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ABSTRACT OF THE DISSERTATION 

 

Cyclopentannulation of Conjugated Enones and Synthesis of (−)-Viridin 

 

by 

 

Matthew Del Bel 

Doctor of Philosophy in Chemistry 

University of California, San Diego, 2015 

Professor Carlos Guerrero, Chair 

 

The work described herein is a culmination of synthetic studies in the 

development of a novel methodology for the cyclopentannulation of conjugated enones 

and the synthesis of the natural product viridin. The first chapter describes a 

methodology that uses methyl 3-( tert-butyldimethylsilyloxy)-2-diazo-3-butenoate as a 

bifunctional reagent. This reagent first performs a Mukaiyama-Michael conjugate 

addition on various conjugated enones and ifs followed by a copper catalyzed 

cyclopropanation of the resulting enol ether. This cyclopropane fragments in situ to 



 

 

xviii 

generate a cyclopentane with a β-keto ester. The scope of this reaction was probed on a 

variety of substrates containing enones with various substitution patterns as well as 

other potentially reactive functional groups. The second chapter describes the total 

synthesis of the natural product (−)-viridin, a furanosteroid. Viridin is the parent 

molecule for a class of natural products that covalently inhibit the function of 

phosphatidylinositol 3-kinase, a cell-signaling protein of interest in cancer and 

inflammation pathways. A key component of this convergent synthesis is an 

intramolecular Liebeskind coupling followed immediately by an intramolecular, 

asymmetric Heck reaction to couple the two halves together in an enantioselective 

fashion. The synthesis is 17 steps from commercial (longest linear) and yields material 

that is of >99% enantiomeric purity.  



1 

Chapter 1 

The Cyclopentannulation of Conjugated Enones 

1.1 Introduction 

Natural products continue to play a defining role in drug discovery and synthetic 

chemistry 1. It is estimated that at least half of all currently used drugs are natural 

products or derivatives of natural products. Along chemical lines, the diversity of 

structures and complex moieties found in natural products serve as prominent 

motivation for the invention and development of new synthetic methods 2. The 

cyclopentenoid is a common structural motif found in various natural products of 

therapeutic interest (Figure 1.1). 

 

Figure 1.1: Cyclopentenoid containing natural products 

The synthesis of cyclopentanes has been an area of active research since the 

1970s, fueled by the isolation of many novel cyclopentanoid terpenes in the 1960s 3. 
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Prior to this time period there was relatively little interest in cyclopentane synthesis due 

to the infrequency in which they appeared in natural product total synthesis. Instead, 

there was more focus on the synthesis of cyclohexanes due to their wide-spread 

prevalence in steroids and aromatic compounds. Although some of the methods for 

generating cyclohexanes are applicable to cyclopentanes, the difference in ring size 

means many of these methods are not directly transferable or can cause reactions to 

suffer from lower yields 4.  

 

Figure 1.2: Charge consonance and dissonance of cycloadditions 

In comparison to the Diels-Alder reaction [4+2], the theoretical [4+1] or [3+2] 

do not have the same matched charge pairings (Figure 1.2). This issue has been 

described by Evans 5 as dissonant. “Difunctional relationships between heteroatoms 

having ‘matched’ charge affinity patterns will be defined as consonant while unmatched 

relationships will be labeled dissonant”. The odd number of atoms in a five-membered 

ring leads to an inherently dissonant situation, which poses a problem for developing 

direct connective reagents for five-membered ring synthesis based upon polar 
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chemistry. This is the primary reason there is not a Diels Alder equivalent for rapidly 

annulating highly substituted five-membered rings. 

Despite this challenge, several one and two-step methods based on the union of 

a three carbon component and a two carbon component. Most of these methods employ 

a polarized alkene to serve as the two-carbon component. For the three-carbon 

component, this polarity often needs to be masked in order to balance the charges and 

prevent the reagent from reacting with itself.  

1.1.1 Selected One-Step Annulations 

Boger has developed a [3+2] cycloaddition that involves the thermal 

rearrangement of cyclopropenone acetal 1.1 into vinyl carbene 1.2, which undergos 

[3+2] cycloaddition with electron deficient alkenes (Figure 1.3) 6. This methodology is a 

rare example of an all-carbon, concerted [3+2] cycloaddition that occurs with 

suprafacial – suprafacial orientation. However, in order to perform the desired 

cycloaddition, the alkene requires two electron-withdrawing groups (such as compound 

1.5) to yield 1.6. Mildly electron-deficient alkenes (such as 1.3) perform [1+2] 

cycloaddition to yield cyclopropanes. Although this limits the substrate scope, the 

reaction is still remarkable due to the high level of chemical complexity generated in a 

single step. Additionally, although reagent 1.1 is fairly simple in structure, it is easy 

functionalized with a wide range of reactions to rapidly generate custom, complex 

reagents for annulation 7.  
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Figure 1.3: Cyclopropenone acetal cycloaddition with alkenes 

Another popular method has been developed by Trost (Figure 1.4) 8. In this 

method, palladium – trimethylenemethane complex 1.8 is generated from commercially 

available 1.7 and a palladium (0) source. Mechanistically this occurs via oxidative π-

allyl chemistry of the allylic acetate followed by loss of TMSOAc. Complex 1.8 

undergoes rapid, step-wise annulation with electron-withdrawn alkene 1.9 followed by 

β-hydride elimination to yield cyclopentane 1.10. This method is one of the few one-

step annulations that is compatible with alkenes bearing only one electron-withdrawing 

group. Although this strategy rapidly constructs the desired cyclopentane, the product is 

symmetric in substitution and provides only an exocyclic alkene for further 

manipulation when 1.7 is used. This limitation detracts from this method because 

frequently the desired functionality will require several steps to install. Although it is 

possible to construct more functionalized versions of 1.7, this is often quite challenging 
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and is further complicated by regiochemical mixtures of products when unsymmetrical 

reagents are used.  

 
Figure 1.4: Pd-trimethylenemethane annulation 

1.1.2 Selected Two-Step Annulations 

There are numerous two-step methods for the generation of cyclopentanes. 

Generally these methods involve conjugate addition to electron-deficient alkenes with 

specially designed nucleophilic/electrophilic, 3-carbon reagents generalized as 1.12 

(Figure 1.5). Unlike reagents that perform a one-step annulation, the reactivity termini 

of two-step reagents are decoupled, allowing them to react independently. Generally, 

the electrophilic tail must be masked with a protecting group in order to prevent the 

reagent from self-reacting. When this type of strategy is employed, an additional step is 

often required to unveil this reactivity. The second alkylation is achieved after removal 

of a protecting group, followed by nucleophilic attack by the α-carbon. This can 

sometimes be telescoped into a one-pot reaction if the masked electrophile can be 

unveiled under acidic or basic conditions.  

 

Figure 1.5: Generic two-step annulation of electron deficient alkenes 
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A straightforward example of this general strategy has been developed by 

Helquist 9 (Figure 1.6). This method uses acetal-containing Grignard reagent 1.16 as a 

bifunctional reagent since it contains both a nucleophile and masked electrophile.  

 

Figure 1.6: Helquist annulation 

Grignard reagent 1.16 is treated with catalytic copper bromide dimethyl sulfide 

complex to facilitate conjugate addition to the enones. Depending on the desired final 

product, the conjugate addition can be quenched using aqueous ammonium chloride to 

generate 1.18 or with aqueous HCl to generate 1.19. Generally, rather than using the 

one-pot procedure, higher yields of 1.19 are obtained using the two-step procedure 

where the aldol reaction is performed independently. The methodology has been 

extended to the generation of cyclohexenes by using the one-carbon, elongated version 

of 1.16 under similar reaction conditions.  
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Figure 1.7: Paquette silphinene synthesis 

A notable application of this annulation is Paquette’s total synthesis of (±)-

silphinene 10 (Figure 1.7). Starting with compound 1.20, Helquist annulation is 

performed, followed by nucleophilic methylation and oxidative allylic rearrangement to 

yield 1.22. A second round of annulation is performed to yield 1.25 which is 

extrapolated into (±)-silphinene. It is notable that in both uses of the Helquist 

annulation, the Aldol dehydrations require multiple steps and more aggressive reagents 

than the simple substrates shown in Helquist’s initial report.  

A similar strategy developed by Piers 11 (Figure 1.8) involves conjugate addition 

of cuprate 1.27 to simple cyclic enones. After conjugate addition, 1.28 can be treated 

with potassium hydride in a separate reaction vessel to effect SN2 of the chloride to 

complete the annulation.  
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Figure 1.8: Piers annulation 

While both of these strategies are effective ways to perform annulation, they 

both suffer from limited functionality on the newly-formed ring. The highly reactive 

nature of organometallic reagents greatly limits the functionality that will be compatible 

with their use. In order to overcome this problem, complex reagents with multiple 

protecting groups can be developed; however, that frequently requires many steps and is 

often not the most direct solution. A better solution to this problem is the development 

of properly functionalized reagents that perform single-step cycloadditions reactions. 

There is still a need for novel methods that can access differently-substituted products. 

1.2 Methodology Plan and Precedent 

During the planning stage of a natural product synthesis, we realized the 

particular annulation substitution pattern we desired was not currently available using 

current methodology. Given this shortcoming, we envisioned the development of a 

method that would be complimentary to the existing ones and unlock a new substitution 

pattern. Importantly, we wanted an annulation that could work on simple enones 

without the requirement of supplementary electron-withdrawing groups. Additionally, 

we wanted the newly-formed cyclopentane to contain useful synthetic handles for 

further elaboration into a wide range of products. Finally, we wanted to make sure this 
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process could occur rapidly in order to maximize its synthetic utility and justify its 

introduction into this well-studied field.  

We envisioned that these goals could be achieved as outlined (Figure 1.9). First, 

a Mukaiyama-Michael conjugate addition 12 could be performed using known 

multifunctional reagent 1.31. Unlike a standard Mukaiyama reaction, it is critical that 

the silyl enol ether functionality in 1.32 transfers with high efficiency since the next 

step depends on it. This can be difficult due to their known propensity to hydrolyze into 

a ketone. The next step involves treatment of the diazo functionality with a metal 

catalyst to generate carbenoid 1.33 which can undergo cyclopropanation of the enol 

ether to yield a push-pull cyclopropane 13. We envisioned that upon removal of the TBS 

group from 1.34, fragmentation of the cyclopropane should occur due to the release of 

 

Figure 1.9: Proposed cyclopentannulation outline 

ring strain and favorable electronic properties. This would unveil 1.35, a 

functionalizable β-keto ester, while simultaneously restoring the ketone found in the 
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original enone. If successful, this would be the only known two-step procedure for 

cyclopentannulation of enones to yield a β-keto ester with this regiochemistry.  

The Mukaiyama-Michael 12 portion of this proposed annulation has been 

explored by Doyle (Figure 1.10) 14. Conjugate addition to simple enones, including 

cyclohexenone, was achieved using reagent 1.31 with catalytic amounts of zinc triflate. 

The focus of this paper was to show that this reagent could successfully be used for a 

conjugate addition. For the most part, Doyle chose to hydrolyze the resulting enol ethers 

by performing an HCl work up. In the case of cyclohexenone, the isolated yield of the 

enol ether is lower than the hydrolysis product (1.33). One reason for this is the in situ 

hydrolysis of the enol ether, which is proposed to be caused by the zinc triflate present 

in the reaction. Additionally, 1.32 readily hydrolyzes when performing standard silica 

gel chromatography and is only stable if Et3N-infused SiO2 is employed. One drawback 

of this reaction is the rate at which it occurs. Disubstituted enones require 24 hours 

while tri-substituted enones (substrates 1.35 and 1.37) take 36 hours to reach 

completion. There are no examples of tetrasubstituted alkenes in this work, which 

implies that they are too unreactive to be practically used under these conditions. This 

drawback could limit the practicality of the proposed annulation due to the restrictions 

in substrate scope. Doyle studied the use of other catalysts including Sc(OTf)3, 

La(OTf)3, BF3-OEt2, Cu(OTf)2, AgOTf, and Sn(OTf)2. However, Zn(OTf)2 provided 

the highest yield of product after 16 hours.  
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Figure 1.10: Doyle conjugate addition studies 

Cyclopropanes are somewhat difficult to make because of their inherit strain; 

therefore, highly reactive species, typically carbenes or carbenoids, are needed to 

generate them. The most common strategy for cyclopropane synthesis involves 

decomposition of organic diazo compounds with metal catalysts into carbeneoids with 

for cycloaddition with alkenes. Diazomethane itself can be used to generate 

cyclopropanes via several different pathways. Simple thermal excitation causes [3+2] 

cycloaddition with alkenes to generate pyrazoles (Figure 1.11) 15. This reaction 

generally works best on electron-deficient alkenes, but is possible with electronically 

neutral alkenes. Heating 1.41 causes extrusion of nitrogen to yield a cyclopropane. This 
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process is not stereospecific when performed thermally; however, it can be quite 

stereoselective if photochemical excitation is used 16.  

 

Figure 1.11: Diazomethane cycloadditions 

Additionally, diazomethane can be directly photochemically excited to extrude 

nitrogen and generate a free carbene for the cyclopropanation of alkenes (Figure 1.12). 

A singlet carbene is generated that stereospecifically performs a [2+1] cycloaddition 

with alkene 1.44, retaining the stereochemistry found in the parent alkene 17. The use of 

photosensitizers causes the generation of a triplet (biradical) carbene that reacts with 

1.44 in a step-wise fashion to generate mixtures of cis and trans products 18. When metal 

catalysts are used, these reactions generally proceed in a more controlled fashion, 

resulting in higher yields with fewer side products. 

Historically, heterogeneous copper-bronze catalyzed decomposition of diazo 

compounds was used to generate carbenoids for the cyclopropanation of alkenes 19. 

However, the uses of insoluble catalysts lead to uncertainties regarding the 
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Figure 1.12: Photochemical excitation of diazomethane 

reproducibility and scalability of reactions. Due to these shortcomings, soluble catalysts 

were developed. Solomon and Kochi discovered the use of copper (I) triflate as a 

particularly active catalyst for this application 20. In the course of their studies they 

discovered that the air-stable copper (II) triflate could be reduced in situ to generate the 

active Cu(I), oxygen-sensitive catalyst.  

More recently, rhodium catalysts have superseded the use of other metals for 

most carbeneoid reactions. In particular, rhodium (II) acetate dimer has become the 

prototypical catalyst for the decomposition of diazo compounds due to its air stability, 

low catalyst loading, low temperature of initiation, and stereoselectivity of the reactions 

21. Rhodium catalysts are particularly useful for less reactive, stabilized organic diazo 

compounds that are conjugated to electron-withdrawing groups. Without electron-

withdrawing groups, many organic diazo compounds will readily extrude nitrogen and 

decompose via various polymerization pathways. Stabilized diazo compounds are 

becoming increasingly useful and common in the synthesis of complex intermediates 
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and reagents that can selectively unveil their carbenoid functionality upon treatment 

with metal catalysts. 

Cyclopropanation of silyl enol ethers has been studied by Pfaltz 22. 

Enantioselective cyclopropanation of 1.47 was achieved using methyl diazoacetate, 

chiral ligand 1.48, TMP, and copper (I) triflate (Figure 1.13). The chiral catalyst 

provides facial-selective control with regard to the diazocarbonyl component, but not to 

the silyl enol ether component. Thus, the chiral ligand provides control of the 

enantioselectivity at one of three newly-generated stereocenters. Fortunately, the 

diastereomers can be separated and the push-pull cyclopropanes 13 are readily opened 

upon treatment with HF-pyridine complex to yield compounds 1.51 and 1.52. Release 

of the strained cyclopropane occurs via the flow of electrons from the donor (hydroxyl) 

to the acceptor (carbonyl) initiated by desilylation of the tertiary silyl ether.  

 

 

Figure 1.13: Pfaltz cyclopropanation of enol ethers studies 
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1.3 Method Development 

As detailed in the plan above, the first step of our methodology involves the 

conjugate addition of reagent 1.23 to conjugated enones, such as cyclohexenone. 

Although Doyle had precedent for this reaction using catalytic amounts of Zn(OTf)2
 14, 

we wanted to improve upon these reaction conditions in order to increase convenience 

as well as expand the substrate scope of this annulation to less reactive, more 

substituted enones that are not accessible under the Doyle conditions. In our search for a 

more active catalyst, we found the use of TBSOTf to be considerably more reactive 

than Zn(OTf)2. Under the original Doyle conditions, conjugate addition to 

cyclohexenone takes 24 hours at room temperature to fully consume starting materials. 

Switching the catalyst to TBSOTf allows for complete consumption of starting material 

at 0°C within 30 minutes with an increased yield (Figure 1.14). Although the catalyst 

loading is significantly higher, the wide availability of this TBSOTf makes this of little 

concern.  

 

Figure 1.14: Conjugated addition catalyst comparison 

The importance of this switch is showcased when the reaction is performed on 

compound 1.53 (Figure 1.15). This trisubstituted alkene would be very difficult to react 
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under Doyle conditions, likely requiring a reaction time of 36 hours or more. 

Additionally, lowering the temperature to 0°C allows high diastereoselectivity to be 

achieved.  

 

Figure 1.15: Mukaiyama Michael addition of a trisubsituted enone  

Conjugate addition under the general reaction conditions was performed on a 

variety of enones (Figure 1.16). It is notable that TBSOTf is operationally more 

convenient to use than Zn(OTf)2 since it does not absorb water, which can lead to the 

hydrolysis of the resulting silyl enol ethers 14. Rather, it is easily injected via syringe 

once the rest of the reaction has been cooled to the appropriate temperature. 

Additionally, TBSOTf is a self-drying reagent since it will react with any water, thus 

preventing it from potentially hydrolyzing the product. Substrates with appropriately 

protected nitrogen (1.61, 1.64) and ketone (1.65) were compatible under these 

conditions. Both cyclic, and acyclic compounds were compatible. Generally, high 

diastereoselectivity was observed on cyclic systems. In conclusion, enones of diverse 

substitution patterns were amenable to the Mukaiyama-Michael addition with reagent 

1.31. 
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Figure 1.16: Conjugate addition substrate scope 
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With the conjugate addition reaction performing well, we turned our attention to 

the metal catalyzed cyclopropanation reaction. Compound 1.32 was treated with various 

metals as a test substrate to generate carbenoid 1.67 (Figure 1.17). Carbenoid 1.67 

reacts under two different major pathways, depending on the nature of the metal.  

 

Figure 1.17: Proposed carbenoid pathways 

Rhodium acetate prefers to catalyze what is believed to be a C-H insertion 

pathway to yield compound 1.69 via the intermediacy of 1.68, followed by a retro-

Michael reaction. However, compound 1.68 has not be isolated or detected in NMR 

tube experiments. Rhodium trifluoroacetate and as well as rhodium caprolactam also 

exclusively yield compound 1.69.  

Switching catalysts to copper (I) triflate yields a (3:2) mixture of compounds 

1.69 and 1.71. Intermediate 1.70 is assumed to be generated, however there is no 

evidence of it in NMR tube experiments. It is known that more electron-deficient 

catalysts prefer to operate via a C-H insertion pathway 23 and that the addition of 

electron-donating ligands can help suppress this pathway. We found that achiral 
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bisoxazoline ligand 1.72 24 completely suppressed the formation of compound 1.69 

when used with copper (I) triflate (Figure 1.18). Unfortunately, compound 1.71 is not  

 

Figure 1.18: Scope of carbenoid chemistry 
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stable to silica gel chromatography even when Et3N-infused SiO2 is used. In order to 

readily purify and characterize these compounds, the copper chemistry was immediately 

followed by treatment with TBAF in the same reaction vessel to remove the silyl enol 

ether from the β-keto ester. Although β-keto esters (such as 1.73) could be isolated, 

their characterization by NMR was difficult due to keto/enol mixtures resulting in 

essentially three compounds in the NMR. Therefore, the crude reaction mixtures were 

immediately subjected to MOMCl and DIPEA to produce MOM enol ethers (1.74), 

which are very stable to silica gel chromatography and facile to characterize by NMR.  

The second step of annulation proceeds unremarkably. Generally, substrates that 

are compatible with the Mukaiyama-Michael reaction are well-suited for the Cu(I)-

catalyzed cyclization. One type of exception noted is that substrates bearing an aryl 

group at either the α- or β-carbon of the conjugated enone are not amenable to the 

second step of the annulation. This is perhaps because the intermediate Cu(I)-carbenoid 

may react with the arene though Buchner-type cyclopropanation and/or related 

processes 25. Cyclic 5- and 6-membered enones furnish no detectable levels of the trans-

diastereomer, while acyclic 1,2-disubstituted enones give trans-3,4-disubstituted 

cyclopentanones. Compound 1.86 is noteworthy in that it demonstrates that vicinal, all-

carbon quaternary stereocenters may be created by this process. It is notable that 

compound 1.83 may be synthesized on a gram scale with only slight decrease in yield, 

indicating that this reaction is reasonably scalable.  

1.4 Decarboxylation of the Methyl Ester 

Another interesting aspect of this methodology is that removal of the methyl 

ester gives facile access to products of a formal dipolar cycloaddition between acetone 
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and the enone (Figure 1.19). This is achieved instead of the deprotection-protection 

sequence by subjecting the crude reaction mixtures of the Cu(I)-catalyzed annulation to 

hot, wet DMSO or DMF. Removal of the ester group occurs via desilylation followed 

by an acyl ketene-based hydrolysis–decarboxylation mechanism 26. The observed yields 

are for the sequences beginning with the purified Mukaiyama −Michael addition 

adducts. Such a sequence complements other annulations since it does not require 

oxidative cleavage of an alkene to give a carbonyl, a characteristic that could prove 

useful in the synthesis of polyfunctional molecules containing multiple alkenes or other 

easily oxidized functional groups. 

 

Figure 1.19: Scope of decarboxylation chemistry 
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1.5 Conclusion 

In conclusion, we have devised and developed a cyclopentannulation sequence 

dependent on the bifunctional reactivity of reagent 1.31. The two-step process is 

applicable to differentially substituted conjugated enones, which are readily obtained, 

common synthetic intermediates. Additionally, products not easily obtained by other 

means are made available using this approach. Optional decarboxylation gives products 

of a formal acetone cycloaddition. Given the sheer number of cyclopentanoid natural 

products, the use of reagent 1.31 in complex molecule synthesis endeavors seems 

promising.  

1.6 Experimental 

General procedures and materials: All reactions were carried out under an 

inert argon atmosphere with anhydrous solvents under anhydrous conditions unless 

otherwise stated. Anhydrous dichloromethane (CH2Cl2) and toluene were obtained by 

passing these previously degassed solvents through activated alumina columns unless 

otherwise stated. Reaction concentrations are calculated neglecting the volume of 

starting materials and added reagents (either solid or liquid) unless otherwise stated; 

conversely, solutions of reagents generated “in-house” are corrected unless otherwise 

stated. Organic solvents used for transfers and/or aqueous workup include 

dichloromethane (CH2Cl2), diethyl ether (Et2O), ethyl acetate (EtOAc), or hexanes of 

ACS reagent grade specification or similar levels of purity. Yields refer to isolated 

material that was found to be chromatographically and spectroscopically homogenous 

unless otherwise stated. Reactions were monitored by thin layer chromatography (TLC) 

using glass plates pre-coated with a 0.25 mm layer of silica gel (60 Å pore size) 
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impregnated with a fluorescent indicator (254 nm); these were visualized by exposure to 

ultraviolet light and subsequent staining with acidic ethanolic anisaldehyde; basic 

aqueous potassium permanganate (KMnO4); ethanolic phosphomolybdic acid (PMA); 

acidic, aqueous ceric ammonium molybdate (CAM); or acidic ninhydrin in 1-butanol 

followed by heating on a laboratory hot plate for 5–60 seconds (~250 °C). Purifications 

of intermediates were performed according to the procedures of Still and coworkers 

using Aldrich silica gel (catalog # 717185, 60 Å pore size, 40–63 µm particle size, 230–

400 mesh) using ACS reagent grade solvents (of aforementioned purity). “High 

vacuum” refers to pressures <1 Torr typically achieved with the use of a belt-driven oil 

pump. 

Instrumentation: Proton nuclear magnetic resonance (1H MNR) spectra were 

recorded on 400 MHz Varian Mercury, 500 MHz Jeol ECA 500, or 500 MHz Varian 

VX 500 instruments, with the latter equipped with an XSens Cold Probe, and calibrated 

using residual monoprotio-solvent (benzene: @ 7.16 ppm 1H NMR, 128.0 ppm 13C 

NMR, chloroform: @ 7.26 ppm 1H NMR, 77.0 ppm 13C NMR). Multiplicities are 

abbreviated as followed: s = singlet, d = doublet, t = triplet, q = quartet, b = broad, a = 

apparent, or combinations thereof. Each discrete signal is reported as follows: chemical 

shift in parts per million (multiplicity, coupling constant in Hertz, integration). Carbon 

nuclear magnetic resonance spectra (13C NMR) data were recorded on the same 

instruments mentioned above at either 100 or 125 MHz or on a 300 MHz Varian 

Mercury spectrometer recording at 75 MHz. Each discreet signal is reported as follows: 

chemical shift in parts per million. No correction (integration) is made for signals that 

display identical chemical shifts due to local symmetry. High resolution mass 
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spectroscopy data (HRMS) were recorded on Fisher LTQ-FT (Thermo Electron, North 

America). Optical rotation measurements were made on a Jasco P-1010 polarimeter. 

Compound 1.57: To a flame-dried vial was added cyclopentenone (63 mg, 

0.767 mmol, 1.00 equiv.) and 1.31 (236 mg, 0.921 mmol, 1.20 equiv.). The vial was 

sealed using a PTFE/silicone septum and a threaded screw cap with hole. The vial was 

then evacuated using high vacuum (the septum was pierced with a needle connected to a 

Schlenk manifold) and then refilled with argon. This process was repeated twice more. 

Then CH2Cl2 (5.12 mL, 0.15 M) was added via syringe and the mixture was 

subsequently cooled to 0°C. tert-butyldimethyl trifluoromethanesulfonate (TBSOTf, 19 

µL, 0.077 mmol, 0.1 equiv.) was added via microliter syringe in one portion and the 

reaction was allowed to stir. Upon complete consumption of starting material as judged 

by TLC (50 minutes), the reaction was terminated by injecting a premixed solution of 

200 µL methanol (MeOH) and 200 µL of triethylamine (Et3N) into the reaction. The 

contents of the vial were transferred to a separatory funnel containing saturated aqueous 

NaHCO3 (20 mL) and ethyl acetate (30 mL). Additional ethyl acetate (10 mL) was used 

to rinse the contents of the vial into the separatory funnel. After shaking and separation, 

the organic portion was washed with saturated aqueous NaCl, dried over anhydrous 

MgSO4, and concentrated under vacuum on a rotary evaporator. The resulting residue 

was purified by flash column chromatography (3% ethyl acetate in hexanes with 1% 

triethylamine) furnishing 202 mg (77%) of (±)-1.57 as a light yellow oil, Rf = 0.45 

(20% Et2O in hexanes); 1H NMR (400 MHz, C6D6) δ:4.90 – 4.88 (m, 1 H), 3.35 – 3.27 

(m, 1H), 3.17 (s, 3 H), 2.95 (d, J = 3.52 Hz, 2 H), 2.38 – 2.20 (m, 2 H), 2.14 – 2.05 (m, 

1 H), 1.57 – 1.47 (m, 1 H), 0.96 (s, 9 H), 0.14 (3 H), 0.13 (3 H); 13C NMR (100 MHz, 
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C6D6) δ: 191.12, 161.42, 156.23, 106.28, 74.94, 51.36, 47.76, 38.55, 33.41, 28.42, 

26.02, 18.33, –4.54; HRMS-Hydrolysis (ESI–LTQ FT) calculated [M + H+] = 

225.08697 for [C10H12N2O4 + H+], observed 225.0871, error –0.55 ppm. 

Compound 1.75: The following procedure was initiated inside a glove box with 

a nitrogen atmosphere. To an oven-dried vial containing bis(copper(I) 

trifluoromethanesulfonate)-benzene complex ((CuOTf)2•PhH, 9.7 mg, 0.019 mmol, 

0.10 equiv.) was added 1.72 (7.7 mg, 0.042 mmol, 0.22 equiv.) independently dissolved 

in toluene (0.5 mL). After stirring for 5 minutes a solution of enol silyl ether (±)-1.57 

(65.0 mg, 0.192 mmol, 1.00 equiv.) dissolved in toluene (3.2 mL) was added. Upon 

mixing a green suspension was observed to evolve. The vial was then sealed using a 

PTFE/silicone septum and a threaded screw cap with hole and removed from the glove 

box. The reaction was then heated at 55°C. Upon complete consumption of starting 

material as judged by TLC (25 min.), the reaction was terminated: the septum and cap 

was removed and the reaction was cooled to 0°C. Tetra-n-butylammonium fluoride (n-

Bu4F,120 µL, 0.120 mmol, 1.30 equiv., 1 M) was added in one portion and the reaction 

was allowed to stir for 10 minutes, after which the contents of the reaction were poured 

into a separatory funnel containing aqueous HCl (20 mL, 1 M) and ethyl acetate (20 

mL). Additional ethyl acetate (10 mL) was used to rinse the contents of the vial into the 

separatory funnel. The aqueous portion was extracted with additional ethyl acetate (10 

mL). The combined organic portions were washed with saturated aqueous NaHCO3 

followed by saturated aqueous NaCl, dried over anhydrous MgSO4, and concentrated 

under vacuum on a rotary evaporator. The resulting residue was used directly for 

protection as follows. After being transferred to a vial, the reaction vessel was sealed 
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using a PTFE/silicone septum and a threaded screw cap with hole. The vial was then 

evacuated using high vacuum (the septum was pierced with a needle connected to a 

Schlenk manifold) and then refilled with argon. This process was repeated twice more. 

Then CH2Cl2 was added (1.75 mL) followed by di-iso-propylethylamine (i-Pr2EtN, 168 

µL, 0.960 mmol, 5 equiv.) and chloromethyl methyl Et2O (MOMCl, 44 µL, 0.576 

mmol, equiv.), all by syringe. The reaction was stirred at ambient temperature for 4 

hours and then the reaction mixture was poured into a separatory funnel containing 

saturated aqueous NaHCO3 (20 mL) and ethyl acetate (20 mL). The aqueous portion 

was extracted with additional ethyl acetate (10 mL). The combined organic portions 

were washed with saturated aqueous NaCl, dried over anhydrous MgSO4, and 

concentrated under vacuum on a rotary evaporator. The resulting residue was purified 

by flash column chromatography (35% ethyl acetate in hexanes) furnishing 29 mg 

(63%) of (±)-1.76 as a light yellow oil, Rf = 0.15 (40% ethyl acetate in hexanes); 1H 

NMR (500 MHz, C6D6) δ: 4.59 (s, 3 H), 3.61 (s, 3 H), 3.36 (d, J = 8.65, 1 H), 3.12 (s, 

H), 2.37 (qd, J = 9.55, 0.95 Hz, 1 H), 2.25 – 2.17 (m, 1 H), 1.93 – 1.83 (m, 2 H), 1.77 – 

1.70 (m, 1 H), 1.37 – 1.27 (m, 1 H), 1.03 – 0.96 (m, 1 H); 13C NMR (125 MHz, C6D6) 

δ: 213.72, 164.73, 163.78, 106.24, 94.36, 55.82, 53.47, 50.49, 36.77, 36.19, 34.26, 

26.55; HRMS (ESI–LTQ FT) calculated [M + H+] = 241.10708 for [C12H16O5 + H+], 

observed = 241.1071, error –0.10 ppm. 

Compound 1.32: To a flame-dried vial was added cyclohexenone (97.0 mg, 

1.01 mmol, 1.00 equiv.) and 1.31 (285.0 mg, 1.110 mmol, 1.10 equiv.). The vial was 

sealed using a PTFE/silicone septum and a threaded screw cap with hole. The vial was 

then evacuated using high vacuum (the septum was pierced with a needle connected to a 
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Schlenk manifold) and then refilled with argon. This process was repeated twice more. 

Then CH2Cl2 (6.73 mL, 0.15 M) was added via syringe and the mixture was 

subsequently cooled to 0°C. tert-butyldimethyl trifluoromethanesulfonate (TBSOTf, 25 

µL, 0.101 mmol, 0.1 equiv.) was added via microliter syringe in one portion and the 

reaction was allowed to stir. Upon complete consumption of starting material as judged 

by TLC (30 minutes), the reaction was terminated by injecting a premixed solution of 

200 µL methanol (MeOH) and 200 µL of triethylamine (Et3N) into the reaction. The 

contents of the vial were transferred to a separatory funnel containing saturated aqueous 

NaHCO3 (30 mL) and ethyl acetate (40 mL). Additional ethyl acetate (10 mL) was used 

to rinse the contents of the vial into the separatory funnel. After shaking and separation, 

the organic portion was washed with saturated aqueous NaCl, dried over anhydrous 

MgSO4, and concentrated under vacuum on a rotary evaporator. The resulting residue 

was purified by flash column chromatography (2% ethyl acetate in hexanes with 1% 

triethylamine) furnishing 311 mg (87%) of (±)-1.32 14. 

Compound 1.76: The following procedure was initiated inside a glove box with 

a nitrogen atmosphere. To an oven-dried vial containing bis(copper(I) 

trifluoromethanesulfonate)-benzene complex ((CuOTf)2•PhH, 6.9 mg, 0.014 mmol, 

0.10 equiv.) was added 1.72 (5.5 mg, 0.030 mmol, 0.22 equiv.) independently dissolved 

in toluene (0.5 mL). After stirring for 5 minutes a solution of enol silyl ether (±)-1.32 

(48.0 mg, 0.136 mmol, 1.00 equiv.) dissolved in toluene (2.2 mL) was added. Upon 

mixing a green suspension was observed to evolve. The vial was then sealed using a 

PTFE/silicone septum and a threaded screw cap with hole and removed from the glove 

box. The reaction was then heated at 55°C. Upon complete consumption of starting 
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material as judged by TLC (90 min.), the reaction was terminated: the septum and cap 

was removed and the reaction was cooled to 0°C. Tetra-n-butylammonium fluoride (n-

Bu4F, 177 µL, 0.177 mmol, 1.30 equiv., 1 M) was added in one portion and the reaction 

was allowed to stir for 10 minutes, after which the contents of the reaction were poured 

into a separatory funnel containing aqueous HCl (20 mL, 1 M) and ethyl acetate (20 

mL). Additional ethyl acetate (10 mL) was used to rinse the contents of the vial into the 

separatory funnel. The aqueous portion was extracted with additional ethyl acetate (10 

mL). The combined organic portions were washed with saturated aqueous NaHCO3 

followed by saturated aqueous NaCl, dried over anhydrous MgSO4, and concentrated 

under vacuum on a rotary evaporator. The resulting residue was used directly for 

protection as follows. After being transferred to a vial, the reaction vessel was sealed 

using a PTFE/silicone septum and a threaded screw cap with hole. The vial was then 

evacuated using high vacuum (the septum was pierced with a needle connected to a 

Schlenk manifold) and then refilled with argon. This process was repeated twice more. 

Then CH2Cl2 was added (1.60 mL) followed by di-iso-propylethylamine (i-Pr2EtN, 119 

µL, 0.680 mmol, 5 equiv.) and chloromethyl methyl Et2O (MOMCl, 31 µL, 0.408 

mmol, 3 equiv.), all by syringe. The reaction was stirred at ambient temperature for 2 

hours and then the reaction mixture was poured into a separatory funnel containing 

saturated aqueous NaHCO3 (20 mL) and ethyl acetate (20 mL). The aqueous portion 

was extracted with additional ethyl acetate (10 mL). The combined organic portions 

were washed with saturated aqueous NaCl, dried over anhydrous MgSO4, and 

concentrated under vacuum on a rotary evaporator. The resulting residue was purified 

by flash column chromatography (30 → 40% ethyl acetate in hexanes) furnishing 21 
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mg (61%) of (±)-1.76 as a colorless oil, Rf = 0.17 (40% ethyl acetate in hexanes); 1H 

NMR (500 MHz, CDCl3) δ: 5.07 (s, 2 H), 3.70 (s, 3 H), 3.57 (d, J = 8.70 Hz, 1 H), 3.48 

(3, H), 2.94 – 2.86 (m, 1 H), 2.73 (dd, J = 16.65, 8.00 Hz, 1 H), 2.42 – 2.33 (m, 3 H), 

1.94 – 1.83 (m, 3 H), 1.59 – 1.52 (m, 1 H); 13C NMR (125 MHz, CDCl3) δ: 212.16, 

167.49, 164.68, 106.49, 94.94, 56.68, 54.82, 51.12, 39.96, 38.76, 35.94, 27.65, 23.41; 

HRMS (ESI–LTQ FT) calculated [M + H+] = 255.12268 for [C13H18O5 + H+], observed 

255.1225, error 0.69 ppm. 

Compound 1.58: To a flame-dried vial was added (±)-4-benzyl-2-

cyclohexenone 27 (90.0 mg, 0.449 mmol, 1.00 equiv.) and 1.31 (138.0 mg, 0.539 mmol, 

1.20 equiv.). The vial was sealed using a PTFE/silicone septum and a threaded screw 

cap with hole. The vial was then evacuated using high vacuum (the septum was pierced 

with a needle connected to a Schlenk manifold) and then refilled with argon. This 

process was repeated twice more. Then CH2Cl2 (2.25 mL, 0.20 M) was added via 

syringe and the mixture was subsequently cooled to 0°C. tert-butyldimethyl 

trifluoromethanesulfonate (TBSOTf,  21µL, 0.090 mmol, 0.2 equiv.) was added via 

microliter syringe in one portion and the reaction was allowed to stir. Upon complete 

consumption of starting material as judged by TLC (9 hours), the reaction was 

terminated by injecting a premixed solution of 200 µL methanol (MeOH) and 200 µL of 

triethylamine (Et3N) into the reaction. The contents of the vial were transferred to a 

separatory funnel containing saturated aqueous NaHCO3 (30 mL) and ethyl acetate (30 

mL). Additional ethyl acetate (10 mL) was used to rinse the contents of the vial into the 

separatory funnel. After shaking and separation, the organic portion was washed with 

saturated aqueous NaCl, dried over anhydrous MgSO4, and concentrated under vacuum 
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on a rotary evaporator. The resulting residue was purified by flash column 

chromatography (10% Et2O in hexanes with 2% triethylamine) furnishing 149 mg 

(75%) of (±)-1.58 as a 5:1 mixture of diastereomers of colorless oil, Rf = 0.17 (40% 

ethyl acetate in hexanes); (major only) 1H NMR   (500 MHz, C6D6) δ: 7.22 – 7.03 (m, 5 

H), 5.18 – 5.15 (m, 1 H), 3.17 (s, 3 H), 3.05 (dd, J = 15.50, 6.05 Hz, 1 H), 2.96 (dd, J = 

15.50, 7.65 Hz, 1 H), 2.85 (dd, J = 13.45, 5.95 Hz, 1 H), 2.78 – 2.72 (m, 1 H), 2.39 (dd, 

J = 13.40, 8.65 Hz, 1 H), 2.12 – 1.98 (m, 1 H), 1.85 (adt, J = 17.40, 5.80 Hz, 1 H), 1.78 

– 1.65 (m, 2 H), 1.31 – 1.18 (m, 1 H), 0.99 (s, 9 H), 0.18 (s, 6 H); 13C NMR   (125 

MHz, C6D6) δ: 190.70, 161.00, 150.91, 141.13, 129.12, 128.12, 127.95, 125.74, 106.29, 

74.92, 50.95, 46.24, 39.15, 38.80, 35.56, 27.42, 25.57, 24.28, 17.90, –4.59; HRMS 

(ESI–LTQ FT) calculated calculated [M + H+] = 443.23608 for [C24H34N2O4Si + H+], 

observed 443.2359, error 0.40 ppm. 

Compound 1.77:The following procedure was initiated inside a glove box with 

a nitrogen atmosphere. To an oven-dried vial containing bis(copper(I) 

trifluoromethanesulfonate)-benzene complex ((CuOTf)2•PhH, 10.0 mg, 0.020 mmol, 

0.125 equiv.) was added 1.72 (8.0 mg, 0.044 mmol, 0.275 equiv.) independently 

dissolved in toluene (0.5 mL). After stirring for 5 minutes a solution of enol silyl ether 

(±)-1.58 (71.0 mg, 0.160 mmol, 1.00 equiv.) dissolved in toluene (2.7 mL) was added. 

Upon mixing a green suspension was observed to evolve. The vial was then sealed 

using a PTFE/silicone septum and a threaded screw cap with hole and removed from the 

glove box. The reaction was then heated at 55°C. Upon complete consumption of 

starting material as judged by TLC (30 min.), the reaction was terminated: the septum 

and cap was removed and the reaction was cooled to 0°C. Tetra-n-butylammonium 
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fluoride (n-Bu4F, 209 µL, 0.209 mmol, 1.30 equiv., 1 M) was added in one portion and 

the reaction was allowed to stir for 10 minutes, after which the contents of the reaction 

were poured into a separatory funnel containing aqueous HCl (20 mL, 1 M) and ethyl 

acetate (20 mL). Additional ethyl acetate (10 mL) was used to rinse the contents of the 

vial into the separatory funnel. The aqueous portion was extracted with additional ethyl 

acetate (10 mL). The combined organic portions were washed with saturated aqueous 

NaHCO3 followed by saturated aqueous NaCl, dried over anhydrous MgSO4, and 

concentrated under vacuum on a rotary evaporator. The resulting residue was used 

directly for protection as follows. After being transferred to a vial, the reaction vessel 

was sealed using a PTFE/silicone septum and a threaded screw cap with hole. The vial 

was then evacuated using high vacuum (the septum was pierced with a needle 

connected to a Schlenk manifold) and then refilled with argon. This process was 

repeated twice more. Then CH2Cl2 was added (1.60 mL) followed by di-iso-

propylethylamine (i-Pr2EtN, 140 µL, 0.802 mmol, 5 equiv.) and chloromethyl methyl 

Et2O (MOMCl, 37 µL, 0.481 mmol, 3 equiv.), all by syringe. The reaction was stirred at 

ambient temperature for 16 hours and then the reaction mixture was poured into a 

separatory funnel containing saturated aqueous NaHCO3 (20 mL) and ethyl acetate (20 

mL). The aqueous portion was extracted with additional ethyl acetate (10 mL). The 

combined organic portions were washed with saturated aqueous NaCl, dried over 

anhydrous MgSO4, and concentrated under vacuum on a rotary evaporator. The 

resulting residue was purified by flash column chromatography (30 % ethyl acetate in 

hexanes) furnishing 38 mg (69%) of (±)-1.77 as a 5:1 mixture of diastereomers of light 

yellow oil, Rf = 0.23 (40% ethyl acetate in hexanes); (major diastereomer only) 1H 
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NMR (500 MHz, CDCl3) δ: 7.21 – 6.83 (m, 5 H), 4.62 – 4.57 (m, 2 H), 3.64 (dd, J = 

10.35, 1.35 Hz, 1 H), 3.57 (s, 3 H), 3.21 -3.12 (m, 1 H), 3.16 (s, 3 H), 2.33 (dd, J = 

13.40, 4.90 Hz, 1 H), 2.25 (ddd, J = 16.55, 8.50, 1.15 Hz, 1 H), 2.13 – 1.99 (m, 3 H), 

1.88 (ddd, J = 16.65, 9.95, 6.90 Hz, 1 H), 1.38 – 1.28 (m, 1 H), 1.24 – 1.08 (m, 1 H); 

13C NMR (125 MHz, CDCl3) δ: 210.08, 165.89, 164.47, 140.21, 129.36, 128.64, 

126.51, 106.48, 94.67, 56.20, 53.82, 50.77, 42.43, 42.15, 41.13, 38.12, 36.93, 27.55; 

HRMS (ESI–LTQ FT) calculated [M + H+] = 345.16968 for [C20H24O5 + H+], observed 

345.1708, error –3.26 ppm. 

Compound 1.59: To a flame-dried vial was added (E)-chalcone (150.0 mg, 

0.720 mmol, 1.00 equiv.) and 1.31 (222.0 mg, 0.864 mmol, 1.20 equiv.). The vial was 

sealed using a PTFE/silicone septum and a threaded screw cap with hole. The vial was 

then evacuated using high vacuum (the septum was pierced with a needle connected to a 

Schlenk manifold) and then refilled with argon. This process was repeated twice more. 

Then CH2Cl2 (3.60 mL, 0.20 M) was added via syringe and the mixture was 

subsequently cooled to 0°C. tert-butyldimethyl trifluoromethanesulfonate (TBSOTf, 33 

µL, 0.144 mmol, 0.2 equiv.) was added via microliter syringe in one portion and the 

reaction was allowed to stir. Upon complete consumption of starting material as judged 

by TLC (30 minutes), the reaction was terminated by injecting a premixed solution of 

200 µL methanol (MeOH) and 200 µL of triethylamine (Et3N) into the reaction. The 

contents of the vial were transferred to a separatory funnel containing saturated aqueous 

NaHCO3 (30 mL) and ethyl acetate (30 mL). Additional ethyl acetate (10 mL) was used 

to rinse the contents of the vial into the separatory funnel. After shaking and separation, 

the organic portion was washed with saturated aqueous NaCl, dried over anhydrous 
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MgSO4, and concentrated under vacuum on a rotary evaporator. The resulting residue 

was purified by flash column chromatography (4% Et2O in hexanes with 1% 

triethylamine) furnishing 318 mg (95%) of (±)-1.59 14. 

Compound 1.78: The following procedure was initiated inside a glove box with 

a nitrogen atmosphere. To an oven-dried vial containing bis(copper(I) 

trifluoromethanesulfonate)-benzene complex ((CuOTf)2•PhH, 8.1 mg, 0.016 mmol, 

0.10 equiv.) was added 1.72 (6.5 mg, 0.036 mmol, 0.22 equiv.) independently dissolved 

in toluene (0.5 mL). After stirring for 5 minutes a solution of enol silyl ether 1.59 (75.0 

mg, 0.161 mmol, 1.00 equiv.) dissolved in toluene (2.7 mL) was added. Upon mixing a 

green suspension was observed to evolve. The vial was then sealed using a 

PTFE/silicone septum and a threaded screw cap with hole and removed from the glove 

box. The reaction was then heated at 55°C. Upon complete consumption of starting 

material as judged by TLC (60 min.), the reaction was terminated: the septum and cap 

was removed and the reaction was cooled to 0°C. Tetra-n-butylammonium fluoride (n-

Bu4F, 210 µL, 0.210 mmol, 1.30 equiv., 1 M) was added in one portion and the reaction 

was allowed to stir for 10 minutes, after which the contents of the reaction were poured 

into a separatory funnel containing aqueous HCl (20 mL, 1 M) and ethyl acetate (20 

mL). Additional ethyl acetate (10 mL) was used to rinse the contents of the vial into the 

separatory funnel. The aqueous portion was extracted with additional ethyl acetate (10 

mL). The combined organic portions were washed with saturated aqueous NaHCO3 

followed by saturated aqueous NaCl, dried over anhydrous MgSO4, and concentrated 

under vacuum on a rotary evaporator. The resulting residue was used directly for 

protection as follows. After being transferred to a vial, the reaction vessel was sealed 
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using a PTFE/silicone septum and a threaded screw cap with hole. The vial was then 

evacuated using high vacuum (the septum was pierced with a needle connected to a 

Schlenk manifold) and then refilled with argon. This process was repeated twice more. 

Then CH2Cl2 was added (1.60 mL) followed by di-iso-propylethylamine (i-Pr2EtN, 141 

µL, 0.807 mmol, 5 equiv.) and chloromethyl methyl Et2O (MOMCl, 37 µL, 0.484 

mmol, 3 equiv.), all by syringe. The reaction was stirred at ambient temperature for 1 

hour and then the reaction mixture was poured into a separatory funnel containing 

saturated aqueous NaHCO3 (20 mL) and ethyl acetate (20 mL). The aqueous portion 

was extracted with additional ethyl acetate (10 mL). The combined organic portions 

were washed with saturated aqueous NaCl, dried over anhydrous MgSO4, and 

concentrated under vacuum on a rotary evaporator. The resulting residue was purified 

by flash column chromatography (25 % ethyl acetate in hexanes) furnishing 45 mg 

(76%) of (±)-1.78 as a light yellow oil, Rf = 0.39 (40% ethyl acetate in hexanes); 1H 

NMR (500 MHz, CDCl3) δ: 7.82 – 7.79 (m, 2 H), 7.40 – 7.36 (m, 2 H), 7.34 – 7.30 (m, 

2 H), 7.29 – 7.22 (m, 3 H), 5.17 (d, J = 6.60 Hz, 1 H), 5.15 (d, J = 6.60 Hz, 1 H), 4.83 – 

4.81 (m, 1 H), 3.61 (s, 3 H), 3.57 (s, 3 H), 3.40 – 3.32 (m, 2 H), 2.94 – 2.87 (m, 1 H); 

13C NMR (125 MHz, CDCl3) δ: 201.22, 167.33, 164.19, 144.64, 136.46, 133.02, 

128.97, 128.67, 128.47, 127.18, 126.72, 106.70, 95.14, 57.38, 56.73, 51.10, 43.73, 

39.25; HRMS (ESI–LTQ FT) calculated [M + H+] = 367.15398 for [C22H22O5 + H+], 

observed 367.1547, error –1.97 ppm. 

Compound 1.60: To a flame-dried vial was added (+)-

(8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-

4,5,6,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-3H-cyclopenta[a]phenanthren-3-
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one 28 (100.0 mg, 0.260 mmol, 1.00 equiv.) and 1.31 (133.0 mg, 0.520 mmol, 2.00 

equiv.). The vial was sealed using a PTFE/silicone septum and a threaded screw cap 

with hole. The vial was then evacuated using high vacuum (the septum was pierced 

with a needle connected to a Schlenk manifold) and then refilled with argon. This 

process was repeated twice more. Then CH2Cl2 (1.30 mL, 0.2 M) was added via syringe 

and the mixture was subsequently cooled to 0°C. tert-butyldimethyl 

trifluoromethanesulfonate (TBSOTf, 12 µL, 0.052 mmol, 0.2 equiv.) was added via 

microliter syringe in one portion and the reaction was allowed to stir. Upon complete 

consumption of starting material as judged by TLC (4 hours), the reaction was 

terminated by injecting a premixed solution of 200 µL methanol (MeOH) and 200 µL of 

triethylamine (Et3N) into the reaction. The contents of the vial were transferred to a 

separatory funnel containing saturated aqueous NaHCO3 (30 mL) and ethyl acetate (40 

mL). Additional ethyl acetate (10 mL) was used to rinse the contents of the vial into the 

separatory funnel. After shaking and separation, the organic portion was washed with 

saturated aqueous NaCl, dried over anhydrous MgSO4, and concentrated under vacuum 

on a rotary evaporator. The resulting residue was purified by recrystallization from 

hexanes furnishing 136 mg (82%) of (+)-1.60 as a white solid, Rf = 0.47 (10% Et2O in 

hexanes); [α]D = +100.6 (αD = +1.31, c = 1.30, CH2Cl2); 
1H NMR (500 MHz, C6D6) δ: 

5.35 (d, J = 5.55 Hz, 1 H), 3.41 – 3.33 (m, 1 H), 3.18 (s, 3 H), 2.98 – 2.90 (m, 2 H), 

2.03 (dd, J = 17.3, 5.65 Hz, 1 H), 1.95 – 1.90 (m, 1 H), 1.88 – 1.78 (m, 2 H), 1.77 – 1.68 

(m, 1 H), 1.63 – 1.50 (m, 4 H), 1.47 – 1.33 (m, 6 H), 1.30 – 1.16 (m, 6 H), 1.15 – 1.00 

(m, 6 H), 0.98 – 0.96 (m, 12 H), 0.96 – 0.93 (m, 9 H), 0.92 – 0.71 (m, 3 H), 0.20 (s, 3 

H), 0.18 (s, 3 H); 13C NMR (125 MHz, C6D6) δ: 191.79, 161.28, 149.85, 106.92, 75.23, 
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56.28, 56.21, 51.08, 47.86, 42.50, 41.97, 39.91, 39.68, 39.44, 37.02, 36.39, 36.30, 

35.89, 35.69, 35.38, 31.29, 28.99, 28.31, 28.16, 25.65, 24.03, 22.76, 22.52, 20.73, 

18.70, 17.93, 13.76, 12.02, –4.46, –4.61; HRMS -Hydrolysis (ESI–LTQ FT): calculated 

[M + H+] = 527.38438 for [C32H50N2O4 + H+], observed 527.3858, error –2.70 ppm. 

Compound 1.79: The following procedure was initiated inside a glove box with 

a nitrogen atmosphere. To an oven-dried vial containing bis(copper(I) 

trifluoromethanesulfonate)-benzene complex ((CuOTf)2•PhH, 5.9 mg, 0.012 mmol, 

0.125 equiv.) was added 1.72 (4.7 mg, 0.026 mmol, 0.275 equiv.) independently 

dissolved in toluene (0.5 mL). After stirring for 5 minutes a solution of enol silyl ether 

(+)-1.60 (60.0 mg, 0.094 mmol, 1.00 equiv.) dissolved in toluene (1.3 mL) was added. 

Upon mixing a green suspension was observed to evolve. The vial was then sealed 

using a PTFE/silicone septum and a threaded screw cap with hole and removed from the 

glove box. The reaction was then heated at 55°C. Upon complete consumption of 

starting material as judged by TLC (30 min.), the reaction was terminated: the septum 

and cap was removed and the reaction was cooled to 0°C. Tetra-n-butylammonium 

fluoride (n-Bu4F, 122 µL, 0.122 mmol, 1.30 equiv., 1 M) was added in one portion and 

the reaction was allowed to stir for 10 minutes, after which the contents of the reaction 

were poured into a separatory funnel containing aqueous HCl (20 mL, 1 M) and ethyl 

acetate (20 mL). Additional ethyl acetate (10 mL) was used to rinse the contents of the 

vial into the separatory funnel. The aqueous portion was extracted with additional ethyl 

acetate (10 mL). The combined organic portions were washed with saturated aqueous 

NaHCO3 followed by saturated aqueous NaCl, dried over anhydrous MgSO4, and 

concentrated under vacuum on a rotary evaporator. The resulting residue was used 
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directly for protection as follows. After being transferred to a vial, the reaction vessel 

was sealed using a PTFE/silicone septum and a threaded screw cap with hole. The vial 

was then evacuated using high vacuum (the septum was pierced with a needle 

connected to a Schlenk manifold) and then refilled with argon. This process was 

repeated twice more. Then CH2Cl2 was added (0.90 mL) followed by di-iso-

propylethylamine (i-Pr2EtN, 82 µL, 0.468 mmol, 5 equiv.) and chloromethyl methyl 

Et2O (MOMCl, 21 µL, 0.281 mmol, 3 equiv.), all by syringe. The reaction was stirred at 

ambient temperature for 2 hours and then the reaction mixture was poured into a 

separatory funnel containing saturated aqueous NaHCO3 (20 mL) and ethyl acetate (20 

mL). The aqueous portion was extracted with additional ethyl acetate (10 mL). The 

combined organic portions were washed with saturated aqueous NaCl, dried over 

anhydrous MgSO4, and concentrated under vacuum on a rotary evaporator. The 

resulting residue was purified by flash column chromatography (20% ethyl acetate in 

hexanes) furnishing 44 mg (87%) of (+)-1.79 as a white solid, Rf = 0.31 (30% ethyl 

acetate in hexanes); [α]D = +91.1 (αD = +2.003, c = 2.20, CH2Cl2); 
1H NMR (500 MHz, 

CDCl3) δ: 5.10 (d, J = 6.55 Hz, 1 H), 5.06 (d, J = 6.55 Hz, 1 H), 3.72 (s, 3 H), 3.55 (d, J 

= 7.95, 1 H), 3.47 (s, 3 H), 2.65 – 2.57 (m, 1 H), 2.45 – 2.33 (m, 3 H), 2.05 – 1.97 (m, 2 

H), 1.86 – 1.77 (m, 1 H), 1.72 – 1.64 (m, 2 H), 1.62 – 0.91 (m, 23 H), 0.90 – 0.73 (m, 

10 H), 0.68 (s, 3 H); 13C NMR (125 MHz, CDCl3) δ: 211.51, 165.92, 164.73, 107.40, 

94.89, 56.66, 56.28, 56.26, 52.78, 51.08, 50.04, 49.82, 44.01, 42.58, 41.21, 39.80, 

39.48, 37.18, 36.11, 35.73, 35.21, 31.37, 30.42, 28.49, 28.16, 28.00, 24.15, 23.79, 

22.80, 22.55, 21.72, 18.65, 14.05, 12.09; HRMS (ESI–LTQ FT) calculated [M + H+] = 

543.40438 for [C34H54N2O5 + H+], observed 543.4039, error –0.88 ppm. 
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Compound 1.61: To a flame-dried vial was added (E)-1-(1-tosyl-1H-indol-3-

yl)but-2-en-1-one (36.0 mg, 1.06 mmol, 1.00 equiv.) and 1.31 (33.0 mg, 0.127 mmol, 

1.20 equiv.). The vial was sealed using a PTFE/silicone septum and a threaded screw 

cap with hole. The vial was then evacuated using high vacuum (the septum was pierced 

with a needle connected to a Schlenk manifold) and then refilled with argon. This 

process was repeated twice more. Then CH2Cl2 (1.53 mL, 0.2 M) was added via syringe 

and the mixture was subsequently cooled to 0°C. tert-butyldimethyl 

trifluoromethanesulfonate (TBSOTf, 5.6 µL, 0.021 mmol, 0.2 equiv.) was added via 

microliter syringe in one portion and the reaction was allowed to stir. Upon complete 

consumption of starting material as judged by TLC (4 hours), the reaction was 

terminated by injecting a premixed solution of 200 µL methanol (MeOH) and 200 µL of 

triethylamine (Et3N) into the reaction. The contents of the vial were transferred to a 

separatory funnel containing saturated aqueous NaHCO3 (30 mL) and ethyl acetate (40 

mL). Additional ethyl acetate (10 mL) was used to rinse the contents of the vial into the 

separatory funnel. After shaking and separation, the organic portion was washed with 

saturated aqueous NaCl, dried over anhydrous MgSO4, and concentrated under vacuum 

on a rotary evaporator. The resulting residue was purified by flash column 

chromatography (10% Et2O in hexanes with 1% triethylamine) furnishing 54 mg (85%) 

of (±)-1.61 as a light yellow oil, Rf = 0.34 (30% Et2O in hexanes); 1H NMR (500 MHz, 

C6D6) δ: 8.27 (td, J = 8.25 , 0.80 Hz, 1 H), 7.87 (d, J = 7.75 Hz, 1 H), 7.82 (s, 1 H), 7.63 

(d, J = 8.35 Hz, 2 H), 7.2 – 7.03 (m, 2 H), 6.44 (d, J = 8.35 Hz, 2 H), 5.14 (d, J = 9.65 

Hz, 1 H), 3.69 – 3.60 (m, 1 H), 3.15 (s, 3 H), 3.10 (dd, J = 15.35, 7.30 Hz, 1 H), 2. 95 

(dd, J = 15.35, 6.65 Hz, 1 H), 1.64 (s, 3 H), 1.21 (d, J = 6.75 Hz, 3 H), 1.02 (s, 9 H), – 
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0.08 (s, 3 H), – 0.09 (s, 3 H); 13C NMR (125 MHz, C6D6) δ: 190.37, 161.12, 144.17, 

142.11, 135.51, 129.45, 129.10, 128.07, 126.66, 124.20, 123.45, 122.68, 121.41, 

118.27, 113.90, 75.04, 50.96, 46.92, 27.49, 25.64, 20.93, 20.64, 18.10, –4.42, –4.59; 

HRMS (ESI–LTQ FT) calculated [M + H+] = 596.22448 for [C30H37N3O6SSi + H+], 

observed 596.2238, error –1.13 ppm. 

Compound 1.80: The following procedure was initiated inside a glove box with 

a nitrogen atmosphere. To an oven-dried vial containing bis(copper(I) 

trifluoromethanesulfonate)-benzene complex ((CuOTf)2•PhH, 5.3 mg, 0.011 mmol, 

0.125 equiv.) was added 1.72 (4.3 mg, 0.023 mmol, 0.275 equiv.) independently 

dissolved in toluene (0.5 mL). After stirring for 5 minutes a solution of enol silyl ether 

(±)-1.61 (50.5 mg, 0.085 mmol, 1.00 equiv.) dissolved in toluene (1.2 mL) was added. 

Upon mixing a green suspension was observed to evolve. The vial was then sealed 

using a PTFE/silicone septum and a threaded screw cap with hole and removed from the 

glove box. The reaction was then heated at 55°C. Upon complete consumption of 

starting material as judged by TLC (30 min.), the reaction was terminated: the septum 

and cap was removed and the reaction was cooled to 0°C. Tetra-n-butylammonium 

fluoride (n-Bu4F, 110 µL, 0.110 mmol, 1.30 equiv., 1 M) was added in one portion and 

the reaction was allowed to stir for 10 minutes, after which the contents of the reaction 

were poured into a separatory funnel containing aqueous HCl (20 mL, 1 M) and ethyl 

acetate (20 mL). Additional ethyl acetate (10 mL) was used to rinse the contents of the 

vial into the separatory funnel. The aqueous portion was extracted with additional ethyl 

acetate (10 mL). The combined organic portions were washed with saturated aqueous 

NaHCO3 followed by saturated aqueous NaCl, dried over anhydrous MgSO4, and 
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concentrated under vacuum on a rotary evaporator. The resulting residue was used 

directly for protection as follows. After being transferred to a vial, the reaction vessel 

was sealed using a PTFE/silicone septum and a threaded screw cap with hole. The vial 

was then evacuated using high vacuum (the septum was pierced with a needle 

connected to a Schlenk manifold) and then refilled with argon. This process was 

repeated twice more. Then CH2Cl2 was added (0.85 mL) followed by di-iso-

propylethylamine (i-Pr2EtN, 74 µL, 0.424 mmol, 5 equiv.) and chloromethyl methyl 

Et2O (MOMCl, 19 µL, 0.254 mmol, 3 equiv.), all by syringe. The reaction was stirred at 

ambient temperature for 16 hours and then the reaction mixture was poured into a 

separatory funnel containing saturated aqueous NaHCO3 (20 mL) and ethyl acetate (20 

mL). The aqueous portion was extracted with additional ethyl acetate (10 mL). The 

combined organic portions were washed with saturated aqueous NaCl, dried over 

anhydrous MgSO4, and concentrated under vacuum on a rotary evaporator. The 

resulting residue was purified by flash column chromatography (25 % ethyl acetate in 

hexanes) furnishing 25 mg (58%) of (±)-1.80 as a light yellow oil, Rf = 0.25 (40% ethyl 

acetate in hexanes); 1H NMR (400 MHz, CDCl3) δ: 8.36 – 8.33 (m, 2 H), 7.92 (d, J = 

7.85 Hz, 1 H), 7.86 – 7.83 (m, 2 H), 7.39 – 7.30 (m, 2 H), 7.28 (d, J = 8.05 Hz, 2 H), 

5.14 (d, J = 6.55 Hz, 1 H), 5.12 (d, J = 6.55 Hz, 1 H), 4.11 – 4.08 (m, 1 H), 3.57 (s, 3 

H), 3.53 (s, 3 H), 3.16 – 3.07 (m, 1 H), 2.47 – 2.30 (m, 6 H), 1.24 (d, J = 6.80 Hz, 3 H); 

13C NMR (125 MHz, CDCl3) δ: 197.62, 168.12, 164.50, 145.90, 134.84, 134.47, 

132.15, 130.22, 128.11, 127.19, 125.73, 124.80, 123.33, 120.97, 112.99, 106.23, 95.04, 

59.00, 56.74, 51.05, 38.67, 33.90, 21.76, 21.68; HRMS (ESI–LTQ FT): calculated [M + 

H+] = 498.15808 for [C26H27NO7S + H+], observed 498.1576, error 0.96 ppm. 
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Compound 1.62: To a flame-dried vial was added (1R,5R)-6,6-dimethyl-2-

methylenebicyclo[3.1.1]heptan-3-one 29 (75.0 mg, 0.499 mmol, 1.00 equiv.) and 1.31 

(154.0 mg, 0.599 mmol, 1.20 equiv.). The vial was sealed using a PTFE/silicone septum 

and a threaded screw cap with hole. The vial was then evacuated using high vacuum 

(the septum was pierced with a needle connected to a Schlenk manifold) and then 

refilled with argon. This process was repeated twice more. Then CH2Cl2 (2.50 mL, 0.2 

M) was added via syringe and the mixture was subsequently cooled to 0°C. tert-

butyldimethyl trifluoromethanesulfonate (TBSOTf, 26 µL, 0.100 mmol, 0.2 equiv.) was 

added via microliter syringe in one portion and the reaction was allowed to stir. Upon 

complete consumption of starting material as judged by TLC (1 hour), the reaction was 

terminated by injecting a premixed solution of 200 µL methanol (MeOH) and 200 µL of 

triethylamine (Et3N) into the reaction. The contents of the vial were transferred to a 

separatory funnel containing saturated aqueous NaHCO3 (30 mL) and ethyl acetate (30 

mL). Additional ethyl acetate (10 mL) was used to rinse the contents of the vial into the 

separatory funnel. After shaking and separation, the organic portion was washed with 

saturated aqueous NaCl, dried over anhydrous MgSO4, and concentrated under vacuum 

on a rotary evaporator. The resulting residue was purified by flash column 

chromatography (3% Et2O in hexanes with 1% triethylamine) furnishing 155 mg (76%) 

of (–)-1.62 as a light yellow oil, Rf = 0.59 (20% Et2O in hexanes); [α]D = –12.94 (αD = –

0.134, c = 1.04, CH2Cl2); 
1H NMR (500 MHz, C6D6) δ: 3.17 (s, 3 H), 2.95 (t, J = 7.65 

Hz, 2 H), 2.77 – 2.68 (m, 1 H), 2.64 – 2.57 (m, 1 H), 2.37 – 2.32 (m, 1 H), 2.31 – 2.21 

(m, 2 H), 2.15 – 2.11 (m, 1 H), 2.00 – 1.95 (m, 1 H), 1.29 (d, J = 8.60 Hz, 1 H), 1.24 (s, 

3 H), 1.03 (s, 9 H), 0.96 (s, 3 H), 0.19 (s, 6 H); 13C NMR (125 MHz, C6D6) δ: 191.11, 
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161.01, 141.94, 122.06, 74.34, 50.95, 43.87, 40.83, 39.59, 38.42, 35.92, 33.18, 26.01, 

25.69, 24.67, 21.06, 18.03, –3.80, –3.83; HRMS (ESI–LTQ FT) calculated [M + H+] = 

407.23608 for [C21H34N2O4Si + H+], observed 407.2362, error –0.30 ppm. 

Compound 1.81: The following procedure was initiated inside a glove box with 

a nitrogen atmosphere. To an oven-dried vial containing bis(copper(I) 

trifluoromethanesulfonate)-benzene complex ((CuOTf)2•PhH, 10.06 mg, 0.020 mmol, 

0.125 equiv.) was added 1.72 (8.0 mg, 0.044 mmol, 0.275 equiv.) independently 

dissolved in toluene (0.5 mL). After stirring for 5 minutes a solution of enol silyl ether 

(–)-1.62 (65.0 mg, 0.160 mmol, 1.00 equiv.) dissolved in toluene (2.7 mL) was added. 

Upon mixing a green suspension was observed to evolve. The vial was then sealed 

using a PTFE/silicone septum and a threaded screw cap with hole and removed from the 

glove box. The reaction was then heated at 55°C. Upon complete consumption of 

starting material as judged by TLC (150 min.), the reaction was terminated: the septum 

and cap was removed and the reaction was cooled to 0°C. Tetra-n-butylammonium 

fluoride (n-Bu4F, 208 µL, 0.208 mmol, 1.30 equiv., 1 M) was added in one portion and 

the reaction was allowed to stir for 10 minutes, after which the contents of the reaction 

were poured into a separatory funnel containing aqueous HCl (20 mL, 1 M) and ethyl 

acetate (30 mL). Additional ethyl acetate (10 mL) was used to rinse the contents of the 

vial into the separatory funnel. The aqueous portion was extracted with additional ethyl 

acetate (10 mL). The combined organic portions were washed with saturated aqueous 

NaHCO3 followed by saturated aqueous NaCl, dried over anhydrous MgSO4, and 

concentrated under vacuum on a rotary evaporator. The resulting residue was used 

directly for protection as follows. After being transferred to a vial, the reaction vessel 
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was sealed using a PTFE/silicone septum and a threaded screw cap with hole. The vial 

was then evacuated using high vacuum (the septum was pierced with a needle 

connected to a Schlenk manifold) and then refilled with argon. This process was 

repeated twice more. Then CH2Cl2 was added (1.60 mL) followed by di-iso-

propylethylamine (i-Pr2EtN, 140 µL, 0.799 mmol, 5 equiv.) and chloromethyl methyl 

Et2O (MOMCl, 36 µL, 0.480 mmol, 3 equiv.), all by syringe. The reaction was stirred at 

ambient temperature for 14 hours and then the reaction mixture was poured into a 

separatory funnel containing saturated aqueous NaHCO3 (20 mL) and ethyl acetate (30 

mL). The aqueous portion was extracted with additional ethyl acetate (10 mL). The 

combined organic portions were washed with saturated aqueous NaCl, dried over 

anhydrous MgSO4, and concentrated under vacuum on a rotary evaporator. The 

resulting residue was purified by flash column chromatography (20 % ethyl acetate in 

hexanes) furnishing 33 mg (67%) of (+)-1.81 as a light yellow oil, Rf = 0.43 (40% ethyl 

acetate in hexanes); [α]D = +170.07 (αD = +3.401, c = 2.00, CH2Cl2);
 1H NMR (400 

MHz, CDCl3) δ: 5.05 (d, J = 6.60 Hz, 1 H), 5.00 (d, J = 6.60 Hz, 1 H), 3.67 (s, 3 H), 

3.45 (s, 3 H), 2.90 (dd, J = 18.64, 2.12 Hz, 1 H), 2.72-2.45 (m, 4 H), 2.34 – 2.25 (m, 1 

H), 2.12 – 2.03 (m, 2 H), 1.82 – 1.70 (m, 2 H), 1.30 (s, 3 H), 0.86 (s, 3 H); 13C NMR 

(100 MHz, CDCl3) δ: 215.43, 169.61, 165.84, 113.93, 95.04, 62.62, 56.98, 51.37, 49.31, 

43.90, 41.49, 38.82, 33.51, 28.41, 27.85, 27.07, 23.20; HRMS (ESI–LTQ FT) 

calculated [M + H+] = 309.16968 for [C17H24O5 + H+], observed 309.1698, error –0.40 

ppm. 

Compound 1.63: To a flame-dried vial was added (±)-(5S)-2-allyl-5-

methylcyclohexan-1-one 30 (95.0 mg, 0.650 mmol, 1.00 equiv.) and 1.31 (195.0 mg, 
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0.759 mmol, 1.20 equiv.). The vial was sealed using a PTFE/silicone septum and a 

threaded screw cap with hole. The vial was then evacuated using high vacuum (the 

septum was pierced with a needle connected to a Schlenk manifold) and then refilled 

with argon. This process was repeated twice more. Then CH2Cl2 (3.16 mL, 0.20 M) was 

added via syringe and the mixture was subsequently cooled to 0°C. tert-butyldimethyl 

trifluoromethanesulfonate (TBSOTf, 17 µL, 0.063 mmol, 0.1 equiv.) was added via 

microliter syringe in one portion and the reaction was allowed to stir. Upon complete 

consumption of starting material as judged by TLC (2 hours), the reaction was 

terminated by injecting a premixed solution of 200 µL methanol (MeOH) and 200 µL of 

triethylamine (Et3N) into the reaction. The contents of the vial were transferred to a 

separatory funnel containing saturated aqueous NaHCO3 (30 mL) and ethyl acetate (40 

mL). Additional ethyl acetate (10 mL) was used to rinse the contents of the vial into the 

separatory funnel. After shaking and separation, the organic portion was washed with 

saturated aqueous NaCl, dried over anhydrous MgSO4, and concentrated under vacuum 

on a rotary evaporator. The resulting residue was purified by flash column 

chromatography (4% Et2O in hexanes) furnishing 240 mg (93%) of (±)-1.63 as a light 

yellow oil, Rf = 0.56 (20% Et2O in hexanes); 1H NMR (500 MHz, C6D6) δ: 6.03 – 5.94 

(m, 1 H), 5.25 – 5.19 (m, 1 H), 5.09 – 5.05 (m, 1 H), 3.35 (dd, J = 14.85, 5.70 Hz, 1 H), 

3.21 – 3.15 (m, 4 H), 3.08 – 2.96 (m, 2 H), 2.84 (dd, J = 14.90, 7.05 Hz, 1 H), 2.07 (dd, 

J = 16.25, 5.50 Hz, 1 H), 2.05 – 1.92 (m, 1 H), 1.77 – 1.67 (m, 2 H), 1.30 (td, J = 5.5, 

0.95 Hz, 1 H), 1.00 (s, 9 H), 0.87 (d, J = 6.5 Hz, 3 H), 0.11 (s, 6 H); 13C NMR (125 

MHz, C6D6) δ: 191.02, 160.98, 145.29, 137.15, 115.05, 114.55, 74.96, 50.99, 43.44, 

39.01, 35.45, 33.21, 32.56, 25.68, 24.87, 21.75, 18.07, –3.67, –3.89; HRMS (ESI–LTQ 
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FT) calculated [M + H+] = 407.23608 for [C21H34N2O4Si + H+], observed 407.2370, 

error –2.27 ppm. 

Compound 1.82: The following procedure was initiated inside a glove box with 

a nitrogen atmosphere. To an oven-dried vial containing bis(copper(I) 

trifluoromethanesulfonate)-benzene complex ((CuOTf)2•PhH, 5.3 mg, 0.011 mmol, 

0.10 equiv.) was added 1.72 (4.2 mg, 0.023 mmol, 0.22 equiv.) independently dissolved 

in toluene (0.5 mL). After stirring for 5 minutes a solution of enol silyl ether (±)-1.63 

(43.0 mg, 0.105 mmol, 1.00 equiv.) dissolved in toluene (1.6 mL) was added. Upon 

mixing a green suspension was observed to evolve. The vial was then sealed using a 

PTFE/silicone septum and a threaded screw cap with hole and removed from the glove 

box. The reaction was then heated at 55°C. Upon complete consumption of starting 

material as judged by TLC (6 hours), the reaction was terminated: the septum and cap 

was removed and the reaction was cooled to 0°C. Tetra-n-butylammonium fluoride (n-

Bu4F, 137 µL, 0.137 mmol, 1.30 equiv., 1 M) was added in one portion and the reaction 

was allowed to stir for 10 minutes, after which the contents of the reaction were poured 

into a separatory funnel containing aqueous HCl (20 mL, 1 M) and ethyl acetate (20 

mL). Additional ethyl acetate (10 mL) was used to rinse the contents of the vial into the 

separatory funnel. The aqueous portion was extracted with additional ethyl acetate (10 

mL). The combined organic portions were washed with saturated aqueous NaHCO3 

followed by saturated aqueous NaCl, dried over anhydrous MgSO4, and concentrated 

under vacuum on a rotary evaporator. The resulting residue was used directly for 

protection as follows. After being transferred to a vial, the reaction vessel was sealed 

using a PTFE/silicone septum and a threaded screw cap with hole. The vial was then 
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evacuated using high vacuum (the septum was pierced with a needle connected to a 

Schlenk manifold) and then refilled with argon. This process was repeated twice more. 

Then CH2Cl2 was added (1.1 mL) followed by di-iso-propylethylamine (i-Pr2EtN, 92 

µL, 0.525 mmol, 5 equiv.) and chloromethyl methyl Et2O (MOMCl, 24 µL, 0.315 

mmol, 3 equiv.), all by syringe. The reaction was stirred at ambient temperature for 13 

hours and then the reaction mixture was poured into a separatory funnel containing 

saturated aqueous NaHCO3 (20 mL) and ethyl acetate (20 mL). The aqueous portion 

was extracted with additional ethyl acetate (10 mL). The combined organic portions 

were washed with saturated aqueous NaCl, dried over anhydrous MgSO4, and 

concentrated under vacuum on a rotary evaporator. The resulting residue was purified 

by flash column chromatography (20% ethyl acetate in hexanes) furnishing 19 mg 

(59%) of (±)-1.82 as a colorless oil, Rf = 0.47 (40% ethyl acetate in hexanes); 1H NMR 

(400 MHz, CDCl3) δ: 5.79 – 5.66 (m, 1 H), 5.10 – 5.00 (m, 4 H), 3.68 (s, 3 H), 3.48 (s, 

3 H), 2.86 (dd, J = 17.28, 8.60 Hz, 1 H), 2.66 (dd, J = 17.35, 8.05 Hz, 1 H), 2.60 – 2.50 

(m, 2 H), 2.45 – 2.34 (m, 2 H), 2.28 – 2.15 (m, 1 H), 2.00 (dd, J = 17.35, 6.44 Hz, 1 H), 

1.70 – 1.51 (m, 2 H), 1.49 – 1.40 (m, 1 H), 0.96 (d, J = 6.60 Hz, 3 H); 13C NMR (100 

MHz, CDCl3) δ: 213.50, 169.27, 164.69, 134.78, 118.46, 109.79, 95.00, 60.00, 56.80, 

51.17, 46.71, 39.80, 38.44, 36.40, 28.24, 22.34; HRMS (ESI–LTQ FT) calculated [M + 

H+] = 309.16968 for [C17H24O5 + H+], observed 309.1699, error –0.72 ppm. 

Compound 1.54: To a flame flask was added (R)-(–)-carvone (720.0 mg, 4.79 

mmol, 1.00 equiv.) and 1.31 (1.475 g, 5.75 mmol, 1.20 equiv.). The flask was then 

evacuated using high vacuum and then refilled with argon. This process was repeated 

twice more. The flask was removed from the manifold and sealed using a rubber septum 
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equipped with a balloon filled with argon. Then CH2Cl2 (23.97 mL, 0.20 M) was added 

via syringe and the mixture was subsequently cooled to 0°C. tert-butyldimethyl 

trifluoromethanesulfonate (TBSOTf, 220 µL, 0.959 mmol, 0.2 equiv.) was added via 

syringe in one portion and the reaction was allowed to stir. Upon complete consumption 

of starting material as judged by TLC (2 hours), the reaction was terminated by 

injecting a premixed solution of 300 µL methanol (MeOH) and 500 µL of triethylamine 

(Et3N) into the reaction. The contents of the vial were transferred to a separatory funnel 

containing saturated aqueous NaHCO3 (50 mL) and ethyl acetate (70 mL). Additional 

ethyl acetate (20 mL) was used to rinse the contents of the flask into the separatory 

funnel. After shaking and separation, the organic portion was washed with saturated 

aqueous NaCl, dried over anhydrous MgSO4, and concentrated under vacuum on a 

rotary evaporator. The resulting residue was purified by flash column chromatography 

(3% Et2O in hexanes) furnishing 1.778 g (91%) of (+)-1.54 as a tan solid, Rf = 0.51 

(20% Et2O in hexanes); [α]D = +10.7 (αD = +0.085, c = 0.79, CH2Cl2); 
1H NMR (400 

MHz, C6D6) δ: 4.86 (s, 1 H), 4.78 (bs, 1 H), 3.18 (s, 3 H), 3.11 – 3.07 (m, 2 H), 2.99 – 

2.92 (m, 2 H), 2.62 – 2.52 (m, 1 H), 2.23 – 2.05 (m, 2 H), 1.84 (t, J = 13.36 Hz, 1 H), 

1.82 (s, 3 H), 1.67 (s, 3 H), 1.59 (td, J = 12.88, 5.44 Hz 1 H), 1.01 (s, 9 H), 0.11 (s, 6 

H); 13C NMR (100 MHz, C6D6) δ: 191.27, 161.18, 148.86, 144.52, 113.20, 109.32, 

75.32, 51.19, 43.17, 37.54, 36.08, 36.05, 32.18, 25.93, 20.63, 18.31, 14.85, –3.59, –

3.81; HRMS (ESI–LTQ FT) calculated [M + H+] = 407.23608 for [C21H34N2O4Si + H+], 

observed 407.2371, error –2.51 ppm. 

Compound 1.83: The following procedure was initiated inside a glove box with 

a nitrogen atmosphere. To an oven-dried flask containing bis(copper(I) 
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trifluoromethanesulfonate)-benzene complex ((CuOTf)2•PhH, 182.0 mg, 0.362 mmol, 

0.125 equiv.) was added 1.72 (145.0 mg, 0.796 mmol, 0.275 equiv.) independently 

dissolved in toluene (10.0 mL). After stirring for 5 minutes a solution of enol silyl ether 

(+)-1.54 (1.177 g, 2.890 mmol, 1.00 equiv.) dissolved in toluene (48.0 mL) was added. 

Upon mixing a green suspension was observed to evolve. The vial was then sealed 

using a rubber septum. The reaction was then heated at 55°C. Upon complete 

consumption of starting material as judged by TLC (180 min.), the reaction was 

terminated: the septum and cap was removed and the reaction was cooled to 0°C. Tetra-

n-butylammonium fluoride (n-Bu4F, 3.76 mL, 3.760 mmol, 1.30 equiv., 1 M) was added 

in one portion and the reaction was allowed to stir for 10 minutes, after which the 

contents of the reaction were poured into a separatory funnel containing aqueous HCl 

(50 mL, 1 M) and ethyl acetate (90 mL). Additional ethyl acetate (20 mL) was used to 

rinse the contents of the vial into the separatory funnel. The aqueous portion was 

extracted with additional ethyl acetate (30 mL). The combined organic portions were 

washed with saturated aqueous NaHCO3 followed by saturated aqueous NaCl, dried 

over anhydrous MgSO4, and concentrated under vacuum on a rotary evaporator. The 

resulting residue was used directly for protection as follows. After being transferred to a 

flask, the reaction vessel was then evacuated using high vacuum and then refilled with 

argon. This process was repeated twice more then sealed with a rubber septum. Then 

CH2Cl2 was added (29.0 mL) followed by di-iso-propylethylamine (i-Pr2EtN, 2.53 mL, 

14.47 mmol, 5 equiv.) and chloromethyl methyl Et2O (MOMCl, 660 µL, 8.68 mmol, 3 

equiv.), all by syringe. The reaction was stirred at ambient temperature for 16 hours and 

then the reaction mixture was poured into a separatory funnel containing saturated 
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aqueous NaHCO3 (60 mL) and ethyl acetate (70 mL). The aqueous portion was 

extracted with additional ethyl acetate (30 mL). The combined organic portions were 

washed with saturated aqueous NaCl, dried over anhydrous MgSO4, and concentrated 

under vacuum on a rotary evaporator. The resulting residue was purified by flash 

column chromatography (20 % ethyl acetate in hexanes) furnishing 541 mg (61%) of 

(+)-1.83 as a light yellow oil, Rf = 0.38 (40% ethyl acetate in hexanes); [α]D = –18.69 

(αD = –0.723, c = 3.87, CH2Cl2); 
1H NMR   (500 MHz, CDCl3) δ: 5.11 (d, J = 6.65, 1 

H), 5.07 (d, J = 6.65, 1 H), 4.76 – 4.74 (m, 1 H), 4.72 – 4.70 (m, 1 H), 3.70 (s, 3 H), 

3.50 (s, 3 H), 2.91 (dd, J = 17.20, 8.45 Hz, 1 H), 2.72 – 2.63 (m, 1 H), 2.53 – 2.30 (m, 4 

H), 1.82 – 1.74 (m, 1 H), 1.70 (s, 3 H), 1.68 – 1.63 (m, 1 H), 1.39 (s, 3 H); 13C NMR 

(125 MHz, CDCl3) δ: 213.47, 168.01, 164.55, 147.22, 111.69, 110.09, 94.80, 56.66, 

50.99, 43.78, 43.06, 40.04, 35.30, 32.10, 22.16, 20.52; HRMS (ESI–LTQ FT) 

calculated [M + H+] = 309.16968 for [C17H24O5 + H+], observed 309.1700, error –1.05 

ppm. 

Compound 1.64: To a flame-dried vial was added (–)-1.94 (203.0 mg, 0.687 

mmol, 1.00 equiv.) and 1.31 (211.0 mg, 0.825 mmol, 1.20 equiv.). The vial was sealed 

using a PTFE/silicone septum and a threaded screw cap with hole. The vial was then 

evacuated using high vacuum (the septum was pierced with a needle connected to a 

Schlenk manifold) and then refilled with argon. This process was repeated twice more. 

Then CH2Cl2 (3.44 mL, 0.20 M) was added via syringe and the mixture was 

subsequently cooled to 0°C. tert-butyldimethyl trifluoromethanesulfonate (TBSOTf, 32 

µL, 0.137 mmol, 0.2 equiv.) was added via microliter syringe in one portion and the 

reaction was allowed to stir. Upon complete consumption of starting material as judged 
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by TLC (3 hours), the reaction was terminated by injecting a premixed solution of 200 

µL methanol (MeOH) and 200 µL of triethylamine (Et3N) into the reaction. The 

contents of the vial were transferred to a separatory funnel containing saturated aqueous 

NaHCO3 (30 mL) and ethyl acetate (40 mL). Additional ethyl acetate (10 mL) was used 

to rinse the contents of the vial into the separatory funnel. After shaking and separation, 

the organic portion was washed with saturated aqueous NaCl, dried over anhydrous 

MgSO4, and concentrated under vacuum on a rotary evaporator. The resulting residue 

was purified by flash column chromatography (5% Et2O in hexanes w/ 2% 

triethylamine) furnishing 350 mg (92%) of (+)-1.64 as a white solid, Rf = 0.26 (30% 

Et2O in hexanes); [α]D = +9.809 (αD = +0.309, c = 3.15, CH2Cl2); 
1H NMR (400 MHz, 

C6D6) δ: 7.44 (dd, J = 5.44, 3.04 Hz, 2 H), 6.86 (dd, J = 5.44, 3.04 Hz, 2 H), 4.94 (s, 1 

H), 4.89 (s, 1 H), 4.20 (bs, 2 H), 3.22 (s, 3 H), 3.15 – 2.90 (m, 3 H), 2.70 – 2.60 (m, 1 

H), 2.40 – 2.32 (m, 1 H), 2.34 – 2.12 (m, 1 H), 1.98 – 1.92 (m, 1 H), 1.81 (s, 3 H), 1.66 

– 1.57 (m, 1 H), 1.03 (s, 9 H), 0.16 (s, 3 H), 0.15 (s, 3 H); 13C NMR (100 MHz, C6D6) 

δ: 191.50, 167.72, 161.45, 147.85, 144.50, 133.47, 132.66, 123.04, 113.28, 110.23, 

75.57, 51.44, 43.05, 41.47, 36.43, 36.34, 34.60, 32.50, 26.12, 18.50, 14.96, 3.42, 3.61; 

HRMS (ESI–LTQ FT) calculated [M + H+] 552.25248 for [C29H37N3O6Si + H+], 

observed 552.2545, error –3.66 ppm. 

Compound 1.84: The following procedure was initiated inside a glove box with 

a nitrogen atmosphere. To an oven-dried vial containing bis(copper(I) 

trifluoromethanesulfonate)-benzene complex ((CuOTf)2•PhH, 7.8 mg, 0.016 mmol, 

0.125 equiv.) was added 1.72 (6.2 mg, 0.034 mmol, 0.275 equiv.) independently 

dissolved in toluene (0.5 mL). After stirring for 5 minutes a solution of enol silyl ether 
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(+)-1.64 (70.0 mg, 0.124 mmol, 1.00 equiv.) dissolved in toluene (2.0 mL) was added. 

Upon mixing a green suspension was observed to evolve. The vial was then sealed 

using a PTFE/silicone septum and a threaded screw cap with hole and removed from the 

glove box. The reaction was then heated at 55°C. Upon complete consumption of 

starting material as judged by TLC (3.5 hours), the reaction was terminated: the septum 

and cap was removed and the reaction was cooled to 0°C. Tetra-n-butylammonium 

fluoride (n-Bu4F, 161 µL, 0.161 mmol, 1.30 equiv., 1 M) was added in one portion and 

the reaction was allowed to stir for 10 minutes, after which the contents of the reaction 

were poured into a separatory funnel containing aqueous HCl (20 mL, 1 M) and ethyl 

acetate (20 mL). Additional ethyl acetate (10 mL) was used to rinse the contents of the 

vial into the separatory funnel. The aqueous portion was extracted with additional ethyl 

acetate (10 mL). The combined organic portions were washed with saturated aqueous 

NaHCO3 followed by saturated aqueous NaCl, dried over anhydrous MgSO4, and 

concentrated under vacuum on a rotary evaporator. The resulting residue was used 

directly for protection as follows. After being transferred to a vial, the reaction vessel 

was sealed using a PTFE/silicone septum and a threaded screw cap with hole. The vial 

was then evacuated using high vacuum (the septum was pierced with a needle 

connected to a Schlenk manifold) and then refilled with argon. This process was 

repeated twice more. Then CH2Cl2 was added (1.25 mL) followed by di-iso-

propylethylamine (i-Pr2EtN, 108 µL, 0.621 mmol, 5 equiv.) and chloromethyl methyl 

Et2O (MOMCl, 28 µL, 0.373 mmol, 3 equiv.), all by syringe. The reaction was stirred at 

ambient temperature for 10 hours and then the reaction mixture was poured into a 

separatory funnel containing saturated aqueous NaHCO3 (20 mL) and ethyl acetate (20 
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mL). The aqueous portion was extracted with additional ethyl acetate (10 mL). The 

combined organic portions were washed with saturated aqueous NaCl, dried over 

anhydrous MgSO4, and concentrated under vacuum on a rotary evaporator. The 

resulting residue was purified by flash column chromatography (30 → 40% ethyl 

acetate in hexanes) furnishing 37 mg (66%) of (–)-1.84 as a light yellow oil, Rf = 0.14 

(40% ethyl acetate in hexanes); [α]D = –3.68 (αD = –0.068, c = 1.85, CH2Cl2); 
1H NMR 

(500 MHz, CDCl3) δ: 7.85 (dd, J = 5.50, 3.00 Hz, 2 H), 7.73 (dd, J = 5.50, 3.00 Hz, 2 

H), 5.10 (d, J = 6.65 Hz, 1 H), 5.08 (d, J = 6.65 Hz, 1 H), 4.93 (d, J = 5.05 Hz, 1 H), 

4.25 (d, J = 15.80 Hz, 1 H), 4.20 (d, J = 15.80 Hz, 1 H), 3.69 (s, 3 H), 3.47 (s, 3 H), 

2.94 (dd, J = 17.45, 8.50 Hz, 1 H), 2.79 – 2.68 (m, 1 H), 2.64 – 2.57 (m, 1 H), 2.53 – 

2.37 (m, 3 H), 1.90 – 1.84 (m, 1 H), 1.83 – 1.75 (m, 1 H), 1.39 (s, 3 H); 13C NMR (125 

MHz, CDCl3) δ: 212.82, 168.08, 164.47, 145.42, 134.17, 131.91, 123.45, 111.44, 94.87, 

56.70, 20.99, 43.55, 42.96, 41.07, 36.63, 35.18, 32.56, 22.15; HRMS (ESI–LTQ FT) 

calculated [M + H+] = 454.18608 for [C25H27NO7 + H+], observed 454.1881, error –4.46 

ppm. 

Compound 1.65: To a flame-dried vial was added (–)-1.95 (45.0 mg, 0.229 

mmol, 1.00 equiv.) and 1.31 (71.0 mg, 0.275 mmol, 1.20 equiv.). The vial was sealed 

using a PTFE/silicone septum and a threaded screw cap with hole. The vial was then 

evacuated using high vacuum (the septum was pierced with a needle connected to a 

Schlenk manifold) and then refilled with argon. This process was repeated twice more. 

Then CH2Cl2 (1.15 mL, 0.20 M) was added via syringe and the mixture was 

subsequently cooled to 0°C. tert-butyldimethyl trifluoromethanesulfonate (TBSOTf, 

10.5 µL, 0.046 mmol, 0.2 equiv.) was added via microliter syringe in one portion and 
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the reaction was allowed to stir. Upon complete consumption of starting material as 

judged by TLC (1 hour), the reaction was terminated by injecting a premixed solution 

of 200 µL methanol (MeOH) and 200 µL of triethylamine (Et3N) into the reaction. The 

contents of the vial were transferred to a separatory funnel containing saturated aqueous 

NaHCO3 (30 mL) and ethyl acetate (40 mL). Additional ethyl acetate (10 mL) was used 

to rinse the contents of the vial into the separatory funnel. After shaking and separation, 

the organic portion was washed with saturated aqueous NaCl, dried over anhydrous 

MgSO4, and concentrated under vacuum on a rotary evaporator. The resulting residue 

was purified by flash column chromatography (20% Et2O in hexanes) furnishing 100 

mg (96%) of (+)-1.65 as a light yellow oil, Rf = 0.33 (40% Et2O in hexanes); [α]D = 

+6.71 (αD = +0.235, c = 3.50, CH2Cl2); 
1H NMR (500 MHz, C6D6) δ: 3.53 – 3.43 (m, 4 

H), 3.16 (s, 3 H), 3.13 – 3.08 (m, 1 H), 3.07 – 3.02 (m, 1 H), 2.37 – 2.21 (m, 3 H), 2.10 

– 2.04 (m, 1 H), 1.84 (s, 3 H), 1.64 (td, J = 12.50 Hz, 5.40 Hz, 1 H), 1.26 (s, 1 H), 1.03 

(s, 9 H), 0.16 (s, 6 H); 13C NMR (125 MHz, C6D6) δ: 191.12, 161.00, 144.46, 113.09, 

110.86, 75.19, 64.49, 50.96, 42.93, 39.07, 35.62, 31.98, 27.76, 25.73, 21.12, 18.11, 

14.66, –3.77, –3.99; HRMS (ESI–LTQ FT) calculated [M + H+] = 453.24158 for 

[C22H36N2O6Si + H+], observed 453.2437, error –4.69 ppm. 

Compound 1.85: The following procedure was initiated inside a glove box with 

a nitrogen atmosphere. To an oven-dried vial containing bis(copper(I) 

trifluoromethanesulfonate)-benzene complex ((CuOTf)2•PhH, 8.6 mg, 0.017 mmol, 

0.125 equiv.) was added 1.72 (6.9 mg, 0.038 mmol, 0.275 equiv.) independently 

dissolved in toluene (0.5 mL). After stirring for 5 minutes a solution of enol silyl ether 

(+)-1.65 (62.0 mg, 0.137 mmol, 1.00 equiv.) dissolved in toluene (2.2 mL) was added. 
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Upon mixing a green suspension was observed to evolve. The vial was then sealed 

using a PTFE/silicone septum and a threaded screw cap with hole and removed from the 

glove box. The reaction was then heated at 55°C. Upon complete consumption of 

starting material as judged by TLC (5 hours), the reaction was terminated: the septum 

and cap was removed and the reaction was cooled to 0°C. Tetra-n-butylammonium 

fluoride (n-Bu4F, 178 µL, 0.178 mmol, 1.30 equiv., 1 M) was added in one portion and 

the reaction was allowed to stir for 10 minutes, after which the contents of the reaction 

were poured into a separatory funnel containing aqueous HCl (20 mL, 1 M) and ethyl 

acetate (20 mL). Additional ethyl acetate (10 mL) was used to rinse the contents of the 

vial into the separatory funnel. The aqueous portion was extracted with additional ethyl 

acetate (10 mL). The combined organic portions were washed with saturated aqueous 

NaHCO3 followed by saturated aqueous NaCl, dried over anhydrous MgSO4, and 

concentrated under vacuum on a rotary evaporator. The resulting residue was used 

directly for protection as follows. After being transferred to a vial, the reaction vessel 

was sealed using a PTFE/silicone septum and a threaded screw cap with hole. The vial 

was then evacuated using high vacuum (the septum was pierced with a needle 

connected to a Schlenk manifold) and then refilled with argon. This process was 

repeated twice more. Then CH2Cl2 was added (1.35 mL) followed by di-iso-

propylethylamine (i-Pr2EtN, 120 µL, 0.685 mmol, 5 equiv.) and chloromethyl methyl 

Et2O (MOMCl, 31 µL, 0.411 mmol, 3 equiv.), all by syringe. The reaction was stirred at 

ambient temperature for 16 hours and then the reaction mixture was poured into a 

separatory funnel containing saturated aqueous NaHCO3 (20 mL) and ethyl acetate (20 

mL). The aqueous portion was extracted with additional ethyl acetate (10 mL). The 
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combined organic portions were washed with saturated aqueous NaCl, dried over 

anhydrous MgSO4, and concentrated under vacuum on a rotary evaporator. The 

resulting residue was purified by flash column chromatography (40 → 50% ethyl 

acetate in hexanes) furnishing 29 mg (59%) of (–)-1.85 as a light yellow oil, Rf = 0.11 

(40% ethyl acetate in hexanes); [α]D = –38.23 (αD = –0.363, c = 0.95, CH2Cl2); 
1H NMR 

(500 MHz, CDCl3) δ: 5.11 (d, J = 6.65 Hz, 1 H), 5.07 (d, J = 6.65 Hz, 1 H), 3.99 – 3.85 

(m, 4 H), 3.67 (s, 3 H), 3.49 (s, 3 H), 2.95 (dd, J = 17.10, 8.15 Hz, 1 H), 2.52 – 2.30 (m, 

5 H), 1.73 – 1.60 (m, 2 H), 1.33 (s, 3 H), 1.25 (s, 3 H); 13C NMR (125 MHz, CDCl3) δ: 

213.05, 168.30, 164.41, 111.93, 110.54, 94.80, 64.92, 56.65, 50.97, 43.02, 41.67, 39.37, 

35.69, 29.13, 21.95, 21.66; HRMS Sodium Adduct (ESI–LTQ FT) calculated [M + H+] 

= 377.15712 for [C18H26O7 + Na+], observed 377.1560, error 2.97 ppm. 

Compound 1.66: To a flame-dried vial was added 3-butyl-2-methylcyclohex-2-

en-1-one 31 (55.0 mg, 0.331 mmol, 1.00 equiv.) and 1.31 (119.0 mg, 0.463 mmol, 1.40 

equiv.). The vial was sealed using a PTFE/silicone septum and a threaded screw cap 

with hole. The vial was then evacuated using high vacuum (the septum was pierced 

with a needle connected to a Schlenk manifold) and then refilled with argon. This 

process was repeated twice more. Then CH2Cl2 (1.65 mL, 0.20 M) was added via 

syringe and the mixture was subsequently cooled to 0°C. tert-butyldimethyl 

trifluoromethanesulfonate (TBSOTf, 15 µL, 0.066 mmol, 0.2 equiv.) was added via 

microliter syringe in one portion and the reaction was allowed to stir for. Upon 

complete consumption of starting material as judged by TLC (20 hours), the reaction 

was terminated by injecting a premixed solution of 200 µL methanol (MeOH) and 200 

µL of triethylamine (Et3N) into the reaction. The contents of the vial were transferred to 
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a separatory funnel containing saturated aqueous NaHCO3 (30 mL) and ethyl acetate 

(40 mL). Additional ethyl acetate (10 mL) was used to rinse the contents of the vial into 

the separatory funnel. After shaking and separation, the organic portion was washed 

with saturated aqueous NaCl, dried over anhydrous MgSO4, and concentrated under 

vacuum on a rotary evaporator. The resulting residue was purified by flash column 

chromatography (0 → 5% Et2O in hexanes with 1% triethylamine) furnishing 110 mg 

(79%) of (±)-1.66 as a light yellow oil, Rf = 0.59 (20% Et2O in hexanes); 1H NMR (500 

MHz, C6D6) δ: 3.45 (d, J = 14.35 Hz, 1 H), 3.19 (s, 3 H), 2.82 (d, J = 14.35 Hz, 1 H), 

2.14 – 2.07 (m, 1 H), 2.04 – 1.99 (m, 2 H), 1.83 (t, J = 1.85 Hz, 3 H), 1.79 – 1.68 (m, 2 

H), 1.64 – 1.53 (m, 3 H), 1.34 – 1.21 (m, 3 H), 1.20 – 1.12 (m, 1 H), 1.01 (s, 9 H), 0.89 

(t, J = 7 Hz, 3 H), 0.15 (s, 3 H), 0.14 (s, 3 H); 13C NMR (125 MHz, C6D6) δ: 190.72, 

161.28, 145.98, 116.33, 76.12, 50.99, 45.17, 42.48, 37.49, 30.87, 30.49, 26.70, 25.78, 

23.57, 19.19, 18.10, 14.09, 10.97, –3.85, –3.98; HRMS (ESI–LTQ FT) calculated [M + 

H+] = 423.26738 for [C22H38N2O4Si + H+], observed 423.2669, error 1.13 ppm. 

Compound 1.86: The following procedure was initiated inside a glove box with 

a nitrogen atmosphere. To an oven-dried vial containing bis(copper(I) 

trifluoromethanesulfonate)-benzene complex ((CuOTf)2•PhH, 5.7 mg, 0.011 mmol, 

0.125 equiv.) was added 1.72 (4.5 mg, 0.025 mmol, 0.275 equiv.) independently 

dissolved in toluene (0.5 mL). After stirring for 5 minutes a solution of enol silyl ether 

(±)-1.66 (38.0 mg, 0.090 mmol, 1.00 equiv.) dissolved in toluene (1.3 mL) was added. 

Upon mixing a green suspension was observed to evolve. The vial was then sealed 

using a PTFE/silicone septum and a threaded screw cap with hole and removed from the 

glove box. The reaction was then heated at 55°C. Upon complete consumption of 
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starting material as judged by TLC (3.5 hours), the reaction was terminated: the septum 

and cap was removed and the reaction was cooled to 0°C. Tetra-n-butylammonium 

fluoride (n-Bu4F, 117 µL, 0.117 mmol, 1.30 equiv., 1 M) was added in one portion and 

the reaction was allowed to stir for 10 minutes, after which the contents of the reaction 

were poured into a separatory funnel containing aqueous HCl (20 mL, 1 M) and ethyl 

acetate (20 mL). Additional ethyl acetate (10 mL) was used to rinse the contents of the 

vial into the separatory funnel. The aqueous portion was extracted with additional ethyl 

acetate (10 mL). The combined organic portions were washed with saturated aqueous 

NaHCO3 followed by saturated aqueous NaCl, dried over anhydrous MgSO4, and 

concentrated under vacuum on a rotary evaporator. The resulting residue was used 

directly for protection as follows. After being transferred to a vial, the reaction vessel 

was sealed using a PTFE/silicone septum and a threaded screw cap with hole. The vial 

was then evacuated using high vacuum (the septum was pierced with a needle 

connected to a Schlenk manifold) and then refilled with argon. This process was 

repeated twice more. Then CH2Cl2 was added (0.9 mL) followed by di-iso-

propylethylamine (i-Pr2EtN, 79 µL, 0.450 mmol, 5 equiv.) and chloromethyl methyl 

Et2O (MOMCl, 20 µL, 0.270 mmol, 3 equiv.), all by syringe. The reaction was stirred at 

ambient temperature for 16 hours and then the reaction mixture was poured into a 

separatory funnel containing saturated aqueous NaHCO3 (20 mL) and ethyl acetate (20 

mL). The aqueous portion was extracted with additional ethyl acetate (10 mL). The 

combined organic portions were washed with saturated aqueous NaCl, dried over 

anhydrous MgSO4, and concentrated under vacuum on a rotary evaporator. The 

resulting residue was purified by flash column chromatography (20 → 30% ethyl 
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acetate in hexanes) furnishing 29 mg (59%) of (±)-1.86 as a colorless oil, Rf = 0.36 

(40% ethyl acetate in hexanes); 1H NMR (500 MHz, CDCl3) δ: 5.09 (s, 2 H), 3.65 (s, 3 

H), 3.50 (s, 3 H), 2.59 – 2.41 (m, 3 H), 2.33 – 2.25 (m, 1 H), 1.94 – 1.77 (m, 2 H), 1.74 

– 1.57 (m, 2 H), 1.44 – 1.18 (m, 5 H), 1.15 – 1.03 (m, 4 H), 0.88 (t, J = 7.05 Hz, 3 H); 

13C NMR δ: (125 MHz, CDCl3) δ: 212.79, 169.11, 164.08, 114.02, 94.78, 60.50, 56.65, 

51.64, 51.01, 42.08, 39.40, 32.39, 32.07, 27.41, 23.50, 16.70, 14.08; HRMS (ESI–LTQ 

FT) calculated [M + H+] = 325.2006 for [C18H28O5 + H+], observed 325.20098, error 

1.16 ppm. 

Compound 1.89: The following procedure was initiated inside a glove box with 

a nitrogen atmosphere. To an oven-dried vial containing bis(copper(I) 

trifluoromethanesulfonate)-benzene complex ((CuOTf)2•PhH, 8.9 mg, 0.020 mmol, 

0.10 equiv.) was added 1.72 (7.1 mg, 0.039 mmol, 0.22 equiv.) independently dissolved 

in toluene (0.5 mL). After stirring for 5 minutes a solution of enol silyl ether (–)-1.62 

(72.0 mg, 0.177 mmol, 1.00 equiv.) dissolved in toluene (3.0 mL) was added. Upon 

mixing a green suspension was observed to evolve. The vial was then sealed using a 

PTFE/silicone septum and a threaded screw cap with hole and removed from the glove 

box. The reaction was then heated at 55°C. Upon complete consumption of starting 

material as judged by TLC (3.5 hours), the reaction was terminated by pouring into a 

separatory funnel containing HCl (20 mL, 1 M) and ethyl acetate (20 mL). Additional 

ethyl acetate (10 mL) was used to rinse the contents of the vial into the separatory 

funnel. The aqueous portion was extracted with additional ethyl acetate (10 mL). The 

combined organic portions were washed with aqueous saturated aqueous NaHCO3 

followed by saturated aqueous NaCl, dried over anhydrous MgSO4, and concentrated 
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under vacuum on a rotary evaporator. The resulting residue was used directly in 

removal of the methoxycarbonyl group as follows. After being transferred to a vial, the 

reaction vessel was sealed using a PTFE/silicone septum and a threaded screw cap with 

hole. The vial was then evacuated using high vacuum (the septum was pierced with a 

needle connected to a Schlenk manifold) and then refilled with argon. This process was 

repeated twice more. Then DMSO was added (1.0 mL) followed by water (25 µL). The 

reaction was stirred at 125°C for 1 hour and then the reaction mixture was directly 

concentrated under high vacuum. The resulting residue was purified by flash column 

chromatography (10→20% Et2O in hexanes) furnishing 27 mg (74%) of (+)-1.89 as a 

light yellow oil, Rf = 0.47 (30% ethyl acetate in hexanes); [α]D = +36.6 (αD = +0.421, c 

= 1.15, CH2Cl2); 
1H NMR (500 MHz, CDCl3) δ: 2.70 (dt, J = 19.35, 3.00 Hz, 1 H), 2.62 

– 2.46 (m, 5 H), 2.32 – 2.12 (m, 3 H), 2.06 (t, J = 6.20 Hz, 1 H), 1.94 – 1.85 (m, 1 H), 

1.37 (s, 3 H), 1.20 (d, J = 11.00 Hz, 1 H), 1.00 (s, 3 H); 13C NMR   (125 MHz, CDCl3) 

δ: 216.85, 216.40, 57.87, 50.13, 48.00, 44.25, 39.76, 38.09, 36.80, 32.61, 31.27, 27.00, 

22.70; HRMS (ESI–LTQ FT) calculated [M + H+] = 207.13798 for [C13H18O2 + H+], 

observed 207.1381, error –0.60 ppm. 

Compound 1.90: The following procedure was initiated inside a glove box with 

a nitrogen atmosphere. To an oven-dried vial containing bis(copper(I) 

trifluoromethanesulfonate)-benzene complex ((CuOTf)2•PhH, 9.3 mg, 0.018 mmol, 

0.10 equiv.) was added 1.72 (7.4 mg, 0.041 mmol, 0.22 equiv.) independently dissolved 

in toluene (0.5 mL). After stirring for 5 minutes a solution of enol silyl ether (±)-1.63 

(75.0 mg, 0.184 mmol, 1.00 equiv.) dissolved in toluene (3.2 mL) was added. Upon 

mixing a green suspension was observed to evolve. The vial was then sealed using a 
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PTFE/silicone septum and a threaded screw cap with hole and removed from the glove 

box. The reaction was then heated at 55°C. Upon complete consumption of starting 

material as judged by TLC (16 hours), the reaction was terminated by pouring into a 

separatory funnel containing HCl (20 mL, 1 M) and ethyl acetate (20 mL). Additional 

ethyl acetate (10 mL) was used to rinse the contents of the vial into the separatory 

funnel. The aqueous portion was extracted with additional ethyl acetate (10 mL). The 

combined organic portions were washed with aqueous saturated aqueous NaHCO3 

followed by saturated aqueous NaCl, dried over anhydrous MgSO4, and concentrated 

under vacuum on a rotary evaporator. The resulting residue was used directly in 

removal of the methoxycarbonyl group as follows. After being transferred to a vial, the 

reaction vessel was sealed using a PTFE/silicone septum and a threaded screw cap with 

hole. The vial was then evacuated using high vacuum (the septum was pierced with a 

needle connected to a Schlenk manifold) and then refilled with argon. This process was 

repeated twice more. Then DMSO was added (1.0 mL) followed by water (25 µL). The 

reaction was stirred at 100°C for 2 hours and then the reaction mixture was directly 

concentrated under high vacuum. The resulting residue was purified by flash column 

chromatography (15 → 20% Et2O in hexanes) furnishing 27 mg (70%) of (±)-1.90 as a 

clear solid, Rf = 0.50 (30% ethyl acetate in hexanes); 1H NMR   (500 MHz, CDCl3) δ: 

5.61 – 5.51 (m, 1 H), 5.11 – 5.08 (m, 1 H), 5.07 – 5.06 (m, 1 H), 3.15 (d, J = 18.60 Hz, 

1 H), 2.75 – 2.63 (m, 2 H), 2.42 – 2.32 (m, 3 H), 2.23 (dd, J = 18.35, 7.75 Hz, 1 H), 

2.18 – 2.01 (m, 2 H), 1.91 – 1.77 (m, 3 H), 1.08 (d, J = 6.45 Hz, 3 H); 13C NMR (125 

MHz, CDCl3) δ: 215.34, 212.08, 132.47, 118.85, 56.22, 46.45, 44.86, 43.55, 41.76, 
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41.10, 31.71, 30.06, 22.22; HRMS (ESI–LTQ FT) calculated [M + H+] = 207.13798 for 

[C13H18O2 + H+], observed 207.1387, error –3.49 ppm.  

Compound 1.91: The following procedure was initiated inside a glove box with 

a nitrogen atmosphere. To an oven-dried vial containing bis(copper(I) 

trifluoromethanesulfonate)-benzene complex ((CuOTf)2•PhH, 9.8 mg, 0.020 mmol, 

0.15 equiv.) was added 1.72 (7.8 mg, 0.043 mmol, 0.33 equiv.) independently dissolved 

in toluene (0.5 mL). After stirring for 5 minutes a solution of enol silyl ether (+)-1.54 

(53.0 mg, 0.130 mmol, 1.00 equiv.) dissolved in toluene (2.1 mL) was added. Upon 

mixing a green suspension was observed to evolve. The vial was then sealed using a 

PTFE/silicone septum and a threaded screw cap with hole and removed from the glove 

box. The reaction was then heated at 55°C. Upon complete consumption of starting 

material as judged by TLC (90 min.), the reaction was terminated by pouring into a 

separatory funnel containing HCl (20 mL, 1 M) and ethyl acetate (20 mL). Additional 

ethyl acetate (10 mL) was used to rinse the contents of the vial into the separatory 

funnel. The aqueous portion was extracted with additional ethyl acetate (10 mL). The 

combined organic portions were washed with aqueous saturated aqueous NaHCO3 

followed by saturated aqueous NaCl, dried over anhydrous MgSO4, and concentrated 

under vacuum on a rotary evaporator. The resulting residue was used directly in 

removal of the methoxycarbonyl group as follows. After being transferred to a vial, the 

reaction vessel was sealed using a PTFE/silicone septum and a threaded screw cap with 

hole. The vial was then evacuated using high vacuum (the septum was pierced with a 

needle connected to a Schlenk manifold) and then refilled with argon. This process was 

repeated twice more. Then DMSO was added (1.0 mL) followed by water (25 µL). The 
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reaction was stirred at 125°C for 1 hour and then the reaction mixture was directly 

concentrated under high vacuum. The resulting residue was purified by flash column 

chromatography (25% Et2O in hexanes) furnishing 18 mg (67%) of (+)-1.91 as a tan 

solid, Rf = 0.12 (25% Et2O in hexanes); [α]D = +178 (αD = +0.890, c = 0.50, CH2Cl2); 

1H NMR (500 MHz, CDCl3) δ: 4.86 – 4.83 (m, 1 H), 4.79 – 4.77 (m, 1 H), 3.19 (d, J = 

18.6 Hz, 1 H), 2.70 – 2.54 (m, 3 H), 2.47 – 2.40 (m, 1 H), 2.29 (dd, J = 18.44, 7.80 Hz, 

1 H), 2.15 – 2.05 (m, 2 H), 1.93 – 1.83 (m, 2 H), 1.77 (s, 3 H), 1.42 (s, 3 H); 13C NMR   

(125 MHz, CDCl3) δ: 215.17, 212.69, 146.54, 110.65, 104.99, 52.27, 47.24, 44.71, 

42.56, 41.84, 41.02, 28.38, 23.48, 20.72; HRMS (ESI–LTQ FT) calculated [M + H+] = 

207.13798 for [C13H18O2 + H+], observed 207.1377, error 1.33 ppm.  

Compound 1.92: The following procedure was initiated inside a glove box with 

a nitrogen atmosphere. To an oven-dried vial containing bis(copper(I) 

trifluoromethanesulfonate)-benzene complex ((CuOTf)2•PhH, 7.9 mg, 0.016 mmol, 

0.10 equiv.) was added 1.72 (6.2 mg, 0.034 mmol, 0.22 equiv.) independently dissolved 

in toluene (0.5 mL). After stirring for 5 minutes a solution of enol silyl ether (+)-1.64 

(86.0 mg, 0.156 mmol, 1.00 equiv.) dissolved in toluene (2.6 mL) was added. Upon 

mixing a green suspension was observed to evolve. The vial was then sealed using a 

PTFE/silicone septum and a threaded screw cap with hole and removed from the glove 

box. The reaction was then heated at 55°C. Upon complete consumption of starting 

material as judged by TLC (21 hours), the reaction was terminated by pouring into a 

separatory funnel containing HCl (20 mL, 1 M) and ethyl acetate (20 mL). Additional 

ethyl acetate (10 mL) was used to rinse the contents of the vial into the separatory 

funnel. The aqueous portion was extracted with additional ethyl acetate (10 mL). The 
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combined organic portions were washed with aqueous saturated aqueous NaHCO3 

followed by saturated aqueous NaCl, dried over anhydrous MgSO4, and concentrated 

under vacuum on a rotary evaporator. The resulting residue was used directly in 

removal of the methoxycarbonyl group as follows. After being transferred to a vial, the 

reaction vessel was sealed using a PTFE/silicone septum and a threaded screw cap with 

hole. The vial was then evacuated using high vacuum (the septum was pierced with a 

needle connected to a Schlenk manifold) and then refilled with argon. This process was 

repeated twice more. Then DMF was added (1.0 mL) followed by water (25 µL). The 

reaction was stirred at 140°C for 1.5 hours and then the reaction mixture was directly 

concentrated under high vacuum. The resulting residue was purified by flash column 

chromatography (30% ethyl acetate in hexanes) furnishing 34 mg (62%) of (+)-1.92 as a 

white solid, Rf = 0.19 (30% ethyl acetate in hexanes); [α]D = +99.06 (αD = +1.486, c = 

3.87, CH2Cl2); 
1H NMR   (500 MHz, CDCl3) δ: 7.85 (add, J = 5.55, 3.05 Hz, 2 H), 7.74 

(add, J = 5.45, 3.05 Hz, 2 H), 5.07 (s, 1 H), 4.99 (s, 1 H), 4.31 (d, J = 15.55 Hz), 4.24 

(d, J = 15.55 Hz), 3.16 (d, J = 18.60 Hz), 2.77 – 2.70 (m, 1 H), 2.68 – 2.60 (m, 2 H), 

2.50 – 2.46 (m, 1 H), 2.32 (dd, J = 18.60, 7.80 Hz, 1 H), 2.14 – 2.03 (m, 3 H), 1.90 – 

1.85 (m, 1 H), 1.41 (s, 3 H); 13C NMR (125 MHz, CDCl3) δ: 215.22, 212.27, 168.02, 

145.02, 134.27, 131.83, 123.52, 112.41, 52.37, 47.19, 44.57, 42.24, 41.69, 41.06, 37.41, 

28.94, 23.48; HRMS (ESI–LTQ FT) calculated [M + H+] = 352.15438 for [C21H21NO4 

+ H+], observed 352.1539, error 1.35 ppm.  

Compound 1.93: The following procedure was initiated inside a glove box with 

a nitrogen atmosphere. To an oven-dried vial containing bis(copper(I) 

trifluoromethanesulfonate)-benzene complex ((CuOTf)2•PhH, 7.0 mg, 0.014 mmol, 
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0.10 equiv.) was added 1.72 (5.6 mg, 0.031 mmol, 0.22 equiv.) independently dissolved 

in toluene (0.5 mL). After stirring for 5 minutes a solution of enol silyl ether (±)-1.66 

(59.0 mg, 0.140 mmol, 1.00 equiv.) dissolved in toluene (2.3 mL) was added. Upon 

mixing a green suspension was observed to evolve. The vial was then sealed using a 

PTFE/silicone septum and a threaded screw cap with hole and removed from the glove 

box. The reaction was then heated at 55°C. Upon complete consumption of starting 

material as judged by TLC (18 hours), the reaction was terminated by pouring into a 

separatory funnel containing HCl (20 mL, 1 M) and ethyl acetate (20 mL). Additional 

ethyl acetate (10 mL) was used to rinse the contents of the vial into the separatory 

funnel. The aqueous portion was extracted with additional ethyl acetate (10 mL). The 

combined organic portions were washed with aqueous saturated aqueous NaHCO3 

followed by saturated aqueous NaCl, dried over anhydrous MgSO4, and concentrated 

under vacuum on a rotary evaporator. The resulting residue was used directly in 

removal of the methoxycarbonyl group as follows. After being transferred to a vial, the 

reaction vessel was sealed using a PTFE/silicone septum and a threaded screw cap with 

hole. The vial was then evacuated using high vacuum (the septum was pierced with a 

needle connected to a Schlenk manifold) and then refilled with argon. This process was 

repeated twice more. Then DMSO was added (1.0 mL) followed by water (25 µL). The 

reaction was stirred at 125°C for 1.5 hours and then the reaction mixture was directly 

concentrated under high vacuum. The resulting residue was purified by flash column 

chromatography (20→30% Et2O in hexanes) furnishing 21 mg (68%) of (±)-1.93 as a 

light yellow oil, Rf = 0.61 (30% ethyl acetate in hexanes); 1H NMR (500 MHz, CDCl3) 

δ: 3.11 (d, J = 18.80 Hz, 1 H), 2.58 – 2.41 (m, 2 H), 2.14 (s, 2 H), 1.98 (d, J = 18.85 Hz, 
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1 H), 1.95 – 1.85 (m, 1 H), 1.85 – 1.71 (m, 3 H), 1.52 – 1.47 (m, 1 H), 1.33 – 1.21 (m, 4 

H), 1.19 (s, 3 H), 1.13 – 1.03 (m, 1 H), 0.89 (t, J = 6.95 Hz, 3 H); 13C NMR   (125 MHz, 

CDCl3) δ: 215.86, 213.22, 56.03, 48.64, 46.53, 37.21, 34.36, 28.85, 26.74, 23.45, 21.97, 

18.39, 14.08; HRMS (ESI–LTQ FT) calculated [M + H+] = 223.16928 for [C14H22O2 + 

H+], observed 233.1692, error 0.34 ppm. 

Compound 1.69: To a flame-dried vial was added rhodium (II) acetate 

(Rh2(AcO)4, 2.5 mg, 5.67 µmol, 0.02 equiv.) and sealed using a PTFE/silicone septum 

and a threaded screw cap with hole. The vial was then evacuated using high vacuum 

(the septum was pierced with a needle connected to a Schlenk manifold) and then 

refilled with argon. This process was repeated twice more. A solution of enol silyl ether 

(±)-1.32 (10.0 mg, 0.284 mmol, 1.00 equiv.) dissolved in CH2Cl2 (5.67 mL) was added 

via cannula transfer under an argon atmosphere. The reaction was allowed to stir at 

ambient temperature. Upon complete consumption of starting material as judged by 

TLC (1.5 hours), the reaction was terminated by pouring into a separatory funnel 

containing aqueous HCl (20 mL, 1 M) and ethyl acetate (20 mL). Additional ethyl 

acetate (10 mL) was used to rinse the contents of the vial into the separatory funnel. The 

aqueous portion was extracted with additional ethyl acetate (10 mL). The combined 

organic portions were washed with saturated aqueous NaHCO3 followed by saturated 

aqueous NaCl, dried over anhydrous MgSO4, and concentrated under vacuum on a 

rotary evaporator. The resulting residue was purified by flash column chromatography 

(10 → 50% ethyl acetate in hexanes) furnishing 49 mg (82%) of (±)-1.69 as a light 

yellow oil, Rf = 0.23 (50% ethyl acetate in hexanes); 1H NMR   (500 MHz, C6D6) δ: 

5.78 (s, 1 H), 3.24 (s, 3 H), 2.86 (s, 2 H), 2.62 (s, 2 H), 2.02 (t, J = 6.60 Hz, 2 H), 1.72 
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(t, J = 5.95 Hz, 2 H), 1.39 (q, J = 6.25 Hz, 2 H); 13C NMR (125 MHz, C6D6) δ: 197.27, 

196.85, 166.59, 155.35, 129.44, 51.42, 50.89, 47.93, 36.89, 28.93, 22.25; HRMS (ESI–

LTQ FT) calculated [M + H+] = 211.09648 for [C11H14O4 + H+], observed 211.0965, 

error –0.11 ppm.  

Compound 1.94: To a solution of (R)-5-(3-bromoprop-1-en-2-yl)-2-

methylcyclohex-2-en-1-one 32 in DMF (5.24, 0.10 M) was added potassium pthalimide 

(116 mg, 0.629 mmol, 1.2 equiv.). The solution was heated at 45°C and allowed to stir. 

Upon complete consumption of starting material as judged by TLC (45 minutes) the 

reaction was terminated by pouring into a separatory funnel containing water (30 mL) 

and Et2O (30 mL). Additional Et2O (10 mL) was used to rinse the contents of the flask 

into the separatory funnel. The aqueous portion was extracted twice with additional 

Et2O (15 mL). The combined organic portions were washed 5 times with water (5 mL) 

followed by saturated aqueous NaHCO3, saturated aqueous NaCl, dried over anhydrous 

MgSO4, and concentrated under vacuum on a rotary evaporator. The resulting residue 

was purified by flash column chromatography (10% acetone in hexanes) furnishing 130 

mg (84%) of (−)-1.94 as a beige solid, Rf = 0.17 (20% ethyl acetate in hexanes); [α]D = 

–27.9 (αD = –0.248, c = 0.89, CH2Cl2); 
1H NMR (400 MHz, CDCl3) δ: 7.87 (add, J = 

3.08, 5.52 Hz, 2 H), 7.74 (add, J = 3.08, 5.44 Hz, 2 H), 6.78 – 6.74 (m, 1 H), 5.00 (s, 1 

H), 4.98 (d, J = 0.84 Hz, 1 H), 4.32 (d, J = 15.72 Hz, 1 H), 4.26 (d, J = 15.72 Hz, 1 H), 

2.80 – 2.60 (m, 3 H), 2.45 (d, J = 13.00 Hz, 1 H), 2.41 (d, J = 13.00 Hz, 1 H), 1.77 (m, 

1 H); 13C NMR (75 MHz, CDCl3) δ: 199.24, 168.14, 144.97, 144.27, 135.71, 134.30, 

132.06, 123.60, 112.00, 43.04, 41.03, 39.02, 31.61, 15.86; HRMS (ESI–LTQ FT) 
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calculated [M + H+] = 296.12808 for [C18H17NO3 + H+], observed 296.1278, error 0.93 

ppm.  

Compound 1.95: To a round bottom flask was added (R)-5-acetyl-2-

methylcyclohex-2-en-1-one 33 (418.0 mg, 2.75 mmol, 1.00 equiv.) and p-toluenesulfonic 

acid monohydrate (TsOH•H2O, 522.0 mg, 2.75 mmol, 1.00 equiv.). Then ethylene 

glycol (13.73 mL, 0.2 M) was added via syringe and the flask was left open to the 

ambient atmosphere and the reaction was allowed to stir for 45 minutes. The reaction 

was terminated by pouring into a separatory funnel containing saturated aqueous 

NaHCO3 (40 mL) and ethyl acetate (40 mL). Additional ethyl acetate (10 mL) was used 

to rinse the contents of the flask into the separatory funnel. The aqueous portion was 

extracted an additional three times with additional ethyl acetate (15 mL). The combined 

organic portions were washed with saturated aqueous NaCl, dried over anhydrous 

MgSO4, and concentrated under vacuum on a rotary evaporator. The resulting residue 

was purified by flash column chromatography (15% ethyl acetate in hexanes) furnishing 

490 mg (91%) of (–)-1.95 as a light yellow oil, Rf = 0.24 (20% ethyl acetate in 

hexanes); [α]D = –49.5 (αD = –1.55, c = 3.13, CH2Cl2); 
1H NMR (400 MHz, CDCl3) δ: 

6.75 – 6.70 (m, 1 H), 4.00 – 3.88 (m, 4 H), 2.65 – 2.60 (m, 1 H), 2.48 – 2.40 (m, 1 H), 

2.37 – 2.22 (m, 3 H), 1.76 (m, 3 H), 1.28 (s, 3H); 13C NMR (100 MHz, CDCl3) δ: 

199.88, 144.64, 135.48, 110.10, 65.19, 65.10, 43.98, 39.23, 27.21, 21.77, 15.85; HRMS 

(ESI–LTQ FT) calculated [M + H+] = 197.11718 for [C11H16O3 + H+], observed 

197.1171. 
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Spectrum 1.1: Compound 1.57 1H NMR   
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Spectrum 1.2: Compound 1.57 13C NMR   



70 

 

 

 

Spectrum 1.3: Compound 1.75 1H NMR  
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Spectrum 1.4: Compound 1.75 13C NMR   
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Spectrum 1.5: Compound 1.76 1H NMR  
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Spectrum 1.6: Compound 1.76 13C NMR   
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Spectrum 1.7: Compound 1.58 1H NMR  
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Spectrum 1.8: Compound 1.58 13C NMR   
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Spectrum 1.9: Compound 1.77 1H NMR 
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Spectrum 1.10: Compound 1.77 13C NMR 
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Spectrum 1.11: Compound 1.78 1H NMR 
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Spectrum 1.12: Compound 1.78 13C NMR   
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Spectrum 1.13: Compound 1.60 1H NMR  
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Spectrum 1.14: Compound 1.60 13C NMR  
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Spectrum 1.15: Compound 1.79 1H NMR  
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Spectrum 1.16: Compound 1.79 13C NMR  
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Spectrum 1.17: Compound 1.61 1H NMR  
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Spectrum 1.18: Compound 1.61 13C NMR  
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Spectrum 1.19: Compound 1.80 1H NMR  
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Spectrum 1.20: Compound 1.80 13C NMR  
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Spectrum 1.21: Compound 1.62 1H NMR  
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Spectrum 1.22: Compound 1.62 13C NMR  
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Spectrum 1.23: Compound 1.81 1H NMR  
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Spectrum 1.24: Compound 1.81 13C NMR  
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Spectrum 1.25: Compound 1.63 1H NMR  
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Spectrum 1.26: Compound 1.63 13C NMR  
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Spectrum 1.27: Compound 1.82 1H NMR  
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Spectrum 1.28: Compound 1.82 13C NMR  
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Spectrum 1.29: Compound 1.54 1H NMR  
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Spectrum 1.30: Compound 1.54 13C NMR  
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Spectrum 1.31: Compound 1.83 1H NMR  
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Spectrum 1.32: Compound 1.83 13C NMR  
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Spectrum 1.33: Compound 1.64 1H NMR  

  



101 

 

 

 

 

Spectrum 1.34: Compound 1.64 13C NMR  
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Spectrum 1.35: Compound 1.84 1H NMR  
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Spectrum 1.36: Compound 1.84 13C NMR  
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Spectrum 1.37: Compound 1.65 1H NMR  
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Spectrum 1.38: Compound 1.65 13C NMR  
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Spectrum 1.39: Compound 1.85 1H NMR  
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Spectrum 1.40: Compound 1.85 13C NMR  
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Spectrum 1.41: Compound 1.66 1H NMR  
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Spectrum 1.42: Compound 1.66 13C NMR  

  



110 

 

 

 

 

Spectrum 1.43: Compound 1.86 1H NMR  
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Spectrum 1.44: Compound 1.86 13C NMR  
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Spectrum 1.45: Compound 1.89 1H NMR  
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Spectrum 1.46: Compound 1.89 COSY  
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Spectrum 1.47: Compound 1.89 NOESY  
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Spectrum 1.49: Compound 1.90 1H NMR  
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Spectrum 1.50: Compound 1.90 13C NMR  
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Spectrum 1.51: Compound 1.91 1H NMR  
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Spectrum 1.52: Compound 1.91 13C NMR  
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Spectrum 1.53: Compound 1.92 1H NMR  
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Spectrum 1.54: Compound 1.92 13C NMR  

  



122 

 

 

 

 

Spectrum 1.55: Compound 1.93 1H NMR  
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Spectrum 1.56: Compound 1.93 13C NMR  
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Spectrum 1.57: Compound 1.94 1H NMR  
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Spectrum 1.58: Compound 1.94 13C NMR  
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Spectrum 1.59: Compound 1.95 1H NMR  
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Spectrum 1.60: Compound 1.95 13C NMR  
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Spectrum 1.61: Compound 1.69 1H NMR  
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Spectrum 1.62: Compound 1.69 13C NMR  

  



130 

 

 

 

This chapter, in part is a reprint of material as it appears in Cyclopentannulation 

of Conjugated Enones Using a Vinyldiazomethane-Based Reagent in Journal of the 

American Chemical Society, 2013. Del Bel, Matthew; Rovira, Alexander; Guerrero, 

Carlos A., 2013. The dissertation author was the primary author of this paper.  
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Chapter 2 

Total Synthesis of (−)-Viridin 

2.1 Introduction 

Virdin (2.1) was isolated in 1945 as an antifungal metabolite of the fungus 

Gliocaoldium virens 34. The structure was assigned in 1966 based upon extensive NMR 

spectroscopy and degradation studies 35. X-ray crystallography in 1972 confirmed the 

structure and relative configuration 36. 

 

Figure 2.1: Selected furanosteroids 

Initially, there was uncertainty regarding the biosynthesis of viridin due to its 

unusual furan ring. However, in 1968 feeding studies using [2-14C]mevalonic acid 

(Figure 2.2) revealed that viridin has triterpene (steroidal) precursors rather than those 

found in diterpenes. With this knowledge, the absolute stereochemistry was assigned to
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contain the β-C-10 methyl found in lanosterol 37. In addition, demethoxyviridin  

biosynthesis has been extensively studied using isotopically labeled acetate and 

mevalonate to provide additional evidence for the triterpene pathway 38 39. The non-

decalin carbon in the furan arises from oxidative demethylation via decarboxylation of a 

C-4 methyl from lanosterol. This is consistent with the normal mammalian steroid 

pathway.  

 

Figure 2.2: Biosynthetic feeding studies of furanosteroids 

Viridin and its analogs have been extensively studied for their therapeutic 

properties 40. Initial studies focused on both fungistatic and antibiotic activity of these 
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molecules 41. However, their use in these areas is now overshadowed by their potential 

application as inhibitors of PI-3 kinase, a cell-signaling protein of interest in cancer and 

inflammation pathways 42. The bioactivity of viridin has been briefly studied, however 

most of the knowledge derives from the more studied wortmannin. The key feature of 

these molecules is the electron deficient furan ring, which acts as an extremely potent 

Michael acceptor for covalent linkage to proteins. In addition to the electron-

withdrawing groups, there is a tremendous amount of strain in the tricyclic decalin-

furan system of these molecules caused by the high number of contiguous sp2-

hybridized carbons, which further amplifies the reactivity. Calculations suggest that this 

causes approximately 12.1 kcal/mol of strain 43.  

The high reactivity of these furanosteroids allows them to be very potent, 

covalent inhibitors of PI3-K and other kinases. In addition to covalent inhibition, 

wortmannin has many noncovalent interactions with PI3-K that lead to a moderate 

amount of specificity 43. Modeling and x-ray crystallography of a co-crystal 44 suggests 

that wortmannin’s inherent affinity for the binding domain of PI3-K is itself sufficient  

 

Figure 2.3: Wortmannin mechanism of action 
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to cause bimodal inhibition 44. Therefore, the noncovalent interactions are sufficient to 

inhibit the enzyme, while the covalent linkage with Lys-802 (Figure 2.3) makes this 

irreversible. 

Medicinal chemists at Eli Lilly have thoroughly studied analogs of both viridin 

45 and wortmannin 46 that can be accessed from the parent natural products or isolated 

alongside them for their ability to inhibit PI3-K. The IC50 of these molecules was 

determined using radiolabeled ATP and PtdIns, the primary substrate for PI3-K in intact 

cells, as a substrate for phosphorylation. After a brief incubation with purified PI3-K, 

the concentration of radiolabeled PtdIns could be determined and quantified. 

Furanosteroids that contain a doubly electron-withdrawn furan are quite potent 

inhibitors of PI3-K (Figure 2.4). Unfortunately, many of these compounds also rapidly  

 

Figure 2.4: PI3-K IC50 values for wortmannin analogs  
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degrade under physiological conditions, limiting their applications as therapeutics 40. 

Viridin itself instantly decomposes in aqueous solutions at pH 7.5 34. Compound 2.12 

which possesses decreased electrophilicity also completely loses its ability to inhibit 

PI3-K. 

Another key observation drawn from the Lilly study is that the D-ring seems to 

play a large role in the binding affinity of these molecules 46. Compounds 2.10 and 2.11 

have drastically different IC50 values despite their relatively similar structure. 

Unfortunately, semi-synthesis allows access to only a small variety of D-ring analogs 

that have already been exhausted. Facile access to a wide range of D-ring analogs is 

necessary to thoroughly perform structure activity relationship studies. This requires a 

properly modular, practical total synthesis of these molecules. Despite these molecules’ 

high potency for inhibiting PI3-K, instability and facile analog synthesis have limited 

the use of these molecules as successful therapeutic agents. 

Significant progress has been made to address the instability of these molecules. 

Treatment of wortmannin with nucleophiles leads to a variety of furan ring-opened pro-

drugs that are physiologically stable (Figure 2.5) 47. This stability allows these 

molecules to effectively reach the active site of PI3-K and covalently bind to the 

enzyme upon acid-catalyzed removal of the nucleophile. Secondary amines prefer to 

form the E-enamine, whereas primary amines prefer a Z-configuration due to an 

internal hydrogen bond to the carbonyl oxygen (PX-880). The most promising 

compound, PX-866, has superior solubility, is physiologically stable, and a more potent 

inhibitor of PI3-K than wortmannin itself. Initial promising results in tumor inhibition 
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have been achieved using PX-866 and it is currently being studied in a Phase II clinical 

trial for castration-resistant prostate cancer 48.  

 

Figure 2.5: Wortmannin derived PI3-K pro-drugs 

2.2 Previous Syntheses 

Given the structural complexity and impressive bioactivity of these molecules, it 

is not surprising that both viridin and wortmannin have been targets of total synthesis. 

The Shibakasaki laboratory has conducted extensive investigations into a purely 

chemical synthesis of wortmannin. They completed a 36-step semisynthesis starting 
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from hydrocortisone in 1996 49. Their first total synthesis starting from methyl vinyl 

ketone took 46 steps and was completed in 2002 50.  A key intermediate was later 

synthesized enantioselective, completing a formal asymmetric synthesis of wortmannin 

in 51 total steps 51. The Sorensen group completed a 29-step racemic synthesis of viridin 

in 2004 52. Additionally, the Jacobi 53, Rodrigo 54, Banwell 55, and Keay 56 groups have 

published synthetic studies toward viridin. 

The Sorensen synthesis commences by constructing the CD ring system of 

viridin using a rhodium-catalyzed alkyne trimerisation 57 to yield the aromatic ring 

(Figure 2.6). Oxidation, nucleophilic addition of the furyl lithium fragment, and a 

protection set the stage for a tandem 4π-conrotatory electrocyclic ring-opening 6π-

disrotatory electrocyclization. This process is followed by an immediate in situ 

oxidation with DDQ to yield 2.16. The remainder of the carbon skeleton of viridin is 

constructed via a one-pot allylation of the phenol 58 followed by a mechanistically 

unclear allyl transfer reaction 59 from the phenol oxygen to the para position to yield 

2.18. Ring-closing metathesis furnishes 60 2.19, which is subjected to SeO2 for allylic 

oxidation.  

Unfortunately the resulting alcohol from SeO2 oxidation has undesired 

stereochemical configuration that must be inverted via an oxidation/reduction sequence 

to generate 2.20. An allylic alcohol-directed Donohoe dihydroxylation using 

stoichiometric OsO4 
61 sets the stereochemistry of the adjacent stereocenters in 2.21. To 

date, no sub-stoichiometric version of this oxidation is known. Further elaboration of 

2.21 via an 8-step process yields viridin. This involves a 4-step protection group 
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sequence before a methylation occurs on the unprotected C-2 alcohol. Subsequent 

deprotections and oxidations yield viridin.  

 

 

Figure 2.6: Sorensen’s (±)-viridin synthesis 

This impressive first generation synthesis of viridin provides many insightful 

lessons for future synthetic endeavors. A key feature of the retrosynthetic plan is the 

final oxidation of the C-3 alcohol to yield to the Michael acceptor warhead found in 

viridin. This is likely pivotal to the success of this synthesis since the natural product is 
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very unstable to both base and weak nucleophiles when a diketofuran intermediate is 

involved. However, the synthesis suffers from a few shortcomings. Unfortunately, it is 

fairly lengthy and linear which will limit its use it generating analogs. Since the D-ring 

is generated early in the synthesis, one would have a very difficult time in making the 

analogs that are desired by medicinal chemists at Eli Lilly. Deep-seated structural 

changes to the D-ring would be equally lengthy, if not more so than making the natural 

product from 2.13. Additionally, majority of the synthesis is performed by carrying 

forward diastereomers, due to the D-ring benzylic alcohol, together. It would be 

beneficial to avoid this issues for ease of purification and characterization. Finally, the 

synthesis generates racemic material, which further detracts from its practicality.  

2.3 Retrosynthesis 

Taking into account the lessons learned from the Sorensen synthesis as well as 

the desire to construct D ring analogs, we developed a retrosynthesis that would address 

these issues. The idea of performing the A-ring oxidations at the end of the synthesis is 

very appealing since it will help increase stability of intermediates. However it seems 

that triol system 2.21 necessitates the use of tedious protecting-group chemistry in order 

to complete the synthesis. Therefore, rather than targeting Sorensen’s 2.19, we proposed 

targeting compound 2.22 (Figure 2.7) which will allow for a different late-stage 

oxidation strategy that does not rely on a stoichiometric osmium-directed reaction and 

will differentiate the sites of oxidation. 

Oxidation of 2.22 could potentially be achieved by using a Woodward-Prevost 62 

dihydroxylation of the alkene. Mechanistically, this should provide complementary 

stereochemistry to a standard osmium-catalyzed dihydroxylation since this reaction 
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occurs via stereochemical inversion of an initially formed iodonium intermediate. 

Additionally, it will not require a directing group, as in the Donohoe dihydroxylation 

used by Sorensen. Selective methylation of the resulting C-2 alcohol, followed by a 

benzylic oxidation of the C-3 carbon would lead to viridin. Not having a C-3 alcohol 

prior to methylation should drastically cut down on the amount of protecting group 

manipulations necessary to obtain viridin. Although originally planned this way, we 

ultimately found that this exact oxidation strategy failed due to difficulties in achieving 

benzylic oxidation at C-3.  

 

Figure 2.7: Proposed viridin retrosynthesis 

Compound 2.22 triggered a retrosynthetic disconnection for an intramolecular 

asymmetric Heck reaction 63. This powerful reaction should be a straightforward way to 

render the synthesis enantioselective since it would set the important quaternary 

stereocenter. This strategy has successfully been used by Keay to construct a similar 

ring system found in xestoquinone 64. The resulting axial methyl group can assist in 
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controlling the stereochemistry of the remaining stereocenters found in viridin. Prior to 

this, a ketone synthesis using relatively simple compounds 2.24 and 2.25 should allow 

for a reasonably convergent synthesis. The activated carboxylic acid on 2.25 can serve 

as an effective electrophile towards the inherently nucleophilic furan 2.24 to generate 

bis-aryl ketone 2.22. This can potentially be achieved using either a Friedel-Crafts 

reaction or by lithiation of the furan. 

Using this strategy, two relatively simple, pre-coupled compounds could be 

made from commercially available compounds 2.26 and 2.27 with standard chemistry. 

Additionally, compound 2.24 can be altered and readily coupled to the furan fragment 

of the molecule, allowing access to indanone analogs. More importantly, non-indanone 

analogs, such as heterocycles, could be used instead of compound 2.24 to generate 

vastly different analogs that are inaccessible using semi-synthesis. 

2.4 Synthesis of Viridin 

Our studies began by first addressing the synthesis of the furan fragment (Figure 

2.8). A known 3-step procedure from Keay 64 was adopted to generate 2.28. Next, 

activation of the benzylic alcohol for displacement with an allyl group was desired. We 

found that the use of methanesulfonyl chloride yields the chlorinated compound 2.29 

rather than the mesylate. This process is known to occur on benzylic systems or 

reactions performed at elevated temperatures 65 and is of no consequence since the 

following step is a SN2 reaction using allylmagnesium bromide. Ring-closing metathesis 

60 furnishes cyclohexene 2.31. In practice the synthesis of this fragment is quite facile 

due to high yields and ease of purification of this sequence. Compounds 2.29 – 2.31 are 
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all readily purified on multi-gram scale using a short column of silica gel that is flushed 

with 100% hexanes to yield pure material. 

Unfortunately 2.31 could not be successfully used in a Friedel-Craft reaction to 

generate a biaryl ketone. Recovering the furan starting material after these reactions was 

unsuccessful, indicating decomposition. However, lithiation using n-BuLi followed by 

 

Figure 2.8: Stanylfuran synthesis 

quenching with trimethyltin chloride afforded stannylfuran 2.32 for use in a palladium-

catalyzed cross-coupling. It is notable that compound 2.32 is not very stable, therefore 

for best results it is used immediately, without purification, in the next reaction. The 

instability is likely caused by protodestannylation, a known issue with 2-heterocyclic 

metal compounds 66.  

For the indanone fragment synthesis (Figure 2.9) a known 2-step procedure from 

Furstner 67 was adopted to generate 2.33. This compound was subjected to a Heck 

reaction using benzyl acrylate. The addition of tetramethylammonium bromide greatly 
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increased the yield and reproducibility of this reaction. Using tetraalkylammonium salts 

to increase the yield of Heck reactions is a known phenomenon 68. It is proposed that the 

coordination of the halide ions help stabilize the catalyst, allowing for a more efficient 

regeneration of Pd(0) 69.  

 

Figure 2.9: Indanone synthesis 

Compound 2.34 was subjected to palladium on carbon and hydrogen gas, which 

causes hydrogenation of the alkene, followed by a hydrogenolysis of the benzylic ester. 

Fortunately, reduction of the alkene is observed before removal of the benzyl group, 

allowing this reaction to be monitored by thin-layer chromatography. Initial success in 

generating compound 2.36 was achieved by performing a traditional 2-step Friedel-

Crafts reaction via the intermediacy of an acid chloride, followed by treatment of AlCl3. 

Afterwards, a saponification of the acetonide could yield compound 2.36. However, this 

reaction performed poorly on scales above 500 mg and was severely limiting material 

throughout the synthesis. To rectify this problem we found that treatment of compound 
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2.35 with neat chlorosulfonic acid 70 would not only perform the Friedel-Crafts reaction, 

but had the additional benefit of removing the acetonide in one pot. Thioester formation 

was achieved using phenyl disulfide and tributylphosphine 71. The combination of these 

reagents generates an extremely powerful dehydrating agent that produces 

tributylphosphine oxide as a by-product. Indanone fragment synthesis is completed by a 

simple triflation to yield 2.37.  

At this point, fragments 2.32 and 2.37 were ready to be coupled together using a 

Liebeskind reaction 72 (Figure 2.10). Notably, compound 2.37 contains two potential 

sites of oxidative addition by palladium. Fortunately under mild conditions, selective 

oxidative addition of the thioester was achieved without detectable amounts of products 

resulting from reaction with the triflate. A stoichiometric amount of copper in the form 

of CuDPP 73 is an essential component of this reaction that is believed to remove sulfur 

from palladium prior to transmetalation. The use of tri(2-furyl)phosphine as a ligand 

was found to be optimal for this system. Reactions using other ligands suffered from 

lower conversion and were accompanied by noticeable amounts of decarbonylated, 

coupled product.  

After successful bisaryl ketone formation, it was time to investigate the 

intramolecular asymmetric Heck reaction 63. Initial success was achieved using racemic 

BINAP as a ligand along with DIPEA as base. However, significant amounts of 2.41 

were isolated along with the desired compound 2.40. Although either compound could 

potentially be useful, it is important to note that compound 2.41 is very similar to 

Sorensen’s 2.19 and would likely require the same lengthy oxidation and protection-

heavy sequence to yield viridin. Another downside of this side product is that it greatly 
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Figure 2.10: Key coupling reactions 

hinders purification of 2.40. Separation was possible, however it required the use of 

silver nitrate-infused silica gel 74. While useful on analytical scale, this was not a 

desirable solution for scale-up.  

Alkene migration is assumed to occur via a Pd (II) hydride insertion 75 into the 

newly-formed alkene, which allows β-hydride elimination to form the more 

thermodynamically favored, conjugated compound. In some cases this process can be 

suppressed by using more powerful amine bases 76, however we had no success using 

this strategy. Fortunately, we found that tBuPhox 77, a chiral, bidentate phosphorous-

oxazoline ligand, completely suppressed alkene migration. This is a known beneficial 
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property of PHOX-based ligands and is one of the reasons they are becoming ligands of 

choice for asymmetric Heck reactions 78. Additionally, compound 2.40 was generated in 

greater than 99% enantiomeric excess by using this powerful chiral ligand.  

With the entire skeleton of viridin now present, it was time to begin oxidation of the A-

ring (Figure 2.11). First, an Upjohn dihydroxylation 79 was carried out to yield 2.42. The 

axial methyl group on the decalin system blocks the approach of osmium from the β-

face of the molecule, resulting in >20:1 diastereoselectivity for compound 2.42. 

Although the diol stereochemistry is opposite of that found in the natural product, this is 

of no consequence since this reaction is immediately followed by a double Swern 80 

oxidation to yield a diosphenol. The resulting diosphenol is unstable to silica gel 

chromatography so it is directly methylated to yield compound 2.43, which is readily 

purified. The use of this trapped disophenol is a key strategic move that allows 

functionalization of the C-3 position. Initial studies on related compounds indicated that 

benzylic oxidation of this position would not be possible and that functionalization 

would be necessary before the ketone was installed.  

Next, a desilyation of the furan was desired. However, compound 2.43 was 

found to be moderately unstable towards TBAF when attempts to remove the TBS 

group were investigated. Fortunately, proto-desilyation could cleanly be achieved using 

a 1:1 solvent mixture of TFA and nitromethane. Selective reduction of the C-1 ketone, 

rather than C-17, proved difficult to achieve by using standard reducing agents. A 

simple solution to this problem involves a telescoped reaction where C-17 is enolized 

using TBSOTf, followed by a selective reduction at C-1 with borane. Finally, a 

desilylative workup with trimethylamine HF complex removed the protecting group 



147 

 

 

from the D-ring. This reaction is performed in a single flask and is a convenient way to 

formally achieve selective reduction.  

 

Figure 2.11: End-game oxidation strategy 

Afterwards, a Rubottom-like 81 oxidation is performed using peracetic acid. 

Pivotal to the success of this reaction is the choice of methanol as solvent to yield the 

dimethyl ketals found in 2.46 and 2.47. If a non-protic solvent is used, one would 

expect to isolate the ketone rather than the dimethyl ketal. However, when the reaction 

is performed in DCM, the product generated is not stable enough to be characterized by 

crude NMR, indicating that the ketone itself is likely very unstable. Additionally, no 

detectable amounts of epoxide-containing intermediate are present in the crude NMR or 
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TLC, indicating that it rapidly converts into the dimethyl ketal under the reaction 

conditions. Unfortunately, high diastereoselectivity is not achieved for this process. 

Steric effects of the axial decalin methyl greatly favor reagent approach from the α-face. 

However, hydrogen bonding to the neighboring alcohol causes the reagent to be 

directed to the β-face 82. Overall, it seems that the steric effects are slightly more 

powerful than the hydrogen bond direction in this case, allowing the α-hydroxyl 

compound to be the major diastereomer. Fortunately, both diastereomers are readily 

separated and can be carried forward individually to yield viridin. Ultimately this 

stereocenter is of no consequence since it is oxidized to a ketone in the final natural 

product. 

The dimethyl ketal was immediately demethoxylated using TMSOTf as a Lewis 

acid combined with either borane or triethylsilane as a hydride source 83. The axial 

methyl group allows this reaction to be highly diastereoselective for both diastereomers. 

This strategy is a much more rapid way to form the methyl ether when compared to 

hydrolysis, reduction, and selective methylation. This is particularly advantageous for 

this system due to the presence of other free alcohols. By comparison, Sorensen triol 

system 2.21 requires multiple protecting groups before selective methylation at C-2 can 

occur. Final oxidation of viridiol and epi-viridiol was achieved using stoichiometric 

amounts of TEMPO and (diacetoxyiodo)benzene 84.  

2.5 Conclusion 

In conclusion, we have completed the synthesis of (−)-viridin in 17 linear steps 

from commercially available material. The sequence produces the compound with 

greater than 99% ee and is relatively convergent. The rapid furanosteroid core synthesis 
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allows facile access to analogs in various parts of the molecule. Most importantly, we 

anticipate that this strategy will facilitate access to simplified analogs of viridin that 

have variation in the D-ring. This synthetic outline can guide further synthetic 

campaigns aimed at probing the structure activity relationship of this natural product 

family. Additionally, there are some interesting and rare reactions performed in this 

synthesis that have applications in other synthetic endeavors. Most notably, the use of 

chlorosulfonic acid for a Friedel-Crafts reactions, the protodesilylation of the furan, and 

the demethoxylation of the dimethyl ketal are somewhat esoteric reactions that are 

excellent alternatives strategies for constructing their respective functionality. Their use 

in this natural product total synthesis highlights their practicality and draws attention to 

their potential application in other situations. 

2.6 Experimental 

General procedures and materials: All reactions were carried out under an 

inert argon atmosphere with anhydrous solvents under anhydrous conditions unless 

otherwise stated. Anhydrous dichloromethane (CH2Cl2) and toluene were obtained by 

passing these previously degassed solvents through activated alumina columns unless 

otherwise stated. Reaction concentrations are calculated neglecting the volume of 

starting materials and added reagents (either solid or liquid) unless otherwise stated; 

conversely, solutions of reagents generated “in-house” are corrected unless otherwise 

stated. Organic solvents used for transfers and/or aqueous workup include 

dichloromethane (CH2Cl2), diethyl ether (Et2O), ethyl acetate (EtOAc), or hexanes of 

ACS reagent grade specification or similar levels of purity. Yields refer to isolated 

material that was found to be chromatographically and spectroscopically homogenous 
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unless otherwise stated. Reactions were monitored by thin layer chromatography (TLC) 

using glass plates pre-coated with a 0.25 mm layer of silica gel (60 Å pore size) 

impregnated with a fluorescent indicator (254 nm); these were visualized by exposure to 

ultraviolet light and subsequent staining with acidic ethanolic anisaldehyde; basic 

aqueous potassium permanganate (KMnO4); ethanolic phosphomolybdic acid (PMA); 

acidic, aqueous ceric ammonium molybdate (CAM); or acidic ninhydrin in 1-butanol 

followed by heating on a laboratory hot plate for 5–60 seconds (~250 °C). Purifications 

of intermediates were performed according to the procedures of Still and coworkers 

using Aldrich silica gel (catalog # 717185, 60 Å pore size, 40–63 µm particle size, 230–

400 mesh) using ACS reagent grade solvents (of aforementioned purity). “High 

vacuum” refers to pressures <1 Torr typically achieved with the use of a belt-driven oil 

pump. 

Instrumentation: Proton nuclear magnetic resonance (1H MNR) spectra were 

recorded on 400 MHz Varian Mercury, 500 MHz Jeol ECA 500, or 500 MHz Varian 

VX 500 instruments, with the latter equipped with an XSens Cold Probe, and calibrated 

using residual monoprotio-solvent (benzene: @ 7.16 ppm 1H NMR, 128.0 ppm 13C 

NMR, chloroform: @ 7.26 ppm 1H NMR, 77.0 ppm 13C NMR). Multiplicities are 

abbreviated as followed: s = singlet, d = doublet, t = triplet, q = quartet, b = broad, a = 

apparent, or combinations thereof. Each discrete signal is reported as follows: chemical 

shift in parts per million (multiplicity, coupling constant in Hertz, integration). Carbon 

nuclear magnetic resonance spectra (13C NMR) data were recorded on the same 

instruments mentioned above at either 100 or 125 MHz or on a 300 MHz Varian 

Mercury spectrometer recording at 75 MHz. Each discreet signal is reported as follows: 
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chemical shift in parts per million. No correction (integration) is made for signals that 

display identical chemical shifts due to local symmetry. High resolution mass 

spectroscopy data (HRMS) were recorded on a VG7070 HS or on a VG ZAB-ZSE mass 

spectrometer. Optical rotation measurements were made on a Jasco P-1010 polarimeter. 

Compound 2.29: To a 250 mL flask was added 2.28 64 (6.15 g, 24.4 mmol, 1.00 

equiv.). The flask was evacuated using high vacuum and then refilled with argon. This 

process was repeated twice more before the flask was removed from the manifold and 

rapidly sealed using a rubber septum equipped with a balloon filled with argon. Then 

DCM (61 mL, 0.40 M) was added via syringe and the flask cooled to 0°C and allowed 

to stir. Triethylamine (5.09 mL, 36.5 mmol, 1.50 equiv.) was added via syringe 

followed by methanesulfonyl chloride (2.28 mL, 29.2 mmol, 1.20 equiv.) via syringe. 

After addition of reagents the solution was allowed to warm to room temperature. Upon 

complete consumption of starting material as judged by TLC (16 hours), the reaction 

was terminated by transferring the solution to a separatory funnel containing saturated 

aqueous NaHCO3 (50 mL) and ether (100 mL). After shaking and separation, the 

organic portion was washed with saturated aqueous NaCl, dried over anhydrous 

MgSO4, and concentrated under vacuum on a rotary evaporator. The resulting residue 

was purified by flash column chromatography (100% hexanes) furnishing 5.60 g (85%) 

of 2.29 as a clear oil, Rf = 0.43 (100% hexanes); 1H NMR (500 MHz, Chloroform-d) δ: 

7.58 (s, 1H), 5.37 (dd, J = 1.5, 0.8 Hz, 1H), 5.12 (dd, J = 1.5, 0.8 Hz, 1H), 4.63 (s, 2H), 

2.06 (dd, J = 1.5, 0.8 Hz, 3H), 0.93 (s, 9H), 0.35 (s, 6H); 13C NMR (126 MHz, 

Chloroform-d) δ: 159.34, 144.92, 134.75, 130.79, 126.56, 113.86, 37.82, 26.55, 23.97, 
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17.49, -5.669; HRMS – (ESI–TOF) calculated [M + H+] = 271.1279 for [C14H23ClOSi + 

H+], observed 271.1279, error: 0 ppm.  

Compound 2.30: To a 250 mL flask was added 2.29 (5.60 g, 20.7 mmol, 1.00 

equiv.). A water condenser was attached to the top of flask and evacuated using high 

vacuum and then refilled with argon. This process was repeated twice more before the 

flask was removed from the manifold and rapidly sealed using a rubber septum 

equipped with a balloon filled with argon. Then THF (69 mL, 0.30 M) was added via 

syringe and allowed to stir. Allyl magnesium chloride (36.0 mL, 1.15 M in THF, 41.3 

mmol, 2.00 equiv.) was added via syringe. The solution was heated to reflux (66°C). 

Upon complete consumption of starting material as judged by TLC (14 hours), the 

reaction was terminated by transferring the solution to a separatory funnel containing 

saturated aqueous NH4Cl (50 mL) and ether (100 mL). After shaking and separation, 

the organic portion was washed with saturated aqueous NaCl, dried over anhydrous 

MgSO4, and concentrated under vacuum on a rotary evaporator. The resulting residue 

was purified by flash column chromatography (100% hexanes) furnishing 5.63 g (98%) 

of 2.29 as a clear oil, Rf = 0.60 (100% hexanes); 1H NMR (500 MHz, Chloroform-d) δ: 

7.55 (s, 1H), 5.86 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.11 (dd, J = 1.8, 0.9 Hz, 1H), 5.05 

(dq, J = 17.2, 1.7 Hz, 1H), 5.00 – 4.96 (m, 2H) 

2.71 – 2.60 (m, 2H), 2.31 – 2.21 (m, 2H), 2.04 (t, J = 1.1 Hz, 3H), 0.92 (s, 9H), 0.28 (s, 

6H); 13C NMR (126 MHz, Chloroform-d) δ: 154.83, 144.67, 138.26, 136.28, 134.25, 

126.76, 114.70, 112.10, 35.01, 26.64, 24.94, 24.01, 17.71, -5.22; HRMS – (ESI–TOF) 

calculated [M + H+] = 277.1982 for [C17H28OSi + H+], observed 277.1983, error: 0.4 

ppm. 
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Compound 2.31: To a 250 mL flask was added 2.30 (5.63 g, 20.4 mmol, 1.00 

equiv.). A water condenser was attached to the top of flask and evacuated using high 

vacuum and then refilled with argon. This process was repeated twice more before the 

flask was removed from the manifold and rapidly sealed using a rubber septum 

equipped with a balloon filled with argon. Then DCM (102 mL, 0.20 M) was added via 

syringe and allowed to stir. Grubb’s II (0.432 g, 0.509 mmol, 0.025 equiv.) was rapidly 

added in one portion by removing the water condenser and replacing it immediately 

after addition. The solution was heated to reflux (40°C). Upon complete consumption of 

starting material as judged by TLC (6 hours), the reaction was terminated by directly 

concentrating under vacuum on a rotary evaporator. The resulting residue was purified 

by flash column chromatography (100% hexanes) furnishing 5.00 g (99%) of 2.31 as a 

clear oil, Rf = 0.57 (100% hexanes); 1H NMR (500 MHz, Chloroform-d) δ: 7.46 (s, 1H) 

5.53 – 5.49 (m, 1H), 2.65 (t, J = 7.5 Hz, 2H), 2.30 – 2.24 (m, 2H), 1.94 (aq, J = 1.8 Hz, 

3H), 0.91 (s, 9H), 0.26 (s, 6H); 13C NMR (126 MHz, Chloroform-d) δ: 151.70, 139.58, 

131.94, 126.93, 124.60, 122.16, 26.50, 24.53, 19.65, 19.38, 17.83, -5.94; HRMS – 

(ESI–TOF) calculated [M + H+] = 249.1669 for [C15H24OSi + H+], observed 249.1668, 

error: -0.4 ppm. 

Compound 2.32: To a 250 mL flask was added 2.31 (7.80 g, 31.4 mmol, 1.00 

equiv.). The flask was evacuated using high vacuum and then refilled with argon. This 

process was repeated twice more before the flask was removed from the manifold and 

rapidly sealed using a rubber septum equipped with a balloon filled with argon. Then 

THF (105 mL, 0.20 M) was added via syringe and the flask cooled to -78°C and 

allowed to stir. n-Butyllithium (13.2 mL, 2.50 M, 33.0 mmol, 1.05 equiv.) was added 
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via syringe and the flask was warmed to 0°C. After 1 hour at 0°C, 

chlorotrimethylstannane (33.0 mL, 1 M, 33.0 mmol, 1.05 equiv.) was added and 

allowed to stir for an additional 30 minutes. The reaction was terminated by transferring 

the solution to a separatory funnel containing saturated aqueous NaHCO3 (50 mL) and 

ether (75 mL). After shaking and separation, the organic portion was washed with 

saturated aqueous NaCl, dried over anhydrous MgSO4, and concentrated under vacuum 

on a rotary evaporator to furnish 11.73 g (91%) of crude 2.32 as a pale yellow oil, Rf = 

0.60 (100% hexanes); 1H NMR (500 MHz, Chloroform-d) δ: 5.53 – 5.49 (m, 1H), 2.64 

(t, J = 7.5 Hz, 2H), 2.27 – 2.21 (m, 2H), 1.98 (aq, J = 1.7 Hz, 3H), 0.92 (s, 9H), 0.35 (s, 

9H), 0.24 (s, 6H); 13C NMR (126 MHz, Chloroform-d) δ: 158.65, 155.78, 134.74, 

132.12, 128.37, 122.37, 26.56, 24.53, 21.09, 19.89, 17.85, -5.83, -7.78;  HRMS – (ESI–

TOF): Not stable to analysis. The resulting oil was used immediately in the subsequent 

reaction without purification. 

Compound 2.34: To a flame-dried 500 mL flask was added 2.23 67 (29.00 g, 

88.9 mmol, 1.00 equiv.), benzyl acrylate (20.02 mL, 133 mmol, 1.50 equiv.), palladium 

acetate (0.998 g, 4.44 mmol, 0.05 equiv.), triphenylphosphine (2.332 g, 8.89 mmol, 0.1 

equiv.), potassium carbonate (30.70 g, 222 mmol, 2.50 equiv.) and 

tetramethylammonium bromide (13.69 g, 88.9 mmol, 1.00 equiv.). A Vigreux 

condenser was attached to the top of flask and then evacuated using high vacuum and 

then refilled with argon. This process was repeated twice more before the flask was 

removed from the manifold and rapidly sealed using a rubber septum equipped with a 

balloon filled with argon. Then DMF (148 mL, 0.60 M) was added via syringe and the 

mixture was subsequently heated to 100°C and allowed to stir. Upon complete 
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consumption of starting material as judged by TLC (12 hours), the reaction was 

terminated by cooling to room temperature and directly concentrated under vacuum on 

a rotary evaporator. The resulting residue was directly purified by flash column 

chromatography (100% hexanes → 100% toluene → 100% DCM → 3% ether in DCM) 

furnishing 22.58 g (75%) of 2.34 as a white solid, Rf = 0.33 (100% DCM); 1H NMR 

(500 MHz, Chloroform-d) δ: 8.71 (d, J = 15.9 Hz, 1H), 7.53 (td, J = 8.0, 0.5 Hz, 1H), 

7.46 – 7.42 (m, 2H), 7.40 – 7.37 (m, 2H), 7.36 – 7.33 (m, 1H), 7.28 (dt, J = 7.9, 1.0 Hz, 

1H), 7.02 (dd, J = 8.2, 1.0 Hz, 1H), 6.39 (d, J = 16.0 Hz, 1H), 5.28 (s, 2H), 1.74 (s, 6H); 

13C NMR (126 MHz, Chloroform-d) δ: 66.16, 159.97, 157.03, 143.41, 138.77, 136.03, 

135.66, 128.68, 128.34, 128.31, 122.33, 122.03, 118.80, 111.83, 105.80, 66.55, 25.71; 

HRMS – (ESI–TOF) calculated [M + H+] = 339.1227 for [C20H18O5 + H+], observed 

339.1229, error: 0.6 ppm. 

Compound 2.35: To a 500 mL pressure-vial was added 2.34 (12.50 g, 36.9 

mmol, 1.00 equiv.) and 10% (w/w) palladium on carbon (0.983 g, 0.92 mmol, 0.025 

equiv.). Argon gas was blown into the vial for 5 minutes before capping with a rubber 

septum and a balloon filled with argon. Then EtOAc (123 mL, 0.30 M) and MeOH (123 

mL, 0.30 M) were added via syringe and the suspension was loaded into a Parr-

hydrogenator, pressurized to 50 PSI using hydrogen, and shaken. Upon complete 

consumption of starting material as judged by TLC (12 hours), the reaction was 

terminated by vacuum removal of the hydrogen then filled with argon. The suspension 

was filtered through Celite® and concentrated under vacuum on a rotary evaporator. 

The resulting solid was used without further purification furnishing 9.24 g (100%) of 

2.35 as a white solid, Rf = 0.58 (100% EtOAc); 1H NMR (500 MHz, DMSO-d6) δ: 7.54 
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(t, J = 7.9 Hz, 1H), 7.06 (dd, J = 7.7, 1.2 Hz, 1H), 6.96 (dd, J = 8.2, 1.2 Hz, 1H), 3.23 (t, 

J = 7.6 Hz, 2H), 2.49 (t, J = 7.7 Hz, 2H), 1.65 (s, 6H); 13C NMR (126 MHz, DMSO-d6) 

δ: 174.13, 159.97, 156.96, 145.89, 136.36, 125.70, 116.13, 112.17, 105.60, 35.10, 

29.49, 25.52; HRMS – (ESI–TOF) calculated [M - H] = 249.0768 for [C13H14O5 - H], 

observed 249.0770, error: 0.8 ppm. 

Compound 2.36: A 100 mL (0.35 M) bottle of chlorosulfonic acid was chilled 

to 0°C and 2.35 (8.56 g, 34.2 mmol, 1.00 equiv.) was added directly to the bottle. The 

resulting suspension was allowed to warm to room temperature and stir for 12 hours. 

The reaction was terminated by slowly pouring the solution onto ice and filtered. The 

filtrate was rinsed with water followed by methanol. The resulting solid was used 

without further purification furnishing 6.43 g (98%) of 2.36 as an off-white solid, Rf = 

0.24 (5% AcOH in EtOAc); 1H NMR (500 MHz, DMSO-d6) δ: 7.71 (d, J = 8.5 Hz, 1H), 

6.99 (d, J = 8.4 Hz, 1H), 3.32 – 3.23 (m, 2H), 2.63 – 2.53 (m, 2H); 13C NMR (126 

MHz, DMSO-d6) δ: 204.40, 172.58, 167.67, 160.07, 130.02, 129.70, 118.13, 111.71, 

36.11, 27.98; HRMS – (ESI–TOF) calculated [M - H] = 191.0350 for [C10H7O4 - H], 

observed 191.0349, error: -0.5 ppm. 

Compound 2.49: To a flame-dried 100 mL flask was added 2.36 (3.28 g, 17.1 

mmol, 1.00 equiv.) and diphenyl disulfide (4.47 g, 20.5 mmol, 1.20 equiv.). The flask 

was evacuated using high vacuum and then refilled with argon. This process was 

repeated twice more before the flask was removed from the manifold and rapidly sealed 

using a rubber septum equipped with a balloon filled with argon. Then DCM (34 mL, 

0.50 M) was added via syringe followed by tributylphosphine (6.0 mL, 24.6 mmol, 1.45 

equiv.) and allowed to stir. Upon complete consumption of starting material as judged 
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by TLC (1.5 hours), the reaction was terminated by directly concentrating under 

vacuum on a rotary evaporator. The resulting residue was purified by flash column 

chromatography (100% hexanes → 100% toluene → 100% DCM) furnishing 3.92 g 

(81%) of 2.49 as a white solid, Rf = 0.44 (40% EtOAc in hexanes); 1H NMR (500 MHz, 

Chloroform-d) δ: 12.35 (s, 1H), 7.88 (d, J = 8.5 Hz, 1H), 7.55 – 7.50 (m, 5H), 7.03 (d, J 

= 8.5 Hz, 1H), 3.68 – 3.61 (m, 2H), 2.83 – 2.76 (m, 2H); 13C NMR (126 MHz, 

Chloroform-d) δ: 166.08, 159.89, 156.95, 143.32, 143.32, 138.69, 135.95, 135.58, 

128.60, 128.26, 122.25, 121.95, 118.72, 111.75, 105.72, 66.47, 25.63; HRMS – (ESI–

TOF) calculated [M + H+] = 285.0580 for [C16H13O3 + H+], observed 285.0578, error: -

0.7 ppm. 

Compound 2.37: To a 100 mL flask was added 2.49 (3.91 g, 13.8 mmol, 1.00 

equiv.). The flask was evacuated using high vacuum and then refilled with argon. This 

process was repeated twice more before the flask was removed from the manifold and 

rapidly sealed using a rubber septum equipped with a balloon filled with argon. Then 

DCM (46 mL, 0.30 M) was added via syringe and the flask cooled to 0°C and allowed 

to stir. Pyridine (3.34 mL, 41.3 mmol, 3.00 equiv.) was added via syringe followed by 

trifluoromethanesulfonic anhydride (3.48 mL, 20.6 mmol, 1.50 equiv.) via syringe. 

Upon complete consumption of starting material as judged by TLC (2 hours), the 

reaction was terminated by transferring the solution to a separatory funnel containing 

saturated aqueous NaHCO3 (50 mL) and ethyl acetate (100 mL). After shaking and 

separation, the organic portion was washed with saturated aqueous NaCl, dried over 

anhydrous MgSO4, and concentrated under vacuum on a rotary evaporator. The 

resulting residue was purified by flash column chromatography (50% hexanes in DCM 
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→ 25% hexanes in DCM) furnishing 4.79 g (84%) of 2.37 as a tan solid, Rf = 0.57 

(100% DCM); 1H NMR (500 MHz, Chloroform-d) δ: 7.94 (d, J = 8.4 Hz, 1H), 7.56 – 

7.53 (m, 2H), 7.52 – 7.49 (m, 3H), 7.44 (d, J = 8.4 Hz, 1H), 3.37 – 3.31 (m, 2H), 2.82 – 

2.75 (m, 2H); 13C NMR (126 MHz, Chloroform-d) δ: 203.76, 187.71, 154.72, 149.16, 

137.27, 134.62, 131.15, 130.41, 129.70, 127.58, 125.63, 121.87, 118.48 (J = 322 Hz), 

36.20, 25.13; HRMS – (ESI–TOF) calculated [M + Na+] = 438.9894 for [C17H11F3O5S2 

+ Na+], observed 438.9894, error: -0.5 ppm. 

Compound 2.39: To a 250 mL flask was added 2.37 (7.20 g, 17.3 mmol, 1.00 

equiv.), crude 2.32 (11.73 g, 28.5 mmol, 1.65 equiv.), 

bis(acetonitrile)dichloropalladium(II) (0.224 g, 0.865 mmol, 0.05 equiv.), 

((diphenylphosphoryl)oxy)copper 73 (7.28 g, 25.9 mmol, 1.50 equiv.), and tri(2-

furyl)phosphine (0.602 g, 2.59 mmol, 0.15 equiv.). The flask was evacuated using high 

vacuum and then refilled with argon. This process was repeated twice more before the 

flask was removed from the manifold and rapidly sealed using a rubber septum 

equipped with a balloon filled with argon. Then DMF (86 mL, 0.20 M) was added via 

syringe and the flask was allowed to stir. Upon complete consumption of starting 

material as judged by TLC (3 hours), the reaction was terminated by transferring the 

solution to a separatory funnel containing aqueous 1 M HCl (50 mL) and ether (150 

mL). After shaking and separation, the organic portion was subsequently washed with 

aqueous 2 M NaOH, saturated aqueous NaCl, dried over anhydrous MgSO4, and 

concentrated under vacuum on a rotary evaporator. The resulting residue was purified 

by flash column chromatography (100% hexanes → 5% EtOAc in hexanes → 10% 

EtOAc in hexanes) furnishing 8.00 g (83%) of 2.39 as a light yellow solid, Rf = 0.47 
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(100% DCM); 1H NMR (500 MHz, Chloroform-d) δ: 7.92 (d, J = 8.4 Hz, 1H), 7.40 (d, 

J = 8.4 Hz, 1H), 6.02 – 5.99 (m, 1H), 3.17 – 3.10 (m, 2H), 2.74 (t, J = 7.4 Hz, 2H), 2.62 

(t, J = 7.4 Hz, 2H), 2.35 – 2.25 (m, 5H), 0.78 (s, 9H), 0.13 (s, 6H); 13C NMR (126 MHz, 

Chloroform-d) δ: 204.55, 179.08, 157.91, 155.71, 149.69, 148.08, 136.69, 135.63, 

132.37, 132.02, 130.92, 128.80, 126.38, 121.22, 118.36 (J = 321 Hz), 36.24, 25.98, 

24.72, 24.18, 21.38, 19.25, 17.28, -6.36; HRMS – (ESI–TOF) calculated [M + H+] = 

555.1479 for [C26H29F3O6SSi + H+], observed 555.1478, error: -0.2 ppm. 

Compound 2.40: To a 20 mL microwave vial was added 2.39 (1.06 g, 1.91 

mmol, 1.00 equiv.), (S)-t-BuPHOX 85 (0.222 g, 0.573 mmol, 0.30 equiv.), and palladium 

acetate (0.043 g, 0.191 mmol, 0.10 equiv.). The vial was capped with a rubber septum 

and evacuated using high vacuum (the septum was pierced with a needle connected to a 

Schlenk manifold) and then refilled with argon. This process was repeated twice more 

before the vial was removed and equipped with a balloon filled with argon. Toluene (13 

mL, 0.15 M) and 1,2,2,6,6-pentamethylpiperidine (0.69 mL, 3.8 mmol, 2.00 equiv.) 

were added via syringe and the septum was rapidly exchanged for a microwave cap 

with septum. The vial was placed in a Biotage microwave reactor and heated to 175°C 

for 80 minutes. The reaction was terminated by directly concentrating under vacuum on 

a rotary evaporator. The resulting residue was purified by flash column chromatography 

(5% EtOAc in hexanes → 10% EtOAc in hexanes → 15% EtOAc in hexanes) 

furnishing 0.578 g (75%) of (+)-2.40 as a white foam, Rf = 0.25 (15% EtOAc in 

hexanes); [α]D = +18.8 (αD = +0.160, c = 0.85, CH2Cl2); 
1H NMR (500 MHz, 

Chloroform-d) δ: 7.97 (d, J = 8.0 Hz, 1H), 7.78 (d, J = 8.0 Hz, 1H), 6.62 (ddd, J = 9.8, 

3.1, 1.2 Hz, 1H), 6.12 (ddd, J = 9.7, 5.2, 2.3 Hz, 1H), 3.86 (ddd, J = 19.4, 7.0, 4.6 Hz, 
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1H), 3.72 (ddd, J = 19.4, 7.0, 4.6 Hz, 1H), 3.40 (ddd, J = 20.1, 5.2, 1.3 Hz, 1H), 3.33 

(ddd, J = 20.1, 3.1, 2.3 Hz, 1H), 2.74 (ddd, J = 6.9, 4.4, 3.2 Hz, 2H), 1.53 (s, 3H), 0.97 

(s, 9H), 0.37 (s, 3H), 0.36 (s, 3H); 13C NMR (126 MHz, Chloroform-d) δ: 206.73, 

173.35, 161.27, 158.65, 155.76, 147.18, 144.39, 136.97, 131.29, 131.21, 131.18, 

127.03, 126.68, 124.92, 39.51, 36.61, 36.59, 28.38, 26.38, 23.17, 17.58, -6.14, -6.20; 

HRMS – (ESI–TOF) calculated [M + H+] = 405.1880 for [C25H28O3Si + H+], observed 

405.1882, error: 0.5 ppm. The enantiomeric excess was determined to be >99% by 

HPLC analysis using a Phenomenex Lux© 5u Amylose-2 (25 cm x 0.46 cm) column 

(40% acetonitrile in water), flow = 1.0 mL/min); tr = 25.2 min (major) and 27.6 min 

(minor) 

Compound 2.41: To a flame dried vial was added 2.39 (1.06 g, 1.91 mmol, 1.00 

equiv.), (±)-2,2′-bis(diphenylphosphino)-1,1′-binaphthalene (4.5 mg, 7.2 µmol, 0.25 

equiv.), and bis(dibenzylideneacetone)palladium(0) (1.6 mg, 2.9 µmol, 0.10 equiv). The 

vial was sealed using a PTFE/silicone septum and a threaded screw cap with hole. The 

vial was then evacuated using high vacuum (the septum was pierced with a needle 

connected to a Schlenk manifold) and then refilled with argon. This process was 

repeated twice more. Then, toluene (12 mL, 0.025 M) and N,N-diisopropylethylamine  

(25 µL, 0.144 mmol, 5.0 equiv.) were added via syringe. The vial was heated to 120°C 

for 9.5 hours. The reaction was terminated by directly concentrating under vacuum on a 

rotary evaporator. The resulting residue was purified by flash column chromatography 

(5% EtOAc in hexanes → 10% EtOAc in hexanes → 15% EtOAc in hexanes) 

furnishing 7.5 mg (64%) of a 1:2.5 mixture of (±)-2.41 and (±)-2.40. These were further 

separated using silver impregnated preparatory TLC 74 (50% ether in hexanes) to yield 
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(±)-2.41 as a colorless oil, 1H NMR (500 MHz, Chloroform-d) δ: 7.95 (d, J = 8.0 Hz, 

1H), 7.57 (d, J = 8.0 Hz, 1H), 6.68 (dd, J = 9.7, 3.0 Hz, 1H), 6.07 – 5.97 (m, 1H), 3.95 – 

3.62 (m, 2H), 2.94 (dd, J = 16.5, 6.2 Hz, 1H), 2.79 – 2.69 (m, 2H), 2.56 (d, J = 16.8 Hz, 

1H), 1.49 (s, 3H), 0.96 (s, 9H), 0.38 (d, J = 0.8 Hz, 6H). 

Compound 2.42: To a 100 mL flask was added (+)-2.40 (2.35 g, 5.81 mmol, 

1.00 equiv.), 4-methylmorpholine n-oxide (1.20 g, 6.97 mmol, 1.20 equiv.) and acetone 

(39 mL, 0.15 M) and allowed to stir. Osmium tetroxide (0.18 mL, 4% w/w in water, 

0.029 mmol, 0.005 equiv.) was added via syringe. Upon complete consumption of 

starting material as judged by TLC (30 minutes), the reaction was terminated by 

transferring the solution to a separatory funnel containing saturated aqueous NaHCO3 

(25 mL), saturated aqueous Na2S2O3 (25 mL) and EtOAc (100 mL). After shaking and 

separation, the aqueous layer was back extracted with EtOAc (25 mL). The combined 

organic portion was washed with saturated aqueous NaCl, dried over anhydrous 

MgSO4, and concentrated under vacuum on a rotary evaporator. The resulting residue 

was purified by flash column chromatography (60% EtOAc in hexanes → 70% EtOAc 

in hexanes) furnishing 2.30 g (90%) of (+)-2.42 as a white foam, TLC: Rf = 0.59 (100% 

EtOAc); [α]D = +18.8 (αD = +0.179, c = 0.95, CH2Cl2); 
1H NMR (500 MHz, 

Chloroform-d) δ: 7.89 (d, J = 7.9 Hz, 1H), 7.64 (d, J = 8.0 Hz, 1H), 4.70 – 4.65 (m, 

2H), 3.80 (ddd, J = 19.5, 7.8, 3.8 Hz, 1H), 3.62 (ddd, J = 19.5, 7.8, 3.8 Hz, 1H), 3.33 

(dd, J = 16.6, 7.6 Hz, 1H), 2.75 – 2.54 (m, 4H), 1.49 (s, 3H), 0.95 (s, 9H), 0.35 (s, 3H), 

0.34 (s, 3H); 13C NMR (126 MHz, Chloroform-d) δ: 207.07, 173.33, 162.57, 159.14, 

154.83, 149.52, 142.08, 137.20, 132.01, 129.93, 127.01, 124.45, 74.71, 68.05, 43.87, 
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36.60, 33.00, 28.50, 26.83, 26.50, 17.88, -6.09, -6.20; HRMS – (ESI–TOF) calculated 

[M + H+] = 439.1935 for [C25H30O5Si + H+], observed 439.1934, error: -0.2 ppm. 

Compound 2.43: A 250 mL flask was evacuated using high vacuum and then 

refilled with argon. This process was repeated twice more before the flask was removed 

from the manifold and rapidly sealed using a rubber septum equipped with a balloon 

filled with argon. Then DCM (41 mL, 0.10 M) and DMSO (3.6 mL, 51.2 mmol, 10.0 

equiv.) were added via syringe and the flask cooled to -60°C and allowed to stir. 

Trifluoroacetic anhydride (2.17 mL, 15.4 mmol, 3.00 equiv.) was added via syringe. 

After 15 minutes, chilled (+)-2.42 (2.24 g, 5.12 mmol, 1.00 equiv.) dissolved in 10 mL 

of DCM was added via cannula. After 90 minutes, diisopropylethylamine (8.91 mL, 

51.2 mmol, 10 equiv.) was added via syringe. After 90 minutes the reaction was 

terminated by the addition of acetic acid (4.39 mL, 77.0 mmol, 15 equiv.) and warmed 

to room temperature. Once a room temperature 1 M aqueous HCl (50 mL) was added 

and vigerously stirred for 2 hours. The solution was transfered to a separatory funnel 

containing ether (100 mL). After shaking and separation, the organic portion was 

subsequently washed with saturated aqueous NaHCO3 (50 mL), saturated aqueous 

NaCl, dried over anhydrous MgSO4, and concentrated under vacuum on a rotary 

evaporator. The resulting solid was added to a 250 mL flask and evacuated using high 

vacuum and then refilled with argon. This process was repeated twice more before the 

flask was removed from the manifold and rapidly sealed using a rubber septum 

equipped with a balloon filled with argon. Then THF (51 mL, 0.10 M) was added via 

syringe and the flask cooled to 0°C and allowed to stir. Potassium hexamethyldisilazane 

(11.3 mL, 0.5 M in toluene, 5.63 mmol, 1.10 equiv.) was added via syringe. After 5 
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minutes dimethyl sulfate (4.89 mL, 51.2 mmol, 10 equiv.) was added via syringe. After 

12 hours the reaction was terminated by the addition of acetic acid (0.59 mL, 10 mmol, 

2.0 equiv.) and warmed to room temperature. The solution was transferred to a 

separatory funnel containing saturated aqueous NaHCO3 (50 mL) and EtOAc (100 mL). 

The organic portion was washed with saturated aqueous NaCl, dried over anhydrous 

MgSO4, and concentrated under vacuum on a rotary evaporator. The resulting residue 

was purified by flash column chromatography (10% EtOAc in hexanes → 20% EtOAc 

in hexanes) furnishing 1.48 g (65%) of (+)-2.43 as a white solid, Rf = 0.27 (25% EtOAc 

in hexanes); [α]D = +155 (αD = +0.933, c = 0.60, CH2Cl2); 
1H NMR (500 MHz, 

Chloroform-d) δ: 8.54 (d, J = 8.1 Hz, 1H), 8.03 (d, J = 8.1 Hz, 1H), 6.49 (s, 1H), 3.88 – 

3.81 (m, 4H), 3.75 – 3.66 (m, 1H), 2.78 – 2.70 (m, 2H), 1.86 (s, 3H), 0.99 (m, 9H), 0.43 

(s, 6H); 13C NMR (126 MHz, Chloroform-d) δ: 206.76, 192.51, 173.30, 162.50, 158.28, 

150.47, 149.62, 148.89, 138.56, 137.50, 131.03, 129.15, 127.02, 126.95, 103.03, 56.26, 

49.55, 36.53, 36.08, 28.68, 26.49, 17.68, -5.81, -5.86; HRMS – (ESI–TOF) calculated 

[M + H+] = 449.1779 for [C26H28O5Si + H+], observed 449.1777, error: -0.4 ppm. 

Compound 2.44: To a 50 mL flask was added (+)-2.43 (1.48 g, 3.30 mmol, 1.00 

equiv.), trifluoroacetic acid (16.5 mL, 0.20 M) and nitromethane (16.5 mL, 0.20 M) and 

allowed to stir. Upon complete consumption of starting material as judged by TLC (36 

hours), the reaction was terminated by directly concentrating under vacuum on a rotary 

evaporator. The resulting residue was purified by flash column chromatography (5% 

ether in DCM) furnishing 1.00 g (91%) of (+)-2.44 as a white solid, TLC: Rf = 0.37 

(10% ether in DCM); [α]D = +254.8 (αD = +1.402, c = 0.55, CH2Cl2); 
1H NMR (500 

MHz, Chloroform-d) δ: 8.53 (d, J = 8.3 Hz, 1H), 8.04 (d, J = 8.2 Hz, 1H), 7.73 (s, 1H), 
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6.48 (s, 1H), 3.87 – 3.79 (m, 4H), 3.75 – 3.67 (m, 1H), 2.75 (ddd, J = 6.5, 4.8, 1.4 Hz, 

2H), 1.87 (s, 3H); 13C NMR (126 MHz, Chloroform-d) δ: 206.80, 192.09, 173.19, 

158.29, 150.94, 149.51, 145.79, 142.64, 138.76, 137.53, 130.76, 129.19, 127.12, 

117.56, 101.03, 56.39, 49.40, 36.47, 35.91, 28.71; HRMS – (ESI–TOF) calculated [M + 

H+] = 335.0914 for [C20H14O5 + H+], observed 335.0916, error: 0.6 ppm. 

Compound 2.45: To a 100 mL flask was added (+)-2.44 (0.200 g, 0.598 mmol, 

1.00 equiv.) and evacuated using high vacuum and then refilled with argon. This 

process was repeated twice more before the flask was removed from the manifold and 

rapidly sealed using a rubber septum equipped with a balloon filled with argon. Then 

DCM (30 mL, 0.02 M) was added via syringe and the flask cooled to -30°C and allowed 

to stir. 2,6-Lutidine (0.21 mL, 1.8 mmol, 3.0 equiv.) followed by tert-butyldimethylsilyl 

trifluoromethanesulfonate (0.21 mL, 0.88 mmol, 1.5 equiv.) were added via syringe. 

After 20 minutes borane-THF complex (6.0 mL, 1.0 M in THF, 6.0 mmol, 10 equiv.) 

was added via syringe. After 4 hours the reaction was terminated by the addition of 

triethylamine trihydrofluoride (1.77 mL, 10.8 mmol, 18.0 equiv.). After 45 minutes the 

reaction was warmed to room temperature and stirred for an additional 12 hours. The 

solution was transferred to a separatory funnel containing saturated aqueous NaHCO3 

(50 mL) and EtOAc (100 mL). The aqueous layer was back extraced with EtOAc (25 

ml). The combined organic portion was washed with saturated aqueous NaCl, dried 

over anhydrous MgSO4, and concentrated under vacuum on a rotary evaporator. The 

resulting residue was purified by flash column chromatography (5% EtOAc in DCM → 

7.5% EtOAc in DCM) furnishing 0.145 g (72%) of (−)-2.45 as a white solid, melting 

point: 240-248°C (decomposed); Rf = 0.37 (10% ether in DCM); [α]D = -17.5 (αD = -
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0.132, c = 0.75, CH2Cl2); 
1H NMR (500 MHz, Chloroform-d) δ: 8.49 (dd, J = 8.2, 0.9 

Hz, 1H), 7.93 (d, J = 8.1 Hz, 1H), 7.47 (s, 1H), 5.62 (d, J = 1.8 Hz, 1H), 4.80 (t, J = 1.7 

Hz, 1H), 3.87 – 3.79 (m, 4H), 3.75 – 3.65 (m, 1H), 3.51 – 3.50 (m, 1H), 2.73 (ddd, J = 

6.6, 4.7, 1.5 Hz, 2H), 1.52 (s, 3H); 13C NMR (126 MHz, Chloroform-d) δ: 206.97, 

173.65, 157.99, 157.11, 156.12, 145.07, 140.11, 139.76, 137.24, 130.91, 128.08, 

127.00, 119.61, 86.24, 73.14, 56.37, 42.12, 36.56, 28.60, 25.05; HRMS – (ESI–TOF) 

calculated [M + H+] = 337.1071 for [C20H16O5 + H+], observed 337.1069, error: 0.6 

ppm. 

Compounds 2.46 and 2.47: To a 25 mL flask was added (−)-2.45 (0.040 g, 0.12 

mmol, 1.00 equiv.) and evacuated using high vacuum and then refilled with argon. This 

process was repeated twice more before the flask was removed from the manifold and 

rapidly sealed using a rubber septum equipped with a balloon filled with argon. Then 

DCM (2.0 mL, 0.060 M) and Methanol (2.0 mL, 0.060 M) were added via syringe 

followed by peroxyacetic acid (0.066 mL, 36% in acetic acid, 0.36 mmol, 3.0 equiv.) 

were added via syringe. After 3 hours, additional peroxyacetic acid (0.066 mL, 36% in 

acetic acid, 0.36 mmol, 3.0 equiv.) was added via syringe and again at 6 hours. After 9 

hours the reaction was terminated by the transferred to a separatory funnel containing 

saturated aqueous NaHCO3 (20 mL), saturated aqueous Na2S2O5 (10 mL), and EtOAc 

(25 mL). The aqueous layer was back extracted twice with EtOAc (10 ml). The 

combined organic portion was washed with saturated aqueous NaCl, dried over 

anhydrous Na2SO4, and concentrated under vacuum on a rotary evaporator. The 

resulting residue was purified by flash column chromatography (10% EtOAc in DCM 
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→ 20% EtOAc in DCM → 30% EtOAc in DCM) furnishing 8.0 mg (18%) of (−)-2.47 

and 16.0 mg (35%) of (+)-2.46.  

Compound (−)-2.47 is a colorless oil, Rf = 0.30 (50% EtOAc in DCM); [α]D = -

41.9 (αD = -0.113, c = 0.27, CH2Cl2); 
1H NMR (500 MHz, Chloroform-d) δ: 8.17 (dd, J 

= 8.1, 0.9 Hz, 1H), 7.97 (dd, J = 8.1, 0.8 Hz, 1H), 7.78 (s, 1H), 4.96 (s, 1H), 4.15 (d, J = 

6.1 Hz, 1H), 3.83 (ddd, J = 19.4, 7.1, 4.6 Hz, 1H), 3.70 (ddd, J = 19.2, 6.9, 4.3 Hz, 1H), 

3.60 (d, J = 1.0 Hz, 3H), 3.45 (d, J = 6.6 Hz, 1H), 3.12 (d, J = 0.9 Hz, 3H), 2.74 (dtd, J 

= 7.0, 4.2, 0.8 Hz, 2H), 2.68 – 2.63 (m, 1H), 1.75 (s, 2H); 13C NMR (126 MHz, 

Chloroform-d) δ: 206.84, 206.83, 173.58, 158.92, 158.21, 145.66, 145.21, 142.95, 

137.09, 130.01, 127.50, 127.42, 122.29, 101.90, 76.33, 65.41, 50.89, 49.46, 42.66, 

36.62, 30.89, 28.59; HRMS – (ESI–TOF) calculated [M - H] = 383.1136 for [C21H20O7 

- H], observed 383.1138, error: 0.6 ppm.  

Compound (+)-2.46 is a colorless oil, Rf = 0.40 (50% EtOAc in DCM); [α]D = 

+6.44 (αD = +0.0676, c = 1.05, CH2Cl2); 
1H NMR (500 MHz, Chloroform-d) δ: 8.38 (d, 

J = 8.3 Hz, 1H), 7.93 (d, J = 8.3 Hz, 1H), 7.72 (d, J = 1.7 Hz, 1H), 5.12 (d, J = 8.3 Hz, 

1H), 4.24 (d, J = 7.7 Hz, 1H), 3.75 (aq, J = 4.9 Hz, 2H), 3.72 (d, J = 7.7 Hz, 1H), 3.66 

(s, 3H), 3.49 (d, J = 8.8 Hz, 1H), 3.36 (s, 3H), 2.72 (at, J = 5.7 Hz, 2H), 1.50 (s, 3H); 

13C NMR (126 MHz, Chloroform-d) δ: 207.03, 173.46, 157.90, 154.94, 145.60, 143.71, 

139.07, 137.21, 130.55, 129.42, 126.61, 124.72, 98.88, 78.31, 69.33, 51.70, 50.34, 

41.64, 36.53, 28.68, 23.05; HRMS – (ESI–TOF) calculated [M - H] = 383.1136 for 

[C21H20O7 - H], observed 383.1137, error: 0.3 ppm. 

(−)-Viridiol: To a flame-dried vial was added (−)-2.47 (14.2 mg, 0.0370 mmol, 

1.00 equiv.) The vial was sealed using a PTFE/silicone septum and a threaded screw 
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cap with hole. The vial was then evacuated using high vacuum (the septum was pierced 

with a needle connected to a Schlenk manifold) and then refilled with argon. This 

process was repeated twice more. Then DCM (1.5 mL, 0.025 M) was added via syringe 

and the reaction was allowed to stir. The solution was subsequently cooled to -35°C. 

Borane dimethylsulfide complex (63 µL, 33.3% v/v in DCM, 0.222 mmol, 6.0 equiv.) 

was added via microliter syringe in one portion followed by Trimethylsilyl 

trifluoromethanesulfonate (66 µL, 33.3% v/v in DCM, 0.122 mmol, 3.3 equiv.). Upon 

complete consumption of starting material as judged by TLC (20 minutes), the reaction 

was terminated by injecting pyridine (60 µL, 0.74 mmol, 20 equiv.) and acetic acid (42 

µL, 0.74 mmol, 20 equiv.) and allowed to stir at -35°C for 10 minutes followed by 

warming to room temperature over 20 minutes. Once at room temperature triethylamine 

trihydrofluoride (60 µL, 0.37 mmol, 10 equiv.) was added. After 70 minutes the 

contents of the vial were transferred to a separatory funnel containing saturated aqueous 

NaHCO3 (20 mL) and DCM (10 mL). The aqueous layer was back extracted three times 

with DCM (5 mL). The combined organic portion was washed with saturated aqueous 

NaCl, dried over anhydrous MgSO4, and concentrated under vacuum on a rotary 

evaporator. The resulting residue was purified by flash column chromatography (12% 

acetone in DCM → 14% acetone in DCM → 20% acetone in DCM) furnishing 6.4 mg 

(49%) of (−)-viridiol as a white solid, Rf = 0.42 (50% acetone in hexanes); [α]D = -53.3 

(αD = -0.117, c = 0.22, CH2Cl2): 
1H NMR (500 MHz, Chloroform-d) δ: 8.26 (d, J = 8.2 

Hz, 1H), 7.96 (d, J = 8.1 Hz, 1H), 7.79 (s, 1H), 5.14 (d, J = 4.6 Hz, 1H), 4.36 – 4.30 (m, 

1H), 3.82 (ddd, J = 19.5, 7.0, 4.6 Hz, 1H), 3.74 – 3.65 (m, 4H), 3.63 (dd, J = 6.2, 4.6 

Hz, 1H), 3.42 (bs, 1H), 2.90 (bs, 1H), 2.74 (ddd, J = 6.9, 4.4, 3.4 Hz, 2H), 1.73 (s, 3H); 
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13C NMR (126 MHz, Chloroform-d) δ: 206.81, 173.55, 158.74, 158.14, 145.84, 145.71, 

142.50, 137.09, 129.98, 127.47, 127.40, 122.20, 81.79, 71.87, 61.76, 60.86, 42.43, 

36.60, 30.63, 28.55; HRMS – (ESI–TOF) calculated [M - H] = 353.1031 for [C20H18O6 

- H], observed 353.1032, error: 0.3 ppm. 

Compound 2.48: To a flame-dried vial was added (+)-2.46 (19.5 mg, 0.0507 

mmol, 1.00 equiv.) The vial was sealed using a PTFE/silicone septum and a threaded 

screw cap with hole. The vial was then evacuated using high vacuum (the septum was 

pierced with a needle connected to a Schlenk manifold) and then refilled with argon. 

This process was repeated twice more. Then DCM (2.1 mL, 0.025 M) was added via 

syringe and the reaction was allowed to stir. The solution was subsequently cooled to -

20°C. Triethylsilane (203 µL, 1.27 mmol, 25.0 equiv.) was added via syringe in one 

portion followed by Trimethylsilyl trifluoromethanesulfonate (344 µL, 33.3% v/v in 

DCM, 0.380 mmol, 7.5 equiv.). Upon complete consumption of starting material as 

judged by TLC (15 minutes), the reaction was terminated by injecting methanol (400 

µL). After 5 minutes the reaction was warmed to room temperature and the contents of 

the vial were transferred to a separatory funnel containing saturated aqueous NaHCO3 

(20 mL) and DCM (10 mL). The aqueous layer was back extracted three times with 

DCM (5 mL). The combined organic portion was washed with saturated aqueous NaCl, 

dried over anhydrous MgSO4, and concentrated under vacuum on a rotary evaporator. 

The resulting residue was purified by flash column chromatography (20% acetone in 

DCM → 22.5% acetone in DCM → 25% acetone in DCM) furnishing 7.7 mg (43%) of 

(−)-2.48 as an off-white solid, Rf = 0.44 (50% acetone in hexanes); [α]D = -12 (αD = -

0.026, c = 0.21, CH2Cl2); 
1H NMR (500 MHz, Chloroform-d) δ: 8.33 (d, J = 8.2 Hz, 



169 

 

 

1H), 7.93 (d, J = 8.1 Hz, 1H), 7.76 (d, J = 1.6 Hz, 1H), 5.12 (dd, J = 5.0, 1.6 Hz, 1H), 

4.18 (t, J = 6.5 Hz, 1H), 3.84 – 3.64 (m, 6H), 3.59 (ddd, J = 6.3, 5.1, 0.7 Hz, 1H), 2.72 

(dt, J = 6.9, 4.3 Hz, 2H), 1.50 (s, 3H); 13C NMR (126 MHz, Chloroform-d) δ: 207.08, 

173.59, 158.11, 157.00, 145.53, 143.97, 141.31, 137.09, 130.11, 128.26, 127.16, 

123.82, 87.11, 71.10, 67.05, 60.51, 42.05, 36.55, 28.60, 27.73; HRMS – (ESI–TOF) 

calculated [M - H] = 353.1031 for [C20H18O6 - H], observed 353.1033, error: 0.6 ppm. 

(−)-Viridin: To a 4 mL vial was added (−)-2.48 (8.2 mg, 0.023 mmol, 1.0 

equiv.), iodobenzene diacetate (14.9 mg, 0.046 mmol, 2.0 equiv.) and DCM (1.2 mL, 

0.02 M) and allowed to stir. TEMPO (105 µL, 0.11 M in DCM, 0.011 mmol, 0.50 

equiv.) was added via syringe. After 4 hours additional TEMPO (53 µL, 0.11 M in 

DCM, 0.058 mmol, 0.25 equiv.) was added and again at 6 hours. Upon complete 

consumption of starting material as judged by TLC (10 hours), the reaction was 

terminated concentrating under vacuum on a rotary evaporator. The resulting residue 

was purified by flash column chromatography (10% acetone in hexanes → 25% acetone 

in hexanes) furnishing 3.9 mg (48%) of (−)-viridin.  

Alternatively, (−)-viridin can also be generated from (−)-viridol. To a 4 mL vial 

was added (−)-viridiol (5.9 mg, 0.017 mmol, 1.0 equiv.), iodobenzene diacetate (10.7 

mg, 0.33 mmol, 2.0 equiv.) and DCM (0.8 mL, 0.02 M) and allowed to stir. TEMPO 

(66 µL, 0.13 M in DCM, 0.0085 mmol, 0.50 equiv.) was added via syringe. After 2 

hours additional TEMPO (66 µL, 0.13 M in DCM, 0.0085 mmol, 0.50 equiv.) was 

added. Upon complete consumption of starting material as judged by TLC (19 hours), 

the reaction was terminated concentrating under vacuum on a rotary evaporator. The 

resulting residue was purified by flash column chromatography (10% acetone in 
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hexanes → 25% acetone in hexanes) furnishing 2.7 mg (45%) of (−)-viridin as a white 

solid, Rf = 0.45 (40% acetone in hexanes); [α]D = -147 (αD = -0.333, c = 0.23, CH3Cl); 

1H NMR (500 MHz, Chloroform-d) δ: 8.66 (dd, J = 8.2, 0.8 Hz, 1H), 8.33 (s, 1H), 7.98 

(d, J = 8.2 Hz, 1H), 4.37 (s, 1H), 3.89 (d, J = 5.0 Hz, 1H), 3.87 – 3.78 (m, 1H), 3.76 (s, 

3H), 3.72 – 3.64 (m, 1H), 2.79 – 2.73 (m, 2H), 1.69 (s, 3H); 13C NMR (126 MHz, 

Chloroform-d) δ: 206.66, 187.09, 173.43, 158.18, 156.61, 149.53, 147.09, 143.13, 

137.30, 129.65, 127.95, 127.77, 121.77, 83.58, 73.31, 61.10, 42.10, 36.49, 29.95, 28.59; 

HRMS – (ESI–TOF) calculated [M - H] = 351.0874 for [C20H16O6 - H], observed 

351.0877, error: 0.9 ppm. 
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Spectrum 2.1: Compound 2.29 1H NMR  

 



172 

 

 

Spectrum 2.2: Compound 2.29 13C NMR  
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Spectrum 2.3: Compound 2.30 1H NMR  
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Spectrum 2.4: Compound 2.30 13C NMR  
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Spectrum 2.5: Compound 2.31 1H NMR  
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Spectrum 2.6: Compound 2.31 13C NMR  
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Spectrum 2.7: Compound 2.32 1H NMR  
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Spectrum 2.8: Compound 2.32 13C NMR  
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Spectrum 2.9: Compound 2.34 1H NMR  
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Spectrum 2.10: Compound 2.34 13C NMR  
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Spectrum 2.11: Compound 2.35 1H NMR  
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Spectrum 2.12: Compound 2.35 13C NMR  
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Spectrum 2.13: Compound 2.36 1H NMR  
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Spectrum 2.14: Compound 2.36 13C NMR  
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Spectrum 2.15: Compound 2.49 1H NMR  
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Spectrum 2.16: Compound 2.49 13C NMR  
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Spectrum 2.17: Compound 2.37 1H NMR  
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Spectrum 2.18: Compound 2.37 13C NMR  
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Spectrum 2.19: Compound 2.39 1H NMR  

 



190 

 

 

Spectrum 2.20: Compound 2.39 13C NMR  
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Spectrum 2.21: Compound 2.40 1H NMR  
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Spectrum 2.22: Compound 2.40 13C NMR  
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Spectrum 2.23: Compound 2.42 1H NMR  
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Spectrum 2.24: Compound 2.42 13C NMR  
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Spectrum 2.25: Compound 2.43 1H NMR  
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Spectrum 2.26: Compound 2.43 13C NMR  
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Spectrum 2.27: Compound 2.44 1H NMR  
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Spectrum 2.28: Compound 2.44 13C NMR  
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Spectrum 2.29: Compound 2.45 1H NMR  
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Spectrum 2.30: Compound 2.45 13C NMR  
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Spectrum 2.31: Compound 2.47 1H NMR  
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Spectrum 2.32: Compound 2.47 13C NMR  
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Spectrum 2.33: Compound 2.46 1H NMR  
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Spectrum 2.34: Compound 2.46 13C NMR  
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Spectrum 2.35: synthetic viridiol 1H NMR  

 



206 

 

 

Spectrum 2.36: synthetic viridiol 13C NMR  
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Spectrum 2.37: Compound 2.48 1H NMR  
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Spectrum 2.38: Compound 2.48 13C NMR  
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Spectrum 2.39: synthetic viridin 1H NMR  
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Spectrum 2.40: synthetic viridin 13C NMR  
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Spectrum 2.41: Compound 2.41 1H NMR  
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Spectrum 2.42: Compound 2.40 Chiral HPLC 

This chapter, in part is currently being prepared for submission for publication 

of the material. Del Bel, M.; Abela, A.; Ng, J.; Guerrero, C. A. The dissertation author 

was the primary author of this paper. 
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Chapter 4 

  Conclusions 

 In conclusion we have developed a novel methodology for the 

cyclopentannulation of conjugated enones and the synthesis of the natural product 

viridin. The methodology uses methyl 3-(tert-butyldimethylsilyloxy)-2-diazo-3-

butenoate as a bifunctional reagent to first performs a Mukaiyama-Michael conjugate 

followed by a copper catalyzed cyclopropanation of the resulting enol ether. This 

cyclopropane fragments in situ to generate a cyclopentane with a β-keto ester. This 

reaction was shown to work di-, tri-, and tetrasubstituted enones with various 

substitution patterns as well as other potentially reactive functional groups. 

Additionally, this method allows access to formal acetone cycloaddition products via a 

simple decarboxylation. 

The total synthesis of the natural product (−)-viridin, a furanosteroid was 

completed in 17 steps from commercial (longest linear sequence) and yields material 

that is of >99% enantiomeric excess. A key component of this convergent synthesis is 

an intramolecular Liebeskind coupling followed immediately by an intramolecular, 

asymmetric Heck reaction to couple the two halves together in an enantioselective 

fashion. Full oxidation and functionalization of the A-ring is achieved using a trapped 

diosphenol. This strategy should allow rapid access to simplified, D-ring analogs of 

viridin due to its convergent nature.  
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