkers proposed a change of stereochemistry at the C11 

carbinol center and revised the structure of (±)-lyngbouilloside through synthetic studies, 

vide infra.124  The nature of the sugar, was assigned by correlations in the 1H-1H COSY and 

HMBC spectral data and comparison with the sugar unit present in auriside A. In 

concurrent total synthetic work on lyngbyaloside B, Fuwa in 2016 would reassign C10, 

C11 and C13 and shed light on a potential similar issue within lyngbouilloside, vide 

infra.125 

 Due to stereochemical ambiguities, biological activity and natural scarcity, these 

analogs have attracted several synthetic efforts, most recently reviewed by Cossy and 

coworkers in 2013.126  The first three retrosynthetic approaches by Ley, Cossy and Fuwa 

en route to nominal (±)-lyngbouilloside and (±)-13-desmethyllyngbyaloside B are outlined 

in Scheme 1.16. In 2008, Cossy and coworkers, reported the first stereoselective synthesis 
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of the carbon backbone of nominal (–)-lyngbouilloside using a key cross-metathesis (CM) 

between the C1–C8 and C9–C13 fragments.127  In 2009, Ley and coworkers reported a 

synthesis of the lyngbouilloside macrolactone core using an aldol disconnection at the 

C2/C3 bonds and a late-stage ring-closing metathesis (RCM)/hydrogenation sequence for 

macrocyclization.128  In the Ley work, the authors used spectroscopic analysis and DFT 

chemical shift calculations to reveal stereochemical issues regarding this natural product.  

In 2012, Cossy and coworkers completed the first total synthesis of the (–)-

lyngbouilloside aglycon using a pivotal acylketene macrolactonization of the C13 tertiary 

methyl carbinol and verified the stereochemical issues previously reported by Ley (Scheme 

1.16).124 In this work, the Boeckman acylketene macrocyclization129,130 allowed Cossy to 

circumvent fundamental issues associated with macrolactonization events of sterically 

encumbered alcohols. It is worthy to note, efforts by Hoye and coworkers in 2008 who 

reported a dual macrolactonization/pyran–hemiketal formation event using acylketenes 

with applications to the synthesis of (−)-callipeltoside A and a lyngbyaloside B model 

systems.131  

In their synthesis of (–)-lyngbouilloside, Cossy proposed the aforementioned 

revised structure of lyngbouilloside with stereochemical reassignment of the C11 

stereogenic center as the C11-epimer, and thus a potential C10/C11 syn relationship that 

the authors would later revisit in a 2016 report, vide infra.132 In 2012, Taylor and coworkers 

reported a stereoselective synthesis of the C9–C19 fragment of related lyngbyaloside B 

and C, highlighted by an extension of their ether transfer method, which enables the 

formation of tertiary ethers.133  
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 In 2013, Fuwa and co-workers initially reported the total synthesis of (±)-13-

desmethyl lyngbyaloside B, bearing a secondary carbinol at C13 using a Yamaguchi 

esterification/RCM strategy for the efficient cyclization to the macrocycle (Scheme 

1.16).134  In this work, the authors also reported reliable methods for the introduction of the 

conjugated diene side chain and the L-rhamnose residue onto the macrocyclic framework.  

Scheme 1.16 Synthetic strategies to originally/nominally assigned structure of (–)-
lyngbouilloside, lyngbyaloside B/C,  and (–)-13-desmethyl lyngbyaloside B. 
 

 

 In 2013, Yadav and coworkers,135 reported a highly stereoselective synthesis of the 

C1±C16 macrolactone core segment of the cytotoxic macrolide lyngbyaloside B. A crucial 

intermolecular acylketene trapping (Boeckman esterification) by the tertiary C13 carbinol, 

and a subsequent RCM served to unite the northern and southern hemisphere subunits to 
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construct the macrolactone core (Scheme 1.17).  In 2014, Yadav reported the synthesis of 

C1±C8 and C9±C16 fragments of the revised structure of (±)-lyngbouilloside starting from 

geraniol and D-malic acid.136  

 In 2015137 and 2016,125 Fuwa and coworkers reported an elegant total synthesis of 

(±)-lyngbyaloside B (2b), where they employed an innovative use of an Abiko±Masamune 

anti-aldol and a vinylogous Mukaiyama to install the requisite stereochemistry in the 

starting building blocks and used the Boeckman acyl ketene method for macrocyclization 

(Scheme 1.17). Fuwa and coworkers made stereochemical reassignment of (±)-

lyngbyaloside B having epimeric stereogenic centers at C10/C11 and C13 as shown for the 

reassigned lyngbyaloside B (Figure 1.9 and Scheme 1.17) when compared with the original 

assigned structure of lyngbyaloside B. Synthetic, spectroscopic and molecular modeling 

studies collectively provided unequivocal proof.  The authors also surmised that the 

structures of (±)-lyngbouilloside and the natural congeners of (±)-lyngbyaloside B be 

reconsidered accordingly, which Cossy and coworkers corroborated in their 2016 report, 

vide infra. 

Scheme 1.17 Synthetic strategies to lyngbyaloside B. 
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 In 2015, Hanson and coworkers reported the synthesis of the originally assigned 

structure of lyngbouilloside macrolactone (Scheme 1.18).  The core macrocycle was 

synthesized via a phosphate tether-mediated, one-pot, sequential RCM/CM/ 

chemoselective hydrogenation reaction, Roskamp homologation,138 and a high yielding 

Boeckman acylketene cyclization.139  

In 2016, Cossy and coworkers,132 reported an elegant total synthetic effort to the 

putative 11-epi-lyngbouilloside aglycon featuring a Boeckman esterification, RCM 

strategy to form the 14-membered ring macrolactone, Wittig olefination for late-stage 

sidechain introduction, and a glycosylation for installation of rhamnose (Scheme 1.18).  In 

this work, the authors provided careful and detailed analysis of the spectroscopic data of 

their synthetic product with the original data reported for lyngbouilloside, and noted that 

discrepancies still remained. Taken collectively, their work on the C11-epimer substantiate 

the aforementioned total synthetic and reassignment efforts within C10, C11 and C13 

stereotriad of lyngbyaloside B reported by Fuwa and coworkers,125,137 and set the stage for 

similar work on lyngbouilloside.  

Scheme 1.18 Synthetic strategies to the original assignment of lyngbouilloside and 11-epi- 
lyngbouilloside. 
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 In 2021, Hanson group reported application of an iterative use of a one-pot, 

sequential RCM/CM/chemoselective hydrogenation protocol for the synthesis of the  

C1–C16 polyol-containing macrolactone of 13-desmethyl lyngbouilloside, bearing the 

originally assigned macrolactone core at the C10/C11 and C13 stereocenters (Scheme 

1.19).66 Linear precursor for the key pyran mixed-ketal formation step was generated via 

an iterative phosphate tether mediated RCM/ CM/ chemoselective hydrogenation protocol, 

where the C10 methyl stereocenter was installed by a regio- and diastereoselective anti-

SN2’ displacement of the allylic phosphate within the bicyclo[4.3.1]phosphate. Reductive 

allylic transposition of bicyclic phosphate intermediate followed by modified Johnson-

Lemieux protocol140 and subsequent Roskamp homologation138 afforded E-keto ester 

which set the stage for the key pyran mixed-ketal formation. Acid-catalyzed pyran mixed-

ketal formation and subsequent Yamaguchi macrolactonization delivered the mixed-ketal, 

macrolactone aglycone core of (–)-13-desmethyl-lyngbouilloside, albeit in low yield (~25 

%, bsrm). 

 

Scheme 1.19 Synthetic strategy to 13-desmethyl lyngbouilloside. 
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 Callipeltoside A, B and C are structurally similar 14-membered macrolides which 

contain a pyran hemiketal moiety (Figure 1.10). Callipeltoside A, B and C were isolated 

by Minale and coworkers in 1996 from the shallow water lithistida marine sponge 

Callipelta sp.141 Interestingly, the callipeltosides have a common macrolide core with a 

tetra-substituted tetrahydropyran (THP) hemiketal motif embedded into the 14-membered 

macrolactone, and only differ at the attached sugar unit, which plays an important role in 

moderating cytotoxic activity against human bronchopulmonary NSCLC-N6 (IC50 values 

are shown in Figure 1.10).  

 

Figure 1.10 Callipeltoside A, B and C possessing THP-hemiketal subunit. 

 

 The callipeltoside family has attracted significant attention due to their potent 

biological activities and challenging chemical architecture. A number of synthetic efforts 

for the total synthesis of this natural product have been reported during the past two 

decades. The absolute and relative configurations of stereocenters C13, C20 and C21 

remained unresolved after initial isolation. The relative configuration of C13 was first 

established by Paterson in 2001, during their initial efforts towards the synthesis of 

callipeltoside A aglycon.142 In 2002, Trost and coworkers carried out the first total 

synthesis of (±)-callipeltoside A while reporting the unambiguous assignment of  the 
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absolute and relative configuration of the natural product.143 Next , the Evans (2002),144 

Panek (2004)145 and Hoye (2008)146, 131b groups successfully carried out the total synthesis 

of callipeltoside A.  

In 2008, MacMillan group completed the first total synthesis of callipeltoside C, 

reassigning the stereochemistry of the sugar molecule form D- to L-configured.147 In 2012 

Ley and coworkers completed the callipeltoside series by synthesizing callipeltoside B.148 

Synthetic strategies towards callipeltosides have been reviewed extensively. In 2005, 

Paterson and coworkers summarized the contributions of Paterson, Trost, Evans and Panek 

groups toward the synthesis of callipeltoside A.149 In 2013, Hussain and coworkers 

reported a broad review of all the total syntheses, formal syntheses, fragment syntheses and 

carbohydrate derivative syntheses.150 Very recently, Ley and coworkers published a book 

chapter entitled “The Callipeltoside Story”.151 In this regard, only the total synthetic 

approaches toward callipeltosides will be discussed.  

 In 2001, Paterson and coworkers reported the first synthesis of callipeltoside 

aglycon, followed by the total synthesis of callipeltoside A in 2003 adapting the same 

reaction sequence (Scheme 1.20).142,152 In this work, generation of the acyclic precursor 

for the hemiketal formation and subsequent macrolactonization was carried out via a 

sequence of aldol reactions. A Yamamoto vinylogous aldol reaction153 was employed to 

install the racemic 13-carbinol center. A boron-mediated anti-aldol reaction154 was 

employed for the installation of the 9-carbinol center, and an Evans-Tishchenko 

reduction47 was used to set the 1,3-anti-diol subunit after E-keto ester formation, which 

was carried out via a Mukaiyama aldol reaction155 Acid-catalyzed hemiketal formation, 
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followed by Yamaguchi macrolactonization, delivered the aglycon. The total synthesis of 

callipeltoside A was achieved via late-stage Sonogashira coupling and Schmidt-type 

glycosylation.156  

 In 2002, Trost and coworkers performed the first total synthesis of callipeltoside A 

detailing the absolute and relative stereochemistry of the molecule (Scheme 1.20).143 The 

synthesis of the aglycon was achieved via a key ruthenium-catalyzed Alder-ene-type 

reaction157 to install the trisubstituted alkene, and a stereoselective Pd-catalyzed allylic 

alkylation158 was employed to install the C13 carbinol stereogenic center.  The authors used 

a Cram-type addition to install the C6/C7-stereodiad and a Mukaiyama aldol reaction to  

Scheme 1.20 
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generate the acyclic dioxolanone precursor. Macrolactonization was carried out via the 

Boeckman method129 of acylketene trapping with the C13 carbinol and concomitant 

hemiketal formation. The authors used both a HWE olefination and olefin cross metathesis 

to connect the side chain to the aglycone, with final glycosylation completing the synthesis.  

In 2002, Evans and coworkers employed a sequence of aldol reactions to generate 

the acyclic precursor for the macrolactonization (Scheme 1.20).144 This synthetic approach 

with three aldol disconnections was similar to the Paterson synthesis where the C13 

stereocenter was installed via a vinylogous Mukaiyama aldol.142 However, for the crucial 

C8±C9 anti-aldol reaction, they utilized an Evans oxazolidinone based strategy.159 A late-

stage HWE olefination to connect the side chain, and subsequent glycosylation reaction 

completed the synthesis.  

In 2004, Panek and coworkers completed the synthesis of the aglycone of 

callipeltoside A by employing a Julia-Kocienski olefination100 to install the key (E)-

configured trisubstituted olefin (Scheme 1.21).145 The substituted tetrahydropyran 

hemiketal was synthesized using an allylsilane [4+2]-annulation method developed in their 

group.160 Yamaguchi macrolactonization, followed by HWE olefination, and Stille-cross-

coupling furnished the aglycone with the requisite chlorocyclopropane side-chain. The 

synthesis was completed using a glycosylation reaction with an activated sugar moiety.  

In 2008, MacMillan and coworkers reported the first total synthesis of callipeltoside 

C using methods develop in their lab as the key transformations (Scheme 1.21).147 The 

THP moiety was synthesized utilizing an organocatalytic double diastereo-differentiating 

aldol reaction,161 in combination with the Semmelhack alkoxycarbonylation.162 
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Construction of the C13 carbinol stereocenter was achieved via use of an organocatalytic 

formyl D-oxyamination, and subsequent reductive N±O bond cleavage.163 Construction of 

the aglycone was carried out via a chelation-controlled diastereoselective alkylation with a 

vinyl Grignard to establish the C9 stereogenic center, followed by macrolactonization. 

Subsequent HWE Wittig reaction to install the C14±C21 cyclopropyl sidechain, and 

glycosylation of the aglycone delivered callipeltoside C. 

Scheme 1.21 Synthetic strategies to callipeltoside C. 

 

 In 2010, Hoye and coworkers completed the synthesis of callipeltoside A utilizing 

a dual macrolactonization/pyran hemiketal formation sequence and implementation of a 

relay ring closing metathesis (RRCM) protocol as the key steps to furnish the macrolide 

core (Scheme 1.22).148 In this work, the authors established a highly efficient acylketene 

mediated dual macrolactonization/pyran-hemiketal formation reaction, converting the 

linear precursor directly to the bridged bicyclic macrolactone, thus completing the 

synthesis of callipeltoside A.   

 In 2012, Ley and coworkers demonstrated a highly convergent approach synthesis 

of all three callipeltosides A, B and C (Scheme 1.22). The macrolactone core was 
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synthesized using a diastereoselective alkenyl metal addition to an aldehyde-containing 

pyran moiety to install the C9 stereocenter and complete macrolactonization. Synthesis of 

the cis-pyran was carried out via a catalytic AuCl3-induced cyclization protocol developed 

in the Ley group.164 The sugar moiety was installed via a glycosylation reaction where the 

sugars were activated as thioglycosides.  

Scheme 1.22 Synthetic strategies to callipeltoside A and B. 

 

1.3.4 Fused core-containing macrolactones. 

 A number of families of interesting 14-membered macrolides have a variety of 

fused ring subunits appended to them, including: (i) fused spirotetronic acids, (ii) fused 

substituted decalins, (iii) fused substituted cyclohexanes, and (iv) fused phenolic rings to 

name a few.  This interesting subclass has attracted significant attention due to their 

complex and diverse chemical structures, as well as potent biological activities. Isolation 

and total syntheses of a number within this subclass have been reported, namely (±)-

chlorothricin,165 pyrrolosporin A,166 cytochalasin A and B (Figure 1.11),167 paecilomycin 
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A, E, F,G, and I86,114,115 (previously mentioned in Section 1.3.3), and cochliomycin A, B 

and C (Figure 1.12).168 

 Chlorothricin (isolated in 1972),165 and pyrrolosporin A (1996)166 belong to family 

of natural products possessing both fused spirotetronic acid and fused substituted decalin 

moieties. Extensive studies toward the total syntheses of chlorothricolide, the aglycon of 

chlorothricin, have been carried out and reviewed.169,170 Cytochalasin A, B and F (isolated 

in 1967)167 are highly potent 14-membered macrolactones with fused ring systems and a 

number of elegant syntheses have been reported for this family and reviewed recently.171, 

172 Furthermore, the synthesis and biological importance of resorcylic acid lactones such 

as paecilomycins and cochliomycins, and related macrolide, were subjected to a review by 

Nanda and Jana in 2018.173 For the purpose of this Chapter, the more recently isolated 

paecilomycins and cochliomycins, as well as the related resorcylic acid lactones±±and their 

total syntheses, will be discussed.  

 

Figure 1.11 (–)-Chlorothricin, pyrrolosporin A aglycon and cytochalasin A and B. 
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 Paecilomycins A, E, F and G are 14-membered macrolides that were isolated by 

Chen and Wei in 2010 from mycelial solid cultures of Paecilomyces sp. SC0924, along 

with other secondary metabolites, paecilomycin B, C and D (Figure 1.12).86,114,115 The 

paecilomycins show high to moderate antiplasmodial activities. Paecilomycin A, E, F and 

G have an interesting chemical architecture where the 14-membered macrolactone has a 

fused phenolic ring.  

 

Figure 1.12. Cochliomycin A, B and C and paecilomycins A, E, F and G. 

 Total syntheses of paecilomycin E have been carried out by number of synthetic 

groups in recent years.174 In 2012, Srihari and coworkers employed a Mitsunobu 

esterification,118 and subsequent RCM macrocyclization to furnish the macrolide 

paecilomycin E (Scheme 1.23).174b Synthesis of the alkenol fragment was generated from 

L(+)-diethyl tartrate (DET) via an epoxide opening reaction, and Zn-mediated allylation. 

The aromatic fragment was synthesized via regioselective methylation and Stille 

coupling.45  
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 In 2014, Nanda and coworkers generated the macrolide paecilomycin E via a Julia±

Kocienski olefination100 and a subsequent Yamaguchi macrolactonization (Scheme 

1.23).174c The linear aliphatic precursor was synthesized via a Z-selective Julia±Kocienski 

olefination or Wittig olefination, followed by substrate controlled -diastereoselective 

dihydroxylation.  

 In 2019, Reddy and coworkers utilized a similar approach to Srihari, where the 

macrolide synthesis was achieved via use of Mitsunobu esterification,118 followed by RCM 

macrocyclization.174f The acyclic enol fragment was generated via cross metathesis of two 

polyol fragments derived from D-ribose (Scheme 1.23). The aromatic acid was synthesized 

from diene and alkyne ester subunits via an Alders-Rickert reaction.175 Collectively, the 

syntheses of paecilomycin E, F and two congeners cochliomycin C and 6-epi-cochliomycin 

C are readily seen in literature due to their structural similarities. 

Scheme 1.23 Synthetic strategies to paecilomycin E and F. 
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 In 2015, Srihari and coworkers reported efforts toward the first total synthesis of 

cochliomycin C and 6-epi-cochliomycin C, along with synthesis of paecilomycin E and F 

(Scheme 1.24).174d Synthesis of the acylic alkenol fragment C3’–C10’ was furnished via 

alkynyl epoxide opening reaction as the key reaction. The C4’–C6’ alkyne subunit with 

stereotriad was generated from use of the known Ohira-Bestmann protocol of protected D-

lyxose.176 Esterification with conditions developed by De Brabander and coworkers,177 

followed by RCM macrocylization delivered the macrolides. After the synthesis of 

paecilomycin E and F, the synthesis of the related congeners, cochliomycin C and 6-epi-

cochliomycin C , was carried out by installing the C5-chloro moiety via a chlorination 

reaction with sulfuryl chloride.   

Scheme 1.24 – Synthetic Strategies to paecilomycin E, F, cochliomycin C and  
6’-epi- cochliomycin C 
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In 2018, Kadari and coworkers demonstrated the synthesis of the four 

macrolactones paecilomycin E, F and two congeners cochliomycin C and 6-epi-

cochliomycin C utilizing olefine metathesis and base promoted De Brabander-type 

macrolactonization (Scheme 1.24).174e Key acyclic alkenol was synthesized from  

D-mannitol utilizing LAH promoted epoxide-opening and Grignard addition. Late-stage 

chlorination, with sulfuryl chloride, delivered cochliomycin C and 6-epi-cochliomycin C. 

 

1.3.5 14-Membered macrolactams and macrocyclic enamides. 

 14-Membered macrolactams and macrocyclic enamides belong to a rare subclass 

of macrolides. Macrolides with amide and enamide functional groups are commonly 

derived from cyclic peptides and polyketide/non-ribosomal peptides (PK/NRP), 

respectively.178 While there are several larger ringed lactam- and enamide-containing 

macrolides and some 12-membered, there are relatively few 14-membered macrolides 

reported for these two classes of macrolides namely, cyclic peptides cyclocinamide A and 

cyclocinamide B, as well as the PK/NRP macrolide, sanctolide A (Figure 1.13). 

 The cyclic peptide cyclocinamide A was first isolated in 1997 by Crews and 

coworkers form marine sponge Psammocinia sp.179 Crew and coworkers reported aE�DE�D 

14-membered macrolide without chiral centers as the structure of cyclocinamide A. In their 

initial report, the two stereogenic centers at C4 and C11 were not defined, both the C7 and 

C14 stereogenic were assigned as S-configured. In order to identify the stereogenic at C4 

and C11, all four diastereomers were synthesized, and neither the C4-(R)/C11-(R) 

diastereomer nor the C4-(S)/C11-(S) diastereomer were identical to the natural product.180 
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In addition, the two remaining C4-(S)/C11-(R) and C4-(S)/C11-(S) diastereomers failed to 

cyclize at the C1 amide bond.181 In 2008, Crew and coworkers carried out a second 

isolation of the natural product and reassessed the absolute configuration of cyclocinamide 

A, where they ultimately surmised that all stereocenters were S-configured.182 In 2007, 

Cyclocinamide B was isolated by Ireland and coworkers and the structural characteristics 

were identical to cyclocinamide A, yet stereochemically different at the C4-(S), C7-(R), 

C11-(S), and C14-(R) stereogenic centers.183  

 

Figure 1.13 Cyclocinamide A, cyclocinamide B, and sanctolide A. 
 

 In 2012, Konopelski and coworkers carried out the first total synthesis of the 

nominally termed C11-(S)- and C11-(R) epimers of cyclocinamide A (Scheme 1.25).184 

The synthesis of macrolactam core was achieved via an amide coupling of acyclic 

precursor in the presence of the Shiori reagent [diphenylphosphoryl azide (DPPA)].185 The 

two key diastereomers of the linear fragment were synthesized with two protected amide 

coupling partners via an EDCI-mediated coupling reaction. The two coupling partners were 

easily accessed from an oxazolidinone and (cyclo)Asn subunits using previously developed 

protocols by their lab.186 The authors compared their analytical data with the reported data 

for the natural product. To their surprise, none of the two synthetic macrolactams matched 
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with the reported data of the isolated natural product, which suggested that a revision of 

stereochemical information for this molecule is needed.  

 In 2015, Konopelski and coworkers attempted the first total synthesis of the 

nominally termed cyclocinamide B with C4-(S), C7-(R), C11-(S), and C14-(R) 

configuration (Scheme 1.25).187 A sequence of amide coupling reactions and protecting 

group manipulations were used to synthesize the linear precursor needed for the final 

macrocyclization. Macrocyclization was achieved via a [3-(diethoxyphosphoryloxy)-

1,2,3-benzotriazin-4(3H)-one] DEPBT-mediated lactam formation reaction. However, the 

final spectral data were not in accordance with the reported data for the natural product  

Scheme 1.25 Synthetic strategies to cyclocinamide A and B. 
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cyclocinamide B, which suggested that a revision of stereo-assignment is needed for 

cyclocinamide B as well. In conclusion, the synthesis of both cyclic amides has not been 

successful so far, and more studies are needed to be carried out to determine the absolute 

stereochemistry of these intriguing peptide-derived macrolactams. 

 The polyketide/nonribosomal peptide (PK-NRP) hybrid is a rare and small class of 

cyclic enamide/amides containing natural products. Sanctolide A is a 14-membered PK-

NRP hybrid which was isolated from the cultured cyanobacterium Oscillatoria sancta 

(SAG 74.79) by Orjala and coworkers in 2012 (Figure 1.13).188 To-date, two total syntheses 

of this natural product have been reported, and will be discussed briefly in this section 

before providing for a more detailed synthesis in chapter two of this thesis.  

 In 2014, Brimble and coworkers reported the first total synthesis of  

2S-sanctolide A (Scheme 1.26).189  Completion of the 2S-sanctolide A was achieved via an 

RCM macrocyclization, followed by late-stage Ru-catalyzed deconjugative isomerization 

of an allyl amide group, to install the requisite and unique N-methyl enamide moiety. A 

transamination reaction mediated by trimethyl aluminum (Me3Al) was utilized to open the 

lactone methyl ether and deliver the requisite amide intermediate. The corresponding 

lactone methyl ether was synthesized from the 1,3-anti-diol olefin subunit via 

esterification, and RCM, followed by substrate controlled stereoselective hydrogenation of 

the intermediate dihydropyranone. The 1,3-anti-diol subunit was generated using a double 

asymmetric allylation strategy.190  

 In 2015, Yadav and coworkers carried out the total synthesis of sanctolide A 

utilizing an acid catalyzed intramolecular dehydrative enamide condensation as the final 
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macrocyclization step (Scheme 1.26).191  The acyclic amide precursor was generated via a 

Yamaguchi esterification reaction. The 1,3-anti-diol-containing alcohol subunit was 

generated via a chiral allylation,192 followed by diastereoselective metalated alkyne 

addition to a E-methoxy-aldehyde. 

Scheme 1.26 Synthetic strategies to sanctolide A. 

 

1.4 Conclusion 

In summary, the synthetic strategies to 14-membered macrolides possessing various 

chemotypes has been summarized in a retrosynthetic manner. In this regard, the family of 

14-membered macrolides were divided into six categories based on structural features, 

namely macrolides containing (i) lactone rings, (ii) D,E-unsaturated macrolactones, (iii) 

THP rings (iv) pyran hemiketal rings, (v) fused ring systems, and (vi) amides and enamide 

macrolides. Collectively, the synthesis of aforementioned chemotypes were discussed 
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briefly in a retrosynthetic fashion to provide a global understanding on distinct synthetic 

strategies. 
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2.1 Introduction 

 Polyketides (PK) and nonribosomal peptides (NRP) represent two important 

classes of natural products.1 The biosyntheses of these natural products are accomplished 

by polyketide synthases (PKSs) and nonribosomal peptide synthetases (NRPSs) in a 

modular fashion that occupy either an “assembly-line” or an iterative synthesis.2 The PKS 

and NRPS modules work together to generate PK-NRP hybrids.3 The PK-NRP hybrid 

family of cyclic enamide/amide-containing natural products is rare and relatively small, 

comprised namely of the 14-membered cyclic enamide sanctolide A (2.1-A),4 (+)-ent-

palmyrolide A,5 madangolide,6,7 laingolides,6a,7 tricholides,8 unnarmicin D,8 and the 

nemamides.1  

 

Figure 2.1 Sanctolide A and other PK-NRP hybrid natural products. 
2.1.1 Sanctolide A: Isolation and background  

 The 14-membered PK–NRP hybrid macrolide, sanctolide A (2.1A) was isolated 

from the cyanobacterium Oscillatoria sancta (SAG 74.79) by Orjala and coworkers in 
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2012 (Figure 2.1).9 Sanctolide A belongs to a new class of cyanobacterial natural products 

where the two amino acid precursors, Gly and Val, are integrated into a polyketide chain 

to form a 14-membered macrolide. This hybrid macrolide possesses a 1,3-anti-diol subunit, 

a lipophilic pentyl side-chain, and a macrocyclic portion with a diester linkage and N-

methyl trans enamide moiety. Interest in the synthesis and characterization of biologically 

active natural products and corresponding analogs has inspired work in the total synthesis 

of sanctolide A and analogs, which is reported in Chapters 2 and 3.  

The biosynthesis of sanctolide A involves the formation of a hexaketide chain (C1–

C12) utilizing six PKS modules.9 The branched C13 methyl is proposed to be originated 

from a S-adenosyl-L-methionine (SAM)-dependent methyl transferase (MT) domain.10 

Further expansion of the polyketide chain is carried out by a cooperative NRPS module, 

which adds glycine with a ketide extension.5 Reduction at the β-carbonyl, subsequent 

dehydration, followed by double bond isomerization from the C20−C21 olefin forms the 

C21–C22 enamide. Methylation of the enamide is predicted via a SAM-dependent MT 

domain.10,11 The removal of the amino group by transamination of Val to generate alpha-

ketoisovalerate, followed by reduction, generates the hydroxyisovaleric acid component 

connected to the C5 hydroxyl group. Completion of the biosynthesis of sanctolide A is 

proposed via a final esterification event between the C15 carbinol and the C19 carboxyl 

group.  

 The initial biological evaluation of sanctolide A demonstrated moderate toxicity in 

brine shrimp toxicity assays with a LD50 value of 23.5 µM.12 Though the pharmacological 

profile of secondary cyclic enamides are well-known in the literature, and include greater 
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than 200 cyclopeptide alkaloids,13 the biological potential of cyclic tertiary enamide––in 

particular, the N-methyl enamide––is under explored except for the natural product, 

palmyrolide A.14 Therefore, synthesis of natural product belonging to the cyclic tertiary 

enamide family is interesting, and investigation of a modular synthetic approach is 

warranted. Of particular importance are syntheses of analogous compounds which allow 

for library generation and subsequent biological screening. In this regard, we herein report 

our synthetic efforts toward the modular synthesis of sanctolide A (2.1) and the formal 

synthesis of its C2-epimer, 2S-sanctolide A (2S-2.1A). 

 

2.1.2 Synthesis of (2S)-Sanctolide A by Brimble and coworkers.  

 In 2014, Brimble and coworkers reported the total synthesis of (2S)-sanctolide A  

[(2S)-2.1-A] utilizing an RCM/olefin isomerization strategy as the key macrocyclization 

step (Figure 2.2).15 The motivation associated with the synthesis of 2S-epimer in their 

synthesis was to resolve the ambiguity associated with the absolute stereochemistry at the 

C2 methyl center of the natural product.9  

 Retrosynthetic analysis of 2S-sanctolide A [(2S)-2.1-A] involves application of an 

RCM/olefin isomerization strategy for the macrocyclization to install the N-methyl 

enamide moiety (Figure 2.2). Ester 2.2.4 could be generated via an esterification of the 

carboxylic acid 2.2.3 and the amide-alcohol subunit 2.2.2, which is the ring-opened product 

of the 2S-lactone methyl ether (2S)-2.1.6. Lactone methyl ether (2S)-2.1.6 could be formed 

from the 1,3-anti-diol containing olefinic subunit 2.1.4 via esterification, subsequent RCM, 
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followed by substrate-controlled stereoselective hydrogenation of the intermediate 

dihydropyranone.  

 

Figure 2.2 Retrosynthetic analysis of 2S-sanctolide A by Brimble and coworkers. 

 The forward synthesis commenced with the generation of the 1,3-anti-diol 

containing olefinic subunit 2.1.4 by utilizing an iterative sequence of epoxidation, 

hydrolytic kinetic resolution (HKR), and vinyl-Grignard addition (Scheme 2.1). 

Epoxidation of hept-1-ene with m-CPBA provided the racemic epoxide (not shown). Chiral 

epoxide formation accomplished with Jacobsen’s (S,S)-salenCoIII-OAc catalyst,16 to 

furnish epoxide 2.1.1 in 86% yield. Vinyl-magnesium bromide addition to epoxide 2.1.1 

using catalytic copper (I) iodide, generated the homo-allylic alcohol, which was 

subsequently methylated with sodium hydride and methyl iodide to provide 2.1.2 in 

excellent overall yield. Next, the olefin was epoxidized with m-CPBA to deliver epoxide 

methyl ether in 95% yield as 1:1 mixture of diastereomers. Subsequent chiral epoxide 

formation with (R,R)-salenCoIII-OAc, and epoxide opening with vinyl-MgBr/CuI (cat.), 

afforded the 1,3-anti-diol product 2.1.4 in 93% yield as a single diastereomer. 



 100 

Methacryloylation with methacryloyl chloride, followed by RCM with 10 mol% of the 

second-generation Grubbs catalyst17 [G-II, (ImesH2)(PCy3)(Cl)2Ru=CHPh], furnished the 

dihydropyranone 2.1.5 in good yields. Installation of the 2S-configured methyl center was 

carried out by a substrate-controlled diastereoselective hydrogenation with H2 (30 bar) and 

Pd/C (10 mol%), to generate the lactone (2S)-2.1.6 in quantitative yields.  

Scheme 2.1 Synthesis of lactone (2S)-2.1.6. 

 

 Subsequent lactone ring-opening of (2S)-2.1.6 with in-situ-generated 

dimethylaluminum amine 2.2.1 furnished the amide 2.2.2 in 63% yield (Scheme 2.2). The 

Yamaguchi esterification18 of the amide 2.2.2 with in-situ-generated 2,4,6-trichlorobenzoyl 

mixed anhydride of the acid 2.2.3 provided the diene precursor 2.2.4 in 92% yield. The 

acid 2.2.3 was generated via -hydroxyisovaleric acid (commercially available or 1 step 

from L-valine)19 with acryloyl chloride in the presence of triethylamine. Subsequent RCM 

reaction with 30 mol% of the Grubbs G-II catalyst, in chloroform at refluxing conditions, 

delivered macrocyclic tertiary amide 2.2.5 in 50% yield, as a 1:1 mixture of E- and Z-
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isomers. Completion of the E-configured N-methyl-enamide 2S-sanctolide A [(2S)-2.1-A)] 

was accomplished via a Ru-hydride-mediated olefin isomerization employing 

(PPh3)3RuH(CO)Cl20 in 50% yield. The analysis of 1H NMR data and optical rotation data 

provided useful information about the stereochemical configuration of the product, where 

the authors concluded that the final product was the C2-epimer of the desired natural 

product sanctolide A (2.1-A).  

Scheme 2.2 RCM/isomerization endgame strategy to 2S-sanctolide A by Brimble (2014). 

 

The aforementioned synthetic strategy employing an RCM/olefin isomerization 

sequence by Brimble and coworkers to generate the N-methylenamide moiety, was utilized 

by Dai and Ye in the syntheses of related natural products, namely, the laingolides A/B,7 

and (–)‐palmyrolide A.21 Moreover, we incorporated this late-stage strategy in our studies 

of Sanctolide A and analogs described in this Chapter, vide infra. 
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In 2018, Dai and coworkers utilized the Brimble RCM/olefin isomerization 

protocol to furnish the natural product (+)-laingolide B (2.3-A, Figure 2.3).7 The diene 

precursor 2.3-C was generated as a single diastereomer and a 1:1 mixture of amide 

rotamers (as evident by 1H and 13C NMR––but this is not mentioned by the authors), via 

an EDCI coupling of the carboxylic acid moiety (not shown) with N-allylmethylamine. The 

carboxylic acid was generated from an acid hydrolysis of Myers alkylation product 

comprising the (2R)-methyl center.  

 

Figure 2.3 Retrosynthetic analysis of 15-membered enamide macrolides laingolide B and 
laingolide A by Dai (2018) and Ye (2021), respectively.  
 
 

In 2021, Ye and coworkers reported the synthesis and stereochemical reassignment 

of laingolide A (2.3-B) by also utilizing the Brimble RCM/olefin isomerization protocol as 

the endgame (Figure 2.3).7 The diene 2.3-F was furnished via an EDCI coupling of the 

carboxylic acid moiety, which was generated by an oxidation of 2.3-G. The linear 
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precursor 2.3-G was delivered via a Julia-Kocienski olefination, where the C7-methyl 

center was installed via a Cu-catalyzed Kumada coupling reaction on the corresponding 

1,3-anti-diol containing cyclic sulfate 2.3-H. In this elegant work the authors made all four 

stereoisomers with variations at the C2 and C7 stereogenic centers.  

 

2.1.3 Total Synthesis of Sanctolide A by Yadav and coworkers 

 In 2015, Yadav and coworkers published the total synthesis of sanctolide A (2.1-

A).22 The retrosynthetic analysis involved an intramolecular dehydrative enamide 

condensation of the N-methyl amide with aldehyde 2.1-B as the key final step to deliver 

the natural product (Figure 2.4). The amide 2.1-B could be generated via a late-stage 

deprotection-oxidation event from the protected alcohol subunit 2.4.4, which was derived 

in 3 steps from diester 2.4.2. The diester 2.4.2 could be generated by coupling the acid  

 

Figure 2.4 Retrosynthetic analysis to sanctolide A by Yadav and coworkers. 
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2.4.1, derived from 2-hydroxyisovaleric acid,19 and the 1,3-anti-diol-containing subunit 

2.3.6. The 1,3-anti-diol-containing subunit 2.3.6 was generated from hexanal (2.3.1) in five 

steps. 

 The forward synthesis commenced with generation of homoallylic alcohol methyl 

ether 2.1.2 from commercially available hexanal (2.3.1), using an asymmetric allylation 

developed by Maruoka23 and coworkers (Scheme 2.3). In this regard, the allyl alcohol (not 

shown) was furnished in 85% yield and 99% enantiomeric excess by employing 

asymmetric allylation with allyltributyltin and bis-(R)-Ti(IV) oxide catalyst, using the 

protocol developed by Maruoka and coworkers, where the subsequent methylation 

afforded the corresponding homoallylic alcohol methyl ether 2.1.2 in good yields. 

Subsequent use of the Upjohn dihydroxylation,24 with oxidative cleavage of the diol using 

NaIO4, delivered the terminal aldehyde, which was coupled with lithiated alkyne 2.3.2 to 

generate a diastereomeric mixture of propargyl 1,3-skipped diol product in 90% yield, 

albeit with modest selectivity (dr = 60:40, syn:anti). The undesired syn-diastereomer 2.3.3  

Scheme 2.3 Stereoselective synthesis of 2.3.6. 
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was further recycled via sequential oxidation with Dess-Martin periodinane (DMP),25 

followed by diastereoselective Noyori reduction26 of the resultant ketone, to furnish the 

desired alcohol anti-2.3.4 in excellent overall yield and selectivity. Alkyne reduction of 

2.3.4 with an H-cube hydrogenation instrument, employing a Pd/C (10%) cartridge under 

pressure (3 bar), delivered the secondary alcohol 2.3.6 in 98% yield. 

The hydroxy acid coupling partner 2.4.1 was synthesized from commercially 

available 2-hydroxyisovaleric acid in three steps. Coupling of the acid and the secondary 

alcohol 2.3.6 was carried out under Yamaguchi conditions (2,4,6-trichlorobenzoylchloride, 

DIPEA, DMAP),18 at room temperature to deliver the diester 2.4.2 in 90% yield. Silyl-

deprotection with TBAF, followed by DMP oxidation, and Pinnick oxidation,27 furnished  

Scheme 2.4 Endgame of Yadav’s synthesis of sanctolide A. 
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the corresponding acid 2.4.3 in good yields over 3 steps. The conversion of the acid into 

the mixed anhydride, and subsequent amidation with aqueous methyl amine, afforded 2.4.4 

in 98% yield.  

The removal of the benzyl protecting group with Pd/C (10 mol%) mediated 

catalyzed generated the primary alcohol 2.4.5 in near quantitative yields. Subsequent DMP 

oxidation of the primary alcohol in refluxing benzene, followed by treatment with five 

equivalents of trifluoroacetic acid (TFA) over 3 days, afforded the natural product 

sanctolide A (2.1-A), albeit in low yield (19%, 58% based on recovered starting material). 

The analytical data obtained was in good agreement with the reported natural product,4 and 

thus confirmed the absolute configuration of the natural product as 2R-sanctolide A. It is 

worthy to note, that the authors reported an unexpected degradation of the synthesized 

product in standing conditions even at lower temperatures, vide infra. 

2.2 Results and discussion 

2.2.1 Formal synthesis of (2S)-sanctolide A 

 Toward the initial development of a modular synthetic approach for the synthesis 

of 2S-sanctolide, we envisioned utilization of a double diastereotopic group differentiation 

strategy as the key transformation to install the critical 2S-stereocenter of the molecule. 

Our retrosynthetic analysis involved the formation of the C2-epimer of sanctolide A [(2S)-

2.1-A] using a Yamaguchi esterification, and subsequent late-stage RCM/olefin 

isomerization of the diene precursor 2.2.4, which would intersect the synthetic efforts of 

Brimble and coworkers at the stage of the Brimble lactone (2S)-2.1.6 in the synthesis of 

2S-sanctolide A (Figure 2.5), and thus be a formal synthesis.15  
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In this regard, the secondary alcohol containing amide 2.2.2 would be accessed by 

the same AlMe3-mediated lactone opening of the lactone methyl ether (2S)-2.1.6 used by 

Brimble and coworkers. To access the lactone methyl ether (2S)-2.1.6, we envisioned a 

five-step sequence from the phosphate triene, 2.6.2 utilizing a phosphate tether-mediated, 

one-pot sequential CM/ per-hydrogenation/ tether removal strategy,28 coupled with 

oxidative lactone formation. The diester coupling partner 2.2.3 could be derived from 2-

hydroxyisovaleric acid in one step.  

 

Figure 2.5 Retrosynthetic analysis of 2S-sanctolide A.  

 In 2013, our group reported a phosphate tether-mediated double diastereotopic 

group differentiation of a phosphate triene 2.5.3 in generating bicyclo[5.3.1]phosphate 

2.5.4 (Scheme 2.5A).29,30 During this synthesis, racemic 2-methyl homoallylic alcohol 

2.5.1 was coupled to monochlorophosphate (S,S)-2.5.2 to generate a 1:1 epimeric mixture 

at the methyl bearing stereogenic center within phosphate triene 2.5.3 bearing a non-

stereogenic phosphorus atom. Subsequent group selective RCM reaction with 3 mol% of 

the Grubbs G-II catalyst [(ImesH2)(PCy3)(Cl)2Ru=CHPh],17 in refluxing CH2Cl2, 
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delivered bicyclo[5.3.1]phosphate 2.5.4 as a single P-stereogenic diastereomer in 39% 

yield, where the unreacted diastereo-enriched triene 2.5.5 was recovered in 27% yield. The 

absolute stereochemistry of the bicyclo[5.3.1]phosphate 2.5.4 was determined using X-ray 

crystallographic analysis. The mechanistic rationale for obtaining a single diastereomer 

was explained by the 1,2-steric interactions introduced between the methyl substituent and 

the metallocyclobutane at the transition state (2.5.6 and 2.5.7).29,30  

 An energetically disfavored steric interaction is predicted between the allyl methyl 

substituent at the exo-face of the bicyclophosphate and the Ru-metallocyclobutane which 

is also formed in the exo-face of the bicyclic phosphate (exo-exo-2.5.6) due to its concave 

nature. When the allyl methyl substituent is directed at the endo- face to the 

bicyclophosphate, the olefin metathesis will undergo via an energetically favorable TS 

(exo-endo-2.5.7), hence delivering bicyclo[5.3.1]phosphate 2.5.4 as a single diastereomer. 

Inspired by this model, we proposed a similar double diastereotopic RCM group 

differentiation, which after phosphate tether removal, would generate the C1–C12, 1,3-anti 

diol-containing subunit (2S)-2.6.6 bearing the requisite stereogenic centers for 2S-

sanctolide A [(2S)-2.1-A] (Scheme 2.5B). Thus, coupling of chiral, racemic 2-methyl 

homoallylic alcohol 2.5.1 with the monochlorophosphate (R,R)-2.5.2 will generate the 

phosphate triene 2.6.2. The ring-closing metathesis of the phosphate triene 2.6.2, with 

subsequent cross metathesis, followed by global hydrogenation would furnish the required 

bicyclo[5.3.1]phosphate [(2S)-2.6.5] with 2S-configured methyl center having all the 

required stereocenters for the synthesis of 2S-sanctolide A [(2S)-2.1-A]. Final tether 
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removal would generate the key triol (2S)-2.6.6 en route to the Brimble lactone methyl 

ether (2S)-2.1.6. 

Scheme 2.5 Double diastereotopic differentiation and mechanistic rationale. 
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 The synthesis commenced with coupling of the lithiated chiral, racemic 

homoallylic alcohol 2.5.1 to the monochloro phosphate (R,R)-2.5.2 (Scheme 2.5) derived 

from the C2-symmetric diene-diol (R,R)-2.6.1, in THF to provide the pseudo-C2-symmetric 

triene phosphate 2.6.2 in 80% yield (Scheme 2.6). Subsequent double diastereotopic 

differentiation of the phosphate triene 2.6.2 with 1.5 mol% of the Grubbs G-II catalyst17 

[(ImesH2)(PCy3)(Cl)2Ru=CHPh], in refluxing CH2Cl2, delivered the bicyclo[5.3.1]-

phosphate 2.6.3 as a single P-stereogenic diastereomer in 38% yield along with 42% of 

unreacted triene. The absolute stereochemistry of the methyl-bearing center of the 

bicyclo[5.3.1]phosphate 2.6.3 was confirmed via X-ray crystallography analysis as 2S 

(sanctolide numbering).  

Scheme 2.6 Phosphate tether-mediated one-pot sequential protocol to (2S)-2.1.6 
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Next, a one-pot sequential cross metathesis was carried out with cis-4-octene in the 

presence of 10 mol% of the Hoveyda-Grubbs second-generation catalyst31 (HG-II) in DCE 

to generate the unsaturated bicyclophosphate (2S)-2.6.5. Succeeding “same-pot” global 

hydrogenation with residual HG-II,32 and tether removal with LAH in Et2O, afforded the 

triol (2S)-2.6.6 bearing the requisite C2, C5, and C7 stereogenic centers in 43% overall 

yield over the 3 reaction, one-pot protocol.i  

 With triol (2S)-2.6.6 in hand, we set out to generate the C1–C12 Brimble lactone 

methyl ether (2S)-2.1.6. In this regard, regioselective oxidative lactone formation on triol 

(2S)-2.6.6, mediated by catalytic TEMPO in the presence of the N-chlorosuccinimide 

(NCS) as the secondary oxidant and phase-transfer catalyst tetrabutylammonium chloride 

(TBACl), furnished lactone (2S)-2.6.7 in 72% yield. Subsequent selective methylation of 

the C7-carbinol with trimethyloxonium tetrafluroborate (Me3OBF4) as the methylating 

reagent and proton sponge, afforded the C1–C12 Brimble lactone methyl ether (2S)-2.1.6. 

With the successful synthesis of the (2S)-2.1.6 in hand, the formal synthesis of the 2S-

sanctolide A was completed in a total of eight reactions and six “pots”, starting from (R,R)-

2.6.1 utilizing phosphate tether-mediated one pot sequential protocols. 

  

 
i [It should be noted, that after hydrogenation, IUPAC priority of the C5/C7 stereogenic 

centers switches from C5-R/C7-R to C5-S/C7-S].  
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2.2.2 Total synthesis of Sanctolide A 

 The double diastereotopic group differentiation method coupled with a pot 

economical approach in the synthesis of the 2S-epimer of sanctolide A demonstrated the 

multifaceted nature and the one-pot amenability of the use of phosphate tether-mediated 

protocols. While this method allowed for the synthesis of the Brimble lactone methyl ether 

(2S)-2.1.6 in six steps from the diene diol (R,R)-2.6.1, from an atom economical 

prospective,33 the double diastereotopic group differentiation method has a drawback in 

that the theoretical yield can only be 50% (we report ~38%) with recovery of the unreacted 

C2 epimer (Sanctolide numbering). Therefore, our synthetic efforts were redirected 

towards the development of an alternative modular, atom and step34 economical approach 

to address these limitations.  

 In our reworked proposed route, the synthesis of the bicyclo[5.3.1]phosphate 2.7.5 

bearing a trisubstituted olefin was envisioned to start from the readily prepared 

homologated (S,S)-homoallylic diene-diol 2.7.3 (Figure 2.6), whereby hydrogenation from 

the convex face would afford the saturated bicyclo[5.3.1]phosphate (2S)-2.6.5 with 

expected requisite stereochemistry. Generation of phosphate triene 2.7.4 would occur via 

the coupling of pseudo-C2-symmetric monochlorophosphate (S,S)-2.5-A and lithiated  

-methallyl alcohol. Subsequent RCM would deliver the bicyclo[5.3.1]phosphate 2.7.5. 

During the RuH-mediated hydrogenation, the delivery of the hydrogen was initially 

envisioned to occur from the sterically less crowded convex face of the unsaturated 

bicyclo[5.3.1]phosphate 2.7.5, to furnish the S-configured methyl center at the C2 position 

(sanctolide numbering). 
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Overall, this protocol would introduce a modular synthetic route to the existing 

synthesis with improved atom economy, where a complete conversion of the triene was 

expected after the RCM/CM/H2 sequence. Moreover, step economy could be further 

improved by employing the Krische Ir-catalyzed transfer hydrogenation allylation method 

for the generation of the starting homologated (S,S)-homoallylic diene-diol 2.7.3.35 In 

addition, if LAH-mediated tether removal could be linked into the one-pot sequential 

protocol, we could carry out four reactions in one pot, e.g. RCM/CM/H2/LAH. 

 

Figure 2.6 Proposed route with (S,S)-homoallylic diene-diol 2.7.3. 

The forward synthesis was commenced with the generation of the phosphate triene 

2.7.4 from homologated diene diol 2.7.3. Two distinct synthetic approaches were utilized 

in the synthesis of the (S,S)-homoallylic diene-diol 2.7.3 (Scheme 2.7). The addition of the 

vinyl Grignard to the (R,R)-diepoxide 2.7.1, in the presence of catalytic CuCN, delivered 
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the (S,S)-homoallylic diene-diol (S,S)-2.7.3 in 70% yield.36 In addition, the same 

homoallylic diene-diol (S,S)-2.7.3 was generated in a more direct atom and step economical 

fashion from commercially available propane 1,3-diol (2.7.2), by utilizing the Krische Ir-

catalyzed transfer hydrogenation allylation method.35 With the (S,S)-homoallylic diene-

diol in hand, tripodal coupling with POCl3 and lithiated -methallyl alcohol was carried 

out to deliver the pseudo-C2-symmetric phosphate triene 2.7.4 in good yields. Exposure of 

2.7.4 to the Hoveyda-Grubbs second-generation catalyst31 (HG-II) in  

Scheme 2.7  
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DCE, in the presence of ethylene gas,37 cleanly generated the bicyclo[5.3.1]phosphate 2.7.5 

in good yields. Subsequent CM with cis-3-hexene, followed by global hydrogenation of 

the unpurified CM product with residual Ru catalyst,32 in the presence of H2 at 1000 psi, 

furnished the saturated bicyclophosphate intermediate 2.6.5.   

A convex face approach of the RuH was expected to deliver 

bicyclo[5.3.1]phosphate (2S)-2.6.5 with 2S-methyl center during the hydrogenation, as 

described in (Figure 2.6 and Scheme 2.7). However, comparison of the initial normal phase 

TLC analysis of bicyclo[5.3.1]phosphate (2S)-2.6.5 generated from the double 

diastereotopic differentiation method and the bicyclo[5.3.1]phosphate 2.6.5 from the 

diastereoselective hydrogenation method showed a significant Rf difference in the TLC 

with EtOAc as the eluent, indicating a possible generation of a diastereomer (2R)-2.6.5 at 

this stage (Scheme 2.7), vide infra. Subsequent tether removal of the unpurified 

bicyclo[5.3.1]phosphate intermediate (2R)-2.6.5 with LAH delivered the advanced polyol 

intermediate (2R)-2.6.6 in 49% average yield over 4 reactions. In order to shed light on the 

origins of potential C2 epimers revealed by the discrepancies in TLC Rf values between 

the two triol samples of triol 2.6.6––which were generated from the two different pathways, 

detailed NMR and molecular modeling studies and were carried out. 

A comparison of  ppm values of 13C NMR data for selected carbon centers within 

the two potential C2 epimers of 2.6.6 was compiled and is shown in Figure 2.7.ii As seen, 

a substantial  ppm difference | ~1.7 ppm| was observed at the C2 methyl-bearing 

 
ii A complete data table is enclosed in the experimental section 
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centers of the two triols in question. In addition, 0.4, 0.4, and 0.3  ppm differences were 

observed at the C5 and C7 carbinol centers, and at the C13 methyl center, respectively. The 

data confirmed the presence of two different diastereomers of the two triol intermediates. 

Thus, the triol that was formed via the substrate-controlled diastereoselective 

hydrogenation (Scheme 2.7) was deemed that of 2R-configuration [(2R)-2.6.6]. 

 

Figure 2.7 

With this result in hand, we had confirmed that our original hypothesis for facial 

selectivity in the hydrogenation event was in error––in which we had reasoned 

hydrogenation would produce the 2S-saturated bicyclophosphate (2S)-2.6.5 from 

hydrogenation of the convex face within 2.7.5. In order to shed light on this issue, we tried 

to use X-ray crystallographic analysis. Unfortunately, efforts aimed at obtaining a viable 

X-ray crystallographic structure for the bicyclo[5.3.1]phosphate intermediate, or its 

derivatives, have thus far been unsuccessful. It is worthy to note that we had previously 
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assigned the absolute stereochemistry of the methyl-bearing center of the 

bicyclo[5.3.1]phosphate 2.6.3 as 2S, which was confirmed via X-ray crystallography 

analysis (sanctolide numbering) [see previous Scheme 2.6 and Figure 2.8 below). 

 

Figure 2.8 Different orientations of the X-ray for the bicyclo[5.3.1]phosphate 2.6.3. 

We next turned to molecular modeling to shed light on this discrepancy and carried 

out an energy minimized calculation utilizing ChemAxon Marvin calculator plugins38 and 

PyMOL39 as the molecular graphic system (Figure 2.9). In the molecular model, an 

unexpected “bend” was observed at the methyl center of the tri-substituted internal olefin, 

which changes the overall shape of the bicyclo[5.3.1]phosphate 2.7.5 significantly. This 

“bend” presents a new convex face at the bridging centers of the bicyclo[5.3.1]phosphate 

architecture, which in turn increases the transannular steric interactions between the 

phosphate center and the methyl center, and thus 2.7.5 presents a new concave face that we 

had not anticipated. On account of the steric interactions at the concave face, the approach 
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of the RuH from the more accessible convex face is envisioned to deliver the 2R-configured 

saturated bicyclo[5.3.1]phosphate (2R)-2.6.5 during the hydrogenation event.  

 

Figure 2.9 molecular model studies for the bicyclo[5.3.1]phosphate 2.7.5 

 Next, the triol fragment (2R)-2.6.6 was subjected to a catalytic TEMPO-mediated 

oxidative lactone formation with NCS secondary oxidant and TBACl phase-transfer 

catalyst, to deliver the lactone carbinol (2R)-2.6.7 in good yields (Scheme 2.7). Selective 

methylation of the C7(S) carbinol was carried out with Me3OBF4 and proton sponge, to 

afford the (2R)-configured lactone methyl ether (2R)-2.2.E in good yield [(C2-epimer of 

the Brimble 2S-lactone methyl ether]. With these products in hand, we focused our efforts 

on addition detailed NMR studies to map out trends in both the lactone carbinol  

(2S/2R)-2.6.7 and lactone methyl ether (2S/2R)-2.1.6 as shown in Figures 2.10 and 2.11. 

A comparison of 13C NMR chemical shifts  ppm values (2S  ppm - 2R  ppm) 

for both the lactone carbinol and lactone methyl ether was next carried out to further 

confirm the diastereomers at each stage of the synthesis, and to rule out epimerization at 

any stage up to the Brimble lactone. The 13C NMR  ppm chemical shift values for the 

two 2S/2R epimeric lactone carbinols are depicted in Figure 2.10.iii The two lactone 

 
iii Complete data tables are enclosed in the experimental section. 
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carbinols displayed significant deviations at multiple carbons of > ±2  ppm at carbons 

C1–C5. These deviations observed at the ppm level for the diastereomers can be reasoned 

by the chair conformational differences in the ground state. These data confirmed the 

presence of two diastereomeric lactone carbinols at this stage of the synthesis, namely, 

(2S)-2.6.7 and 2R)-2.6.7.  

 

Figure 2.10 

 Next, a comparison of 13C NMR chemical shifts was carried out | ppm values| 

for the two (2S)-lactone methyl ethers (2S)-2.1.6 derived from double diastereotopic 

differentiation synthesis and the original Brimble synthesis15 (Figure 2.11a). Infinitesimal 

deviations of the two lactone methyl ethers at the ppm level were observed, which 

confirmed that the lactone methyl ether that was generated from our double diastereotopic 

differentiation method is identical to the lactone methyl ether furnished from the Brimble 

synthesis, and thus of (2S)-configuration. Concurrently, a  ppm data comparison was 

carried out for the two lactone methyl ethers generated from our two routes, namely the 
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double diastereotopic group differentiation and diastereoselective hydrogenation, (2S)-

2.1.6 and (2R)-2.1.6, respectively (Figure 2.11b). As expected, significant ppm  ppm 

differences were observed at several carbons for the two C2-epimeric lactone methyl 

ethers. Notably, the differences at the ppm levels were consistent with the values obtained 

for the lactone carbinols in Figure 2.10. Taken collectively, the significant deviations of 

the  ppm values strongly suggest that the lactone methyl ether derived from 

diastereoselective hydrogenation method, (2R)-2.1.6, has 2R-configuration.iv 

 

Figure 2.10 

It is also worthy to note that when taken collectively, the aforementioned data 

suggest that no epimerization had taken place in transforming the respective triols, (2S)-

2.6.6 and (2R)-2.6.6, to the corresponding lactone carbinols (2S)-2.6.7 and (2R)-2.6.7, and 

 
iv Complete data tables are enclosed in the experimental section. 
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lactone methyl ethers, (2S)-2.1.6 and (2R)-2.1.6, during the corresponding TEMPO/NCS-

oxidation protocol and (Me3O)BF4/proton sponge-methylation event. 

 To further investigate the spatial correlations of proximal protons of the two lactone 

carbinols, (2R)- and (2S)-2.6.7, and lactone methyl ethers, (2R)- and (2S)-2.1.6, Nuclear 

Overhauser Effect correlation (NOESY) experiments were carried out (Figure 2.12).40 A 

strong through-space correlations were observed for the two Hax and Heq protons (1,4-syn) 

of both the 2S-lactone carbinol (2S)-2.6.5 and 2S-lactone methyl ether (2S)-2.1.6 (Figure 

2.12A and 2.12B). As expected, such correlations were not observed for the 2R-configured 

lactone carbinol, (2R)-2.6.7 and lactone methyl ether (2R)-2.1.6, due to the 1,4-anti 

relationship between the two Hax protons (Figures 2.12C and 2.12D).  

 

Figure 2.12 NOESY correlations A/B and lack of correlations C/D. 
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 With these experimental results in hand, we next focused our efforts to complete 

the synthesis of the natural product, 2R sanctolide A (Scheme 2.8). Lactone methyl ether 

(2R)-2.1.6 was initially subjected to a Me3Al-mediated lactone opening reaction using 

conditions developed by Weinreb (N-allylmethylamine, Me3Al in CH2Cl2)41 to furnish the 

allylamide-alcohol 2.2.2 in 50% yield as a mixture of two C2-methyl diastereomers  

[dr = 1:1, 2R:2S) and 1:1 amide rotamers (Scheme 2.8, Reaction (A)].v As highlighted in 

Figures 2.13 and 2.14, the diastereomers were identified using extensive 1H and 13C NMR 

analysis (see experimental section for full analysis), whereby the 13C NMR peaks for the 

product appeared as four singlets instead of two singlets (as one would expect for only a 

mixture of amide rotamers).vi  

Scheme 2.8 AlMe3-mediated lactone opening of (2S)-2.1.6 and (2R)-2.1.6. 

 

 
[v] This result was contradictory and unexpected compared to the observations made by 
Brimble and coworkers who only reported amide rotamers, but not C2 epimers, which are 
apparent in their spectra based on our observation. 
[vi] A detailed analysis of spectral data can be found in Table 5.4 in the experimental 
section. 
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Figure 2.13 

To further investigate the epimerization of the 2C-methyl center, the lactone methyl 

ether (2S)-2.1.6––which was generated via the double diastereotopic differentiation 

method, was also subjected to the lactone opening reaction using the same AlMe3 

conditions [Scheme 2.8, Reaction (B)]. In this experiment, the N-allylamide alcohol 
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the 2 amide rotamers and 2 epimers (2S and 2R) (Figure 2.13).vii The 2S and 2R epimers 

were identified by comparing to the pure 2R-epimer, which was generated in the latter part 

of this synthesis, vide infra (for a comparison table, see Table 5.5 in experimental section). 

In addition, extensive 13C spectral data analysis was also carried out for each carbon center 

of the molecule to confirm the epimeric amide rotamers in both Reactions (A) and (B) of 

Scheme 2.8, whereby a selected set of 13C NMR data are depicted in Figure 2.14 [the 13C 

NMR expansion for the C1, C13, C20, and C21 carbons (sanctolide numbering) are 

depicted in Figure 2.14]. A similar comparison for 1H NMR data were difficult due to peak 

overlaps in several ppm ranges having complex splitting patterns (overlapping multiplets). 

 

Figure 2.14. The 13C NMR expansion for the C1, C13, C20, and C21 carbons. 

 
vii We have ruled out homoallylic coupling as the source of the four singlets, as 
homoallyic coupling is typically 5J = 0–8 Hz, since the two peaks were separated by J = 
32 and 30 Hz for 2S and 2R epimers (Figure 2.12). In addition, as noted, the 13C NMR 
showed several carbons split into four singlets.  
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A comparison of the 13C  ppm values (error ± 0.1 ppm) was also carried out to 

confirm the presence of epimeric amide rotamer product mixtures of the two Reactions (A) 

and (B) (Scheme 2.8). Full comparison tables are enclosed in the experimental section, and 

a graphical depiction is shown in Figure 2.15. The 13C ppm values for the two product 

mixtures––importantly, in which all resonances existed as four singlets, were nearly 

identical for the majority of the carbon centers at ± 0.1 ppm level (17-of-18 resonances, 

Figure 2.15.). Only the C6 carbon of the 2R-epimer showed an infinitesimal  ppm 

difference 0.1ppm at (± 0.1) and 0.04 ppm at (± 0.01) levels. Importantly, all the critical 

C2-, C5- and C7-stereocenters had identical 13C singlets, which strongly suggested the 

generation of amide rotamers of both epimers, 2S and 2R.  

 

 

Figure 2.15  ppm comparison for the products of two reactions in Scheme 2.8. 
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partial epimerization, is not entirely clear. However, our interests are currently aligned to 

further elucidate the origins of this unprecedented epimerization event, and corresponding 

studies will be reported in due course. In the meantime, we forged ahead to complete the 

synthesis with the diastereomeric mixture in hand, and then reinvestigated the lactone 

opening reaction in hopes of circumventing epimerization at C2, vide infra. 

 We next completed the synthesis of the enamide macrolide with the mixture of the 

C2 epimers (Scheme 2.9). Thus, Yamaguchi esterification of amide-alcohol 2.2.2 with in-

situ-generated 2,4,6-trichlorobenzoyl mixed anhydride of the acid 2.2.3, provided the diene 

2.2.4 in good yields also in an inseparable mixture of diastereomers (dr = 1:2, 2R:2S). 

Subsequent RCM with the Grubbs G-II catalyst in refluxing CHCl3, delivered a complex 

mixture of 2R, 2S and E, Z diastereomers (2R, E,Z)-, (2S, E,Z)-2.2.5 that were fully 

characterized. Subsequent olefin isomerization of the ,-unsaturated lactone amide, using  

Scheme 2.9  
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(PPh3)3RuH(CO)Cl7,15,21,20 in refluxing toluene, generated the final mixture of inseparable 

enamide diastereomer products (2S)-, (2R)-2.1-A. in 45% yield in a diastereomeric ratio of 

dr = 1:3, 2R:2S, as evident by the signature doublets in the respective 1H NMR spectra 

occurring at 7.17 ppm for the 2S epimer as noted by Brimble,15 and the 6.73 ppm for the 

2R epimer as noted by Yadav.22 

 With these results in hand, we next explored additional methods toward the lactone 

opening reactions without utilizing a Lewis acid activator, as AlMe3 was strongly believed 

to be the cause of C2 epimerization. Numerous attempts at adding the secondary allyl 

methyl amine without a Lewis acid activator were unsuccessful. Next, the addition of 

primary amines to the lactone was explored, whereby if successful, subsequent N-allylation 

at the secondary methyl-amide would deliver the requisite N-methylallylated product 2.2.4 

without epimerization. In this regard, the addition of methylamine to the lactone methyl 

ether (2R)-2.1.6 was preformed successfully with methylamine hydrochloride in neat Et3N 

at 90 ºC, to deliver the amide alcohol as a single diastereomer and 10:1 mixture of amide 

rotamers. Gratifyingly, no epimerization at the 2C center was observed, as seen in both 1H 

and 13C NMR data [Reaction (c), Figure 2.16].  

The 1H NMR peak for the N-Me moiety of the lactone opened product 2.10.1 

appeared as a doublet with a coupling constant of 3J = 4.8 Hz (NHMe). Importantly, no 

epimeric doublets were observed in the 1H NMR for 2.10.1 when compared to the 4 singlets 

previously observed for the corresponding amide-alcohol (2R)-, (2S)-2.2.2 (Figure 2.16). 

Also, 13C data confirmed the presence of a major epimer, which we tentatively assigned as 

2R-2.10.1, existing as two amide rotamers (Major: Minor, 10:1), with direct comparison 
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after TBS-silyl protection of the C5-carbinol, N-allylation and desilylatioin being made in 

the subsequent study, vide infra (Scheme 2.10 and Figure 2.17). 

 

Figure 2.16 1H and 13C NMR analysis of selected resonances for Rxns (a) and (c). 
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event at the secondary N-methyl amide. In this regard, the secondary carbinol center of the 

amide-alcohol 2.10.1 was protected with a TBS-protection to deliver 2.10.2. Alkylation of 

the secondary methyl-amide 2.10.2 was carried out with allyl bromide and tetrabutyl 

ammonium iodide (TBAI) in the presence of 3 equivalents of NaH as the base at 40 ºC 

using N-alkylation conditions developed by Spring and coworkers.42  It is worthy of noting 

that, the reaction did not go to completion even at prolonged stirring (up to 48 h) and the 

product 2.10.3 was furnished as a single diastereomer. Subsequent, deprotection of the 

TBS-alcohol with TBAF in THF generated the amide-alcohol (2R)-2.2.2 as a single 

diastereomer in 1:1 amide rotamer mixture. Gratifyingly, no epimerization was observed 

at the 2C methyl center, during the alkylation event and was strongly enforced by the 1H 

and 13C NMR data (Figure 2.17, and supplementary information). 

 With the pure (2R)-epimer in hand, next Yamaguchi esterification was carried out 

with the acid partner 2.2.3 to deliver diene (2R)-2.2.4 in moderate yields (Scheme 2.10). 

Subsequent RCM macrocyclization of the diene (2R)-2.2.4 furnished the macrolide core 

(2R)-2.2.5 as a 1:1 inseparable mixture of E and Z diastereomers. Ensuing olefin 

isomerization of the N-allylamide moiety into the corresponding enamide using 

(PPh3)3RuH(CO)Cl7,15,21,20 catalyst, afforded the natural product sanctolide A (2.1-A) in 

51% yield. The spectral data for the synthesized macrolide was in a good agreement with 

the spectral data of reported natural product and the macrolide synthesized by Yadav and 

coworkers (Tables 2.1 and 2.2).4,22 Interestingly, a similar decomposition of the final 

enamide macrolide upon standing conditions over several days was observed as reported 

by Yadav and coworkers.22  
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Scheme 2.10 

 

 We next compared the two products that we obtained from the Al(Me)3-mediated 

lactone opening reaction with N-allylmethyl amine, namely, (2R)- and (2S)-2.2.2, with that 

of the method involving lactone opening with methylamine––followed by N-allylation 

(Figure 2.17). 1H NMR spectra of the N-Me moiety of 2.2.2 generated from N-allylation 

of the methyl-amide gave only two singlets, which was attributed to the two amide rotamers 

of a single diastereomer. Since we did not observe an epimerization at the NaH-promoted 

N-allylation step (as evident by crude NMR), we reasoned that the epimer that stayed 

obtained at this stage is the (2R)-2.2.2. Notably, the 13C spectral data was also in a good 

agreement, whereas only two 13C resonance peaks were observed in the 13C NMR spectra 

for each carbon center of the molecule, compared to the quadruplet peaks that were 
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observed for the epimeric amide rotamer mixtures (2R)-, (2S)-2.2.2 delivered from the 

AlMe3-mediated method (see the selected spectral data shown in Figure 2.17). 

 

Figure 2.17 1H and 13C NMR analysis of two methods to amide 2.2.2. 
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Table 2.1 1H NMR chemical shifts comparison of original NMR (from isolation paper) and 
our final NMR (sanctolide numbering) 

 
 
 
 

C# 

Original 1H NMR 
sanctolide A in 

CDCl3  
(CHCl3 reference 

of 7.24 ppm)9 

Final 1H NMR 
of sanctolide A 
(2R)-2.1-A in 

CDCl3  
(CHCl3 reference 

of 7.24 ppm) 

 
 
 
 
 ppm 

Final 1H NMR 
of sanctolide A 
(2R)-2.1-A in 

CDCl3 
(CHCl3 reference 

of 7.26 ppm)   
   

2 2.56 2.56 0.00 2.58 
5 5.00 5.00 0.00 5.02 
7 3.12 3.12 0.00 3.14 
13 1.13 1.13 0.00 1.15 
15 5.11 5.11 0.00 5.13 
17 0.94 0.95 0.01 0.97 
18 0.90 0.90 0.00 0.92 
20a 3.15 3.15 0.00 3.17 
20b 3.20 3.19 0.01 3.21 
21 5.12 5.12 0.00 5.14 
22 6.70 6.71 0.01 6.73 

OMe 3.28 3.28 0.00 3.30 
NMe 3.06 3.07 0.01 3.09 
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Table 2.2 1H NMR chemical shifts comparison of Yadav NMR of sanctolide A, and the 
final NMR of the product from the RCM/isomerization of diene (2R)-2.2.4 (sanctolide 
numbering). 
 

 
 
 
 
C# 

Yadav 1H NMR of 
sanctolide A in 

CDCl3  
(CHCl3 reference 

of 7.24 ppm) 

Final 1H NMR 
of sanctolide A 

(2R)-2.1-A in CDCl3  
(CHCl3 reference  

of 7.24 ppm) 

 
 
 
 
 ppm 

Final 1H NMR 
of sanctolide A 

(2R)-2.1-A in CDCl3 
(CHCl3 reference  

of 7.26 ppm) 

     
2 2.60–2.52 2.61–2.53 - 2.63–2.55 
5 5.03–4.97 5.03–4.97 - 5.05–4.99 
7 3.14–3.08 3.13–3.19 - 3.15–3.21 
13 1.12 1.13 0.01 1.15 
15 5.10 5.11 0.01 5.13 
17 0.94 0.95 0.01 0.97 
18 0.89 0.90 0.01 0.92 
20a 3.15 3.15 0 3.17 
20b 3.19 3.19 0 3.21 
21 5.15–5.08 5.15–5.08 - 5.17–5.10 
22 6.70 6.71 0.01 6.73 

OMe 3.27 3.28 0.01 3.30 
NMe 3.06 3.07 0.01 3.09 
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2.3 Conclusion   

 In conclusion, a phosphate-tether mediated one-pot sequential approach for the 

formal synthesis of the (2S) epimer of sanctolide A [(2S)-2.1-A], and the total synthesis of 

sanctolide A, (2R)-2.1-A, is reported. A phosphate-tether-mediated double diastereotopic 

group differentiation protocol of the pseudo-C2-symmetric (R,R)-phosphate triene 2.6.2 

was utilized  to generate the requisite stereocenters of the key C1–C12 subunit, we have 

termed the Brimble lactone methyl ether (2S)-2.1.6. Concurrently, a phosphate-tether-

mediated one-pot sequential RCM/CM/substrate-controlled “H2” /tether removal approach 

utilizing a homologated pseudo-C2-symmetric (S,S)-phosphate triene 2.7.4 was utilized to 

improve the atom- and step-economy of the synthesis. Interestingly, this new route directed 

us to investigate on an unexpected hydrogenation event of the trisubstituted olefin within 

the unsaturated bicyclo[5.3.1]phosphate 2.7.5., and to the synthesis of the 2R-epimer of the 

Brimble lactone methyl ether (2R)-2.1.6. Extensive 1H and 13C NMR data were utilized to 

identify the C2 epimers, and corresponding amide rotamers. at each stage of the synthesis. 

In addition, an unprecedented epimerization at the C2-methyl center was observed during 

the Me3Al-mediated lactone opening reaction of both (2S)- and (2R)-lactone methyl ethers, 

which was further supported by extensive spectral analysis.  A new route, circumventing 

the C2-epimerization event, was worked out and employed the use of methylamine for 

lactone opening, followed by a NaH-promoted N-allylation reaction, to deliver the critical 

amide-alcohol (2R)-2.2.2. Subsequent coupling of (2R)-2.2.2 with acid subunit 2.2.3 

afforded diene subunit (2R)-2.2.4, followed by RCM and final olefin isomerization 

completed the total synthesis of the natural product sanctolide A, (2R)-2.1-A. Interestingly, 



 135 

the synthesized enamide macrolide was unstable at standing conditions as previously 

reported. The unusual stability of this natural product attracted our attention and 

underscores the need for making analogs that are more stable and has thus directed our 

efforts to generate simplified sanctolide analogs with improved stability and reactivity.  In 

this regard, we detail the development of a library amenable, modular phosphate-tether-

mediated approach to simplified sanctolide A analogs, which will be discussed in the next 

chapter (Chapter 3). 
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Chapter 3 

 

A Build-Couple-Couple-Pair (BCCP) Approach for the  

Synthesis of 2-desmethyl Sanctolide A and Simplified Analogs 
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3.1 Introduction 

3.1.1 Natural product analog libraries  

 Historically, natural products have continued to influence the design of new 

therapeutics as well as aiding in the identification of biologically active targets.1 Natural 

products can also act as a starting point for derivatization and reprogramming of the 

existing structures. These modifications  can potentially enhance the chemical space of the 

starting small molecule and thus serve to deliver lead-like compounds (hit-to-lead 

strategies) and chemical probes.2 According to an analysis done by Newman and coworkers 

in 2014, out of 175 small molecules approved for cancer therapeutics in the period of 1940–

2014, 85 (48.6%) were either natural products or directly derived from natural products.1b,3 

Moreover, natural products and their core-derivatives are considered as privileged 

structures, since they have already interacted with the biological entities such as enzymes 

and proteins during their biosynthesis, and gain an advantage over unnatural molecules to 

occupy a chemical space, which is already well-suited to interact with proteins.4,5  

 In this regard, there has been a growing interest in the synthetic community to 

deliver natural product-inspired small molecular libraries to understand biological 

processes.6,23b Towards this goal, a number of (bio)synthetic groups have taken the 

initiative to modify skeletons of active natural products as novel lead compounds, which 

has prompted extensive reviews.4,7 In these reviews, topics such as Diversity-Oriented 

Synthesis (DOS), Diverted Total Synthesis (DTS), Function-Oriented Synthesis (FOS), 

Biology-Oriented Synthesis (BIOS), as well as high-throughput and combinatorial 

strategies coupled with both solid- and solution-phase syntheses are discussed. 
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Additionally, in 2018, Alihodžic and coworkers nicely summarized the importance, 

synthetic approaches, and challenges related to synthesis of natural product-inspired 

macrocyclic analogs.8  

 The next two sub-sections (3.1.2 and 3.1.3) discuss two interesting reports of 

natural product-inspired macrocyclic analog syntheses from recent literature. 

3.1.2 Natural product inspired hybrid macrocyclic analogs 

 In 2018, Gade and coworkers reported a novel approach for designing hybrid 

natural product analogs by combining “critical structural features” (topology) of three 

different classes of natural products.9 In this work, the authors coined a new term, they 

called topology-directed synthesis (TDS), which is based on the concept of exploring 

common “critical structural features” that are present in a class of natural products and 

combine those features to attain new hybrid cyclic scaffolds. During the design of the 

hybrid molecules, the authors incorporated three-dimensional chiral backbones from three 

distinct natural product families, amphidinolide T,10 migrastatin11 and rhizoxin12 to deliver 

complex, hybrid macrocycles. The selection of these three natural product families for the 

analog synthesis was based on their profound anti-cancer activity.  

 The amphidinolide T family is comprised of five compounds (T1–T5) which 

exhibit moderate cytotoxicity (IC50 = 7–18 µg/mL) against KB human epidermoid 

carcinoma cells.13 In terms of “critical structural features” of this family, all five 

compounds contain a characteristic tri-substituted tetrahydrofuran (THF) moiety in the 

macrocyclic core 3.1-A (Figure 3.1). Therefore, fragment 3.1.3 was selected as the critical 

structural unit for incorporation into hybrid macrocycles. Similarly, migrastatin and related 
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molecules in the migrastatin family exhibit various biological activities such as inhibition 

of cell migration and anchorage-independent growth of cancer cells.14 Notably, the 

secondary metabolites migrastatin (3.1-B) and isomigrastatin (3.1-C) of this family carry 

a common stereo-enriched 2-methyl-1,3,4-triol fragments 3.1.6 in their macrocyclic core, 

and therefore this fragment was selected to include in the hybrid macrocyclic scaffolds 

(Figure 3.1B). In addition, rhizoxin D (3.1-E) and related analogs of the rhizoxin family 

carry a substituted -lactone moiety 3.1.9 in their macrocyclic cores (Figure 3.1C). 

Importantly, rhizoxins have shown potent antitumor activity through binding to -tubulin. 

 

Figure 3.1 Amphidinolide T, migrastatin and rhizoxin natural product families 

  By considering the common topological features within each family of natural 

products and their anti-cancer activity, two macrocyclic hybrid analogs were designed with 



 148 

the aim of possessing unique biological properties as well as to act as a probe to study 

cancer cell migration and mortality.9  

Retrosynthetic approaches for the synthesis of two hybrid analogs 3.2.3 and 3.2.4 

are depicted in Figure 3.2. Both 14-membered macrocycle 3.2.3 and 15-membered 

macrocycle 3.2.4 comprising six stereogenic centers would be synthesized using a BCP 

strategy. The authors planned to generate advanced intermediates 3.1.3, 3.1.6, and 3.1.9 

from stereo-divergent intermediates 3.1.1, 3.1.4, and 3.1.7 at the build-phase of the 

synthesis. Intermolecular esterification (coupling phase) followed by RCM (pairing phase) 

would furnish the desired hybrid macrolactone cores. The 14-membered macrolactone 

analog amphidinolide T-isomigrastatin would be delivered after hydrogenation.9 

 

 

Figure 3.2 Retrosynthetic analysis of hybrid analogs 
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 The characteristic tetrahydrofuran moiety of amphidinolide T family 3.1.3 was 

synthesized from alcohol 3.1.1 utilizing a known procedure published by the same authors 

in 2010 (Scheme 3.1).15 Alcohol 3.1.1 was subjected to Dess-Martin periodinane oxidation, 

followed by Wittig homologation and hydrolysis, to deliver aldehyde 3.1.2. Next, Wittig 

olefination with carbethoxymethylenetriphenylphosphorane afforded the corresponding 

,-unsaturated ester. Silyl deprotection and subsequent intramolecular oxy-Michael 

reaction constructed the key THF ring. Subsequent transesterification, followed by 

saponification, delivered the required amphidinolide T fragment 3.1.3 as an inseparable  

(desired: undesired 4:1) mixture of diastereomers. Moreover, the migrastatin polyol 

fragment 3.1.6 was generated from acid 3.1.4 using the reported protocol. The protected 

acid was subjected to White oxidation to form lactone 3.1.5 in 65% yield with good 

diastereoselectivity (dr = 9:1).16 Subsequent DIBAL-H reduction furnished the migrastatin 

polyol fragment 3.1.6. 

Scheme 3.1 The Synthesis of characteristic THF, polyol and -lactone moieties  
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 The rhizoxin -lactone was generated employing a known method.17 Thus, 

acryloylation in methylene chloride, followed by RCM with the Grubbs G-I catalyst, 

generated the enone moiety 3.1.8 in good yields. Stereoselective 1,4-addition of vinyl 

magnesium bromide with catalytic copper, and subsequent debenzylation by TiCl4, 

afforded the desired rhizoxin -lactone 3.1.9. 

 With all the “build” components in hand, Gade and coworkers focused their efforts 

on the completion of the synthesis of the two hybrid analogs (Scheme 3.2).9 The 

diastereomeric mixture (4:1) of substituted THF-containing acid 3.1.3 was coupled with 

the polyol fragment of migrastatin 3.1.6 utilizing the Steglich esterification conditions 

(couple-phase) to generate a diene with the same mixture of the starting two diastereomers 

(4:1). Subsequent RCM with the Grubbs G-II catalyst, in methylene chloride (pair-phase), 

delivered the undesired scaffold 3.2.1 as a single diastereomer and the desired scaffold 

3.2.2 as a mixture of E and Z isomers. Finally, Pd/C-mediated hydrogenation of 3.2.2 

furnished the desired hybrid macrolactone in excellent yield. Similarly, the diastereomeric 

mixture of acid 3.1.3 was then coupled with rhizoxin fragment 3.1.9 by Steglich 

esterification. Final RCM of the diene afforded the macrocycle as an inseparable mixture 

of diastereomers. However, the authors were able to purify the desired hybrid analog 3.2.4 

by recrystallization.  

In summary, the authors successfully synthesized hybrid macrolactone scaffolds by 

incorporating the critical structural features of biologically active natural products 

belonging to three distinct families. 
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Scheme 3.2 The synthesis of hybrid analogs 3.2.3 and 3.2.4 

 

 

3.1.3 Design and synthesis of potent leupyrrin analogs: leupylogs 

 In 2020, Menche and coworkers reported the synthesis of highly active and 

simplified analogs of leupyrrin natural products, they termed leupylogs.18 Leupyrrins 

belong to a complex macrolide family, which contain an 18-membered macrocyclic core 

with an unusually substituted -butyrolactone, along with a pyrrole and oxazoline in 

combination with a substituted dihydrofuran sidechain (Figure 3.3). Leupyrrins exhibit 

potent antifungal activity and anti-HIV properties.19 However, exploration of the SAR and 

other biochemical relationships has been limited due to the low availability and synthetic 

challenges associated with the complex structural features of the molecule.  Moreover, the 

diene moiety substituted to the dihydrofuran in the side chain is prone to double bond 

migration, hence making the synthesis more challenging.18 Therefore, the authors 

envisioned a modular strategy to synthesize analogs that vary in the side chain, to include, 
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the furan, the oxazoline, the pyrrole and the diacid fragments (Figure 3.3). These 

simplifications not only reduced the number of synthetic steps, but also introduced stability 

to the molecular structure, a strategy that guided our efforts for sanctolide A analogs 

described later in this chapter, vide infra.  

 

 

Figure 3.3 A modular strategy to synthesize leupyrrin analogs 

 The authors envisioned that the labile furan ring and its substituted alkylidene units 

could be replaced by an aromatic system that would not only simplify the synthesis, but 

also provide stability. These efforts led to the synthesis of two analogs 3.3.14 and 3.3.15 

as shown in Scheme 3.3. The synthesis commenced with the generation of eastern 

fragments of 3.3.8, 3.3.9 from known epoxy alcohols 3.3.1, 3.3.2 and diacid 3.3.3 (Scheme 

3.3). In this regard, Shiina esterification,20 followed by regio- and diastereoselective 

epoxide opening with sodium azide, and subsequent azide reduction delivered the eastern 

fragments 3.3.6 and 3.3.7 in good yields.  
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Scheme 3.3 Synthesis of leupylog analogs 3.3.14 and 3.3.15 

 

 Next, the synthesis of the azabenzotriazole 3.3.13 commenced using a previously 

reported Pd-catalyzed sp2-sp3 cross-coupling reaction between 3.3.10 and 3.3.11.21 

Subsequent Boc-deprotection and tert-butyl ester cleavage, followed by coupling of 1-

hydroxy-7-azabenzotruiazole (HATU) with the free acid, delivered the western fragment 

in good yields.22 Amide formation under basic conditions, followed by cyclodehydration 

with DAST, generated the oxazolines 3.3.8 and 3.3.9. Tert-butyl ester cleavage, and 

selective acetate saponification with K2CO3, furnished the seco acids in good yields. 

Finally, Shiina macrocyclization, followed by TASF-mediated TBS-deprotection, 

delivered the required macrolactone analogs 3.3.14 and 3.3.15.  Since the two analogs 
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containing simplified side chains demonstrated biological activity, the authors opted for 

further modifications within the pyrrole moiety as shown in Scheme 3.4. 

Scheme 3.4 Synthesis of leupylog analogs 3.4.9 and 3.4.10 

 

 The pyrrole moiety was replaced with furan and thiophene to generate analogs 3.4.9 

and 3.4.10 (Scheme 3.4). Synthesis of the northwestern fragment commenced with a  

Pd-catalyzed cross-coupling reaction between furan 3.4.1 or thiophene 3.4.2, with 3.3.11, 

to deliver 3.4.3 and 3.4.4, respectively. Next, the two azabenzotriazoles 3.4.5, 3.4.6, and 

oxazolines (3.4.7, 3.4.8) were generated following the same protocol shown in Scheme 3.4. 

Selective cleavage of the acetate occurred via transesterification with magnesium 

methoxide, and subsequent tert-butyl ester cleavage was promoted by zinc bromide in 

methylene chloride with water quench. Shiina macrocyclization, followed by deprotection 
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of the silyl protecting group, delivered the two analogs 3.4.9 and 3.4.10 with substituted 

furan and thiophene moieties, respectively. 

Scheme 3.5 The synthesis of leupylog analog 3.5.6 

 

Next, the authors targeted the synthesis of a more truncated leupylog analog 

containing an oxazole, instead of oxazoline, and simplified diacid building block (Scheme 

3.5). The key western fragment was synthesized utilizing Pd-catalyzed cross-coupling 

reaction of alkyl bromide 3.5.1 with vinyl boronate 3.3.11.21 Subsequent saponification of 

the acetate, followed by one-pot macrolactonization with succinic anhydride in the 

presence of MNBA and DMAP (Shiina protocol), delivered the macrolactone 3.5.5. Final 

TBS-deprotection with TBAF yielded the required truncated leupylog 3.5.6. 

 Furthermore, the authors carried out the biological evaluation of the synthesized 

analogs. Leupylogs 3.3.14 and 3.3.15, displayed antifungal activity against R. glutinis, 

similar to the natural products leupyrrins. However, furan leupylog 3.4.9 was less active 

and thiophene leupylog 3.4.10 was essentially inactive, which demonstrated the necessity 
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of the pyrrole moiety for the activity of the molecule. Moreover, the truncated analog 3.5.6 

containing the furan-oxazole moiety led to complete loss of activity. In addition, analogs 

3.3.14, 3.3.15, and 3.5.6 demonstrated antiproliferative activity towards murine fibroblast 

cell line L929 similar to leupyrrin. These biological data revealed the importance of the 

macrocyclic core, flexibility of the diacid fragment, and the stability of the side chain. The 

study collectively demonstrated that the overall structure can be simplified without 

diminishing its biological activity significantly and, most importantly, analogs can be 

accessed with fewer synthetic steps making them more accessible than their parent natural 

products.  

 In summary for this introductory material, the synthesis of natural product analogs 

with diverse structural and functional features can be useful for enhancing biological 

activity as well as identifying new targets with broad pharmaceutical profiles. Macrocyclic 

natural products are relatively less explored compared to other small molecules due to the 

synthetic challenges associated with them. Development of modular synthetic strategies to 

generate simpler macrocyclic libraries are frequently coupled with diversity-oriented 

synthesis (DOS). In this regard, we herein report in Chapter 3, an account of the application 

of a build/couple/couple/pair (BCCP) strategy for the synthesis of simplified, des-methyl 

macrocyclic analogs of the natural product sanctolide A.  

 

3.1.4 DOS and Build/Couple/Pair (B/C/P) 

Diversity-oriented synthesis (DOS) provides strategies that have the potential to 

generate libraries of small molecules with unique biological and physico-chemical 
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properties which can be utilized in establishing structure-activity relationship (SAR) 

studies,23 activity-based protein profiling (ABPP) studies,24 and the discovery of new 

therapeutics.25 Over the past two decades, the application of DOS for target identification26 

has gained significant attention, and presented challenges with increasing scaffold 

diversity.27,28  This in turn has prompted the development of enabling strategies to address 

this need. Among many strategies are build/couple/pair (B/C/P),29 oxidative ring 

expansion,30 fragment-based domain shuffling,31 two-directional synthesis,32 and multi-

dimensional coupling.33  

Taken collectively, these unique strategies have been utilized in the synthesis of 

small-molecule libraries and in drug discovery processes.34 In particular, the synthesis of 

small molecules with macrocyclic ring systems has proved challenging, even though the 

macrocycles can provide diverse stereochemical substituents with complex architecture, 

which potentially can have enhanced interactions with biological macromolecules.35 A 

number of macrocyclization strategies have been utilized to date in DOS library synthesis 

such as the use of macrocyclic (i) ring-closing metathesis (RCM),36 (ii) Azide-Alkyne 

Cycloadditions (AAC),37,38 (iii) Diels-Alder reaction39, and (iv) transition metal-catalyzed  

cross-coupling reactions.40 Application of the aforementioned macrocyclization methods 

in diversity oriented synthesis (DOS) was recently highlighted by Spring and coworkers.41   

The remainder of Chapter 3 will provide the details of the synthesis of a small 

library of macrocyclic analogs of aforementioned natural product, sanctolide A that was 

carried out by adopting a build-couple-couple-pair (BCCP) strategy coupled with 

phosphate tether one-pot sequential protocols. The synthetic strategy was focused on 
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generating simplified, des-methyl sanctolide analogs containing an , -unsaturated 

lactone moiety to simplify the synthesis and importantly, to improve the stability of the 

analogs. In this regard, a total of five, ,  -unsaturated macrolides, and two enamide 

macrolides with variable substituents and sidechains were generated.  In addition, a one-

pot CM/RCM/H2/LAH protocol was developed in the “build phase” for the synthesis of 

the C1–C10 1,3-anti-diol-containing subunit (sanctolide numbering). 

 

3.2 Results and discussion  

 Sanctolide A is a polyketide- nonribosomal peptide (PK-NRP) hybrid macrolide 

and was first isolated in 2012 by Orjala and coworkers from the cultured cyanobacterium 

Oscillatoria sancta (SAG 74.79).42 Sanctolide A showed moderate toxicity in the brine 

shrimp toxicity assays with a LD50 value of 23.5 µL (l M) . Total synthesis of the assigned 

structure of sanctolide A and its 2S-sanctolide epimer were carried out by Yadav,43 and 

Brimble,44 respectively, as noted in Chapter 2. Recently, we utilized a phosphate tether 

mediated approach for the formal synthesis of the 2S-epimer and total synthesis of the 

natural product sanctolide A (see Chapter 2 of this thesis).  

 Biological evaluation of sanctolide A has not been done extensively. Compared to 

other enamide natural products belonging to the PK/NRP family, (e.g. palmerolide A), 

sanctolide A displays a relatively lower biological activity. This lower biological activity 

has been suspected to contribute to the instability of the molecule within biological 

systems. Orjala and coworkers, in their initial isolation report, observed an unusual 

hydrolysis of the enamide group to its corresponding aldehyde when exposed to water.42 
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In addition, Yadav reported a decomposition of their synthesized natural product even at 

low temperatures.43 We also observed a rapid decomposition of the synthesized natural 

product with prolonged storage even at low temperatures (Chapter 2). Due to the scarcity 

of the natural product, as well as the unusual instability of the synthetic macrolide, the 

biological evaluation of sanctolide A has been a challenge and inspired us to design and 

synthesize a library of analogs with enhanced stability and modulated reactivity for 

biological screening.   

 Towards the aforementioned goal, we envisioned the synthesis of a small library of 

macrocyclic analogs library by adopting a build-couple-couple-pair (BCCP) strategy. This 

strategy would be amenable for library construction, and would employ the phosphate 

tether-mediated one-pot sequential protocol developed in our lab (Figure 3.4). Our 

synthetic strategy focused on generating simplified, des-methyl sanctolide analogs 

containing an ,-unsaturated lactone moiety. Removal of the 2-methyl center of the 

macrocyclic analog would simplify the synthesis and importantly, solve the epimerization 

problem that we experienced during the Me3Al-mediated lactone opening reaction in the 

sanctolide A natural product synthesis (see chapter 2 of this thesis). In addition, forgoing 

the olefin isomerization after RCM, would produce an amide/,-unsaturated lactone 

functionality––instead of enamide/lactone functionality, and thus increase the stability of 

the macrocyclic analogs. This will potentially modulate the reactivity of the parent 

compound, sanctolide A.  The synthetic plan employing a DOS strategy is depicted in 

Figure 3.4. 
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Figure 3.4 The synthetic plan employing a DOS strategy 

 In this regard, we envisioned a BCCP strategy that would couple lactone methyl 

ethers 3.7-A, synthesized from (S,S)-triene 3.6.2 using a phosphate tether-mediated one-

pot CM/RCM/H2/LAH protocol for the synthesis of the C1–C10 1,3-anti-diol-containing 

subunit (sanctolide numbering) in the build phase. Coupling would then proceed via a 

Lewis acid-mediated lactone ring opening with different amines 3.7-C using the Weinreb 

conditions,45 followed by Yamaguchi esterification with acid subunits 3.7-E (coupling), to 

deliver the diene precursors. The final pairing-phase with an RCM macrocyclization would 

afford the macrocyclic lactone analogs 3.7-F.  Subsequent olefin isomerization using the 

Brimble conditions would then deliver the enamide analogs. 

 Synthesis of the lactone intermediates commenced by coupling the readily-

prepared (S,S)-1,3 anti-diol homoallylic diene-diol 3.6.1 with POCl3, followed by lithiated-

allyl alcohol, to deliver the (S,S)-phosphate triene 3.6.2 in good yields. With the (S,S)-

phosphate triene in hand, we then examined the RCM reaction with the Grubbs G-II 

catalyst (G-II, [(ImesH2)(PCy3)(Cl)2Ru=CHPh]) in refluxing methylene chloride. To our 

surprise, the RCM reaction proceeded with significantly lower yields compared to the 
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yields that were obtained for bicyclo[5.3.1]phosphate 3.6.3 with the 2-methyl center (see 

previous chapter) (Table 3.1). From careful NMR and TLC experiments, we identified that 

the lower yield resulted from a RuH-mediated isomerization and dimerization.  

Scheme 3.6 The Synthesis of bicyclo[5.3.1]phosphate 

 

 Reaction optimizations were carried out with both Grubbs G-II and Hoveyda-

Grubbs HG-II catalysts using different reaction conditions, namely (i) variable 

concentrations to minimize dimerization, (ii) use of para-benzoquinone (PBQ) to re-

oxidize RuH-species, and (iii) use of ethylene gas46 to regenerate the active Ru catalyst 

from unproductive Ru-metallocyclobutane intermediates at the distal olefins (Table 3.1). 

Unfortunately, none of the above optimization conditions generated the 

bicylo[5.3.1]phosphate intermediate in good yields to continue the build-phase of the 

synthesis in a sufficiently larger scale.  

Next, we focused our efforts to investigate the addition sequence, switching to an 

CM/RCM protocol where the phosphate triene would first undergo cross metathesis at high 

concentration with the CM partner in the presence of HG-II at room temperature, followed 

by RCM in the same “pot” to close the ring in a diastereoselective group differentiation 

step at refluxing DCE temperature (89ºC), similar to the study published by Bressy and 

coworkers in 2017 (Table 3.2).47 
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Table 3.1 –Reaction optimizations for RCM reaction (Scheme 3.6)i. 

Entry catalyst Solvent Temp/ ºC Additive Yield 

1 G-II CH2Cl2 40 ºC - <35% 

2 G-II 1,2-DCE 90 ºC - <30% 

3 G-II toluene 110 ºC - <10% 

4 HG-II CH2Cl2 40 ºC - <20% 

5 HG-II 1,2-DCE 90 ºC - <20% 

6 G-II CH2Cl2 40 ºC CH2CH2 42% 

7 G-II CH2Cl2 40 ºC PBQ 45% 

8 G-II 1,2-DCE 90 ºC PBQ 47% 

9 HG-II CH2Cl2 40 ºC PBQ 32% 

10 G-II CH2Cl2 40 ºC CuI48 38% 

 

 Initial studies were carried out with styrene as the cross partner. Gratifyingly, we 

observed a significant improvement of yields for the combined CM/RCM step with styrene 

in the presence of HG-II catalyst and PBQ as an additive (Table 3.2, entries 3 and 4) in 1,2-

dichloroethane (DCE, 0.1M for CM, 0.001M for RCM). The initial CM reaction was 

carried out at room temperature until all the starting material was consumed (TLC 

monitoring), and subsequently, the concentration was adjusted accordingly, and the RCM 

proceeded under refluxing condition for 18h until the reaction was complete. Furthermore, 

 
i Relatively lower yields were observed for reactions carried out at more concentrated 
0.01M concentration. The yields are reported in the table are for reactions carried out at 
0.005M concentration. 
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the same CM/RCM reaction sequence was applied successfully with cis-3-hexene cross 

partner to deliver corresponding bicyclophosphate intermediate 3.7.2 in good yields (entry 

6).  

Table 3.2 One-pot CM-RCM approach for C1–C10 1,3-anti-diol-containing subunit. 

 

Entry CM partner Conditions.b Additives Y% [av./rxn%] 

1 Styrene  
(10 Equiv.) 

CH2Cl2 at 40 ºC, 
[0.01 M]a 

N/A 32%c 

2 Styrene  
(5 Equiv.) 

1,2-DCE at 90 ºC, 
[0.005 M]b 

N/A 45% (67%) 

3 Styrene  
(5 Equiv.) 

Conditions B PBQ 62% (79%) 

4 Styrene  
(2.5 Equiv.) 

Conditions B PBQ 63% (79%) 

5 Styrene  
(1 Equiv.) 

Conditions B PBQ <20% 

6 cis-3-hexene Conditions B PBQ 60% (78%) 

 
a Conditions A. CH2Cl2 at 40 ºC, [0.01 M] 
b Conditions B. 1,2-DCE at 90ºC, [0.005 M]. 
c Rxn incomplete. 
 
 Next, crude bicyclo[5.3.1]phosphate intermediates 3.7.1 and 3.7.2 were subjected 

to a one-pot per-hydrogenation reaction in the presence of residual Ru catalyst using the 
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Louie/Grubbs conditions49 that we have previously used in the group (Scheme 3.7).50 

Subsequent tether removal with LAH delivered the triol intermediates 3.7.3 and 3.7.4 in 

75% and 74% average yields, over three steps for pentane sidechain and phenyl sidechain, 

respectively.  

 With triol fragments 3.7.3 and 3.7.4 in hand, the catalytic TEMPO-mediated 

oxidative cyclization was carried out in the presence of diacetoxyiodobenzene (DAIB) as 

the secondary oxidant. Subsequent, methylation of the C7 carbinol center was carried out 

with trimethyloxonium tetrafluroborate (Me3OBF4) and proton-sponge® to afford 

protected lactone methyl ethers 3.7.9 and 3.7.10 in good yields over a total of five steps. 

Scheme 3.7 Synthesis of protected lactone methyl ethers 3.7.9 and 3.7.10 

 

 Next, the lactone methyl ether 3.7.9 was subjected to an AlMe3-mediated lactone 

opening reaction (coupling-phase) with N-allylmethylamine to generate the allyl amide 

alcohol 3.8.1 in 46% yield as a mixture of amide 1:1 rotamers (Scheme 3.8 and Figure 3.5). 

A similar lactone opening reaction was carried out with N-(4-
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(trifluoromethyl)benzyl)allylamine for the lactone methyl ether 3.7.9 to deliver the 

corresponding amide as a 2:1 mixture of rotamers in moderate yields (Figure 3.5). 

Scheme 3.8 Synthesis of dienes 3.8.4, 3.8.5  and 3.8.8 

 

 

 

Figure 3.5 1H NMR resonances for rotamers 
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 After the key lactone opening reaction, the amide alcohol 3.8.1 was subjected to a 

Yamaguchi esterification reaction with two ,-unsaturated alkenoic acids (coupling-

phase), 3.8.2 and 3.8.3, which were generated via an acryloylation reaction in one step, 

from commercially available 2-hydroxy-isovaleric acid and glycolic acid, respectively 

following the method reported by Brimble.44 Esterification of the alkenoic acid derivatives 

and the secondary alcohol was performed smoothly in good to moderate yields via 2,4,6-

trichlorobenzoyl mixed anhydride intermediates.43,51Following the same reaction 

conditions, the amide alcohol with N-(4-(trifluoromethyl)benzyl) moiety was coupled with 

3.8.2 to generate the diene precursor 3.8.8.  

Scheme 3.9 Synthesis of dienes 3.9.2 and 3.9.3 

 
 

 Next, the lactone methyl ether containing aromatic sidechain 3.7.10 was subjected 

to Lewis acid-mediated lactone opening with N-allylmethylamine to deliver the amide 

alcohol 3.9.1 in good yields (Scheme 3.9). Subsequent Yamaguchi esterification with two 

alkenoic acids 3.8.2 and 3.8.3 furnished the two diene precursors 3.9.2 and 3.9.3 in 

moderate yields. Collectively, five diene precursors 3.8.4, 3.8.5, 3.8.8, 3.9.2, and 3.9.3 

were generated.  
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With these dienes in hand, the pairing step was carried out using an RCM 

macrocyclization, with the Grubbs G-II catalyst in refluxing CHCl3 for 18 hours, to afford 

the final natural product-like ,-unsaturated macrolide analogs with exclusive Z-

configured olefins (Scheme 3.10). Remarkably, selective Z-olefination was observed for 

the generated 2-des-methyl macrocyclic analogs of sanctolide A, contrary to the E/Z 

mixtures observed for the actual natural product with a 2-methyl center.  

Scheme 3.10 Synthesis of macrocyclic lactones (pairing phase) 

 

 

 Finally, olefin isomerization with (PPh3)3RuH(CO)Cl52 was carried out for 

compounds 3.10.2 and 3.10.1 to generate enamide macrolides using the conditions reported 
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by Brimble and coworkers (Scheme 3.11).44 Even though the isomerization proceeded 

smoothly, rapid decomposition was observed during purification on silica. Crude NMR 

and mass spectrometry data were used to confirm the identity of the compound. Full 

characterization and NMR assignments were difficult due to insufficient material of 

enamide macrolides. 

Scheme 3.11 Olefin isomerization of 3.10.2 and 3.10.1 

 

3.3 Conclusion and future directions 

 In conclusion, a BCCP-DOS strategy coupled with phosphate tether-mediated one-

pot sequential protocols are reported for the synthesis of simplified, des-methyl sanctolide 

A natural product analogs. A one-pot, RCM/CM/hydrogenation/tether-removal protocol 

was utilized as key steps during the build-phase. Subsequent coupling steps and the final 

RCM pairing step delivered five stable macrocyclic analogs. Attempts towards the 

conversion of enamide macrolides were unsuccessful due to low stability. Biological 



 169 

evaluation and 19F-NMR assisted in vitro reactivity profiling studies of synthesized 

macrocyclic analogs will be carried out and reported in due course.  
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4.1 Introduction 

  The development of atom-,1 step-,2,3, redox-,4 and pot-economical5,6,7  methods to 

generate important subunits common to a variety of biologically relevant natural products 

is an important component of modern-day synthesis and drug discovery. Among many 

synthetic approaches that aspire towards these goals are domino/cascade/multi-component 

reactions, 8 one-pot telescoped strategies,9,10 and iterative methods,11,12,13 to name a few. 

Many times, this subset of strategies utilizes bi- or multi-functional reagents to enable the 

method.14,15,16 The modern fields of oligopeptide, oligonucleotide, and oligosaccharide 

syntheses have exploited the simple concept of bifunctional reagents that can be utilized in 

repetitive coupling, manipulation, and deprotection cycles,17 providing opportunities in 

automation and flow processes.18,19 Polyketide natural products are also constructed in 

nature in an iterative/modular manner using the power of enzymatic assembly with simple 

building blocks.20,21 This in turn has inspired the development of synthetic methods to 

access complex polyols, which have enabled the synthesis of polyketides, analogs, and 

other natural products, allowing SAR studies and biological evaluation.11-13,22,23,24 Towards 

this goal, we herein report, an iterative, pot efficient process for the synthesis of complex 

polyols. More specifically, this iterative method employs enantiomeric multi-faceted 

phosphate trienes, namely, (S,S)-1 and (R,R)-1, to access the embedded polyol subunits 

bearing 1,3 and 7,9 anti-diol subunits with variability at the C4 and C10 positions. These 

fragment and analog subunits are contained within the 14-membered macrolides, 

lyngbouilloside25 and neopeltolide,2d,26 the 36-membered caylobolides A/B, 27 as well as 

the 28-membered macrolides AB-023A/B28 and takanawaenes A–C29 (Figure 4.1). 



 184 

 

Figure 4.1 Examples of polyketide natural products 

 Recent reviews have highlighted a number of elegant examples that are testament 

to the concepts of iterative/bifunctional reagents.11-13 In 1995, Rychnovsky and Patterson 

reported two reviews on the synthesis of oxo polyene macrolide antibiotics and bioactive 

marine macrolides.24 The use of iterative methods in total syntheses of polyketides was 

reviewed by Zeng, Xie and Hong in 2015.11 In 2018, Burke and coworkers provided the 

field with a comprehensive review towards the generalized iterative synthesis of small 

molecules using a building block approach.12 In 2020, Friestad reviewed developments in 

1,5-polyol synthesis, several methods which were iterative and that were dedicated to 

remote stereocontrol.13 Collectively, the authors in these reviews highlight a number of 

elegant iterative methods employing bifunctional reagents, representative examples with 

application to polyketides are shown in Scheme 4.1 and include: (a) iterative 

cyclopropanation-fragmentation for the installation of 1,3-dimethyl groups using simple 
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bifunctional allylic alcohols developed by Ghosh and coworkers,30 (b) iridium-catalyzed 

transfer-hydrogenative carbonyl allylation for complex polyketide fragments using simple 

bifunctional diols pioneered by Krische and coworkers,23c,d,31 (c) iterative Suzuki couplings 

using bifunctional iodopolyenyl MIDA boronates that exploit reversible protection with N‐

methyliminodiacetic acid (MIDA) championed by Burke;32 (d) an iterative configuration-

encoded strategy developed by Friestad and coworkers that exploits Julia−Kocienski 

couplings of enantiopure bifunctional α-silyloxy-γ-sulfononitrile building blocks for 

iterative 1,5-polyol synthesis,13,23b,33 (e) the synthesis of complex 1,3-polyols using 

supersilyl-directed aldol reactions developed by Yamamoto and coworkers,23g and (f) 

copper(I)-catalyzed asymmetric iterative/domino cross-aldol reactions spearheaded by 

Kanai and coworkers.23h 
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Scheme 4.1 
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4.2 Results and discussion 

 Our interest in the development of phosphate-tethered methods to complex polyol 

formation and bioactive natural products and analogs,34,35 leads us to report a pot-

economical approach for the streamlined synthesis of advanced polyol subunits bearing 1,3 

and 7,9 anti-diol subunits with variability at positions C4 and C10. The key reactions 

involved in the synthesis of these advanced polyols fragments are iterative use of a 

telescoped phosphate tether-mediated one-pot sequential RCM/CM/chemoselective 

diimide reduction,34-36 and either of two methods for installing variability at the C4, and 

or C10 positions, namely (i) a diastereoselective cuprate addition (cuprate formed from 

commercially available zincates such as Et2Zn, and catalyzed with CuCN•2LiCl)34a,36,37 

or (ii) a Tsuji-Trost type Pd-catalyzed reductive allylic transposition using Pd(OAc)2 

catalyst.38,39 

 The study commenced with the aforementioned previously reported one-pot 

sequential RCM/CM/chemoselective diimide reduction protocol40 starting with triene 

phosphate (S,S)-4.2.1 and CM partners 4.2.4 and 4.2.541 catalyzed by the Hoveyda-Grubbs 

II catalyst (Scheme 4.2).42 This method exploits type-III olefin character (as originally 

defined by Chatterjee and Grubbs)43 in the intermediate bicyclo[4.3.1]phosphate. 

Subsequent chemoselective hydrogenation of the exocyclic olefin was carried out with o-

NBSH.44 Overall, this one-pot sequential protocol provided the desired bicyclic phosphates 

4.2.2 and 4.2.3 in good yields. 
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 Scheme 4.2 

 

Next, our studies were focused on exploring the scope of the allylic transposition 

reactions on bicyclic intermediate 4.2.2 using alkyl cuprates- or hydride nucleophiles 

(Scheme 4.3). Previously, we reported regio- and diastereoselective anti-SN2’ displacement 

(Corey-Boaz)45 of the allylic phosphate within the bicyclo[4.3.1]phosphate of 4.2.2 using 

Me2Zn/CuCN•2LiCl. Following a similar protocol, an allylic transposition reaction with 

dimethyl cuprate was carried out, where the cuprate was generated in situ from the 

combination of dimethyl zinc, copper(I) chloride, and lithium chloride at -30 ºC in dry 

THF. The resulting phosphoric acid was reacted with Red-Al® to remove the phosphate 

moiety to generate diol 4.3.1 as a single diastereomer. Overall, this two-step process 

yielded the 1,3-anti-diol-containing stereotriad within 4.3.1 in a 65% yield (80.5% average 

per reaction) and with high diastereoselectivity over the two-pot protocol from 4.2.2. 

A similar method was followed for the nucleophilic diethyl cuprate addition to 

afford diol 4.3.2 in 62% yield over the two-pot protocol from 4.2.2 (79% average per 

reaction). Dihexyl cuprate was also successfully utilized as a nucleophilic source by 

generating the reactive dihexylcuprate from the corresponding lithium reagent and 
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generating 4.3.3 in 54% over the two-pot protocol from 4.2.2 (74% average per reaction). 

It is worth noting that nucleophilic addition reactions carried out with branched alkyl or 

phenyl cuprates have thus far been unsuccessful.  

Scheme 4.3 

 

Efforts were next directed at using a hydride nucleophile in the allylic transposition 

reaction on phosphate 4.2.2. Thus, a Tsuji-Trost type Pd-catalyzed reductive allylic 

transposition using Pd(OAc)2 catalyst was performed in THF [Pd(OAc)2, PPh3, 

HCO2H/Cs2CO3], in which hydride was generated in situ from the combination of formic 

acid and cesium carbonate. The resulting phosphoric acid was methylated in the same pot 

via dropwise addition of dimethyl sulfate, and subsequent filtration of the catalyst and 

reductive tether removal on the crude material in a second pot with LiAlH4 in THF 

furnished diol 4.3.4 in 57% yield over the two-pot, 3-reaction sequence (83% average per 
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reaction). Collectively, the Bn-protected triols 4.3.1–4.3.4 were all generated on gram-to-

multigram scale in a total of 5–6 reactions and three-pots from (S,S)-4.2.1. 

Similarly, the synthesis of tetrols 4.4.1 and 4.4.2 were accomplished utilizing 

bicyclo[4.3.1]phosphate 4.2.3. (Scheme 4.4) Thus, nucleophilic cuprate addition reaction 

with Me2Zn/CuCN•2LiCl as well as Pd-catalyzed allylic transposition reactions under the 

aforementioned conditions [Pd(OAc)2, PPh3, HCO2H/Cs2CO3], followed by reductive 

tether removal, afforded the tetrol fragments 4.4.1 and 4.4.2, respectively, in good yields 

over the two reaction, two-pot protocols (77% and 82% average per reaction). 

Scheme 4.4 

 

 The triol homoallyl alcohol cross partners 4.3.1 and 4.3.4 were next differentially 

protected (Scheme 4.5) before carrying out an additional one-pot sequential iterative 

RCM/CM/chemoselective diimide reduction process, followed by the nucleophilic allylic 

transposition/tether removal protocol (Scheme 4.6). Thus, mono-TIPS protection 4.3.1 

using the Hatakeyama protocol46 generated 4.5.1 in good yield, while selective TIPS and 
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subsequent MOM protection derived 4.5.2. Finally, di-MOM-protection under standard 

conditions produced 4.5.3. 

Scheme 4.5 

 

 

 With the differentially protected diol cross-partners 4.5.1–4.5.3 in hand, studies 

were aimed at generating the advanced polyols 4.6.2 and 4.6.3 thru an iterative process 

(Scheme 4.6). Thus, the mono-TIPS protected diol cross-partner 4.5.1 was subjected to an 

iterative RCM/CM/chemoselective diimide reduction sequence with phosphate triene 

(R,R)-4.2.1 to deliver bicyclo[4.3.1]phosphate 4.6.1 in moderate overall yields. 

Subsequent, diastereoselective nucleophilic allylic transposition, using the aforementioned 

dimethyl cuprate addition or Pd-catalyzed hydride conditions, followed by the previously 

described tether removal protocols, and hydrolysis with HCl, afforded two advanced polyol 

fragments 4.6.2 and 4.6.3 in moderate yields over the three-pot processes (Scheme 4.6). 

Collectively, while the second RCM/CM/H2 sequences were relatively less yielding, and 

the hydrogenation steps were much slower–compared to the first set of reactions, the 

overall process produced 4.6.2 and 4.6.3 in a total of 7 and 6 reactions, respectively, and 
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four pots from 4.5.2. Moreover, 4.6.2 and 4.6.3 were generated in a total of 13 and 12 

reactions, respectively, and eight pots from the readily prepared phosphate triene SM, 

(S,S)-4.2.1. 

Scheme 4.6 

 

 A similar approach was carried out with both TIPS, MOM protected, and di-MOM 

protected diol compounds 4.5.2 and 4.5.3 (Scheme 4.7). Thus, the differentially-protected 

TIPS and MOM triols 4.5.2 and 4.5.3 were first subjected to the RCM/CM/chemoselective 

diimide reduction protocol to deliver the advanced bicyclo[4.3.1]phosphate intermediates 

4.7.1 and 4.7.2. Advanced intermediate with TIPS and MOM-protected ethers were then 

subjected to the Pd-catalyzed allylic transposition reactions and nucleophilic cuprate 

addition reactions, followed by reductive tether removal with LAH to afford the respective 

pentol subunits. Subsequent deprotection of both TIPS and MOM groups with HCl 
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delivered the pentol 4.6.2 and 4.6.3 in 30 and 40% yields, respectively, over the four 

reaction three-pot processes. Similar efforts towards the addition of a hexyl group in the 

allylic transposition reaction yielded an unexpected debenzylation product 4.7.3 in 

moderate yields (43%) over two reactions in two pots. Next, a Pd-catalyzed allylic 

transposition reaction was carried out with the bis-MOM protected 

bicyclo[4.3.1]phosphate 4.7.2 utilizing a hydride nucleophile.  

Scheme 4.7 
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Subsequent tether removal and deprotection of protecting groups yielded 4.7.4 in 46% 

yield, with an average yield of 77% over the 3 reaction, two-pot process. 

 Finally, the bis-benzyl protected tetrol 4.8.147 was subjected to the 

RCM/CM/chemoselective diimide reduction protocol with the phosphate triene (R,R)-4.2.1 

as the CM partner, followed by chemoselective hydrogenation to afford advanced bicyclo 

phosphate intermediate 4.8.2 in 47% yield, with an average yield of 78% over the three 

reaction, one-pot process (Scheme 4.8). Advanced intermediate 4.8.2 was subjected to the 

iterative cuprate reaction, followed by tether removal on the crude intermediate with 

RedAl® to obtain polyol fragment 4.8.3 in a 56% yield, with an average yield of 75% over 

the two reaction, two-pot process.   

Scheme 4.8  
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It should be noted that efforts towards addition of a hydride nucleophile in a 

reductive allylic transposition reaction afforded an unclassical product 4.8.4 as the sole 

product with a methylene protection of 1,3 anti-diol. The formation of 4.8.4 is believed to 

be due to catalytic removal of the OMe group and subsequent nucleophilic attack from a 

nearby unprotected alcohol as precedented by Zhou and coworkers.48 

4.3 Conclusion 

 In conclusion, an iterative method for the asymmetric synthesis of complex polyols 

that relies on the uses of telescoped phosphate-tether-mediate protocols has been reported. 

This method has enabled the asymmetric synthesis of 12 complex polyol subunits in 4–6 

one-pot sequential operations, with a total of 12–14 reactions, including 6 catalytic 

reactions. Collectively, the multi-faceted phosphate tether mediates a number of 

transformations, including (i) the desymmetrization of a starting C2-symmetric diene diol, 

(ii) the RCM/CM/chemoselective diimide reduction protocol that can be exploited in an 

iterative manner, and (iii) chemo- and regioselective functionalization of the complex 

polyol fragment. It is our hope that the emergence of these iterative protocols can aid in 

enabling the rapid synthesis of polyketide macrolides and their analogs, allowing more 

SAR studies and biological evaluation of these interesting classes of natural products. 

Additional studies aimed at expanding this method, total synthetic efforts, and analog 

production are in order and will be reported in due course. 
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5.1.1 General Methods 

General Experimental Section 

 All reactions were carried out in oven- or flame-dried glassware under argon 

atmosphere using standard gas-tight syringes, cannula, and septa. Stirring was achieved 

with oven-dried magnetic stir bars. Et2O, THF and CH2Cl2 were purified by passage 

through a purification system (Pure Process Technology) employing activated Al2O3  

(Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. Safe and 

Convenient Procedure for Solvent Purification Organometallics 1996, 15, 1518–1520). 

Et3N was purified by passage over basic alumina and stored over KOH. Butyllithium was 

purchased from Aldrich and titrated prior to use. All olefin metathesis catalysts were 

acquired from Materia and used without further purification. Flash column 

chromatography was performed with Sorbent Technologies (30930M-25, Silica Gel 60 Å, 

40-63 μm) and thin layer chromatography was performed on silica gel 60F254 plates (EM-

5717, Merck). 1H, 13C, and 31P NMR spectra were recorded on either a Bruker DRX-400 

or Bruker DRX-500 MHz spectrometers operating at 400 MHz or 500 MHz for 1H NMR, 

101 MHz or 126 MHz for 13C NMR, and 202 MHz for 31P NMR using CDCl3, acetone-d6 

and methanol-d4 as solvents. The 1H NMR data are reported as the chemical shift in parts 

per million, multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; p, pentet; m, multiplet), 

coupling constant in hertz, and number of protons. High-resolution mass spectrometry 

(HRMS) was recorded on a LCT Premier Spectrometer (Micromass UK Limited) operating 

on ESI (MeOH). Observed rotations at 589 nm were measured using LAXCO POL301 

model automatic polarimeter. IR was recorded on Thermo Scientific Nicolet iS5 FTIR 

instrument.  
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5.1.2 Experimental Section 

(4R,6R)-2-((2-methylbut-3-en-1-yl)oxy)-4,6-divinyl-1,3,2-dioxaphosphinane 2-oxide 
(C12H19O4P, 2.6.2) 
 

 

To a solution of 2-methyl-3-buten-1-ol 2.5.1 (0.853 mL, 12.5 mmol, 1.05 equiv.) 

in THF (25 mL), under argon at -30 ºC, was added n-butyllithium (5.0 mL, 2.5 M in 

hexanes, 12.5 mmol, 1.05 equiv.), dropwise. The reaction mixture was stirred at -30 ºC for 

15 minutes, at which point a solution of monochlorophosphate1 (2.5 g, 11.9 mmol, 1equiv.) 

in THF (54 mL) was added dropwise, slowly. The reaction continued to stir at  

-30 ºC for 30 minutes (complete by TLC), and the flask was removed from the cooling bath 

and quenched with saturated NH4Cl (aqueous, ~40 mL). The mixture was stirred, 

vigorously, as the flask warmed to room temperature, and then the biphasic solution was 

separated. The aqueous layer was extracted with EtOAc (3 x 50 mL), and the organic layers 

were combined, washed with brine, dried over Na2SO4, and concentrated under reduced 

pressure. The crude mixture was purified via flash column chromatography (silica, 0%–

60% EtOAc in hexanes) to provide triene 2.6.2 (2.2 g, 9.5 mmol, 80% yield) as a colorless 

liquid and a 1:1 mixture of inseparable diastereomers. TLC (EtOAc/Hexane, 1/1): Rf = 0.6. 

 

 

 
[1]Whitehead, A.; McReynolds, M. D.; Moore, J. D.; Hanson, P. R. Multivalent Activation 
in Temporary Phosphate Tethers: A New Tether for Small Molecule Synthesis. Org. Lett. 
2005, 7, 3375–3378. 
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FTIR (neat): 3083, 2966, 2928, 1642, 1425, 1281, 1118, 1014, 966, 928, 876, 759, 725 

cm-1; 

Optical Rotation: [𝑎]  = -50.9 (c = 0.4, CHCl3); 

1H NMR (500 MHz, CDCl3) δ 6.03 (ddd, J = 16.9, 10.6, 6.0 Hz, 1H, 

CHaHb=CHCHO(P=O)CHaHb), 5.90 (dddd, J = 17.3, 10.7, 5.2, 1.7 Hz, 1H, 

CHaHbCHO(P=O)CH=CHaHb), 5.75 (ddd, J = 17.3, 10.4, 7.0 Hz, 1H, 

(P=O)OCH2CH(Me)CH=CHaHb), 5.46 (d, J = 17.1 Hz, 1H, 

CHaHb=CHCHO(P=O)CHaHb), 5.37 (d, J = 17.4 Hz, 1H, CHaHbCHO(P=O)CH=CHaHb), 

5.32–5.27 (m, 2H, CHaHb=CHCHO(P=O)CHaHb, CHaHbCHO(P=O)CH=CHaHb), 5.11 

(d, J = 17.3 Hz, 1H, (P=O)OCH2CH(Me)CH=CHaHb), 5.07 (dd, J = 10.4, 1.2 Hz, 1H, 

(P=O)OCH2CH(Me)CH=CHaHb), 5.05–5.00 (m, 1H, CHaHb=CHCHO(P=O)CHaHb), 

4.99–4.93 (m, 1H, CHaHbCHO(P=O)CH=CHaHb), 3.98 (td, J = 6.8, 3.3 Hz, 2H, 

(P=O)OCH2CH(Me)CH=CHaHb), 2.56 (p, J = 6.8 Hz, 1H, 

(P=O)OCH2CH(Me)CH=CHaHb), 2.16 (dddd, J = 12.9, 8.0, 4.8, 1.5 Hz, 1H, 

CHaHb=CHCHO(P=O)CHaHb), 2.04 (dddd, J = 14.4, 5.4, 3.6, 1.8 Hz, 1H, 

CHaHb=CHCHO(P=O)CHaHb), 1.06 (d, J = 6.8 Hz, 3H, 

(P=O)OCH2CH(Me)CH=CHaHb); 

13C NMR (126 MHz, CDCl3) δ 139.7 (CH=CH2), 135.2 (2, CH=CH2), 118.2 (CH=CH2), 

117.6 (CH=CH2), 115.6 (CH=CH2), 77.9 (d, JCP= 6.6 Hz, CH), 76.2 (d, JCP= 6.0 Hz, 

CH), 71.8 (d, JCP= 6.2 Hz, CH2), 38.3 (d, JCP= 6.5 Hz, CH), 35.4 (CH2), 16.1 (CH3); 

31P NMR (202 MHz, CDCl3) δ -7.62; 
 
HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C12H19O4PNa 281.0919; Found 281.0913. 
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(1R,4S,7R,9R,Z)-4-methyl-9-vinyl-2,10,11-trioxa-1-phosphabicyclo[5.3.1]undec-5-
ene 1-oxide (C10H15O4P, 2.6.3) 

 

To a round bottom flask, equipped with a stir bar, reflux condenser, and argon inlet, 

was added triene 2.6.2 (2.0 g, 7.7 mmol, 1 equiv.), CH2Cl2 (1540 mL), and Grubbs second-

generation catalyst [(ImesH2)(PCy3)(Cl)2Ru=CHPh, 2  G-II] (98 mg, 0.115 mmol, 1.5 

mol%). The reaction mixture was heated to reflux and stirred at reflux for 2 hours to ensure 

complete conversion of reactive starting material (~1:1 mix of starting material and product 

by TLC). The reaction mix was cooled to room temperature and concentrated under 

reduced pressure. Purification via flash column chromatography (silica, 0%–50% EtOAc 

in hexanes) provided bicyclic phosphate 2.6.3 (0.673 g, 2.9 mmol, 38% yield) as a white 

solid, along with unreacted starting material (0.722 g, 2.8 mmol). TLC (EtOAc/Hexane, 

1/1): Rf = 0.5. 

FTIR (neat): 3083, 2966, 2933, 2893,1643, 1424, 1282, 1118, 1014, 928, 875, 725 cm-1; 

Optical Rotation: [𝑎]  = -44.6 (c = 0.52, CHCl3); 

1H NMR (500 MHz, CDCl3) 5.84 (dddd, J = 17.1, 10.6, 5.4, 2.0 Hz, 1H, 

CHaHb=CHCHO(P=O)CHaHb), 5.46–5.43 (m, 2H, 

CHaHbCHO(P=O)CH=CHCH(Me)CHaHbO(P=O)), 5.40 (dt, J = 17.1, 1.3 Hz, 1H, 

CHaHb=CHCHO(P=O)CHaHb), 5.29–5.21 (m, 1H, 

CHaHbCHO(P=O)CH=CHCH(Me)CHaHbO(P=O)), 5.25 (dt, J = 10.6, 1.3 Hz, 1H, 

 
[2] Scholl, M.; Ding, S.; Lee, C. W.; Grubbs, R. H. Synthesis and Activity of a New 
Generation of Ruthenium-Based Olefin Metathesis Catalysts Coordinated with 1,3-
Dimesityl-4,5-dihydroimidazol-2-ylidene Ligands. Org. Lett. 1999, 1, 953–956.   
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CHaHbCHO(P=O)CH=CHCH(Me)CHaHbO(P=O)), 5.07 (ddq, J = 11.8, 5.4, 1.5 Hz, 1H, 

CH2=CHCHO(P=O)CHaHb), 4.32 (ddd, J = 10.8, 6.2, 2.2 Hz, 1H, 

CHaHbCHO(P=O)CH=CHCH(Me)CHaHbO(P=O)), 3.60–3.53 (m, 1H, 

CHaHbCHO(P=O)CH=CHCH(Me)CHaHbO(P=O)), 3.33 (ddd, J = 30.9, 12.6, 10.8 Hz, 

1H, CHaHbCHO(P=O)CH=CHCH(Me)CHaHbO(P=O)), 2.19 (dddd, J = 14.6, 11.9, 6.0, 

0.8 Hz, 1H, CH2=CHCHO(P=O)CHaHb), 1.81 (ddd, J = 14.6, 2.0, 1.0 Hz, 1H, 

CH2=CHCHO(P=O)CHaHb), 1.00 (d, J = 6.6 Hz, 3H, 

CHaHbCHO(P=O)CH=CHCH(Me)CHaHbO(P=O)); 

13C NMR (126 MHz, CDCl3) δ 135.2 (d, JCP= 10.0 Hz, CH=CH2), 134.3 (2, CH=CH), 

129.5 (CH=CH2), 78.1 (d, JCP= 7.2 Hz, CH), 77.3 (d, JCP= 6.3 Hz, CH), 68.3 (d, JCP= 5.4 

Hz, CH2), 36.4 (d, JCP= 6.4 Hz, CH2), 31.3 (CH), 16.7 (CH3); 

31P NMR (162 MHz, CDCl3)  –8.02; 

HRMS (ESI-TOF) m/z: [M ]+ Calcd for C10H15O4P 230.0708; Found 230.0699. 
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(2S,5S,7S)-2-methyldodecane-1,5,7-triol (C13H28O3, (2S)-2.6.6) 
 

 
 

To a clean, dry round bottom flask equipped with a stir bar, reflux condenser, and 

argon inlet, was added 2.6.3 (600.0 mg, 2.6 mmol, 1 equiv.), 1,2-dichloroethane (1,2-DCE,  

6.6 mL, 0.3 M), cis-4-octene (2.2 mL, 7.8 mmol, 3 equiv.), and Hoveyda-Grubbs second-

generation catalyst (HG-II, 162.8 mg, 0.26 mmol, 10 mol%). The reaction was heated to 

40 ºC and stirred at 40 ºC until 2.6.3 was consumed (4 h, monitored by TLC). The reaction 

was cooled to room temperature and cannulated into a Parr hydrogenation reaction vessel. 

The vessel was heated to 70 ºC, and H2 pressure was applied (1000 psi). The reaction stirred 

at 70 ºC, under H2 pressure, for 18 h (complete by TLC (EtOAc/Hexane, 3/1): Rf = 0.4)), 

at which point the reaction was cooled to room temperature and solvent removed under 

reduced pressure. The crude oil was dried under high vacuum (~8 h) to ensure complete 

removal of 1,2-DCE. The crude mix was taken up in diethyl ether (Et2O, 26 mL, 0.1 M) 

and cooled to 0 ºC under argon. Solid lithium aluminum hydride (LiAlH4, 0.4 g, 10.4 mmol, 

4 equiv.) was added in three portions, and the reaction flask was removed from the cooling 

bath and allowed to warm to room temperature. The mixture stirred at room temperature 

for 4 hours (complete by TLC), and the reaction was cooled to 0 ºC and quenched with 

10% Rochelle salt solution. The reaction was allowed to warm to room temperature and 

stir at room temperature for 2 hours. The crude mixture was filtered over Celite (washed 
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with CH2Cl2, EtOAc, and MeOH) and concentrated under reduced pressure. Purification 

via flash column chromatography (silica, 0%–100% EtOAc in hexanes) provided (2S)-

2.6.6 (259.5 mg, 0.118 mmol, 43% yield over 3 reactions in one pot, 76% average per 

reaction) as a white solid. TLC (EtOAc): Rf = 0.2. 

FTIR (neat): 3338 (br), 2930, 2871, 2858, 1458, 1377, 1032, 937, 831 cm-1; 

Optical Rotation: [𝑎]  = -17.3 (c = 0.11, CHCl3); 

1H NMR (500 MHz, CDCl3) δ 3.98–3.89 (m, 2H, CH3(CH2)4CH(OH)CH2CH(OH)CH2), 

3.49 (dd, J = 6.1, 2.3 Hz, 2H, CH(OH)CH2CH2CH(Me)CH2OH), 1.69–1.64 (m, 1H, 

CH(OH)CHaHbCH(OH)CHaHb), 1.65–1.53 (m, 3H, 

CH(OH)CHaHbCH(OH)CHaHbCHaHb, CH(Me)CH2OH), 1.55–1.47 (m, 3H, 

CHaHbCH(OH)CHaHbCH(OH)CHaHb), 1.47–1.38 (m, 2H, 

CHaHbCHaHbCH(OH)CHaHbCH(OH)), 1.34–1.23 (m, 6H, CH3CH2CH2CHaHbCHaHb, 

CH(OH)CHaHbCH(OH)CH2CHaHb), 0.93 (d, J = 6.7 Hz, 3H, 

CH(OH)CH2CH2CH(Me)CH2OH), 0.89 (t, J = 6.8 Hz, 3H, CH3(CH2)4CH(OH)CH2); 

13C NMR (126 MHz, CDCl3) δ 69.7 (CH), 69.4 (CH), 68.1 (CH2), 42.6 (CH2), 37.6 

(CH2), 35.5 (CH), 34.5 (CH2), 32.0 (CH2), 29.1 (CH2), 25.6 (CH2), 22.8 (CH2), 16.7 

(CH3), 14.2 (CH3); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C13H28O3Na 255.1936; Found 255.1939. 
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(3S,6S)-6-((S)-2-hydroxyheptyl)-3-methyltetrahydro-2H-pyran-2-one (C13H24O3, 
(2S)-2.6.7) 
 

 

To a round bottom flask, equipped with a stir bar, was added (2S)-2.6.6 (85 mg, 

0.36 mmol, 1 equiv.), CH2Cl2 (7.2 mL, 0.05M), TEMPO (5.6 mg, 0.036 mmol, 10 mol%), 

tetrabutylammonium chloride (TBACl, 10.0 mg, 0.036 mmol, 10 mol%), and aqueous 

NaHCO3/K2CO3 buffer (7.2 mL, 0.5 M NaHCO3: 0.05 M K2CO3). To the stirring biphasic 

solution was added N-chlorosuccinimide (240 mg, 1.8 mmol, 5 equiv.) in one portion, and 

the reaction continued to vigorously stir at room temperature for 2 hours (complete by 

TLC). The biphasic solution was diluted with CH2Cl2 (0.5 mL) and water (0.5 mL), and 

the layers separated. The aqueous layer was extracted with CH2Cl2 (3 x 5 mL), and the 

organic layers were combined, dried over Na2SO4, filtered over Celite, and concentrated 

under reduced pressure. Purification via flash column chromatography (silica, 0%-70% 

EtOAc in hexanes) provided (2S)-2.6.7 (59.1 mg, 0.026 mmol, 72% yield) as a colorless 

liquid. TLC (EtOAc/Hexane, 3/1): Rf = 0.6. 

FTIR (neat): 3381 (br), 3067, 2976, 2932, 1722, 1641, 1540, 1435, 1353, 1047, 915,  

750 cm-1; 

Optical Rotation: [𝑎]  = +22.8 (c = 0.4, CHCl3); 

1H NMR (500 MHz, CDCl3) δ 4.63 (tt, J = 10.5, 3.1 Hz, 1H, 

CH3(CH2)4CH(OH)CHaHbCH(OC=O)CHaHb), 3.98–3.94 (m, 1H, 

CH3(CH2)4CH(OH)CHaHbCH(OC=O)CHaHb), 2.63 (dt, J = 10.6, 7.2 Hz, 1H, 

CH(OC=O)CHaHbCHaHbCH(Me)), 2.11 (ddd, J = 16.9, 11.6, 7.7 Hz, 1H, 
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CH(OC=O)CHaHbCHaHbCH(Me)), 1.91 (ddt, J = 13.3, 9.7, 3.9 Hz, 1H, 

CH(OC=O)CHaHbCHaHbCH(Me)), 1.75 (ddd, J = 14.8, 9.8, 2.2 Hz, 1H, 

CH3(CH2)4CH(OH)CHaHbCH(OC=O)), 1.69–1.62 (m, 1H, 

CH(OC=O)CHaHbCHaHbCH(Me)), 1.61–1.49 (m, 2H, 

CH3(CH2)4CH(OH)CHaHbCH(OC=O), CH(OC=O)CHaHbCHaHbCH(Me)), 1.46–1.42 (m, 

3H, CH3(CH2)2CH2CHaHbCH(OH)), 1.35–1.15 (m, 5H, CH3(CH2)2CH2CHaHbCH(OH)), 

1.22 (d, J = 6.7 Hz, 3H, CH(OC=O)CHaHbCHaHbCH(Me)), 0.89 (t, J = 6.7 Hz, 3H, 

CH3(CH2)2CH2CHaHbCH(OH)); 

13C NMR (126 MHz, CDCl3) δ 176.6 (C=O), 75.0 (CH), 67.7 (CH), 42.9 (CH2), 38.2 

(CH2), 33.3(CH), 31.9 (CH2), 27.4 (CH2), 25.8 (CH2), 25.3 (CH2) 22.7 (CH2), 16.2 (CH3), 

14.2 (CH3); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C13H24O3Na 251.1623; Found 251.1624. 
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(3S,6S)-6-((S)-2-methoxyheptyl)-3-methyltetrahydro-2H-pyran-2-one (C14H26O3, 
(2S)-2.1.6) 
 

 

To a round bottom flask, equipped with a magnetic stir bar, was added (2S)-2.6.7 

(40 mg, 0.175 mmol, 1 equiv.) in CH2Cl2 (2 mL), proton sponge® (374 mg, 1.75 mmol, 

10 equiv.), and trimethyloxonium tetrafluoroborte (258 mg, 1.75 mmol, 10 equiv.) and 

stirred the mixture for 6 hours (complete by TLC). The solution was diluted with CH2Cl2 

(2 mL) and was added saturated NaHCO3 (2 mL), and the layers separated. The aqueous 

layer was extracted with CH2Cl2 (3 x 3 mL), and the organic layers were combined, dried 

over Na2SO4, filtered, and concentrated under reduced pressure. Purification via flash 

column chromatography (silica, 0%-50% EtOAc in hexanes) provided (2S)-2.1.6 (29 mg, 

0.12 mmol, 68% yield) as a yellow liquid. TLC (EtOAc/Hexane, 1/1): Rf = 0.4. 

FTIR (neat): 2930, 2871, 2858, 1733, 1460, 1377, 1238, 1172, 1091, 1012, 933,  

747 cm -1; 

Optical Rotation: [𝑎]  = +7.8 (c = 0.14 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 4.54 (tt, J = 11.5, 3.0 Hz, 1H, 

CH3(CH2)4CH(OMe)CHaHbCH(OC=O)CHaHb),  

3.56–3.51 (m, 1H, CH3(CH2)4CH(OMe)CHaHbCH(OC=O)CHaHb), 3.34 (s, 3H, 

CH3(CH2)4CH(OMe)CHaHbCH(OC=O)CHaHb) 2.64 (ddd, J = 10.3, 7.8, 6.5 Hz, 1H, 

CH(OC=O)CHaHbCHaHbCH(Me)), 2.10 (m 1H, CH(OC=O)CHaHbCHaHbCH(Me)), 1.89 

(ddt, J = 13.6, 9.4, 3.8 Hz, 1H, CH(OC=O)CHaHbCHaHbCH(Me)), 1.72 (ddd, J = 14.7, 

9.8, 2.4 Hz 1H, CH3(CH2)4CH(OMe)CHaHbCH(OC=O)), 1.67–1.47 (m, 4H, 
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CH3(CH2)4CH(OMe)CHaHbCH(OC=O), CH(OC=O)CHaHbCHaHbCH(Me), 

CH3(CH2)3CHaHbCH(OMe)), 1.42 (dq, J = 13.6, 6.4 Hz 1H,  

CH3(CH2)3CHaHbCH(OMe)), 1.36–1.23 (m, 6H, CH3(CH2)3CHaHbCH(OMe)), 1.22 (d, J 

= 6.8 Hz, 3H, CH(OC=O)CHaHbCHaHbCH(Me)), 0.89 (t, J = 6.8 Hz, 3H, 

CH3(CH2)2CH2CHaHbCH(OMe)); 

13C NMR (126 MHz, CDCl3) δ 176.8 (C=O), 76.6 (CH), 74.9 (CH), 57.2 (CH3), 41.0 

(CH2), 33.5 (CH2), 33.3 (CH), 32.2 (CH2), 27.5 (CH2), 25.8 (CH2), 24.4 (CH2) 22.8 

(CH2), 16.2 (CH3), 14.2 (CH3); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C14H26O3Na 265.1780; Found 265.1785. 
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(4S,6S)-nona-1,8-diene-4,6-diol (C9H16O2, 2.7.3) 
 

 
 
Method 1:  
 

To a stirring solution of CuCN (360 mg, 4.0 mmol, 0.2 equiv.) in dry THF (10 mL) 

was added vinyl magnesium bromide (1 M in THF, 60 mL, 60.0 mmol, 3 equiv.) at -40 ºC 

and stirred for 15 minutes. To the reaction mixture then was cannulated the di-epoxide  

(2 g, 20.0 mmol) dissolved in THF (40 mL) and stirred vigorously for 6 h (complete by 

TLC). The solution was diluted with hexane and quenched with saturated ammonium 

chloride and layers separated. The aqueous layer was extracted with EtOAc (3 x 30 mL), 

and the organic layers were combined, dried over Na2SO4, filtered, and concentrated under 

reduced pressure. Purification via flash column chromatography (silica, 0%-60% EtOAc 

in hexanes) provided 2.7.3 (2.2 g, 14.1 mmol, 70% yield) as a colorless oil. 

Method 2:  

The decarbonylative allylation of 1,3-propanediol to deliver 2.7.3 was carried out 

according to the protocol developed by Krische and coworkers;3 To an oven-dried sealed 

tube under argon gas charged with [Ir(cod)Cl]2 (672 mg, 1.00 mmol, 5 mol%), (S)-BINAP 

(1.25 g, 2.00 mmol, 10 mol%), Cs2CO3 (2.61 g, 8.0 mmol, 0.4 equiv.) and 4-chloro-3-

 
[3] Perez, F.; Waldeck, A. R.; Krische, M. J. Total Synthesis of Cryptocaryol A by 
Enantioselective Iridium‐Catalyzed Alcohol C− H Allylation. Angew. Chem. 2016, 128, 
5133–5136. 
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nitrobenzoic acid (806 mg, 4 mmol, 0.2 equiv.) was added THF (50 mL) followed by allyl 

acetate (20 g, 200 mmol, 1.0 equiv.). The reaction mixture was stirred at 90 ºC for 30 

minutes and cooled to room temperature. 1,3-propanediol (1.52 g, 20.0 mmol, 1.0 equiv.) 

in THF (50 mL, 0.2 M overall) was added and the reaction mixture was stirred at 100 ºC 

for 6 days. The reaction mixture was cooled to room temperature, filtered through Celite, 

and excess solvent was removed under reduced pressure. The crude material was dissolved 

in EtOAc (50 mL) and vigorously stirred. Et2O (100 mL) was added slowly followed by 

hexanes (100 mL). The precipitate was filtered through Celite, and the solution was 

concentrated onto silica gel. Purification via flash column chromatography (silica, 0%-60% 

EtOAc in hexanes) provided 2.7.3 (1.7 g, 11.2 mmol, 56% yield) as a yellow oil. 

The analytical data were in good agreement with the previously reported data.  
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(4S,6S)-4,6-diallyl-2-((2-methylallyl)oxy)-1,3,2-dioxaphosphinane 2-oxide 
(C13H21O4P, 2.7.4) 
 

 

To a round bottom flask equipped with a stir bar and an argon inlet, was added the 

diol 2.7.3 (2.0 g, 12.8 mmol, 1.0 equiv.) in CH2Cl2 (64 mL, 0.2 M), Et3N (5.3 mL, 38.4 

mmol, 3 equiv.), DMAP (312 mg, 2.56 mmol, 0.2 equiv.) and stirred for 5 minutes at 0 ºC. 

To the reaction mixture at same temperature was added POCl3 (1.3 mL, 14.1 mmol, 1.1 

equiv.) dropwise, and stirred for 30 minutes (complete by TLC). Solvent was evaporated 

and filtered through a short silica column to obtain the monochlorophosphate (2.4 g, 10.24 

mmol, 80%) as a yellow oil.  

Next, to a solution of -methallyl alcohol (0.433 mL, 10.7 mmol, 1.05 equiv.) in 

THF (26 mL, 0.4 M), under argon at -40 ºC, was added n-butyllithium (4.3 mL, 2.5 M in 

hexanes. 10.7 mmol, 1.05 equiv.), dropwise. The reaction mixture stirred at -30 ºC for 15 

minutes, at which point a solution of monochlorophosphate (2.4 g, 10.2 mmol) in THF (50 

mL) was cannulated dropwise, slowly. The reaction continued to stir at -40 ºC for 30 

minutes (complete by TLC), and the flask was removed from the cooling bath and 

quenched with saturated NH4Cl (aqueous, ~40 mL). The mixture was stirred, vigorously, 

as the flask warmed to room temperature, and then the biphasic solution was separated. 

The aqueous layer was extracted with EtOAc (3 x 50 mL), and the organic layers were 

combined, washed with brine, dried over Na2SO4, and concentrated under reduced 

pressure. The crude mixture was purified via flash column chromatography (silica, 0%–
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60% EtOAc in hexanes) to provide triene 2.7.4 (2.1 g, 7.7 mmol, 72% yield) as a pale-

yellow oil. TLC (EtOAc/Hexane, 1/1): Rf = 0.4. 

FTIR (neat): 3087, 2978, 2928, 1643, 1433, 1287, 1096, 1009, 976, 732 cm-1; 

Optical Rotation: [𝑎]  = -41.8 (c = 0.56 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 5.77 (ddt, J = 15.6, 8.7, 6.7 Hz, 2H, 

CH2=CHCHaHbCHO(P=O)CHaHb, CHaHbCHO(P=O)CHaHbCH=CH2), 5.20–5.09 (m, 

4H, CH2=CHCHaHbCHO(P=O) CHaHb, CHaHbCHO(P=O)CHaHbCH=CH2), 5.04 (s, 1H, 

(P=O)OCHaHbC(Me)=CHaHb), 4.94 (s, 1H, (P=O)OCHaHbC(Me)=CHaHb), 4.62 (ddt, J = 

20.2, 12.9, 5.9 Hz, 1H, CH2=CHCHaHbCHO(P=O) CHaHb), 4.54–4.48 (m, 1H, 

CHaHbCHO(P=O)CHaHbCH=CH2), 4.48 (s, 1H, (P=O)OCHaHbC(Me)=CHaHb), 4.46 (s, 

1H, (P=O)OCHaHbC(Me)=CHaHb), 2.66 (dt, J = 13.9, 6.7 Hz, 1H, 

CH2=CHCHaHbCHO(P=O)CHaHb), 2.55 (dt, J = 13.8, 6.6 Hz, 1H, 

CH2=CHCHaHbCHO(P=O)CHaHb, CH2=CHCHaHbCHO(P=O)CHaHb), 2.03 (ddd, J = 

14.2, 8.6, 5.2 Hz, 1H, CHaHbCHO(P=O)CHaHbCH=CH2), 1.88 (dt, J = 14.7, 4.2 Hz, 1H, 

CHaHbCHO(P=O)CHaHbCH=CH2), 1.77 (s, 3H, (P=O)OCHaHbC(Me)=CHaHb); 

13C NMR (126 MHz, CDCl3) δ 140.3 (d, JCP= 7.26, C), 132.7 (CH=CH2), 132.3 

(CH=CH2), 119.1 (CH=CH2), 118.9 (CH=CH2), 113.4 (CH=CH2), 77.4 (d, JCP= 4.6 Hz, 

CH), 75.7 (d, JCP= 6.4 Hz, CH), 71.0 (d, JCP= 5.46 Hz, CH2), 40.1 (CH2), 39.0 (d, JCP= 

2.9 Hz, CH2), 33.3 (d, JCP= 6.5 Hz, CH2), 19.18 (CH3); 

31P NMR (202 MHz, CDCl3):  -6.91 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C13H21O4PNa 295.1075; Found 295.1066. 
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(2R,5S,7S)-2-methyldodecane-1,5,7-triol (C13H28O3, (2R)-2.6.6) 

 

To a round bottom flask, equipped with a stir bar, reflux condenser, and argon inlet, 

was added triene 2.7.4 (2.0 g, 7.3 mmol, 1 equiv.), degassed 1,2-DCE (with Ar and then 

ethylene gas) (1450 mL), and Hoveyda-Grubbs second-generation catalyst (HG-II, 94 mg, 

0.15 mmol, 2 mol%). The reaction mixture was heated to 50 ºC (with an ethylene gas filled 

balloon connected to a long needle submerged into the solvent) and stirred 2 hours to ensure 

complete conversion of reactive starting material. Next, the solvent was evaporated under 

vacuo and to the same reaction flask was added cis-3-hexene (2.7 mL, 21.9 mmol, 3 

equiv.), freshly degassed 1,2-DCE (24 mL), and Hoveyda-Grubbs second-generation 

catalyst (HG-II, 365 mg, 0.58 mmol, 8 mol%). The reaction was stirred at room 

temperature for 2 hours until 2.7.4 was consumed (monitored by TLC). The reaction was 

cannulated into a Parr hydrogenation reaction vessel. The vessel was heated to 80 ºC, and 

H2 pressure was applied (1000 psi). The reaction stirred at 80 ºC, under H2 pressure, for 18 

h (complete by TLC (EtOAc/Hexane, 3/1): Rf = 0.5), at which point the reaction was cooled 

to room temperature and solvent removed under reduced pressure. The crude oil was dried 

under high vacuum (~8 h) to ensure complete removal of 1,2-DCE. The crude mix was 

taken up in diethyl ether (Et2O, 73 mL) and cooled to 0 ºC under argon. Solid lithium 

aluminum hydride (LiAlH4, 1.1 g, 29.2 mmol, 4 equiv.) was added in one portion, and the 
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reaction flask was removed from the cooling bath and allowed to warm to room 

temperature. The mixture stirred at room temperature for 6 hours (complete by TLC), and 

the reaction was cooled to 0 ºC and quenched by 10% sodium potassium tartrate aqueous 

solution. The reaction was allowed to warm to room temperature and stir at room 

temperature for 2 hours. The crude mixture was filtered over Celite (washed with EtOAc) 

and concentrated under reduced pressure. Purification via flash column chromatography 

(silica, 0%–100% EtOAc in hexanes) provided (2R)-2.6.6 (534 mg, 2.3 mmol, 32% yield 

over 4 reactions in one pot, 75% average per reaction) as a colorless liquid. TLC (EtOAc): 

Rf = 0.3. 

FTIR (neat): 3339 (br), 2930, 2871, 2858, 1460, 1378, 1033, 831 cm-1; 

Optical Rotation: [𝑎]  = +32.9 (c = 0.2, CHCl3); 

1H NMR (500 MHz, CDCl3) δ 3.92 (q, J = 6.0, 5.5 Hz, 2H, 

CH3(CH2)4CH(OH)CH2CH(OH)CH2), 3.48 (dd, J = 5.6, 4.9 Hz, 2H, 

CH(OH)CH2CH2CH(Me)CH2OH), 2.96 (s, 1H, R-OH), 2.63 (s, 1H, R-OH), 2.04 (s, 1H, 

R-OH), 1.65–1.56 (m, 4H, CH(OH)CHaHbCH(OH)CHaHbCHaHb, CH(Me)CH2OH), 

1.55–1.47 (m, 3H, CHaHbCH(OH)CHaHbCH(OH)CHaHb), 1.46–1.38 (m, 2H, 

CHaHbCHaHbCH(OH)CHaHbCH(OH)), 1.34–1.24 (m, 5H, CH3CH2CH2CHaHbCHaHb), 

1.14 (td, J = 10.8, 6.1 Hz, 1H, CH(OH)CHaHbCH(OH)CH2CHaHb), 0.92 (d, J = 6.6 Hz, 

3H, CH(OH)CH2CH2CH(Me)CH2OH), 0.89 (t, J = 6.5 Hz, 3H, CH3(CH2)4CH(OH)CH2) 

13C NMR (126 MHz, CDCl3) δ 69.9 (CH), 69.6 (CH), 68.0 (CH2), 42.5 (CH2), 37.6 (CH2), 

35.9 (CH), 34.9 (CH2), 32.0 (CH2), 29.3 (CH2), 25.6 (CH2), 22.8 (CH2), 16.9 (CH3), 14.2 

(CH3); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C11H24O3Na 227.1623; Found 227.1629.  
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(3R,6S)-6-((S)-2-hydroxyheptyl)-3-methyltetrahydro-2H-pyran-2-one (C13H24O3, 
(2R)-2.6.6) 
 

 

To a round bottom flask, equipped with a stir bar, was added (2R)-2.6.6 (150 mg, 

0.64 mmol, 1 equiv.), CH2Cl2 (16 mL, 0.04 M), TEMPO (10 mg, 0.064 mmol, 10 mol%), 

tetrabutylammonium chloride (TBACl, 109 mg, 0.064 mmol, 10 mol%), and aqueous 

NaHCO3/K2CO3 buffer (16 mL, 0.5 M NaHCO3: 0.05 M K2CO3). To the stirring biphasic 

solution was added N-chlorosuccinimide (434 mg, 3.3 mmol, 5 equiv.) in one portion, and 

the reaction continued to vigorously stir at room temperature for 2 hours (complete by 

TLC). The biphasic solution was diluted with CH2Cl2 (5 mL) and water (5 mL), and the 

layers separated. The aqueous layer was extracted with CH2Cl2 (3 x 10 mL), and the 

organic layers were combined, dried over Na2SO4, filtered over Celite, and concentrated 

under reduced pressure. Purification via flash column chromatography (silica, 0%-75% 

EtOAc in hexanes) provided (2R)-2.6.7 (95 mg, 0.42 mmol, 68% yield) as a colorless oil. 

TLC (EtOAc/Hexane, 3/1): Rf = 0.65. 

FTIR (neat): 3518 (br), 2957, 2930, 2860, 1733, 1715, 1466, 1378, 1261, 1182, 950 cm-1; 

Optical Rotation: [𝑎]  = -7.2 (c = 0.2, CHCl3); 

1H NMR (500 MHz, CDCl3) δ 4.60 (ddt, J = 11.1, 9.7, 3.0 Hz, 1H, 

CH3(CH2)4CH(OH)CHaHbCH(OC=O)CHaHb), 4.01–3.96 (m, 1H, 

CH3(CH2)4CH(OH)CHaHbCH(OC=O)CHaHb), 2.45 (dt, J = 11.3, 7.0, 4.4, 2.0 Hz, 1H, 

CH(OC=O)CHaHbCHaHbCH(Me)), 2.05–2.00 (m, 1H, 

CH(OC=O)CHaHbCHaHbCH(Me)), 1.94–1.90 (m, 1H, CH(OC=O)CHaHbCHaHbCH(Me), 
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1.77 (ddd, J = 14.5, 9.8, 2.4 Hz, 1H, CH3(CH2)4CH(OH)CHaHbCH(OC=O)), 1.64–1.55 

(m, 3H, CH3(CH2)4CH(OH)CHaHbCH(OC=O), CH(OC=O)CHaHbCHaHbCH(Me)), 1.47–

1.39 (m, 3H, CH3(CH2)2CH2CHaHbCH(OH), 1.30 (d J = 7.1Hz, 3H, 

CH(OC=O)CHaHbCHaHbCH(Me), 1.28–1.22 (m, 5H, CH3(CH2)2CH2CHaHbCH(OH)), 

0.89 (t, J = 6.9 Hz, 3H, CH3(CH2)3CHaHbCH(OH)); 

13C NMR (126 MHz, CDCl3) δ 174.4 (C=O), 78.8 (CH), 67.6 (CH), 43.9 (CH2), 38.1 

(CH2), 36.3(CH), 31.9 (CH2), 30.0 (CH2), 28.8 (CH2), 25.4 (CH2) 22.8 (CH2), 17.6 (CH3), 

14.2 (CH3); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C13H24O3Na 251.1623; Found 251.1635. 
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(3R,6S)-6-((S)-2-methoxyheptyl)-3-methyltetrahydro-2H-pyran-2-one (C14H26O3, 
(2R)-2.1.6) 
 

 

To a round bottom flask, equipped with a magnetic stir bar, was added (2R)-2.6.7 

(65 mg, 0.28 mmol, 1 equiv.) in CH2Cl2 (3 mL), proton sponge (600 mg, 2.8 mmol, 10 

equiv.), and trimethyloxonium tetrafluoroborte (414 mg, 2.8 mmol, 10 equiv.) and stirred 

the mixture for 6 h (complete by TLC). The solution was diluted with CH2Cl2 5 mL and 

saturated NaHCO3 (3 mL), and the layers separated. The aqueous layer was extracted with 

CH2Cl2 (3 x 5 mL), and the organic layers were combined, dried over Na2SO4, filtered, and 

concentrated under reduced pressure. Purification via flash column chromatography (silica, 

0%-50% EtOAc in hexanes) provided (2R)-2.1.6 (51 mg, 0.21 mmol, 78% yield) as a 

yellow oil. TLC (EtOAc/Hexane, 1/1): Rf = 0.5. 

FTIR (neat): 2931, 2872, 2858, 1734, 1460, 1377, 1285, 1240, 1173, 1092, 1012, 933,  

747 cm-1; 

Optical Rotation: [𝑎]  = +21.0 (c = 0.1, CHCl3); 

1H NMR (500 MHz, CDCl3) δ 4.51 (tq, J = 9.7, 3.0 Hz, 1H, 

CH3(CH2)4CH(OMe)CHaHbCH(OC=O)CHaHb), 3.56–3.51 (m, 1H, 

CH3(CH2)4CH(OMe)CHaHbCH(OC=O)CHaHb), 3.37 (s, 3H, 

CH3(CH2)4CH(OMe)CHaHbCH(OC=O)CHaHb), 2.44 (dddd, J = 11.3, 7.0, 4.4, 2.0 Hz, 

1H, CH(OC=O)CHaHbCHaHbCH(Me)), 2.01 (m, 1H, CH(OC=O)CHaHbCHaHbCH(Me)), 

1.94–1.86 (m, 1H, CH(OC=O)CHaHbCHaHbCH(Me)), 1.75–1.68 (m, 1H, 
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CH3(CH2)4CH(OMe)CHaHbCH(OC=O)), 1.63–1.55 (m, 3H, 

CH3(CH2)4CH(OMe)CHaHbCH(OC=O), CH(OC=O)CHaHbCHaHbCH(Me)) 1.42 (dq, J =  

1.55–1.47 (m, 1H, CH3(CH2)3CHaHbCH(OMe)), 1.46–1.37 (m, 1H, 

CH3(CH2)3CHaHbCH(OMe)), 1.46–1.37 (m, 1H, CH3(CH2)3CHaHbCH(OMe)), 1.31 (d, J 

= 7.1Hz, 3H, CH(OC=O)CHaHbCHaHbCH(Me)), 1.29–1.20 (m, 6H, 

CH3(CH2)3CHaHbCH(OMe)), 0.89 (td, J = 4.4, 3.6 Hz, 3H, CH3(CH2)3CHaHbCH(OMe)); 

13C NMR (126 MHz, CDCl3) δ 174.5 (C=O), 78.8 (CH), 76.6 (CH), 57.3 (CH3), 42.2 

(CH2), 36.3 (CH), 33.7 (CH2), 32.2 (CH2), 30.1 (CH2), 28.8 (CH2), 24.6 (CH2) 22.8 (CH2), 

17.6 (CH3), 14.2 (CH3); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C14H26O3Na 265.1780; Found 265.1786. 
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Data Table for 13C ppm Values of Two Triols (2S)-2.6.6 and (2R)-2.6.6 
 
Table 5.1 

 
 

 
C# (2S)-2.6.6 (2R)-2.6.6  ppm     

1 67.9 68 0.1 
2 34.3 36 1.7 
3 29.2 29.3 0.1 
4 25.5 25.6 0.1 
5 69.5 69.9 0.4 
6 37.4 37.5 0.1 
7 69.2 69.6 0.4 
13 16.6 16.9 0.3 

 
 

 
 

Figure 5.1 13C  ppm values of two triols (2S)-2.6.6 and (2R)-2.6.6 
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Data table for 13C ppm values of two lactones (2S)-2.6.7 and (2R)-2.6.7 
 
Table 5.2 

 

 
 

C# (2S)-2.6.7 (2R)-2.6.7  ppm     

1 176.6 174.4 -2.2 
2 33.3 36.3 3 
3 25.8 28.8 3 
4 27.4 30 2.6 
5 75 78.8 3.8 
6 42.9 43.9 1 
7 67.7 67.6 -0.1 
13 16.2 17.6 1.4 

 
 
 

 
 

Figure 5.2 13C  ppm values of two lactones (2S)-2.6.7 and (2R)-2.6.7 
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Data table for 13C ppm values of two lactone methyl ethers (2S)-2.1.6 from 
Brimble’s synthesis and this synthesis 
 
Table 5.3 

 
 

C# Brimble NMR data4 
(2S)-2.1.6 

this synthesis 
(2S)-2.1.6 

 ppm 

 
   

1 176.5 176.8 0.3 
2 33.1 33.3 0.2 
3 25.7 25.8 0.1 
4 27.3 27.5 0.2 
5 74.8 74.9 0.1 
6 40.9 41 0.1 
7 76.5 76.6 0.1 
13 16.1 16.2 0.1 

OMe 57 57.2 0.2 
 

 
 
Figure 5.3 13C  ppm values of two lactone methyl ethers (2S)-2.1.6 from Brimble’s 
synthesis and this synthesis  
 

 
[4] Wadsworth, A. D.; Furkert, D. P.; Brimble, M. A. Total Synthesis of the Macrocyclic 
N-Methyl Enamides Palmyrolide A and 2S-Sanctolide A. J. Org. Chem. 2014, 79, 11179–
11193. 
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Data table for 13C ppm values of two lactone methyl ethers (2S)-2.1.6 and (2R)-2.1.6 
 
Table 5.3 

 
 
 

C# (2S)-2.1.6 (2R)-2.1.6  ppm 
 

   

1 176.8 174.5 -2 
2 33.3 36.3 3.2 
3 25.8 28.8 3.1 
4 27.5 30.1 2.8 
5 74.9 78.8 4 
6 41 42 1.1 
7 76.6 76.6 0.1 
13 16.2 17.6 1.5 

OMe 57.2 57.3 0.3 
 
 

 
 
Figure 5.3 13C  ppm values of two lactones (2S)-2.1.6 and (2R)-2.1.6 
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Diastereomeric Rotamer Mixtures of (2R,5S,7S)-N-allyl-5-hydroxy-7-methoxy-N,2-
dimethyldodecanamide ((2R)-2.2.2) and (2S,5S,7S)-N-allyl-5-hydroxy-7-methoxy-
N,2-dimethyldodecanamide ((2S)-2.2.2) (C18H35NO3) 
 
Scheme 5.1  
 

 

Reaction A 

To a solution of N-allylmethylamine (40 µL, 0.4 mmol, 2 equiv.) in CH2Cl2 (2 mL, 

0.2 M), was added trimethylaluminum (2 M in toluene, 0.175 mL, 0.35 mmol, 1.75 equiv.) 

at room temperature and stirred for 30 minutes. Then the mixture was cannulated under 

argon to a solution of lactone methyl ether (2R)-2.1.6 (50 mg, 0.2 mmol, 1 equiv.) in 

CH2Cl2 (1 mL, 0.2 M) in a pressure vial and stirred at 40 ºC for 18 hours (TLC monitoring). 

Then the reaction mixture was cooled to room temperature and an additional 1.75 

equivalence of N-allylmethylamine aluminum complex in CH2Cl2 was added and 

continued stirring for 12 more hours at 40 ºC (complete by TLC). Reaction mixture was 

diluted with CH2Cl2 (2 mL) and quenched carefully with 1 M HCl solution (1 mL) at 0 ºC. 

The aqueous layer was extracted with CH2Cl2 (3 x 2 mL), and the organic layers were 

combined, dried over Na2SO4, filtered, and concentrated under reduced pressure. 
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Purification via flash column chromatography (silica, 0%–100% EtOAc in hexanes) 

delivered the amide (2R)-2.2.2 and (2S)-2.2.2 (30 mg, 0.10 mmol, 50% yield) as a mixture 

of diastereomers (2R: 2S: 1: 1) and rotamers (1:1) as a colorless oil. TLC (EtOAc/Hexane, 

2/3): Rf = 0.4. 

FTIR (neat) 3429 (br), 3082, 2930, 2858, 1632, 1461, 1404, 1271, 1229, 1092, 990 cm-1; 

Optical Rotation: [𝑎]  = -10.1 (c = 0.32 , CHCl3); 

***Note: 1H and 13C NMR assignments for the mixture of 2R and 2S-diastereomers were 

made by comparing to the epimer (2R)-2.2.2. 

1H NMR (500 MHz, CDCl3) δ 5.83–5.69 (m, 1H,(2R, 2S-isomer, two rotamers) 

C(O)N(Me)CH2CH=CH2), 5.24–5.09 (m, 2H,(2R, 2S-isomer, Two rotamers) 

C(O)N(Me)CH2CH=CH2), 4.07–3.92 (m, 2H,(2R, 2S-isomer, Two rotamers) 

C(O)N(Me)CHaHbCH=CH2), 3.85 (t, J = 6.6 Hz, 0.5H,(2R-isomer, two rotamers) 

CH(OMe)CHaHbCH(OH)CHaHb), 3.79 (tt, J = 8.75, 4.01 Hz, 0.5H, (2S-isomer, two rotamers) 

CH(OMe)CHaHbCH(OH)CHaHb), 3.48–3.42 (m, 1H, (2S-, 2R-isomer, two rotamers), 

CH3(CH2)4CH(OMe)CHaHbCH(OH)CHaHb), 3.35 (d, J = 8.75, 4.01 Hz, 3H,(2R, 2S-isomer, two 

rotamers) CH3(CH2)4CH(OMe)CHaHbCH(OH)CHaHb), 2.96 (d, J = 32.6 Hz, 1.5H, (2S-isomer, 

two rotamers), C(O)N(Me)CH2CH=CH2), 2.95 (d, J = 30.0 Hz, 1.5H, (2R-isomer, two rotamers), 

C(O)N(Me)CH2CH=CH2), 2.76–2.57 (m, 1H, (2S-, 2R-isomer, two rotamers), CH(OH) 

CH2CH2CH(Me)C(O)N(Me)CH2), 1.87–1.75 (m, 1H, CH(OH) 

CH2CHaHbCH(Me)C(O)N(Me)CH2), 1.69–1.60 (m, 2H, 

CH3(CH2)3CHaHbCH(OMe)CHaHbCH(OH)), 1.57–1.49 (m, 1H, 

CH3(CH2)3CHaHbCH(OMe)CHaHbCH(OH), 1.49–1.36 (m, 4H, 

CH3(CH2)3CHaHbCH(OMe)CHaHbCH(OH), 
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CH(OH)CH2CHaHbCH(Me)C(O)N(Me)CH2), 1.32–1.23 (m, 6H, 

CH3(CH2)3CHaHbCH(OMe)), 1.12 (t, J = 6.7 Hz, 3H, (2S-, 2R-isomer, two rotamers) 

CH(OH)CH2CHaHbCH(Me)C(O)N(Me)CH2), 0.89 (t, J = 6.9 Hz, 3H, 

CH3(CH2)3CHaHbCH(OMe)CHaHbCH(OH)); 

13C NMR (126 MHz, CDCl3) δ 177.2 (C=O, amide)2S , 177.0 (C=O, amide)2R, 176.7 (C=O, 

amide)*2S, 176.4 (C=O, amide)*2R, 133.4 (CH=CH2)2R, 133.3 (CH=CH2)2S, 133.21 

(CH=CH2)*2R, 133.17 (CH=CH2)*2S, 117.13 (CH=CH2)2S, 117.09 (CH=CH2)2R, 116.8 

(CH=CH2)*2S, 116.7 (CH=CH2)*2R, 79.7 (2, CH)2R, 79.6 (CH)2S, 79.5 (CH)*2S, 68.8 (2, 

CH)2R, 68.3 (CH)2S, 68.1 (CH)*2S, 56.97 (CH3)2S, 56.94 (CH3)*2S, 56.9 (2, CH3)2R, 52.20 

(CH2)2S, 52.16 (CH2)2R, 50.4 (CH2)*2S, 50.3 (CH2)*2R, 39.6 (CH2)2S, 39.4 (CH2)*2S, 39.18 

(CH2)2R, 39.1 (CH2)*2R, 36.2 (CH)2S, 35.93 (CH)2R, 35.90 (CH)*2S, 35.7 (CH)*2R, 36.1 

(CH2)2S, 36.0 (CH2)*2S, 35.49 (CH2)2R, 35.46 (CH2)*2R, 34.9 (CH3)2S, 34.8 (CH3)2R, 34.0 

(CH3)*2S, 33.96 (CH3)*2R, 33.2 (CH2)2S, 33.1 (CH2)*2S, 33.0 (2, CH2)2R, 32.1 (4, CH2)2S,2R, 

30.4 (CH2)2S, 30.2 (CH2)2R, 30.0 (CH2)*2S, 29.9 (CH2)*2R, 25.3 (4, CH2)2S,2R, 22.8 (4, 

CH2)2S,2R, 18.8 (CH3)2S, 18.22 (CH3)*2S, 18.2 (CH3)2R, 17.6 (CH3)*2R, 14.2 (4, CH3)2S,2R; 

* rotamer 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C18H35NO3Na 336.2515; Found 336.2513. 
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Reaction B 

To a solution of N-allylmethylamine (25 µL, 0.24 mmol, 2 equiv.) in CH2Cl2 (1 

mL, 0.2 M), was added trimethylaluminum (2 M in toluene, 0.105 mL, 0.28 mmol, 1.75 

equiv.) at room temperature and stirred for 30 minutes. Then the mixture was cannulated 

under argon to a solution of lactone methyl ether (2S)-2.1.6  (30 mg, 0.12 mmol, 1 equiv.). 

in CH2Cl2 (0.5 mL, 0.2 M) in a pressure vial and stirred at 40 ºC for 18 hours (TLC 

monitoring). Then the reaction mixture was cooled to room temperature and an additional 

1.75 equivalence of N-allylmethylamine aluminum complex in CH2Cl2 was added and 

continued stirring for 12 more hours at 40 ºC (complete by TLC). Reaction mixture was 

diluted with CH2Cl2 (2 mL) and quenched carefully with 1 M HCl solution (1 mL) at 0 ºC. 

The aqueous layer was extracted with CH2Cl2 (3 x 2 mL), and the organic layers were 

combined, dried over Na2SO4, filtered, and concentrated under reduced pressure. 

Purification via flash column chromatography (silica, 0%–100% EtOAc in hexanes) 

delivered the amide (2R)-2.2.2 and (2S)-2.2.2 (18 mg, 0.05 mmol, 48% yield) as a mixture 

of diastereomers (2R: 2S: 1: 2) and rotamers (1:1) as a colorless oil. TLC (EtOAc/Hexane, 

2/3): Rf = 0.4. 

FTIR (neat): 3429 (br), 3082, 2930, 2858, 1633, 1461, 1405, 1271, 1093, 990, 990,  

802 cm-1; 

Optical Rotation: [𝑎]  = +19.0 (c = 0.1, CHCl3); 

***Note: 1H and 13C NMR assignments for the mixture of 2R and 2S-diastereomers were 

made by comparing to the epimer (2R)-2.2.2. 

1H NMR (500 MHz, CDCl3) δ 5.83–5.68 (m, 1H,(2R, 2S-isomer, two rotamers) 

C(O)N(Me)CH2CH=CH2), 5.25–5.09 (m, 2H,(2R, 2S-isomer, two rotamers) 
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C(O)N(Me)CH2CH=CH2), 4.07–3.93 (m, 2H,(2R, 2S-isomer, two rotamers) 

C(O)N(Me)CHaHbCH=CH2), 3.88–3.82 (t, J = 6.6 Hz, 0.36H,(2R-isomer, two rotamers) 

CH(OMe)CHaHbCH(OH)CHaHb), 3.81–3.74 (tt, J = 8.75, 4.01 Hz, 0.69H, (2S-isomer, two 

rotamers) CH(OMe)CHaHbCH(OH)CHaHb), 3.49–3.42 (m, 1H, (2S-, 2R-isomer, two rotamers), 

CH3(CH2)4CH(OMe)CHaHbCH(OH)CHaHb), 3.35 (d, J = 8.75, 4.01 Hz, 3H,(2R, 2S-isomer, two 

rotamers) CH3(CH2)4CH(OMe)CHaHbCH(OH)CHaHb), 2.96 (d, J = 32.6 Hz, 2H, (2S-isomer, two 

rotamers), C(O)N(Me)CH2CH=CH2), 2.95 (d, J = 30.0 Hz, 1H, (2R-isomer, two rotamer), 

C(O)N(Me)CH2CH=CH2), 2.76–2.57 (m, 1H, (2S-, 2R-isomer, two rotamers), CH(OH) 

CH2CH2CH(Me)C(O)N(Me)CH2), 1.87–1.74 (m, 1H, CH(OH) 

CH2CHaHbCH(Me)C(O)N(Me)CH2), 1.69–1.60 (m, 2H, 

CH3(CH2)3CHaHbCH(OMe)CHaHbCH(OH)), 1.57–1.49 (m, 1H, 

CH3(CH2)3CHaHbCH(OMe)CHaHbCH(OH), 1.49–1.36 (m, 4H, 

CH3(CH2)3CHaHbCH(OMe)CHaHbCH(OH), 

CH(OH)CH2CHaHbCH(Me)C(O)N(Me)CH2), 1.32–1.23 (m, 6H, 

CH3(CH2)3CHaHbCH(OMe)), 1.12 (t, J = 6.4 Hz, 3H, (2S-, 2R-isomer, two rotamers) 

CH(OH)CH2CHaHbCH(Me)C(O)N(Me)CH2), 0.89 (t, J = 6.7 Hz, 3H, 

CH3(CH2)3CHaHbCH(OMe)CHaHbCH(OH)); 

13C NMR (126 MHz, CDCl3) δ 177.2 (C=O, amide)2S , 177.0 (C=O, amide)2R, 176.7 (C=O, 

amide)*2S, 176.4 (C=O, amide)*2R, 133.4 (CH=CH2)2R, 133.3 (CH=CH2)2S, 133.22 

(CH=CH2)*2R, 133.18 (CH=CH2)*2S, 117.13 (CH=CH2)2S, 117.09 (CH=CH2)2R, 116.8 

(CH=CH2)*2S, 116.7 (CH=CH2)*2R, 79.7 (2, CH)2R, 79.6 (CH)2S, 79.5 (CH)*2S, 68.8 (2, 

CH)2R, 68.3 (CH)2S, 68.1 (CH)*2S, 56.97 (CH3)2S, 56.95 (CH3)*2S, 56.9 (2, CH3)2R, 52.20 

(CH2)2S, 52.16 (CH2)2R, 50.4 (CH2)*2S, 50.3 (CH2)*2R, 39.6 (CH2)2S, 39.4 (CH2)*2S, 39.15 
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(CH2)2R, 39.1 (CH2)*2R, 36.2 (CH)2S, 35.92 (CH)2R, 35.91 (CH)*2S, 35.7 (CH)*2R, 36.1 

(CH2)2S, 36.0 (CH2)*2S, 35.48 (CH2)2R, 35.46 (CH2)*2R, 34.9 (CH3)2S, 34.8 (CH3)2R, 34.0 

(CH3)*2S, 33.96 (CH3)*2R, 33.2 (CH2)2S, 33.1 (CH2)*2S, 33.0 (2, CH2)2R, 32.1 (4, CH2)2S,2R, 

30.4 (CH2)2S, 30.2 (CH2)2R, 30.0 (CH2)*2S, 29.9 (CH2)*2R, 25.3 (4, CH2)2S,2R, 22.8 (4, 

CH2)2S,2R, 18.8 (CH3)2S, 18.23 (CH3)*2S, 18.2 (CH3)2R, 17.6 (CH3)*2R, 14.2 (4, CH3)2S,2R; 

* rotamer  

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C18H35NO3Na 336.2515; Found 336.2502. 
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13C Comparison of the Epimeric Products of the Reactions A and B  

2R and 2S epimers identified by comparing to 2R epimer (Table 5.5) 

 

Table 5.4 13C data for products obtained from two reactions A and B (Scheme 5.1) 

C #  Pdt of Reaction A 
13C (±0.1 ppm) 

Pdt of Reaction B 
13C (±0.1 ppm) 

 ppm 

C1(2S) 177.2 177.2 0.0 
C1(2R) 177.0 177.0 0.0 
C1(2S)* 176.7 176.7 0.0 
C1(2R)* 176.4 176.4 0.0 
C2(2S) 36.2 36.2 0.0 
C2(2R) 35.9 35.9 0.0 
C2(2S)* 35.9 35.9 0.0 
C2(2R)* 35.7 35.7 0.0 
C3(2S) 33.2 33.2 0.0 
C3(2R) 33.1 33.1 0.0 
C3(2S)* 33.0 33.0 0.0 
C3(2R)* 33.0 33.0 0.0 
C4(2S) 36.1 36.1 0.0 
C4(2S)* 36.0 36.0 0.0 
C4(2R) 35.5 35.5 0.0 
C4(2R)* 35.5 35.5 0.0 
C5(2R) 68.8 68.8 0.0 
C5(2R)* 68.8 68.8 0.0 
C5(2S) 68.3 68.3 0.0 
C5(2S)* 68.1 68.1 0.0 
C6(2S) 39.6 39.6 0.0 
C6(2S)* 39.4 39.4 0.0 
C6(2R) 39.2 39.1 0.1 
C6(2R)* 39.1 39.1 0.0 
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Table 5.1 continued 

C #  Pdt of Reaction A 
13C (±0.1 ppm) 

Pdt of Reaction B 
13C (±0.1 ppm) 

 ppm 

C7(2R) 79.7 79.7 0.0 
C7(2R)* 79.7 79.7 0.0 
C7(2S) 79.6 79.6 0.0 
C7(2S)* 79.5 79.5 0.0 
C8(2S) 30.4 30.4 0.0 
C8(2S)* 30.2 30.2 0.0 
C8(2R) 30.0 30.0 0.0 

C8(2R)* 29.9 29.9 0.0 
13(2S) 18.8 18.8 0.0 
13(2S)* 18.2 18.2 0.0 
13(2R) 18.2 18.2 0.0 
13(2R)* 17.6 17.6 0.0 
OMe(2S) 57.0 57.0 0.0 
OMe 2S)* 56.9 56.9 0.0 
OMe (2R) 56.9 56.9 0.0 
OMe (2R)* 56.9 56.9 0.0 
NMe(2S) 34.9 34.9 0.0 
NMe (2R) 34.8 34.8 0.0 
NMe (2S)* 34.0 34.0 0.0 
NMe (2R)* 33.9 33.9 0.0 

C20(2S) 117.1 117.1 0.0 
C20(2R) 117.1 117.1 0.0 
C20(2S)* 116.8 116.8 0.0 
C20(2R)* 116.7 116.7 0.0 
C21(2R) 133.4 133.4 0.0 
C21(2S) 133.3 133.3 0.0 

C21(2R)* 133.2 133.2 0.0 
C21(2S)* 133.2 133.2 0.0 
C22(2S) 52.2 52.2 0.0 
C222R) 52.2 52.2 0.0 

C22(2S)* 50.4 50.4 0.0 
C22(2R)* 50.3 50.3 0.0 

 
Note: For C9, C10, C11 and C12 single 13C peaks were obtained at 32.1, 25.3, 22.8 and 
14.2 ppm values respectively for both epimeric rotamers   
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Figure 5.1(a) Graphical representation of  ppm (±0.1 ppm) vs C number (C1–C7) 
 

 
 

Figure 5.1(b) Graphical representation of  ppm (±0.1 ppm) vs C number (C8–C18) 
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Epimeric mixture of (5S,7S)-1-(allyl(methyl)amino)-7-methoxy-2-methyl-1-
oxododecan-5-yl (S)-2-(acryloyloxy)-3-methylbutanoate (C26H45NO6, (2R)-, (2S)-
2.2.4) 
 

 
 

To a solution of (S)-2-(acryloyloxy)-3-methylbutanoic acid 2.2.3 (27.5 mg, 0.16 

mmol, 2 equiv.) in dry THF (0.3 mL) was added freshly distilled N,N-

diisopropylethylamine (22 µL, 0.14 mmol, 2.5 equiv.) followed by 2,4,6-trichlorobenzoyl 

chloride (TCBC) (27 µL, 0.25 mmol, 1.8 equiv.) and stirred at room temperature for 3 

hours, and the resulted mixed anhydride was concentrated under reduced pressure. The 

crude mixture was then redissolved in dry toluene (0.3 mL) and cannulated to a stirring 

solution of amide (2R)-, (2S)-2.2.2 (25 mg, 0.08 mmol, 1.0 equiv.) and DMAP (12 mg, 0.1 

mmol, 1.2 equiv.) in toluene (0.3 mL) at 0 ºC. After stirring for 15 minutes at 0 ºC the 

reaction mixture was stirred for an additional 12 hours at room temperature (complete by 

TLC). Reaction mixture was diluted with CH2Cl2 (1 mL) and was added sat. NaHCO3 (2 

mL). The aqueous layer was extracted with CH2Cl2 (3 x 1.5 mL), and the organic layers 

were combined, dried over Na2SO4, filtered, and concentrated under reduced pressure. 

Purification via flash column chromatography (silica, 0%–50% EtOAc in hexanes) to 

obtain diene (2R)-, (2S)-2.2.4 (23.5 mg, 0.05 mmol, 67% yield) in a mixture of 

diastereomeric rotamers (2R: 2S =1:2, 1:1 rotamers) as a colorless oil. TLC 

(EtOAc/Hexane, 1/1): Rf = 0.6. 
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FTIR (neat): 3202, 2955, 2924,2853, 1731, 1657, 1634, 1463, 1406, 1260, 1186,  

804 cm-1; 

Optical Rotation: [𝑎]  = +2.3 (c = 0.4 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 6.46 (dd, J = 17.3 , 2.1 Hz, 1H, 

OC(O)CH(CH(CH3)2)OC(O)CH=CHaHb), 6.25–6.13 (m, 1H, 

OC(O)CH(CH(CH3)2)OC(O)CH=CHaHb), 5.89 (d, J = 10.5 Hz, 1H, 

OC(O)CH(CH(CH3)2)OC(O)CH=CHaHb), 5.80–5.68 (m, 1H, (2R, 2S-isomer, two rotamers) 

C(O)N(Me)CHaHbCH=CH2), 5.21–5.10 (m, 3H, (2R, 2S-isomer, two rotamers) 

C(O)N(Me)CHaHbCH=CH2, CH3(CH2)4CH(OMe)CHaHbCH(OC(O))CHaHb), 4.88 (dd, J 

= 9.65, 4.2 Hz, 1H, OC(O)CH(CH(CH3)2)OC(O)CH=CHaHb), 4.00–3.88 (m, 1H, (2R, 2S-

isomer, two rotamers) C(O)N(Me)CHaHbCH=CH2), 3.29 (s, 3H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 3.10–3.03 (m, 1H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 2.95 (d, J = 33.8 Hz, 3H, (2R-isomer, two rotamers) 

C(O)N(Me)CHaHbCH=CH2), 2.95 (d, J = 28.8 Hz, 3H, (2S-isomer, two rotamers) C(O)N(Me) 

CHaHbCH=CH2), 2.77–2.58 (m, 1H, (2R, 2S-isomer, two rotamers) 

CH(OC(O))CH2CH2CH(Me)C(O)N(Me)CHaHb), 2.27 (pd, J = 7.0, 4.3 Hz, 1, 

OC(O)CH(CH(CH3)2)OC(O)CH=CHaHb), 1.77–1.68 (m, 1H, 

CH(OMe)CHaHbCH(OC(O))CH2CHaHb), 1.73–1.62 (m, 6H, 

CH2CH(OMe)CHaHbCH(OC(O))CH2CHaHb), 1.45–1.35 (m, 1H, 

CH(OMe)CHaHbCH(OC(O))CH2CHaHb), 1.34–1.21 (m, 6H, 

CH3(CH2)3CHaHbCH(OMe), 1.11–1.06 (m, 3H, (2R, 2S-isomer, two rotamers) 

CH(Me)C(O)N(Me)CH2), 1.03 (dd, J = 10.1, 6.8 Hz, 6H, 
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OC(O)CH(CH(CH3)2)OC(O)CH=CHaHb), 0.89 (td, J = 7.0 Hz, 3H, 

CH3(CH2)3CHaHbCH(OMe); 

 

13C NMR (126 MHz, CDCl3) δ 176.7 (C=O, amide)2S,2R, 176.0 (C=O, amide)*2R, 175.9 

(C=O, amide)*2S, 169.6 (C=O)2R, 169.5 (C=O)*2R, 169.46 (C=O)2S, 169.44 (C=O)*2S,165.8 

(C=O) 2S,2R, 133.5 (CH=CH2)2S, 133.4 (CH=CH2)2R, 133.3 (CH=CH2)*2S, 133.25 

(CH=CH2)*2R, 131.7 (CH=CH2) 2S,2R, 128.0 (CH=CH2) 2S,2R, 117.1 (CH=CH2)2R, 116.97 

(CH=CH2)2S, 116.74 (CH=CH2)*2R, 116.58 (CH=CH2)*2S, 77.4 (CH)2S,2R, 77.3 (CH) 2S,2R, 

77.23 (CH)* 2S,2R, 73.0 (CH) 2S, 72.9 (CH)*2S, 72.4 (CH)2R, 57.0 (CH3)2S,2R, 52.18 (CH2)2R, 

52.15 (CH2)2S, 50.27 (CH2)*2S,2R, 39.4 (CH2)2R, 39.36 (CH2)*2R, 39.2 (CH2)2S, 39.16 

(CH2)*2S, 35.6 (CH)2S, 35.5 (CH)*2S, 35.25 (CH)2R, 35.1 (CH)*2R, 34.8 (CH3)2S,2R, 33.96 

(CH3)*2S, 33.93 (CH3)*2R, 33.6 (CH2)2S,2R, 32.3 (CH2)*2S,2R, 32.7 (CH2)2S, 32.6 (CH2)*2S 

32.5 (CH2)2R, 30.26 (CH) 2S, 30.24 (CH) 2R, 29.5 (CH2)2S,2R, 29.2 (CH2)*2S,2R, 29.1 

(CH2)2S,2R, 28.8 (CH2)*2S,2R, 24.7(CH2)2S,2R, 22.8(CH2)2S,2R, 19.15 (CH3) 2R, 19.13 (CH3) 2S, 

18.21 (CH3)2R, 18.18 (CH3)2S, 17.6 (CH3)*2R, 17.5 (CH3)* 2S, 17.34 (CH3)2S,2R, 14.2 (CH3) 

2S,2R; 

* rotamer  

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C26H45NO6Na 490.3145; Found 490.3158. 
 
  



 253 

Diastereomeric mixture of (3S,14S,E)-3-isopropyl-14-((S)-2-methoxyheptyl)-9,11-
dimethyl-1,4-dioxa-9-azacyclotetradec-7-ene-2,5,10-trione (C24H41NO6, (2R)-, (2S)-
2.1-A) 
 

 
 

To a solution of diene (2R)-, (2S)-2.2.4 (18 mg, 0.04 mmol) in degassed CHCl3 (40 

mL, 0.001 M) in a round-bottom flask was added G-II catalyst (6.5 mg, 0.008 mmol, 20 

mol%) and stirred at 60 ºC for 18 hours (complete by TLC). The solvent was evaporated 

under reduced pressure. Flash column chromatography (silica, 0%–50% EtOAc in 

hexanes) was performed to obtain macrocycle (2R)-, (2S)-2.2.5 (8.8 mg, 0.02 mmol, 50% 

yield) as a complex mixture of E and Z isomers. (TLC (EtOAc/Hexane, 3/1): Rf = 0.4) 

Product was confirmed via HRMS data and 1H NMR.  

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C24H41NO6Na 462.2832; Found 462.2859. 

Next, to a solution of macrolactone (2R)-, (2S)-2.2.5 (8.8 mg, 0.04 mmol, 1 equiv.) in 

degassed toluene (1 mL) was added (PPh3)3RuH(CO)Cl catalyst under Ar and refluxed for 

12 hours (complete by TLC). The solvent was evaporated under reduced pressure. Flash 

column chromatography (silica, 0%–50% EtOAc in hexanes) was performed to obtain 

enamide macrocycle (2R)-, (2S)-2.1-A (4.2 mg, 0.01 mmol, 51% yield) as a mixture of two 

diastereomers  

(2R: 2S =1:3). TLC (EtOAc/Hexane, 1/1): Rf = 0.5. 

Optical Rotation: [𝑎]  = -18.7 (c = 0.16, CHCl3); 
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1H NMR (500 MHz, CDCl3) δ 7.17 (d, J = 14.1 Hz, 1H,2S isomer 

C(O)N(Me)CH=CHCHaHbC(O)OCH(CH(CH3)2), 6.73 (d, J = 14.0 Hz, 0.3H,2R isomer 

C(O)N(Me)CH=CHCHaHbC(O)OCH(CH(CH3)2), 5.34–5.24 (m, 1H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 5.17–5.11 (m, 1H, 2S, 2R isomers 

C(O)N(Me)CH=CHCHaHbC(O)OCH(CH(CH3)2), 5.03 (d, J = 4.7 Hz, 1H, 

C(O)N(Me)CH=CHCHaHbC(O)OCH(CH(CH3)2), 3.30 (s, 1H, minor 2R isomer 

CH(OMe)CHaHbCH(OC(O))CHaHb), 3.29 (s, 3 H, major 2S isomer 

CH(OMe)CHaHbCH(OC(O))CHaHb), 3.25–3.15 (m, 2H, major 2S isomer 

C(O)N(Me)CH=CHCHaHbC(O)OCH(CH(CH3)2), 3.18–3.14 (m, 0.7H, minor 2R isomer 

C(O)N(Me)CH=CHCHaHbC(O)OCH(CH(CH3)2), 3.14–3.11 (m, 1H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 3.09 (s, 3 H, major 2S isomer 

C(O)N(Me)CH=CHCHaHbC(O)OCH), 3.08 (s, 1 H, minor 2R isomer 

C(O)N(Me)CH=CHCHaHbC(O)OCH), 3.06–3.02 (m, 1H, major 2S isomer 

CH(OC(O))CH2CH2CH(Me)C(O)N(Me), 2.63–2.53 (m, 0.3H, minor 2R isomer 

CH(OC(O))CH2CH2CH(Me)C(O)N(Me), 2.41–2.34 (m, 1H, major 2S isomer 

C(O)N(Me)CH=CHCHaHbC(O)OCH(CH(CH3)2), 2.32–2.25 (m, 0.3H, minor 2R isomer 

C(O)N(Me)CH=CHCHaHbC(O)OCH(CH(CH3)2), 1.80–1.56 (m, 6H, 

CH3(CH2)3CHaHbCH(OMe)CHaHb, CH(OC(O))CH2CH2CH(Me)C(O)N(Me)), 1.52–1.34 

(m, 8H, CH3(CH2)3CHaHbCH(OMe)CHaHb), 1.15 (d, J = 6.4 Hz, 1H, minor 2R isomer 

CH(OC(O))CH2CH2CH(Me)C(O)N(Me)), 1.10 (d, J = 6.6 Hz, 3H, major 2S isomer 

CH(OC(O))CH2CH2CH(Me)C(O)N(Me)), 1.03 (d, J = 6.6 Hz, 3H, major 2S isomer 

C(O)N(Me)CH=CHCHaHbC(O)OCH(CH(CH3)2), 1.00 (d, J = 6.6 Hz, 3H, major 2S isomer 

C(O)N(Me)CH=CHCHaHbC(O)OCH(CH(CH3)2), 0.97 (d, J = 6.8 Hz, 1H, minor 2R isomer  
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C(O)N(Me)CH=CHCHaHbC(O)OCH(CH(CH3)2), 0.92 (d, J = 6.8 Hz, 1H, minor2R isomer 

C(O)N(Me)CH=CHCHaHbC(O)OCH(CH(CH3)2), 0.89 (t, J = 6.8 Hz, 3H, 

CH3(CH2)3CHaHbCH(OMe)CHaHb); 

13C NMR (126 MHz, CDCl3) δ 175.7 (C=O, amide), 170.5 (C=O),169.3 (C=O), 132.5 

(CH=CH)2R, 132.2 (CH=CH)2S, 104.7 (CH=CH)2S, 103.1 (CH=CH)2R, 77.7 (CH)2S,2R, 77.5 

(CH)2S,2R, 74.4 (CH)2S, 74.4 (CH)2R, 56.8 (CH3)2S,2R, 40.5 (CH2)2R, 38.6 (CH2)2S, 38.0 

(CH)2R, 36.3 (CH)2S, 35.1 (CH2)2S, 34.3 (CH2)2R, 33.4 (CH2)2S, 33.37 (CH2)2R, 32.2 (CH2)2S, 

33.1 (CH2)2R, 30.8 (CH3)2R, 30.7 (CH3)2S, 30.6 (CH2)2S,2R, 30.3 (CH)2S, 29.6 (CH)2R, 28.8 

(CH2)2S,2R, 24.5 (CH2)2S,2R, 22.8 (CH2)2S,2R, 18.9 (CH3)2S, 18.7 (CH3)2R, 17.3 (CH3)2S, 17.3 

(CH3)2R, 16.2 (CH3)2S, 14.9 (CH3)2R, 14.2 (CH3)2S,2R ; 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C24H41NO6Na 462.2832; Found 462.2839. 
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(2R,5S,7S)-5-hydroxy-7-methoxy-N,2-dimethyldodecanamide (C15H31NO3, 2.10.1) 
 

 
 

To a pressure vial equipped with a stir bar and the lactone methyl ether (2R)-2.1.6 

( 20 mg, 0.08 mmol, 1 equiv.), was added  triethylamine (Et3N, 0.14 mL, 1 mmol, 12 

equiv.), followed by hydrochloric salt of methyl amine (MeNH2.HCl, 17 mg, 0.24 mmol, 

3 equiv.). pressure vial was sealed and heated to 90 ºC, stirred for 48 hours (complete by 

TLC). Reaction mixture was diluted with CH2Cl2 (1 mL) and was added sat. NaCl (1 mL). 

The aqueous layer was extracted with CH2Cl2 (3 x 1.5 mL), and the organic layers were 

combined, dried over Na2SO4, filtered, and concentrated under reduced pressure. 

Purification via flash column chromatography (silica, 50%–100% EtOAc in hexanes then 

5% MeOH in EtOAc) to obtain the amide 2.10.1 (12 mg, 0.05 mmol, 62% yield, yellow 

oil) as a single diastereomer (10:1 rotamers). TLC (EtOAc): Rf = 0.2. 

FTIR (neat): 3331 (br), 2931, 2858, 2874, 2095, 1651, 1456, 1412, 1376, 1265,  

1146 cm-1; 

Optical Rotation: [𝑎]  = +17.3 (c = 0.5 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 5.70–5.60 (m, 1H, C(O)N(Me)H), 3.86 (ddq, J = 9.3, 5.0, 

2.4 Hz, 1H, CH(OMe)CHaHbCH(OH)CHaHb), 3.45 (qd, J = 6.5, 3.3 Hz, 1H, 

CH(OMe)CHaHbCH(OH)CHaHb), 3.35 (s, 3H, CH(OMe)CHaHbCH(OH)CHaHb), 2.79 (d, 

J = 4.8 Hz, 3H, C(O)N(Me)H), 1.08 (dt, J = 13.2, 1.8 Hz, 1H, 

CH(OH)CH2CH2CH(Me)C(O)N(Me)H), 1.80–1.72 (m, 1H, 

CH(OH)CH2CHaHbCH(Me)C(O)N(Me)H), 1.69–1.57 (m, 2H, 
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CHaHbCH(OMe)CHaHbCH(OH), 1.56–1.50 (m, 1H, CHaHbCH(OMe)CHaHbCH(OH), 

1.50–1.40 (m, 4H, CHaHbCH(OMe)CHaHbCH(OH), 

CH(OH)CH2CHaHbCH(Me)C(O)N(Me)H), 1.32–1.25 (m, 6H, 

CH3(CH2)3CHaHbCH(OMe), 1.14 (d, J = 6.9 Hz, 3H, 

CH(OH)CH2CHaHbCH(Me)C(O)N(Me)H), 0.89 (t, J = 6.9 Hz, 3H, 

CH3(CH2)3CHaHbCH(OMe); 

13C NMR (126 MHz, CDCl3) δ 177.2 (C=O, amide) , 177.0 (C=O, amide)*, 79.7 (CH), 

76.4 (CH)*, 68.7 (CH), 67.2 (CH)*, 56.9 (CH3), 55.1 (CH3)*, 42.6 (CH2)*, 41.4 (CH), 

39.0 (CH2), 35.2 (CH2), 35.0 (CH2)*, 33.0 (CH2), 32.7 (CH2)*, 32.1 (CH2), 31.7 (CH2)*, 

31.1 (CH2)*, 30.19(CH), 30.0 (CH2)*, 27.8 (CH2)*, 26.3 (CH3), 25.6 (CH2)*, 25.3 (CH2), 

25.1 (CH3)*, 22.7 (CH2), 22.6 (CH2)*, 18.1 (CH3), 14.2 (CH3); 

* minor rotamer 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C13H27NO3Na 268.1889; Found 268.1891. 
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(2R,5S,7S)-5-((tert-butyldimethylsilyl)oxy)-7-methoxy-N,2-dimethyldodecanamide 
(C21H45NO3Si, 2.10.2) 
 

 
 

To a round bottom flask, equipped with a stir bar, and argon inlet, was added amide 

2.10.1 (10 mg, 0.04 mmol, 1 equiv.) in CH2Cl2 (0.4 mL), TBSCl (18 mg, 0.12 mmol, 3 

equiv.), imidazole (6.8 mg, 0.1 mmol, 2.5 equiv.), and DMAP (0.2 mg, 0.002 mmol, 0.04 

equiv.). The reaction mixture was stirred at room temperature for 18 hours to ensure 

complete conversion of reactive starting material (complete by TLC). Reaction mixture 

was diluted with CH2Cl2 (1 mL) and was added sat. NaHCO3 (1 mL). The aqueous layer 

was extracted with CH2Cl2 (3 x 1.5 mL), and the organic layers were combined, dried over 

Na2SO4, filtered, and concentrated under reduced pressure. Purification via flash column 

chromatography (silica, 0%–50% EtOAc in hexanes) to obtain the TBS protected amide 

alcohol 2.10.2 (12 mg, 0.03 mmol, 72% yield, colorless oil) as a single diastereomer. TLC 

(EtOAc/Hexane, 1:1): Rf = 0.3. 

FTIR (neat): 2929, 2857, 1647, 1558, 1462, 1379, 1254, 1092, 938, 835, 773 cm-1; 

Optical Rotation: [𝑎]  = +23.2 (c = 0.26 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 5.44–5.37 (m, 1H, C(O)N(Me)H), 3.89–3.83 (m, 1H, 

CH(OMe)CHaHbCH(OTBS)CHaHb), 3.32–3.25 (m, 1H, 

CH(OMe)CHaHbCH(OTBS)CHaHb), 3.29 (s, 3H, CH(OMe)CHaHbCH(OTBS)CHaHb), 

2.80 (d, J = 4.8 Hz, 3H, C(O)N(Me)H), 2.11 (p, J = 6.6 Hz, 1H, 

CH(OH)CH2CH2CH(Me)C(O)N(Me)H), 1.68–1.57 (m, 1H, 

CH(OH)CH2CHaHbCH(Me)C(O)N(Me)H), 1.52–1.39 (m, 7H, CHaHbCH(OMe)CHaHb, 
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CH(OTBS)CH2CHaHbCH(Me), 1.32–1.25 (m, 6H, CH3(CH2)3CHaHbCH(OMe), 1.14 (d, 

J = 6.9 Hz, 3H, CH(OTBS)CH2CHaHbCH(Me)C(O)N(Me)H), 0.92–0.89 (m, 3H, 

CH3(CH2)3CHaHbCH(OMe), 0.88 (s, 9H, CH(OSi(Me)2C(CH3)3), 0.05 (d, J = 3.5 Hz, 

6H, CH(OSi(Me)2C(CH3)3); 

13C NMR (126 MHz, CDCl3) δ 177.2 (C=O, amide) , 77.4 (CH), 69.0 (CH), 55.9 (CH3), 

41.8 (CH2), 41.7 (CH), 35.9 (CH2), 33.1(CH2), 29.7 (CH2), 29.2 (CH2), 26.3 (CH3), 26.1 

(3, Si(CH3)2C(CH3)3), 24.5 (CH2), 22.8 (CH2), 18.2 (Si(CH3)2C(CH3)3), 18.0 (CH3), 14.2 

(CH3), -3.9 (Si(CH3)2C(CH3)3), -4.5 (Si(CH3)2C(CH3)3); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C19H41NO3SiNa 382.2753; Found 382.2764. 
  



 260 

(2R,5S,7S)-N-allyl-5-((tert-butyldimethylsilyl)oxy)-7-methoxy-N,2-
dimethyldodecanamide (C24H49NO3Si, 2.10.3) 
 

 

To a round bottom flask, equipped with a stir bar, argon inlet, and the amide alcohol 

2.10.2 (10 mg, 0.04 mmol, 1 equiv.) in THF (0.4 mL) was added NaH (60% dispersion in 

mineral oil, 3 mg, 0.12 mmol, 3 equiv.) at 0 ºC and stirred for 15 minutes. Then was added 

tetrabutylammonium iodide (TBAI, 3 mg, 0.008 mmol, 0.2 equiv.) in one portion, followed 

by allyl bromide (17.3 µL, 0.2 mmol, 5 equiv.) in dropwise. The reaction mixture was 

stirred at 40 ºC for 48 hours to ensure complete conversion of reactive starting material 

(complete by TLC). Reaction mixture was diluted with EtOAc (2 mL) and was added sat. 

NH4Cl (1 mL). The aqueous layer was extracted with EtOAc (3 x 1.5 mL), and the organic 

layers were combined, dried over Na2SO4, filtered, and concentrated under reduced 

pressure. Purification via flash column chromatography (silica, 0%–50% EtOAc in 

hexanes) to obtain the TBS protected amide alcohol 2.10.3(10 mg, 0.03 mmol, 64% yield, 

colorless oil) as a single diastereomer (1:1 rotamers). TLC (EtOAc/Hexane, 1:1): Rf = 0.7. 

FTIR (neat): 3434, 3080, 2933, 2860, 1634, 1468, 1408, 1091, 990 cm-1, 

Optical Rotation: [𝑎]  = +8.6 (c = 0.2, CHCl3); 

1H NMR (500 MHz, CDCl3) δ 5.94–5.68 (m, 1H, two rotamers C(O)N(Me)CHaHbCH=CH2), 

5.24–5.08 (m, 2H, two rotamers C(O)N(Me)CCHaHbCH=CH2), 4.07–3.88 (m, 2H, two rotamers 

C(O)N(Me)CCHaHbCH=CH2), 3.88–3.82 (m, 1H, CH(OMe)CHaHbCH(OTBS)CHaHb), 

3.32–3.28 (m, 1H, CH(OMe)CHaHbCH(OTBS)CHaHb), 3.29 (s, 3H, 
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CH(OMe)CHaHbCH(OTBS)CHaHb), 2.94 (d, J = 26.6 Hz, 3H, two rotamers 

C(O)N(Me)CHaHbCH=CH2), 2.64 (q, J = 6.5 Hz, 0.5H, rotamer 

CH(OH)CH2CH2CH(Me)C(O)N(Me)), 2.55–2.48 (m, 0.5H, rotamer 

CH(OH)CH2CH2CH(Me)C(O)N(Me)), 1.68–1.57 (m, 1H, 

CH(OH)CH2CHaHbCH(Me)C(O)N(Me)), 1.52–1.39 (m, 7H, CHaHbCH(OMe)CHaHb, 

CH(OTBS)CH2CHaHbCH(Me)), 1.32–1.25 (m, 6H, CH3(CH2)3CHaHbCH(OMe), 1.11 (t, 

J = 6.8 Hz, 3H, two rotamers CH(OTBS)CH2CHaHbCH(Me)C(O)N(Me)), 0.92–0.89 (m, 3H, 

CH3(CH2)3CHaHbCH(OMe)), 0.88 (s, 9H, CH(OSi(Me)2C(CH3)3), 0.05 (t, J = 3.2 Hz, 

6H, CH(OSi(Me)2C(CH3)3); 

13C NMR (126 MHz, CDCl3) δ 176.3 (C=O, amide) , 133.5 (CH=CH2), 133.3 (CH=CH2)*, 

117.1 (CH=CH2), 116.6 (CH=CH2)*, 77.4 (CH), 77.37 (CH)*, 69.1 (CH), 69.0 (CH)*, 55.9 

(CH3), 52.2 (CH2), 50.3 (CH2)*, 41.72 (CH2), 41.68 (CH2)*, 36.1 (CH), 35.9 (CH2), 35.8 

(CH)*, 34.8 (CH3), 34.0 (CH3)*, 33.9 (CH2), 29.1 (CH2), 28.9 (CH2)*, 27.1 (CH2), 26.1 

(3, Si(CH3)2C(CH3)3), 24.5 (CH2), 23.1 (CH2), 22.8 (CH2)*, 18.2 (Si(CH3)2C(CH3)3), 18.0 

(CH3), 17.5 (CH3)*, 14.2 (CH3), -3.9 (Si(CH3)2C(CH3)3), -4.5 (Si(CH3)2C(CH3)3); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C24H49NO3SiNa 450.3379; Found 450.3385. 
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(2R,5S,7S)-N-allyl-5-hydroxy-7-methoxy-N,2-dimethyldodecanamide (C18H35NO3, 
(2R)-2.2.2) 
 

 
 

To a round bottom flask, equipped with a stir bar, argon inlet, and the TBS protected 

amide alcohol 2.10.3 (8 mg, 0.02 mmol, 1 equiv.) in THF (0.4 mL) was added TBAF (1 M 

in THF, 80 µL, 0.08 mmol, 4 equiv.) at room temperature and stirred for 18 hours (complete 

by TLC). Reaction mixture was diluted with EtOAc (2 mL) and was added sat. NH4Cl (1 

mL). The aqueous layer was extracted with EtOAc (3 x 1.5 mL), and the organic layers 

were combined, dried over Na2SO4, filtered, and concentrated under reduced pressure. 

Purification via flash column chromatography (silica, 0%–100% EtOAc in hexanes) to 

obtain the amide alcohol (2R)-2.2.2 (6 mg, 0.018 mmol, 92% yield, colorless oil) as a single 

diastereomer (1:1 rotamers). TLC (EtOAc/Hexane, 2:1): Rf = 0.6. 

FTIR (neat): 3420, 3034, 2928, 2848, 1634, 1560, 1456, 1091, 990 cm-1; 

Optical Rotation: [𝑎]  = +17.6 (c = 0.18, CHCl3); 

1H NMR (500 MHz, CDCl3) δ 5.76 (dddd, J = 24.3, 11.7, 10.1, 5.3 Hz, 1H, two rotamers 

C(O)N(Me)CHaHbCH=CH2), 5.24–5.12 (m, 2H, two rotamers C(O)N(Me)CCHaHbCH=CH2), 

4.09–3.92 (m, 2H, two rotamers C(O)N(Me)CCHaHbCH=CH2), 3.90–3.81 (m, 1H, 

CH(OMe)CHaHbCH(OH)CHaHb), 3.50–3.41 (m, 1H, CH(OMe)CHaHbCH(OH)CHaHb), 

3.36 (s, 3H, CH(OMe)CHaHbCH(OH)CHaHb), 2.95 (d, J = 29.5 Hz, 3H, two rotamers 

C(O)N(Me)CHaHbCH=CH2), 2.78–2.70 (m, 0.5H, rotamer 

CH(OH)CH2CH2CH(Me)C(O)N(Me)), 2.65–2.59 (m, 0.5H, rotamer 

CH(OH)CH2CH2CH(Me)C(O)N(Me)), 2.38-2.29 (m, 1H, 
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CH(OH)CH2CH2CH(Me)C(O)N(Me)), 1.87–1.75 (m, 1H, 

CH(OH)CH2CHaHbCH(Me)C(O)N(Me)), 1.66–1.49 (m, 7H, CHaHbCH(OMe)CHaHb, 

CH(OH)CH2CHaHbCH(Me)), 1.44–1.35 (m, 6H, CH3(CH2)3CHaHbCH(OMe), 1.12 (t, J = 

6.7 Hz, 3H, two rotamers CH(OH)CH2CHaHbCH(Me)C(O)N(Me)), 0.89 (m, 3H, 

CH3(CH2)3CHaHbCH(OMe); 

13C NMR (126 MHz, CDCl3) δ 177.0 (C=O, amide), 176.4 (C=O, amide)*, 133.4 

(CH=CH2), 133.2 (CH=CH2)*, 117.1 (CH=CH2), 116.7 (CH=CH2)*, 79. 7 (CH), 68.8 

(CH), 56.93 (CH3), 52.17 (CH2), 50.3 (CH2)*, 39.13 (CH2), 39.07 (CH2)*, 35.9 (CH), 35.70 

(CH)*, 35.48 (CH2), 35.47 (CH2)*, 34.8 (CH3), 33.96 (CH3)*, 33.0 (CH2), 32.1 (CH2), 

30.18 (CH2), 29.8 (CH2)* ,25.3 (CH2), 22.8 (CH2), 18.2 (CH3), 17.6 (CH3)*, 14.2 (CH3); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C18H35NO3Na 336.2515; Found 336.2521. 
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Comparison of Diastereomeric Rotamer Mixture from AlMe3-mediated Method and 
Diastereomerically pure (2R)-epimer form Alkylation Method 
 
Table 5.5 

 
 

C #  Pdt of Reaction A 
13C (±0.1 ppm) 

Pure epimer 
from alkylation 
13C (±0.1 ppm) 

 ppm 

C1(2S) 177.2 - - 
C1(2R) 177.0 177.0 0.0 
C1(2S)* 176.7 - - 
C1(2R)* 176.4 176.4 0.0 
C2(2S) 36.2 - - 
C2(2R) 35.9 35.9 0.0 
C2(2S)* 35.9 - - 
C2(2R)* 35.7 35.7 0.0 
C3(2S) 33.2 - - 
C3(2R) 33.1 33.0 0.1 
C3(2S)* 33.0 - - 
C3(2R)* 33.0 33.0 0.0 
C4(2S) 36.1 - - 
C4(2S)* 36.0 - - 
C4(2R) 35.5 35.5 0.0 
C4(2R)* 35.5 35.5 0.0 
C5(2R) 68.8 68.8 0.0 
C5(2R)* 68.8 68.8 0.0 
C5(2S) 68.3 - - 
C5(2S)* 68.1 - - 
C6(2S) 39.6 - - 
C6(2S)* 39.4 - - 
C6(2R) 39.2 39.1 0.1 
C6(2R)* 39.1 39.1 0.0 
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Table 5.5 continued 
 

C #  Pdt of Reaction A 
13C (±0.1 ppm) 

Pure epimer 
from alkylation 
13C (±0.1 ppm) 

 ppm 

C7(2R) 79.7 79.7 0.0 
C7(2R)* 79.7 79.7 0.0 
C7(2S) 79.6 - - 
C7(2S)* 79.5 - - 
C8(2S) 30.4 - - 
C8(2S)* 30.2 - - 
C8(2R) 30.0 30.1 0.1 

C8(2R)* 29.9 29.8 0.1 
13(2S) 18.8 - - 
13(2S)* 18.2 - - 
13(2R) 18.2 18.2 0.00 
13(2R)* 17.6 17.6 0.00 
OMe(2S) 57.0 - - 
OMe 2S)* 56.9 - - 
OMe (2R) 56.9 56.9 0.0 
OMe (2R)* 56.9 56.9 0.0 
NMe(2S) 34.9 - - 
NMe (2R) 34.8 34.8 0.00 
NMe (2S)* 34.0 - - 
NMe (2R)* 33.9 33.9 0.0 

C20(2S) 117.1 - - 
C20(2R) 117.1 117.1 0.0 
C20(2S)* 116.8 - - 
C20(2R)* 116.7 116.7 0.0 
C21(2R) 133.4 133.4 0.0 
C21(2S) 133.3 - - 

C21(2R)* 133.2 133.2 0.0 
C21(2S)* 133.2 - - 
C22(2S) 52.2 - - 
C222R) 52.2 52.2 0.0 

C22(2S)* 50.4 - - 
C22(2R)* 50.3 50.3 0.0 
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(2R,5S,7S)-1-(allyl(methyl)amino)-7-methoxy-2-methyl-1-oxododecan-5-yl (S)-2-
(acryloyloxy)-3-methylbutanoate (C26H45NO6, (2R)-2.2.4) 
 

 
 

To a solution of (S)-2-(acryloyloxy)-3-methylbutanoic acid (7 mg, 0.04 mmol, 2 

equiv.) in dry THF (0.3 mL) was added freshly distilled N,N-diisopropylethylamine (6 µL, 

0.04 mmol, 2.5 equiv.) followed by 2,4,6-trichlorobenzoyl chloride (TCBC) (7 µL, 0.06 

mmol, 1.8 equiv.) and stirred at room temperature for 3 hours, and the resulted mixed 

anhydride was concentrated under reduced pressure. The crude mixture was then 

redissolved in dry toluene (0.3 mL) and cannulated to a stirring solution of amide  

(2R)-2.2.2 (6 mg, 0.02 mmol, 1.0 equiv.) and DMAP (3 mg, 0.025 mmol, 1.2 equiv.) in 

toluene (0.3 mL) at 0 ºC. After stirring for 15 minutes at 0 ºC the reaction mixture was 

stirred for an additional 12 hours at room temperature (complete by TLC). Reaction 

mixture was diluted with CH2Cl2 (1 mL) and was added sat. NaHCO3 (2 mL). The aqueous 

layer was extracted with CH2Cl2 (3 x 1.5 mL), and the organic layers were combined, dried 

over Na2SO4, filtered, and concentrated under reduced pressure. Purification via flash 

column chromatography (silica, 0%–50% EtOAc in hexanes) to obtain diene (2R)-2.2.4 (7 

mg, 0.016 mmol, 78% yield, colorless oil) as a single diastereomer (1:1 rotamers). TLC 

(EtOAc/Hexane, 1/1): Rf = 0.6. 

FTIR (neat): 3083, 2955, 2924,2852, 2728, 1731, 1660, 1463, 1406, 1260, 1187, 1094, 

803, 721 cm-1; 

Optical Rotation: [𝑎]  = -7.6 (c = 0.18 , CHCl3); 
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1H NMR (500 MHz, CDCl3) δ 6.46 (dd, J = 17.8 , 1.4 Hz, 1H, 

OC(O)CH(CH(CH3)2)OC(O)CH=CHaHb), 6.20 (dd, J = 17.3 , 10.5 Hz, 1H, 

OC(O)CH(CH(CH3)2)OC(O)CH= CHaHb), 5.90 (d, J = 10.0 Hz, 1H, 

OC(O)CH(CH(CH3)2)OC(O)CH=CHaHb), 5.83–5.67 (m, 1H, (two rotamers) 

C(O)N(Me)CHaHbCH=CH2), 5.21–5.06 (m, 3H, (two rotamers) C(O)N(Me)CHaHbCH=CH2, 

CH3(CH2)4CH(OMe)CHaHbCH(OC(O))CHaHb), 4.89 (d, J = 4.3 Hz, 1H, 

OC(O)CH(CH(CH3)2)OC(O)CH=CHaHb), 4.01–3.89 (d, J = 5.7 Hz, 1H, (two rotamers) 

C(O)N(Me)CHaHbCH=CH2), 3.96–3.87 (m, 1H, (two rotamers) C(O)N(Me)CH2CH=CH2), 

3.29 (s, 3H, CH(OMe)CHaHbCH(OC(O))CHaHb), 3.10–3.01 (m, 1H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 2.95 (d, J = 33.5 Hz, 3H, (two rotamers) 

C(O)N(Me)CHaHbCH=CH2), 2.75 (q, J = 2.8 Hz, 0.5H, ( rotamer) 

CH(OC(O))CH2CH2CH(Me)C(O)N(Me)CH2), 2.67–2.58 (m, 0.5H, ( rotamer) 

CH(OC(O))CH2CH2CH(Me)C(O)N(Me)CH2), 2.33–2.22 (m, 1H, 

OC(O)CH(CH(CH3)2)OC(O)CH=CHaHb), 1.77–1.71 (m, 1H, 

CH(OMe)CHaHbCH(OC(O))CH2CHaHb), 1.73–1.62 (m, 7H, 

CH2CH(OMe)CHaHbCH(OC(O))CH2CHaHb), 1.34–1.21 (m, 6H, 

CH3(CH2)3CHaHbCH(OMe), 1.10 (t, 3H, (two rotamers) CH(Me)C(O)N(Me)CH2), 1.03 (dd, J 

= 10.3, 7.5 Hz, 6H, OC(O)CH(CH(CH3)2)OC(O)CH=CHaHb), 0.89 (td, J = 7.0 Hz, 3H, 

CH3(CH2)3CHaHbCH(OMe); 

13C NMR (126 MHz, CDCl3) δ 176.7 (C=O, amide), , 176.0 (C=O, amide)*, 169.6 (C=O), 

169.5 (C=O)*, 165.8 (C=O), 133.4 (CH=CH2), 133.25 (CH=CH2)*, 131.7 (CH=CH2), 

128.0 (CH=CH2), 117.1 (CH=CH2), 116.75 (CH=CH2)*, 77.4 (CH), 77.3 (CH), 77.24 

(CH)*, 72.4 (CH), 57.0 (CH3), 52.18 (CH2), 50.27 (CH2)*, 39.4 (CH2), 39.36 (CH2)*, 35.25 
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(CH), 35.1 (CH)*, 34.8 (CH3), 33.94 (CH3)*, 33.6 (CH2), 32.3 (CH2)*, 32.5 (CH2), 30.24 

(CH), 29.5 (CH2), 29.2 (CH2)*, 29.1 (CH2), 28.8 (CH2)*, 24.7(CH2), 22.8 (CH2), 19.16 

(CH3), 18.22 (CH3), 17.6 (CH3)*, 17.37 (CH3), 14.2 (CH3); 

* rotamer  

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C26H45NO6Na 490.3145; Found 490.3144. 
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Sanctolide A [(3S,11R,14S,E)-3-isopropyl-14-((S)-2-methoxyheptyl)-9,11-dimethyl-
1,4-dioxa-9-azacyclotetradec-7-ene-2,5,10-trione, (C24H41NO6, (2R)-2.1-A] 
 

 
 

To a solution of diene (2R)-2.2.4 (6 mg, 0.016 mmol) in degassed CHCl3 (16 mL, 

0.001 M) in a round-bottom flask was added G-II catalyst (2.5 mg, 0.003 mmol, 20 mol%) 

and stirred at 60 ºC for 18 hours (complete by TLC). The solvent was evaporated under 

reduced pressure. Flash column chromatography (silica, 0%–50% EtOAc in hexanes) was 

performed to obtain macrocycle (2R)-2.2.5 (3.6 mg, 0.008 mmol, 52% yield) as a mixture 

of E and Z isomers. TLC (EtOAc/Hexane, 3/1): Rf = 0.4. Product was confirmed via HRMS 

data and 1H NMR.  

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C24H41NO6Na 462.2832; Found 462.2818. 

Next, to a solution of macrolactone (2R)-2.2.5 (3.6 mg, 0.008 mmol, 1 equiv.) in 

degassed toluene (0.3 mL) was added (PPh3)3RuH(CO)Cl catalyst (1.5 mg, 20 mol%) 

under Ar and refluxed for 12 hours (complete by TLC). The solvent was evaporated under 

reduced pressure. Flash column chromatography (silica, 0%–50% EtOAc in hexanes) was 

performed to obtain enamide macrocycle 2.1-A (1.6 mg, 0.01 mmol, 51% yield) as a single 

diastereomer. TLC (EtOAc/Hexane, 1/3): Rf = 0.4. 

1H NMR (400 MHz, CDCl3) δ 6.73 (d, J = 14.5 Hz, 1H, 

C(O)N(Me)CH=CHCHaHbC(O)OCH(CH(CH3)2), 5.17–5.10 (m, 1H, 

C(O)N(Me)CH=CHCHaHbC(O)OCH(CH(CH3)2), 5.13 (d, J = 6.0 Hz, 1H, 

C(O)N(Me)CH=CHCHaHbC(O)OCH(CH(CH3)2), 5.05–4.99 (m, 1H, 
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CH(OMe)CHaHbCH(OC(O))CHaHb), 3.30 (s, 1H, CH(OMe)CHaHbCH(OC(O))CHaHb), 

3.21 (d, J = 6.9 Hz, 1H, C(O)N(Me)CH=CHCHaHbC(O)OCH(CH(CH3)2), 3.17 (dd, J = 

6.7 Hz, 1H, C(O)N(Me)CH=CHCHaHbC(O)OCH(CH(CH3)2), 3.15–3.21 (m, 1H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 3.09 (s, 3 H, C(O)N(Me)CH=CHCHaHbC(O)OCH), 

2.63–2.55 (m, 1H, CH(OC(O))CH2CH2CH(Me)C(O)N(Me), 2.30–2.25 (m, 1H, 

C(O)N(Me)CH=CHCHaHbC(O)OCH(CH(CH3)2), 1.15 (d, J = 6.4 Hz, 1H, 

CH(OC(O))CH2CH2CH(Me)C(O)N(Me)), 0.97 (d, J = 6.9 Hz, 1H, 

C(O)N(Me)CH=CHCHaHbC(O)OCH(CH(CH3)2), 0.92 (d, J = 6.7 Hz, 1H, 

C(O)N(Me)CH=CHCHaHbC(O)OCH(CH(CH3)2), 0.89 (t, J = 6.8 Hz, 1H, 

CH3(CH2)3CHaHbCH(OMe)CHaHb); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C24H41NO6Na 462.2832; Found 462.2841. 
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Table 5.6 1H NMR chemical shifts comparison of original NMR (from isolation paper) and 
our final NMR (sanctolide numbering) 

 

 
 
 
 

C# 

Original 1H NMR 
sanctolide A in 

CDCl3  
(CHCl3 reference 

of 7.24 ppm)  

Final 1H NMR 
of sanctolide A 
(2R)-2.1-A in 

CDCl3  
(CHCl3 reference 

of 7.24 ppm) 

 
 
 
 
 ppm 

Final 1H NMR 
of sanctolide A 
(2R)-2.1-A in 

CDCl3 
(CHCl3 reference 

of 7.26 ppm)   
   

2 2.56 2.56 0.00 2.58 
5 5.00 5.00 0.00 5.02 
7 3.12 3.12 0.00 3.14 
13 1.13 1.13 0.00 1.15 
15 5.11 5.11 0.00 5.13 
17 0.94 0.95 0.01 0.97 
18 0.90 0.90 0.00 0.92 
20a 3.15 3.15 0.00 3.17 
20b 3.20 3.19 0.01 3.21 
21 5.12 5.12 0.00 5.14 
22 6.70 6.71 0.01 6.73 

OMe 3.28 3.28 0.00 3.30 
NMe 3.06 3.07 0.01 3.09 
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Table 5.7 1H NMR chemical shifts comparison of Yadav NMR of sanctolide A, and the 
final NMR of the product from the RCM/isomerization of diene (2R)-2.2.4 (sanctolide 
numbering). 
 

 
 
 
 
C# 

Yadav 1H NMR of 
sanctolide A in 

CDCl3  
(CHCl3 reference 

of 7.24 ppm) 

Final 1H NMR 
of sanctolide A 

(2R)-2.1-A in CDCl3  
(CHCl3 reference  

of 7.24 ppm) 

 
 
 
 
 ppm 

Final 1H NMR 
of sanctolide A 

(2R)-2.1-A in CDCl3 
(CHCl3 reference  

of 7.26 ppm) 

     
2 2.60–2.52 2.61–2.53 - 2.63–2.55 
5 5.03–4.97 5.03–4.97 - 5.05–4.99 
7 3.14–3.08 3.13–3.19 - 3.15–3.21 
13 1.12 1.13 0.01 1.15 
15 5.10 5.11 0.01 5.13 
17 0.94 0.95 0.01 0.97 
18 0.89 0.90 0.01 0.92 
20a 3.15 3.15 0 3.17 
20b 3.19 3.19 0 3.21 
21 5.15–5.08 5.15–5.08 - 5.17–5.10 
22 6.70 6.71 0.01 6.73 

OMe 3.27 3.28 0.01 3.30 
NMe 3.06 3.07 0.01 3.09 
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5.1.3 NMR Spectra 

(4R,6R)-2-((2-methylbut-3-en-1-yl)oxy)-4,6-divinyl-1,3,2-dioxaphosphinane 2-oxide 
(C12H19O4P, 2.6.2)  
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(1R,4S,7R,9R,Z)-4-methyl-9-vinyl-2,10,11-trioxa-1-phosphabicyclo[5.3.1]undec-5-
ene 1-oxide (C10H15O4P, 2.6.3) 
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(2S,5S,7S)-2-methyldodecane-1,5,7-triol (C13H28O3, (2S)-2.6.6) 
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(3S,6S)-6-((S)-2-hydroxyheptyl)-3-methyltetrahydro-2H-pyran-2-one (C13H24O3, 
(2S)-2.6.7) 
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(3S,6S)-6-((S)-2-methoxyheptyl)-3-methyltetrahydro-2H-pyran-2-one (C14H26O3, 
(2S)-2.1.6)  
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(4S,6S)-4,6-diallyl-2-((2-methylallyl)oxy)-1,3,2-dioxaphosphinane 2-oxide 
(C13H21O4P, 2.7.4)  
 

 

 



 289 

 

 
 



 290 

 

 
 



 291 

(2R,5S,7S)-2-methyldodecane-1,5,7-triol (C13H28O3, (2R)-2.6.6) 
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(3R,6S)-6-((S)-2-hydroxyheptyl)-3-methyltetrahydro-2H-pyran-2-one (C13H24O3, 
(2R)-2.6.7) 
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(3R,6S)-6-((S)-2-methoxyheptyl)-3-methyltetrahydro-2H-pyran-2-one (C14H26O3, 
(2R)-2.1.6) 

 

 
 
 



 298 

 

 
 



 299 

 

 
  



 300 

Epimeric Rotamer Mixtures from Reaction 1(Scheme 5.1) 
(2R,5S,7S)-N-allyl-5-hydroxy-7-methoxy-N,2-dimethyldodecanamide ((2R)-2.2.2), 
(2S,5S,7S)-N-allyl-5-hydroxy-7-methoxy-N,2-dimethyldodecanamide ((2S)-2.2.2)  
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1H and 13C spectra with selected expansions to show diastereomeric rotamers 
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Epimeric Rotamer Mixtures from Reaction 2 (Scheme 5.1) 
(2R,5S,7S)-N-allyl-5-hydroxy-7-methoxy-N,2-dimethyldodecanamide ((2R)-2.2.2), 
(2S,5S,7S)-N-allyl-5-hydroxy-7-methoxy-N,2-dimethyldodecanamide ((2S)-2.2.2) 
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1H and 13C spectra with selected expansions to show diastereomeric rotamers 
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Epimeric mixture of (2R,5S,7S)-1-(allyl(methyl)amino)-7-methoxy-2-methyl-1-
oxododecan-5-yl (S)-2-(acryloyloxy)-3-methylbutanoate (C26H45NO6, 2.2.4) 
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1H and 13C spectra with selected expansions to show diastereomeric rotamers 
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Epimeric mixture of (3S,14S,E)-3-isopropyl-14-((S)-2-methoxyheptyl)-9,11-dimethyl-
1,4-dioxa-9-azacyclotetradec-7-ene-2,5,10-trione (C24H41NO6, (2R)-,(2S)-2.1-A) 
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(2R,5S,7S)-5-hydroxy-7-methoxy-N,2-dimethyldodecanamide (C15H31NO3, 2.10.1) 
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(2R,5S,7S)-5-((tert-butyldimethylsilyl)oxy)-7-methoxy-N,2-dimethyldodecanamide 
(C21H45NO3Si, 2.10.2) 
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(2R,5S,7S)-N-allyl-5-((tert-butyldimethylsilyl)oxy)-7-methoxy-N,2-
dimethyldodecanamide (C24H49NO3Si, 2.10.3)  
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(2R,5S,7S)-N-allyl-5-hydroxy-7-methoxy-N,2-dimethyldodecanamide (C18H35NO3, 
(2R)-2.2.2) 
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(2R,5S,7S)-1-(allyl(methyl)amino)-7-methoxy-2-methyl-1-oxododecan-5-yl (S)-2-
(acryloyloxy)-3-methylbutanoate (C26H45NO6, (2R)-2.2.4) 
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Sanctolide A [(3S,11R,14S,E)-3-isopropyl-14-((S)-2-methoxyheptyl)-9,11-dimethyl-
1,4-dioxa-9-azacyclotetradec-7-ene-2,5,10-trione, (C24H41NO6, (2R)-2.1-A] 
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X-Ray Diffraction data  
 
(1R,4S,7R,9R,Z)-4-methyl-9-vinyl-2,10,11-trioxa-1-phosphabicyclo[5.3.1]undec-5-
ene 1-oxide (C10H15O4P, 2.6.3) 
 

 

 
 
Atoms 

 

Number Label Charge SybylType 
Xfrac + 
ESD 

Yfrac + 
ESD 

Zfrac + 
ESD 

Symm. 
 op. 

1 P 0 P.3 0.237686 0.365577 0.243537 x,y,z 
2 O1 0 O.3 0.195191 0.415368 0.136937 x,y,z 
3 O2 0 O.3 0.186016 0.562651 0.295934 x,y,z 
4 O3 0 O.3 0.50259 0.335579 0.260748 x,y,z 
5 O4 0 O.2 0.102803 0.198643 0.269621 x,y,z 
6 C1 0 C.2 0.337807 0.647081 -0.058787 x,y,z 
7 H11 0 H 0.488871 0.636809 -0.037794 x,y,z 
8 H12 0 H 0.284469 0.663593 -0.122289 x,y,z 
9 C2 0 C.2 0.205132 0.621599 0.003984 x,y,z 
10 H2 0 H 0.036999 0.614967 -0.018078 x,y,z 
11 C3 0 C.3 0.285049 0.60471 0.105675 x,y,z 
12 H3 0 H 0.450548 0.600345 0.114862 x,y,z 
13 C4 0 C.3 0.195137 0.773923 0.160045 x,y,z 
14 H41 0 H 0.026735 0.789624 0.151876 x,y,z 
15 H42 0 H 0.246175 0.895954 0.141108 x,y,z 
16 C5 0 C.3 0.265388 0.753934 0.264878 x,y,z 
17 H5 0 H 0.180849 0.846669 0.298162 x,y,z 
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18 C6 0 C.2 0.513786 0.790123 0.295073 x,y,z 
19 H6 0 H 0.566764 0.90504 0.26739 x,y,z 
20 C7 0 C.2 0.662414 0.691654 0.357199 x,y,z 
21 H7 0 H 0.821974 0.738944 0.368288 x,y,z 
22 C8 0 C.3 0.621904 0.506781 0.412076 x,y,z 
23 H8 0 H 0.471925 0.519455 0.430661 x,y,z 
24 C9 0 C.3 0.629106 0.318421 0.353473 x,y,z 
25 H91 0 H 0.782061 0.297591 0.341175 x,y,z 
26 H92 0 H 0.574212 0.196482 0.386266 x,y,z 
27 C10 0 C.3 0.799437 0.483928 0.497982 x,y,z 
28 H101 0 H 0.779187 0.35332 0.530681 x,y,z 
29 H102 0 H 0.793317 0.594416 0.538379 x,y,z 
30 H103 0 H 0.931477 0.479849 0.478731 x,y,z 

 
Bonds 

Number Atom1 Atom2 Type Polymeric Cyclicity Length 
Sybyl 
Type 

1 P O1 Unknown no cyclic 1.5696 1 
1 O1 P Unknown no cyclic 1.5696 1 
2 P O2 Unknown no cyclic 1.5758 1 
2 O2 P Unknown no cyclic 1.5758 1 
3 P O3 Unknown no cyclic 1.5691 1 
3 O3 P Unknown no cyclic 1.5691 1 
4 P O4 Unknown no acyclic 1.4564 un 
4 O4 P Unknown no acyclic 1.4564 un 
5 O1 C3 Unknown no cyclic 1.4725 1 
5 C3 O1 Unknown no cyclic 1.4725 1 
6 O2 C5 Unknown no cyclic 1.4587 1 
6 C5 O2 Unknown no cyclic 1.4587 1 
7 O3 C9 Unknown no cyclic 1.4508 1 
7 C9 O3 Unknown no cyclic 1.4508 1 
8 C1 H11 Unknown no acyclic 0.9075 1 
8 H11 C1 Unknown no acyclic 0.9075 1 
9 C1 H12 Unknown no acyclic 0.9386 1 
9 H12 C1 Unknown no acyclic 0.9386 1 
10 C1 C2 Unknown no acyclic 1.2984 un 
10 C2 C1 Unknown no acyclic 1.2984 un 
11 C2 H2 Unknown no acyclic 1.0046 1 
11 H2 C2 Unknown no acyclic 1.0046 1 
12 C2 C3 Unknown no acyclic 1.4907 1 
12 C3 C2 Unknown no acyclic 1.4907 1 
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13 C3 H3 Unknown no acyclic 0.9726 1 
13 H3 C3 Unknown no acyclic 0.9726 1 
14 C3 C4 Unknown no cyclic 1.5212 1 
14 C4 C3 Unknown no cyclic 1.5212 1 
15 C4 H41 Unknown no acyclic 0.995 1 
15 H41 C4 Unknown no acyclic 0.995 1 
16 C4 H42 Unknown no acyclic 0.927 1 
16 H42 C4 Unknown no acyclic 0.927 1 
17 C4 C5 Unknown no cyclic 1.5271 1 
17 C5 C4 Unknown no cyclic 1.5271 1 
18 C5 H5 Unknown no acyclic 0.9699 1 
18 H5 C5 Unknown no acyclic 0.9699 1 
19 C5 C6 Unknown no cyclic 1.4966 1 
19 C6 C5 Unknown no cyclic 1.4966 1 
20 C6 H6 Unknown no acyclic 0.943 1 
20 H6 C6 Unknown no acyclic 0.943 1 
21 C6 C7 Unknown no cyclic 1.3422 un 
21 C7 C6 Unknown no cyclic 1.3422 un 
22 C7 H7 Unknown no acyclic 0.9897 1 
22 H7 C7 Unknown no acyclic 0.9897 1 
23 C7 C8 Unknown no cyclic 1.5107 1 
23 C8 C7 Unknown no cyclic 1.5107 1 
24 C8 H8 Unknown no acyclic 0.9699 1 
24 H8 C8 Unknown no acyclic 0.9699 1 
25 C8 C9 Unknown no cyclic 1.5263 1 
25 C9 C8 Unknown no cyclic 1.5263 1 
26 C8 C10 Unknown no acyclic 1.5223 1 
26 C10 C8 Unknown no acyclic 1.5223 1 
27 C9 H91 Unknown no acyclic 0.96 1 
27 H91 C9 Unknown no acyclic 0.96 1 
28 C9 H92 Unknown no acyclic 1.0221 1 
28 H92 C9 Unknown no acyclic 1.0221 1 
29 C10 H101 Unknown no acyclic 1.0109 1 
29 H101 C10 Unknown no acyclic 1.0109 1 
30 C10 H102 Unknown no acyclic 0.9486 1 
30 H102 C10 Unknown no acyclic 0.9486 1 
31 C10 H103 Unknown no acyclic 0.8692 1 
31 H103 C10 Unknown no acyclic 0.8692 1 
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Symmetry operations 
Number Symm. Op. Description Detailed Description Order Type 
1 x,y,z Identity Identity 1 1 

2 -x,1/2+y,-z 
Screw axis 
(2-fold) 

2-fold screw axis with 
direction [0, 1, 0] at 0, y, 
0 with screw component 
[0, 1/2, 0] 2 2 

 
All angles 
Number Atom1 Atom2 Atom3 Angle 
1 O1 P O2 106.5 
2 O1 P O3 101.6 
3 O1 P O4 113.77 
4 O2 P O3 106.84 
5 O2 P O4 111.43 
6 O3 P O4 115.81 
7 P O1 C3 118.24 
8 P O2 C5 119.52 
9 P O3 C9 122.17 
10 H11 C1 H12 121.21 
11 H11 C1 C2 115 
12 H12 C1 C2 123.58 
13 C1 C2 H2 117.11 
14 C1 C2 C3 124.57 
15 H2 C2 C3 118.32 
16 O1 C3 C2 107.05 
17 O1 C3 H3 109.56 
18 O1 C3 C4 108.2 
19 C2 C3 H3 108.11 
20 C2 C3 C4 111.89 
21 H3 C3 C4 111.91 
22 C3 C4 H41 115.94 
23 C3 C4 H42 110.44 
24 C3 C4 C5 112.76 
25 H41 C4 H42 103.68 
26 H41 C4 C5 104.78 
27 H42 C4 C5 108.61 
28 O2 C5 C4 109.36 
29 O2 C5 H5 101.27 
30 O2 C5 C6 113.55 
31 C4 C5 H5 110.75 
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32 C4 C5 C6 113.32 
33 H5 C5 C6 107.93 
34 C5 C6 H6 112.42 
35 C5 C6 C7 130.02 
36 H6 C6 C7 117.46 
37 C6 C7 H7 118.3 
38 C6 C7 C8 128.26 
39 H7 C7 C8 113.39 
40 C7 C8 H8 107.25 
41 C7 C8 C9 111.34 
42 C7 C8 C10 111.83 
43 H8 C8 C9 109.12 
44 H8 C8 C10 109.62 
45 C9 C8 C10 107.66 
46 O3 C9 C8 113.64 
47 O3 C9 H91 102.5 
48 O3 C9 H92 109.84 
49 C8 C9 H91 109.05 
50 C8 C9 H92 111.37 
51 H91 C9 H92 110.08 
52 C8 C10 H101 110.97 
53 C8 C10 H102 110.25 
54 C8 C10 H103 106.83 
55 H101 C10 H102 111.51 
56 H101 C10 H103 107.28 
57 H102 C10 H103 109.85 
 
All torsions 
 
Number Atom1 Atom2 Atom3 Atom4 Torsion 
1 O2 P O1 C3 44.46 
2 O3 P O1 C3 -67.21 
3 O4 P O1 C3 167.61 
4 O1 P O2 C5 -42.17 
5 O3 P O2 C5 65.81 
6 O4 P O2 C5 -166.77 
7 O1 P O3 C9 169.67 
8 O2 P O3 C9 58.26 
9 O4 P O3 C9 -66.53 
10 P O1 C3 C2 -175.48 
11 P O1 C3 H3 67.52 
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12 P O1 C3 C4 -54.73 
13 P O2 C5 C4 50 
14 P O2 C5 H5 166.94 
15 P O2 C5 C6 -77.64 
16 P O3 C9 C8 -64.21 
17 P O3 C9 H91 178.27 
18 P O3 C9 H92 61.29 
19 H11 C1 C2 H2 -172.61 
20 H11 C1 C2 C3 8.32 
21 H12 C1 C2 H2 2.11 
22 H12 C1 C2 C3 -176.96 
23 C1 C2 C3 O1 -124.52 
24 C1 C2 C3 H3 -6.57 
25 C1 C2 C3 C4 117.1 
26 H2 C2 C3 O1 56.42 
27 H2 C2 C3 H3 174.37 
28 H2 C2 C3 C4 -61.96 
29 O1 C3 C4 H41 -61.29 
30 O1 C3 C4 H42 -178.79 
31 O1 C3 C4 C5 59.49 
32 C2 C3 C4 H41 56.41 
33 C2 C3 C4 H42 -61.1 
34 C2 C3 C4 C5 177.18 
35 H3 C3 C4 H41 177.92 
36 H3 C3 C4 H42 60.41 
37 H3 C3 C4 C5 -61.31 
38 C3 C4 C5 O2 -57.35 
39 C3 C4 C5 H5 -168.13 
40 C3 C4 C5 C6 70.42 
41 H41 C4 C5 O2 69.61 
42 H41 C4 C5 H5 -41.17 
43 H41 C4 C5 C6 -162.62 
44 H42 C4 C5 O2 179.91 
45 H42 C4 C5 H5 69.13 
46 H42 C4 C5 C6 -52.32 
47 O2 C5 C6 H6 171.72 
48 O2 C5 C6 C7 -12.07 
49 C4 C5 C6 H6 46.16 
50 C4 C5 C6 C7 -137.63 
51 H5 C5 C6 H6 -76.87 
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52 H5 C5 C6 C7 99.34 
53 C5 C6 C7 H7 -179.63 
54 C5 C6 C7 C8 3.13 
55 H6 C6 C7 H7 -3.58 
56 H6 C6 C7 C8 179.18 
57 C6 C7 C8 H8 -39.27 
58 C6 C7 C8 C9 80.04 
59 C6 C7 C8 C10 -159.47 
60 H7 C7 C8 H8 143.38 
61 H7 C7 C8 C9 -97.32 
62 H7 C7 C8 C10 23.17 
63 C7 C8 C9 O3 -45.22 
64 C7 C8 C9 H91 68.43 
65 C7 C8 C9 H92 -169.9 
66 H8 C8 C9 O3 72.97 
67 H8 C8 C9 H91 -173.38 
68 H8 C8 C9 H92 -51.71 
69 C10 C8 C9 O3 -168.14 
70 C10 C8 C9 H91 -54.48 
71 C10 C8 C9 H92 67.19 
72 C7 C8 C10 H101 -174.67 
73 C7 C8 C10 H102 61.28 
74 C7 C8 C10 H103 -58.04 
75 H8 C8 C10 H101 66.51 
76 H8 C8 C10 H102 -57.54 
77 H8 C8 C10 H103 -176.85 
78 C9 C8 C10 H101 -52.06 
79 C9 C8 C10 H102 -176.11 
80 C9 C8 C10 H103 64.57 
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5.2.1 General Methods 

General Experimental Section 

 All reactions were carried out in oven- or flame-dried glassware under argon 

atmosphere using standard gas-tight syringes, cannula, and septa. Stirring was achieved 

with oven-dried magnetic stir bars. Et2O, THF and CH2Cl2 were purified by passage 

through a purification system (Pure Process Technology) employing activated Al2O3 

(Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. Safe and 

Convenient Procedure for Solvent Purification Organometallics 1996, 15, 1518–1520). 

Et3N was purified by passage over basic alumina and stored over KOH. Butyllithium was 

purchased from Aldrich and titrated prior to use. Flash column chromatography was 

performed with Sorbent Technologies (30930M-25, Silica Gel 60 Å, 40-63 μm) and thin 

layer chromatography was performed on silica gel 60F254 plates (EM-5717, Merck). 1H, 

13C, and 31P NMR spectra were recorded on either a Bruker DRX-400 or Bruker DRX-500 

MHz spectrometers operating at 400 MHz or 500 MHz for 1H NMR, 101 MHz or 126 MHz 

for 13C NMR, and 202 MHz for 31P NMR using CDCl3, acetone-d6 and methanol-d4 as 

solvents. The 1H NMR data are reported as the chemical shift in parts per million, 

multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; p, pentet; m, multiplet), coupling 

constant in hertz, and number of protons. High-resolution mass spectrometry (HRMS) was 

recorded on a LCT Premier Spectrometer (Micromass UK Limited) operating on ESI 

(MeOH). Observed rotations at 589 nm were measured using LAXCO POL301 model 

automatic polarimeter. IR was recorded on Thermo Scientific Nicolet iS5 FTIR instrument.  
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5.2.2 Experimental Section 

(4S,6S)-4,6-diallyl-2-(allyloxy)-1,3,2-dioxaphosphinane 2-oxide (C12H19O4P, 3.6.2)  
 

 

To a round-bottom flask equipped with a stir bar and an argon inlet was added the 

diol 3.6.1 (3.0 g, 19.2 mmol, 1.0 equiv.) in methylene chloride (100 mL, 0.2 M), Et3N (8.3 

mL, 57.6 mmol, 3 equiv.), and DMAP (470 mg, 3.8 mmol, 0.2 equiv.) and stirred for 5 

minutes at 0 ºC. To the reaction mixture at the same temperature was added POCl3 (1.9 

mL, 21.1 mmol, 1.1 equiv.) dropwise and stirred for 30 minutes (complete by TLC). 

Solvent was evaporated and transferred to a short silica column to obtain the 

monochlorophosphate (3.59 g, 80% yield) as a yellow liquid.  

Next, to a solution of allyl alcohol (1.1 mL, 15.9 mmol, 1.05 equiv.) in THF (40 

mL, 0,4 M), under argon at -40 ºC, was added n-butyllithium (6.3 mL, 2.5 M in hexanes, 

1.05 equiv.), dropwise. The reaction mixture was stirred at -30 ºC for 15 minutes, at which 

point a solution of the monochlorophosphate (3.59 g, 15.2 mmol) in THF (35 mL) was 

cannulated dropwise, to the reaction mixture. The reaction continued to stir at -30 ºC for 

30 minutes (complete by TLC), and the flask was removed from the cooling bath and 

quenched with saturated NH4Cl (aqueous, ~40 mL). The mixture was stirred, vigorously, 

as the flask warmed to room temperature, and then the biphasic solution was separated. 

The aqueous layer was extracted with EtOAc (3 x 50 mL), and the organic layers were 

combined, washed with brine, dried over Na2SO4, and concentrated under reduced 

pressure. The crude mixture was purified via flash column chromatography (silica, 0%–
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60% EtOAc in hexanes) to provide triene 3.6.2 (3.24 g, 12.5 mmol, 65% yield over two 

steps) as a pale-yellow oil. TLC (EtOAc/hexane, 1/1): Rf = 0.4. 

FTIR (neat): 3079, 2980, 2936, 1644, 1426, 1362, 1289, 1095, 1018 cm-1; 

Optical Rotation: [𝑎]  = -48.6 (c = 2.1 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 5.95 (ddt, J = 16.5, 10.8, 5.7 Hz, 1H, 

(P=O)OCH2CH=CHaHb), 5.83–5.71 (m, 2H, CH2=CHCHaHbCHO(P=O)CHaHb, 

CHaHbCHO(P=O)CHaHbCH=CH2), 5.36 (d, 1H, (P=O)OCH2CH=CHaHb), 5.25 (d, 1H, 

(P=O)OCH2CH=CHaHb), 5.16–5.05 (m, 4H, CH2=CHCHaHbCHO(P=O)CHaHb, 

CHaHbCHO(P=O)CHaHbCH=CH2), 4.65–4.51 (m, 4H, 

CH2=CHCHaHbCHO(P=O)CHaHbCHO(P=O), (P=O)OCH2CH=CHaHb), 2.66 (dt, J = 

14.0, 6.8 Hz, 1H, CH2=CHCHaHbCHO(P=O)CHaHb), 2.55 (dt, J = 13.9, 6.6 Hz, 1H, 

CH2=CHCHaHbCHO(P=O)CHaHb), 2.45–2.33 (m, 2H, 

CH2=CHCHaHbCHO(P=O)CHaHb), 2.02 (ddd, J = 14.2, 8.5, 5.1 Hz, 1H, 

CHaHbCHO(P=O)CHaHbCH=CH2), 1.87 (dt, J = 14.8, 4.5 Hz, 1H, 

CHaHbCHO(P=O)CHaHbCH=CH2); 

13C NMR (126 MHz, CDCl3) δ 132.8 (d, JCP= 7.2 Hz, CH=CH2), 132.7 (CH=CH2), 132.3 

(CH=CH2), 119.1 (CH=CH2), 118.9 (CH=CH2), 118.4 (CH=CH2), 77.5 (d, JCP= 6.9 Hz, 

CH), 75.7 (d, JCP= 6.5 Hz, CH), 68.2 (d, JCP= 5.4 Hz, CH2), 40.1 (d, JCP= 7.8 Hz, CH2), 

38.9 (d, JCP= 3.3 Hz, CH2), 33.2 (d, JCP = 7.1 Hz, CH2); 

31P NMR (202 MHz, CDCl3):  -6.88 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C11H18O4P 245.0943; Found 245.0950. 
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(5S,7S)-dodecane-1,5,7-triol (C12H26O3, 3.7.3) 

 

To a round-bottom flask, equipped with a stir bar, reflux condenser, and argon inlet, 

was added triene 3.6.2 (1.0 g, 3.8 mmol), degassed 1,2-dichloroethane (1,2-DCE) (40 mL, 

0.1 M), Hoveyda-Grubbs second-generation catalyst (HG-II, 30.0 mg, 5 mol%), and cis-3-

hexene (1.8 mL, 14.5 mmol, 2.5 equiv.). The reaction mixture was stirred at room 

temperature for 2 hours to ensure complete conversion of reactive starting material. Then, 

was added freshly degassed 1,2-DCE (760 mL, 0.005 M overall) and the temperature was 

elevated to 90 ºC and stirred for 18 hours (complete by TLC). The solvent was evaporated 

under vacuo and to the same reaction flask was added freshly degassed 1,2-DCE (20 mL, 

0.2 M), and Hoveyda-Grubbs second-generation catalyst (HG-II, 4.2 mg, 0.5 mol%) and 

cannulated into a Parr hydrogenation reaction vessel under Ar. The vessel was heated to 

80 ºC, and H2 pressure was applied (1000 psi). The reaction stirred at 80 ºC, under H2 

pressure, for 16 h (complete by TLC), at which point the reaction was cooled to room 

temperature and solvent removed under reduced pressure. The crude oil was dried under 

high vacuum (~12 h) to ensure complete removal of 1,2-DCE. The crude mix was taken 

up in THF (38 mL, 0.1 M) and cooled to 0 ºC under argon. Lithium aluminum hydride (1 

M in THF, 15.5 mL, 4 equiv.) was added slowly, and the reaction flask was removed from 

the cooling bath and allowed to warm to room temperature. The mixture stirred at room 

temperature for 4 hours (complete by TLC), and the reaction was cooled to 0 ºC and 

quenched with 10% sodium potassium tartrate aqueous solution. The reaction was allowed 
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to warm to room temperature and stir at room temperature 2 h. The crude mixture was 

filtered over celite (washed with EtOAc) and concentrated under reduced pressure. 

Purification via flash column chromatography (silica, 0%–100% EtOAc in hexanes) 

provided 3.7.3 (274.8 mg, 2.4 mmol, 30% yield over 4 reactions in one pot, 74% average 

per reaction) as a colorless oil. TLC (EtOAc): Rf = 0.3. 

FTIR (neat): 3299, 2954, 2931, 2856, 1467, 1153, 1102, 1050 cm-1; 

Optical Rotation: [𝑎]  = -2.5 (c = 0.24 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 3.94 (dt, J = 8.8, 3.7 Hz, 2H, 

CH3(CH2)4CH(OH)CH2CH(OH)CH2), 3.66 (t, J = 6.24 Hz, 2H, 

CH(OH)CH2CH2CH2CH2OH), 2.95–2.72 (m, 1H, R-OH), 2.63–2.39 (m, 1H, R-OH), 

1.88–1.69 (m, 1H, R-OH), 1.64–1.55 (m, 4H, CH(OH)CHaHbCH2CH2CH2OH), 1.55–

1.49 (m, 3H, CHaHbCH(OH)CHaHbCH(OH)CHaHb), 1.49–1.36 (m, 4H, 

CH2CHaHbCH(OH)CHaHbCH(OH)CHaHb), 1.34–1.24 (m, 5H, CH3CH2CH2CH2CHaHb), 

0.89 (t, J = 6.6 Hz, 3H, CH3(CH2)4CH(OH)CH2); 

13C NMR (126 MHz, CDCl3) δ 69.6 (CH), 69.3 (CH), 62.8 (CH2), 42.6 (CH2), 37.6 (CH2), 

37.2 (CH2), 32.6 (CH2), 32.0 (CH2), 25.6 (CH2), 22.8 (CH2), 22.1 (CH2), 14.2 (CH3); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C12H26O3Na 241.1780; Found 241.1770. 
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(5S,7S)-10-phenyldecane-1,5,7-triol ( C16H26O3, 3.7.4) 
 

 
 

To a round-bottom flask, equipped with a stir bar, reflux condenser, and argon inlet, 

was added triene 3.6.2 (1.0 g, 3.8 mmol), degassed 1,2-DCE (40 mL, 0.1 M), Hoveyda-

Grubbs second-generation catalyst (HG-II, 30.0 mg, 5 mol%), and styrene (1.1 mL, 9.6 

mmol, 2.5 equiv.). The reaction mixture was stirred at room temperature for 2 hours to 

ensure complete conversion of reactive starting material. Then, was added freshly degassed 

1,2-DCE (760 mL, 0.005 M overall) and the temperature was elevated to 90 ºC and stirred 

for 18 hours (complete by TLC). The solvent was evaporated under vacuo, and to the same 

reaction flask was added freshly degassed 1,2-DCE (20 mL, 0.2 M)), and Hoveyda-Grubbs 

second-generation catalyst (HG-II, 4.2 mg, 0.5 mol%) and cannulated into a Parr 

hydrogenation reaction vessel under Ar. The vessel was heated to 80 ºC, and H2 pressure 

was applied (1000 psi). The reaction stirred at 80 ºC, under H2 pressure, for 16 h (complete 

by TLC), at which point the reaction was cooled to room temperature and solvent removed 

under reduced pressure. The crude oil was dried under high vacuum (~12 h) to ensure 

complete removal of 1,2-DCE. The crude mix was dissolved in THF (38 mL, 0.1 M) and 

cooled to 0 ºC under argon. Lithium aluminum hydride (1 M in THF, 15.5 mL, 4 equiv.) 

was added slowly, and the reaction flask was removed from the cooling bath and allowed 

to warm to room temperature. The mixture stirred at room temperature for 4 hours 

(complete by TLC), and the reaction was cooled to 0 ºC and quenched with 10% sodium 

potassium tartrate aqueous solution. The reaction was allowed to warm to room 
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temperature and stir 2 h. The crude mixture was filtered over Celite (washed with EtOAc) 

and concentrated under reduced pressure. Purification via flash column chromatography 

(silica, 0%–100% EtOAc in hexanes) provided 3.7.4 (351 mg, 2.4 mmol, 32% yield over 

4 reactions in one-pot, 75% average per reaction) as a colorless oil. TLC (EtOAc):  

Rf = 0.25. 

FTIR (neat): 3341, 2935, 2859, 1602, 1495, 1453, 1057, cm-1; 

Optical Rotation: [𝑎]  = -3.3 (c = 0.18 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 7.32–7.17 (m, 5H, C6H5(CH2)3CH(OH)CH2CH(OH)CH2), 

3.99–3.88 (m, 2H, C6H5(CH2)3CH(OH)CH2CH(OH)CH2), 3.65 (td, J = 6.3, 2.5 Hz, 2H, 

CH(OH)CH2CH2CH2CH2OH), 2.64 (td, J = 7.5, 2.3 Hz, 2H, 

C6H5CH2CHaHbCHaHbCH(OH)), 2.31–2.11 (m, 3H, 3 X R-OH), 1.82–1.72 (m, 1H, 

C6H5CH2CHaHbCHaHbCH(OH)), 1.70–1.66 (m, 1H, C6H5CH2CHaHbCHaHbCH(OH)), 

1.65–1.40 (m, 10H, CHaHbCH(OH)CHaHbCH(OH)CHaHb, 

CH(OH)CHaHbCH2CH2CH2OH ); 

13C NMR (126 MHz, CDCl3) δ 142.4 (CAr), 128.5 (2, CHAr), 128.5 (2, CHAr), 125.9 

(CHAr), 69.4 (CH), 69.3 (CH), 62.8 (CH2), 42.6 (CH2), 37.1 (2, CH2), 36.0 (CH2), 32.5 

(CH2), 27.7 (CH2), 22.1 (CH2); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C16H26O3Na 289.1780; Found 289.1768. 
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(S)-6-((S)-2-hydroxyheptyl)tetrahydro-2H-pyran-2-one (C12H22O3, 3.7.5) 

 

To solution of triol 3.7.3 (100 mg, 0.46 mmol, 1 equiv.) in methylene chloride and 

water (2:1, 5 mL) was added (diacetoxyiodo)benzene (163 mg, 0.42 mmol, 1.1 equiv.), 

TEMPO (7.2 mg, 0.046 mmol, 0.1 equiv.), and stirred for 2 hours (complete by TLC). 

Reaction was quenched with saturated sodium bicarbonate solution (2 mL) and extracted 

to methylene chloride (3 X 5 mL). Organic layers were combined, washed with brine, dried 

over Na2SO4, and concentrated under reduced pressure. The crude mixture was purified 

via flash column chromatography (silica, 0%–60% EtOAc in hexanes) to provide lactone 

3.7.5 (67 mg, 0.27 mmol, 68% yield) as a colorless oil. TLC (EtOAc/hexane, 1/1):  

Rf = 0.3. 

FTIR (neat): 3517, 2957, 2931, 2860, 1732, 1466, 1182, 1100 cm-1; 

Optical Rotation: [𝑎]  = -11.1 (c = 0.27 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 4.60 (ddt, J = 11.0, 10.0, 2.5 Hz, 1H, 

CH3(CH2)4CH(OH)CHaHbCH(OC=O)CHaHb), 4.01–3.93 (m, 1H, 

CH3(CH2)4CH(OH)CHaHbCH(OC=O)CHaHb), 2.63–2.56 (m, 1H, 

CH(OC=O)CHaHbCHaHbCHaHb), 2.49–2.41 (m, 1H, CH(OC=O)CHaHbCHaHbCHaHb), 

1.95–1.85 (m, 2H, CH(OC=O)CHaHbCHaHbCHaHb), 1.77 (ddd, J = 14.5, 9.8, 2.3 Hz, 1H, 

CH3(CH2)4CH(OH)CHaHbCH(OC=O)), 1.68–1.64 (m, 1H, 

CH3(CH2)4CH(OH)CHaHbCH(OC=O)), 1.62–1.53 (m, 3H, 

CHaHbCH(OC=O)CHaHbCHaHbCHaHb), 1.49–1.35 (m, 3H, 



 351 

CH3(CH2)2CHaHbCHaHbCH(OH)), 1.35–1.25 (m, 5H, CH3(CH2)2CHaHbCHaHbCH(OH)), 

0.89 (t, J = 6.7 Hz, 3H, CH3(CH2)3CHaHbCH(OH)); 

13C NMR (126 MHz, CDCl3) δ 172.0 (C=O), 77.5 (CH), 67.6 (CH), 43.4 (CH2), 38.2 

(CH2), 31.9 (CH2), 29.6 (CH2), 28.6 (CH2), 25.3 (CH2) 22.8 (CH2), 18.7 (CH2), 14.2 (CH3); 

HRMS (ESI-TOF) m/z: [M - H]+ Calcd for C12H21O3 213.1491; Found 213.1451. 
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(S)-6-((S)-2-hydroxy-5-phenylpentyl)tetrahydro-2H-pyran-2-one (C16H22O3, 3.7.6) 

 

To solution of triol 3.7.4 (100 mg, 0.38 mmol, 1 equiv.) in CH2Cl2 and water (2:1, 

4 mL) was added (diacetoxyiodo)benzene (134.5 mg, 0.42 mmol, 1.1 equiv.), TEMPO (6 

mg, 0.038 mmol, 0.1 equiv.), and stirred for 2 hours (complete by TLC). Reaction was 

quenched with saturated NaHCO3 solution (2 mL) and extracted to methylene chloride (3 

X 5 mL). Organic layers were combined, washed with brine, dried over Na2SO4, and 

concentrated under reduced pressure. The crude mixture was purified via flash column 

chromatography (silica, 0%–60% EtOAc in hexanes) to provide lactone 3.7.6 (71.78 mg, 

0.27 mmol, 72% yield) as a colorless oil. TLC (EtOAc/hexane, 1/1): Rf = 0.25. 

FTIR (neat): 3383, 2924, 2853, 1737, 1588, 1093 cm-1; 

Optical Rotation: [𝑎]  = -6.6 (c = 0.15 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 7.29–7.14 (m, 5H, C6H5CH2CH2CHaHbCH(OH)), 4.59 (tt, 

J = 10.7, 2.6 Hz, 1H, C6H5(CH2)3CH(OH)CHaHbCH(OC=O)CHaHb), 4.01 (tdd, J = 10.0, 

6.1, 2.3 Hz, 1H, C6H5(CH2)3CH(OH)CHaHbCH(OC=O)CHaHb), 2.64 (t, J = 7.6 Hz, 2H, 

C6H5CH2CH2CHaHbCH(OH)), 2.61–2.56 (m, 1H, CH(OC=O)CHaHbCHaHbCHaHb), 

2.49–2.41 (m, 1H, CH(OC=O)CHaHbCHaHbCHaHb), 1.95–1.82 (m, 3H, 

CH(OC=O)CHaHbCHaHbCHaHb), 1.81–1.72 (m, 2H, 

C6H5CH2CH2CHaHb(OH)CHaHbCH(OC=O)), 1.71–1.61 (m, 2H, 

C6H5CH2CH2CHaHb(OH)CHaHbCH(OC=O)), 1.55–1.44 (m, 3H, 

C6H5CH2CH2CHaHb(OH), CH(OC=O)CHaHbCHaHbCHaHb) 
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13C NMR (126 MHz, CDCl3) δ 172.0 (C=O), 142.3 (CAr), 128.5 (2, CHAr), 128.5 (2, CHAr), 

126.0 (CHAr), 77.3 (CH), 67.5 (CH), 43.4 (CH2), 37.7 (CH2), 35.9 (CH2), 29.5 (CH2), 28.5 

(CH2), 27.4 (CH2), 18.7 (CH2); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C16H22O3Na 285.1467; Found 285.1475. 
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(S)-6-((S)-2-methoxyheptyl)tetrahydro-2H-pyran-2-one (C13H24O3, 3.7.7) 

 

To a round-bottom flask, equipped with a magnetic stir bar, was added lactone 3.7.5 

(75 mg, 0.35 mmol) in CH2Cl2 (4 mL, 0.1 M), proton sponge (750 mg, 3.5 mmol, 10 

equiv.), and trimethyloxonium tetrafluoroborate (517.6 mg, 3.5 mmol, 10 equiv.) and 

stirred the mixture for 6 h (complete by TLC). The solution was diluted with CH2Cl2 (6 

mL), was added saturated NaHCO3 (0.5 mL), and the layers separated. The aqueous layer 

was extracted with CH2Cl2 (3 x 3 mL), and the organic layers were combined, dried over 

Na2SO4, filtered, and concentrated under reduced pressure. Purification via flash column 

chromatography (silica, 0%–50% EtOAc in hexanes) provided lactone methyl ether (3.7.7) 

(66.3 mg, 0.29 mmol, 83% yield) as a colorless oil. TLC (EtOAc/hexane, 1/1): Rf = 0.7. 

FTIR (neat): 2928, 2856, 1734, 1461, 1156, 1092 cm-1; 

Optical Rotation: [𝑎]  = +6.1 (c = 0.10 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 4.52 (ddt, J = 10.3, 9.8, 2.5 Hz, 1H, 

CH3(CH2)4CH(OMe)CHaHbCH(OC=O)CHaHb), 3.57–3.47 (m, 1H, 

CH3(CH2)4CH(OMe)CHaHbCH(OC=O)CHaHb), 3.36 (s, 3H, 

CH3(CH2)4CH(OMe)CHaHbCH(OC=O)CHaHb), 2.64–2.56 (m, 1H, 

CH(OC=O)CHaHbCHaHbCHaHb), 2.50–2.39 (m, 1H, CH(OC=O)CHaHbCHaHbCHaHb), 

1.93–1.85 (m, 3H, CH(OC=O)CHaHbCHaHbCHaHb), 1.76–1.70 (m, 1H, 

CH3(CH2)4CH(OMe)CHaHbCH(OC=O)), 1.65–1.57 (m, 1H, 

CH3(CH2)4CH(OMe)CHaHbCH(OC=O)), 1.56–1.48 (m, 2H, 

CH(OC=O)CHaHbCHaHbCHaHb, CH3(CH2)3CHaHbCH(OMe)), 1.45–1.39 (m, 1H, 
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CH3(CH2)3CHaHbCH(OMe)), 1.33–1.26 (m, 6H, CH3(CH2)3CHaHbCH(OMe)), 0.88 (t, J 

= 6.6 Hz, 3H, CH3(CH2)3CHaHbCH(OMe)); 

13C NMR (126 MHz, CDCl3) δ 172.3 (C=O), 77.4 (CH), 76.4 (CH), 57.3(CH3), 41.6 

(CH2), 33.5 (CH2), 32.2 (CH2), 29.6 (CH2), 28.6 (CH2), 24.4 (CH2) 22.8 (CH2), 18.7 (CH2), 

14.2 (CH3); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C13H24O3Na 251.1623; Found 251.1627. 
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(S)-6-((S)-2-methoxy-5-phenylpentyl)tetrahydro-2H-pyran-2-one (C17H24O3, 3.7.8) 

 

To a round-bottom flask, equipped with a magnetic stir bar, was added lactone 3.7.6 

(75 mg, 0.28 mmol) in CH2Cl2 (3 mL, 0.1 M), proton sponge (600 mg, 2.8 mmol, 10 

equiv.), and trimethyloxonium tetrafluoroborate (414 mg, 2.8 mmol, 10 equiv.) and stirred 

for 6 h (complete by TLC). The solution was diluted with CH2Cl2 (7 mL), was added 

saturated NaHCO3 (0.5 mL), and the layers separated. The aqueous layer was extracted 

with CH2Cl2 (3 x 3 mL), and the organic layers were combined, dried over Na2SO4, filtered, 

and concentrated under reduced pressure. Purification via flash column chromatography 

(silica, 0%–50% EtOAc in hexanes) provided lactone methyl ether 3.7.8 (65.7 mg, 0.23 

mmol, 85% yield) as a colorless oil. TLC (EtOAc/hexane, 1/1): Rf = 0.6. 

FTIR (neat): 2925, 2851, 1732, 1602, 1453, 1158, 1092, 1040 cm-1; 

Optical Rotation: [𝑎]  = +6.6 (c = 0.15 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 7.31–7.14 (m, 5H, C6H5CH2CH2CHaHbCH(OMe)), 4.50 

(ddt, J = 12.0, 9.9. 3.0 Hz, 1H, C6H5(CH2)3CH(OMe)CHaHbCH(OC=O)CHaHb), 3.55 

(ddt, J = 10.6, 5.3, 2.7 Hz, 1H, C6H5(CH2)3CH(OMe)CHaHbCH(OC=O)CHaHb), 3.34 (s, 

3H, C6H5CH2CH2CHaHbCH(OMe)), 2.64 (td, J = 7.3, 2.5 Hz, 2H, 

C6H5CH2CH2CHaHbCH(OMe)), 2.60–2.56 (m, 1H, 

CH(OC=O)CHaHbCHaHbCHaHb(C=O)), 2.44 (dt, J = 17.6, 7.6 Hz, 1H, 

CH(OC=O)CHaHbCHaHbCHaHb(C=O)), 1.82–1.74 (m, 3H, 

CH(OC=O)CHaHbCHaHbCHaHb(C=O)), 1.81–1.60 (m, 4H, 
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C6H5CH2CH2CHaHbCH(OMe)CHaHbCH(OC=O)), 1.59–1.47 (m, 3H, 

C6H5CH2CH2CHaHbCH(OH), CH(OC=O)CHaHbCHaHbCHaHb(C=O)); 

13C NMR (126 MHz, CDCl3) δ 172.1 (C=O), 142.4 (CAr), 128.5 (2, CHAr), 128.5 (2, 

CHAr), 126.0 (CHAr), 77.4 (CH), 76.3 (CH3), 57.4 (CH), 41.6 (CH2), 36.2 (CH2), 33.2 

(CH2), 29.6 (CH2), 28.6 (CH2), 26.5 (CH2), 18.7 (CH2); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C17H24O3Na 299.1623; Found 299.1612. 
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(5S,7S)-N-allyl-5-hydroxy-7-methoxy-N-methyldodecanamide (C17H33NO3, 3.8.1) 
 

 

To a solution of N-allylmethylamine (42 µL, 0.44 mmol, 2 equiv.) in CH2Cl2 (1 

mL), was added trimethylaluminum (2 M in toluene, 0.19 mL, 1.75 equiv.) at room 

temperature and stirred for 30 mins. Then the mixture was cannulated under argon to a 

solution of lactone methyl ether 3.7.9 (52 mg, 0.22 mmol, 1 equiv.) in CH2Cl2 (0.2 mL) in 

a pressure vial and stirred at 50 ºC for 18 hours (TLC monitoring). Then the reaction 

mixture was cooled to room temperature and an additional 1.75 equivalents of N-

allylmethylamine aluminum complex was added and continued stirring for 12 more hours 

at 50 ºC (complete by TLC). The reaction mixture was diluted with CH2Cl2 (2 mL) and 

quenched carefully with 1 M HCl solution (1 mL) at 0 ºC. The aqueous layer was extracted 

with CH2Cl2 (3 x 2 mL), and the organic layers were combined, dried over Na2SO4, filtered, 

and concentrated under reduced pressure. Purification via flash column chromatography 

(silica, 0%–100% EtOAc in hexanes) amide 3.8.1 (30 mg, 0.10 mmol, 46% yield, 1:1 

rotamers) as a colorless oil. TLC (EtOAc/hexane, 2/3): Rf = 0.4. 

FTIR (neat): 3430, 3082, 2930, 2858, 1632, 1461, 1404, 1092, 990 cm-1, 

Optical Rotation: [𝑎]  = +22 (c = 0.17 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 5.75 (ddt, J = 18.8, 9.5, 5.1 Hz, 1H, 

C(O)N(Me)CH2CH=CH2), 5.31–5.09 (m, 2H, C(O)N(Me)CH2CH=CH2), 4.05–3.93 (m, 

2H, C(O)N(Me)CH2CH=CH2)Major, 3.93–3.87 (m, 2H, C(O)N(Me)CH2*CH=CH2)Minor, 

3.88–3.79 (m, 1H, CH3(CH2)4CH(OMe)CHaHbCH(OH)CHaHb), 3.47 (dddd, J = 6.7, 3.3 
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Hz, 1H, CH3(CH2)4CH(OMe)CHaHbCH(OH)CHaHb), 3.36 (s, 3H, 

CH3(CH2)4CH(OMe)CHaHbCH(OH))Major, 3.35 (s, 3H, 

CH3(CH2)4CH(OMe*)CHaHbCH(OH))Minor, 2.94 (d, J = 3.0 Hz, 3H, 

C(O)N(Me)CH2CH=CH2)Major, 2.92 (d, J = 3.0 Hz, 3H, C(O)N(Me*)CH2CH=CH2)Minor, 

2.38 (dd, J = 8.0, 3.1 Hz, 2H, CH(OH) CH2CH2CH2C(O)N(Me)CH2)Major, 2.34 (dd, J = 

8.0, 3.1 Hz, 2H, CH(OH) CH2CH2CH2*C(O)N(Me)CH2)Minor, 1.83–1.70 (m, 2H, 

CH(OH)CH2CH2CH2C(O)N(Me)CH2, CH(OH)CH2*CH2CH2C(O)N(Me)CH2), 1.69–1.60 

(m, 2H, CH3(CH2)3CHaHbCH(OMe)CHaHbCH(OH)), 1.56–1.41 (m, 4H, 

CH3(CH2)3CHaHbCH(OMe)CHaHbCH(OH), CH(OH)CH2CH2CH2C(O)N(Me)CH2, 

CH(OH)CH2CH2*CH2C(O)N(Me)CH2), 1.32–1.23 (m, 6H, CH3(CH2)3CHaHbCH(OMe)), 

0.88 (td, J = 6.9, 3.1 Hz, 3H, CH3(CH2)3CHaHbCH(OMe)); 

13C NMR (126 MHz, CDCl3) δ 173.5 (amide C=O), 173.1 (amide C=O)*, 133.2 

(CH=CH2), 132.6 (CH=CH2)*, 117.2 (CH=CH2), 116.7 (CH=CH2)*, 79.5 (CH), 79.4 

(CH)*, 68.1 (CH), 68.0 (CH)*, 57.0 (CH3), 57.0 (CH3)*, 52.3 (CH2), 50.2 (CH2)*, 39.6 

(CH2), 39.5 (CH2)*, 37.6 (CH2), 37.5 (CH2)*, 34.9 (N-CH3), 33.8 (N-CH3)*, 33.3 (CH2), 

32.6 (CH2)*, 33.1 (CH2), 32.1 (CH2), 25.2 (CH2), 22.8 (CH2), 21.1 (CH2), 20.8 (CH2)*, 

14.2 (CH3); 

* rotamer 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C17H33NO3Na 322.2358; Found 322.2335. 
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(5S,7S)-N-allyl-5-hydroxy-7-methoxy-N-(4-(trifluoromethyl)benzyl)dodecanamide 
C24H36F3NO3, 3.8.7) 

 

To a solution of N-(4-(trifluoromethyl)benzyl)prop-2-en-1-amine (56.0 mg, 0.26 

mmol, 2 equiv.) in CH2Cl2 (1.3 mL), was added trimethylaluminum (2 M in toluene, 0.110 

mL, 1.75 equiv.) at room temperature and stirred for 30 minutes. Then the mixture was 

cannulated under argon to a solution of lactone methyl ether 3.7.9 (30 mg, 0.13 mmol, 1 

equiv.) in CH2Cl2 (0.2 mL) in a pressure vial and stirred at 50 ºC for 18 hours (TLC 

monitoring). Then the reaction mixture was cooled to room temperature and an additional 

1.75 equivalents of amine-aluminum complex was added and continued stirring for 12 

more hours at 50 ºC (complete by TLC). Reaction mixture was diluted with CH2Cl2 (1 mL) 

and quenched carefully with 1 M HCl solution (1 mL) at 0 ºC. The aqueous layer was 

extracted with CH2Cl2 (3 x 1.5 mL), and the organic layers were combined, dried over 

Na2SO4, filtered, and concentrated under reduced pressure. Purification via flash column 

chromatography (silica, 0%–80% EtOAc in hexanes) amide 3.8.7 (22.0 mg, 0.021 mmol, 

38% yield, 2: 1 rotamers) as a colorless liquid. TLC (EtOAc/hexane, 2/3): Rf = 0.6. 

FTIR (neat): 3437, 3071,2929, 2854, 1644, 1461, 1415, 1324 (CF3), 1124 (CF3), 1067, 

990 cm-1; 

Optical Rotation: [𝑎]  = +11.3 (c = 0.16 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 7.62 (d, J = 8.0 Hz, 2H, 

C(O)N(CH2C6H2a*H2bCF3)CH2CH=CH2)Minor, 7.56 (d, J = 8.0 Hz, 2H, 

C(O)N(CH2C6H2aH2bCF3)CH2CH=CH2)Major, 7.34 (d, J = 8.0 Hz, 2H, 
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C(O)N(CH2C6H2aH2bCF3)CH2CH=CH2)Major, 7.29 (d, J = 8.3 Hz, 2H, 

C(O)N(CH2C6H2aH2b*CF3)CH2CH=CH2)Minor; 5.74 (ddt, J = 16.1, 10.2, 4.5 Hz, 1H, 

C(O)N(CH2C6H2aH2bCF3)CH2CH=CH2), 5.29–5.05 (m, 2H, 

C(O)N(CH2C6H2aH2bCF3)CH2CH=CH2), 4.63 (s, 2H, 

C(O)N(CH2C6H2aH2bCF3)CH2CH=CH2)Major, 4.57 (s, 2H, 

C(O)N(CH2C6H2aH2bCF3)CH2*CH=CH2)Minor, 4.02 (d, J = 6.01 Hz, 2H, 

C(O)N(CH2C6H2aH2bCF3)CH2*CH=CH2)Minor, 3.91–3.86 (m, 1H, 

CH(OMe)CHaHbCH(OH)CHaHb), 3.85 (d, J = 5.3 Hz, 2H, 

C(O)N(CH2C6H2aH2bCF3)CH2CH=CH2), 3.51–3.42 (m, 1H, 

CH(OMe)CHaHbCH(OH)CHaHb), 3.36 (s, 3H, CH(OMe)CHaHbCH(OH)CHaHb)Major, 

3.35 (s, 3H, CH(OMe*)CHaHbCH(OH)CHaHb)Minor, 2.44 (q, J = 6.8 Hz, 2H, 

CH(OH)CH2CH2CH2C(O)N(Bn(4-CF3))CH2)Major, 2.37 (dd, J = 6.5, 5.0 Hz, 2H, 

CH(OH)CH2CH2CH2*C(O)N(Bn(4-CF3))CH2)Minor, 1.80 (q, J = 7.8 Hz, 2H, 

CH(OH)CH2CH2CH2C(O)N(Bn(4-CF3))CH2, Major, CH(OH)CH2*CH2CH2C(O)N(Bn(4-

CF3))CH2)Minor, 1.73–1.61 (m, 4H, CH3(CH2)3CHaHbCH(OMe)CHaHbCH(OH), 

CH(OH)CH2CH2CH2C(O)N(Bn(4-CF3))CH2, Major, CH(OH)CH2CH2*CH2C(O)N(Bn(4-

CF3))CH2 Minor) 1.36–1.27 (m, 6H, CH3(CH2)3CHaHbCH(OMe)CHaHbCH(OH), 0.89 (t, J 

= 6.6 Hz, 3H, CH3(CH2)3CHaHbCH(OMe); 

13C NMR (126 MHz, CDCl3) δ 173.8 (amide C=O), 173.5 (amide C=O)*, 142.0 (CAr), 

141.2(CAr)*, 132.9 (CAr), 132.5 (CH=CH2), 131.9 (CH=CH2)*, 128.4 (2, CHAr), 126.7 (2, 

CHAr)*, 126.1 (2, CHAr), 125.7 (2, CHAr)*, 118.0 (CH=CH2)*, 117.3 (CH=CH2), 79.6 

(CH), 68.3 (CH), 56.9 (CH3), 49.9 (CH2)*, 49.6 (CH2), 48.4 (CH2)*, 48.2 (CH2), 39.5 
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(CH2), 37.5 (CH2), 37.4 (CH2)*, 33.1 (CH2), 32.9 (CH2)*, 32.1 (CH2), 29.9 (CH2), 25.2 

(CH2), 22.8 (CH2), 21.2 (CH2), 14.2 (CH3); 

* rotamer 

Note: (13C of CF3 were not found; however, IR and 19F data confirmed the presence of 

CF3 group) 

19F NMR (471 MHz, CDCl3) δ -62.51Major, -62.54*Minor.  

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C24H36F3NO3Na 466.2545; Found 
466.2561. 
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2-(((5S,7S)-1-(allyl(methyl)amino)-7-methoxy-1-oxododecan-5-yl)oxy)-2-oxoethyl 
acrylate (C22H37NO6, 3.8.4) 
 

 

To a solution of 2-(acryloyloxy)acetic acid (13.0 mg, 0.1 mmol, 2 equiv.) in dry 

THF (0.3 mL) was added freshly distilled N,N-diisopropylethylamine (13.5 µL, 0.09 mmol, 

2.5 equiv.) followed by 2,4,6-trichlorobenzoyl chloride (TCBC) (16.6 µL, 0.115 mmol, 1.8 

equiv.) and stirred at room temperature for 3 hours, and the resulted mixed anhydride was 

concentrated under reduced pressure. The crude mixture was then redissolved in dry 

toluene (0.3 mL) and cannulated to a stirring solution of amide 3.8.1 (15 mg, 0.05 mmol, 

1.0 equiv.) and DMAP (7.3 mg, 0.06 mmol, 1.2 equiv.) in toluene (0.3 mL) at 0 ºC. After 

stirring for 15 minutes at 0 ºC the reaction mixture was stirred for an additional 12 hours 

at room temperature (complete by TLC). The reaction mixture was diluted with CH2Cl2 (1 

mL) and was added sat. NaHCO3 (2 mL). The aqueous layer was extracted with CH2Cl2 (3 

x 1.5 mL), and the organic layers were combined, dried over Na2SO4, filtered, and 

concentrated under reduced pressure. Purification via flash column chromatography (silica, 

0%–50% EtOAc in hexanes) to obtain amide 3.8.4 (14.8 mg, 0.04 mmol, 72% yield) as a 

colorless liquid. TLC (EtOAc/hexane, 1/1): Rf = 0.4. 

FTIR (neat): 3099, 3082, 2928, 2857, 1734, 1700, 1683, 1405, 1278, 1171, 984 cm-1; 

Optical Rotation: [𝑎]  = +6.6 (c = 0.15 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 6.49 (d, J = 17.3 Hz, 1H, OC(O)CH2OC(O)CH=CHaHb), 

6.21 (dd, J = 17.3, 10.4 Hz, 1H, OC(O)CH2OC(O)CH= CHaHb), 5.92 (d, J = 10.4 Hz, 
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1H, OC(O)CH2OC(O)CH=CHaHb), 5.80–5.66 (m, 1H, C(O)N(Me)CHaHbCH=CH2), 

5.28–5.08 (m, 3H, C(O)N(Me) CHaHbCH=CH2, 

CH3(CH2)4CH(OMe)CHaHbCH(OC(O))CHaHb), 4.67 (s, 2H, 

OC(O)CH2OC(O)CH=CHaHb), 3.98 (d, J = 6.0 Hz, 1H, C(O)N(Me) CHaHbCH=CH2), 

3.88 (d, J = 4.8 Hz, 1H, C(O)N(Me) CHaHbCH=CH2), 3.29 (s, 3H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 3.12 (dd, J = 8.0, 6.9 Hz, 1H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 2.92 (s, 3H, C(O)N(Me)CH2CH=CH2), 2.42–2.27 

(m, 2H, CH(OC(O))CH2CH2CH2C(O)N(Me)CH2), 1.70–1.59 (m, 6H, 

CH(OMe)CHaHbCH(OC(O))CHaHbCH2), 1.54–1.48 (m, 1H, 

CH3(CH2)3CHaHbCH(OMe)), 1.43–1.35 (m, 1H, CH3(CH2)3CHaHbCH(OMe)), 1.34–1.23 

(m, 6H, CH3(CH2)3CHaHbCH(OMe)), 0.89 (t, J = 6.8 Hz, 3H, 

CH3(CH2)3CHaHbCH(OMe)); 

13C NMR (126 MHz, CDCl3) δ 172.4 (C=O, amide)167.6 (C=O), 165.5 (C=O), 133.3 

(CH=CH2), 132.8 (CH=CH2)*, 132.3 (CH=CH2), 127.6 (CH=CH2), 117.3 (CH=CH2), 

116.7 (CH=CH2)*, 77.4 (CH), 72.8 (CH), 61.1 (CH2), 57.1 (CH3), 52.3 (CH2), 50.2 (CH2)*, 

39.2 (CH2), 34.8 (CH3), 34.5 (CH2), 33.8 (CH3)*, 33.6 (CH2), 33.0 (CH2), 32.4 (CH2)*, 

32.2 (CH2), 24.7 (CH2), 22.8 (CH2), 20.8 (CH2), 20.5(CH2)*, 14.2 (CH3); 

* rotamer  

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C22H37F3NO6Na 434.2519; Found 434.2528. 
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(5S,7S)-1-(allyl(methyl)amino)-7-methoxy-1-oxododecan-5-yl (S)-2-(acryloyloxy)-3-
methylbutanoate (C25H43NO6, 3.8.5) 
 

 

To a solution of (S)-2-(acryloyloxy)-3-methylbutanoic acid (17.2 mg, 0.1 mmol, 2 

equiv.) in dry THF (0.3 mL) was added freshly distilled N,N-diisopropylethylamine (13.5 

µL, 0.09 mmol, 2.5 equiv.) followed by 2,4,6-trichlorobenzoyl chloride (TCBC) (16.6 µL, 

0.115 mmol, 1.8 equiv.) and stirred at room temperature for 3 hours, and the resulted mixed 

anhydride was concentrated under reduced pressure. The crude mixture was then 

redissolved in dry toluene (0.3 mL) and cannulated to a stirring solution of amide 3.8.1 (15 

mg, 0.05 mmol, 1.0 equiv.) and DMAP (7.3 mg, 0.06 mmol, 1.2 equiv.) in toluene (0.3 

mL) at 0 ºC. After stirring for 15 minutes at 0 ºC the reaction mixture was stirred for an 

additional 12 hours at room temperature (complete by TLC). Reaction mixture was diluted 

with CH2Cl2 (1 mL) and was added sat. NaHCO3 (2 mL). The aqueous layer was extracted 

with CH2Cl2 (3 x 1.5 mL), and the organic layers were combined, dried over Na2SO4, 

filtered, and concentrated under reduced pressure. Purification via flash column 

chromatography (silica, 0%–50% EtOAc in hexanes) to obtain diene 3.8.5 (14.7 mg, 0.03 

mmol, 65% yield) as a colorless liquid. TLC (EtOAc/hexane, 1/1): Rf = 0.5. 

FTIR (neat): 3082, 2964, 2929,2874, 2856, 1730, 1648, 1405, 1260, 1186, 1065 cm-1; 

Optical Rotation: [𝑎]  = +6.1 (c = 0.10 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 6.46 (dd, J = 17.3 , 1.5 Hz, 1H, 

OC(O)CH(CH(CH3)2)OC(O)CH=CHaHb), 6.20 (dd, J = 17.3, 10.4 Hz, 1H, 
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OC(O)CH(CH(CH3)2)OC(O)CH= CHaHb), 5.89 (dd, J = 10.4, 1.4 Hz, 1H, 

OC(O)CH(CH(CH3)2)OC(O)CH=CHaHb), 5.80–5.68 (m, 1H, C(O)N(Me)CH2CH=CH2), 

5.24–5.05 (m, 3H, C(O)N(Me)CH2CH=CH2, 

CH3(CH2)4CH(OMe)CHaHbCH(OC(O))CHaHb), 4.88 (d, J = 4.3 Hz, 1H, 

OC(O)CH(CH(CH3)2)OC(O)CH=CHaHb), 3.98 (d, J = 5.7 Hz, 1H, 

C(O)N(Me)CH2CH=CH2)Major, 3.91–3.85 (m, 1H, C(O)N(Me)CH2*CH=CH2)Minor, 3.29 

(s, 3H, CH(OMe)CHaHbCH(OC(O))CHaHb), 3.12–3.05 (m, 1H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 2.92 (s, 3H, C(O)N(Me)CH2CH=CH2), 2.91 (s, 3H, 

C(O)N(Me)*CH2CH=CH2); 2.42–2.22 (m, 3H, OC(O)CH(CH(CH3)2)OC(O)CH=CHaHb, 

CH(OC(O))CH2CH2CH2C(O)N(Me)CH2), 1.73–1.62 (m, 6H, 

CH(OMe)CHaHbCH(OC(O))CHaHbCH2), 1.55–1.47 (m, 1H, 

CH3(CH2)3CHaHbCH(OMe)), 1.39–1.30 (m, 1H, CH3(CH2)3CHaHbCH(OMe)), 1.30–1.20 

(m, 6H, CH3(CH2)3CHaHbCH(OMe)), 1.03 (dd, J = 8.3, 6.7 Hz, 6H, 

OC(O)CH(CH(CH3)2)OC(O)CH=CHaHb), 0.89 (td, J = 7.0 Hz, 3H, 

CH3(CH2)3CHaHbCH(OMe)); 

13C NMR (126 MHz, CDCl3) δ 172.7 (C=O, amide), 169.5 (C=O), 165.8 (C=O), 133.5 

(CH=CH2), 133.0 (CH=CH2)*, 131.4 (CH=CH2), 128.2 (CH=CH2), 117.1 (CH=CH2), 

116.7 (CH=CH2)*, 77.5 (CH), 77.4 (CH), 72.8 (CH), 57.0 (CH3), 52.4 (CH2), 50.2 (CH2)*, 

39.4 (CH2), 34.8 (CH3), 34.6 (CH2), 33.8 (CH3)*, 33.8 (CH2), 33.2 (CH2), 32.6 (CH2)*, 

32.2 (CH2), 30.3 (CH), 24.8 (CH2), 22.8 (CH2), 20.8 (CH2), 20.5(CH2)*, 19.9 (CH3), 19.1 

(CH3), 14.1 (CH3); 

* rotamer 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C25H43F3NO6Na 476.2988; Found 
476.2987.  
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2-(((5S,7S)-1-(allyl(4-(trifluoromethyl)benzyl)amino)-7-methoxy-1-oxododecan-5-
yl)oxy)-2-oxoethyl acrylate (C29H40F3NO6, 3.8.7) 

 

 
 

To a solution of 2-(acryloyloxy)acetic acid (7.8 mg, 0.06 mmol, 2 equiv.) in dry 

THF (0.3 mL) was added freshly distilled N,N-diisopropylethylamine (26 µL, 0.08 mmol, 

2.5 equiv.) followed by 2,4,6-trichlorobenzoyl chloride (TCBC) (8 µL, 0.06 mmol, 1.8 

equiv.) and stirred at room temperature for 3 hours, and the resulted mixed anhydride was 

concentrated under reduced pressure. Crude mixture was then redissolved in dry toluene 

(0.4 mL) and cannulated to a stirring solution of amide 3.8.7 (15.0 mg, 0.03 mmol, 1.0 

equiv.) and DMAP (4.4 mg, 0.04 mmol, 1.2 equiv.) in toluene (0.4 mL) at 0 ºC. After 

stirring for 15 minutes at 0 ºC the reaction mixture was stirred for additional 12 hours at 

room temperature (complete by TLC). The reaction mixture was diluted with CH2Cl2 (1 

mL) and was added sat. NaHCO3 (1 mL). The aqueous layer was extracted with CH2Cl2 (3 

x 1.5 mL), and the organic layers were combined, dried over Na2SO4, filtered, and 

concentrated under reduced pressure. Purification via flash column chromatography (silica, 

0%–50% EtOAc in hexanes) to obtain amide 3.8.8 (10.5 mg, 0.04 mmol, 63% yield) as a 

colorless liquid. TLC (EtOAc/hexane, 1/1): Rf = 0.7. 

FTIR (neat): 3079, 2930, 2859, 1735, 1649, 1619, 1580, 1325 (CF3), 1209 (CF3),  

985 cm-1; 

Optical Rotation: [𝑎]  = +13.2 (c = 0.14 , CHCl3); 
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1H NMR (500 MHz, CDCl3) δ 7.62 (d, J = 8.0 Hz, 2H, 

C(O)N(CH2C6H2a*H2bCF3)CH2CH=CH2Minor), 7.57 (d, J = 8.0 Hz, 2H, 

C(O)N(CH2C6H2aH2bCF3)CH2CH=CH2Major), 7.34 (d, J = 8.0 Hz, 2H, 

C(O)N(CH2C6H2aH2bCF3)CH2CH=CH2Major), 7.28 (d, J = 8.7 Hz, 2H, 

C(O)N(CH2C6H2aH2b*CF3)CH2CH=CH2Minor), 6.48 (d, J = 17.3 Hz, 1H, 

OC(O)CH2OC(O)CH=CHaHb), 6.20 (dd, J = 17.3, 10.3 Hz, 1H, OC(O)CH2OC(O)CH= 

CHaHb), 5.91 (d, J = 10.4 Hz, 1H, OC(O)CH2OC(O)CH=CHaHb), 5.80–5.67 (m, 1H, 

C(O)N(CH2C6H2aH2bCF3)CH2CH=CH2), 5.30–5.05 (m, 3H, 

C(O)N(CH2C6H2aH2bCF3)CH2CH=CH2), 

CH3(CH2)4CH(OMe)CHaHbCH(OC(O))CHaHb), 4.68 (s, 2H, 

OC(O)CH2OC(O)CH=CHaHb), 4.65–4.53 (m, 2H, 

C(O)N(CH2C6H2aH2bCF3)CH2CH=CH2), 4.05–3.96 (m, 2H, 

C(O)N(CH2C6H2aH2bCF3)CH2*CH=CH2)Minor, 3.89–3.79 (m, 2H, 

C(O)N(CH2C6H2aH2bCF3)CH2CH=CH2)Major, 3.30 (s, 3H, 

CH3(CH2)4CH(OMe)CHaHb)Major, 3.27 (s, 3H, CH3(CH2)4CH(OMe*)CHaHb)Minor, 3.17–

3.08 (m, 1H, CH3(CH2)4CH(OMe*)CHaHb), 2.49–2.27 (m, 2H, 

CH2C(O)N(CH2C6H2aH2bCF3)CH2), 1.81–1.59 (m, 6H, 

CH(OMe)CHaHbCH(OC(O))CHaHbCH2), 1.57–1.48 (m, 1H, 

CH3(CH2)3CHaHbCH(OMe)), 1.45–1.35 (q, J = 6.6 Hz, 1H, CH3(CH2)3CHaHbCH(OMe)), 

1.34–1.23 (m, 6H, CH3(CH2)3CHaHbCH(OMe)), 0.89 (t, J = 6.7 Hz, 3H, 

CH3(CH2)3CHaHbCH(OMe));  

13C NMR (126 MHz, CDCl3) δ 173.5 (C=O, amide), 173.2 (C=O, amide)*,167.7 (C=O), 

165.6 (C=O), 141.8 (CAr), 136.2 (CAr), 132.8 (CH=CH2)*, 132.6 (CH=CH2)*, 132.4 
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(CH=CH2), 132.3 (CH=CH2), 128.2 (2, CHAr), 127.5 (CH=CH2), 126.8 (2, CHAr)*, 126.1 

(2, CHAr)*, 125.7 (2, CHAr), 118.1(CH=CH2)*, 117.4 (CH=CH2), 77.4 (CH), 72.6 (CH), 

61.1 (CH2), 57.1 (CH3), 49.9 (CH2)*, 49.7 (CH2), 48.4 (CH2)*, 48.3 (CH2), 39.3 (CH2), 

34.5 (CH2), 33.6 (CH2), 32.8 (CH2)*, 32.5(CH2), 32.2(CH2), 24.7 (CH2), 22.8 (CH2), 20.8 

(CH2), 14.2 (CH3); 

* rotamer 

Note: (13C of CF3 was not found; however, IR and 19F data confirmed the presence of CF3 

group) 

19F NMR (471 MHz, CDCl3) δ -62.50Major , -62.54*Minor. 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C29H40F3NO6Na 578.2705; Found 
578.2706. 
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(5S,7S)-N-allyl-5-hydroxy-7-methoxy-N-methyl-10-phenyldecanamide (C21H33NO3, 
3.9.1) 

 

To a solution of N-allylmethylamine (38 µL, 0.4 mmol, 2 equiv.) in CH2Cl2 (1 mL), 

was added trimethylaluminum (2 M, toluene, 0.175 mL, 0.35 mmol, 1.75 equiv.) at room 

temperature and stirred for 30 minutes. Then the mixture was cannulated under argon to a 

solution of lactone methyl ether 3.7.10 (50 mg, 0.2 mmol, 1 equiv.) in CH2Cl2 (0.2 mL) in 

a pressure vial and stirred at 50 ºC for 18 hours (TLC monitoring). Then the reaction 

mixture was cooled to room temperature and an additional 1.75 equivalents of N-

allylmethylamine aluminum complex was added and continued stirring for 12 more hours 

at 50 ºC (complete by TLC). Reaction mixture was diluted with CH2Cl2 (1 mL) and 

quenched carefully with 1 M HCl solution (1 mL) at 0 ºC. The aqueous layer was extracted 

with CH2Cl2 (3 x 1.5 mL), and the organic layers were combined, dried over Na2SO4, 

filtered, and concentrated under reduced pressure. Purification via flash column 

chromatography (silica, 0%–80% EtOAc in hexanes) amide 3.9.1 (33.4 mg, 0.096 mmol, 

48% yield) as pale yellow oil. TLC (EtOAc/hexane, 3/2): Rf = 0.2. 

FTIR (neat): 3418, 3029, 2928, 2845, 1634, 1558, 1456, 1086, 990 cm-1; 

Optical Rotation: [𝑎]  = +22.0 (c = 0.15 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 7.31–7.13 (m, 5H, C6H5CH2CH2CHaHbCH(OMe)), 5.81–

5.70 (m, 1H, C(O)N(Me)CH2CH=CH2), 5.22–5.09 (m, 2H, C(O)N(Me)CH2CH=CH2), 

4.02–3.93 (m, 2H, C(O)N(Me)CH2CH=CH2)Major, 3.90–3.89 (m, 2H, 

C(O)N(Me)CH2*CH=CH2)Minor, 3.86–3.78 (m, 1H, CH(OMe)CHaHbCH(OH)CHaHb), 
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3.51 (dtt, J = 15.9, 6.2, 3.0 Hz, 1H, CH(OMe)CHaHbCH(OH)CHaHb), 3.38 (s, 3H, 

CH(OMe)CHaHbCH(OH)CHaHb)Major, 3.34 (s, 3H, CH(OMe*)CHaHbCH(OH))Minor, 2.94 

(s, 3H, C(O)N(Me)CH2CH=CH2)Major, 2.92 (s, 3H, C(O)N(Me*)CH2CH=CH2)Minor, 2.69–

2.59 (m, 2H, C6H5CH2CH2CHaHbCH(OMe)), 2.42–2.29 (m, 2H, 

CH(OH)CH2CH2CH2C(O)N(Me)CH2, CH(OH)CH2CH2CH2*C(O)N(Me)CH2), 1.80–1.70 

(m, 3H, CH(OH)CH2CH2CH2C(O)N(Me)CH2, CH(OH)CHaHbCH2CH2C(O)N(Me)CH2), 

1.69–1.60 (m, 3H, CHaHbCHaHbCH(OMe)CHaHbCH(OH), 1.54–1.36 (m, 4H, 

CHaHbCHaHbCH(OMe)CHaHbCH(OH)CHaHb); 

13C NMR (126 MHz, CDCl3) δ 173.5 (amide C=O), 173.1 (amide C=O)*, 142.4 (CAr), 

133.2 (CH=CH2), 132.7 (CH=CH2)*, 128.5 (2, CHAr), 128.4 (2, CHAr), 125.9 (CHAr), 117.2 

(CH=CH2), 116.7 (CH=CH2)*, 79.2 (CH), 79.2 (CH)*, 68.1 (CH), 68.0 (CH)*, 57.1 (CH3), 

57.1 (CH3)*, 52.3 (CH2), 50.2 (CH2)*, 39.9 (CH2), 39.8 (CH2)*, 37.6 (CH2), 37.5 (CH2)*, 

36.1 (CH2), 34.9 (N-CH3), 33.8 (N-CH3)*, 33.3 (CH2), 32.7 (CH2)*, 33.0 (CH2), 27.3 

(CH2), 21.1 (CH2), 20.8 (CH2)*; 

* rotamer 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C21H33NO3Na 370.2358; Found 370.2347. 
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2-(((5S,7S)-1-(allyl(methyl)amino)-7-methoxy-1-oxo-10-phenyldecan-5-yl)oxy)-2-
oxoethyl acrylate (C26H37NO6, 3.9.2) 
 

 

To a solution of 2-(acryloyloxy)acetic acid (15.6 mg, 0.12 mmol, 2 equiv.) in dry 

THF (1.2 mL) was added freshly distilled N,N-diisopropylethylamine (26 µL, 0.15 mmol, 

2.5 equiv.) followed by 2,4,6-trichlorobenzoyl chloride (TCBC) (15.8 µL, 0.11 mmol, 1.8 

equiv.) and stirred at room temperature for 3 hours and the resulted mixed anhydride was 

concentrated under reduced pressure. The crude mixture was then redissolved in dry 

toluene (0.6 mL) and cannulated to a stirring solution of amide 3.9.1 (20 mg, 0.06 mmol, 

1.0 equiv.) and DMAP (8.8 mg, 0.07 mmol, 1.2 equiv.) in toluene (0.6 mL) at 0 ºC. After 

stirring for 15 minutes at 0 ºC the reaction mixture was stirred for an additional 12 hours 

at room temperature (complete by TLC). The reaction mixture was diluted with CH2Cl2 (2 

mL) and was added sat. NaHCO3 (2 mL). The aqueous layer was extracted with CH2Cl2 (3 

x 1.5 mL), and the organic layers were combined, dried over Na2SO4, filtered, and 

concentrated under reduced pressure. Purification via flash column chromatography (silica, 

0%–50% EtOAc in hexanes) to obtain amide 3.9.2 (18.4 mg, 0.04 mmol, 68% yield) as a 

yellow oil. TLC (EtOAc/hexane, 1/1): Rf = 0.65. 

FTIR (neat): 3025, 2923, 2853, 1756, 1732, 1635, 1495, 1261, 1170, 981 cm-1; 

Optical Rotation: [𝑎]  = +11.2 (c = 0.10 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 7.29–7.16 (m, 5H, C6H5CH2(CH2)2CH(OMe), 6.48 (d, J = 

17.4 Hz, 1H, OC(O)CH2OC(O)CH=CHaHb), 6.19 (dd, J = 17.4, 10.3 Hz, 1H, 
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OC(O)CH2OC(O)CH= CHaHb), 5.92 (d, J = 10.5 Hz, 1H, OC(O)CH2OC(O)CH=CHaHb), 

5.80–5.66 (m, 1H, C(O)N(Me)CHaHbCH=CH2), 5.27–5.20 (m, 1H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 5.16 (m, 2H, C(O)N(Me) CHaHbCH=CH2), 4.65 (s, 

2H, OC(O)CH2OC(O)CH=CHaHb), 3.98 (d, J = 6.0 Hz, 1H, C(O)N(Me) 

CHaHbCH=CH2), 3.88 (d, J = 4.7 Hz, 1H, C(O)N(Me) CHaHbCH=CH2), 3.27 (s, 3H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 3.18–3.09 (m, 1H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 2.92 (s, 3H, C(O)N(Me)CH2CH=CH2)Major, 2.91 (s, 

3H, C(O)N(Me)*CH2CH=CH2)Minor, 2.61 (t, J = 7.5 Hz, 2H, C6H5CH2(CH2)2CH(OMe), 

2.40–2.25 (m, 2H, CH(OC(O))CH2CH2CH2C(O)N(Me)CH2), 1.78–1.57 (m, 9H, 

CH(OMe)CHaHbCH(OC(O))CHaHbCH2, C6H5CH2CH2CHaHbCH(OMe)), 1.46 (dt, J = 

14.0, 6.8 Hz, 1H, C6H5CH2CH2CHaHbCH(OMe)); 

13C NMR (126 MHz, CDCl3) δ 172.8 (C=O, amide) 167.6 (C=O), 165.6 (C=O), 142.4 

(CAr), 133.3 (CH=CH2), 132.8 (CH=CH2)*, 132.3 (CH=CH2), 128.6 (2, CHAr), 128.5 (2, 

CHAr), 127.6 (CH=CH2),125.9 (CHAr), 117.3 (CH=CH2), 116.7 (CH=CH2)*, 77.2 (CH), 

72.7 (CH), 61.1 (CH2), 57.2 (CH3), 52.3 (CH2), 50.1 (CH2)*, 39.2 (CH2), 36.2 (CH2), 34.8 

(CH3), 34.5 (CH2) , 33.8 (CH3)*, 33.3 (CH2), 33.0 (CH2), 32.4 (CH2)*, 26.9 (CH2), 20.8 

(CH2), 20.5(CH2)*. 

* rotamer 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C26H37NO6Na 482.2519; Found 476.2549. 
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(5S,7S)-1-(allyl(methyl)amino)-7-methoxy-1-oxo-10-phenyldecan-5-yl (S)-2-
(acryloyloxy)-3-methylbutanoate (C29H43NO6, 3.9.3) 
 

 
 
 

To a solution of (S)-2-(acryloyloxy)-3-methylbutanoic acid (20.6 mg,0.12 mmol, 2 

equiv.) in dry THF (1.2 mL) was added freshly distilled N,N-diisopropylethylamine (26 

µL, 0.15 mmol, 2.5 equiv.) followed by 2,4,6-trichlorobenzoyl chloride (TCBC) (15.8 µL, 

0.11 mmol, 1.8 equiv.) and stirred at room temperature for 3 hours, and the resulted mixed 

anhydride was concentrated under reduced pressure. Crude mixture was then redissolved 

in dry toluene (0.6 mL) and cannulated to a stirring solution of amide 3.9.1 (20 mg, 0.06 

mmol, 1.0 equiv.) and DMAP (8.8 mg, 0.07 mmol, 1.2 equiv.) in toluene (0.6 mL) at 0 ºC. 

After stirring for 15 minutes at 0 ºC the reaction mixture was stirred for an additional 12 

hours at room temperature ( complete by TLC). The reaction mixture was diluted with 

CH2Cl2 (2 mL) and was added sat. NaHCO3 (2 mL). The aqueous layer was extracted with 

CH2Cl2 (3 x 1.5 mL), and the organic layers were combined, dried over Na2SO4, filtered, 

and concentrated under reduced pressure. Purification via flash column chromatography 

(silica, 0%–50% EtOAc in hexanes) to obtain amide 3.9.3 (19.5 mg, 0.04 mmol, 65% yield) 

as a yellow oil. TLC (EtOAc/hexane, 1/1): Rf = 0.7. 
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FTIR (neat): 3083, 3025, 2923, 2852, 1756, 1733, 1648, 1207, 1170, 1089, 1021 cm-1; 

Optical Rotation: [𝑎]  = +10.3 (c = 0.10 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 7.32–7.13 (m, 5H, C6H5CH2(CH2)2CH(OMe), 6.42 (dd, J 

= 17.3, 1.4 Hz, 1H, OC(O)CH(CH(Me)2)OC(O)CH=CHaHb), 6.17 (dd, J = 17.3, 10.4 Hz, 

1H, OC(O)CH(CH(Me)2)OC(O)CH=CHaHb), 5.84 (dd, J = 10.0, 1.4 Hz, 1H, 

OC(O)CH(CH(Me)2)OC(O)CH=CHaHb), 5.80–5.64 (m, 1H, 

C(O)N(Me)CHaHbCH=CH2), 5.23–5.10 (m, 3H, CH(OMe)CHaHbCH(OC(O))CHaHb, 

C(O)N(Me)CHaHbCH=CH2), 4.86 (d, J = 4.2 Hz, 1H, 

OC(O)CH(CH(Me)2)OC(O)CH=CHaHb), 3.98 (dd, J = 6.0, 1.4 Hz, 1H, 

C(O)N(Me)CHaHbCH=CH2), 3.88 (dd, J = 4.9, 1.6 Hz, 1H, C(O)N(Me)CHaHbCH=CH2), 

3.27 (s, 3H, CH(OMe)CHaHbCH(OC(O))CHaHb)Major , 3.27 (s, 3H, 

CH(OMe)*CHaHbCH(OC(O))CHaHb)Minor, 3.14–3.05 (m, 1H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 2.92 (s, 3H, C(O)N(Me)*CH2CH=CH2) Major, 2.90 

(s, 3H, C(O)N(Me)CH2CH=CH2) Minor, 2.60 (t, J = 7.4 Hz, 2H, 

C6H5CH2(CH2)2CH(OMe), 2.40–2.19 (m, 3H, CH(OC(O))CH2CH2CH2C(O)N(Me)CH2, 

OC(O)CH(CH(Me)2)OC(O)CH=CHaHb), 1.73–1.57 (m, 9H, 

CH(OMe)CHaHbCH(OC(O))CHaHbCH2, C6H5CH2CH2CHaHbCH(OMe)), 1.46–1.37 (m, 

1H, C6H5CH2CH2CHaHbCH(OMe)), 1.02 (ddd, J = 8.2, 6.9, 1.2 Hz, 6H, 

OC(O)CH(CH(Me)2)OC(O)CH=CHaHb); 

13C NMR (126 MHz, CDCl3) δ 172.9 (C=O, amide), 172.5 (C=O, amide)*,169.5 (C=O), 

165.8 (C=O), 142.4 (CAr), 133.4 (CH=CH2), 132.8 (CH=CH2)*, 131.7 (CH=CH2), 128.5 

(2, CHAr), 128.4 (2, CHAr), 127.9 (CH=CH2),125.9 (CHAr), 117.2 (CH=CH2), 116.7 

(CH=CH2)*, 77.2 (CH), 77.0 (CH), 72.5 (CH), 57.1 (CH3), 52.3 (CH2), 50.1 (CH2)*, 39.2 
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(CH2), 36.2 (CH2), 34.8 (CH3), 34.4 (CH2) , 33.7 (CH3)*, 33.3 (CH2), 33.1 (CH2), 32.5 

(CH2)*, 30.2 (CH), 26.9 (CH2), 20.8 (CH2), 20.4(CH2)*, 19.2 (CH3), 17.3 (CH3); 

* rotamer 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C29H43NO6Na 524.2988; Found 524.2982.  
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(3S,14S,Z)-3-isopropyl-14-((S)-2-methoxyheptyl)-9-methyl-1,4-dioxa-9-
azacyclotetradec-6-ene-2,5,10-trione (C23H39NO6, 3.10.1) 
 

 

To a solution of diene 3.8.5 (10 mg, 0.02 mmol) in CHCl3 (20 mL, 0.001 M) in a 

round-bottom flask was added G-II catalyst (3.4 mg, 0.004 mmol, 20 mol%) and stirred at 

60 ºC for 18 hours (complete by TLC). The solvent was evaporated under reduced pressure. 

Flash column chromatography (silica, 0%–50% EtOAc in hexanes) was performed to 

obtain macrocycle (3.10.1) (3.1 mg, 0.021 mmol, 36% yield) as a thick brown oil. TLC 

(EtOAc/hexane, 3/1): Rf = 0.6. 

FTIR (neat): 3060, 3025, 2928, 2854, 1729, 1634, 1266, 1187, 1045, 987 cm-1; 

Optical Rotation: [𝑎]  = -21.2 (c = 0.15, CHCl3); 

1H NMR (500 MHz, CDCl3) δ 6.25 (ddd, J = 11.7, 8.5, 5.9 Hz, 1H, 

C(O)N(Me)CHaHbCH=CHC(O)OCH(CH(Me)2), 6.00 (d, J = 17.8 Hz, 1H, 

C(O)N(Me)CHaHbCH=CHC(O)OCH(CH(Me)2), 5.27–5.21 (m, 1H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 5.17 (d, J = 4.4 Hz, 1H, 

C(O)N(Me)CHaHbCH=CHC(O)OCH(CH(Me)2), 4.78 (dd, J = 16.7, 8.5 Hz, 1H, 

C(O)N(Me)CHaHbCH=CHC(O)OCH(CH(Me)2), 4.16 (dd, J = 16.6, 6.0 Hz, 1H, 

C(O)N(Me)CHaHbCH=CHC(O)OCH(CH(Me)2), 3.29 (s, 3H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 3.12–3.07 (m, 1H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 3.06 (s, 3H, 

C(O)N(Me)CHaHbCH=CHC(O)OCH(CH(Me)2), 2.61–2.52 (m, 1H, 



 378 

CH(OC(O))CH2CH2CHaHbC(O)N(Me)CHaHb), 2.51–2.42 (m, 1H, 

C(O)N(Me)CHaHbCH=CHC(O)OCH(CH(Me)2), 2.21–2-13 (m, 1H, 

CH(OC(O))CH2CH2CHaHbC(O)N(Me)CHaHb), 1.75–1.57 (m, 7H, 

CH(OMe)CHaHbCH(OC(O))CHaHbCH2, CH3CH2CH2CHaHbCHaHbCH(OMe)), 1.44–

1.26 (m, 7H, CH(OMe)CHaHbCH(OC(O))CHaHbCH2, 

CH3CH2CH2CCHaHbCHaHbCH(OMe)), 1.04 (t, J = 6.4 Hz, 6H, 

C(O)N(Me)CHaHbCH=CHC(O)OCH(CH(Me)2), 0.89 (t, J = 6.4 Hz, 6H, 

CH3CH2CH2CCHaHbCHaHbCH(OMe));  

13C NMR (126 MHz, CDCl3) δ 172.9 (C=O, amide), 168.6 (C=O),165.3 (C=O), 140.2 

(CH=CH), 121.8 (CH=CH), 77.7 (CH), 77.4 (CH), 73.9 (CH), 56.9 (CH3), 48.2 (CH2), 

37.6 (CH2), 34.2 (CH2), 34.1 (CH3), 33.4 (CH2) , 32.6 (CH2), 32.2 (CH2), 29.5 (CH) 24.5 

(CH2), 22.8 (CH2), 20.0 (CH2), 19.2 (CH3), 17.7 (CH3), 14.2 (CH3); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C23H39NO6Na 448.2675; Found 448.2690. 
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(S,Z)-14-((S)-2-methoxyheptyl)-9-methyl-1,4-dioxa-9-azacyclotetradec-6-ene-2,5,10-
trione (C20H33NO6, 3.10.2) 
 

 

To a solution of diene 3.8.4 (12 mg, 0.03 mmol, 1 equiv.) in CHCl3 (30 mL, 0.001 

M) in a round-bottom flask added G-II catalyst (5.0 mg, 0.006 mmol, 20 mol%) and stirred 

at 60 ºC for 18 hours (complete by TLC). The solvent was evaporated under reduced 

pressure. Flash column chromatography (silica, 0%–50% EtOAc in hexanes) was 

performed to obtain macrocycle (3.10.2) (3.2 mg, 0.008 mmol, 28% yield) as a thick brown 

oil. TLC (EtOAc/hexane, 3/1): Rf = 0.5. 

FTIR (neat): 3061, 3025, 2928, 2854, 1731, 1634, 1265, 1187, 1046, 986 cm-1; 

Optical Rotation: [𝑎]  = -10.1 (c = 0.1 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 6.32 (td, J = 11.7, 3.8 Hz, 1H, 

C(O)N(Me)CHaHbCH=CHC(O)OCHaHb), 6.02 (d, J = 11.5 Hz, 1H, 

C(O)N(Me)CHaHbCH=CHC(O)OCHaHb), 5.50 (dd, J = 16.5, 10.8 Hz, 1H, 

C(O)N(Me)CHaHbCH=CHC(O)OCHaHb), 5.36–5.31 (m, 1H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 4.84 (d, J = 15.4 Hz, 1H, 

C(O)N(Me)CHaHbCH=CHC(O)OCHaHb), 4.37 (d, J = 15.4 Hz, 1H, 

C(O)N(Me)CHaHbCH=CHC(O)OCHaHb), 3.59–3.52 (m, 1H, 

C(O)N(Me)CHaHbCH=CHC(O)OCHaHb), 3.21 (s, 3H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 3.01–2.98 (m, 1H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 2.98 (s, 3H, 
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C(O)N(Me)CHaHbCH=CHC(O)OCHaHb), 2.37–2.31 (m, 1H, 

CH(OC(O))CH2CH2CHaHbC(O)N(Me)CHaHb), 2.19–2.09 (m, 1H 

CH(OC(O))CH2CH2CHaHbC(O)N(Me)CHaHb), 1.66–1.55 (m, 6H, 

CH(OMe)CHaHbCH(OC(O))CHaHbCH2, CH3CH2CH2CH2CHaHbCH(OMe)), 1.28–1.19 

(m, 8H, CH(OMe)CHaHbCH(OC(O))CHaHbCH2, CH3CH2CH2CH2CHaHbCH(OMe)), 

0.89 (t, J = 6.5 Hz, 3H, CH3CH2CH2CH2CHaHbCH(OMe));  

13C NMR (126 MHz, CDCl3) δ 173.7 (C=O, amide) 167.0 (C=O), 165.6 (C=O), 142.6 

(CH=CH), 120.7 (CH=CH), 77.4 (CH), 72.6 (CH), 61.9 (CH2), 57.1 (CH3), 47.2 (CH2), 

36.6 (CH2), 34.8 (CH2), 33.7 (CH3) , 33.2 (CH2), 32.2 (CH2), 29.9 (CH2), 24.5 (CH2), 22.8 

(CH2), 19.2 (CH2), 14.2 (CH3); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C20H33NO6Na 406.2206; Found 406.2221. 
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(3S,14S,Z)-3-isopropyl-14-((S)-2-methoxy-5-phenylpentyl)-9-methyl-1,4-dioxa-9-
azacyclotetradec-6-ene-2,5,10-trione (C27H39NO6, 3.10.5) 
 

 

To a solution of diene 3.9.3 (12 mg, 0.02 mmol, 1 equiv.) in CHCl3 (20 mL, 0.001 

M) in a pressure vial was added G-II catalyst (4.1 mg, 0.004 mmol, 20 mol%) and stirred 

at 60 ºC for 18 hours (complete by TLC). The solvent was evaporated under reduced 

pressure. Flash column chromatography (silica, 0%–50% EtOAc in hexanes) was 

performed to obtain macrocycle 3.10.5 (4.2 mg, 0.008 mmol, 44% yield) as a thick brown 

oil. TLC (EtOAc/hexane, 3/1): Rf = 0.4. 

FTIR (neat): 3024, 2923, 2852, 1737, 1646, 1454, 1260, 1167, 1098, 799 cm-1; 

Optical Rotation: [𝑎]  = -12.4 (c = 0.15 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 7.29–7.14 (m, 5H, C6H5CH2(CH2)2CH(OMe), 6.22 (ddd, 

J = 11.9, 8.5, 5.8 Hz, 1H, C(O)N(Me)CHaHbCH=CHC(O)OCH(CH(Me)2), 5.94 (d, J = 

17.8 Hz, 1H, C(O)N(Me)CHaHbCH=CHC(O)OCH(CH(Me)2), 5.24 (dd, J = 8.6, 4.15 Hz, 

1H, CH(OMe)CHaHbCH(OC(O))CHaHb), 5.16 (d, J = 4.3 Hz, 1H, 

C(O)N(Me)CHaHbCH=CHC(O)OCH(CH(Me)2), 4.78 (dd, J = 16.7, 8.6 Hz, 1H, 

C(O)N(Me)CHaHbCH=CHC(O)OCH(CH(Me)2), 4.14 (dd, J = 16.0, 5.6 Hz, 1H, 

C(O)N(Me)CHaHbCH=CHC(O)OCH(CH(Me)2), 3.27 (s, 3H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 3.15–3.08 (m, 1H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 3.05 (s, 3H, 

C(O)N(Me)CHaHbCH=CHC(O)OCH(CH(Me)2), 2.61 (dd, J = 8.0, 4.7 Hz, 2H, 
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C6H5CH2(CH2)2CH(OMe), 2.58–2.51 (m, 1H, 

CH(OC(O))CH2CH2CHaHbC(O)N(Me)CHaHb), 2.50–2.43 (m, 1H, 

C(O)N(Me)CHaHbCH=CHC(O)OCH(CH(Me)2), 2.15 (ddd, J = 15.6, 12.5, 4.7 Hz, 1H, 

CH(OC(O))CH2CH2CHaHbC(O)N(Me)CHaHb), 1.78–1.57 (m, 10H, 

CH(OMe)CHaHbCH(OC(O))CHaHbCH2, C6H5CH2CH2CHaHbCH(OMe)), 1.04 (t, J = 6.4 

Hz, 6H, C(O)N(Me)CHaHbCH=CHC(O)OCH(CH(Me)2);  

13C NMR (126 MHz, CDCl3) δ 173.5 (C=O, amide), 168.5 (C=O),165.3 (C=O), 142.4 

(CAr), 140.2 (CH=CH), 128.6 (2, CHAr), 128.4 (2, CHAr), 125.9 (CHAr), 121.7 (CH=CH), 

77.6 (CH), 77.4 (CH), 73.9 (CH), 57.0 (CH3), 48.2 (CH2), 37.6 (CH2), 36.1 (CH2), 34.1 

(CH3), 34.1 (CH2), 33.0 (CH2) , 32.5 (CH2), 29.8 (CH) 26.6 (CH2), 19.9 (CH2), 19.2 (CH3), 

17.7 (CH3); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C27H39NO6Na 496.2675; Found 496.2667. 
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(S,Z)-14-((S)-2-methoxy-5-phenylpentyl)-9-methyl-1,4-dioxa-9-azacyclotetradec-6-
ene-2,5,10-trione (C24H33NO6, 3.10.4) 
 

 

To a solution of diene 3.9.2 (8 mg, 0.02 mmol) in CHCl3 (20 mL, 0.001 M) in a 

round-bottom flask, was added G-II catalyst (3.4 mg, 0.004 mmol, 20 mol%) and stirred at 

60 ºC for 18 hours (complete by TLC). The solvent was evaporated under reduced pressure. 

Flash column chromatography (silica, 0%–50% EtOAc in hexanes) was performed to 

obtain macrocycle 3.10.4 (3.2 mg, 0.007 mmol, 35% yield) as a thick yellow oil. TLC 

(EtOAc/hexane, 3/1): Rf = 0.4. 

FTIR (neat): 3024, 2923, 2852, 1736, 1645, 1454, 1426, 1283, 1028 cm-1; 

Optical Rotation: [𝑎]  = -7.1 (c = 0.14 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 7.30–7.14 (m, 5H, C6H5CH2(CH2)2CH(OMe), 6.37 (td, J 

= 13.5, 11.4, 5.0 Hz, 1H, C(O)N(Me)CHaHbCH=CHC(O)OCHaHb), 6.06 (d, J = 11.9 Hz, 

1H, C(O)N(Me)CHaHbCH=CHC(O)OCHaHb), 5.56 (dd, J = 16.7, 10.8 Hz, 1H, 

C(O)N(Me)CHaHbCH=CHC(O)OCHaHb), 5.43–5.34 (m, 1H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 4.89 (d, J = 15.4 Hz, 1H, 

C(O)N(Me)CHaHbCH=CHC(O)OCHaHb), 4.40 (d, J = 15.5 Hz, 1H, 

C(O)N(Me)CHaHbCH=CHC(O)OCHaHb), 3.66–3.57 (m, 1H, 

C(O)N(Me)CHaHbCH=CHC(O)OCHaHb), 3.26 (s, 3H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 3.11–3.03 (m, 1H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 3.04 (s, 3H, 
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C(O)N(Me)CHaHbCH=CHC(O)OCHaHb), 2.61 (t, J = 7.5 Hz, 2H, 

C6H5CH2(CH2)2CH(OMe), 2.42–2.35 (m, 1H, 

CH(OC(O))CH2CH2CHaHbC(O)N(Me)CHaHb), 2.22–2.14 (m, 1H, 

CH(OC(O))CH2CH2CHaHbC(O)N(Me)CHaHb), 1.70–1.55 (m, 8H, 

CH(OMe)CHaHbCH(OC(O))CHaHbCH2, C6H5CH2CH2CHaHbCH(OMe)), 1.31–1.25 (m, 

2H, C6H5CH2CH2CHaHbCH(OMe));  

13C NMR (126 MHz, CDCl3) δ 173.7 (C=O, amide) 167.0 (C=O), 165.6 (C=O), 142.6 

(CAr), 142.6 (CH=CH), 128.6 (2, CHAr), 128.5 (2, CHAr), 125.9 (CHAr), 120.7 (CH=CH), 

77.4 (CH), 72.5 (CH), 61.9 (CH2), 57.1 (CH3), 47.2 (CH2), 36.6 (CH2), 36.2 (CH2), 34.7 

(CH2), 33.7 (CH3) , 33.2 (CH2), 29.8 (CH2), 26.8 (CH2), 19.2 (CH2); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C24H33NO6Na 454.2206; Found 454.2213. 
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(S,Z)-14-((S)-2-methoxyheptyl)-9-(4-(trifluoromethyl)benzyl)-1,4-dioxa-9-
azacyclotetradec-6-ene-2,5,10-trione (C27H36F3NO6, 3.10.3) 
 

 

To a solution of diene 3.8.8 (8.5 mg, 0.015 mmol, 1 equiv.) in CHCl3 (15 mL, 0.001 

M) in a pressure vial was added G-II catalyst (2.5 mg, 0.003 mmol, 20 mol%) and stirred 

at 60 ºC for 18 hours (complete by TLC). The solvent was evaporated under reduced 

pressure. Flash column chromatography (silica, 0%–50% EtOAc in hexanes) was 

performed to obtain macrocycle 3.10.3 (1.6 mg, 0.003 mmol, 20% yield) as a thick brown 

oil. TLC (EtOAc/hexane, 1/1): Rf = 0.3. 

FTIR (neat): 2924, 2853,1731, 1650, 1462, 1325, 1261, 1165, 1125 cm-1; 

Optical Rotation: [𝑎]  = -10.0 (c = 0.04 , CHCl3); 

1H NMR (500 MHz, CDCl3) δ 7.60 (d, J = 8.0 Hz, 2H, 

C(O)N(CH2C6H2aH2bCF3)CH2CH=CH), 7.38 (d, J = 8.0 Hz, 2H,  

C(O)N(CH2C6H2aH2bCF3)CH2CH=CH), 6.16 (td, J = 11.0, 4.0 Hz, 1H, 

C(O)N(CH2C6H2aH2bCF3)CHaHbCH=CHC(O)OCHaHb), 6.06 (d, J = 11.6 Hz, 1H, 

C(O)N(CH2C6H2aH2bCF3)CHaHbCH=CHC(O)OCHaHb), 5.46–5.41 (m, 1H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 5.41 (d, J = 10.2 Hz, 1H, 

C(O)N(CH2C6H2aH2bCF3)CHaHbCH=CHC(O)OCHaHb), 5.05 (d, J = 15.2 Hz, 1H, 

C(O)N(CHaHbC6H2aH2bCF3)CH2CH=CH), 4.92 (d, J = 15.5 Hz, 1H, 

C(O)N(CH2C6H2aH2bCF3)CHaHbCH=CHC(O)OCHaHb), 4.46 (d, J = 15.5 Hz, 1H, 
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C(O)N(CH2C6H2aH2bCF3)CHaHbCH=CHC(O)OCHaHb), 4.44 (d, J = 15.3 Hz, 1H, 

C(O)N(CHaHbC6H2aH2bCF3)CH2CH=CH), 3.59–3.52 (m, 1H, 

C(O)N(CH2C6H2aH2bCF3)CHaHbCH=CHC(O)OCHaHb), 3.29 (s, 3H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 3.09 (dd, J = 9.4, 4.26 Hz, 1H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 2.49–2.40 (m, 1H, 

CHaHbC(O)N(CH2C6H2aH2bCF3)CHaHb), 2.32–2.26 (m, 1H, 

CHaHbC(O)N(CH2C6H2aH2bCF3)CHaHb), 1.78–1.64 (m, 6H, 

CH(OMe)CHaHbCH(OC(O))CHaHbCH2, CH3CH2CH2CH2CHaHbCH(OMe)), 1.34–1.28 

(m, 8H, CH(OMe)CHaHbCH(OC(O))CHaHbCH2, CH3CH2CH2CH2CHaHbCH(OMe)), 

0.88–0.87 (m, 3H, CH3CH2CH2CH2CHaHbCH(OMe)); 

13C NMR (126 MHz, CDCl3) δ 174.0 (C=O, amide) 167.0 (C=O), 165.4 (C=O), 142.4 

(CH=CH), 141.6 (CAr), 128.4 (2, CHAr), 128.4 (CAr), 125.9 (2, CHAr), 121.4 (CH=CH), 

77.7 (CH), 74.0 (CH), 61.7 (CH2), 57.0 (CH3), 49.0 (CH2), 44.6 (CH2), 36.5 (CH2), 34.4 

(CH2), 33.5 (CH2), 32.9 (CH2), 32.2 (CH2), 24.5 (CH2), 22.8 (CH2), 19.2 (CH2), 14.2 

(CH3); 

Note: (13C of CF3 was not found; however, IR and 19F data confirmed the presence of CF3 

group) 

19F NMR (471 MHz, CDCl3) δ -62.55; 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C27H36F3NO6Na 550.2392; Found 

550.2422. 
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(S,E)-14-((S)-2-methoxyheptyl)-9-methyl-1,4-dioxa-9-azacyclotetradec-7-ene-2,5,10-
trione (C20H33NO6, 3.11.1) 
 

 
 

To a solution of diene 3.10.2 (3 mg, 0.007 mmol, 1 equiv.) in toluene (1 mL, ~0.1 

M) in a pressure vial was added (PPh3)3RuH(CO)Cl catalyst (1.5 mg, 0.0015 mmol, 20 

mol%) and stirred at 80 ºC for 12 hours (complete by TLC). The solvent was evaporated 

under reduced pressure. Flash column chromatography (silica, 0%–50% EtOAc in 

hexanes) was performed to obtain macrocycle 3.11.1. TLC (EtOAc/hexane, 1/1): Rf = 0.6. 

(rapid degradation was observed in standing conditions). The product was confirmed via 

NMR and Mass data of unpurified material. 

1H NMR (500 MHz, CDCl3) δ 6.73 (d, J = 13.9 Hz, 1H, 

C(O)N(Me)CH=CHCHaHbC(O)OCHaHb), 5.16–5.05 (m, 2H, 

C(O)N(Me)CH=CHCHaHbC(O)OCHaHb, CH(OMe)CHaHbCH(OC(O))CHaHb), 4.57 (dd, 

J = 30.6, 16.7 Hz, 1H, C(O)N(Me)CH=CHCHaHbC(O)OCHaHb), 3.29–3.24 (m, 1H, 

C(O)N(Me)CH=CHCHaHbC(O)OCHaHb), 3.23 (s, 3H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 3.08 (d, J = 9.2 Hz, 1H, 

C(O)N(Me)CH=CHCHaHbC(O)OCHaHb), 3.05–3.02 (m, 1H, 

CH(OMe)CHaHbCH(OC(O))CHaHb), 3.00 (s, 3H, 

C(O)N(Me)CH=CHCHaHbC(O)OCHaHb), 2.61–2.55 (m, 1H, 

CH(OC(O))CH2CH2CHaHbC(O)N(Me), 2.40–2.49 (m, 1H, 
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CH(OC(O))CH2CH2CHaHbC(O)N(Me), Assignment of the protons from 2.00–0.00 ppm 

was difficult due to insufficient material and purification challenges ; 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C20H33NO6Na 406.2206; Found 406.2226. 
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5.2.3 NMR Spectra 

(4S,6S)-4,6-diallyl-2-(allyloxy)-1,3,2-dioxaphosphinane 2-oxide (C12H19O4P, 3.6.2) 
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(5S,7S)-dodecane-1,5,7-triol (C12H26O3, 3.7.3) 
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(5S,7S)-10-phenyldecane-1,5,7-triol ( C16H26O3, 3.7.4) 
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(S)-6-((S)-2-hydroxyheptyl)tetrahydro-2H-pyran-2-one (C12H22O3, 3.7.5) 
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(S)-6-((S)-2-hydroxy-5-phenylpentyl)tetrahydro-2H-pyran-2-one (C16H22O3, 3.7.6) 
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(S)-6-((S)-2-methoxyheptyl)tetrahydro-2H-pyran-2-one (C13H24O3, 3.7.7) 
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(S)-6-((S)-2-methoxy-5-phenylpentyl)tetrahydro-2H-pyran-2-one (C17H24O3, 3.7.8) 
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(5S,7S)-N-allyl-5-hydroxy-7-methoxy-N-methyldodecanamide (C17H33NO3, 3.8.1) 
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(5S,7S)-N-allyl-5-hydroxy-7-methoxy-N-(4-(trifluoromethyl)benzyl)dodecanamide 
C24H36F3NO3, 3.8.7) 
 

 

 



 414 

 

 



 415 

 

  



 416 

2-(((5S,7S)-1-(allyl(methyl)amino)-7-methoxy-1-oxododecan-5-yl)oxy)-2-oxoethyl 
acrylate (C22H37NO6, 3.8.4) 
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 419 

(5S,7S)-1-(allyl(methyl)amino)-7-methoxy-1-oxododecan-5-yl (S)-2-(acryloyloxy)-3-
methylbutanoate (C25H43NO6, 3.8.5) 
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2-(((5S,7S)-1-(allyl(4-(trifluoromethyl)benzyl)amino)-7-methoxy-1-oxododecan-5-
yl)oxy)-2-oxoethyl acrylate (C29H40F3NO6, 3.8.8) 
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(5S,7S)-N-allyl-5-hydroxy-7-methoxy-N-methyl-10-phenyldecanamide (C21H33NO3, 
3.9.1) 
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 428 

2-(((5S,7S)-1-(allyl(methyl)amino)-7-methoxy-1-oxo-10-phenyldecan-5-yl)oxy)-2-
oxoethyl acrylate (C26H37NO6, 3.9.2) 
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 431 

(5S,7S)-1-(allyl(methyl)amino)-7-methoxy-1-oxo-10-phenyldecan-5-yl (S)-2-
(acryloyloxy)-3-methylbutanoate (C29H43NO6, 3.9.3) 
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 434 

(3S,14S,Z)-3-isopropyl-14-((S)-2-methoxyheptyl)-9-methyl-1,4-dioxa-9-
azacyclotetradec-6-ene-2,5,10-trione (C23H39NO6, 3.10.1) 
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(S,Z)-14-((S)-2-methoxyheptyl)-9-methyl-1,4-dioxa-9-azacyclotetradec-6-ene-2,5,10-
trione (C20H33NO6, 3.10.2) 
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(3S,14S,Z)-3-isopropyl-14-((S)-2-methoxy-5-phenylpentyl)-9-methyl-1,4-dioxa-9-
azacyclotetradec-6-ene-2,5,10-trione (C27H39NO6, 3.10.5) 
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(S,Z)-14-((S)-2-methoxy-5-phenylpentyl)-9-methyl-1,4-dioxa-9-azacyclotetradec-6-
ene-2,5,10-trione (C24H33NO6, 3.10.4) 
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 446 

(S,Z)-14-((S)-2-methoxyheptyl)-9-(4-(trifluoromethyl)benzyl)-1,4-dioxa-9-
azacyclotetradec-6-ene-2,5,10-trione (C27H36F3NO6, 3.10.3) 
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(S,E)-14-((S)-2-methoxyheptyl)-9-methyl-1,4-dioxa-9-azacyclotetradec-7-ene-2,5,10-
trione (C20H33NO6, 3.11.1) 
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5.3.1 General Methods 

General Experimental Section 

 All reactions were carried out in oven- or flame-dried glassware under argon 

atmosphere using standard gas-tight syringes, cannula, and septa. Stirring was achieved 

with oven-dried magnetic stir bars. Et2O, THF and CH2Cl2 were purified by passage 

through a purification system (Pure Process Technology) employing activated Al2O3 

(Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. Safe and 

Convenient Procedure for Solvent Purification Organometallics 1996, 15, 1518–1520). 

Et3N was purified by passage over basic alumina and stored over KOH. Butyllithium was 

purchased from Aldrich and titrated prior to use. All olefin metathesis catalysts were 

acquired from Materia and used without further purification. Flash column 

chromatography was performed with Sorbent Technologies (30930M-25, Silica Gel 60 Å, 

40-63 μm) and thin layer chromatography was performed on silica gel 60F254 plates (EM-

5717, Merck). 1H, 13C, and 31P NMR spectra were recorded on either a Bruker DRX-400 

or Bruker DRX-500 MHz spectrometers operating at 400 MHz or 500 MHz for 1H NMR, 

101 MHz or 126 MHz for 13C NMR, and 162 or 202 MHz for 31P NMR using CDCl3, 

acetone-d6 and methanol-d4 as solvents. The 1H NMR data are reported as the chemical 

shift in parts per million, multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; p, pentet; 

m, multiplet), coupling constant in hertz, and number of protons. High-resolution mass 

spectrometry (HRMS) was recorded on a LCT Premier Spectrometer (Micromass UK 

Limited) operating on ESI (MeOH). Observed rotations at 589 nm were measured using 

LAXCO POL301 model automatic polarimeter. IR was recorded on Thermo Scientific 

Nicolet iS5 FTIR instrument.  
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5.3.2 Experimental Section 

(1S,6S,8R)-8-(3-(benzyloxy)propyl)-2,9,10-trioxa-1-phosphabicyclo[4.3.1]dec-4-ene 
1-oxide (4.2.2):  
 

 

To a solution of (S,S)-triene (S,S)-4.2.1 (200 mg, 0.85 mmol) in a degassed CH2Cl2 (347 

mL, 0.005 M) was added HG-II (11 mg, 0.017 mmol, 2 mol%) the reaction mixture was 

refluxed in an oil bath for 20 minutes. After completion of the RCM reaction, CH2Cl2 was 

evaporated under reduced pressure. To the crude product was added freshly distilled, 

freeze-degas-thawed 1,2-dichloroethane (1,2-DCE) (9 mL, 0.1 M), the cross metathesis 

(CM) partner 4.2.4 (120 mg, 2.2 mmol) and HG-II (32 mg, 0.03 mmol, 6 mol%) under 

argon. The reaction mixture was stirred at 70 ºC in an oil bath for 5 h and a second portion 

of HG-II (21 mg, 0.034 mmol, 4 mol%) and CM partner (75 mg, 0.51 mmol) were added 

to the reaction mixture, and was stirred at 70 ºC for an additional 3 h (monitored by TLC). 

After completion of CM reaction, the reaction mixture was brought to room temperature 

and was added o-nitrobenzenesulfonyl hydrazine (o-NBSH) (1.8 g, 9 mmol) and Et3N (3.7 

mL, at 2 mL/g of o-NBSH), the reaction mixture was stirred for 12 h (Note: The reaction 

flask was wrapped with aluminum foil in order to avoid decomposition of o-NBSH due to 

light). A second portion of o-NBSH (1.8 g, 8.5 mmol) and Et3N (3.6 mL, at 2 mL/g of o-

NBSH) were added and the reaction mixture was stirred for an additional 8 h at room 

temperature. Reaction progress was monitored via crude NMR, which confirmed the 

complete reduction of the external double bond in the CM adduct. The reaction mixture 
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was diluted with EtOAc (150 mL) followed by addition of saturated aqueous solution of 

NaHCO3 (100 mL). The organic layer was separated, and aqueous phase was extracted 

with EtOAc (3 x 100 mL). The combined organic layers were washed with brine (50 mL), 

dried (Na2SO4), concentrated under reduced pressure, and purified with flash 

chromatography (25% EtOAc/CH2Cl2), which furnished 182 mg of bicyclic phosphate 

4.2.2 as a dark brown semi solid in 53% yield over three reactions in one-pot (81% av/rxn). 

TLC (EtOAc): Rf = 0.35.  

FTIR (neat): 2929, 2852, 2356, 1470, 1298, 1009, 1506, 1068, 972, 885, 773 cm-1. 

Optical Rotation: [𝑎] = +45.5 (c 1.72, CHCl3).  

1H NMR (500 MHz, Chloroform-d): δ 7.40–7.24 (m, 5H, Aromatic C–H), 5.98 (dddd, J 

= 11.9, 6.8, 3.2, 2.1 Hz, 1H, CHO(P)CH=CHCHaHb), 5.53 (ddd, 11.8, 4.0, 2.5 Hz, 1H, 

CHO(P)CH=CHCHaHb), 5.16 (dddt, J = 24.5, 6.2, 4.0, 2.0 Hz, 1H, 

CHO(P)CH=CHCHaHb), 4.97 (ddd , J = 14.7, 5.6, 2.9 Hz, 1H, CHO(P)CH=CHCHaHb), 

4.60 (dddd, J = 11.5, 7.6, 4.0, 2.0 Hz, 1H, CHO(P)CHaHbCHO(P)), 4.48 (s, 2H, 

PhCH2OCH2), 4.32 (ddd, J = 27.7, J = 14.8, 6.7 Hz, 1H, CHO(P)CH=CHCHaHb), 3.55–

3.44 (m, 2H, BnOCH2CH2CH2), 2.16 (ddd, J = 14.7, 11.8, 6.2 Hz, 1H, 

CHO(P)CHaHbCHO(P)), 1.86-1.67 (m, 5H, CHO(P)CHaHbCHO(P), BnOCH2CH2CH2, 

BnOCH2CH2CH2); 

13C NMR (126 MHz, CDCl3): δ  138.5 (CAr), 130.0 (CH=CHCH2), 128.5 (2, CHAr), 128.0 

(CHAr), 127.8 (2, CHAr), 127.7 (CH=CH), 77.3 (CH JCP= 6.5 Hz), 76.7 (CH JCP= 7.0 Hz), 

72.9 (CH2), 69.6 (CH2), 63.0 (CH2 JCP= 6.4 Hz), 34.9 (CH2), 32.7 (CH2), 24.9 (CH2); 

31P NMR (202 MHz, CDCl3):  -3.54; 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C16H21O5PNa 347.1024; Found 347.1023. 
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(S)-((but-3-ene-1,2-diylbis(oxy))bis(methylene))dibenzene (4.2.5)  
 
 

 
 
To a solution of flame-dried trimethylsulfonium iodide salt (13.7 g, 67.1 mmol) in dry THF 

(52 mL) was added n-butyl lithium solution (2.5 M in hexane, 24.4 mL, 61 mmol) under 

argon at -40 ºC. The reaction was stirred at the same temperature for 30 minutes and then 

was added a solution of (S)-benzyl glycidyl ether (5 g, 30.5 mmol) in THF (15 mL) and 

stirred for another 4 h. Upon completion, the reaction was quenched with sat. aq. solution 

of NH4Cl (50 mL) and diluted with EtOAc (100 mL). The layers were separated, and the 

aqueous layer was extracted with EtOAc (3 x 50 mL). Combined organic layer was dried 

with Na2SO4 and concentrated under reduced pressure. The obtained crude was filtered 

through a small pad of silica and used for the next step. To the crude solution of (S)-1-

(benzyloxy)but-3-en-2-ol, (5 g, 28.05 mmol) in THF (95 mL) under argon at 0 ºC, was 

added sodium hydride (60% dispersion in mineral oil) (1.6 g, 42.1 mmol), in small portions. 

The reaction mixture stirred at 0 ºC for 15 minutes, at which point a solution of freshly 

distilled benzyl bromide (3 mL, 25.25 mmol) in THF (50 mL) was added dropwise, slowly. 

The reaction continued to stir at rt for 12 hours (complete by TLC), and quenched with 

saturated NH4Cl (aqueous, ~40 mL). The mixture was stirred vigorously, and then the 

biphasic solution was separated. The aqueous layer was extracted with EtOAc (3 x 50 mL), 

and the organic layers were combined, washed with brine, dried over Na2SO4, and 

concentrated under reduced pressure. The crude mixture was purified via flash column 
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chromatography to provide protected diol 4.2.5 (5.35 g, 19.95 mmol, 70% yield) as a 

colorless liquid. TLC (hexane/ EtOAc 10/1): Rf = 0.5. 

FTIR (neat): 3087, 2859, 1951, 1605, 1496, 1404, 1388, 1363, 1329, 1096, 1072 735, 697 

cm-1; 

Optical Rotation: [𝑎] = +13.4 (c 1.84, CHCl3); 

1H NMR (500 MHz, CDCl3): δ 7.41–7.31 (m, 10H, Aromatic C–H), 5.86 (ddd, J = 17.5, 

10.5, 7.2 Hz, 1H, CH(OBn)CH=CH2), 5.38 (dd, J = 17.3, 1.5 Hz, 1H, 

CH(OBn)CH=CHaHb), 5.34 (d, J = 10.4 Hz, 1H, CH(OBn)CH=CHaHb), 4.71 (d, J = 12.1 

Hz, 1H, BnOCH2CH(OCHaHbPh)), 4.62 (ddd, J = 12.5, 11.0, 11.0 Hz, 2H,  

PhCH2OCH2CH(OBn)), 4.53 (d, J = 12.1 Hz, 1H, BnOCH2CH(OCHaHbPh)), 4.10 (td, J 

= 6.8, 4.7 Hz, 1H, CH(OBn)CH=CH2), 3.65 (dd, J = 10.4, 6.5 Hz, 2H, 

BnOCHaHbCH(OCH2Ph)),  3.59 (dd, J = 10.4, 4.4 Hz, 1H, BnOCHaHbCH(OCH2Ph)); 

13C NMR (126 MHz, CDCl3): δ 138.7 (CAr), 138.5 (CAr), 136.0 (CH=CH2), 128.4 (4, 

CHAr), 127.8 (2, CHAr), 127.7 (2, CHAr), 127.6 (2, CHAr), 118.5 (CH=CH2), 79.5 (CH), 

73.5 (CH2), 73.2 (CH2), 70.6 (CH2); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C18H20O2Na 291.1361; Found 291.1361. 
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6S,8R)-8-((S)-3,4-bis(benzyloxy)butyl)-2,9,10-trioxa-1-phosphabicyclo[4.3.1]dec-4-
ene 1-oxide (4.2.3) 
 

 

To a stirring solution of (S,S)-triene, (S,S)-4.2.1 (2.0 g, 8.7 mmol) in degassed 

dichloromethane (1750 mL) under argon at 45 ºC, was added Grubbs second-generation 

catalyst [(ImesH2)(PCy3)(Cl)2Ru=CHPh] (G-II, 221.0 mg, 0.261 mmol) in one portion. 

The reaction mixture was stirred at 45 ºC in an oil bath for 30 minutes (complete by TLC). 

After completion of RCM reaction, CH2Cl2 was evaporated under reduced pressure. To the 

crude product was added freshly distilled, freeze-degas-thawed 1,2-DCE (29 mL) under 

argon was added the cross metathesis (CM) partner 4.2.5 (4.7 g, 17.4 mmol) and Hoveyda-

Grubbs second-generation catalyst (HG-II, 327.0 mg, 0.522 mmol). Reaction mixture was 

stirred at 45 ºC in an oil bath for 12 hours (complete by TLC). After the complete 

consumption of starting material, the reaction mixture was brought to room temperature 

and to the crude mixture was added triethylamine (9 mL), o-nitrobenzenesulfonohydrazide 

(o-NBSH) (19 g, 87 mmol) and stirred for 12 hours. Since the reaction was not complete, 

was added triethylamine (4.5 mL) and o-NBSH (9.5 g, 43.5 mmol) and stirred for another 

6 hours (complete by NMR) and quenched with saturated NaHCO3 (aqueous, ~50 mL). 

The mixture was stirred vigorously, and then the biphasic solution was separated. The 

aqueous layer was extracted with CH2Cl2 (3 x 50 mL), and the organic layers were 

combined, washed with brine, dried over MgSO4, and concentrated under reduced pressure. 
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The crude mixture was purified via flash column chromatography to provide 4.2.3 (1.2 g, 

2.7 mmol, 31% yield over three steps) as a yellow color oil. TLC (EtOAc): Rf = 0.6. 

FTIR (neat): 2985, 2906, 2818, 2367, 1470, 1298, 1110, 1082, 1068, 972, 814, 798 cm-1; 

Optical Rotation: [𝑎]  = +27.6 (c 0.72, CHCl3); 

1H NMR (500 MHz, CDCl3): δ 7.36–7.29 (m, 10 H, Aromatic C–H), 5.96 (ddt, J = 12.0, 

6.0, 2.6 Hz, 1H, CHO(P)CH=CHCH2), 5.50 (dt, J = 11.8, 3.3 Hz, 1H, 

CHO(P)CH=CHCHaHb), 5.14 (dq, J = 24.6, 3.5 Hz, 1H, CHO(P)CH=CHCHaHb), 4.96 

(ddq, J= 14.5, 5.7, 2.9 Hz, 1H, CHO(P)CH=CHCHaHb), 4.69 (d, J = 11.8 Hz, 1H, 

BnOCH2CH(OCHaHbPh)), 4.57–4.53 (m, 1H, CHO(P)CHaHbCHO(P)), 4.54 (s, 2H, 

PhCH2OCH2CH(OBn)), 4.52 (d, J = 11.8 Hz, 1H, BnOCH2CH(OCHaHbPh)), 4.31 (ddd, 

J = 27.7, 14.7, 6.7 Hz, 1H, CHO(P)CH=CHCHaHb), 3.62 (dt, J = 9.9, 4.9 Hz, 1H, 

BnOCHaHbCH(OBn)), 3.54 (qd, J = 10.0, 4.7 Hz, 2H,  BnOCHaHbCH(OBn)), 2.11 (ddd, 

J = 14.6, 11.8, 6.2 Hz, 1H, CHO(P)CHaHbCHO(P)), 1.82 (dtd, J = 13.1, 8.3, 4.9 Hz, 1H, 

BnOCH2CH(OBn)CH2CHaHb), 1.72 (td, J = 10.8, 9.5, 5.9 Hz, 2H, 

BnOCH2CH(OBn)CH2CHaHb), 1.67–1.64 (m, 1H, BnOCH2CH(OBn)CH2CHaHb), 1.64–

1.59 (m, 1H, CHO(P)CHaHbCHO(P)); 

13C NMR (126 MHz, CDCl3): δ 138.8 (CAr), 138.2 (CAr), 130.0 (HC=CH), 128.5 (2, CHAr), 

128.4 (2, CHAr), 128.0 (CHAr), 127.9 (2, CHAr), 127.8 (2, CHAr), 127.8 (CHAr), 127.7 

(CH=CH), 77.3 (CH JCP = 6.7 Hz), 77.1 (CH), 76.4 (CH JCP = 7.0 Hz), 73.5 (CH2), 72.5 

(CH2), 71.8 (CH2), 62.9 (CH2 JCP = 6.3 Hz), 34.8 (CH2), 31.3 (CH2), 26.6 (CH2); 

31P NMR (202 MHz, CDCl3):  -3.74; 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C24H29O6PNa 467.1599; Found 467.1608. 
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(3R,4S,6R)-9-(benzyloxy)-3-methylnon-1-ene-4,6-diol (4.3.1): 
 

 

To a flame dried round bottom-flask was added CuCN (290 mg, 3.2 mmol) and LiCl (317 

mg, 7.5 mmol) inside the glove box, followed by addition of dry THF (10 mL, 0.05 M) 

under argon and the reaction mixture was stirred at room temperature for 15 minutes. A 

pale green coloration was observed. The reaction mixture was cooled to -40 ºC followed 

by slow addition of a 1 M solution of Me2Zn in THF (3.2 mL, 3.2 mmol). The reaction 

mixture was stirred for 40 minutes at -30 ºC and a solution of bicyclic phosphate 4.2.2 (350 

mg, 1.08 mmol) in dry THF (10 mL, 0.05 M) was added dropwise via cannula to the 

reaction mixture. The reaction was slowly warmed to room temperature and allowed to stir 

for 3 h. Upon completion of reaction (monitored via TLC), the reaction mixture was 

quenched with saturated aqueous ammonium chloride (NH4Cl, 2 mL), stirred for 15 

minutes followed by the addition of anhydrous Na2SO4 (200 mg) stirred for another 30 

minutes. The crude product was filtered through Celite pad and washed with excess EtOAc 

(3 x 50 mL), the filtrate was concentrated under reduce pressure, which afforded the crude 

acid as yellowish viscous oil, which was proceeded to the next reaction without further 

purification.  

 To a flask containing the crude acid was added THF (13.5 mL, 0.08 M). The 

reaction mixture was cooled to 0 ºC and was added 70% solution of Red-Al in toluene (1.5 

mL, 5 mmol). The reaction mixture was brought to room temperature and stirred for 4 h. 

After completion of reaction (monitored by TLC), it was quenched with NH4Cl (sat. aq.) 
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and was added (Na2SO4), stirred for 30 minutes, filtered through Celite pad. The residue 

was washed with EtOAc (3 x 50 mL). The organic layer was dried (Na2SO4) and the solvent 

was evaporated under reduced pressure. The crude product was purified via flash 

chromatography (30% EtOAc/Hexane), which afforded diol 4.3.1 (240 mg, with 65% yield 

over two reactions) as colorless viscous oil. TLC (hexane/EtOAc 3/1): Rf = 0.25. 

FTIR (neat): 3458, 2943, 2866, 1718, 1699, 1456, 1390, 1097, 1027, 912, 842, 736, 697 

cm-1; 

Optical Rotation: [𝑎]  = 2.1 (c 0.8, CHCl3).; 

1H NMR (500 MHz, Chloroform-d): δ 7.42–7.29 (m, 5H, Aromatic C–H), 5.78 (ddd, J= 

17.9, 9.7, 7.9 Hz, 1H, CH(CH3)CH=CH2), 5.16 (d, J= 0.97 Hz, 1H, 

CH(CH3)CH=CHaHb), 5.13 (ddd, J = 5.8, 1.9, 0.8 Hz, 1H, CH(CH3)CH=CHaHb), 4.55 

(s, 2H, PhCH2OCH2), 3.97 (ddd J = 8.1, 6.0, 4.2 Hz, 1H, 

CH(OH)CH2CH(OH)CH(CH3)), 3.75 (tdd, J = 6.8, 5.3, 3.2 Hz, 1H, 

CH(OH)CH2CH(OH)CH(CH3)), 3.57–3.54 (m, 2H, BnOCH2CH2CH2CH(OH)), 3.32 (d, 

J = 3.3 Hz, 1H, CH(OH)CH2CH(OH)CH(CH3)), 2.47 (d, J = 3.3 Hz, 1H, 

CH(OH)CH2CH(OH)CH(CH3)), 2.28 (ddq, J = 7.5, 7.0 Hz , 1H, CH(CH3)CH=CH2), 

1.84 (ddd, J = 9.5, 5.2, 2.3 Hz, 2H, BnOCH2CH2CH2CH(OH)), 1.66–1.65 (m, 1H, 

BnOCH2CH2CHaHb), 1.64 (dd, J = 6.3, 5.5 Hz, 2H, 

CH(OH)CH2CH(OH)CH(CH3)),1.62–1.59 (m, 1H, BnOCH2CH2CHaHb), 1.04 (d, J = 6.8 

Hz, 3H, CH(CH3)CH=CH2); 

13C NMR (126 MHz, CDCl3): δ 140.6 (HC=CH2), 138.1 (CAr), 128.4 (2, CHAr), 127.8 (2, 

CHAr), 127.7 (CHAr), 116.4 (HC=CH2), 73.1(CH2), 71.9 (CH), 70.6 (CH2), 69.1 (CH), 

44.4 (CH), 39.5 (CH2), 34.9 (CH2), 26.6 (CH2), 16.1 (CH3); 
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HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C17H26O3Na 301.1780; Found 301.1781.  
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(3R,4S,6R)-9-(benzyloxy)-3-ethylnon-1-ene-4,6-diol (4.3.2) 

 

 

To a flame dried round bottom-flask was added CuCN (166 mg, 1.83 mmol) and LiCl (181 

mg, 4.3 mmol) inside the glove box, followed by addition of dry THF (5.7 mL, 0.05 M) 

under argon and the reaction mixture was stirred at room temperature for 15 minutes. A 

pale green coloration was observed. The reaction mixture was cooled to -40 ºC followed 

by slow addition of a 1 M solution of Et2Zn in THF (1.83 mL, 1.83 mmol). The reaction 

mixture was stirred for 40 minutes at -30 ºC and a solution of bicyclic phosphate 4.2.2 (200 

mg, 0.57 mmol) in dry THF (5.7 mL, 0.05 M) was added dropwise via cannula to the 

reaction mixture. The reaction was slowly warmed to room temperature and allowed to stir 

for 3 h. Upon completion of reaction (monitored via TLC), the reaction mixture was 

quenched with saturated aqueous ammonium chloride (NH4Cl, 1.5 mL), stirred for 15 

minutes followed by the addition of anhydrous Na2SO4 (150 mg) stirred for another 30 

minutes. The crude product was filtered through Celite pad and washed with excess EtOAc 

(3 x 50 mL), the filtrate was concentrated under reduce pressure, which afforded the crude 

acid as yellowish viscous oil, which was proceeded to the next reaction without further 

purification.  

 To a flask containing the crude acid was added THF (7.7 mL, 0.08 M). The reaction 

mixture was cooled to 0 ºC and was added 70% solution of Red-Al in toluene (0.85 mL, 5 

mmol). The reaction mixture was brought to room temperature and stirred for 4 h. After 
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completion of reaction (monitored by TLC), it was quenched with NH4Cl (sat. aq.) and was 

added (Na2SO4), stirred for 30 minutes, filtered through Celite pad. The residue was 

washed with EtOAc (3 x 50 mL). The organic layer was dried (Na2SO4) and the solvent 

was evaporated under reduced pressure. The crude product was purified via flash 

chromatography (30% EtOAc/Hexane), which afforded diol 4.3.2 (127 mg, with 62% yield 

over two reactions) as colorless viscous oil. TLC (hexane/EtOAc 3/1): Rf = 0.23. 

FTIR (neat): 3395, 3067, 2930, 2871, 1638, 1453, 1362, 1204, 1098, 1028, 912, 735, 

697, 612 cm-1; 

Optical Rotation: [𝑎] = -13.76 (c 0.62, CHCl3); 

1H NMR (500 MHz, Chloroform-d): δ 7.36–7.27 (m, 5H, Aromatic C–H), 5.63 (dt, J = 

17.2, 9.8 Hz, 1H, CH(CH2CH3)CH=CH2), 5.20 (dd, J = 10.2, 2.1 Hz, 1H, 

CH(CH2CH3)CH=CHaHb), 5.11 (dd, J = 17.2, 2.1 Hz, 1H, CH(CH2CH3)CH=CHaHb), 

4.52 (s, 2H, PhCH2OCH2), 3.93 (tt, J = 8.5, 3.7 Hz, 1H, 

CH(OH)CH2CH(OH)CH(CH2CH3)), 3.81 (ddd, J = 9.2, 6.1, 3.0 Hz, 1H, 

CH(OH)CH2CH(OH)CH(CH2CH3)), 3.52 (td, J = 6.1, 2.0 Hz, 2H, BnOCH2CH2CH2), 

3.27 (s, 1H, CH(OH)CH2CH(OH)CH(CH2CH3)), 2.38 (s, 1H, 

CH(OH)CH2CH(OH)CH(CH2CH3)), 1.93 (tdd J = 9.9, 6.1, 4.1 Hz, 1H, 

CH(CH2CH3)CH=CH2), 1.75 (dq, J = 12.5, 6.5, 6.0 Hz, 2H, BnOCH2CH2CH2), 1.66–

1.56 (m, 4H, BnOCH2CH2CH2, CH(OH)CH2CH(OH)CH(CH2CH3)), 1.56–1.49 (m, 1H, 

CH(CHaHbCH3)CH=CH2), 1.32–1.25 (m, 1H, CH(CHaHbCH3)CH=CH2), 0.87 (t, J = 7.4 

Hz, 3H, CH(CH2CH3)CH=CH2); 
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13C NMR (126 MHz, CDCl3): δ 138.9 (CH=CH2), 138.1 (CAr), 128.4 (2, CHAr), 127.8 (2, 

CHAr), 127.7 (CHAr), 118.2 (CH=CH2), 73.1 (CH2), 70.7 (CH), 70.6 (CH2), 69.1 (CH), 

52.6 (CH), 40.2 (CH2), 34.8 (CH2), 26.5 (CH2), 23.4 (CH2), 11.9 (CH3); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C18H28O3Na 315.1936; Found 315.1925; 
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(4R,6S,7R)-1-(benzyloxy)-7-vinyltridecane-4,6-diol (4.3.3) 

 

 

 

To a flame dried round bottom-flask was added CuCN (166 mg, 1.83 mmol) and LiCl (181 

mg, 4.3 mmol) inside the glove box, followed by addition of dry THF (5.7 mL, 0.05 M) 

under argon and the reaction mixture was stirred at room temperature for 15 minutes. A 

pale green coloration was observed. The reaction mixture was cooled to -40 ºC followed 

by slow addition of a 1 M solution of Et2Zn in THF (1.83 mL, 1.83 mmol). The reaction 

mixture was stirred for 40 minutes at -30 ºC and a solution of bicyclic phosphate 4.2.2 (200 

mg, 0.57 mmol) in dry THF (5.7 mL, 0.05 M) was added dropwise via cannula to the 

reaction mixture. The reaction was slowly warmed to room temperature and allowed to stir 

for 4 h. Upon completion of reaction (monitored via TLC), the reaction mixture was 

quenched with saturated aqueous NH4Cl (1.5 mL), stirred for 15 minutes followed by the 

addition of anhydrous Na2SO4 (150 mg) stirred for another 30 minutes. The crude product 

was filtered through Celite pad and washed with excess EtOAc (3 x 50 mL), the filtrate 

was concentrated under reduce pressure, which afforded the crude acid as a yellowish 

viscous oil, which was proceeded to the next reaction without further purification.  

 To a flask containing the crude acid was added THF (7.7 mL, 0.08 M). The reaction 

mixture was cooled to 0 ºC and was added 70% solution of Red-Al in toluene (0.85 mL, 5 

mmol). The reaction mixture was brought to room temperature and stirred for 6 h. After 
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completion of reaction (monitored by TLC), it was quenched with NH4Cl (sat. aq.) and was 

added (Na2SO4), stirred for 30 minutes, filtered through Celite pad. The residue was 

washed with EtOAc (3 x 50 mL). The organic layer was dried (Na2SO4) and the solvent 

was evaporated under reduced pressure. The crude product was purified via flash 

chromatography (30% EtOAc/Hexane), which afforded diol 4.3.3 (104 mg, with 52% yield 

over two reactions) as colorless viscous oil. TLC (hexane/EtOAc 3/1): Rf = 0.32. 

FTIR (neat): 3458, 2943, 2866, 1718, 1699, 1456, 1390, 1097, 1027, 912, 842, 736, 697 

cm-1; 

Optical Rotation: [𝑎] = -6.92 (c 0.45, CHCl3);  

1H NMR (500 MHz, Chloroform-d): δ 7.36–7.27 (m, 5H, Aromatic C–H), 5.63 (ddd J = 

17.1, 10.2, 9.3 Hz, 1H, CH(C5H10CH3)CH=CH2), 5.18 (dd, J = 10.3, 2.1 Hz, 1H, 

CH(C5H10CH3)CH=CHaHb), 5.10 (dd, J = 17.2, 2.1 Hz, 1H, CH(C5H10CH3)CH=CHaHb), 

4.52 (s, 2H, PhCH2OCH2), 3.92 (p, J = 6.0 Hz, 1H, 

CH(OH)CH2CH(OH)CH(C5H10CH3)), 3.78–3.75  (m, 1H, 

CH(OH)CH2CH(OH)CH(C5H10CH3)), 3.52 (td, J = 6.0, 1.5 Hz, 2H, BnOCH2CH2CH2), 

3.23 (s, 1H, CH(OH)CH2CH(OH)CH(C5H10CH3)), 2.34 (s, 1H, 

CH(OH)CH2CH(OH)CH(C5H10CH3)), 2.02 (tdd J = 9.7, 5.8, 3.5 Hz, 1H, 

CH(C5H10CH3)CH=CH2), 1.74 (ddt, J = 14.0, 12.6, 7.3 Hz, 2H, BnOCH2CH2CH2), 1.68–

1.54 (m, 4H, BnOCH2CH2CH2, CH(OH)CH2CH(OH)CH(C5H10CH3)), 1.44 (ddd, J = 

16.0, 8.2, 4.0 Hz, 1H, CH(CHaHbC4H8CH3)CH=CH2), 1.36–1.15 (m, 9H, 

CH(CHaHbC4H8CH3)CH=CH2), 0.87 (t, J = 7.0 Hz, 3H, CH(C5H10CH3)CH=CH2); 

13C NMR (126 MHz, CDCl3): δ 139.2 (CH=CH2), 138.1 (CAr), 128.4 (2, CHAr), 127.8 

(CHAr) 127.7 (2, CHAr), 118.0 (CH=CH2), 73.1 (CH2), 70.9 (CH), 70.6 (CH2), 69.1 (CH), 
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50.8 (CH), 40.1 (CH2), 34.8 (CH2), 31.8 (CH2), 30.6 (CH2), 29.3 (CH2), 27.3 (CH2), 26.5 

(CH2), 22.6 (CH2), 14.1 (CH3); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C22H36O3Na 371.2562; Found 371.2569. 
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(4R,6R)-9-(benzyloxy)non-1-ene-4,6-diol (4.3.4) 
 

 

To a stirring solution of bicyclic phosphate 4.2.2 (250 mg, 0.77 mmol) in THF (2.6 mL, 

0.3 M) under argon was added Cs2CO3 (1.25 gm, 3.85 mmol) and HCO2H (78 μL, 1.92 

mmol). Next, a solution of Pd(OAc)2 (12.3 mg, 0.038 mmol, 5 mol%) and PPh3 (19.2 mg, 

0.077 mmol) in THF (1.9 mL) under argon was immediately transferred via cannula to the 

reaction mixture. The reaction mixture was stirred at 60 ºC in an oil bath for 1 h (monitored 

by TLC). After 1 h, all starting materials were consumed and the color of reaction mixture 

turned black. After the reaction was complete, Me2SO4 was added, and the reaction mixture 

was refluxed for 3 h (TLC showed that phosphoric acid was methylated completely). The 

reaction mixture was cooled to 0 ºC, then LiAlH4 (85 mg, 2.3 mmol) was added portion-

wise. Next, the reaction mixture was stirred at 0 ºC for 1 h. After the completion of 

reduction, it was quenched following the Fieser workup5 via slow sequential addition of 

H2O (1 mL/g of LiAlH4), followed by 10% NaOH (1 mL/g of LiAlH4) and finally H2O (3 

mL/g of LiAlH4) and the ice bath was removed and the reaction mixture was stirred for 2 

h. The reaction mixture was filtered, extracted with EtOAc (3 x 50 mL) and dried (Na2SO4). 

The resulting solution was filtered again, concentrated and purified using a short silica gel 

flash column chromatography (hexane/EtOAc 3:1), which afforded the diol 4.3.4 (114 mg, 

 
[5]. L. F. Fieser, M. Fieser in Reagents for Organic Synthesis, Vol. 1, Wiley: New York, 1967, pp. 
581−595; b) V. M. Mićović, M. Mihailović, J. Org. Chem. 1953, 18, 1190–1200. 



 469 

57% yield over 3 reactions, 81% av/rxn) as a colorless liquid. TLC (hexane/EtOAc 3/1): 

Rf = 0.22. 

FTIR (neat): 3404, 3067, 2924, 2854, 1720, 1641, 1495, 1454, 1362, 1287, 1096, 1028, 

995, 737 cm-1; 

Optical Rotation: [𝑎] = -32.6 (c 2.1, CHCl3);  

1H NMR (500 MHz, CDCl3): δ 7.37–7.28 (m, 5H, Aromatic C–H), 5.82 (ddt, J = 16.4, 

10.6, 7.1 Hz, 1H, CH2CH=CH2), 5.14 (dt, J = 5.8, 1.8 Hz , 1H, CH2CH=CHaHb), 5.11 (t, J 

= 1.2 Hz, 1H, CH2CH=CHaHb), 4.52 (s, 2H, PhCH2OCH2), 4.02–3.92 (m, 2H, 

CH(OH)CH2CH(OH)CH2), 3.52 (td, J = 5.8, 5.0, 3.7 Hz, 2H, BnOCH2CH2), 3.33 (s, 1H, 

CH(OH)CH2CH(OH)CH2), 2.67 (s, 1H, CH(OH)CH2CH(OH)CH2), 2.27 (ddt, J = 7.6, 6.4, 

1.3 Hz, 2H, CH2CH=CH2), 1.75 (qd, J = 6.8, 5.0 Hz, 2H, BnOCH2CH2CH2), 1.65–1.59 

(m, 2H, CH(OH)CH2CH(OH)CH2), 1.59–1.55 (m, 2H, BnOCH2CH2CH2). 

13C NMR (126 MHz, CDCl3): δ 138.0 (CAr), 134.9 (CH=CH2), 128.5 (CHAr), 128.4 (CHAr), 

127.8 (2, CHAr), 127.7 (CHAr), 117.9 (CH=CH2), 73.2 (CH2), 70.6 (CH2), 69.2 (CH), 68.3 

(CH), 42.0 (2, CH2), 35.1 (CH2), 26.6 (CH2); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C16H24O3Na 287.1623; Found 287.1631. 
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(3R,4S,6R,9S)-9,10-bis(benzyloxy)-3-methyldec-1-ene-4,6-diol (4.4.1) 

 

To a flame dried round bottom-flask was added CuCN (61 mg, 0.67 mmol) and LiCl (66 

mg, 1.57 mmol) inside the glove box, followed by addition of dry THF (2.1 mL, 0.05 M) 

under argon and the reaction mixture was stirred at room temperature for 15 minutes. A 

pale green coloration was observed. The reaction mixture was cooled to -40 ºC followed 

by slow addition of a 1 M solution of Me2Zn in THF (0.67 mL, 0.67 mmol). The reaction 

mixture was stirred for 40 minutes at -30 ºC and a solution of bicyclic phosphate 4.2.3 (100 

mg, 0.22 mmol) in dry THF (2.1 mL, 0.05 M) was added dropwise via cannula to the 

reaction mixture. The reaction was slowly warmed to room temperature and allowed to stir 

for 3 h. Upon completion of reaction (monitored via TLC), the reaction mixture was 

quenched with saturated aqueous ammonium chloride (NH4Cl, 0.8 mL), stirred for 15 

minutes followed by the addition of anhydrous Na2SO4 (45 mg) stirred for another 30 

minutes. The crude product was filtered through Celite pad and washed with excess EtOAc 

(3 x 50 mL), the filtrate was concentrated under reduce pressure, which afforded the crude 

acid as yellowish viscous oil, which was proceeded to the next reaction without further 

purification.  

 To a flask containing the crude acid was added THF (2.83 mL, 0.08 M). The 

reaction mixture was cooled to 0 ºC and was added 70% solution of Red-Al in toluene 

(0.31 mL, 5 mmol). The reaction mixture was brought to room temperature and stirred for 

4 h. After completion of reaction (monitored by TLC), it was quenched with NH4Cl (sat. 

aq.) and was added Na2SO4, stirred for 30 minutes, filtered through Celite pad. The residue 
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was washed with EtOAc (3 x 10 mL). The organic layer was dried (Na2SO4) and the solvent 

was evaporated under reduced pressure. The crude product was purified via flash 

chromatography (30% EtOAc/Hexane), which afforded diol 4.4.1 (51mg, with 60% yield 

over two reactions) as colorless viscous oil. TLC (hexane/EtOAc 3/1): Rf = 0.33. 

FTIR (neat): 3406, 2926, 2360, 1601, 1451, 1315, 1276, 1135, 1070, 1026, 771, 665  

cm-1; 

Optical Rotation: [𝑎]  = 12.3 (c 1.2, CHCl3); 

1H NMR (500 MHz, CDCl3): δ 7.36–7.27 (m, 10H, Aromatic C–H), 5.74 (ddd, J = 16.4, 

11.0, 8.3 Hz, 1H, CH(CH3)CH=CHaHb), 5.16–5.10 (m, 2H, CH(CH3)CH=CHaHb), 4.71 (d, 

J = 11.7 Hz, 1H, BnOCHaHbCH(OCHaHbPh)), 4.57 (d, J = 11.8 Hz, 1H, 

BnOCHaHbCH(OCHaHbPh)), 4.55 (s, 2H, PhCH2OCHaHbCH(OCHaHbPh)), 3.88 (dq, J = 

10.6, 4.3 Hz, 1H, CHaHbCH(OH)CHaHbCH(OH)CH(CH3)), 3.69 (ddd, J = 9.9, 7.3, 4.9 Hz, 

1H, CH(OH)CHaHbCH(OH)CH(CH3)), 3.64 (dddd, J = 5.4 Hz, 1H, 

BnOCH2CH(OBn)CH2), 3.59 (dd, J = 9.9, 5.4 Hz, 1H, BnOCHaHbCH(OBn)CH2), 3.54 

(dd, J = 9.8, 5.4 Hz, 1H, BnOCHaHbCH(OBn)CH2), 2.95 (d, J = 4.3 Hz, 1H, 

CH(OH)CHaHb(OH)CH(CH3)), 2.36 (d, J = 3.3 Hz, 1H, CH(OH)CHaHb(OH)CH(CH3)), 

2.23 (ddq, J = 8.7, 6.6 Hz, 1H, CH(OH)CH(CH3)CH=CH2), 1.72–1.68 (m, 2H, 

BnOCH2CH(OBn)CHaHbCHaHb), 1.65–1.61 (m, 1H, BnOCH2CH(OBn)CHaHbCHaHb), 

1.60–1.58 (m, 2H, CH(OH)CHaHbCH(OH)CH(CH3)), 1.56–1.51 (m, 1H, 

BnOCH2CH(OBn)CHaHbCHaHb), 1.00 (d , J = 6.9 Hz, 3H, CH(OH)CH(CH3)CH=CH2).; 

13C NMR (126 MHz, CDCl3): δ 140.7 (CH=CH2), 138.6 (CAr), 138.4 (CAr), 128.5 (2, 

CHAr), 128.4 (2, CHAr), 128.1 (2, CHAr), 127.8 (2, CHAr), 127.7 (2, CHAr)), 116.6 
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(CH=CH2), 78.1 (CH), 73.5 (CH2OBn), 72.6 (CH2), 72.1 (CH2OBn), 72.0 (CH), 69.4 

(CH2), 44.5 (CH), 39.5 (CH2), 33.2 (CH2), 28.5 (CH2), 16.2 (CH3); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C25H34O4Na 421.2355; Found 421.2339. 
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(4R,6R,9S)-9,10-bis(benzyloxy)dec-1-ene-4,6-diol (4.4.2) 
 

 

To a stirring solution of bicyclic phosphate 4.2.3 (100 mg, 0.22 mmol) in THF (0.75 mL, 

0.3 M) under argon was added Cs2CO3 (470 mg, 1.1 mmol) and HCO2H (23 μL, 0.56 

mmol). Next, a solution of Pd(OAc)2 (3.6 mg, 0.011 mmol, 5 mol%) and PPh3 (5.6 mg, 

0.022 mmol) in THF (1.6 mL) under argon was immediately transferred via cannula to the 

reaction mixture. The reaction mixture was stirred at 60 ºC in an oil bath for 1 h (monitored 

by TLC). After 1 h, all starting materials were consumed and the color of reaction mixture 

turned black. After the reaction was complete, Me2SO4 was added, and the reaction mixture 

was refluxed for 3 h (TLC showed that phosphoric acid was methylated completely). The 

reaction mixture was cooled to 0 ºC, then LiAlH4 (25 mg, 0.68 mmol) was added portion-

wise. Next, the reaction mixture was stirred at 0 ºC for 1 h. After the completion of 

reduction, it was quenched following the Fieser workup6 via slow sequential addition of 

H2O (1 mL/g of LiAlH4), followed by 10% NaOH (1 mL/g of LiAlH4) and finally H2O (3 

mL/g of LiAlH4) and the ice bath was removed and the reaction mixture was stirred for 2 

h. The reaction mixture was filtered, extracted with EtOAc (3 x 50 mL) and dried (Na2SO4). 

The resulting solution was filtered again, concentrated and purified using a short silica gel 

flash column chromatography (hexane/EtOAc 3:1), which afforded the TBS-protected diol 

4.4.2 (43 mg, 54% yield over 3 reactions, 78% av/rxn) as a colorless liquid. TLC 

(hexane/EtOAc 3/1): Rf = 0.41. 

 
[6]. L. F. Fieser, M. Fieser in Reagents for Organic Synthesis, Vol. 1, Wiley: New York, 1967, pp. 
581−595; b) V. M. Mićović, M. Mihailović, J. Org. Chem. 1953, 18, 1190–1200. 
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FTIR (neat): 3394, 3064, 2929, 2862, 1640, 1495,1453, 1364, 1027, 913, 736, 609  cm-1; 

Optical Rotation: = [𝑎]  = -25.6 (c 0.3, CHCl3);   

1H NMR (500 MHz, CDCl3): δ 7.37–7.28 (m, 10H, Aromatic C–H), 5.81 (ddt, J = 18.7, 

9.5, 7.1 Hz, 1H, CH2CH=CH2), 5.17–5.09 (m, 2H, CH2CH=CH2), 4.72 (d, J = 11.6 Hz, 

1H, BnOCH2CH(OCHaHbPh)), 4.57 (d, J = 11.6 Hz, 1H, BnOCH2CH(OCHaHbPh)), 4.55 

(s, 2H, PhCH2OCH2CH(OBn)), 3.96 (q, J = 6.6, 4.3 Hz, 1H, 

CH2CH(OH)CH2CH(OH)CH2), 3.90 (dd, J = 8.3, 4.6, Hz, 1H, 

CH(OH)CH2CH(OH)CH2), 3.65 (dt, J = 7.0, 4.7 Hz, 1H, BnOCH2CH(OBn)CH2), 3.60 

(dd, J = 9.9, 5.6 Hz, 1H, BnOCHaHbCH(OBn)CH2), 3.53 (dd, J = 9.9, 4.7 Hz, 1H, 

BnOCHaHbCH(OBn)CH2), 2.95 (s, 1H, CH(OH)CH2CH(OH)CH2), 2.36 (s, 1H, 

CH(OH)CH2CH(OH)CH2), 2.25 (t, J = 6.8 Hz, 2H, CH(OH)CH2CH=CH2), 1.79–1.61 

(m, 2H, BnOCH2CH(OBn)CHaHbCHaHb), 1.61–1.58 (m, 2H, 

CH(OH)CHaHbCH(OH)CH2), 1.58–1.49 (m, 2H, BnOCH2CH(OBn)CHaHbCHaHb); 

13C NMR (126 MHz, CDCl3): δ 138.5 (CAr), 138.3 (CAr), 134.9 (CH=CH2), 128.5 (2, 

CHAr), 128.5 (2, CHAr), 128.0 (2, CHAr), 127.8 (2, CHAr), 127.8 (2, CHAr), 118.0 

(CH=CH2), 78.2 (CH), 73.5 (CH2), 72.6 (CH2), 72.2 (CH2), 69.2 (CH), 68.3 (CH), 42.4 

(CH2), 42.0 (CH2), 33.4 (CH2), 28.5 (CH2); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C24H32O4Na 407.2198; Found 407.2165. 
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(3R,4S,6R)-9-(benzyloxy)-3-methyl-6-((triisopropylsilyl)oxy)non-1-en-4-ol(4.5.1) 
 
 

 

To a solution of 4.3.1 (300 mg, 1.07 mmol) in CH2Cl2 (1.07 mL, 0.1 M) was added 2,6 

lutidine (313 µL, 2.6 mmol). The reaction mixture was cooled to -78 ºC and was added 

dropwise TIPSOTf (317 µL, 1.12 mmol). The reaction mixture was stirred for 30 minutes, 

and after completion of reaction (monitored via TLC), the reaction was quenched with 

aqueous NaHCO3. The layers were separated, and the aqueous layer was extracted with 

CH2Cl2 (2 x 10 mL). The combined organic layers were washed with 10% aq. HCl solution, 

dried (MgSO4), concentrated under reduced pressure. The crude product was purified using 

silica gel column chromatography (5% EtOAc/Hexanes), which furnished 397 mg of 4.5.1 

in 86% yield as colorless viscous liquid. TLC (hexane/EtOAc 10/1): Rf = 0.2. 

FTIR (neat): 3495, 3064, 2926, 2865, 1495, 1454, 1255, 1093, 997, 734, 696 cm-1; 

Optical Rotation: [𝑎]  = -2.8 (c 0.4, CHCl3); 

1H NMR (500 MHz, Chloroform-d): δ 7.37–7.28 (m, 5H, Aromatic C–H), 5.84 (ddd J = 

20.0, 8.7, 7.8 Hz, 1H, CH(CH3)CH=CH2), 5.07 (d, J = 1.0 Hz, 1H, CH(CH3)CH=CHaHb), 

5.04 (ddd, J = 7.2, 2.0, 1.1 Hz, 1H, CH(CH3)CH=CHaHb), 4.50 (s, 2H, PhCH2OCH2), 4.16 

(dq, J = 8.7, 4.2 Hz, CH(OTIPS)CHaHbCH(OH)CH(CH3)), 3.88 (ddt, J = 10.8, 5.1, 1.8 Hz, 

1H, CH(OTIPS)CHaHbCH(OH)CH(CH3)), 3.56 (d, J = 1.4 Hz, 1H, 

CH(OTIPS)CHaHbCH(OH)CH(CH3)), 3.47 (td, J = 6.5, 3.6 Hz, 2H, BnOCH2CH2), 2.20 

(dqd, J = 7.9, 6.7, 4.9 Hz, 1H, CH(CH3)CH=CH2), 1.81–1.77 (m, 1H, 

BnOCH2CH2CHaHbCH(OTIPS)),1.76–1.72(m,1H, CH(OTIPS)CHaHbCH(OH)CH(CH3)), 

1.71–1.67 (m, 1H, CH(OTIPS)CHaHbCH(OH)CH(CH3)), 1.57–1.56 (m, 1H, 
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BnOCH2CH2CHaHbCH(OTIPS)), 1.60–1.52 (m, 2H, BnOCH2CHaHbCHaHbCH(OTIPS)), 

1.09–1.05 (m, 21H, OSi(CH(CH3)2)3), 1.04 (d, J = 6.9 Hz, 3H, 

CH(OTIPS)CH2CH(OH)CH(CH3)); 

13C NMR (126 MHz, CDCl3): δ 140.7 (CH=CH2), 138.5 (CAr), 128.4 (2, CHAr), 127.6 (2, 

CHAr), 127.5 (CHAr), 116.1 (CH=CH2), 72.9 (CH2), 72.0 (CH), 71.3 (CH), 70.3 (CH2), 44.1 

(CH), 37.0 (CH2), 32.5 (CH2), 26.0 (CH2), 18.1 [6C, Si (CH (CH3)2)3], 15.6 (CH3), 12.4 

[3C, Si (CH (CH3)2)3]; 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C26H47O3Si 435.3294; Found 435.3338. 
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(5S,7R)-7-(3-(benzyloxy)propyl)-5-((R)-but-3-en-2-yl)-9,9-diisopropyl-10-methyl-
2,4,8-trioxa-9-silaundecane (4.5.2): 
 

 

To a solution of 4.3.1 (240 mg, 0.86 mmol) in CH2Cl2 (8.6 mL, 0.1 M) was added 2,6 

lutidine (251 µL, 2.1 mmol). The reaction mixture was cooled to -78 ºC and was added 

dropwise TIPSOTf (254 µL, 0.9 mmol). The reaction mixture was stirred for 30 minutes, 

after completion of reaction (monitored via TLC), it was added N,N-disopropylethylamine 

(600 μL, 3.44 mmol) followed by dropwise addition of chloro(methoxy)methane (130 μL, 

1.72 mmol) and the reaction mixture was stirred for 12 h. After completion of reaction, it 

was quenched with saturated aqueous NaHCO3, extracted with CH2Cl2, dried (MgSO4), 

concentrated under reduced pressure. The crude product was purified using silica gel 

column chromatography (5% EtOAc/Hexanes), which furnished 348 mg of 13 in 81% yield 

over two reactions in one-pot (90.5% av/rxn) as colorless viscous liquid. TLC 

(hexane/EtOAc 20/1): Rf = 0.45. 

FTIR (neat): 2943, 2866, 2352, 2329, 1693, 1556, 1454, 1348, 1151, 1099, 1041, 916, 

883, 732 cm-1; 

Optical Rotation: [𝑎]  = -1.25 (c 1.43, CHCl3); 

1H NMR (500 MHz, Chloroform-d): δ 7.40–7.29 (m, 5H, Aromatic C–H), 5.78 (ddd, J = 

17.3, 10.2, 6.9 Hz, 1H, CH(CH3)CH=CH2), 5.05 (dt, J = 3.4, 1.8, 1.0 Hz, 1H, 

CH(CH3)CH=CHaHb), 5.02 (dt, J = 3.3, 1.5, 1.0 Hz, 1H, CH(CH3)CH=CHaHb), 4.67 (dd, 

J = 19.7, 6.4 Hz, 2H, CH(OTIPS)CH2CH(OCH2OCH3)), 4.50 (s, 2H, PhCH2OCH2), 3.96 

(tt, J = 6.2, 4.6 Hz, 1H, CH(OTIPS)CH2CH(OMOM)CH(CH3)), 3.68 (dt J = 7.7, 3.8 Hz, 
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1H, CH(OTIPS)CH2CH(OMOM)CH(CH3)),  3.47 (td, J = 6.5, 1.1 Hz, 2H, 

BnOCH2CH2), 3.37 (s, 3H, CH(OTIPS)CH2CH(OCH2OCH3)), 2.53–2.49 (m, 1H, 

CH(CH3)CH=CH2), 1.71–1.62 (m, 2H, BnOCH2CHaHbCH2), 1.61–1.59 (m, 1H, 

CH(OTIPS)CHaCHbCH(OCH2OCH3)), 1.59–1.56 (m, 1H, BnOCH2CHaHbCHaHb), 1.56–

1.53 (m, 1H, CH(OTIPS)CHaCHbCH(OCH2OCH3)), 1.53–1.47 (m, 1H, 

BnOCH2CH2CHaHb), 1.08–1.03 (m, 21H, Si(CH(CH3)2)3), 1.03 (s, J = 6.9 Hz, 3H, 

CH(CH3)CH=CH2); 

13C NMR (126 MHz, CDCl3): δ 140.3 (CH=CH2), 138.8 (CAr), 128.5 (2, CHAr ), 127.7 

(2, CHAr), 127.6 (CHAr), 115.1 (CH=CH2), 96.9 (CH2), 79.9 (CH), 72.9 (CH2), 70.8 

(CH2), 70.0 (CH), 55.9 (CH3), 41.5 (CH), 38.6 (CH2), 34.5 (CH2), 25.0 (CH2), 18.4 [6C, 

Si (CH (CH3)2)3], 14.4 (CH3), 13.0 [3C, Si (CH (CH3)2)3]; 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C28H50O4SiNa 501.3376; Found 501.3375. 
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(5R,7R)-5-allyl-7-(3-(benzyloxy)propyl)-2,4,8,10-tetraoxaundecane (4.5.3) 
 

 
 

To a solution of 4.3.1 (200 mg, 0.76 mmol) in CH2Cl2 (7.6 mL, 0.1 M) was added N,N-

disopropylethylamine (795 μL, 4.56 mmol) followed by dropwise addition of 

chloro(methoxy)methane (172 μL, 2.28 mmol) and the reaction mixture was stirred for 12 

h. After completion of reaction, it was quenched with saturated aqueous NaHCO3, 

extracted with CH2Cl2, dried (MgSO4), concentrated under reduced pressure. The crude 

product was purified using silica gel column chromatography (5% EtOAc/Hexanes), which 

furnished 202 mg of 4.5.3 in 80% yield as colorless viscous liquid. TLC (hexane/EtOAc 

5/1): Rf = 0.32. 

FTIR (neat): 3065, 2947, 2359, 1640, 1495, 1453, 1363, 1219, 1101, 1040, 990, 917, 

772, 737, 698 cm-1; 

Optical Rotation: [𝑎]  = -28.62 (c 0.36, CHCl3); 

1H NMR (500 MHz, Chloroform-d): δ 7.36–7.28 (m, 5H, Aromatic C–H), 5.80 (dddd J = 

17.3, 8.6, 6.3, 2.9 Hz, 1H, CH2CH=CH2), 5.10–5.05 (m, 2H, CH2CH=CHaHb), 4.82 (dq, J 

= 13.1, 6.8 Hz, 1H, CH(OCHaHbOCH3)), 4.85–4.77 (m, 1H, CH(OCHaHbOCH3)), 4.69–

4.63 (m, 2H, CH(OCHaHbOCH3)), 4.50 (s, 2H, PhCH2OCH2), 3.81 (ddt, J = 14.1, 9.0, 

5.1, 3.6 Hz, 1H, CH(OMOM)CH2CH(OMOM)CH2), 3.73 (tdd, J = 14.0, 9.0, 5.2, 3.3 Hz, 

1H, CH(OMOM)CH2CH(OMOM)CH2), 3.47 (td, J = 6.3, 2.9 Hz, 2H, BnOCH2CH2), 

3.39–3.34 (m, 6H, 2 X CH(OCH2OCH3)), 2.33 (dddt, J = 7.0, 5.7, 3.0, 1.5 Hz, 2H, 

CH(OH)CH2CH=CH2), 1.70–1.55 (m, 6H, CH(OMOM)CH2CH(OMOM)CH2, 

BnOCH2CH2CH2); 
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13C NMR (126 MHz, CDCl3): δ 138.7 (CAr), 134.6 (CH=CH2), 128.6 (2, CHAr), 127.7 

(2, CHAr), 127.6 (CHAr), 117.6 (CH=CH2), 96.2 (CH2), 93.3 (CH2), 91.0 (CH2), 75.1 

(CH), 74.8 (CH), 73.0 (CH2), 70.5 (CH2), 55.8 (2, CH3), 40.3 (CH2), 39.9 (CH2), 31.9 

(CH2), 25.3 (CH2); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C20H32O5Na 375.2147; Found 375.2157. 

  



 481 

(1R,6R,8S)-8-((3R,4S,6R)-9-(benzyloxy)-4-hydroxy-3-methyl-6-((triisopropylsilyl) 
oxy)nonyl)-2,9,10-trioxa-1-phosphabicyclo[4.3.1]dec-4-ene 1-oxide (4.6.1) 
 

 

To a solution of (R,R)-triene 4.2.1 (100 mg, 0.43 mmol) in a degassed CH2Cl2 (100 mL, 

0.005 M) was added HG-II (5.9 mg, 0.034 mmol, 2 mol%) the reaction mixture was 

refluxed in an oil bath for 20 minutes. After completion of RCM reaction, CH2Cl2 was 

evaporated under reduced pressure. To the crude product was added freshly distilled, 

freeze-degas-thawed 1,2-DCE (4.9 mL, 0.1 M), the CM partner 4.5.2 (282 mg, 0.59 mmol) 

and HG-II (18 mg, 0.03 mmol, 6 mol%) under inert atmosphere. The reaction mixture was 

stirred at 70 ºC in an oil bath for 12 h, a second portion of HG-II (6 mg, 0.01 mmol, 2 

mol%) and CM partner (47 mg, 0.34 mmol) were added to the reaction mixture, was stirred 

at 70 ºC for 8 h and a third portion of HG-II (6 mg, 0.01 mmol, 2 mol%) and CM partner 

(47 mg, 0.34 mmol) were added and the reaction mixture was stirred for an additional 8 h. 

After completion of CM reaction, the crude product was subjected to chemoselective 

hydrogenation “H2” reaction using o-NBSH and Et3N (2 mL/1 g of o-NBSH) at room 

temperature. It should be noted that for the chemoselective hydrogenation of external olefin 

of the crude CM product, o-NBSH (0.54 g, 2.4 mmol) and Et3N (1.04 mL, 2 mL/1 g of o-

NBSH) were sequentially added after each 8–12 h and the reaction mixture was stirred for 

72 h. Reaction progress was monitored via crude NMR, which confirmed the complete 
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reduction of external double bond in the CM adduct. The reaction mixture was diluted with 

EtOAc (30 mL) followed by addition of saturated aqueous solution of NaHCO3 (15 mL). 

The organic layer was separated, and aqueous phase was extracted with EtOAc (3 x 30 

mL). The combined organic layers were washed with brine (15 mL), dried (Na2SO4), 

concentrated under reduced pressure, and purified with flash chromatography (40% 

EtOAc/Hexane), which furnished 59 mg of bicyclic phosphate 4.6.1 as a colorless oil in 

41% yield over three reactions in one-pot (75% av/rxn). TLC (EtOAc): Rf = 0.55. 

FTIR (neat): 2945, 2864, 2351, 1556, 1305, 1245, 1101, 1039, 972, 773 cm-1; 

Optical Rotation: [𝑎] = -21.7 (c 0.17, CHCl3); 

1H NMR (500 MHz, Chloroform-d): δ 7.35–7.27 (m, 5H, Aromatic C–H), 6.04 (td, J = 

12.0, 9.1, 8.1 Hz, 1H, CHO(P)CH=CHCHaHb), 5.58 (dd, J = 12.0, 2.4 Hz, 1H, 

CHO(P)CH=CHCHaHb),  5.17 (d, J = 24.8 Hz, 1H, CHO(P)CH=CHCHaHb), 5.08–4.93 

(m, 1H, CHO(P)CH=CHCHaHb), 4.66–4.54 (m, 1H, CHO(P)CHaHbCHO(P)), 4.51 (s, 

2H, PhCH2OCH2), 4.35 (ddd, J = 28.0, 14.8, 6.6 Hz, 1H, CHO(P)CH=CHCHaHb), 3.97 

(tt, J = 8.1, 5.1 Hz, 1H,  CH(OTIPS)CH2CH(OH)), 3.52 (t, J = 7.3 Hz, 2H, PhCH2OCH2), 

3.60–3.45 (m, 1H, CH(OTIPS)CH2CH(OH)), 2.21–2.11 (m, 1H BnOCH2CHaHb), 1.77–

1.47 (m, 12H, 

BnOCH2CHaHbCH2CH(OTIPS)CH2CH(OH)CH(Me)CH2CH2CH(OP)CH2), 1.05 (d, J = 

6.0 Hz, 21H, Si(CH(CH3)2)3), 0.86 (d, J = 7.7 Hz, 3H, CH(CH3)CH2CH2); 

13C NMR (126 MHz, CDCl3): 138.7 (CAr), 130.1 (CH=CHCH2), 128.5(2, CHAr), 

128.1(CHAr), 127.8(2, CHAr), 127.7(CH=CHCH2), 77. 3 (CH, JCP = 4.5 Hz), 77.0 (CH, 

JCP = 5.1 Hz), 75.7 (CH), 73.2 (CH2), 71.6 (CH), 70.1 (CH2), 63.1 (CH2), 35.2 (CH2), 
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35.0 (CH), 32.9 (CH2), 32.0 (CH2), 29.7 [6C, Si (CH (CH3)2)3], 28.9 (CH2), 27.5 (CH2), 

26.0 (CH2), 15.4 (CH3), 14.3 [3C, Si (CH (CH3)2)3]; 

31P NMR (162 MHz, CDCl3):  -3.85; 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C32H55O7PSiNa 633.3352; Found 633.3368. 
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(4S,6S,9R,10S,12R)-15-(benzyloxy)-9-methylpentadec-1-ene-4,6,10,12-tetraol (4.6.2) 
 

 

To a stirring solution of bicyclic phosphate 4.6.1 (40 mg, 0.061 mmol) in THF (0.2 mL, 

0.3 M) under argon was added Cs2CO3 (101mg, 0.31 mmol) and HCO2H (6.2 μL, 0.16 

mmol). Next, a solution of Pd(OAc)2 (1.1 mg, 0.003 mmol, 5 mol%) and PPh3 (1.56 mg, 

0.048 mmol) in THF (0.21 mL) under argon was immediately transferred via cannula to 

the reaction mixture. The reaction mixture was stirred at 60 ºC in an oil bath for 1 h 

(monitored by TLC). After 1 h, all starting materials were consumed and the color of 

reaction mixture turned black. After the reaction was complete, Me2SO4 was added, and 

the reaction mixture was refluxed for 3 h (TLC showed that phosphate acid was methylated 

completely). The reaction mixture was cooled to 0 ºC, then LiAlH4 (53 mg, 1.44 mmol) 

was added portion-wise. Next, the reaction mixture was stirred at 0 ºC for 1 h. After the 

completion of reduction, it was quenched following the Fieser workup7 via slow sequential 

addition of H2O (1 mL/g of LiAlH4), followed by 10% NaOH (1 mL/g of LiAlH4) and 

finally H2O (3 mL/g of LiAlH4) and the ice bath was removed and the reaction mixture 

was stirred for 2 h. The reaction mixture was filtered, extracted with EtOAc (3 x 50 mL) 

 
[7]. L. F. Fieser, M. Fieser in Reagents for Organic Synthesis, Vol. 1, Wiley: New York, 1967, pp. 
581−595; b) V. M. Mićović, M. Mihailović, J. Org. Chem. 1953, 18, 1190–1200. 
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and dried (Na2SO4). The resulting solution was filtered again, concentrated and the crude 

compound was utilized for the next step without further purification. 

The crude compound from the previous step was dissolved in MeOH (0.2 mL) and treated 

with 6 N HCl (50 µL). The reaction was stirred for 4 h at room temperature. Upon 

completion (monitored by TLC), reaction was concentrated under reduced pressure and the 

residue was re-dissolved in EtOAc. The layers were separated, and the aqueous phase was 

extracted three times with EtOAc (3 x 10 mL). The organic layers were combined and dried 

with anhydrous Na2SO4. The resulting solution was filtered again, concentrated and the 

crude compound was purified using a short silica gel flash column chromatography 

(EtOAc/ MeOH 20:1), which afforded tetrol 4.6.2 (10.2 mg, 30% yield over 4 reactions). 

TLC (EtOAc/ MeOH 10:1): Rf = 0.18. 

FTIR (neat): 3347, 2929, 1758,1454, 1241, 1099, 1026, 702, 698, 666 cm-1; 

Optical Rotation: [𝑎]  = -4.3 (c 0.17, CHCl3); 

1H NMR (500 MHz, CDCl3): δ 7.36–7.27 (m, 5H, Aromatic C–H), 5.81 (ddt, J = 16.4, 

10.6, 7.2 Hz, 1H, CH2CH=CH2), 5.15–5.11 (m, 2H, CH2CH=CH2), 4.52 (d, J = 1.5 Hz, 

2H, PhCH2OCH2CH2), 3.98 (p, J = 6.1 Hz, 1H, CH2CH(OH)CH2CH=CH2), 3.95–3.87 

(m, 2H, BnOCH2CH2CH2CH(OH), BnOCH2CH2CH2CH(OH)CH2CH(OH)), 3.72 (ddd, J 

= 9.0, 6.7, 2.9 Hz, 1H, CH(OH)CH2CH(OH)CH2CH=CH2), 3.52 (qt, J = 9.3, 5.9 Hz, 2H, 

BnOCH2CH2), 2.26 (tt, J =  5.7, 1.4 Hz, 2H, CH(OH)CH2CH=CH2), 1.76–1.70 (m, 2H, 

BnOCH2CH2CHaHb), 1.70–1.65 (m, 1H, BnOCH2CH2CHaHb), 1.62–1.52 (m, 7H, 

CH(OH)CH(CH3)CH2CH2CH2CH(OH)CH2CH=CH2), 1.50–1.40 (m, 2H, 

CH2CH(OH)CH(CH3)), 1.20–1.12 (m, 1H, BnOCH2CH2CHaHb), 0.87 (d, J = 6.8 Hz, 3H, 

CH(CH3)CH2); 



 486 

13C NMR (126 MHz, CDCl3): δ 138.0 (CAr), 134.9 (CH=CH2), 128.6 (2, CHAr), 128.0 (2, 

CHAr), 127.9 (CHAr), 118.2 (CH=CH2), 73.3 (CH2), 73.0 (CH), 70.7 (CH), 69.8 (CH), 

69.5 (CH), 68.4 (CH), 42.2 (CH2), 42.0 (CH2), 39.1 (CH2), 39.0 (CH), 35.1 (CH2), 35.0 

(CH2), 28.7 (CH2), 26.8 (CH2), 15.7 (CH3); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C23H38O5Na 417.2617; Found 417.2629. 

  



 487 

(3S,4R,6S,9R,10S,12R)-15-(benzyloxy)-3,9-dimethylpentadec-1-ene-4,6,10,12-tetraol 
(4.6.3) 

 

To a flame dried round bottom-flask was added CuCN (20.3mg, 0.22 mmol) and LiCl (22.2 

mg, 0.52 mmol) inside the glove box, followed by addition of dry THF (0.7 mL, 0.05 M) 

under argon and the reaction mixture was stirred at room temperature for 15 minutes. A 

pale green coloration was observed. The reaction mixture was cooled to -40 ºC followed 

by slow addition of a 1 M solution of Me2Zn in THF (0.22 mL, 0.22 mmol). The reaction 

mixture was stirred for 40 minutes at -30 ºC and a solution of bicyclic phosphate 4.6.1 (50 

mg, 0.076 mmol) in dry THF (0.7 mL, 0.05 M) was added dropwise via cannula to the 

reaction mixture. The reaction was slowly warmed to room temperature and allowed to stir 

for 3 h. Upon completion of reaction (monitored via TLC), the reaction mixture was 

quenched with saturated aqueous ammonium chloride (NH4Cl, 0.3 mL), stirred for 15 

minutes followed by the addition of anhydrous Na2SO4 (14 mg) stirred for another 30 

minutes. The crude product was filtered through Celite pad and washed with excess EtOAc 

(3 x 4 mL), the filtrate was concentrated under reduce pressure, which afforded the crude 

acid as yellowish viscous oil, which was proceeded to the next reaction without further 

purification.  

 To a flask containing the crude acid was added THF (0.95 mL, 0.08 M). The 

reaction mixture was cooled to 0 ºC and was added 70% solution of Red-Al in toluene (1.5 
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mL, 5 mmol). The reaction mixture was brought to room temperature and stirred for 4 h. 

After completion of reaction (monitored by TLC), it was quenched with NH4Cl (sat. aq.) 

and was added (Na2SO4), stirred for 30 minutes, filtered through Celite pad. The residue 

was washed with EtOAc (3 x 4 mL). The organic layer was dried (Na2SO4) and the solvent 

was evaporated under reduced pressure. The resulting solution was filtered again, 

concentrated and the crude compound was utilized for the next step without further 

purification. 

The crude compound from the previous step was dissolved in MeOH (0.2 mL) and treated 

with 6 N HCl (aq., 40 µL). The reaction was stirred for 4 h at room temperature. Upon 

completion (monitored by TLC), reaction was concentrated under reduced pressure and the 

residue was re-dissolved in EtOAc. The layers were separated, and the aqueous phase was 

extracted three times with EtOAc. The organic layers were combined and dried with 

anhydrous Na2SO4. The resulting solution was filtered again, concentrated and the crude 

compound was purified using a short silica gel flash column chromatography 

(hexane/EtOAc 3:1), which afforded tetrol 4.6.3 (12.2 mg, 28% yield over 4 reactions). 

TLC (EtOAc/ MeOH 10:1): Rf = 0.1. 

FTIR (neat): 3353, 2930, 1758, 1454, 1364, 1241, 1099, 1026, 783, 698, 665 cm-1; 

Optical Rotation: [𝑎]  = -1.68 (c 0.16, CHCl3); 

1H NMR (500 MHz, Chloroform-d): δ 7.37–7.28 (m, 5H, Aromatic C–H), 5.74 (dt, J = 

19.1, 9.5, 8.6 Hz, 1H, CH(CH3)CH=CH2), 5.15–5.10 (m, 2H, CH(CH3)CH=CHaHb), 4.52 

(d, J = 1.8 Hz, 2H, PhCH2OCH2CH2), 3.93–3.87 (m, 2H, 

CH(OH)CH2CH(OH)CH(CH3)CH2, CH(OH)CH2CH(OH)CH(CH3) CH=CH2), 3.77–3.68 

(m, 2H, CH(OH)CH2CH(OH)CH(CH3)CH2, CH2CH(OH)CH(CH3)CH=CH2), 3.53 (qt, J 
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= 9.3, 5.8 Hz, 2H, BnOCH2CH2), 2.24 (dq, J = 15.0, 8.0, 6.5 Hz, 1H, 

CH(OH)CH(CH3)CH=CH2), 1.74 (p, J = 6.5 Hz, 2H, BnOCH2CH2), 1.66–1.53 (m, 8H, 

CH(OH)CH2CH(OH)CH(CH3)CH2, CH2CH(OH)CH2CH(OH)CH(CH3)CH=CH2), 1.49 

(tdd, J =8.0, 6.6, 3.8 Hz, 1H, BnOCH2CH2CHaHb), 1.18 (dddd, J =13.2, 10.5, 8.2, 5.3 

Hz, 1H, BnOCH2CH2CHaHb), 1.02 (d, J = 6.8 Hz, 3H, CH(OH)CH(CH3)CH=CH2), 0.88 

(d, J = 6.8 Hz, 3H, CH(CH3)CH2CH2CH(OH)); 

13C NMR (126 MHz, CDCl3): δ 140.6 (CH=CH2), 138.0 (CAr), 128.6 (2, CHAr), 128.0 (2, 

CHAr), 127.9 (CHAr), 116.8 (CH=CH2), 73.3 (CH2), 73.0 (CH), 72.1 (CH), 70.8 (CH2), 

69.8 (CH), 69.7 (CH), 44.6 (CH), 39.4 (CH2), 39.1 (CH2), 39.0 (CH2), 35.2 (CH2), 34.9 

(CH2), 28.7 (CH2), 26.9 (CH2), 16.2 (CH3), 15.5 (CH3); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C24H40O5Na 431.2773; Found 431.2758. 

.  
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(1R,6R,8S)-8-((3R,4S,6R)-9-(benzyloxy)-4-(methoxymethoxy)-3-methyl-6-((triiso-
propylsilyl)oxy)nonyl)-2,9,10-trioxa-1-phosphabicyclo[4.3.1]dec-4-ene 1-oxide(4.7.1): 
 

 

To a solution of (R,R)-triene (R,R)-4.2.1 (394 mg, 1.7 mmol) in a degassed CH2Cl2 (347 

mL, 0.005 M) was added HG-II (21.2 mg, 0.034 mmol, 2 mol%) the reaction mixture was 

refluxed in an oil bath for 20 minutes. After completion of RCM reaction, CH2Cl2 was 

evaporated under reduced pressure. To the crude product was added freshly distilled, 

freeze-degas-thawed 1,2-DCE (17 mL, 0.1 M), the CM partner 4.5.2 (975 mg, 2.04 mmol) 

and HG-II (63 mg, 0.102 mmol, 6 mol%) under inert atmosphere. The reaction mixture 

was stirred at 70 ºC in an oil bath for 12 h, a second portion of HG-II (21 mg, 0.034 mmol, 

2 mol%) and CM partner (162 mg, 0.34 mmol) were added to the reaction mixture, was 

stirred at 70 ºC for 8 h and a third portion of HG-II (21 mg, 0.034 mmol, 2 mol%) and CM 

partner (162 mg, 0.34 mmol) were added and the reaction mixture was stirred for an 

additional 8 h. After completion of CM reaction, the crude product was subjected to 

chemoselective hydrogenation “H2” reaction using o-NBSH and Et3N (2 mL/1 g of o-

NBSH) at room temperature. It should be noted that for the chemoselective hydrogenation 

of external olefin of the crude CM product, o-NBSH (1.8 g, 8.5 mmol) and Et3N (3.6 mL, 

2 mL/1 g of o-NBSH) were sequentially added after each 8–12 h and the reaction mixture 

was stirred for 72 h. Reaction progress was monitored via crude NMR, which confirmed 
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the complete reduction of external double bond in the CM adduct. The reaction mixture 

was diluted with EtOAc (100 mL) followed by addition of saturated aqueous solution of 

NaHCO3 (50 mL). The organic layer was separated, and aqueous phase was extracted with 

EtOAc (3 x 100 mL). The combined organic layers were washed with brine (50 mL), dried 

(Na2SO4), concentrated under reduced pressure, and purified with flash chromatography 

(40% EtOAc/Hexane), which furnished 362 mg of bicyclic phosphate 4.7.1 as a dark brown 

semi solid in 47% yield over three reactions in one-pot (74% av/rxn). (hexane/EtOAc 1/1): 

Rf = 0.12. 

FTIR (neat): 2945, 2864, 2351, 1556, 1305, 1245, 1101, 1039, 972, 773 cm-1; 

Optical Rotation: [𝑎]  = -24.3 (c 0.63, CHCl3); 

1H NMR (500 MHz, Chloroform-d): δ 7.35–7.27 (m, 5H, Aromatic C–H), 6.02 (dddd, J = 

11.9, 6.7, 3.2, 2.1 Hz, 1H, CHO(P)CH=CH-CHaHb), 5.57 (ddd, J = 12.0, 6.2, 2.4 Hz , 1H, 

CHO(P)CH=CHCHaHb), 5.17 (ddq, J = 24.4, 6.3, 2.0 Hz, 1H, CHO(P)CH=CHCHaHb), 

5.00 (ddt, J = 14.7, 5.6, 2.8 Hz, 1H, CHO(P)CH=CHCHaHb), 4.64 (q, J = 6.9 Hz, 2H, 

CH2CH(OCH2OCH3)CH(Me)), 4.57–4.51 (m, 1H, CHO(P)CHaHbCHO(P)), 4.50 (s, 2H, 

PhCH2OCH2), 4.35 (ddd, J = 27.7, 14.8, 6.7 Hz, 1H, CHO(P)CH=CHCHaHb), 3.97 (tt, J = 

7.1, 3.3 Hz, 1H, CH(OTIPS)CH2CH(OMOM)), 3.63 (dt, J = 8.9, 3.1 Hz, 1H, 

CH(OTIPS)CH2CH(OMOM)), 3.47 (tq, J = 4.7, 2.9 Hz, 2H, PhCH2OCH2), 3.36–3.34 (m, 

3H, CH2CH(OCH2OCH3)CH(Me)), 2.19–2.11 (ddd, J = 20.4, 8.4, 3.2 Hz, 1H, 

CHO(P)CHaHbCHO(P)), 1.83–1.75 (m, 1H, CH(OMOM)CH(CH3)CH2CH2), 1.72–1.49 

(m, 9H, PhCH2OCH2CH2CH2, CH(OTIPS)CHaHbCH(OMOM), CH(CH3)CHaHbCH2, 

CHO(P)CHaHbCHO(P)), 1.41 (ddd, J = 14.2, 8.2, 2.8 Hz, 1H, 
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CH(OTIPS)CHaHbCH(OMOM)), 1.19–1.11 (m, 1H, CH(OMOM)CH(CH3)CHaHbCH2), 

1.05 (d, J = 6.0 Hz, 21H, (Si(CH(CH3)2)3), 0.89 (d, J = 6.8 Hz, 3H, CH(CH3)CH2CH2); 

13C NMR (126 MHz, CDCl3): δ 138.8 (CAr), 130.0 (CH=CHCH2), 128.5 (2, CHAr), 128.1 

(CHAr), 127.7 (2, CHAr), 127.4 (CH=CHCH2), 97.0 (CH2), 80.3 (CH), 76.9 (CH, JCP = 4.7 

Hz), 76.7 (CH), 76.4 (CH, JCP = 4.7 Hz), 72.9 (CH2), 70.1(CH), 63.0 (CH2), 55.7 (CH3), 

37.9 (CH2), 36.6 (CH), 34.8 (CH2), 33.8 (CH2), 27.7 (CH2), 25.2 (CH2), 18.4 [6C, Si (CH 

(CH3)2)3], 14.5 (CH3), 13.1 [3C, Si (CH (CH3)2)3]; 

31P NMR (202 MHz, CDCl3):  -3.84; 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C34H59O8PSiNa 677.3615; Found 677.3615; 
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(1R,6R,8S)-8-((4R,6R)-9-(benzyloxy)-4,6-bis(methoxymethoxy)nonyl)-2,9,10-trioxa-
1-phosphabicyclo[4.3.1]dec-4-ene 1-oxide (4.7.2) 

 

 

To a solution of (R,R)-triene (R,R)-4.2.1 (80 mg, 0.34 mmol) in a degassed CH2Cl2 (79 

mL, 0.005 M) was added HG-II (4.4 mg, 0.007 mmol, 2 mol%) the reaction mixture was 

refluxed in an oil bath for 20 minutes. After completion of RCM reaction, CH2Cl2 was 

evaporated under reduced pressure. To the crude product was added freshly distilled, 

freeze-degas-thawed 1,2-DCE (3.4 mL, 0.1 M), the cross metathesis (CM) partner 4.5.3 

(152 mg, 0.44 mmol) and HG-II (13.2 mg, 0.02 mmol, 6 mol%) under argon. The reaction 

mixture was stirred at 70 ºC in an oil bath for 5 h and a second portion of HG-II (8.8 mg, 

0.014 mmol, 4 mol%) and CM partner (76 mg, 0.22 mmol) were added to the reaction 

mixture, and was stirred at 70 ºC for an additional 3 h (monitored by TLC). After 

completion of CM reaction, the reaction mixture was brought to room temperature and was 

added o-nitrobenzenesulfonyl hydrazine (o-NBSH) (0.72 g, 3.4 mmol) and Et3N (1.5 mL, 

at 2 mL/g of o-NBSH), the reaction mixture was stirred for 12 h (Note: The reaction flask 

was wrapped with aluminum foil in order to avoid decomposition of o-NBSH due to light). 

A second portion of o-NBSH (0.36 g, 1.7 mmol) and Et3N (0.72 mL, at 2 mL/g of o-NBSH) 

were added and the reaction mixture was stirred for an additional 8 h at room temperature. 

Reaction progress was monitored via crude NMR, which confirmed the complete reduction 
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of the external double bond in the CM adduct. The reaction mixture was diluted with 

EtOAc (30 mL) followed by addition of saturated aqueous solution of NaHCO3 (20 mL). 

The organic layer was separated, and aqueous phase was extracted with EtOAc (3 x 20 

mL). The combined organic layers were washed with brine (10 mL), dried (Na2SO4), 

concentrated under reduced pressure, and purified with flash chromatography (25% 

EtOAc/CH2Cl2), which furnished 94 mg of bicyclic phosphate 4.7.2 as a colorless oil in 

47% yield over three reactions in one-pot (81% av/rxn). TLC (EtOAc): Rf = 0.42. 

FTIR (neat): 2929, 2852, 2356, 1470, 1298, 1009, 1506, 1068, 972, 885, 773 cm-1; 

Optical Rotation: [𝑎]  = - 39.5 (c 0.22, CHCl3); 

1H NMR (500 MHz, Chloroform-d): δ 7.35–7.27 (m, 5H, Aromatic C–H), 6.02 (ddd, J = 

11.8, 6.1, 2.6 Hz, 1H, CHO(P)CH=CHCHaHb), 5.57 (dt, J = 12.1, 3.2 Hz, 1H, 

CHO(P)CH=CHCHaHb), 5.17 (dqd, J = 23.8, 3.4 Hz, 1H, CHO(P)CH=CHCHaHb), 5.00 

(dt, J = 14.5, 6.0, 3.1 Hz, 1H, CHO(P)CH=CHCHaHb), 4.73–4.60 (m, 4H, 2 X 

CH(OCH2OCH3)), 4.59–4.53 (m, 1H, CHO(P)CHaHbCHO(P)), 4.50 (s, 2H, PhCH2OCH2), 

4.35 (ddd, J = 27.7, 14.8, 6.3 Hz, 1H, CHO(P)CH=CHCHaHb)), 3.70 (dq, J = 8.0, 4.1 Hz, 

2H, CH(OMOM)CH2CH(OMOM)), 3.48 (t, J = 6.2 Hz, 2H, PhCH2OCH2), 3.37 (s, 6H, 2 

X CH(OCH2OCH3)), 2.16 (ddd, J = 14.6, 11.8, 6.2 Hz, 1H, CHO(P)CHaHbCHO(P)), 1.80–

1.50 (m, 13H, CH(OMOM)CH2CH2CH2, PhCH2OCH2CH2CH2, 

CH(OMOM)CHaHbCH(OMOM), CHO(P)CHaHbCHO(P)); 

13C NMR (126 MHz, CDCl3): δ 138.6 (CAr), 129.9 (CH=CHCH2), 128.4 (2, CHAr), 128.0 

(CH=CHCH2), 127.6 (2, CHAr), 127.5 (CHAr), 96.2 (CH2), 96.0 (CH2), 77.2 (CH, JCP = 7.1 

Hz), 76.5 (CH, JCP = 6.6 Hz), 75.0 (CH), 75.1(CH), 72.9 (CH2), 70.4 (CH2), 62.9 (CH2), 
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55.7 (2, CH3), 40.3 (CH2), 35.8 (CH2), 34.8 (CH2), 34.7 (CH2), 31.7 (CH2), 25.2 (CH2), 

20.0 (CH2); 

31P NMR (202 MHz, CDCl3):  -3.76; 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C26H41O9PNa 551.2386; Found 551.2398; 
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(4R,6S,7R,10S,12R,13S)-6-(methoxymethoxy)-7-methyl-4-((triisopropylsilyl)oxy)-13-
vinylnonadecane-1,10,12-triol (4.7.3) 
 

 

To a flame dried round bottom-flask was added CuCN (40 mg, 3.2 mmol) and LiCl (317 

mg, 7.5 mmol) inside the glove box, followed by addition of dry THF (10 mL, 0.05 M) 

under argon and the reaction mixture was stirred at room temperature for 15 minutes. A 

pale green coloration was observed. The reaction mixture was cooled to -40 ºC followed 

by slow addition of a 1.2 M solution of HexLi in THF (3.2 mL, 3.2 mmol). The reaction 

mixture was stirred for 40 minutes at -30 ºC and a solution of bicyclic phosphate 4.7.1 (350 

mg, 1.08 mmol) in dry THF (10 mL, 0.05 M) was added dropwise via cannula to the 

reaction mixture. The reaction was slowly warmed to room temperature and allowed to stir 

for 3 h. Upon completion of reaction (monitored via TLC), the reaction mixture was 

quenched with saturated aqueous ammonium chloride (NH4Cl, 2 mL), stirred for 15 

minutes followed by the addition of anhydrous Na2SO4 (200 mg) stirred for another 30 

minutes. The crude product was filtered through Celite pad and washed with excess EtOAc 

(3 x 50 mL), the filtrate was concentrated under reduce pressure, which afforded the crude 

acid as yellowish viscous oil, which was proceeded to the next reaction without further 

purification.  

 To a flask containing the crude acid was added THF (13.5 mL, 0.08 M). The 

reaction mixture was cooled to 0 ºC and was added 70% solution of Red-Al in toluene (1.5 

mL, 5 mmol). The reaction mixture was brought to room temperature and stirred for 12 h. 
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After completion of reaction (monitored by TLC), it was quenched with NH4Cl (sat. aq.) 

and was added (Na2SO4), stirred for 30 minutes, filtered through Celite pad. The residue 

was washed with EtOAc (3 x 50 mL). The organic layer was dried (Na2SO4) and the solvent 

was evaporated under reduced pressure. The resulting solution was filtered again, 

concentrated and the crude compound was purified by flash chromatography to obtain 17 

mg of triol 4.7.3 as a yellow oil in 51% yield over 2 steps. TLC (hexane/EtOAc 1:2): Rf = 

0.37. 

FTIR (neat): 3458, 2943, 2866, 1718, 1699, 1456, 1390, 1097, 1027, 912, 842, 736, 697 

cm-1; 

Optical Rotation: [𝑎]  = -8.24 (c 0.18, CHCl3); 

1H NMR (500 MHz, Chloroform-d): δ 5.61 (ddt, J = 17.1, 10.3, 9.3 Hz, 1H, 

CH(C6H13)CH=CH2), 5.23–5.08 (m, 2H, CH(C6H13)CH=CH2), 4.65 (dq, J = 8.2, 7.0 Hz, 

2H, CH(OCH2OCH3)), 4.04–3.98 (m, 1H, CH2CH(OTIPS)CH2), 3.91–3.85 (m, 1H, 

CH(OH)CH2CH(OH)CH(C6H13)), 3.75 (ddd, J = 8.1, 6.6, 3.7 Hz, 1H, 

CH(OH)CH2CH(OH)CH(C6H13)), 3.66–3.58 (m, 3H, CH2CH(OTIPS)CH2CH(MOM), 

HOCH2CH2), 3.37 (s, 3H, CH(OCH2OCH3)), 2.06–1.98 (m, 1H, CH(C6H13)CH=CH2), 

1.83–1.76 (m, 1H, CH(OMOM)CH(CH3)), 1.70–1.43 (m, 11H, 

HOCH2CH2CHaHbCH(OTIPS)CH2, CH(Me)CH2CH2CH(OH)CH2CH(OH)), 1.36–1.20 

(m, 10H, CH(C5H10CH3)CH=CH2), 1.15–1.06 (m, 1H, 

HOCH2CH2CHaHbCH(OTIPS)CH2),  1.08–1.05 (m, 21H, CH(OSi(CH(CH3)2)3), 0.92 (d, 

J= 6.8 Hz, 3H, CH(OMOM)CH(CH3)), 0.88 (t, J= 6.9 Hz, 3H, CH(C5H10CH3)CH=CH2); 

13C NMR (126 MHz, CDCl3): δ 139.1 (CH=CH2), 118.4 (CH=CH2), 96.6 (CH2), 80.2 

(CH), 70.8 (CH), 70.2 (CH), 69.6 (CH), 63.2 (CH2), 55.7 (CH3), 50.9(CH), 39.8 (CH2), 
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37.1(CH2), 36.7 (CH), 35.5 (CH2), 34.2 (CH2), 31.8 (CH2), 30.5 (CH2), 29.3 (CH2), 28.8 

(CH2), 27.8 (CH2), 27.2 (CH2), 22.6 (CH2), 18.3 [6C, Si (CH (CH3)2)3], 14.4 (CH3), 

14.1(CH3), 12.9 [3C, Si (CH (CH3)2)3]; 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C33H66O7SiNa 625.4663; Found 625.4686. 
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(4S,6S,10R,12R)-15-(benzyloxy)-10,12-bis(methoxymethoxy)pentadec-1-ene-4,6-diol 
(4.7.4) 
 

 

To a stirring solution of bicyclic phosphate 4.7.2 (25 mg, 0.05 mmol) in THF (1.6 mL, 0.3 

M) under argon was added Cs2CO3 (80 mg, 0.26 mmol) and HCO2H (0.05 μL, 1.2 mmol). 

Next, a solution of Pd(OAc)2 (7.7 mg, 0.002 mmol, 5 mol%) and PPh3 (12 mg, 0.048 mmol) 

in THF (1.6 mL) under argon was immediately transferred via cannula to the reaction 

mixture. The reaction mixture was stirred at 60 ºC in an oil bath for 1 h (monitored by 

TLC). After 1 h, all starting materials were consumed and the color of reaction mixture 

turned black. After the reaction was complete, Me2SO4 was added, and the reaction mixture 

was refluxed for 3 h (TLC showed that phosphate acid was methylated completely). The 

reaction mixture was cooled to 0 ºC, then LiAlH4 (53 mg, 1.44 mmol) was added portion-

wise. Next, the reaction mixture was stirred at 0 ºC for 1 h. After the completion of 

reduction, it was quenched following the Fieser workup8 via slow sequential addition of 

H2O (1 mL/g of LiAlH4), followed by 10% NaOH (1 mL/g of LiAlH4) and finally H2O (3 

mL/g of LiAlH4) and the ice bath was removed and the reaction mixture was stirred for 2 

h. The reaction mixture was filtered, extracted with EtOAc (3 x 50 mL) and dried (Na2SO4). 

The resulting solution was filtered again, concentrated and the crude compound was 

subjected to flash chromatography to obtain 8.2 mg of diol 4.7.4 in 46% yield over 3 steps. 

TLC (hexane/EtOAc 1:1): Rf = 0.41. 

 
[8]. L. F. Fieser, M. Fieser in Reagents for Organic Synthesis, Vol. 1, Wiley: New York, 1967, pp. 
581−595; b) V. M. Mićović, M. Mihailović, J. Org. Chem. 1953, 18, 1190–1200. 
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FTIR (neat): 3473, 3066, 2932, 2822, 1639, 1495, 1453, 1377, 1313, 1275, 1147, 1098, 

1042, 916, 752 cm-1; 

Optical Rotation: [𝑎]  = -8.6 (c 0.27, CHCl3); 

1H NMR (500 MHz, CDCl3): δ 7.36–7.28 (m, 5H, Aromatic C–H), 5.82 (ddt, J = 17.1, 

9.5, 7.1 Hz, 1H, CH2CH= CHaHb), 5.18–5.14 (m, 1H, CH(CH3)CH=CHaHb), 5.16–5.13 

(m, 1H, CH(CH3)CH=CHaHb), 4.66 (s, 4H, CH(OCH2OCH3)CH2CH(OCH2OCH3)), 4.50 

(s, 2H, PhCH2OCH2CH2), 3.96 (m, 2H, BnOCH2CH2CH2CH(OMOM), 

CH2CH(OH)CH2CH(OH)CH2CH=CH2), 3.72 (m, 2H, CH2CH(OH)CH2CH=CH2, 

CH2CH(OH)CH2CH=CH2), 3.48 (t, J =6.2 Hz, 2H, BnOCH2CH2), 3.37 (s, 6H, 

CH(OCH2OCH3)CH2CH(OCH2OCH3)), 2.35 (t, J = 6.2 Hz, 1H, CH(OH)CHaHbCH=CH2), 

2.27 (q, J = 7.4, 6.4 Hz, 1H, CH(OH)CHaHbCH=CH2), 1.67–1.42 (m, 10H, 

BnOCH2CH2CH2CH(OMOM), CH2CH2CH(OH)CH2CH(OH)CH2CH=CH2), 0.97–0.80 

(m, 4H, CH(OMOM)CH2CH2CH2); 

13C NMR (126 MHz, CDCl3): δ 138.6 (CH=CH2), 134.6 (CAr), 128.5 (2, CHAr), 127.8 (2, 

CHAr), 127.7 (CHAr), 118.3 (CH=CH2), 96.3 (CH2), 96.1 (CH2), 75.5 (CH), 75.2 (CH), 73.0 

(CH2), 70.5 (CH2), 69.4 (CH), 68.3 (CH), 55.8 (CH3), 55.8 (CH3), 42.5 (CH2), 42.2 (CH2), 

40.4 (CH2), 39.8 (CH2), 37.7 (CH2), 35.1 (CH2), 32.0 (CH2), 29.8 (CH2); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C26H44O7Na 491.2985; Found 491.2984. 
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(5S,7R)-7-((S)-3,4-bis(benzyloxy)butyl)-5-((R)-but-3-en-2-yl)-9,9-diisopropyl-10-
methyl-2,4,8-trioxa-9-silaundecane (C36H58O5Si) (4.8.1) 

 

 

To a solution of diol 4.4.1 (120 mg, 0.3 mmol) in CH2Cl2 (3 mL, 0.1 M) was added 2,6 

lutidine (88 µL, 0.73 mmol). The reaction mixture was cooled to -78 ºC and was added 

dropwise TIPSOTf (89 µL, 0.31 mmol). The reaction mixture was stirred for 30 min, after 

completion of reaction (monitored via TLC), it was added N,N-disopropylethylamine (210 

μL, 1.20 mmol) followed by dropwise addition of chloro(methoxy)methane (45.5 μL, 0.60 

mmol) and the reaction mixture was stirred for 12 h. After completion of reaction, it was 

quenched with saturated aqueous NaHCO3, extracted with CH2Cl2, dried (MgSO4), 

concentrated under reduced pressure. The crude product was purified using silica gel 

column chromatography (5% EtOAc/Hexanes), which furnished 143 mg of 4.8.1 in 78% 

yield over two reactions in one-pot (93% av/rxn) as colorless viscous liquid. TLC 

(hexane/EtOAc 20/1): Rf = 0.6. 

FTIR (neat): 2942, 2865, 2359, 1451, 1276, 1097, 1039, 917, 882, 711 cm-1; 

Optical Rotation: [𝑎]  = -1.2 (c 0.2, CHCl3); 

1H NMR (500 MHz, CDCl3): δ 7.35–7.27 (m, 10H, Aromatic C–H), 5.77 (ddd, J = 17.3, 

11.0, 7.1 Hz, 1H, CH(CH3)CH=CHaHb), 5.18 (ddt, J = 15.2, 3.5, 1.8 Hz, 2H, 

CH(CH3)CH=CHaHb), 4.70 (d, J = 11.8 Hz, BnOCHaHbCH(OCHaHbPh)), 4.65 (q, J = 6.0 

Hz, 1H, CH(OCH2OCH3)CH(CH3)), 4.56 (d, J = 11.7 Hz, 1H, 

BnOCHaHbCH(OCHaHbPh)), 4.55 (s, 2H, PhCH2OCHaHbCH(OCHaHbPh)), 3.93 (tt, J = 

7.0, 4.0 Hz, 1H, BnOCHaHbCH(OBn)CH2), 3.66 (dt, J = 7.8, 3.6 Hz, 1H, 
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CHaHbCH(OTIPS)CHaHb), 3.57 (dd, J = 9.9, 5.4 Hz, 2H, BnOCHaHbCH(OBn)CH2 

CH(OMOM)CH(CH3)), 3.53 (dd, J = 9.8, 4.5 Hz , 1H, BnOCHaHbCH(OBn)CH2), 3.36 (s, 

3H, CH(OCH2OCH3)CHaHb), 2.51 (tdq, J = 7.1, 3.7, 1.8 Hz, 1H, 

CH(OMOM)CH(CH3)CH=CH2), 1.73 (tt, J = 12.0, 3.8 Hz, 1H, 

BnOCH2CH(OBn)CHaHbCHaHb), 1.67–1.61 (m, 1H, BnOCH2CH(OBn)CHaHbCHaHb), 

1.57 (dq, J = 12.0, 4.0, 3.6 Hz, 2H, CH(OTIPS)CH2CH(OMOM)), 1.49 (tdt J = 11.1, 7.7, 

3.7 Hz , 2H, BnOCH2CH(OBn)CHaHbCHaHb), 1.07–1.01 (m, 21H, (Si(CH(CH3)2)3), 1.01 

(d, J = 7.0 Hz, 3H, CH(OMOM)CH(CH3)CH=CH2); 

13C NMR (126 MHz, CDCl3): δ 140.4 (CH=CH2), 139.0 (CAr), 138.5 (CAr), 128.5 (2, 

CHAr), 128.4 (2, CHAr), 127.9 (2, CHAr), 127.7(2, CHAr), 127.6 (CHAr), 127.5 (CHAr), 115.0 

(CH=CH2), 96.9 (CH2), 79.9 (CH), 78.6 (CH), 73.5 (CH2), 73.1(CH2), 72.1(CH2), 70.1 

(CH), 55.8 (CH3), 41.5 (CH), 38.5 (CH2), 33.8 (CH2), 27.1 (CH2), 18.4 [6C, Si (CH 

(CH3)2)3],  14.3 (CH3), 13.0 [3C, Si (CH (CH3)2)3]; 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C36H58O5SiNa 621.3951; Found 621.3968; 
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(6R,8S)-8-((3R,4S,6R,9S)-9,10-bis(benzyloxy)-4-(methoxymethoxy)-3-methyl-6-
((triisopropylsilyl)oxy)decyl)-2,9,10-trioxa-1-phosphabicyclo[4.3.1]dec-4-ene 1-oxide 
(4.8.2) 
 

 
 

To a solution of (R,R)-triene (R,R)-4.2.1 (394 mg, 1.7 mmol) in a degassed CH2Cl2 (347 

mL, 0.005 M) was added HG-II (21.2 mg, 0.034 mmol, 2 mol%) the reaction mixture was 

refluxed in an oil bath for 20 minutes. After completion of RCM reaction, CH2Cl2 was 

evaporated under reduced pressure. To the crude product was added freshly distilled, 

freeze-degas-thawed 1,2-DCE (17 mL, 0.1 M), the CM partner 4.8.1 (975 mg, 2.04 mmol) 

and HG-II (63 mg, 0.102 mmol, 6 mol%) under inert atmosphere. The reaction mixture 

was stirred at 70 ºC in an oil bath for 12 h, a second portion of HG-II (21 mg, 0.034 mmol, 

2 mol%) and CM partner (162 mg, 0.34 mmol) were added to the reaction mixture, was 

stirred at 70 ºC for 8 h and a third portion of HG-II (21 mg, 0.034 mmol, 2 mol%) and CM 

partner (162 mg, 0.34 mmol) were added and the reaction mixture was stirred for an 

additional 8 h. After completion of CM reaction, the crude product was subjected to 

chemoselective hydrogenation “H2” reaction using o-NBSH and Et3N (2 mL/1 g of o-

NBSH) at room temperature. It should be noted that for the chemoselective hydrogenation 

of external olefin of the crude CM product, o-NBSH (1.8 g, 8.5 mmol) and Et3N (3.6 mL, 

2 mL/1 g of o-NBSH) were sequentially added after each 8–12 h and the reaction mixture 

was stirred for 72 h. Reaction progress was monitored via crude NMR, which confirmed 
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the complete reduction of external double bond in the CM adduct. The reaction mixture 

was diluted with EtOAc (100 mL) followed by addition of saturated aqueous solution of 

NaHCO3 (50 mL). The organic layer was separated, and aqueous phase was extracted with 

EtOAc (3 x 100 mL). The combined organic layers were washed with brine (50 mL), dried 

(Na2SO4), concentrated under reduced pressure, and purified with flash chromatography 

(40% EtOAc/Hexane), which furnished 368 mg of bicyclic phosphate 4.8.2 as a colorless 

oil in 47% yield over three reactions in one-pot (74% av/rxn). TLC (EtOAc): Rf = 0.42. 

FTIR (neat): 2931, 2847, 2356, 1472, 1298, 1056, 1068, 1009, 972, 885, 773 cm-1; 

Optical Rotation: [𝑎]  = -30.2 (c 0.2, CHCl3); 

1H NMR (500 MHz, CDCl3): δ 7.34–7.27 (m, 10H, Aromatic C–H), 6.02 (ddt, J = 11.9, 

6.6, 2.7 Hz, 1H, CHO(P)CH=CHCHaHb), 5.56 (ddd, J = 11.9, 4.0, 2.50 Hz, 1H, 

CHO(P)CH=CHCHaHb), 5.17 (dt, J = 24.6, 4.6 Hz, 1H, CHO(P)CH=CHCHaHb), 4.99 

(ddq, J = 14.2, 5.6, 2.7 Hz, 1H, CHO(P)CH=CHCHaHb), 4.70 (d, J = 11.7 Hz, 1H, 

BnOCH2CH(CHaHbPh)), 4.63 (q, J = 6.8 Hz, 2H, CH2CH(OCH2OCH3)CH(Me)), 4.55–

4.53 (m, 3H, PhCH2OCH2CH(CHaHbPh), CHO(P)CHaHbCHO(P)), 4.55 (d, J = 11.7 Hz, 

1H, BnOCH2CH(CHaHbPh)), 4.35 (ddd, J = 27.7, 14.8, 6.8 Hz, 1H, 

CHO(P)CH=CHCHaHb), 3.94 (tt, J = 6.8, 3.3 Hz, 1H, CH(OTIPS)CH2CH(OMOM)), 

3.62 (dt, J = 9.2, 2.9 Hz, 1H, BnOCH2CH(CHaHbPh)), 3.58–3.53 (m, 2H, 

BnOCH2CH(CHaHbPh)), 3.54–3.50 (m, 1H, CH(OTIPS)CH2CH(OMOM)), 3.34 (d, J = 

8.5 Hz, 3H, CH2CH(OCH2OCH3)CH(Me)), 2.15 (ddd, J = 11.6, 6.1, 2.4 Hz, 1H, 

CHO(P)CHaHbCHO(P)), 1.81–1.75 (m, 2H, CH(MOM)CH(CH3)CH2CH2, 

CH(CH3)CHaHbCHaHb), 1.71–1.66 (m, 3H, CHO(P)CHaHbCHO(P), 

BnOCH2CH(OBn)CHaHb), 1.63–1.58 (m, 2H, BnOCH2CH(OBn)CHaHbCH2), 1.51–1.45 
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(m, 3H, CH(OTIPS)CHaHbCH(OMOM), CH(CH3)CHaHbCHaHb), 1.43–1.37 (m, 2H, 

CH(OTIPS)CHaHbCH(OMOM), CH(CH3)CHaHbCHaHb), 1.04 (s, 21H, (Si(CH(CH3)2)3), 

0.89 (d, J = 6.8 Hz, 3H, CH(CH3)CH2CH2); 

13C NMR (126 MHz, CDCl3): δ 139.0 (CAr), 138.5(CAr), 130.0 (CH=CHCH2), 128.5 (2, 

CHAr), 128.4 (2, CHAr), 128.0 (CHAr), 127.9 (2, CHAr), 127.8 (2, CHAr), 127.7 

(CH=CHCH2), 127.6 (CHAr), 97.0 (CH2), 80.3 (CH2), 78.6 (CH2), 77.2 (CH, JCP = 6.4 

Hz), 77.0 (CH, JCP = 7.1 Hz), 73.5 (CH2), 73.1(CH2), 72.2 (CH2), 70.3 (CH), 63.1 (JCP = 

6.4 Hz), 55.8 (CH3), 37.8 (CH2), 36.7 (CH), 34.4 (CH2), 33.9 (CH2), 29.9 (CH2), 27.7 

(CH2), 27.4 (CH2), 18.5 [6C, Si (CH (CH3)2)3], 14.4, 13.1[3C, Si (CH (CH3)2)3]; 

31P NMR (202 MHz, CDCl3) δ -3.86; 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C42H67O9PSiNa 797.4190; Found 797.4199. 
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(3S,4R,6S,9R,10S,12R,15S)-15,16-bis(benzyloxy)-10-(methoxymethoxy)-3,9-
dimethyl-12-((triisopropylsilyl)oxy)hexadec-1-ene-4,6-diol (C43H72O7Si) (4.8.3) 
 

 
 

To a flame dried round bottom-flask was added CuCN (290 mg, 3.2 mmol) and LiCl (317 

mg, 7.5 mmol) inside the glove box, followed by addition of dry THF (10 mL, 0.05 M) 

under argon and the reaction mixture was stirred at room temperature for 15 minutes. A 

pale green coloration was observed. The reaction mixture was cooled to -40 ºC followed 

by slow addition of a 1 M solution of Me2Zn in THF (3.2 mL, 3.2 mmol). The reaction 

mixture was stirred for 40 minutes at -30 ºC and a solution of bicyclic phosphate 4.8.2 (350 

mg, 1.08 mmol) in dry THF (10 mL, 0.05 M) was added dropwise via cannula to the 

reaction mixture. The reaction was slowly warmed to room temperature and allowed to stir 

for 3 h. Upon completion of reaction (monitored via TLC), the reaction mixture was 

quenched with saturated aqueous ammonium chloride (NH4Cl, 2 mL), stirred for 15 

minutes followed by the addition of anhydrous Na2SO4 (200 mg) stirred for another 30 

minutes. The crude product was filtered through Celite pad and washed with excess EtOAc 

(3 x 30 mL), the filtrate was concentrated under reduce pressure, which afforded the crude 

acid as yellowish viscous oil, which was proceeded to the next reaction without further 

purification.  

 To a flask containing the crude acid was added THF (13.5 mL, 0.08 M). The 

reaction mixture was cooled to 0 ºC and was added 70% solution of Red-Al in toluene (1.5 

mL, 5 mmol). The reaction mixture was brought to room temperature and stirred for 4 h. 

After completion of reaction (monitored by TLC), it was quenched with NH4Cl (sat. aq.) 
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and was added (Na2SO4), stirred for 30 minutes, filtered through Celite pad. The residue 

was washed with EtOAc (3 x 50 mL). The organic layer was dried (Na2SO4) and the solvent 

was evaporated under reduced pressure. The resulting solution was filtered again, 

concentrated and the crude compound was purified using a short silica gel flash column 

chromatography (hexane/EtOAc 1:1), which afforded tetrol 4.8.3 (120 mg, 56% yield over 

2 reactions). TLC (hexane/EtOAc 1:2): Rf = 0.62. 

FTIR (neat): 3422, 3065, 2926, 2865, 1665, 1640, 1462, 1379, 1095, 1040, 883, 844, 

678, 664 cm-1; 

Optical Rotation: [𝑎]  = -1.2 (c 0.20, CHCl3); 

1H NMR (500 MHz, CDCl3): δ 7.34–7.27 (m, 10H, Aromatic C–H), 5.73 (dt, J = 19.1, 

9.3, 8.4 Hz, 1H, CH(CH3)CH=CH2), 5.17–5.10 (m, 2H, CH(CH3)CH=CH2), 4.70 (d, J = 

11.7 Hz, 1H, BnOCH2CH(OCHaHbPh)), 4.64 (q, J = 2.8 Hz, 2H, CH2CH(OCH2OCH3)), 

4.55 (d, J = 11.7 Hz, 1H, BnOCH2CH(OCHaHbPh)), 4.55 (s, 2H, PhCH2OCH2CH(OBn)), 

3.95 (dd, J = 7.6, 3.7 Hz, 1H, BnOCH2CH(OBn)CH2CH2CH(OTIPS)), 3.90 (q, J = 6.04 

Hz, 1H, CH2CH(OH)CH2CH(OH)CH(Me)), 3.70–3.69 (m, 1H, 

CH2CH(OH)CH2CH(OH)CH(Me)), 3.64 (dt, J = 9.2, 2.9 Hz, 1H, 

CH(OTIPS)CH2CH(OMOM)), 3.58–3.55 (m, 2H, PhCH2OCHaHbCH(OBn)), 3.54–3.51 

(m, 1H, PhCH2OCHaHbCH(OBn)), 3.34 (s, 3H, CH2CH(OCH2OCH3)), 2.43 (d, J = 4.7 

Hz, 1H, CH2CH(OH)CH2CH(OH)CH(Me)), 2.24 (q, J = 7.2 Hz, 1H, 

CH(OH)CH(Me)CH=CH2), 2.18 (d, J = 3.1 Hz, 1H, CH2CH(OH)CH2CH(OH)CH(Me)), 

1.84–1.74 (m, 2H, CH(OTIPS)CHaHbCH(OMOM)CH(Me)), 1.62 (dd, J = 6.3, 5.1 Hz, 

3H, CH2CH(OH)CH2CH(OH)CH(Me)CH(OTIPS)CHaHbCH(OMOM)CH(Me)), 1.55–

1.46 (m, 6H, BnOCH2CH(OBn)CH2CH2, CH(OMOM)CH(Me)CH2CH2), 1.46–1.37 (m, 
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2H, BnOCH2CH(OBn)CH2CH2CH(OTIPS)), 1.04 (s, 21H, CH(OSi(CH(CH3)2)3), 1.01 

(d, J = 6.8 Hz, 3H, CH(CH3)CH=CH2), 0.89 ( d , J = 6.8 Hz, 3H,  

CH(OMOM)CH(CH3)CH2); 

13C NMR (126 MHz, CDCl3): δ 140.6 (CH=CH2), 139.0 (CAr), 138.5 (CAr), 128.5 (2, 

CHAr), 128.4 (2, CHAr), 127.9 (2, CHAr), 127.8 (2, CHAr), 127.7 (CHAr), 127.6 (CHAr), 

117.0 (CH=CH2), 97.0 (CH2), 80.5 (CH), 78.6 (CH), 73.5 (CH2), 73.1 (CH2), 72.2 (CH2), 

72.1 (CH), 70.3 (CH), 69.7 (CH), 55.8 (CH3), 44.6 (CH), 39.3 (CH2), 37.6 (CH2), 37.0 

(CH), 35.6 (CH2), 34.3 (CH2), 29.0 (CH2), 27.3 (CH2), 18.5 [6C, Si (CH (CH3)2)3], 16.3 

(CH3), 14.4 (CH3), 13.1 [3C, Si(CH(CH3)2)3]; 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C43H72O7SiNa 751. 4945; Found 751.4926. 
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(4S,6S,9R)-9-((4S,6R)-6-((S)-3,4-bis(benzyloxy)butyl)-1,3-dioxan-4-yl)dec-1-ene-4,6-
diol (4.8.4) 

 

 
 

To a stirring solution of bicyclic phosphate 4.8.2 (38 mg, 0.032 mmol) in THF (1.6 mL, 

0.3 M) under argon was added Cs2CO3 (780 mg, 0.16 mmol) and HCO2H (48 μL, 0.08 

mmol). Next, a solution of Pd(OAc)2 (7.7 mg, 0.003 mmol, 5 mol%) and PPh3 (12 mg, 

0.006 mmol) in THF (1.6 mL) under argon was immediately transferred via cannula to the 

reaction mixture. The reaction mixture was stirred at 60 ºC in an oil bath for 1 h (monitored 

by TLC). After 1 h, all starting materials were consumed and the color of reaction mixture 

turned black. After the reaction was complete, Me2SO4 was added, and the reaction mixture 

was refluxed for 3 h (TLC showed that phosphate acid was methylated completely). The 

reaction mixture was cooled to 0 ºC, then LiAlH4 (53 mg, 1.44 mmol) was added portion-

wise. Next, the reaction mixture was stirred at 0 ºC for 1 h. After the completion of 

reduction, it was quenched following the Fieser workup9 via slow sequential addition of 

H2O (1 mL/g of LiAlH4), followed by 10% NaOH (1 mL/g of LiAlH4) and finally H2O (3 

mL/g of LiAlH4) and the ice bath was removed and the reaction mixture was stirred for 2 

h. The reaction mixture was filtered, extracted with EtOAc (3 x 50 mL) and dried (Na2SO4). 

The resulting solution was filtered again, concentrated and the crude compound was 

subjected to flash chromatography to obtain diol 4.8.4 in 46% yield over 3 steps. TLC 

(hexane/EtOAc 1:2): Rf = 0.35. 

 
[9]. (a) L. F. Fieser, M. Fieser in Reagents for Organic Synthesis, Vol. 1, Wiley: New York, 1967, pp. 
581−595;  
(b) V. M. Mićović, M. Mihailović, J. Org. Chem. 1953, 18, 1190–1200. 
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FTIR (neat): 3405, 2941, 2865, 1642, 1465, 1363, 1097, 1041, 997, 917, cm-1.; 

Optical Rotation: [𝑎]  = -10.8 (c 0.22, CHCl3); 

1H NMR (500 MHz, CDCl3): δ 7.36–7.27 (m, 10H, Aromatic C–H), 5.81 (ddd, J = 24.3, 

12.2, 7.2 Hz, 1H, CHaHbCH=CH2), 5.15 (dd, J = 10.7, 7.3 Hz, 2H, CHaHbCH=CH2), 

4.85–4.75 (m, 2H, CH2CH(OCH2O)CH(Me)), 4.70 (d, J = 11.8 Hz, 1H, 

BnOCH2CH(OCHaHbPh)), 4.56 (d, J = 11.8 Hz, 1H, BnOCH2CH(OCHaHbPh)), 4.58–

4.54 (m, 2H, PhCH2OCH2CH(OBn)), 4.02–3.89 (m, 1H, CH(OH)CHaHbCH=CH2), 3.88–

3.80 (m, 1H, CH2CH(OCH2O)CH(Me)), 3.67–3.59 (m, 2H, CH(OH)CH2CH(OH), 

CHaHbCH=CH2CH(OCH2O)CH2CH(OCH2O)), 3.49–3.43 (m, 2H, 

PhCH2OCHaHbCH(OBn), PhCH2OCH2CH(OBn)), 3.43–3.36 (m, 1H, 

PhCH2OCHaHbCH(OBn)), 2.34–2.20 (m, 1H, CHaHbCH=CH2), 1.99–1.90 (m, 1H, 

CH2CH(OCH2O)CH(Me)), 1.83–1.73 (m, 1H, BnOCH2CH(OBn)CH2CHaHb), 1.73–1.59 

(m, 8H, BnOCH2CH(OBn)CH2CHaHb CHaHbCH2CH(OCH2O)CH(Me)CH2CH2, 

CHaHbCH=CH2), 1.52–1.40 (m, 3H, BnOCH2CH(OBn)CH2CHaHb CHaHbCH2CH(OH) 

CHaHbCH=CH2), 0.85 (d, J = 6.5 Hz, 3H, CH(CH3)CH2CH2); 

13C NMR (126 MHz, CDCl3): δ 138.8 (CAr), 138.3(CAr), 134.2 (CH=CH2), 128.7 (2, 

CHAr) , 128.6 (2, CHAr), 128.5 (2, CHAr), 128.5 (2, CHAr), 127.8 (CHAr), 127.7 (CHAr), 

118.9 (CH=CH2), 87.4 (CH2), 77.4 (CH), 77.2 (CH), 75.6 (CH), 72.7 (CH2), 72.0 (CH2), 

71.5 (CH2), 69.9 (CH), 68.3 (CH), 42.0 (CH2), 35.3 (CH), 34.5 (CH2), 32.1 (CH2), 29.9 

(CH2), 28.5 (CH2), 27.8 (CH2), 27.5 (CH2), 15.4 (CH3); 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C32H46O6Na 549.3192; Found 549.3176. 
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5.3.3 NMR Spectra 

(1S,6S,8R)-8-(3-(benzyloxy)propyl)-2,9,10-trioxa-1-phosphabicyclo[4.3.1]dec-4-ene 
1-oxide (4.2.2): 

 

 

1H, 500 MHz, CDCl3 

13C, 126 MHz, CDCl3 
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2D, 1H1H, COSY, 500 MHz, CDCl3 

DEPT (135), 126 MHz, CDCl3 
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31P, 202 MHz, CDCl3 

2D, 1H13C, HSQC, 500 MHz, CDCl3 
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(S)-((but-3-ene-1,2-diylbis(oxy))bis(methylene))dibenzene (4.2.5)  
 

 

 

1H, 500 MHz, CDCl3 

13C, 126 MHz, CDCl3 
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DEPT (135), 126 MHz, CDCl3 
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6S,8R)-8-((S)-3,4-bis(benzyloxy)butyl)-2,9,10-trioxa-1-phosphabicyclo[4.3.1]dec-4-
ene 1-oxide (4.2.3)  
 

 

 

1H, 500 MHz, CDCl3 

13C,126 MHz, CDCl3 



 517 

 

 

 
 

DEPT (135), 126 MHz, CDCl3 

2D, 1H1H, COSY, 500 MHz, CDCl3 
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2D, 1H13C, HSQC, 500 MHz, CDCl3 

31P, 202 MHz, CDCl3 
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(3R,4S,6R)-9-(benzyloxy)-3-methylnon-1-ene-4,6-diol (4.3.1): 
 

 
 

 

 

1H, 500 MHz, CDCl3 

13C,126 MHz, CDCl3 
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2D, 1H1H, COSY, 500 MHz, CDCl3 

DEPT (135), 126 MHz, CDCl3 
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2D, 1H13C, HSQC, 500 MHz, CDCl3 
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3R,4S,6R)-9-(benzyloxy)-3-ethylnon-1-ene-4,6-diol (4.3.2) 

 
 

 

OHHO

OBn

1H, 500 MHz, CDCl3 

13C, 126 MHz, CDCl3 
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OHHO

OBn

2D, 1H1H, COSY, 500 MHz, CDCl3 

DEPT (135), 126 MHz, CDCl3 
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OHHO

OBn

2D, 1H13C, HSQC, 500 MHz, CDCl3 
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(4R,6S,7R)-1-(benzyloxy)-7-vinyltridecane-4,6-diol (4.3.3) 

 

 

OHHO

OBn

1H, 500 MHz, CDCl3 

13C, 126 MHz, CDCl3 
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OHHO

OBn

DEPT (135), 126 MHz, CDCl3 

2D, 1H1H, COSY, 500 MHz, CDCl3 
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OHHO

OBn

2D, 1H13C, HSQC, 500 MHz, CDCl3 
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(4R,6R)-9-(benzyloxy)non-1-ene-4,6-diol (4.3.4): 

 

 

OHHO

OBn

1H, 500 MHz, CDCl3 

13C, 126 MHz, CDCl3 

OHHO

OBn
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OHHO

OBn

DEPT (135), 126 MHz, CDCl3 

2D, 1H1H, COSY, 500 MHz, CDCl3 
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OHHO

OBn

2D, 1H13C, HSQC, 500 MHz, CDCl3 
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(3R,4S,6R,9S)-9,10-bis(benzyloxy)-3-methyldec-1-ene-4,6-diol (4.4.1)  

 

 

1H, 500 MHz, CDCl3 

13C, 126 MHz, CDCl3 
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DEPT (135), 126 MHz, CDCl3 

2D, 1H1H, COSY, 500 MHz, CDCl3 
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2D, 1H13C, HSQC, 500 MHz, CDCl3 
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(4R,6R,9S)-9,10-bis(benzyloxy)dec-1-ene-4,6-diol (4.4.2) 
 

 
 

 

1H, 500 MHz, CDCl3 

13C, 126 MHz, CDCl3 



 535 

 

 

DEPT (135), 126 MHz, CDCl3 

2D, 1H1H, COSY, 500 MHz, CDCl3 
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2D, 1H13C, HSQC, 500 MHz, CDCl3 
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(3R,4S,6R)-9-(benzyloxy)-3-methyl-6-((triisopropylsilyl)oxy)non-1-en-4-ol (4.5.1) 

 

 

1H, 500 MHz, CDCl3 

13C, 126 MHz, CDCl3 
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DEPT (135), 126 MHz, CDCl3 

2D, 1H1H, COSY, 500 MHz, CDCl3 
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2D, 1H13C, HSQC, 500 MHz, CDCl3 
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(5S,7R)-7-(3-(benzyloxy)propyl)-5-((R)-but-3-en-2-yl)-9,9-diisopropyl-10-methyl-
2,4,8-trioxa-9-silaundecane (4.5.2): 

 

 

1H, 500 MHz, CDCl3 

13C, 126 MHz, CDCl3 
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DEPT (135), 126 MHz, CDCl3 

2D, 1H1H, COSY, 500 MHz, CDCl3 
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2D, 1H13C, HSQC, 500 MHz, CDCl3 
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(5R,7R)-5-allyl-7-(3-(benzyloxy)propyl)-2,4,8,10-tetraoxaundecane (4.5.3) 

 

 

1H, 500 MHz, CDCl3 

13C, 126 MHz, CDCl3 
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DEPT (135), 126 MHz, CDCl3 

2D, 1H1H, COSY, 500 MHz, CDCl3 
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2D, 1H13C, HSQC, 500 MHz, CDCl3 
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(1R,6R,8S)-8-((3R,4S,6R)-9-(benzyloxy)-4-hydroxy-3-methyl-6-
((triisopropylsilyl)oxy)nonyl)-2,9,10-trioxa-1-phosphabicyclo[4.3.1]dec-4-ene 1-oxide 
(4.6.1) 

 

 

1H, 500 MHz, CDCl3 

13C, 126 MHz, CDCl3 
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DEPT (135), 126 MHz, CDCl3 

2D, 1H1H, COSY, 500 MHz, CDCl3 



 548 

 

 

 

2D, 1H13C, HSQC, 500 MHz, CDCl3 

31P, 162 MHz, CDCl3 
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(4S,6S,9R,10S,12R)-15-(benzyloxy)-9-methylpentadec-1-ene-4,6,10,12-tetraol (4.6.2) 
 

 

 

1H, 500 MHz, CDCl3 

13C, 126 MHz, CDCl3 
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DEPT (135), 126 MHz, CDCl3 

2D, 1H1H, COSY, 500 MHz, CDCl3 



 551 

 
  

2D, 1H13C, HSQC, 500 MHz, CDCl3 
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(3S,4R,6S,9R,10S,12R)-15-(benzyloxy)-3,9-dimethylpentadec-1-ene-4,6,10,12-tetraol 
(4.6.3) 
 

 

 

1H, 500 MHz, CDCl3 

13C, 126 MHz, CDCl3 
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DEPT (135), 126 MHz, CDCl3 

2D, 1H1H, COSY, 500 MHz, CDCl3 
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2D, 1H13C, HSQC, 500 MHz, CDCl3 
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(1R,6R,8S)-8-((3R,4S,6R)-9-(benzyloxy)-4-(methoxymethoxy)-3-methyl-6-((triiso-
propylsilyl)oxy)nonyl)-2,9,10-trioxa-1-phosphabicyclo[4.3.1]dec-4-ene 1-oxide 
(4.7.1): 

 

 

1H, 500 MHz, CDCl3 

13C, 126 MHz, CDCl3 
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DEPT (135), 126 MHz, CDCl3 

2D, 1H1H, COSY, 500 MHz, CDCl3 
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2D, 1H13C, HSQC, 500 MHz, CDCl3 

31P, 202 MHz, CDCl3 
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(1R,6R,8S)-8-((4R,6R)-9-(benzyloxy)-4,6-bis(methoxymethoxy)nonyl)-2,9,10-trioxa-
1-phosphabicyclo[4.3.1]dec-4-ene 1-oxide (4.7.2) 

 

 

1H, 500 MHz, CDCl3 

13C, 126 MHz, CDCl3 
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DEPT (135), 126 MHz, CDCl3 

2D, 1H1H, COSY, 500 MHz, CDCl3 
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2D, 1H13C, HSQC, 500 MHz, CDCl3 

31P, 202 MHz, CDCl3 
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(4R,6S,7R,10S,12R,13S)-6-(methoxymethoxy)-7-methyl-4-((triisopropylsilyl)oxy)-13-
vinylnonadecane-1,10,12-triol (4.7.3) 

 

 

1H, 500 MHz, CDCl3 

13C, 126 MHz, CDCl3 
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DEPT (135), 126 MHz, CDCl3 

2D, 1H1H, COSY, 500 MHz, CDCl3 



 563 

 
  

2D, 1H13C, HSQC, 500 MHz, CDCl3 
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(4S,6S,10R,12R)-15-(benzyloxy)-10,12-bis(methoxymethoxy)pentadec-1-ene-4,6-diol 
(4.7.4) 

 

 

1H, 500 MHz, CDCl3 

13C, 126 MHz, CDCl3 



 565 

(5S,7R)-7-((S)-3,4-bis(benzyloxy)butyl)-5-((R)-but-3-en-2-yl)-9,9-diisopropyl-10-
methyl-2,4,8-trioxa-9-silaundecane (4.8.1) 
 

 

 

1H, 500 MHz, CDCl3 

13C, 126 MHz, CDCl3 



 566 

 
 

 
 

DEPT (135), 126 MHz, CDCl3 

2D, 1H1H, COSY, 500 MHz, CDCl3 



 567 

 
  

2D, 1H13C, HSQC, 500 MHz, CDCl3 



 568 

(6R,8S)-8-((3R,4S,6R,9S)-9,10-bis(benzyloxy)-4-(methoxymethoxy)-3-methyl-6-
((triisopropylsilyl)oxy)decyl)-2,9,10-trioxa-1-phosphabicyclo[4.3.1]dec-4-ene 1-oxide (4.8.2) 

 

 

1H, 500 MHz, CDCl3 

13C, 126 MHz, CDCl3 



 569 

 

 

DEPT (135), 126 MHz, CDCl3 

2D, 1H1H, COSY, 500 MHz, CDCl3 



 570 

 

 
  

2D, 1H13C, HSQC, 500 MHz, CDCl3 

31P, 202 MHz, CDCl3 



 571 

(3S,4R,6S,9R,10S,12R,15S)-15,16-bis(benzyloxy)-10-(methoxymethoxy)-3,9-
dimethyl-12-((triisopropylsilyl)oxy)hexadec-1-ene-4,6-diol (4.8.3) 
 

 
 

 

1H, 500 MHz, CDCl3 

13C, 126 MHz, CDCl3 



 572 

 
 

 

DEPT (135), 126 MHz, CDCl3 

2D, 1H1H, COSY, 500 MHz, CDCl3 



 573 

 
  

2D, 1H13C, HSQC, 500 MHz, CDCl3 



 574 

(4S,6S,9R)-9-((4S,6R)-6-((S)-3,4-bis(benzyloxy)butyl)-1,3-dioxan-4-yl)dec-1-ene-4,6-
diol (4.8.4): 

 
 

 

1H, 500 MHz, CDCl3 

13C, 126 MHz, CDCl3 



 575 

 

 

DEPT (135), 126 MHz, CDCl3 

2D, 1H1H, COSY, 500 MHz, CDCl3 



 576 

 
 

 
 

2D, 1H13C, HSQC, 500 MHz, CDCl3 


