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ABSTRACT 

Strategies for the Synthesis of Sesquiterpene Natural Products 

James M. Eagan 

 

Chapter 1. Ring-Opening Knoevenagel Strategy for the Synthesis of Alpha-Carboalkoxy 

Cyclopentenones and Their Use in the Diels-Alder Cycloaddition 

 The Diels-Alder reaction has enabled the synthesis of hundreds of natural products 

efficiently and with high levels of stereocontrol. Despite over eight decades of development, this 

reaction is incapable of forming hydrindane ring junctions from alpha-hydro beta-alkyl 

cyclopentenones. As such, we used alpha-carboalkoxy cyclopentenones as synergistic 

dienophiles, but exposed a lack of synthetic tools for assembling strained bicyclic 

cyclopentenones. We addressed this paucity by developing a ring-opening Knoevenagel 

reaction for synthesizing these synergistic dienophiles with varying degrees of substitution. The 

6 step protecting group free total synthesis of a structurally similar natural product 

merrekentrone D was achieved to demonstrate the utility of the new method. In addition, the 

Diels-Alder cycloaddition with these molecules with the Danishefsky-Kitahara diene were 

studied. The variability of the ring-opening Knoevenagel reaction also led to the development of 

a decarboxylative Diels-Alder cycloaddition which is degenerate with the alpha-hydro beta-alkyl 

cyclopentenone Diels-Alder reaction. The hydrindane structures are referred to as iso-Hajos-

Parrish ketones which we subsequently demonstrate as powerful building blocks for natural 

product total synthesis. 

 

Chapter 2. Synthetic Studies Towards the Shizukaol Family of Oligomeric Sesquiterpene 

Natural Products 

 The shizukaol family of oligomeric natural products are one of three oligomeric 

sesquiterpene families. Three different generations of synthetic strategies towards the unstable 



 

and dimeric precursor lindenatriene were studied. The use of the iso-Hajos-Parrish ketone 

enabled a 10 step, protecting group free, total synthesis of the intermediate. In addition the 

formation of unnatural dimers was achieved as well as several unexpected results which led to 

the generalization of our strategy to other natural product families. 

 

Chapter 3. Iso-Hajos-Parrish Ketones: Common Intermediates for Sesquiterpene Total 

Syntheses 

 The three step synthesis of the cyclopropane substituted iso-Hajos-Parrish ketone 

enabled rapid access to other sesquiterpene families. Through reductase phases the total 

synthesis of sarcandralactone was achieved in 10 steps without the use of any protecting 

groups. Studies were also conducted towards achieving the trans-hydrindane ring as a synthetic 

equivalent to a trans-Diels-Alder paradigm, which was not realized. Additionally, cyclopropane 

opening of the iso-Hajos-Parrish ketone led to highly oxidized eudesmane skeletons. Our 

attempts to hydrogenate these molecules in the reductase phase inspired a 6 step total 

synthesis of des-methyl pinguisone with a strikingly different sesquiterpene framework. Finally, 

an analysis of redox conservation in total synthesis and the generality of this chemistry to the 

total synthesis of sesquiterpene natural products will be presented. 
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CHAPTER 1 

Ring-Opening Knoevenagel Strategy for the Synthesis of Alpha-Carboalkoxy 

Cyclopentenones and Their Use in the Diels-Alder Cycloaddition 
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1.1 Introduction 

The treatment of disease is rooted in humankind’s ability to harvest, combine, and 

manipulate plant matter. This approach to curing ailments has been practiced for thousands of 

years and continues to be practiced in countries across the globe, particularly China and India.1 

Modern medicine has also been a beneficiary; in that it is estimated over 60% of FDA approved 

drugs are developed from molecules with natural origins.2 Critically, however, it is estimated that 

scientists have only empirically investigated the biologically active compounds in 5-15% of the 

approximately quarter million species of terrestrial plant species. This indicates there is 

enormous opportunity for modern drug discovery and further understanding of the natural world 

in studying natural products.3 

To this end, the synthetic chemist plays the role of developing a means of constructing 

these molecules so as to increase supply, access more potent derivatives, and rapidly 

implement the target molecules for the public’s benefit.4 The synthesis of natural products is an 

exploratory science which serves to articulate our current paradigm of molecular reactivity. By 

constructing structurally complex molecules found in nature we get closer to the ability to 

synthesize any conceivable molecular framework. Natural products are therefore simultaneously 

a final goal as well as a framework for exploring the manipulation of matter. It has been 

suggested that given sufficient time, funding, and effort any molecule can be synthesized. 

Perhaps it is this concept which has prompted a shift towards more ideal syntheses typified by 

conserved redox economy, no protecting groups, and minimized step counts.5 For “ideal 

syntheses” to reach fruition, new reactions and approaches need to be developed for the 

synthesis of carbocyclic frameworks with controlled oxidation levels, regiochemistry, and 

stereochemistry. 

The overarching goal of this thesis was to identify a road map to a subset of 

sesquiterpene natural products for which efficient synthetic strategies did not exist. Chapter one 

will cover the design and synthesis of a hydrindane building block which is useful for the 
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construction of sesquiterpene natural products, termed an iso-Hajos-Parrish ketone. The 

synthesis of this molecule allowed us to identify and address a paucity of synthetic methods for 

synthesizing α-carboalkoxy cyclopentenone materials, which are convenient synergistic 

cyclopentenone dienophiles. With these materials in hand, we were able to develop a robust 

solution to the α-hydro β-alkyl cyclopentenone Diels-Alder reaction, a previously unrealized 

reaction paradigm. 

Chapter two will detail our application of this two-stage method to the synthesis of an 

oligomeric sesquiterpene family, the shizukaols. A total of three synthetic strategies were 

pursued overall, culminating in a protecting group free synthesis of the unstable active monomer 

lindenatriene as well as unnaturally occurring dimeric structures. 

Finally, chapter three will examine several unexpected results from these endeavors with 

the shizukaols and highlight how they would be applied to other sesquiterpene targets. We 

successfully developed a direct route to three architecturally distinct carbocyclic skeletons, 

ultimately materializing in a protecting group free synthesis of sarcandralactone A. This thesis 

will conclude by examining the overall implications of the following research in the context of 

redox economy in the total synthesis of natural products. 

 

1.2 The Hajos-Parrish-Eder-Saur-Wiechert Ketone 

 
Figure 1: The Hajos-Parrish ketone and related hydrindane natural products 
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The hydrindane skeleton is one of the most ubiquitous structural motifs found in nature. 

Fused 6,5-carbocyclic rings make up the C and D rings of steroids as well as a plethora of other 

natural products (2-6, Figure 1).6 Due to the bioactivity and structural diversity of these 

molecules, there has evolved an enormous collection of synthetic studies on hydrindane natural 

products. Arguably, the most commonly used building block to readily access this core 

molecular architecture is the Hajos-Parrish-Eder-Saur-Wiekchert ketone (1).7 First disclosed in 

1958 by Acklin, Prelog, and Prieto, diketone 1 has since fueled research not only in total 

synthesis, but also physical organic chemistry as well as birthed the field of organocatalysis.8 

Dione 1 is most commonly prepared by a proline-catalyzed Hajos-Parrish reaction between 

methyl vinyl ketone and 2-methyl-1,3-cyclopentanedione followed by Eder, Saur, Wiechert’s 

elimination protocol.9 Although new methods of preparation and models of stereoinduction have 

evolved over the decades, what has been less cursory is the diketone’s utility in complex natural 

product synthesis.10 Hydrindenone 1 provided the 6,5 carbocyclic framework in a number of 

steroid syntheses, most notably Eder’s total synthesis of estradiol and Danishefsky’s synthesis 

of estrone (2). It was also the starting point for Zhao’s synthesis of fawcettidine (3), Nicolaou’s 

synthesis of cortistatin A (4), and Reddy’s synthesis of cyanthiwigin AC (5) just to list a few of 

the Hajos-Parrish ketone’s applications in natural product synthesis (Figure 1).11 These 

syntheses logically start from the Hajos-Parrish ketone because of the 1,2-relationship between 

the angular quaternary methyl group and the cyclopentenone carbonyl – i.e. functionality which 

would retro-synthetically derive from a ketone (starred carbons in Figure 1; C13, C17 in steroid 

nomenclature). This spatial relationship enables the rapid synthesis of advanced intermediates 

without the need for unnecessary oxidation/reduction sequences, atom transpositions, or 

extraneous bond forming reactions. 

There exists, however, a collection of terpenoid hydrindane natural products which do not 

contain this particular spatial/regiochemical relation. Pattern recognition delineates two classes 

of terpenoids: those with a 1,2-relationship (Figure 1) and those with a 1,3-relationship between 
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the quaternary bridgehead and cyclopentane functionality (Figure 2).12 Lindenane-type 

sesquiterpenes (8, 12), aplykurodin isoprenoids (11), and several other families of natural 

products fall into the latter category.13 In these cases, synthetic approaches to these molecules 

starting from the Hajos-Parrish ketone (1) would require a number of non-strategic bond forming 

reactions and transpositions to obtain the target functional groups with the proper 

regiochemistry.  

 
Figure 2: The iso-Hajos-Parrish ketone and related hydrindane natural products 

 

For example, concurrent with the work described in this thesis, Qian and Zhao 

demonstrated that such a 1,3-relationship could be achieved from the Hajos-Parrish ketone by 

invoking a Wharton transposition through a myriad of synthetic steps (Scheme 1).14 Although 

this strategy evinces the power of the Hajos-Parrish ketone in the synthesis of hydrindane 

natural products, we hypothesized that a more direct route to this molecular structure would 

facilitate the synthesis of a plethora of terpenoid molecules with this pattern, among others.  
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Scheme 1: Qian and Zhao's approach to the 1, 3-regiochemical relationship 

Specifically, we sought a new synthetic strategy towards an “iso-Hajos-Parrish ketone” 

(7, Figure 2), a material which would overcome the poor redox economy and improve the overall 

step count towards related natural products. With the required functionality of the molecules in 

Figure 2 in mind, we focused on a Diels-Alder strategy of β-substituted α-hydro 

cyclopentenones as the dienophile, a transformation which would prove surprisingly difficult. 

The explorative nature of these studies revealed a lack of synthetic tools for α-carboalkoxy 

cyclopentenone synthesis, leading us to develop a ring-opening Knoevenagel condensation 

reaction for application in our Diels-Alder strategy to synthesize iso-Hajos-Parrish ketones. The 

ensuing sections of this chapter outline those efforts in detail. 

1.3 3-Methyl Cyclopentenone Dienophiles 

The Diels-Alder reaction is one of the most reliable approaches for the synthesis of 

cyclohexene rings and is accompanied by the concomitant formation of up to four stereocenters 

with high stereoselectivity. We envisioned that a Diels-Alder reaction between an oxidized 3-

methylcyclopent-2-enone (20, Scheme 2) and the Danishefsky-Kitahara diene would deliver the 

iso-Hajos-Parrish 1,3-regiorelationship between the angular methyl group and cyclopentenone 

as well as provide a handle for functionalizing the 4,5 positions of the cyclopentanone via 

elimination to enone 23.  
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Scheme 2: α-hydro Diels-Alder reaction strategy 

 

Despite the rich history of the Diels-Alder reaction in organic synthesis, nowhere in the 

literature had an α-hydro β-alkyl cyclopentenone (21) been successfully used as a dienophile. 

Given the excellent precedent for unsubstituted and α-alkyl cyclopentenone dienophiles (24 and 

26, respectively, Figure 3) we pursued this strategy in hopes we could firstly render it 

successful.15 

We were cognizant of a short study by Acheson reported in 1952, which concluded 

“neither 3-methylcyclopent-2-enone nor methyl 4-keto-2-methylcyclo-pent-2-ene-1-carboxylate 

appears to undergo the Diels-Alder reaction” when butadiene or cyclopentadiene were used as 

dienophiles.16 Our reasoning for the disparate reactivity of these isomeric cyclopentenones (24, 

26, 21, Figure 3) is clearer with three dimensional rendering and analyses of the torsional strain 

within a cyclopentane. Although the two minimum energy geometries of cyclopentane itself have 

negligible angle strain, there is a substantial amount of torsional strain stemming from the 

eclipsing conformation of the sp3 atoms. In cyclopentenone, however, the sp2 planarity 

increases angle strain, but moreover also greatly reduces torsional strain by placing the 

exocyclic substituents further apart.17 The reduced reactivity of cyclopentenones towards 

nucleophiles due to these eclipsing interactions is only exaggerated by the 3-methyl substituent 

of (28, VI and VII) relative to the 2-methyl (27, IV) or unsubstituted cyclopentenone (25, II).  
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Figure 3: Conformational analysis of torsional strain in substituted cyclopentenones as 
dienophiles in Diels-Alder reactions 

 

The late Diels-Alder transition state of 3-methyl cyclopentenone dienophile 21 has twice 

as many eclipsing interactions between the forming angular methyl than in 2-methyl 

cyclopentenone 27, thereby destabilizing the transition state. Reinforcing this unreactive nature, 

the electron donating capacity of the β-methyl group through hyperconjugation raises the LUMO 

of the dienophile and increasing raising the activation barrier.  

Since Acheson’s report over 60 years ago, an enormous number of methods for 

activating Diels-Alder reactions have become available to chemists through frontier molecular 

orbital analysis, including LUMO stabilization and HOMO activation.18 Using methodology 

developed around Lewis-acid catalysis, like BF3
.OEt2, Me2AlCl, AlCl3, TiCl4, and others, double-
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Michael reactions, protic acid catalysis, as well as temperatures as high as 200 oC to affect the 

Diels-Alder reaction as drawn in Scheme 2, we were unsuccessful in isolating any 

hydrindenones. We also investigated 3-methyl cyclopent-2-ene-1-one (21) as a simpler 

dienophile as well as other synergistic dienes (excess/neat Rawal-Kozmin diene).19 Another 

method for stabilizing the transition state is HOMO activation of the dienophile, achieved by 

forming an anionic diene by treating synergistic diene 19 with MeLi in 1,2-dimethoxyethane 

(DME), a species which could undergo a double-Michael reaction with the dienophile.20 These 

conditions also failed in achieving cycloadditions of 20 or 21, but introduced us to a solution for 

circumventing the unreactive nature of cyclopentenones. 

 

1.3.1 Synergistic Cyclopentenone Dienophiles 

In Baker’s approach to pinguisone (9), the authors prepared the 6,5-ring system through 

an anionic HOMO activated Diels-Alder/double-Michael reaction, and utilized a dienophile (29) 

which contained an additional α-carboalkoxy withdrawing group that stabilized the LUMO of the 

system (Scheme 3).21 This synergistic dienophile was also utilized by the Danishefsky group in 

the total synthesis of aplykurodinone (11).22 Our target iso-Hajos-Parrish hydrindenone (7), 

which we intended to use as a building block for the natural product families discussed in later 

chapters, required a hydrogen atom at this bridgehead. This goal meant we would have to 

expend an additional step on a decarboxylation, which is discussed thoroughly at the end of this 

chapter, but we would nonetheless be closer to our target hydrindane skeleton with all the 

correct oxidation patterns if this general strategy was adopted. 
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Scheme 3: Synergistic dienophiles: Diels-Alder reactivity, methods of synthesis, and difficult 
substrates 

 

Although this approach to hydrindenone systems (2930) proved robust enough to 

explore further chemistry, as will be described, we were initially surprised at the number of steps 

associated with synthesizing the seemingly trivial oxo-ester 29. The most common method of 

preparing α-carboalkoxy cyclopentenones is the Hua sequence of brominating the 

corresponding cyclopentenone followed by ketalization, lithiation/acylation with alkyl 

chloroformates, and finally deprotection.23 Although the overall step count is modest, the vinyl 

bromide intermediate 31 decomposed under ambient as well as the reaction conditions, with 

overall yields suffering as a result. Of greater scientific importance was the lack of functionality 

this and other methods tolerate. Several other methods for synthesizing cyclopentenones are 

shown in Scheme 3, with each revealing that the synthesis of 4,5-substituted α-carboalkoxy 

cyclopentenones requires a number of oxidation, functionalization, and protection steps and/or 

have a limited substrate scope for our intended applications.24 

Our synthetic efforts towards the lindenane family of sesquiterpenes (Chapter 2), 

represented by lindenatriene (12) and chloranthalactone (8) of Figure 2, and other 4,5-

substituted iso-Hajos Parrish substructures led us to pursue the synthesis of [3.1.0]bicyclohex-

2-ene 35. Work done exclusively by Dr. Stephen Kanyiva, a postdoctoral researcher in our 
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laboratory, demonstrated that several approaches could lead to the target, but were prone to 

undesired rearrangements and/or were upwards of nine steps in length. Other fused bicyclic 

synergistic dienophiles (37 and 39) were projected to take a similarly high number of steps, as 

indicated in Scheme 3.  

The inability to access these types of structures from existing approaches appear to us 

to be rooted in the inability to cyclopropanate acetoacetates for access to the metal-catalyzed 

cyclizations described by Taber or Conia-ene reaction of similar substrates.25 For example, the 

Nazarov cyclization of divinyl ketones (33) reported by the Frontier group are capable of 

affording highly substituted 2-carboalkoxy cyclopentenones of this general sort, but require aryl 

substitution and are often prone to Wagner-Meerwein shifts.  This sort of cascade reaction is 

excellent at affording asymmetric cyclopentenones bearing 5,5-disubstitution as well as 

spirocyclic frameworks, but cyclohexyl (37), norbornenyl (39), and cyclopropane-containing 

cyclopentenones (35) seemed out of reach for this and other methods. Looking at 

hydrindenones from this perspective, we set out to develop an additional, and hopefully more 

powerful and general approach for β-substituted cyclopentenone dienophiles. 

 

1.4 Ring-Opening Knoevenagel Reaction for the Synthesis of 3-Substituted 

Cyclopentenone Dienophiles 

We hypothesized that the needed 4,5-disubstituted carbocycles could be derived from 

linear intermediates, where the bromination, protection/deprotection, and lithiation steps of the 

Hua sequence could be circumvented, by forming the cyclopentenone through a Knoevenagel 

condensation.24o We confirmed the success of this approach by the alkylation of acetoacetate 

dianions with allylic chlorides followed by Lemieux-Johnson oxidation and the Knoevenagel 

condensation step (Scheme 4).26 

This strategy proved capable of delivering ample quantities of the unsubstituted 

synergistic dienophile in a more reliable and scalable manner than the related Conia-ene 
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reaction, Hua sequence, or diazo-insertion/cyclization (Scheme 3), but did not specifically 

address the challenge of 4,5-substituted cyclopentenones. The use of the acetoacetate 

dienolates allowed for simple alkylation, but did not afford a straightforward approach to the 

cyclopropane or other carbocyclic motifs, structures which correspond to dialkylation. This 

Knoevenagel strategy did, however, inspire an approach in which the tricarbonyl Knoevenagel 

precursor would be arrived at through a novel nucleophilic ring opening of enol lactones. 

 

Scheme 4: First generation Knoevenagel strategy to synergistic dienophiles 

 

1.4.1 Enol Lactones as Latent Aceotoacetates 

Targeting cyclopropane dienophile 35, we envisioned the ring opening of γ-acetoxylidine 

γ-lactones (48, Scheme 5) with alkyl nucleophiles would afford a tetrahedral intermediate 49, 

which would collapse to expel the acetoacetate anion (50) necessary for Knoevenagel 

condensation. Enol lactones of this sort had been previously prepared by Massy-Westropp and 

co-workers from cyclic anhydrides (46) and stabilized Wittig reagents (47) for the study of 

phosphorane acylation.27 Pleased to find that anhydride 46 was commercially available, we 

executed this reaction sequence with 1.1 equivalents of MeLi and obtained a 21% yield of the 

desired target (35), accompanied by methanolysis of the starting material and diaddition product 

(dihydrofuran 52).  
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Scheme 5: Ring-opening Knoevenagel reaction, proposed intermediates, and reaction 

mechanism 
 

These co-products suggest that the tricarbonyl Knoevenagel precursor (50) was still a 

reactive electrophile and diaddition was occurring followed by a conjugate addition of the 

alkoxide into the enol isomer of the acetoacetate moiety of 51 and subsequent loss of water. 

The carbonyl dealkylation product (52) could be favored by using two equivalents of the MeLi 

reagent. Working alongside a visiting student in our laboratory, Masahiro Hori, we studied the 

effects of temperature, reagent equivalents, solvents, additives, and alternative nucleophilic 

sources of CH3, but this product distribution could not be improved beyond a 32% yield of the 

target cyclopentenone (35).  

Although the final yield was only 32%, the two-step synthesis of cyclopropyl dienophile 

35 allowed for further studies towards more complex natural products and a proof of principal to 

examine other substrates. Unfortunately, in an attempt using unsubstituted succinic anhydride-
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derived enol lactone, only the diaddition product was observed accompanied by methanolysis of 

starting material. This difference in reactivity is likely due to a Thorpe-Ingold effect of the 

cyclopropane which promotes cyclization of the acetoacetate anion onto the acetonyl group.28  

The highly electrophilic character of these lactones is epitomized by the observation that 

nucleophilic solvents rapidly open the lactone at ambient temperature and that they slowly 

decompose on silica gel. While exploring other purification methods it was noted that the 

products could be separated from triphenyl phosphine oxide by-products by fractional 

recrystallization in Et2O. The use of bulk Et2O however, resulted in isolation of an ethyl ester 

product, the result of the nucleophilic attack of trace ethereal ethanol. This ring-opening 

pathway served as inspiration to instead open the lactone with a traceless and intermediate 

nucleophile prior to lithiate addition.  

 
Scheme 6: Optimized ring-opening Knoevenagel condensation reaction sequence 

 

After optimization, a procedure employing Weinreb’s amine and pyridine afforded 

Weinreb amide (53), a compound which could be isolated in quantitative yield from 48 by simply 

filtering off the pyridinium salts in PhMe and removing volatile reagents in vacuo (Scheme 6). 
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NaH then rapidly deprotonated the acetoacetate masking the electrophilic character of the 

carbonyl moieties, rendering the Weinreb amide the most electrophilic site in the molecule (i.e. 

54). Treatment of presumed intermediate 54 with MeLi then led to the transiently stabilized 

mono-addition tetrahedral intermediate (55), a species which collapsed to the desired 

tricarbonyl Knoevenagel precursor upon quenching with MeOH. Warming the reaction to 50 oC 

accelerated condensation to afford the synergistic bicyclic cyclopentenone dienophile 35 in an 

excellent 80% yield. This material was previously prepared in 9 steps in our laboratory, our 

route was now only 2 steps. This general procedure succeeded on a number of succinyl enol 

lactones, substrates which are discussed in the following sections. 
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1.4.2 Substrate Scope 

With an optimized ring-opening Knoevenagel procedure in hand, the substrate scope of 

the reaction was explored with other succinic anhydrides. The results are shown in Table 1.  

 
Table 1: Substrate scope of ring-opening Knoevenagel reaction 

 
These entries indicate that both the Thorpe-Ingold effect and counter-ion greatly 

influence the reaction. Most notably, cyclopropyl substrate 48 proceeded in a starkly improved 

yield compared to other enol lactones. We attribute this result to the close proximity of the 

acetoacetate and ketone favoring the kinetics of cyclization. Higher yields may also be a result 

of suppressed epimerization which would involve an unfavorable sp2 cyclopropyl carbon α to the 
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acetoacetate which would lead to a non-productive trans relation between the acetoacetate and 

ketone functional groups—a pathway open to other cyclic substrates (63 and 65).  

In addition to conformational effects, the lithium counterion was more productive in the 

Knoevenagel condensation than magnesium bromide or magnesium alkoxide counterions 

formed in-situ. In fact, the major product of the Grignard trials were uncondensed γ-keto 

aceotoacetates, an outcome which we attribute to the oxaphillic chelation of magnesium and 

acetoacetates to form a Mg(acac) structure which was less reactive in the Knoevenagel 

condensation. Aluminum hydride nucleophiles also produced the target β-hydro cyclopentenone 

61.  

 Scheme 7 highlights the successful reaction substrates, but a number of other structures 

were not well tolerated in the general reaction conditions. For example, we investigated the use 

of glutaric anhydride (66, Scheme 8) in the reaction conditions, only to find the Wittig reaction 

incapable of affording the target 6-membered enol lactones (67).27 

Vinyl lithium was also investigated as a nucleophile in the reaction conditions in hopes 

that the Knoevenagel condensation would be replaced by a 7-endo-trig Michael reaction to give 

cycloheptanones.29 This cyclization event was never observed, with only vinyl addition (68) 

under MeOH free conditions, MeOH conjugate addition under the standard conditions, or 

decomposition under more forcing conditions being observed.  
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Scheme 8: Non-productive ring opening Knoevenagel substrates 
 

Aryl lithiates and Grignard reagents also proved unsuitable for forming the target 

cyclopentenones which might have proven interesting push-pull chromophores or π-conjugated 

organic materials had they succeeded.30 The reaction conditions only afforded the 

acetophenone intermediate 69, a divergence in reactivity we attribute to the decreased 

electrophillicity of the benzylic carbonyl. Attempts to force the dehydration with TFA/TFAA or 

higher temperatures resulted in a Paal-Knorr cyclization to give aryl furans such as 70 in 48% 

yield.31 Although this reaction sequence is a complementary approach to furans from succinic 

anhydrides, these sorts of 2-aryl furans are easily synthesized through a variety of other 

methods.32 It should be noted this reaction highlights an efficient approach to the 1,4-diketone 

relation in organic molecules by using nature’s abundant succinate building block in place of 

oxidative enolate couplings or Stetter reactions.33 

 To summarize the substrate scope, enol lactones should afford the target 

cyclopentenones so long as alkyl ketone intermediates are exclusively involved. The formation 

of acetophenones due to nucleophiles or from phthalic lactones should be avoided. Future 

studies should attempt to address the unreactive nature of these intermediates in the 
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Knoevenagel condensation. Finally, this cascade reaction proceeds through four discreet 

intermediates, a sequence which corresponds to >80% yield/step, even for the lowest yielding 

of substrates from Table 1. 

With a better understanding of productive carboxylic anhydride substrates, we next 

expanded our investigations to the diversification of the 2-carboalkoxy LUMO activating groups 

with different olefinating reagents. Synthesis of the phosphoranylidenes 72 from the 

corresponding bromoacetates with PPh3 and 1 M NaOH wash proved straightforward. 

Subjecting these ylide reagents to succinic anhydride (71) in PhMe at 50 oC afforded the 

lactones shown in Table 2 with yields between 62 and 72%.34 

Table 
2: Carboalkoxy substitution substrate scope 

 

It immediately became apparent that the use of heat to accelerate the Knoevenagel 

condensation as described in the general reaction conditions of Table 1 resulted in trans-

esterification of the products to methyl ester 29 (R=Me). By prolonging the reaction time at 25 oC, 

the alcoholysis pathway was sufficiently suppressed to obtain good yields of the 

cyclopentenones. Unsurprisingly, the tert-butyl ester 79 was robust enough to withstand this side-

reaction and could also be subjected to the general conditions (50 oC in MeOH for Knoevenagel 

condensation) described earlier in Table 1. 

Although the diversity of Wittig reagents employed provides an alternative to using 

substituted chloroformates in the Hua sequence, there were some stabilized ylides that failed to 

afford the desired enol lactones (80-83 Table 2). We were particularly interested in installing 
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vinyl sulfones for possibly expanding our method to also achieve a trans-Diels-Alder reaction 

paradigm and perform dehydrogenative Diels-Alder reactions.35 The olefination of anhydrides 

with the corresponding Horner-Wadsworth-Emmons (HWE) reagent (83) under standard or 

Masamune-Roush modified conditions proved unproductive and offered little in terms of 

promising leads. The olefination reaction with keto- (80), Weinreb amide (81), and nitrile (82) 

based reagents were similarly challenging, preventing exploration of the key ring-opening 

Knoevenagel sequence. Nonetheless, the alkyl carboalkoxy enol lactones (75, 77, and 78) were 

transformed to their respective oxo-esters (76, 45, 79) in good yields, as were a number of other 

enol lactones which will be described in the following sections. 

 

1.4.3 Asymmetric Ring-Opening Knoevenagel Sequence 

The ring-opening Knoevenagel reaction addressed the dearth of methods for 

synthesizing 4,5-substituted 2-carboalkoxy cyclopentenones, but introducing substitution along 

these positions also formed new chiral centers. We thus turned our attention to addressing 

asymmetric induction through a chiral catalyst or auxiliary as shown in Scheme 9. Since the 

Wittig reaction was the point of desymmetrization, we investigated methods to achieve this 

olefination asymmetrically. 

The desymmetrization of anhydrides is well-studied and there are a number of catalysts 

reported for the alcoholysis of the starting materials.36 Although an exhaustive investigation of 

possible catalysts has not yet been pursued, we did examine cinchona catalyst 84, a species 

described previously by the Deng group. Using this catalyst in a 10 mol % loading with Wittig 

reagent 47 failed to deliver any optically active product; switching to stoichiometric catalyst 

loadings completely shut down to formation of the desired enol lactone 48. These results 

suggest that the acyl transfer from the ammonium catalyst to the phosphoranylidene to form 

desymmeterized lactone 48 does not occur, but further studies on scaffolds not based on amine 

catalysts could prove more productive.  
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Scheme 9: Enantioselective ring-opening Knoevenagel reactions through catalytic and chiral 
auxiliary methods 

 
Pleasingly, we did achieve enantioselective formation of enol lactones by using a chiral 

auxiliary on the Wittig reagent. The chiral (-) menthol phosphoranylidene reagent 85 was 

prepared according to the procedure of Spitzner and Swoboda and treated with anhydride 46 to 

give 86 as a 1:2.7 ratio of diastereomers.37 Pleasingly, the major diastereomer could be 

crystalized in heptane, and after three iterations, a single diastereomer of 86, could be carried 

through the ring-opening Knoevenagel reaction to give the target cyclopentenone 87 in 65% 

yield as a single diastereomer. The absolute stereochemistry of the cyclopropane was 

confirmed with X-ray crystallographic analysis and comparison to the relative stereochemistry of 

the (-) menthol auxiliary.  

Removal of the auxiliary proved challenging with typical trans-esterification methods, but 

Dr. Stephen Kanyiva found that 10 mol % of strictly anhydrous NaOMe in MeOH at 110 oC for 
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48 hours eventually delivered a reasonable quantity of the target methyl ester 35. The use of 

Otera’s catalyst (86) in stoichiometric loadings also provided 35 after 96 hours at 125 oC in a 

sealed tube with PhMe/MeOH (3:1) in a higher 61% yield (81% b.r.s.m.).38 This methyl ester 

was critical in achieving down-stream decarboxylation of Diels-Alder adducts for accessing the 

target iso-Hajos Parrish ketones, discussed at the end of this chapter. 

In summary, we were drawn to the synthesis of α-carboalkoxy cyclopentenones by the 

Diels-Alder cycloaddition reaction first disclosed by Baker and utilized by the Danishefsky and 

Zhang in the total synthesis of hydrindane natural products. Although high yields are limited to 

symmetrically substituted alkyl anhydrides and alkoxycarbonyl phosphoranes, we expect new 

methods for forming the enol-lactone starting materials will liberate the reaction from those 

restraints. In addition, a chiral auxiliary allowed for enantioselective synthesis of substituted 

cyclopentenones while further investigations into a catalytic variant would be in order for future 

research.  

The ring-opening Knoevenagel reaction sequence efficiently transformed succinic 

anhydrides into cyclopentenones in only 2 steps and with good yields and varying substitution 

patterns. The reaction was next investigated as a starting point for natural product synthesis. 

 

1.5 2-Carbo-3-Substituted Cyclopentenone Natural Products and the Total Synthesis of 

Merrekentrone D 

Given the developed chemistry, we sought to demonstrate its power and application for 

total synthesis. A number of α-carbonyl β-substituted cyclopentenone structures exist in nature 

(Figure 4), including merrekentrone D (88), aflatoxin B1 (89), chondrosterin F (90), and the 

manzamenones (91-93).39 
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Figure 4: 2-carbo-3-substituted cyclopentenone containing natural products 

 

Merrekentrone D (88) offered the most direct demonstration of the strategy’s power in 

total synthesis, with relatively few questions to be explored beyond the scope of the previous 

section. The remaining issues were focused on how unsymmetrically substituted succinic 

anhydrides would behave with regards to the regiochemical outcome of the Wittig olefination. 

Secondly, merrekentrone D (88) contains a 3-furyl ketone, a domain which would derive from an 

aryl ketone phosphorus ylide rather than an acetate phosphorous ylide—an unresolved 

challenge from our prior studies. 

Kayser and Breau had reported the regiochemical outcome of the Wittig reaction with 

methyl succinic anhydride (94) as a 1:1.33 mixture of enol lactones (95:96) in favor of the 

sterically preferred site of acylation.40 We observed a subtle bias towards the desired 

regioisomer (95) by adding the anhydride to Wittig reagent (47) refluxing in PhMe and 

subsequently cooling to room temperature after the initial acylation reaction to give an 1:1.2 

ratio of 95:96 and a combined 55% yield. These products were completely inseparable in a 

number of solvent systems, and considering the modest regioselectivty, we turned to 

investigating an alternative cyclopropane opening strategy.  

Specifically, it was hypothesized that Wittig olefination of cyclopropyl anhydride 46 

followed by a ring-opening reaction would afford the desired regioisomer in a controlled manner. 

We hypothesized an anionic or Lewis-acid mediate opening would be better suited than radical 

cleavage for obtaining the desired regio-isomer of 97. 
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Various reagents were explored such as TFA/silane, traditional copper-hydrides such as 

Stryker’s reagent and modifications thereof, and other transition-metal hydrides.41 With no 

promising leads coming from the direct reductive cyclopropane opening, we turned to chelation 

assisted cyclopropane openings. Treating the cyclopropyl cyclopentenone 98 with MgBr2
.OEt2 in 

CH2Cl2 at 25 oC triggered ring opening in a redox-neutral fashion to deliver dienone 100 in 30% 

yield. We propose that this product forms by Lewis-acid activation of the acetoacetate, an event 

which triggers cyclopropane opening by the bromide counterion. The resulting cyclopentadiene 

should readily undergo 1,5-hydride shifts that eventually funnel to cyclopentadienol 99; this new 

species is then poised to undergo bromide elimination to the product (100). Unfortunately, this 

molecule proved difficult to handle and purify, decomposing to unidentified material on silica gel 

and in ambient conditions in a matter of minutes or hours when frozen in benzene. Although we 

were pleased to demonstrate the feasibility of controlling the regioselectivity with this strategy, 

the overall synthetic yield was inferior to the mixture of regioisomers observed in the initial 

methyl succinic anhydride ring-opening Knoevenagel (94 to 97). 
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Scheme 10: Approaches to the 5-methyl cyclopentenone of merrekentrone D with the ring-
opening Knoevenagel reaction 

 

One redeeming aspect of the cyclopropane opening strategy was its ability to 

productively react with a keto-Wittig reagent (101). 3-acetobromofuran was synthesized from 3-

acetylfuran which upon treatment with triphenyl phosphine and subsequent deprotonation with 

1M NaOH afforded the furyl Wittig reagent 101.42 This reagent failed to react with methyl 

succinic anhydride (94) as expected, corroborating the observations made with the acetonyl 

Wittig reagents in the previous section. Surprisingly, switching to cyclopropyl succinate 46 as 

the substrate, with the intent to execute the ring opening described above, the olefinated 

product was isolated in 79% yield; this further emphasizes the importance of conformation on 
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the reactivity, or lack thereof, in these Wittig olefinations. Exposing the furyl cyclopropyl enol 

lactone 102 to the reaction conditions with iBuLi afforded a major product, which did not 

spectroscopically correspond to the expected target (103). Although the mass spectrum showed 

the desired values, proton NMR revealed an additional alkenyl proton, a result which leads us to 

suspect the product of the reaction underwent a number of possible rearrangements (e.g. 

Nazarov cyclization, strain release sigmatropic rearrangements, 6π-electrocyclizations, and/or 

combinations thereof). In hopes that the unknown product would still undergo ring-opening to 

the target merrekentrone D carbocyclic skeleton, we exposed the product to the magnesium 

bromide conditions previously used, only to observe decomposition to unidentified materials.  

 

Scheme 11: Total synthesis of merrekentrone D 

 

Although a more elegant and selective route to merrekentrone D did not materialize, the 

methyl succinate sequence ultimately succeeded in delivering the desired oxo-ester 97 in 37% 

yield (81% based off the desired isomer). The targeted 5-methyl cyclopentenone 97 was 

separable from the undesired 4-methyl cyclopentenone by use of an acetone/hexanes eluent 

mixture and carried forward through a reduction/oxidation sequence to deliver enal 104 as 

shown in Scheme 11. Subjecting the aldehyde to 1.1 equiv of 3-furyl lithium in THF at -78 oC 

followed by straightforward Dess-Martin oxidation in CH2Cl2 afforded the natural product in 31% 

yield from 104 and a total of 6 steps from commercial material. 
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Table 3: Peak Comparison of Natural and Synthetic Merrekentrone D 

 

This strategy proved successful in the synthesis of the target molecule and 

simultaneously exposed additional considerations for the new reaction methodology. First, 

symmetric anhydrides should be used when possible and in some cases the use of a 

cyclopropane ring-opening reaction can address regioselectivity issues. Studies towards 

merrekentrone D also indicated that olefination reactions, which otherwise fail for some 

substrates, can occur in good yields by a substrate dependent Thorpe-Ingold effect. 

 

1.6 Alpha-Carboalkoxy Cyclopentenones as Synergistic Dienophiles in Diels-Alder 

Reactions 

Having developed the synthetic tools for preparing a number of substituted α-

carboalkoxy β-alkyl cyclopentenones, we could now begin to examine their reactivity in the 

Diels-Alder cycloaddition more thoroughly. When studies were initiated, there had only been a 

single report of the synergistic Diels-Alder reaction, as shown in Scheme 12, from the Baker 

group. Subsequently, both the Danishefsky and Gao groups reported double-Michael reactions. 
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The Baker and Danishefsky groups utilized synergistic diene 19 with MeLi in DME, conditions 

which afforded the desired product in our hands, but were on occasion difficult to reproduce. We 

attribute these incongruences to the strictly anhydrous DME required, since even trace amounts 

of proton can result in dienolate decomposition to oligomers.  

 
Scheme 11: Diels-Alder reaction between synergistic cyclopentenone dienophiles and the 

Danishefsky-Kitahara diene 
 

It had been noted in Baker’s pinguisone approach that thermal conditions failed to afford 

the desired cycloadduct (30), yet our results gainsay these observations. Thermalizing the 

dienophile 29 with three equivalents of the Danishefsky-Kitahara diene in a sealed tube of PhMe 

at 140 oC delivered a complex mixture of cycloadduct products from which only 107 and 30 

were confidently identified. The presence of 106 and retro-Michael adduct 108 may also have 

been detected, but isolation of these intermediates was never successful. We first hypothesized 

108 forms during the reaction conditions when a 1:1 diastereomeric mixture of 107 was 

identified, which should be formed stereoselectively in the pericyclic process. Protons downfield 

of the residual solvent peak (CHCl3) corresponding to the enol proton and β-enone proton were 

noted in the crude reaction mixture, but isolation of a pure sample of 108 has, thus far, eluded 

our efforts. Nevertheless, treating the crude mixture with TFA in ClCH2CH2Cl at 75 oC funneled 

the product mixture to hydrindenedione 30 in 78% yield. The use of a sealed-tube proved 
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necessary for observing good yields in the Diels-Alder reaction which corroborates the high-

pressure method mentioned in the Baker manuscript. The use of three equivalents of diene 

helped in achieving full conversion within a reasonable reaction time. 

 

1.6.1 Decarboxylation of Hydrindane Bridgehead Esters 

Although the 2-carboxylate group proved essential for achieving the Diels-Alder reaction, 

it was extraneous with respect to the synthesis of the iso-Hajos-Parrish ketone 7 introduced at 

the beginning of Chapter 1. We therefore turned our attention to the challenge of removing the 

bridgehead methyl ester of 30 (Scheme 13). Exposing methyl ester 30 to a number of 

nucleophilic decarboxylation reagents such as Me3SnOH, LiOH, LiOOH, KOTMS, H3O
+, as well 

as other saponification procedures such those initiated by Lewis acids, failed to afford any 

productive carboxylic acid or decarboxylation. We were cognizant that all of these reagents, with 

the exception of KOTMS, operate by attacking the carboxylate carbonyl to form a tetrahedral 

intermediate which then collapses to a carboxylic acid or a readily hydrolyzed ester.43 In our 

system, the resulting tetrahedral intermediate 109 would induce a large amount of transannular 

strain due to syn-pentane interactions with the angular methyl. Thus, the energetic barrier of 

hybridization was overcome by instead turning to a strong nucleophilic reagent capable of 

cleaving the ester by a dealkylation (i.e. SN2-type) reaction.44 
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Scheme 13: Decarboxylation and conformational analysis of uniquely effective Krapcho 

conditions 
 

In this vein, Krapcho conditions cleanly afforded the desired decarboxylated product (7) 

in 60% yield. Both NaI in pyridine and LiCl in DMSO provided the target compound, but the NaI 

conditions proved sensitive to light and exposure to oxygen, rendering them less reproducible. 

Interestingly, the adventitious water of Krapcho’s original conditions served no purpose in these 

procedures due to the anion stabilization capacity of 1,5-enedione 7, and as such a 1M HCl 

workup was needed for good mass recovery. In the case of 7, the cyclohexenone resides in a 

isomeric form at the bridgehead position (110) as a 2:1 ratio of 7 to 110, respectively. 

This two-step Diels-Alder/decarboxylation sequence proved to be a practical solution to 

synthesizing the iso-Hajos-Parrish ketone, but it did not take full advantage of the versatility our 

ring-opening Knoevenagel reaction offered. Since de-methoxycarbonylation was giving lower 

than desired yields, as well as requiring an additional step, we investigated alternative α-

carboalkoxy cyclopentenone dienophiles such as the benzyl and tert-butoxy substrates 45 and 

79 respectively (Scheme 14). 
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Scheme 14: Decarboxylative Diels-Alder reactions and alpha-hydro cyclopentenone equivalents 

 

The Diels-Alder reaction with the benzyl ester followed by hydrogenation of the crude 

reaction mixture in EtOAc with 30 mol % of Pd/C for 16 hours at 25 oC led not only to the 

hydrindanone, but also cleanly decarboxylated and hydrogenated the cyclohexeneone, a 

sequence which afforded 111 in 57% yield over 2 steps. Tert-butyl ester 79 provided a one pot 

Diels-Alder/decarboxylation approach for accessing the iso-Hajos-Parrish diketone 7 along with 

its isomerization to 110, a reaction which occurs during work-up, in 72% combined yield. In this 

way, the α-tert-butoxyester-β-alkyl cyclopentenone is degenerate with the unreactive α-hydro-β-

alkyl cyclopentenone dienophile in the Diels-Alder cycloaddition.  
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Scheme 15: Synthesis of 4,5-disubstituted iso-Hajos-Parrish ketone for sesquiterpene synthesis 

and transition state analysis 
 

It was previously put forth that our interest in the diketone 7 was rooted in addressing the 

total synthesis of lindenane sesquiterpenes from a 4,5-disubstituted iso-Hajos-Parrish ketone 

such as 6,5,3 tricyclic 1,5-enedione 113 (Scheme 15). In the next chapter, the power of this 

building block in the total synthesis of lindenene sesquiterpenes such as lindenatriene 12 will be 

described. We would serendipitously realize that this building block would also serve as a 

common intermediate for a number of sesquiterpene families, as will be outlined in chapter 3 of 

this thesis, and was easily accessed by our Diels-Alder strategy. We obtained this intermediate 

by subjecting bicyclic α-hydro synthon 112 to the Diels-Alder reaction conditions and a 

remarkable yield of iso-Hajos-Parrish ketone 113 was obtained (95%) as a single diastereomer. 

The higher yield may be a result of in-situ decarboxylation thereby shutting down retro-Michael 

pathways and/or a single more productive transition state (TS IV). Secondary orbital 

stabilization of the endo transition state can be obtained from both the carboalkoxy (TS I and TS 

II) and cyclopentenone carbonyl π-orbitals (TS III and TS IV), but the steric bulk of the tert-
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butoxy ester and cyclopropane forces the synergistic diene (donating groups omitted for clarity) 

to adopt endo-enone transition state TS IV. The facial selectivity for TS IV is enhanced by 

sterically positioning the diene endo to the cyclopropane which is the sole factor in 

differentiating faces of the cyclopentenone. The p-character of the cyclopropyl Walsh orbitals 

may also be involved in stabilizing the transition state, but this effect has not been fully 

investigated.45 Finally, iso-Hajos-Parrish ketone 113 exists as a single alkene isomer, an 

observation that results from the strain within the cyclopropyl cyclopentanone and the energetic 

penalty to increasing this angle strain with an additional sp2 atom. 

 

1.6.2 Formal Synthesis of the Cyanthiwigins  

During the course of these studies, the Gao group disclosed a synthetic strategy for the 

total synthesis of cyanthiwigin A (118, Scheme 16) and related structures.46 It just so happened 

that their strategy adopted a similar synergistic Diels-Alder reaction/decarboxylation approach to 

iso-Hajos-Parrish ketone 117, but invoked the benzyl ester (45) followed by Raney-Ni de-

benzyloxycarbonylation. We completed the formal synthesis of the cyanthiwigins by intercepting 

intermediate 117 with the tert-butoxydieonophile 79 and the original Gao conditions followed by 

exposure to TFA in 3 steps from commercial materials, whereas they required a total of 6 steps. 

This example not only corroborates our hypothesis that the iso-Hajos-Parrish ketone is a 

powerful building block for total synthesis, but ultimately highlights the improved efficiency of 

such an approach in conjunction with the ring-opening Knoevenagel reaction over the Hua 

sequence of α-carboalkoxy β-alkyl cyclopentenones. 
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Scheme 16: Formal synthesis of Gao's iso-Hajos-Parrish ketone en route to the cyanthiwigin 

family of natural products 
 

1.6.3 Cyclopentadienone Equivalent 

We also studied the Diels-Alder/retro-Diels-Alder cycloaddition/cycloreversion of 

norbornenyl dienophile 39. The cycloaddition did not proceed under the thermal conditions due 

to sterics or perhaps decomposition through a retro-Diels-Alder pathway which would liberate 

cyclopentadiene and the 4π anti-aromatic cyclopentadienone 121. Turning to double-Michael 

conditions, we isolated Diels-Alder adduct 119 which could then be subjected to retro-Diels-

Alder conditions to cleave the norbornenyl cyclopentenone protecting group and obtain the 

dienone 120.  
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Scheme 

17: Diels-Alder/retro-Diels-Alder sequence as a cyclopentadienone equivalent 

What is particularly fascinating about this Diels-Alder/retro-Diels-Alder sequence is the 

masking of a cyclopentadienone moiety (121). Overall, what we have shown is that abundantly 

available maleic anhydride (122) can derivatized at the electron-deficient alkene and carried 

through the cyclopentenone synthesis to expose a new electron deficient enone (124) for further 

elaboration. The above Diels-Alder/retro-Diels-Alder sequence unveils the original maleic 

anhydride enone, in effect, employing a cyclopentadienone equivalent (121). This sort of 

molecular motif has been pursued as a potential synthetic intermediate, but due to its anti-

aromatic nature it is challenging to use as a discreet reagent. This strategy serves to 

complement some of the existing approaches to such intermediates, but will require further 

optimization to realize an efficient application in a total synthesis endeavor.47 

 

1.6.4 Ring-Opening Knoevenagel Diels-Alder Cycloaddition Cascades 

Finally, we sought to merge our Diels-Alder studies and ring-opening Knoevenagel 

reaction into a single cascade reaction by performing a type I intramolecular Diels-Alder reaction 
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after the cyclopentenone formation. We chose to explore tethering a diene to the 

cyclopentenone scaffold at both the 2-carboalkoxy position, from the Wittig reaction, and at the 

β position in the form of a lithiate. 

The tethered acetoxy Wittig reagent containing a n-penta-(1,3)-dienyl group successfully 

delivered the desired enol lactone (126) in 56% yield. Subjecting the lactone to the reaction 

conditions in Table 2 afforded oxo-ester 127, but this material never underwent the 

cycloaddition reaction. Exposing the material to temperature as high as 170 oC, with high 

pressure, and/or with Lewis-acid catalysts never resulted in any Diels-Alder reaction. This 

observation serves to emphasize the unreactive nature of β-substituted cyclopentenones 

originally noted by Acheson—even with the synergistic carboalkoxy group, intramolecular rate 

enhancement, and Lewis-acid activation, the pericyclic process was not observed for the 

butadiene system.48 
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Scheme 18: Ring-opening Knoevenagel/Diels-Alder cycloaddition cascade reactions 

and approach to pentalene tricyclic framework 
 

Undeterred, we explored other ways to demonstrate the unique ability of our method to 

form numerous carbocyclic rings in a cascade manner. We intended to install the diene at the β 

position via lithiate 129 and take the unreactive nature of the unactivated butadiene substrate 

127 into consideration, by instead employing a 3,5-dimethoxyphenyl-butadienyl tether.49 After 

lactone 59 and lithiate 129 were subjected to general reaction conditions, the crude mixture was 

heated to 150 oC for 24 h and fused tricycle 132 was obtained in 32% yield. Some unreacted 

cyclopentenone 131 was isolated from the reaction mixture, again, emphasizing the unreactive 

nature of these dienophiles. Considering that 132 arises from the completely linear intermediate 

130, the complexity of the tricyclic product, and number of bond-forming events in a single 

reaction flask this reaction evinces the power of this sequence in synthesizing complex organic 

molecules. In addition, this carbocyclic framework is strikingly similar to pentalenic acid (133), a 
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target which might be accessible through a Woodward D-ring contraction of steroids involving 

oxidative ring opening/aldol condensation and de-arylation reaction or alternative method of 

diene activation such as trimethylsilyl/alkene isomerization.50 

 

1.7 Conclusion 

In conclusion, a new ring-opening Knoevenagel reaction has enabled the rapid synthesis 

of a number of synergistic cyclopentenone dienophiles (136, Figure 5). Cyclopentenones were 

derived from inexpensive symmetric succinic anhydride starting materials (134) and tolerate 

varying degrees of substitution. We have explored the reactivity of these cyclopentenones in the 

Diels-Alder cycloaddition as a general approach to substituted hydrindanones, referred to within 

as iso-Hajos-Parrish ketones (137), for the synthesis of natural products and other complex 

organic molecules. 

 
Figure 5: Summary of ring-opening Knoevenagel and Diels-Alder cycloaddition for the synthesis 

of iso-Hajos-Parrish ketones 
 

 Of particular importance is that this chemistry successfully addresses the 60 year 

problem of unreactive α-hydro β-alkyl cyclopentenones in the Diels-Alder cycloaddition without 

the need for an additional decarboxylation reaction. The utility of this strategy was demonstrated 

by a formal synthesis of the cyanthiwigin family of natural products and a cyclopentadienone 

synthetic equivalent. Furthermore, this reaction enabled the first total synthesis of 

merrekentrone D without the use of protecting groups in only 6 steps. The remainder of this 

thesis will describe the utility of the cyclopropyl iso-Hajos-Parrish ketone (113) in the total 

synthesis of other sesquiterpene natural products. 
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1.9 Experimental Section 

 

General Procedures. All reactions were carried out under an argon atmosphere with 

anhydrous solvents under anhydrous conditions, unless otherwise noted. Anhydrous toluene, 

tetrahydrofuran (THF), and dichloromethane (CH2Cl2) were obtained by passing commercially 

available pre-dried, oxygen-free formulations through activated alumina columns; pyridine was 

freshly distilled from calcium hydride (CaH2), diisopropylamine was freshly distilled from 

potassium hydroxide (KOH) and were used immediately; methanol (MeOH), 1,2-dichloroethane 

(DCE) were purchased in anhydrous form from Sigma-Aldrich and used as received; methyl 

lithium (MeLi) was purchased from Sigma-Aldrich as a 1.6M solution in diethyl ether, n-butyl 

lithium (n-BuLi) was purchased from Acros organics as a 1.6M solution in hexanes and both 

were titrated with menthol and 2,2’-bipyridine indicator as reported by Lin and Paquette.1 

Sodium hydride (NaH) was purchased as a 60% wt. suspension in mineral oil, DIBAL-H as a 1M 

solution in THF from Sigma-Aldrich and used as received. Yields refer to chromatographically 

and spectroscopically (1H and 13C NMR) homogeneous materials, unless otherwise stated. All 

reagents were purchased at the highest commercial quality from Sigma-Aldrich and used as 

received. Reactions were magnetically stirred and monitored by thin-layer chromatography 

(TLC) carried out on 0.25 mm E. Merck silica gel plates (60F-254) using UV light as visualizing 

agent and an aqueous solution of phosphomolybdic acid and cerium sulfate, and heat as 

developing agents. Preparative thin-layer chromatography was carried out on 0.50 mm E. Merck 

silica gel plates (60F-254). SiliCycle silica gel (60, academic grade, particle size 0.040–0.063 

mm) was used for flash column chromatography. NMR spectra were recorded on Bruker DRX-

400, DRX-400SL, and DRX-500 instruments and calibrated using residual undeuterated solvent 

as an internal reference. The following abbreviations were used to explain the multiplicities: s = 

                                                           
1 H.-S. Lin, L. A. Paquette. A Convenient Method for Determining the Concentration of Grignard 
Reagents. Synthetic Communications 1994, 24, 2503-2506. 
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singlet, d = doublet, t = triplet, q = quartet, m = multiplet, app = apparent. IR spectra were 

recorded on a PerkinElmer Spectrum Two IR spectrometer with UATR adapter. High-resolution 

mass spectra (HRMS) were recorded in the Columbia University Mass Spectral Core facility on 

a JOEL HX110 mass spectrometer using FAB (Fast Atom Bombardment).  

 

Experimental Data for Compounds 

(Z)-hex-3-ene-2,5-dione (S1). The title diketone was prepared according to the 

procedure of Mulzer, Giester, and Gilbert.2 2,5-dimethylfuran (0.53 mL, 5 mmol, 1 equiv) was 

added to a solution of mCPBA (0.88 g, 5 mmol, 1 equiv) in CH2Cl2 (10 mL) at 0 oC and stirred 

for thirty minutes to give a white precipitate. Upon completion the suspension was filtered and 

washed with 1% Na2CO3 (2 x 5 mL), H2O, brine, and dried (MgSO4) to give diketone S1 (518 

mg, 93% yield). S1 Rf = 0.36 (EtOAc:hexanes, 1:1). 1H NMR (400 MHz, CDCl3) δ 6.29 (s, 2H), 

2.29 (d, J = 0.7 Hz, 6H). 

 

Cyclopentenone (20). The diketone, prepared above (176 mg, 1.57 mmol, 1 equiv) was 

dissolved in H2O (12 mL) and K2CO3 (216 mg, 1.57 mmol, 1 equiv) was directly added. The 

reaction was stirred at 25 oC for 4 h to give a yellow solution. Upon completion 1M HCl was 

added until the solution became acidic and extracted with CH2Cl2 (3 x 5 mL), dried (MgSO4), 

filtered, and concentrated. Purification by flash column chromatography (silica gel, 

EtOAc:hexanes, 50%) afforded the target allylic alcohol, (45mg, 25% yield). S2: Rf = 0.12 

(EtOAc:hexanes, 1:1).  

                                                           
2 a) Mulzer, J.; Giester, G.; Gilbert, M. Toward a Total Synthesis of Macrocyclic Jatrophane 
Diterpenes – Concise Route to a Highly Functionalized Cyclopentane Key Intermediate. 
Helvetica Chimica Acta 2005, 88, 1560-1579. b) Adembri, G.; Giorgi, G.; Lampariello, R. L.; 
Paoli, M. L.; Sega, A. Regio- and diastereo-selectivity in 1,3-dipolar cycloadditions of nitrile 
oxides to 4-substituted cyclopent-2-enones. J. Chem. Soc. Per. Trans. 1. 2000, 2649-2656. 
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The allylic alcohol S2 (634 mg, 5.66 mmol, 1 equiv) was dissolved in DMF (5 mL), 

imidazole (680 mg, 10 mmol, 1.9 equiv) was added, followed by TBSCl (2.25 g, 15 mmol, 3 

equiv), and stirred at 25 oC for 16 h. The reaction was worked up by the addition of saturated 

Na2CO3 and diluting with Et2O (10 mL). The layers were extracted with Et2O (3 x 15 mL), 

organic layers collected, washed with brine, dried (MgSO4), filtered, and concentrated. The 

crude material was purified by flash column chromatography (silica gel, EtOAc:hexanes, 5%) to 

afford enone 20 (679 mg, 53%). 20: Rf = 0.20 (EtOAc:hexanes, 1:9). 1H NMR (400 MHz, CDCl3) 

δ 6.08 – 5.86 (m, 1H), 4.75 (ddt, J = 4.2, 2.4, 1.2 Hz, 1H), 2.74 (dd, J = 17.9, 6.0 Hz, 1H), 2.30 

(dd, J = 17.9, 2.4 Hz, 1H), 2.20 – 2.07 (m, 3H), 1.05 – 0.84 (s, 9H), 0.16 (s, 6H). 

 

2-bromo-3-methylcyclopent-2-en-1-one (S3). A flame-dried round bottom flask fixed 

with an addition funnel was charged with 3-methylcyclopent-2-en-1-one (1 mL, 10.6 mmol, 1 

equiv) and dissolved in CCl4 (9 mL). The solution was cooled to 0 oC and bromine (0.6 mL, 

11.67 mmol, 1.1 equiv) in CCl4 (7 mL) was added drop wise via the addition funnel over a period 

of 1 h under argon. The addition funnel was rinsed with CCl4 (1 mL) and charged with Et3N 

(2.23 mL, 15.9 mmol, 1.5 equiv) and CCl4 (7 mL) and added to the reaction via addition funnel 

over a period of 1 h. After complete addition of the reagents, the reaction was warmed to 25 oC 

for 2 h. Upon complete the reaction mixture was filtered through celite, rinsed with CH2Cl2, 

washed with 1M HCl (3 x 10 mL), saturated NaHCO3 (10 mL), and H2O. The organic layer was 

dried (MgSO4), filtered, concentrated, and purified in 20% (EtOAc:hexanes) to afford 2-

bromoenone S3 (1.38g, 74% yield). S3: Rf = 0.31 (EtOAc:hexanes, 1:2). 1H NMR (300 MHz, 

CDCl3) δ 2.71 – 2.63 (m, 2H), 2.58 – 2.52 (m, 2H), 2.18 (s, 3H). 

 

Bromocyclopentene ketal (31). flame-dried round bottom flask was fixed with a Dean-

Stark condenser and charged with 2-bromoenone S3 (1.35 g, 7.7 mmol, 1 equiv), ethylene 

glycol (1.5 mL, 26.8 mmol, 3.5 equiv), p-TsOH (600 mg, 3.16 mmol, 41 mol %), and benzene 
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(40 mL). The reaction was well insulated with aluminum foil and heated to a bath temperature of 

120 oC for 16 h. The reaction was cooled to 25 oC and poured into saturated NaHCO3, extracted 

with CH2Cl2 (3 x 30 mL), organic layers collected, dried (MgSO4), filtered, and concentrated. The 

crude residue was purified by flash column chromatography (silica gel, EtOAc:hexanes, 10%) to 

afford vinyl bromide 31 (600 mg, 36%). 31: 1H NMR (300 MHz, CDCl3) δ 4.24 – 4.15 (m, 2H), 

4.02 – 3.95 (m, 2H), 2.44 – 2.28 (m, 2H), 2.26 – 2.13 (m, 2H), 1.80 (s, 3H).  

 

2-carbomethoxy 3-methyl cyclopentenone (29). A flame-dried round bottom flask was 

charged with ketal 31 (530 mg, 2.42 mmol, 1 equiv) and THF (25 mL). The reaction was cooled 

to -78 oC and n-BuLi (2.42 mL, 3.15 mmol, 1.3 equiv) was added drop wise. After stirring for 30 

minutes at this temperature, methyl chloroformate (0.49 mL, 6.3 mmol, 2.6 equiv) was added 

drop wise and stirred for 30 minutes at the same temperature, then warmed to 25 oC for 30 

minutes. The reaction was quenched with saturated NH4Cl (20 mL), diluted with CH2Cl2 (20 mL) 

and extracted with CH2Cl2 (3 x 20 mL). The organic layers were collected, dried (MgSO4), 

filtered, and concentrated. The crude residue was dissolved in dissolved in CH2Cl2 (10 mL) and 

H2O (10 mL). To this biphasic mixture was added oxalic acid (420 mg, 4.67 mmol, 2 equiv) and 

the reaction stirred vigorously for 5 h at 25 oC. The reaction was filtered through a mixture of 

MgSO4 and K2CO3, concentrated, and purified by flash column chromatography (silica gel, 

EtOAc:hexanes, 40%) to afford dienophile 29 (149 mg, 40% yield). 29: IR (film) νmax 2953.33, 

1740.85, 1703.37, 1625.83, 1433.73, 1377.22, 1351.65, 1337.50, 1294.11, 1255.85, 1226.91, 

1149.16, 1020.06 cm-1; 1H NMR (500 MHz, CDCl3) δ 3.80 (s, 3H), 2.67 – 2.61 (m, 2H), 2.48 – 

2.42 (m, 2H), 2.37 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 203.41, 185.48, 163.65, 132.30, 51.76, 

34.98, 32.75, 19.36; HRMS (FAB) calcd for C8H10O3 [M+H]+ 155.1730, found 155.0715. 

 

Acetoacetate (43). A flame-dried round bottom flask was charged with NaH (12.6 g, 181 

mmol, 1.2 equiv) which was suspended in dry THF (800 mL) under an argon atmosphere and 
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cooled to 0 oC with an ice bath. To this suspension was added methyl acetoacetate (16.2 mL, 

150 mmol, 1 equiv) drop wise over a period of 30 minutes and stirred for 30 minutes at 0 oC until 

evolution of hydrogen ceased. Then n-BuLi (105 mL, 157.5 mmol, 1.05 equiv) was added drop 

wise to give a red solution which was stirred for an additional 30 minutes at 0 oC. In THF (100 

mL) was added 3-chloro-2-methylprop-1-ene (14.67 mL) via cannula and stirred for 1 h at 0 oC. 

The reaction was quenched by the careful drop wise addition of 1M HCl (500 mL), the layers 

were separate with Et2O (1L) and extracted with Et2O (3 x 300 mL), organic layers were 

collected, washed with H2O (2 x 100 mL), brine (100 mL), dried (MgSO4), filtered, and 

concentrated. The crude residue was purified by flash column chromatograph (EtOAc:hexanes, 

50%) to afford acetoacetate 43 (8.4g, 33% yield). 43 Rf = 0.64 (EtOAc:hexanes, 1:1). 1H NMR 

(300 MHz, CDCl3) δ 4.74 (m, 1H), 4.66 (m, 1H), 3.74 (s, 3H), 3.46 (s, 2H), 2.69 (dd, J = 8.4, 6.8 

Hz, 2H), 2.30 (t, J = 7.3 Hz, 3H), 1.73 (s, 3H).  

 

Acetoacetate (44). A flame-dried round bottom flask was charged with NaH (2.4 g, 60 

mmol, 1.5 equiv) and suspended in dry THF (100 mL) under an argon atmosphere and cooled 

to 0 oC with an ice bath. To this suspension was added benzyl acetoacetate (6.9 mL, 40 mmol, 

1 equiv) drop wise over a period of 30 minutes and stirred for 30 minutes at 0 oC until evolution 

of hydrogen ceased. Then n-BuLi (29.3 mL, 44 mmol, 1.1 equiv) was added drop wise to give a 

red solution which was stirred for an additional 30 minutes at 0 oC. In THF (20 mL) was added 

3-chloro-2-methylprop-1-ene (3.89 mL, 40 mmol, 1 equiv) via cannula and stirred for 1 h at 0 oC. 

The reaction was quenched by the careful drop wise addition of 1M HCl (100 mL), the layers 

were separate and extracted with Et2O (3 x 200 mL), organic layers were collected, washed with 

H2O (2 x 5 mL), brine, dried (MgSO4), filtered, and concentrated. The crude residue was purified 

with 5% (EtOAc:hexanes) to afford acetoacetate 44 (3g, 30% yield). 44: 1H NMR (300 MHz, 

CDCl3) δ 7.36 (m, 5H), 5.17 (s, 2H), 4.72 (m, J = 2.4, 0.8 Hz, 1H), 4.68 – 4.60 (m, 1H), 3.50 (s, 

2H), 2.75 – 2.58 (m, 2H), 2.33 – 2.23 (m, 2H), 1.83 – 1.64 (s, 3H).  
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γ-ketoacetoacetate (S3). Alkene 43 (150 mg, 0.812 mmol, 1 equiv) was dissolved in 

dioxane (6 mL) and of H2O (2 mL). To this solution was added 2,6-lutidine (0.19 mL, 1.6 mmol, 

2 equiv), NaIO4 (700 mg, 3.3 mmol, 4 equiv), and K2OsO4
.2H2O (10 mg, 0.027 mmol, 3 mol %) 

at 25 oC. The reaction was stirred at 25 oC under a sealed ambient atmosphere for 18 h and 

diluted with CH2Cl2 (20 mL) and H2O (20 mL). The mixture was extracted with CH2Cl2 (3 x 10 

mL), dried (MgSO4), filtered, and concentrated. The crude residue was purified by flash column 

chromatography (silica gel, EtOAc:hexanes, 50%) to afford tricarbonyl S3 (72 mg, 48% yield). 

S3: Rf = 0.11 (EtOAc:hexanes, 1:1). 1H NMR (300 MHz, CDCl3) δ 3.73 (s, 3H), 3.51 (s, 2H), 

2.88 – 2.68 (m, 4H), 2.18 (s, 3H).  

 

 2-carbobenzyl 3-methylcyclopentenone (45). Alkene 44 (439 mg, 1.78 mmol, 1 

equiv) was dissolved in dioxane ( 20 mL) and H2O (7 mL). To this solution was added lutidine 

(0.41 mL, 3.56 mmol, 2 equiv), NaIO4 (1.5 g, 7.1 mmol, 4 equiv), and K2OsO4
.2H2O (50 mg, 

0.135 mmol, 7.6 mol %) at 25 oC. The reaction was stirred at 25 oC under a sealed ambient 

atmosphere for 15 h and diluted with CH2Cl2 (50 mL) and H2O (20 mL). The mixture was 

extracted with CH2Cl2 (3 x 30 mL), dried (MgSO4), filtered, and concentrated. The crude residue 

was dissolved in MeOH (50 mL) and Et3N (5 mL) and stirred at 25 oC for 12 h, quenched with 

1M HCl (20 mL), concentrated, and extracted CH2Cl2(3 x 30 mL), The organic layers were 

collected, dried (MgSO4), filtered, and concentrated. The crude residue was purified by flash 

column chromatography (silica gel, EtOAc:hexanes, 30%) to afford target cyclopentenone 45 

(225 mg, 55% yield). 45: IR (film) νmax 3384.91, 3059.20, 3036.00, 3008.04, 2937.06, 2905.59, 

2849.87, 2823.37, 1699.28, 1620.13, 1451.97, 1378.93, 1292.50, 1254.59, 1149.37, 739.81 cm-

1; 1H NMR (400 MHz, CDCl3) δ 7.48 – 7.41 (m, 2H), 7.39 – 7.28 (m, 3H), 5.30 (s, 2H), 2.69 – 

2.61 (m, 2H), 2.51 – 2.44 (m, 2H), 2.36 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 203.32, 184.86, 

163.12, 135.86, 132.57, 128.67, 128.27, 128.20, 66.49, 35.10, 32.85, 19.50; HRMS (FAB) calcd 

for C14H14O3 [M+H]+ 231.2710, found 231.1019.  
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General Wittig olefination of succinic anhydrides: 

A flame-dried round bottom flask under argon was charged with the stabilized ylides (5 

mmol, 1 equiv.) from table 1 and 2 (5 mmol) and dissolved in PhMe (10 mL). To the solution 

was added the anhydride (5 mmol, 1 equiv.) as indicated in table 1 and 2 and heated to 50 oC 

for the time indicated below under argon atmosphere, concentrated in vacuo and purified by 

flash column chromatography (silica gel, EtOAc:hexanes, 2-10%). The resulting enol lactones 

were recrystallized to higher purity if necessary in CH2Cl2:Hex (1:10) to yield the desired enol 

lactones in the amount and yields indicated below.  

 

General procedure for ring opening/Knoevenagel of enol lactones: 

A flame-dried round bottom flask was charged with enol lactones from table 1 or 2 (1 

mmol), CH2Cl2 (3 mL), and N,O-dimethyl hydroxylamine hydrochloride (127 mg, 1.3 mmol). 

Pyridine (0.4 mL, 5 mmol) was added and the reaction was stirred at 25 oC for the time 

indicated, at which point TLC indicated complete consumption of starting enol lactone. The 

reaction vessel was stripped to dryness under vacuum, suspended in dry PhMe (5 mL), filtered 

through a thin pad of celite, and washed with dry PhMe (1 mL). The filtrate was concentrated 

and dissolved in anhydrous THF (4 mL) and added to a suspension of NaH (52 mg, 1.3 mmol) 

in anhydrous THF (4 mL) at 0 oC via cannula. After 30 minutes at 0 oC, the reaction was cooled 

to -78 oC and the organometallic nucleophile indicated in table 1 or 2 (1.1 mmol) was added. 

The -78 oC bath was replaced with an ice bath and stirred for 1 h at 0 oC. The reaction was 

quenched with drop wise addition of MeOH (2 mL, 50 mmol) and stirred at the temperature and 

time indicated below. After complete condensation, 1M HCl (5 mL) was added and extracted 

with CH2Cl2 (3 x 10 mL) and the organic layers collected and washed with saturated brine (10 

mL), dried (MgSO4), filtered, and concentrated. The resultant residue was purified either by flash 
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column chromatography or preparative TLC to yield 3-alkyl 2-carboalkoxy cyclopentenone 

cyclization products in the amount and yields indicated below. 

 

Methoxy cyclopropylsuccinyl enol lactone (48). 16 h, white crystalline solid, 0.605 g, 

72% yield. 48: Rf = 0.44 (silica gel, EtOAc:hexanes, 1:4); IR (film) νmax 3119.85, 3087.67, 

3026.46, 2960.31, 1810.35, 1708.04, 1659.36, 1437.68, 1381.69, 1253.50, 1159.60, 1110.64, 

1035.30, 930.42, 857.75, 842.29, 749.26, 726.13, 602.93 cm-1; 1H NMR (500 MHz, CDCl3) δ 

5.62 (s, 1H), 3.74 (d, J = 1.2 Hz, 3H), 3.73 – 3.69 (m, 1H), 2.46 (ddd, J = 8.6, 4.7, 3.5 Hz, 1H), 

1.60 (td, J = 8.5, 4.8 Hz, 1H), 1.25 (q, J = 4.1 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 170.98, 

167.05, 165.53, 96.84, 51.45, 21.36, 18.85, 16.25; HRMS (FAB) calcd for C8H8O4 [M+H]+ 

169.1560, found 169.0502. 

 

Methoxy cyclopropylcyclopentenone (35). A flame-dried round bottom flask was 

charged with enol lactone (1 mmol), dissolved in anhydrous THF (4 mL) cooled to -78 oC. To the 

solution was added MeLi (0.69 mL, 1.6M in Et2O, 1.1 mmol, 1.1 equiv) and stirred for 1 h at this 

temperature. The reaction was quenched with drop wise addition of MeOH (2 mL, 50 mmol) and 

stirred at 25 oC for 16 h. After completion by TLC, 1M HCl (5 mL) was added and extracted with 

CH2Cl2 (3 x 10 mL) and the organic layers collected and washed with saturated brine (10 mL), 

dried (MgSO4), filtered, and concentrated. The resultant residue was purified either by flash 

column chromatography (silica gel, EtOAc:hexanes, 35%) to yield 35 (53 mg, 32% yield) and 52 

(43 mg, 24% yield). 35: Rf = 0.1 (EtOAc:hexanes, 1:1); IR (film) νmax 3001.15, 2954.26, 1735.22, 

1704.83, 1606.59, 1436.18, 1379.25, 1309.10, 1244.91, 1089.26, 824.72, 789.48 cm-1; 1H NMR 

(500 MHz, CDCl3) δ 3.77 (s, 3H), 2.47 (s, 3H), 2.43 (app dt, J = 7.3, 4.0 Hz, 1H), 2.30 (dt, J = 

8.2, 4.0 Hz, 1H), 1.54 (ddd, J = 8.3, 7.1, 3.8 Hz, 1H), 1.30 (q, J = 3.7 Hz, 1H); 13C NMR (125 

MHz, CDCl3) δ 200.16, 186.64, 163.83, 124.06, 51.69, 32.92, 25.76, 25.74, 19.31; HRMS 

(FAB) calcd for C9H10O3 [M+H]+ 167.1840, found 167.0705.  
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Diaddition product (52). 1H NMR (300 MHz, CDCl3) δ 5.18 (s, 1H), 3.67 (s, 3H), 3.20 

(ddd, J = 8.9, 6.0, 3.3 Hz, 1H), 1.86 (ddd, J = 7.6, 6.0, 4.8 Hz, 1H), 1.35 (s, 6H), 1.11 (ddd, J = 

8.7, 7.6, 4.9 Hz, 1H), 0.65 (td, J = 4.9, 3.3 Hz, 1H).  

 

Methyl succinate enol lactone (59).16 h, white crystalline solid, 0.452 g, 58% yield. 59: 

Rf = 0.38 (silica gel, EtOAc:hexanes, 1:4); IR (film) νmax 2950.95, 1817.57, 1707.32, 1657.14, 

1371.79, 1093.29, 734.32 cm-1; 1H NMR (500 MHz, CDCl3) δ 5.71 (t, J = 2.2 Hz, 1H), 3.72 (s, 

3H), 3.38 (ddd, J = 10.8, 5.8, 2.2 Hz, 2H), 2.77 – 2.70 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 

173.60, 167.75, 167.17, 97.15, 51.46, 26.26, 26.21; HRMS (FAB) calcd for C7H8O4 [M+H]+ 

157.1370, found 157.0506. 

 

2-carbomethoxy 3-methylcyclopentenone (29). 6 h at 25 oC, 1 h at 50o C, yellow oil, 

0.105 g, 68% yield. 29: Rf = 0.31 (silica gel, EtOAc:hexanes, 1:1); IR (film) νmax 2953.33, 

1740.85, 1703.37, 1625.83, 1433.73, 1377.22, 1351.65, 1337.50, 1294.11, 1255.85, 1226.91, 

1149.16, 1020.06 cm-1; 1H NMR (500 MHz, CDCl3) δ 3.80 (s, 3H), 2.67 – 2.61 (m, 2H), 2.48 – 

2.42 (m, 2H), 2.37 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 203.41, 185.48, 163.65, 132.30, 51.76, 

34.98, 32.75, 19.36; HRMS (FAB) calcd for C8H10O3 [M+H]+ 155.1730, found 155.0715.  

 

2-carbomethoxy cyclopentenone (61). 6 h at 25 oC, 2 h at 25 oC, unstable orange oil, 

0.067 g, 48% yield. 61: Rf = 0.14 (silica gel, EtOAc:hexanes, 1:1); IR (film) νmax 2951.96, 

2850.24, 1744.72, 1715.11, 1617.53, 1433.98, 1340.76, 1285.36, 1031.10, 757.58 cm-1; 1H 

NMR (400 MHz, CDCl3) δ 8.42 (t, J = 2.7 Hz, 1H), 3.83 (s, 3H), 2.74 (dt, J = 7.7, 2.7 Hz, 2H), 

2.59 – 2.52 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 202.93, 172.60, 162.47, 137.35, 52.16, 

35.83, 26.83; HRMS (FAB) calcd for C7H8O3 [M+H]+ 141.1460, found 141.0556.  
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2-carbomethoxy 3-butyl cyclopentenone (60). 6 h at 25 oC, 1 h at 50o C, yellow oil, 

0.127 g, 65% yield. 60: Rf = 0.5 (silica gel, EtOAc:hexanes, 1:1); IR (film) νmax 2956.19, 2931.28, 

2869.84, 1742.37, 1708.92, 1620.35, 1434.23, 1347.33, 1293.29, 1200.03, 1022.53, 794.07 cm-

1; 1H NMR (500 MHz, CDCl3) δ 3.84 (s, 3H), 2.77 (app. t, 2H), 2.71 – 2.65 (m, 2H), 2.54 – 2.44 

(m, 2H), 1.66 – 1.52 (m, 2H), 1.40 (h, J = 7.3 Hz, 2H), 0.95 (t, J = 7.3 Hz, 3H); 13C NMR (125 

MHz, CDCl3) δ 203.83, 188.92, 163.96, 132.43, 51.97, 35.08, 32.56, 30.57, 29.95, 22.95, 13.89; 

HRMS (FAB) calcd for C11H16O3 [M+H]+ 197.2540, found 197.1179.  

 

General procedure for ring Grignard opening/Knoevenagel: 

A flame-dried round bottom flask was charged with enol lactone from table (1 mmol), 

CH2Cl2 (3 mL), and N,O-dimethyl hydroxylamine hydrochloride (127 mg, 1.3 mmol). Pyridine 

(0.4 mL, 5 mmol) was added and the reaction was stirred at 25 oC for the time indicated at 

which point TLC indicated complete consumption of starting enol lactone. The reaction vessel 

was stripped to dryness under vacuum, suspended in dry PhMe (5 mL), filtered through a thin 

pad of celite, and washed with dry PhMe (1 mL). The filtrate was concentrated and dissolved in 

anhydrous THF (4 mL) and added to a suspension of NaH (52 mg, 1.3 mmol) in anhydrous THF 

(4 mL) at 0 oC via cannula. After 30 minutes at 0 oC, the reaction was cooled to -78 oC and the 

Grignard nucleophile indicated in table 1 (1.1 mmol) was added. The -78 oC bath was replaced 

with an ice bath and stirred for 1 h at 0 oC. The reaction was quenched with drop wise addition 

of 1M HCl (5 mL) and extracted with CH2Cl2 (3 x 10 mL) and the organic layers collected and 

washed with saturated brine (10 mL), dried (MgSO4), filtered, and concentrated. The crude 

residue was dissolved in anhydrous THF (8 mL) and NaH (52 mg, 1.3 mmol) was added at 25 

oC and stirred for 15 minutes. To this solution was added MeOH (2 mL) and the reaction heated 

to 50 oC for the time indicated below. The reaction was quenched with drop wise addition of 1M 

HCl (5 mL)and extracted with CH2Cl2 (3 x 10 mL) and the organic layers collected and washed 

with saturated brine (10 mL), dried (MgSO4), filtered, and concentrated. The resultant residue 
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was purified either by flash column chromatography or preparative TLC to yield 3-alkyl 2-

carboalkoxy cyclopentenone cyclization products in the amount and yields indicated below. 

 

Dioxalane tricarbonyl (S5): 1H NMR (500 MHz, CDCl3) δ 4.56 (t, J = 4.9 Hz, 1H), 4.15 – 

4.02 (m, 2H), 3.79 – 3.69 (m, 5H), 3.53 (s, 2H), 2.86 – 2.77 (m, 2H), 2.77 – 2.71 (m, 2H), 2.58 (t, 

J = 7.3 Hz, 2H), 2.12 – 1.99 (m, 1H), 1.93 – 1.78 (m, 2H), 1.33 (dq, J = 13.4, 2.6, Hz, 1H). 13C 

NMR (125 MHz, CDCl3) δ 208.25, 201.37, 167.50, 100.80, 66.80, 52.31, 49.09, 36.53, 36.36, 

36.18, 29.00, 25.73. 

 

Dioxalane cyclopentenone dienophile (62). 6 h at 25 oC, 2 h at 50o C, yellow oil, 0.117 

g, 46% yield (2 steps). 62: Rf = 0.23 (silica gel, EtOAc:hexanes, 1:1); IR (film) νmax 2957.39, 

2854.51, 1741.07, 1710.15, 1624.44, 1435.31, 1359.18, 1298.35, 1232.63, 1143.62, 1022.80 

cm-1; 1H NMR (500 MHz, CDCl3) δ 4.57 (t, J = 4.9 Hz, 1H), 4.09 (ddt, J = 10.5, 5.0, 1.4 Hz, 2H), 

3.84 (s, 3H), 3.75 (td, J = 11.3, 2.6, 2H), 2.88 (dd, J = 8.9, 6.8 Hz, 2H), 2.73 – 2.65 (m, 2H), 2.52 

– 2.44 (m, 2H), 2.14 – 1.99 (m, 1H), 1.93 – 1.83 (m, 2H), 1.34 (dt, J = 13.5, 2.6 Hz, 1H); 13C 

NMR (125 MHz, CDCl3) δ 203.85, 188.17, 163.90, 132.79, 101.26, 67.07, 52.04, 35.18, 32.79, 

30.57, 27.33, 25.85; HRMS (FAB) calcd for C13H18O5 [M+H]+ 255.2900, found 255.1224. 

 

Cyclohexyl succinyl enol lactone (63). 16 h, white crystalline solid, 0.589 g, 56% yield. 

63: Rf = 0.51 (silica gel, EtOAc:hexanes, 1:4); IR (film) νmax 2941.38, 2859.28, 1815.12, 1714.10, 

1659.68, 1437.01, 1361.43, 1247.41, 1214.70, 1103.63, 1034.45, 985.95, 945.22, 908.70, 

842.89, 734.36 cm-1; 1H NMR (400 MHz, CDCl3) δ 5.54 (d, J = 0.9 Hz, 1H), 3.82 (dt, J = 11.9, 

7.0 Hz, 1H), 3.68 (s, 3H), 2.85 (t, J = 6.9 Hz, 1H), 2.29 – 2.14 (m, 2H), 1.72 – 1.51 (m, 3H), 1.17 

(dtdd, J = 24.7, 15.7, 12.6, 6.1 Hz, 2H), 1.00 (qd, J = 13.3, 3.4 Hz, 1H). 13C NMR (100 MHz, 

CDCl3) δ 174.53, 170.84, 166.80, 96.78, 51.51, 39.02, 38.57, 28.08, 23.36, 22.49, 22.00; HRMS 

(FAB) calcd for C11H14O4 [M+H]+ 211.2370, found 211.0974.  
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Cyclohexyl cyclopentenone dienophile (64). 48 h at 25 oC, 1 h at 50o C, yellow oil, 

0.109 g, 53% yield. 64: Rf = 0.56 (silica gel, EtOAc:hexanes, 1:1); IR (film) νmax 2933.82, 

2857.19, 1740.54, 1709.22, 1620.14, 1434.85, 1345.81, 1325.80, 1241.79, 1227.10, 1133.23 

cm-1; 1H NMR (400 MHz, CDCl3) δ 3.82 (s, 3H), 2.80 (dt, J = 9.8, 6.5 Hz, 1H), 2.50 (td, J = 6.8, 

4.2 Hz, 1H), 2.36 (s, 3H), 2.13 – 1.99 (m, 2H), 1.61 – 1.52 (m, 3H), 1.32 (ddtd, J = 18.8, 14.1, 

10.3, 9.4, 4.2 Hz, 1H), 1.25 – 1.12 (m, 1H), 1.04 (dddd, J = 13.6, 11.3, 9.6, 3.8 Hz, 1H); 13C 

NMR (125 MHz, CDCl3) δ 204.28, 188.22, 164.25, 129.90, 51.80, 46.84, 44.14, 28.64, 22.52, 

22.33, 21.81, 17.58; HRMS (FAB) calcd for C12H16O3 [M+H]+ 209.2650, found 209.1185. 

 

Cyclopropyl succinate enol lactone (48). 16 h, white crystalline solid, 0.605 g, 72% 

yield. 48: Rf = 0.44 (silica gel, EtOAc:hexanes, 1:4); IR (film) νmax 3119.85, 3087.67, 3026.46, 

2960.31, 1810.35, 1708.04, 1659.36, 1437.68, 1381.69, 1253.50, 1159.60, 1110.64, 1035.30, 

930.42, 857.75, 842.29, 749.26, 726.13, 602.93 cm-1; 1H NMR (500 MHz, CDCl3) δ 5.62 (s, 1H), 

3.74 (d, J = 1.2 Hz, 3H), 3.73 – 3.69 (m, 1H), 2.46 (ddd, J = 8.6, 4.7, 3.5 Hz, 1H), 1.60 (td, J = 

8.5, 4.8 Hz, 1H), 1.25 (q, J = 4.1 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 170.98, 167.05, 165.53, 

96.84, 51.45, 21.36, 18.85, 16.25; HRMS (FAB) calcd for C8H8O4 [M+H]+ 169.1560, found 

169.0502. 

 

Cyclopropyl cyclopentenone dienophile (35). 2 h at 25 oC, 1 h at 50 oC, yellow oil, 

0.133 g, 80% yield. 35: Rf = 0.2 (EtOAc:hexanes, 1:1); IR (film) νmax 3001.15, 2954.26, 1735.22, 

1704.83, 1606.59, 1436.18, 1379.25, 1309.10, 1244.91, 1089.26, 824.72, 789.48 cm-1; 1H NMR 

(500 MHz, CDCl3) δ 3.77 (s, 3H), 2.47 (s, 3H), 2.43 (app dt, J = 7.3, 4.0 Hz, 1H), 2.30 (dt, J = 

8.2, 4.0 Hz, 1H), 1.54 (ddd, J = 8.3, 7.1, 3.8 Hz, 1H), 1.30 (q, J = 3.7 Hz, 1H); 13C NMR (125 

MHz, CDCl3) δ 200.16, 186.64, 163.83, 124.06, 51.69, 32.92, 25.76, 25.74, 19.31; HRMS (FAB) 

calcd for C9H10O3 [M+H]+ 167.1840, found 167.0705. 
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[2.2.1]bicycloheptene succinyl enol lactone (65). 14 h, clear oil, 0.803 g, 73% yield. 

65: Rf = 0.41 (silica gel, EtOAc:hexanes, 1:4); IR (film) νmax 2950.73, 1803.33, 1711.85, 1651.19, 

1365.38, 1226.08, 1092.72, 1032.73, 956.20, 904.38, 840.48, 728.78, 608.25 cm-1; 1H NMR 

(400 MHz, CDCl3) δ 6.20 (dt, J = 5.8, 3.0 Hz, 1H), 6.13 (dt, J = 5.7, 3.0 Hz, 1H), 5.50 (m, 1H), 

4.09 (ddt, J = 8.5, 4.3, 2.0 Hz, 1H), 3.73 – 3.70 (m, 4H), 3.39 (m, 1H), 3.33 (ddd, J = 8.4, 4.7, 

2.1 Hz, 1H), 1.62 (m, 1H), 1.57 – 1.49 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 173.91, 169.04, 

167.12, 136.00, 135.40, 96.85, 51.99, 51.52, 47.13, 46.41, 45.73, 45.61; HRMS (FAB) calcd for 

C12H12O4 [M+H]+ 221.2320, found 221.0812. 

 

[2.2.1]bicycloheptene Weinreb amide (S6). A flame-dried round bottom flask was 

charged with enol lactone (0.8 g, 3.63 mmol, 1 equiv.), anhydrous CH2Cl2 (20 mL), and N,O-

dimethyl hydroxylamine hydrochloride (0.391 g, 4 mmol, 1.1 equiv.) under an argon 

atmosphere. The reaction vessel was cooled to 0 oC and Me2AlCl (1M in hexanes, 18.15 

mL,18.15 mmol, 5 equiv.) was added drop wise and stirred at 0 oC for 5 h. The reaction was 

quenched with the careful drop wise addition of 1M HCl until bubbling ceased and extracted with 

CH2Cl2 (25 mL x 3). The organic layers were washed with brine, dried (MgSO4), filtered, and 

concentrated in vacuo. The resulting oil was purified by flash column chromatography (silica gel, 

EtOAc:hexanes, 50-70%) to give the title Weinreb amide S6 (0.7247 g, 71%) as a clear oil. S6: 

Rf = 0.12 (silica gel, EtOAc:hexanes, 1:1). IR (film) νmax 2972.88, 1804.51, 1743.83. 1711.94, 

1657.27, 1436.08, 1262.04, 1171.82, 1101.25, 1015.56, 969.20, 732.27, 715.28 cm-1; 1H NMR 

(400 MHz, CDCl3) δ 6.40 (dd, J = 4.7, 2.7 Hz, 1H), 5.93 (dd, J = 5.8, 2.9 Hz, 1H), 3.67 (s, 3H), 

3.63 (s, 3H), 3.39 (d, J = 2.1 Hz, 2H), 3.24 (dd, J = 9.3, 3.0 Hz, 1H), 3.14 (hept, J = 1.4 Hz, 2H), 

3.02 (s, 3H), 1.46 (dt, J = 8.6, 1.9 Hz, 1H), 1.37 (dt, J = 8.5, 1.4 Hz, 1H); 13C NMR (100 MHz, 

CDCl3) δ 200.05, 175.524, 167.82, 137.38, 132.16, 60.79, 55.99, 52.17, 48.98, 48.50, 48.03, 

46.69, 46.19, 33.28; HRMS (FAB) calcd for C14H19NO5 [M+H]+ 282.3160, found 282.1346.  
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[2.2.1]bicycloheptenyl cyclopentenone dienophile (39). In a flame dried round 

bottom flask, the above Weinreb amide (105 mg, 0.374 mmol, 1 equiv) was dissolved in 

anhydrous THF (3.8 mL) and added to a suspension of NaH (19.4 mg, 0.486 mmol, 1.3 equiv.) 

in anhydrous THF (3.8 mL) at 0 oC via cannula. After 30 minutes at 0 oC, MeLi (0.26mL, 1.6M, 

0.411 mmol, 1.1 equiv.) was added and stirred for 1 h at 0 oC. To the reaction was added MeOH 

(0.75 mL, 18.65 mmol, 50 equiv.) and heated to 50 oC for 1 h, cooled to 25 oC, and quenched 

with drop wise addition of 1M HCl (10mL). The layers were separated by diluting with CH2Cl2 (5 

mL) and extracted with CH2Cl2 (10 mL x 3), the organic layers were collected and washed with 

saturated brine and dried (MgSO4). The residue was purified by flash column chromatography 

(silica gel, EtOAc:hexanes, 30%-50%) to afford norbornenyl 2-carbomethoxy 3-methyl 

cyclopentenone 39 (63.0 mg, 77% yield) as a pale yellow oil. 39: Rf = 0.36 (silica gel, hexanes: 

EtOAc, 1:1). IR (film) νmax 2951.19, 1741.51, 1706.72, 1618.96, 1435.47, 1336.66, 1293.98, 

1236.92, 1124.86, 1037.68 cm-1; 1H NMR (400 MHz, CDCl3) δ 6.04 (dd, J = 5.7, 2.9 Hz, 1H), 

5.80 (dd, J = 5.7, 2.9 Hz, 1H), 3.79 (s, 3H), 3.33 – 3.24 (m, 2H), 3.13 (dq, J = 3.0, 1.4 Hz, 1H), 

2.96 – 2.88 (m, 1H), 2.27 (s, 3H), 1.77 (dt, J = 8.5, 1.8 Hz, 1H), 1.61 (dt, J = 8.6, 1.6 Hz, 1H); 

13C NMR (100 MHz, CDCl3) δ 203.68, 185.14, 163.69, 134.47, 134.27, 131.64, 52.44, 51.81, 

51.17, 50.82, 45.04, 44.33, 18.24; HRMS (FAB) calcd for C13H14O3 [M+H]+ 219.2600, found 

219.1024.  

 

Furan (70). Enol lactone 59 (1 mmol) was subjected to the standard conditions with 1.1 

mmol of 4-methoxy magnesium bromide. After workup TFA (1 mL, 13 mmol, 13 equiv), TFAA (1 

mL, 7.1 mmol, 7.1 equiv), and CH2Cl2 (5 mL) were added at 25 oC and stirred for 16 h. The 

reaction was poured into saturated NaHCO3 (10 mL) and stirred for 1 h, the mixture was 

extracted with CH2Cl2 (3 x 5 mL), the organic layers collected, dried (MgSO4), filtered, 

concentrated, and purified by flash column chromatography (silica gel, EtOAc:hexanes, 10%) to 
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give furan 70 (118 mg, 48%). 70: 1H NMR (300 MHz, CDCl3) δ 7.62 – 7.50 (m, 2H), 6.96 – 6.84 

(m, 2H), 6.45 (d, J = 3.2 Hz, 1H), 6.28 (d, J = 3.3 Hz, 1H), 3.83 (s, 3H), 3.74 (s, 5H). 

 

Benzophenone (69). Standard conditions from table 1. Yield not determined. 1H NMR 

(300 MHz, CDCl3) δ 8.02 – 7.91 (m, 2H), 7.63 – 7.53 (m, 1H), 7.51 – 7.41 (m, 1H), 3.76 (s, 3H), 

3.60 (s, 2H), 3.33 (dd, J = 6.9, 5.6 Hz, 2H), 2.99 (dd, J = 6.9, 5.6 Hz, 2H). 

 

Methyl ether (S6). Standard conditions of table 1. Lactone 59 (132 mg, 0.846 mmol, 1 

equiv), N,O-dimethyl hydroxylamine hydrochloride (108 mg, 1.1 mmol, 1.3 equiv), pyridine (0.2 

mL, 2.54 mmol, 3 equiv), vinyl lithium prepared from vinyl stannane and n-BuLi to give a 0.6M 

solution (1.02 mmol, 1.7 mL, 1.2 equiv), then MeOH at 0 oC, no heating gave conjugate addition 

product S6 (72 mg, 39% yield). S6: 1H NMR (400 MHz, CDCl3) δ 3.77 (s, 3H), 3.67 (t, J = 6.2 

Hz, 2H), 3.55 (s, 2H), 3.35 (s, 3H), 2.90 – 2.77 (m, 4H), 2.73 (t, J = 6.2 Hz, 2H). 

 

Acrylate (68). Starting lactone 59 (50 mg, 0.32 mmol, 1 equiv), N,O-dimethyl 

hydroxylamine hydrochloride (41 mg, 0.42 mmol, 1.3 equiv), pyridine (0.1 mL), and CH2Cl2 (2 

mL) were stirred at 25 oC for 8 h. The reaction was concentrated, filtered through celite with 

PhMe, concentrated, and dissolved in THF (1 mL). The reaction was cooled with an ice bath 

and vinyl lithium solution (0.65 mL, 0.6M, 0.39 mmol, 1.2 equiv) prepared from vinyl stannane 

and n-BuLi was added. The reaction was stirred for 1 h and quenched with 1M HCl. No MeOH 

was added. Extraction of the mixture with CH2Cl2 (5 mL) and purification with 30% 

(EtOAc:hexanes) gave unsaturated ketone 68 (24 mg, 41% yield). 68: 1H NMR (500 MHz, 

CDCl3) δ 6.38 (dd, J = 17.7, 10.5 Hz, 1H), 6.28 (dd, J = 17.7, 1.1 Hz, 1H), 5.89 (dd, J = 10.4, 1.1 

Hz, 1H), 3.76 (s, 3H), 3.57 (s, 2H), 2.95 (ddd, J = 6.9, 5.6, 1.1 Hz, 2H), 2.92 – 2.85 (m, 2H); 13C 

NMR (125 MHz, CDCl3) δ 201.399, 197.571, 167.543, 143.787, 136.082, 127.846, 52.386, 

49.163, 36.194, 33.167.  
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Allyl succinyl enol lactone (75). 14 h, white crystalline solid, 0.564 g, 62% yield. 75: Rf 

= 0.40 (silica gel, EtOAc:hexanes, 1:4); IR (film) νmax 3076.17, 2931.38, 1819.63, 1697.18, 

1665.63, 1380.15, 1269.99, 1221.21, 1033.95, 868.45, 737.25 cm-1; 1H NMR (500 MHz, CDCl3) 

δ 5.94 (ddt, J = 17.2, 10.4, 5.7 Hz, 1H), 5.75 (t, J = 2.2 Hz, 1H), 5.33 (dq, J = 17.2, 1.5 Hz, 1H), 

5.25 (dq, J = 10.4, 1.3 Hz, 1H), 4.64 (dt, J = 5.7, 1.4 Hz, 2H), 3.39 (td, J = 8.3, 2.2 Hz, 2H), 2.74 

(m, 2H); 13C NMR (125 MHz, CDCl3) δ 173.58, 167.95, 166.41, 132.33, 118.44, 97.28, 65.04, 

26.34, 26.22; HRMS (FAB) calcd for C9H10O4 [M+H]+ 183.1830, found 183.0818. 

 

Benzyl succinyl enol lactone (77). 14 h, white crystalline solid, 0.720 g, 62% yield. 77: 

Rf = 0.41 (silica gel, EtOAc:hexanes, 1:4); IR (film) νmax 3031.92, 2950.98, 1816.16, 1698.63, 

1652.61, 1352.39, 1389.33, 1274.79, 1221.33, 1113.89, 1085.25, 1019.63, 832.81, 743.21, 

695.18 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.41 – 7.31 (m, 5H), 5.77 (t, J = 2.2 Hz, 1H), 5.17 (s, 

2H), 3.39 (ddd, J = 10.8, 5.8, 2.2 Hz, 2H), 2.73 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 173.56, 

168.03, 166.55, 136.07, 128.75, 128.43, 128.32, 97.32, 66.19, 26.37, 26.21; HRMS (FAB) calcd 

for C13H12O4 [M+H]+ 233.2430, found 233.0821. 

 

tert-butyl succinyl enol lactone (78). 14 h, white crystalline solid, 0.712 g, 72% yield. 

78: Rf = 0.15 (silica gel EtOAc:hexanes, 1:9); IR (film) νmax 3006.70, 2979.80, 2932.12, 1823.84, 

1702.05, 1666.19, 1367.25, 1127.21, 874.08 cm-1; 1H NMR (500 MHz, CDCl3) δ 5.63 (t, J = 2.2 

Hz, 1H), 3.35 (ddd, J = 10.8, 5.8, 2.2 Hz, 2H), 2.72 (m, 2H), 1.48 (s, 9H); 13C NMR (125 MHz, 

CDCl3) δ 173.86, 166.49, 166.11, 99.43, 80.76, 28.41, 26.35, 26.13; HRMS (FAB) calcd for 

C10H14O4 [M+H]+ 199.2260, found 199.0970. 

 

Allyl-carboalkoxy cyclopentenone (76). 6 h at 25 oC, 3 h at 25 oC, yellow oil, 0.104 g, 

58% yield. 76: Rf = 0.41 (silica gel, EtOAc:hexanes, 1:1); IR (film) νmax 2935.22, 1738.73, 

1704.65, 1625.98, 1431.17, 1379.52, 1334.45, 1292.44, 1254.19, 1217.98, 1149.82, 1016.05, 
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993.04, 934.16 cm-1; 1H NMR (400 MHz, CDCl3) δ 5.97 (ddt, J = 17.2, 10.4, 5.6 Hz, 1H), 5.40 

(dq, J = 17.2, 1.6 Hz, 1H), 5.26 (dq, J = 10.5, 1.3 Hz, 1H), 4.75 (dt, J = 5.6, 1.4 Hz, 2H), 2.70 – 

2.62 (m, 2H), 2.51 – 2.44 (m, 2H), 2.39 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 203.32, 184.88, 

163.00, 132.62, 131.91, 118.69, 65.42, 35.11, 32.85, 19.49; HRMS (FAB) calcd for C10H12O3 

[M+H]+ 181.2110, found 181.0861. 

 

Carbobenzyloxy cyclopentenone (45). 6 h at 25 oC, 3 h at 25 oC, yellow oil, 0.143 g, 

62% yield. 45: Rf = 0.42 (silica gel, EtOAc:hexanes, 1:1); IR (film) νmax 3384.91, 3059.20, 

3036.00, 3008.04, 2937.06, 2905.59, 2849.87, 2823.37, 1699.28, 1620.13, 1451.97, 1378.93, 

1292.50, 1254.59, 1149.37, 739.81 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.48 – 7.41 (m, 2H), 7.39 

– 7.28 (m, 3H), 5.30 (s, 2H), 2.69 – 2.61 (m, 2H), 2.51 – 2.44 (m, 2H), 2.36 (s, 3H); 13C NMR 

(100 MHz, CDCl3) δ 203.32, 184.86, 163.12, 135.86, 132.57, 128.67, 128.27, 128.20, 66.49, 

35.10, 32.85, 19.50; HRMS (FAB) calcd for C14H14O3 [M+H]+ 231.2710, found 231.1019. 

 

Carbo-tert-butoxy cyclopentenone (79). 6 h at 25 oC, 3 h at 25 oC, yellow oil, 0.139 g, 

71% yield. 79: Rf = 0.48 (silica gel, EtOAc:hexanes, 1:1); IR (film) νmax 2978.17, 2931.29, 

1734.16, 1702.05, 1630.23, 1433.52, 1367.69, 1352.61, 1257.50, 1167.66, 1147.50, 993.82 cm-

1; 1H NMR (500 MHz, CDCl3) δ 2.63 – 2.57 (m, 2H), 2.46 – 2.41 (m, 2H), 2.32 (s, 3H), 1.53 (s, 

9); 13C NMR (125 MHz, CDCl3) δ 203.69, 181.86, 162.64, 134.25, 81.93, 35.07, 32.50, 28.40, 

19.24; HRMS (FAB) calcd for C11H16O3 [M+H]+ 197.2540, found 197.1178. 

 

Menthol auxiliary enol lactone (86). Prepared according to the general procedure of 

Wittig olefinations, 16 h, white crystalline solid, 1.139 g, d.r. = 1: 2.98, 78% yield; d.r. = 1: >100 

after 3 recrystallizations in hot heptane and collection of the solid materials; 86: Rf = 0.45 (silica 

gel, EtOAc:hexanes, 1:4); IR (film) νmax 2955.01, 2928.38, 2870.31, 1817.19, 1705.95, 1662.30, 

1387.67, 1250.82, 1105.51, 1019.78, 933.68, 840.32, 598.04 cm-1; 1H NMR (500 MHz, C6D6) δ 
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5.86 – 5.44 (m, 1H), 4.97 (td, J = 10.8, 4.4 Hz, 1H), 3.27 (ddd, J = 8.5, 4.8, 3.6, 1H), 2.22 – 2.09 

(m, 1H), 2.01 (dtt, J = 13.9, 7.0, 3.4 Hz, 1H), 1.61 – 1.30 (m, 4H), 1.31 – 1.16 (m, 1H), 1.02 (td, 

J = 12.0, 10.8 Hz, 1H), 0.96 – 0.61 (m, 11H), 0.41 (td, J = 8.4, 4.7 Hz, 1H), 0.33 (q, J = 4.1 Hz, 

1H); 13C NMR (125 MHz, C6D6) δ 170.02, 165.69, 96.64, 73.39, 47.06, 41.14, 34.11, 31.19, 

26.30, 23.44, 21.82, 21.07, 20.52, 18.35, 16.28, 15.39; HRMS (FAB) calcd for C17H24O4 [M+H]+ 

293.38, found 293.25.3 

 

Menthol auxiliary cyclopentenone (87). 3 h at 25 oC, 1 h at 50 oC, yellow oil, 0.192 g, 

66% yield; 87: Rf = 0.63 (silica gel, EtOAc:hexanes, 1:1); IR (film) νmax 2953.45, 2927.84, 

2869.36, 1736.48, 1700.98, 1611.22, 1454.98, 1382.00, 1303.77, 1242.40, 1085.98, 1041.22, 

959.48, 825.74 cm-1; 1H NMR (500 MHz, CDCl3) δ 4.80 (td, J = 10.9, 4.4 Hz, 1H), 2.43 (s, 3H), 

2.39 (ddd, J = 7.4, 4.4, 3.2 Hz, 1H), 2.25 (dt, J = 8.2, 4.1 Hz, 1H), 2.09 – 1.96 (m, 2H), 1.73 – 

1.63 (m, 2H), 1.56 – 1.40 (m, 3H), 1.31 (q, J = 3.6 Hz, 1H), 1.11 – 0.98 (m, 2H), 0.89 (dd, J = 

6.9, 2.0 Hz, 6H), 0.74 (d, J = 6.9 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 199.99, 184.12, 

163.10, 125.02, 74.67, 47.05, 41.06, 34.34, 32.55, 31.59, 25.97, 25.56, 25.47, 23.30, 22.13, 

21.01, 19.14, 16.14.  

 

Auxiliary removal (35). Menthol derived cyclopentenone 87 (81 mg, 0.28 mmol, 1 

equiv) was dissolved in PhMe (3 mL) and anhydrous MeOH (1 mL) in a flame dried sealed tube. 

To this solution was added Otera’s catalyst (344 mg, 0.31 mmol, 1.1 equiv)  The reaction vessel 

was sealed and heated to 125 oC for 96 hours. The solution was concentrated and purified by 

flash column chromatography (silica gel, EtOAc:hexanes, 1:1) to afford methyl ester 35 (28 mg, 

61% yield) and starting material 87 (23 mg, 84% b.r.s.m.) 

 

                                                           
3
 C6D6 solvent is required for visible separation of the diastereomer 

1
H NMR resonance peaks. 



63 
 

 
 

Methyl succinyl enol lactones (95 and 96). 40.2 g (120 mmol, 1 equiv) of methyl 

triphenylphophanylidene acetate was dissolved in PhMe (240 mL) under an atmosphere of 

argon and heated to 100o C with an oil bath. To the hot solution of PhMe 13.7g (120 mmol, 1 

equiv) of methylsuccinic anhydride was added and removed from the oil bath and allowed to 

cool to 25 oC. The reaction was stirred at 25 oC for 24 h, then concentrated in vacuo and loaded 

onto a short column of silica gel and eluted with 2%-5% (EtOAc:hexanes), Rf = 0.51 (silica gel, 

EtOAc:hexanes, 1:4) to give 5-methyl and 4-methyl succinyl enol lactones 95 and 96 (11.2 g, 

1:1.2 ratio of regioisomers, 55% combined yield) as an inseparable mixture. 95 + 96: IR (film) ν-

max 2954.49, 1815.71, 1712.30, 1655.28, 1437.13, 1362.55, 1264.21, 1100.91, 1069.34, 

1033.37, 1005.82, 945.69, 841.55, 528.14. 1H NMR (500 MHz, CDCl3) δ 5.60 (t, J = 2.0 Hz, 1H), 

3.64 (s, 4H), 3.62 – 3.57 (m, 1H), 2.91 – 2.72 (m, 2H), 1.30 (d, J = 6.9 Hz, 3H). 13C NMR (126 

MHz, CDCl3) δ 176.48, 172.79, 172.60, 166.93, 166.44, 166.32, 96.87, 96.69, 51.24, 51.20, 

34.91, 34.27, 32.88, 32.81, 20.09, 16.13. 

 

3-iso-butylcyclopentenone (97). A flame-dried round bottom flask was charged with 

1.55 g of enol lactone 95 + 96 (1.55 g, 9.09 mmol, 1 equiv), CH2Cl2 (30 mL), and N,O-dimethyl 

hydroxylamine hydrochloride (1.15 g, 11.82 mmol, 1.3 equiv). Pyridine (3.6 mL, 45.45 mmol, 5 

equiv) was added and the reaction was stirred at 25 oC for 12 h. The reaction vessel was 

stripped to dryness under vacuum, suspended in dry PhMe (50 mL), filtered through a thin pad 

of celite, and washed with dry PhMe (10 mL). The filtrate was concentrated and dissolved in 

anhydrous THF (50 mL) and added to a suspension of NaH (472 mg, 11.8 mmol, 1.3 equiv) in 

anhydrous THF (50 mL) at 0 oC via cannula. After 30 minutes at 0 oC, the reaction was cooled 

to -78 oC and i-BuLi (8.42 mL, 1.4 M solution in heptane 11.8 mmol, 1.3 equiv) was added. The -

78 oC bath was replaced with an ice bath and stirred for 1 h at 0 oC. The reaction was quenched 

with drop wise addition of MeOH (20 mL) and stirred at 50 oC for 1 h. After complete 

condensation, 1M HCl (50 mL) was added and extracted with CH2Cl2 (3 x 100 mL) and the 
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organic layers collected and washed with saturated brine (100 mL), dried (MgSO4), filtered, and 

concentrated. The resultant residue was purified by flash column chromatography (silica gel, 

acetone:hexanes, 10%) to yield cyclopentenone 97 (710 mg, 37% yield). 97: Rf = 0.21 

(acetone:hexanes, 1:9). IR (film) νmax 2957.95, 2930.58, 2872.08, 1742.89, 1710.08, 1621.30, 

1458.85, 1433.96, 1351.65, 1257.57, 1210.56, 1148.57, 1009.68, 793.60. 1H NMR (500 MHz, 

CDCl3) δ 3.81 (s, 3H), 2.89 (dd, J = 19.3, 7.1 Hz, 1H), 2.69 – 2.61 (m, 2H), 2.46 (td, J = 7.3, 2.9 

Hz, 1H), 2.24 (dd, J = 19.3, 2.9 Hz, 1H), 1.98 (dp, J = 13.9, 6.8 Hz, 1H), 1.18 (d, J = 7.4 Hz, 

3H), 0.97 – 0.91 (m, 6H). HRMS (FAB) calcd for C12H18O3 [M+H]+ 211.2810, found 211.1330. 

 

3-iso-butyl-[3.1.0]bicyclohexene (98). A flame-dried round bottom flask was charged 

with enol lactone 48 (500 mg, 2.98mmol, 1 equiv), CH2Cl2 (8 mL), and N,O-dimethyl 

hydroxylamine hydrochloride (390 mg, 3.9 mmol, 1.3 equiv). Pyridine (1.2 mL, 15 mmol, 5 

equiv) was added and the reaction was stirred at 25 oC for 12 h. The reaction vessel was 

stripped to dryness under vacuum, suspended in dry PhMe (10 mL), filtered through a thin pad 

of celite, and washed with dry PhMe (5 mL). The filtrate was concentrated and dissolved in 

anhydrous THF (30 mL) and added to a suspension of NaH (155 mg, 3.9 mmol, 1.3 equiv) in 

anhydrous THF (30 mL) at 0 oC via cannula. After 30 minutes at 0 oC, the reaction was cooled 

to -78 oC and i-BuLi (2 mL, 1.6 M solution in heptane 3.2 mmol, 1.1 equiv) was added. The -78 

oC bath was replaced with an ice bath and stirred for 1 h at 0 oC. The reaction was quenched 

with drop wise addition of MeOH (6 mL) and stirred at 50 oC for 1 h. After complete 

condensation, 1M HCl (20 mL) was added and extracted with CH2Cl2 (3 x 50 mL) and the 

organic layers collected and washed with saturated brine (100 mL), dried (MgSO4), filtered, and 

concentrated. The resultant residue was purified by flash column chromatography (silica gel, 

EtOAc:hexanes, 10%) to yield cyclopentenone 98 (289 mg, 47% yield). 
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Cyclopentadiene (100). A flame-dried round bottom flask was charged with starting 

cyclopropane 98 (105 mg, 0.5 mmol, 1 equiv) and anhydrous CH2Cl2 (3 mL). To the solution 

was added MgBr2
.OEt2 (183 mg, 0.71 mmol, 1.4 equiv) at 25 oC. The reaction was stirred for 3 

h, concentrated, and purified by preparatory thin layer chromatography (EtOAc:hexanes, 30%) 

to give enone 100 (31 mg, 30% yield). 100 (mixture with unidentified products). The title 

compound proved unstable to silica gel and storage in the freezer. 1H NMR (500 MHz, CDCl3) δ 

6.17 (s, 1H), 5.45 (s, 1H), 3.86 (s, 3H), 3.28 (s, 2H), 2.71 (d, J = 7.4 Hz, 2H), 2.00 (dt, J = 14.0, 

7.4 Hz, 1H), 1.25 (dd, J = 13.9, 6.6 Hz, 1H), 0.97 (d, J = 6.6 Hz, 6H). 13C NMR (125 MHz, 

CDCl3) δ 190.35, 180.93, 163.91, 140.48, 134.52, 117.50, 52.73, 52.35, 52.21, 52.02, 51.77, 

51.57, 51.56, 51.38, 40.83, 36.29, 28.05, 22.70. 

 

Furyl enol lactone (102). A round bottom flask was charged with furyl Wittig reagent 

101 (540 mg, 1.46 mmol, 1.46 equiv), cyclopropyl succinic anhydride (112 mg, 1 mmol, 1 

equiv), and PhMe (50 mL). The reaction was heated to 50 oC for 15 h, cooled, and 

concentrated. The reaction was purified by flash column chromatography (silica gel, 

EtOAc:hexanes, 20%) to give enol lactone 102 (161 mg, 79% yield). 102: 1H NMR (500 MHz, 

CDCl3) δ 8.02 (s, 1H), 7.46 (s, 1H), 6.81 (s, 1H), 6.37 (s, 1H), 3.89 (dt, J = 8.5, 4.3 Hz, 1H), 2.49 

(dt, J = 8.7, 4.2 Hz, 1H), 1.67 (td, J = 8.5, 4.7 Hz, 1H), 1.47 – 1.19 (m, 1H). 13C NMR (125 MHz, 

CDCl3) δ 146.93, 144.59, 108.84, 102.15, 22.45, 19.09, 16.91. 

 

Unidentified furan (103). A flame-dried round bottom flask was charged with enol 

lactone 102 (14.3 mg, 0.07 mmol, 1 equiv), CH2Cl2 (2 mL), and N,O-dimethyl hydroxylamine 

hydrochloride (9.1 mg, 0.091 mmol, 1.3 equiv). Pyridine (0.3 mL, 3.75 mmol, 53 equiv) was 

added and the reaction was stirred at 25 oC for 12 h. The reaction vessel was stripped to 

dryness under vacuum, suspended in dry PhMe (10 mL), filtered through a thin pad of celite, 

and washed with dry PhMe (5 mL). The filtrate was concentrated and dissolved in anhydrous 
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THF (3 mL) and added to a suspension of NaH (4 mg, 0.1 mmol, 1.4 equiv) in anhydrous THF 

(3 mL) at 0 oC via cannula. After 30 minutes at 0 oC, the reaction was cooled to -78 oC and i-

BuLi (0.05 mL, 1.6 M solution in heptane 0.07 mmol, 1 equiv) was added. The -78 oC bath was 

replaced with an ice bath and stirred for 1 h at 0 oC. The reaction was quenched with drop wise 

addition of MeOH (1 mL) and stirred at 50 oC for 1 h. After complete condensation, 1M HCl (5 

mL) was added and extracted with CH2Cl2 (3 x 5 mL) and the organic layers collected and 

washed with saturated brine (10 mL), dried (MgSO4), filtered, and concentrated. The resultant 

residue was purified by flash column chromatography (silica gel, EtOAc:hexanes, 20%) to yield 

cyclopentenone 103 (13 mg, 76% yield). 103: IR (film) νmax : 3134.39, 2958.62, 2929.01, 

2872.78, 1697.87, 1615.24, 1547.98, 1511.88, 1465.37, 1399.27, 1366.60, 1146.35, 1043.05, 

873.46, 599.77 cm-1. LRMS: 263.52. 1H NMR (400 MHz, CDCl3) δ 8.03 (dd, J = 1.6, 0.8 Hz, 1H), 

7.61 – 7.45 (m, 1H), 6.70 (dd, J = 1.9, 0.8 Hz, 1H), 6.01 (s, 1H), 2.62 (ddd, J = 8.4, 5.8, 3.8 Hz, 

1H), 2.51 (dd, J = 7.0, 3.4 Hz, 2H), 2.30 (ddd, J = 8.5, 5.8, 3.8 Hz, 1H), 2.21 (dt, J = 13.7, 6.8 

Hz, 1H), 1.61 (m, 4), 1.52 (td, J = 5.8, 2.9 Hz, 1H), 0.97 (dd, J = 6.7, 1.7 Hz, 6H). 13C NMR (126 

MHz, CDCl3) δ 205.06, 191.03, 177.44, 145.46, 144.14, 123.97, 108.00, 97.76, 52.79, 30.65, 

28.19, 24.43, 22.57, 22.56, 11.96. 

 

Enal (104). In a flame dried round bottom flask LiAlH4 (790 mg, 20 mmol, 12.5 equiv) 

was suspended in anhydrous Et2O (20 mL) and cooled to 0 oC. To this was added 

cyclopentenone 97 (340 mg, 1.6 mmol, 1 equiv) in Et2O (5 mL) via cannula. The reaction was 

stirred for 5 h at 25 oC and quenched at 0 oC by the careful drop wise addition of saturated 

Rochelle’s salt solution (5 mL). The mixture was stirred for 3 h at 25 oC, filtered, and aqueous 

layer extracted with EtOAc (5 x 10 mL). The organic layers were collected, dried (MgSO4), 

filtered, concentrated, and dissolved in CH2Cl2 (5 mL) and Dess-Martin periodinane (660 mg, 

1.5 mmol, 0.95 equiv) added at 25 oC. The reaction was stirred for 3 h, quenched by the 

addition of saturated NaHCO3 (10 mL), saturated Na2S2O3, and extracted with CH2Cl2 (3 x 5 mL) 
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and the organic layers collected and washed with saturated NaHCO3 (10 mL), dried (MgSO4), 

filtered, and concentrated. The resultant residue was purified by flash column chromatography 

(silica gel, EtOAc:hexanes, 10%) to yield aldehyde 104 (83 mg, 22% yield) over 2 steps. 1H 

NMR (500 MHz, CDCl3) δ 9.98 (s, 1H), 2.97 (dd, J = 20.1, 7.2 Hz, 1H), 2.87 – 2.76 (m, 2H), 2.50 

(td, J = 7.4, 3.0 Hz, 1H), 2.32 (dd, J = 20.0, 3.0 Hz, 1H), 2.09 – 1.97 (m, 1H), 1.23 (dd, J = 7.4, 

0.6 Hz, 3H), 0.97 (t, J = 6.5 Hz, 6H).  

 

Merrekentrone D (88). 3-bromofuran (72 mg, 0.5 mmol, 1.1 equiv) was dissolved in 

THF (1 mL) and cooled to -78 oC under argon and n-BuLi (0.31 mL) was added dropwise to give 

a dark brown solution. This was stirred for 30 minutes at -78 before adding aldehyde 104 (83 

mg, 0.46 mmol, 1 equiv) dissolved in THF (2 mL) via cannula. The reaction was stirred at -78 oC 

for 1 h and quenched by the addition of saturated NH4Cl (5 mL). The mixture was extracted with 

EtOAc (5 mL X 3), organic layers collected, dried (MgSO4), filtered, and concentrated. The 

crude mixture was dissolved in CH2Cl2 (3 mL) and Dess-Martin periodinane (150 mg, 1.3 equiv) 

was added. The reaction was stirred for 3 h, quenched by the addition of saturated NaHCO3 (5 

mL), saturated sodium thiosulfate, and extracted with CH2Cl2 (3 x 5 mL) and the organic layers 

collected and washed with saturated NaHCO3 (10 mL), dried (MgSO4), filtered, and 

concentrated. The resultant residue was purified by flash column chromatography 

(EtOAc:hexanes, 5%) to afford merrekentrone D (38 mg, 31% yield over 2 steps). 88: 1H NMR 

(500 MHz, CDCl3) δ 7.91 – 7.81 (m, 1H), 7.42 (d, J = 1.6 Hz, 1H), 6.83 – 6.73 (m, 1H), 2.95 (dd, 

J = 19.0, 6.9 Hz, 1H), 2.56 (td, J = 7.1, 2.7 Hz, 1H), 2.48 – 2.44 (m, 2H), 2.31 (dd, J = 18.9, 2.7 

Hz, 1H), 1.97 (dt, J = 14.0, 7.3 Hz, 1H), 1.26 (d, J=7.5, 3H), 0.91 (dd, J = 8.0, 6.5 Hz, 6H). 
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.Danishefsky-Kitahara diene (19). The Danishefsky-Kitahara diene was prepared 

according to literature procedure.4 A flame-dried round bottom flask under argon was charged 

with Et3N (3.1 mL, 222 mmol, 2.2 equiv) and ZnCl2 (6 mL, 0.5M solution in Et2O, 3 mmol, 3 mol 

%). These materials were stirred for 1 h at 25 oC before adding 4-methoxybut-3-en-2-one 

(10g,100 mmol, 1 equiv) in benzene (50 mL) via cannula. After 15 minutes at 25 oC, TMSCl (26 

mL, 20.5 mmol, 2.0 equiv) was added and the reaction heated to 40 oC for 18 h under argon. 

The reaction was cooled and carefully diluted with anhydrous Et2O
5 and filtered through celite, 

washed with Et2O (50 mL), and filtered through a neutral Al2O3 plug. The eluent was 

concentrated and if any Et3N salt precipitates were observed the reaction was again dissolved in 

anhydrous ether and filtered through neutral Al2O3 until a dark orange low viscosity liquid was 

obtained. The crude product was distilled under house vacuum while cooling the receiving flask 

with an ice bath at 50 oC, 70 oC, and finally at 130 oC, the final fraction of which contained the 

Danishefsky-Kitahara diene 19 (13g, 76%) as a pale yellow liquid. 

 

Baker’s enone (30). In a flame dried sealed tube 2-methoxycarbonyl cyclopentenone 30 

(154 mg, 1.00 mmol, 1 equiv) was dissolved in anhydrous PhMe (2 mL) and Danishefsky’s 

diene (0.517 g, 3.0 mmol, 3 equiv) was added. The solution was degassed by bubbling argon 

through the solution for 30 minutes, sealed, and heated to 140 oC for 20 h. The resulting mixture 

was concentrated and azeotroped in vacuo with PhMe (3 x 2 mL). Anhydrous DCE (7 mL) was 

added followed by TFA (2 mL) and heated to 75 oC for 12 h under argon atmosphere. The 

reaction was cooled and poured into saturated NaHCO3 (20 mL) and stirred for 1 h. The 

                                                           
4 Danishefsky, S.; Kitahara, T.; Schuda, P. F. Org. Synth. 1983, 61, 147. 
 
5 Bulk ether contained enough ethanol to hydrolyze the resulting silyl enol ether and substitute the β-

methoxy for the ethoxy vinyl ether, which did not affect the reactivity in the subsequent Diels-Alder 

reaction, but complicated the distillation process of the desired diene. 
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aqueous layer was extracted with CH2Cl2 (10 mL x 3), organic layers collected and washed with 

saturated brine (10 mL), dried (MgSO4), filtered, and concentrated. The residue was purified by 

flash column chromatography (silica gel, EtOAc:hexanes, 20%) to give 30 (0.173 g, 78% yield) 

as a yellow oil: Rf = 0.40 (20% EtOAc:hexanes). 30: IR (film) νmax 2958.80, 1750.34, 1724.55, 

1681.93, 1434.05, 1385.64, 1240.48, 1210.88, 1162.50, 1037.72, 810.57, 757.90, 775.10, 

733.61 cm-1; 1H NMR (500 MHz, CDCl3) δ 6.69 (d, J = 10.2 Hz, 1H), 6.08 (d, J = 10.2 Hz, 1H), 

3.70 (s, 3H), 2.63 (ddd, J = 19.7, 9.5, 5.4 Hz, 1H), 2.48 – 2.40 (m, 1H), 2.39 (d, J = 16.0 Hz, A of 

AB, 1H), 2.31 (d, J = 16.0 Hz, B of AB, 1H), 2.11 – 1.98 (m, 1H), 1.81 – 1.71 (m, 1H), 1.09 (s, 

3H); 13C NMR (125 MHz, CDCl3) δ 196.83, 168.90, 142.56, 129.78, 65.95, 52.81, 47.05, 46.07, 

36.63, 32.83, 23.72; HRMS (FAB) calcd for C12H14O4 [M+H]+ 223.2480, found 223.0974. 

 

Diels-Alder adduct (107). Prior to addition of TFA, 0.1 mL of the crude Diels-Alder 

cycloaddition was concentrated and purified by preparatory thin layer chromatography 

(EtOAc:hexanes, 20%) to afford the title compound for analysis.107: 1H NMR (300 MHz, CDCl3) 

δ 4.17 (t, J = 3.2 Hz, 1H), 4.01 (dd, J = 6.7, 4.6 Hz, 1H), 3.77 (s, 3H), 3.73 (s, 3H), 3.32 (s, 3H), 

3.26 – 3.17 (m, 3H), 2.97 – 2.77 (m, 3H), 2.72 (t, J = 3.1 Hz, 1H), 2.61 – 2.36 (m, 6H), 2.30 – 

2.19 (m, 2H), 2.12 (ddd, J = 13.1, 9.7, 6.3 Hz, 1H), 1.98 – 1.84 (m, 2H), 1.77 – 1.64 (m, 2H), 

1.27 (s, 3H), 1.07 (s, 3H) (mixture of diastereomers). LRMS=223.03, 256.03, 272.05. 

 

Iso-Hajos-Parrish ketone (7). In a flame dried sealed tube 2-tert-butoxy carbonyl 

cyclopentenone 79 (144 mg, 0.73 mmol, 1 equiv) was dissolved in anhydrous PhMe (2 mL) and 

Danishefsky’s diene (379 mg, 2.2 mmol, 3 equiv) was added. The solution was degassed by 

bubbling argon through the solution for 30 minutes, sealed, and heated to 140 oC for 20 h. The 

resulting mixture was concentrated and azeotroped in vacuo with PhMe (3 x 2 mL). Anhydrous 

DCE (7 mL) was added followed by TFA (2 mL) and heated to 75 oC for 12 h under argon 

atmosphere. The reaction was cooled and poured into saturated NaHCO3 (20 mL) and stirred 
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for 1 h. The aqueous layer was extracted with CH2Cl2 (10 mL x 3), organic layers collected and 

washed with saturated brine (10 mL), dried (MgSO4), filtered, and concentrated. The residue 

was purified by flash column chromatography (silica gel, EtOAc:hexanes, 20%) to give 7 and 

110 (87 mg, 72% yield) as a yellow oil. 7 + 110: Rf = 0.46 (silica gel, EtOAc:hexanes, 1:2); IR 

(film) νmax 2956.12, 2875.28, 1738.51, 1716.30, 1673.85, 1616.49, 1384.7, 1250.02, 1234.19, 

1218.72, 1111.93; 13C NMR (126 MHz, CDCl3) δ 214.59, 207.60, 204.12, 197.85, 145.54, 

143.02, 129.65, 127.15, 57.59, 53.12, 46.22, 41.79, 41.28, 38.52, 36.58, 36.24, 34.81, 33.30, 

26.79, 24.92. 7: 1H NMR (500 MHz, CDCl3) δ 6.76 (dd, J = 10.1, 4.9 Hz, 1H), 6.08 (dd, J = 10.1, 

2.2 Hz, 1H), 2.86 – 2.80 (m, 1H), 2.58 – 2.45 (m, 2H), 2.43 – 2.28 (m, 2H), 1.95 – 1.77 (m, 2H), 

1.24 (s, 3H).  

 

Iso-Hajos-Parrish ketone (111). Benzyl ester 45 (113 mg, 0.49 mmol, 1 equiv) and 

Danishefsky’s diene (250 mg, 1.47 mmol, 3 equiv) were dissolved in PhMe (2 mL) in a flame-

dried sealed tube. The reaction was sealed and heated to 150 oC for 16 hours. Upon completion 

the reaction was concentrated and azeotroped with PhMe (3 x 5 mL), dissolved in CH2Cl2 (7 mL) 

and TFA (1 mL) added. The reaction mixture was stirred at 25 oC for 18 hours. Upon completion 

the reaction was poured in saturated NaHCO3 (10 mL) and extracted with CH2Cl2 (3 x 10 mL), 

dried over MgSO4, filtered, and concentrated. The crude residue was dissolved in EtOAc (5 mL) 

and Pd/C (10%wt, 156 mg, 0.15 mmol, 30 mol%) was added carefully. The reaction was fixed 

with a rubber septum and a balloon of hydrogen gas was bubbled through for 30 minutes. The 

reaction was stirred under the hydrogen atmosphere for 15 hours. Upon completion, the 

reaction was filtered through a thin pad of silica gel, concentrated, and purified by flash column 

chromatography (silica gel, EtOAc:hexanes, 10-30%) to give 111 (46 mg, 57% yield) as a clear 

crystalline solid. 111: Rf = 0.43 (silica gel, EtOAc:hexanes, 1:2); 1H NMR (400 MHz, Chloroform-

d) δ 2.55 – 2.25 (m, 3H), 2.25 – 2.04 (m, 5H), 1.96 – 1.76 (m, 2H), 1.22 (s, 3H). 
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Tert-butoxy enol lactone (S7). 14 h, white crystalline solid, 0.567 g, 54% yield; S7: Rf = 

0.59 (silica gel, EtOAc:hexanes, 1:3); IR (film) νmax 307.89, 2990.1, 2968.92, 1804.26, 1698.01, 

1661.85, 1387.33, 1365.83, 1254.52, 1155.41, 1104.06, 1155.41, 1104.06, 1031.78, 1013.03, 

940.81, 872.64, 742.92, 684.43, 598.47 cm-1; 1H NMR (500 MHz, CDCl3) δ 5.55 (s, 1H), 3.77 – 

3.62 (m, 1H), 2.43 (ddd, J = 8.6, 4.9, 3.5 Hz, 1H), 1.68 – 1.54 (m, 1H), 1.50 (s, 9H), 1.24 (dt, J = 

5.0, 3.7 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 171.45, 166.12, 164.56, 99.23, 80.97, 28.45, 

21.42, 18.97, 16.23; HRMS (FAB) calcd for C11H14O4 [M+H]+ 211.2370, found 233.0801 [M+Na]+ 

confirmed by observation of [M+K]+. Unidentified sideproduct S8: 1H NMR (500 MHz, CDCl3) δ 

5.36 (s, 2H), 3.34 (dd, J = 8.5, 3.9 Hz, 2H), 1.50 (td, J = 8.5, 4.6 Hz, 1H), 1.41 (d, J = 1.3 Hz, 

9H), 0.78 (q, J = 4.2 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 169.42, 166.53, 96.46, 80.05, 

28.32, 21.75, 16.17.  

 

Tert-butoxy [3.1.0]bicyclohexene (112). 6 h at 25 oC, 1 h at 50 oC, 0.148 g, 71% yield; 

112: Rf = 0.45 (silica gel, EtOAc:hexanes, 1:1). 112: IR (film) νmax 2982.58, 2934.81, 1732.72, 

1700.12, 1607.96, 1380.03, 1366.39, 1307.78, 1251.75, 1152.61, 1169.79, 1087.79, 936.05, 

849.97, 826.79, 813.25, 796.77 cm-1; 1H NMR (400 MHz, CDCl3) δ 2.40 (s, 3H), 2.36 (ddd, J = 

7.2, 4.4, 3.2 Hz, 1H), 2.24 (dt, J = 8.2, 4.0 Hz, 1H), 1.52 – 1.45 (m, 1H), 1.50 (s, 3H), 1.29 (q, J 

= 3.5 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 200.41, 183.09, 162.53, 125.77, 81.60, 32.58, 

28.43, 25.54, 25.34, 19.17; HRMS (FAB ) calcd for C12H16O3 [M+H]+ 209.2650, found 209.1170. 

 

Cyclopropyl iso-Hajos-Parrish ketone (113). In a flame dried sealed tube 2-alkoxy 

cyclopentenone 112 (0.34 g, 1.6 mmol, 1 equiv) was dissolved in anhydrous PhMe (5 mL) and 

Danishefsky’s diene (0.700 g, 4.07 mmol, 2.5 equiv) was added. The solution was degassed by 

bubbling argon through the solution for 30 minutes, sealed, and heated to 140 oC for 16 h. The 

resulting mixture was concentrated and azeotroped in vacuo with of PhMe (3 x 5 mL). 

Anhydrous DCE (10 mL) was added followed by TFA (2 mL) and heated to 75 oC for 15 h under 
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argon atmosphere. The reaction was cooled and poured into saturated NaHCO3 (20 mL) and 

stirred for 1 h. The aqueous layer was extracted with CH2Cl2 (10 mL x 3), organic layers 

collected and washed with saturated brine (10 mL), dried (MgSO4), filtered, and concentrated. 

The residue was purified by flash column chromatography (silica gel, EtOAc:hexanes, 20%) to 

give 113 (0.275 g, 95% yield) as a yellow solid. 113 Rf = 0.41 (EtOAc:hexanes, 1:1), IR (film) ν-

max 2959.80, 2931.20, 2876.50, 1673.16, 1720.21, 1382.27, 1296.75, 1237.38, 1194.98, 

1020.16, 908.60, 841.43, 735.43 cm-1; 1H NMR (500 MHz, CDCl3) δ 6.81 (dd, J = 10.2, 5.8 Hz, 

1H), 6.07 (d, J = 10.2 Hz, 1H), 2.71 (d, J = 5.7 Hz, 1H), 2.53 (d, J = 15.4 Hz, 1H), 2.43 (d, J = 

15.4 Hz, 1H), 2.03 (ddd, J = 8.5, 5.3, 3.0 Hz, 1H), 1.95 (dt, J = 7.8, 4.9 Hz, 1H), 1.37 – 1.29 (m, 

1H), 1.29 – 1.20 (m, 5H); 13C NMR (125 MHz, CDCl3) δ 208.61, 197.48, 142.11, 130.01, 48.99, 

41.08, 32.16, 28.30, 23.43, 13.40; HRMS (FAB) calcd for C11H12O2 [M+H]+ 177.2230, found 

177.0915. 

 

Iso-Hajos-Parrish ketone (117). To a solution of freshly distilled diisopropylamine (0.22 

mL, 1.6 mmol, 1.3 equiv) in anhydrous THF (5 mL) was added n-BuLi (1.6 M in hexanes 

solution, 1 mL, 1.6 mmol, 1.3 equiv) at -78 oC and warmed to 0 0C for 30 minutes and cooled to 

-78 oC. Ketone 116 (0.210 g, 1.59 mmol, 1.3 equiv.) in anhydrous THF (2 mL) was added to the 

LDA solution drop wise via cannula and stirred at -78 oC for 1 h. Enone 79 (242 mg, 1.2 mmol, 1 

equiv) in anhydrous THF (2 mL) was added via cannula and warmed to -20 oC for 3 h. The 

reaction was quenched with acetic acid (0.5 mL) and stripped to dryness. The residue was 

suspended in anhydrous PhMe (3 mL) and filtered through a pad of celite and concentrated in 

vacuo. Anhydrous DCE (5 mL) was added followed by TFA (1.8 mL) and heated to 70 oC under 

argon atmosphere for 14 h. The mixture was poured into saturated NaHCO3 (10 mL) and stirred 

for 1 h, and the organic layers separated. The aqueous layer was extracted with CH2Cl2 (10 mL 

x 3). The organic phases were washed with brine (10 mL), dried (MgSO4), filtered, and 

concentrated. The residue was purified by flash column chromatography (silica gel, 
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EtOAc:hexanes, 20%) to give 117 (0.111g, 51% yield) as a colorless solid. 117: Rf = 0.53 

(EtOAc:hexanes, 1:1); IR (film) νmax 2948.95, 2924.40, 2873.58, 1731.54, 1667.93, 1450.16, 

1461.42, 1376.69, 1365.74, 1309.89, 1343.10, 1239.17, 1117.45, 1059.63, 987.60, 904.93, 

814.28, 568.38 cm-1; 1H NMR (500 MHz, CDCl3) δ 6.55 – 6.42 (m, 1H), 2.80 – 2.69 (m, 1H), 

2.51 – 2.24 (m, 4H), 1.90 – 1.72 (m, 2H), 1.764 (s, 3H), 1.19 (s, 3H); 13C NMR (125 MHz, 

CDCl3) δ 215.49, 198.22, 137.75, 136.14, 57.77, 46.43, 41.62, 36.68, 33.33, 26.87, 15.86; 

HRMS (FAB ) calcd for C11H14O2 [M+H]+ 179.2390, found 179.1068. 

 

Diels-Alder adduct (119). In a flame-dried round bottom flask, diene 19 (0.2 mL,1.25 

mmol, 5 equiv) was dissolved in DME (10 mL) and cooled to -40 oC and MeLi (0.6 mL, 1 mmol, 

4 equiv) added drop wise. The reaction was, stirred for 20 minutes at this temperature and 

cooled to -78 oC at which point norbornenyl dienophile 39 (54 mg, 0.248 mmol, 1 equiv) was 

dissolved in THF (10 mL) and added via cannula. The reaction was warmed to -50 oC for 2 h 

and quenched with AcOH (1 mL), concentrated, filtered through celite with PhMe (30 mL), and 

concentrated. The crude residue was dissolved in DCE (5 mL) and TFA (0.5 mL) and heated to 

75 oC for 10 h. The reaction was cooled, poured into saturated NaHCO3 (20 mL), and the 

organic layers separated with CH2Cl2 (10 mL). The aqueous layer was extracted with CH2Cl2 (10 

mL x 3). The organic phase was washed with brine (10 mL), dried (MgSO4), filtered, and 

concentrated. The residue was purified by flash column chromatography (silica gel, 

EtOAc:hexanes, 20%) to give 119 (12.1 mg, 17% yield) as a colorless solid. 119: Rf = 0.57 

(EtOAc:hexanes, 1:1); IR (film) νmax cm-1; 2958.58, 1766.77, 1726.97, 1681.98, 1240.65, 

1029.90, 740.77 1H NMR (500 MHz, CDCl3) δ 6.48 (d, J = 10.0 Hz, 1H), 6.25 (dd, J = 10.0, 0.7 

Hz, 1H), 6.23 (dd, J = 5.7, 3.1 Hz, 1H), 6.12 (dd, J = 5.6, 2.8 Hz, 1H), 3.75 (s, 3H), 3.30 (dd, J = 

10.8, 4.7 Hz, 1H), 3.15 (ddt, J = 4.5, 3.1, 1.5 Hz, 1H), 3.08 (ddt, J = 3.5, 2.2, 1.1 Hz, 1H), 2.77 

(dd, J = 10.8, 3.7 Hz, 1H), 2.61 (d, J = 15.6 Hz, 1H), 2.48 (d, J = 15.6 Hz, 1H), 1.66 (dt, J = 8.5, 

1.8 Hz, 1H), 1.50 – 1.46 (m, 1H), 1.12 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 208.21, 197.65, 
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167.32, 143.01, 135.72, 135.39, 130.68, 70.86, 55.93, 54.39, 52.46, 50.76, 50.46, 45.33, 44.17, 

43.10, 24.59. HRMS (FAB) calcd for C17H18O4 [M+H]+ 287.3350, found 287.1273.  

 

Hydrindienone (120). In a flame-dried round bottom flask, Diels-Alder adduct 119 (20 

mg, 0.077 mmol, 1 equiv) was dissolved in DCE (2 mL) and maleic anhydride (48 mg, 0.49 

mmol, 6 equiv) added, followed by Me2AlCl (0.1 mL, 1M in hexanes, 0.1 mmol, 1.3 equiv) and 

the reaction heated at 70 oC for 14 h. Upon completion the reaction was cooled, poured into 

saturated NaHCO3 (5 mL), and the organic layers separated with CH2Cl2 (5 mL) and aqueous 

layer was extracted with CH2Cl2 (10 mL x 3). The organic phase was washed with brine (5 mL), 

dried (MgSO4), filtered, and concentrated. The residue was purified by flash column 

chromatography (silica gel, EtOAc:hexanes, 20%) to give 120, (3 mg, 18%). 120: 1H NMR (500 

MHz, CDCl3) δ 7.46 (d, J = 5.8 Hz, 1H), 6.74 (d, J = 10.1 Hz, 1H), 6.18 (d, J = 10.4 Hz, 1H), 

6.08 (d, J = 5.7 Hz, 1H), 3.81 (s, 3H), 2.74 (d, J = 16.2 Hz, 1H), 2.59 (d, J = 16.6 Hz, 1H), 1.32 

(s, 3H).  

 

(E)hexa-3,5-dien-1-yl enol lactone (126). In a flame dried round bottom flask 

predominantly (E)hexa-3,5-dien-1-yl triphenylphophanylidene acetate (2.8 g, 7 mmol, 1 equiv) 

was dissolved in PhMe (10 mL) under an atmosphere of argon. To the clear solution, succinic 

anhydride (700 mg, 7 mmol, 1 equiv) was added in one portion and heated to 50 o C for 10 h. 

Upon completion the solution was concentrated in vacuo and purified by flash column 

chromatography (silica gel, EtOAc:hexanes, 5%). After removal of solvent, the resulting white 

solid was recrystallized in CH2Cl2/Hexanes to give 126 (920 mg, 56%). 126: 1H NMR (400 MHz, 

CDCl3) δ 6.38 – 6.21 (m, 1H), 6.13 (dd, J = 15.5, 10.2 Hz, 1H), 5.81 – 5.58 (m, 2H), 5.13 (dd, J 

= 17.1, 1.9 Hz, 1H), 5.02 (dd, J = 10.3, 1.8 Hz, 1H), 4.17 (t, J = 6.7 Hz, 2H), 3.36 (ddd, J = 10.9, 

5.8, 2.3 Hz, 2H), 2.81 – 2.66 (m, 2H), 2.44 (qd, J = 6.8, 1.5 Hz, 2H). 13C NMR (101 MHz, 
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CDCl3) δ 173.51, 167.58, 166.53, 136.72, 133.49, 129.68, 116.16, 97.34, 63.40, 31.95, 26.21, 

26.11. 

 

(E)hexa-3,5-dien-1-yl cyclopentenone (127). Prepared according to the general 

procedures of table 2. 6 h at 25 oC, 3 h at 25 oC, 143 mg, 61% yield. 1H NMR (400 MHz, CDCl3) 

δ 6.31 (dt, J = 16.9, 10.2 Hz, 1H), 6.21 – 6.07 (m, 1H), 5.80 – 5.63 (m, 1H), 5.19 – 5.07 (m, 1H), 

5.01 (dd, J = 10.2, 1.6, 1H), 4.30 (t, J = 6.8 Hz, 2H), 2.76 – 2.58 (m, 2H), 2.56 – 2.46 (m, 4H), 

2.36 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 203.40, 184.25, 136.90, 133.73, 129.76, 116.22, 

64.02, 35.13, 32.82, 32.06, 19.46. 

 

Diels-Alder adduct (132). A flame dried round bottom flask was charged with enol 

lactone 67 (103 mg, 0.66 mmol, 1 equiv), Weinreb’s salt (84 mg, 0.858 mmol, 1.3 equiv), CH2Cl2 

(3 mL) and pyridine (0.26 mL, 3.3 mmol, 5 equiv). This was stirred for 8 h at 25 oC, 

concentrated, and filtered through celite with PhMe (10 mL). The clear solution was azeotroped 

with PhMe (3 x 5 mL) and placed on high vacuum to remove any remaining amines. The clear 

oil was dissolved in THF (3 mL) and added to neat NaH (21 mg, 0.858 mmol, 1.3 equiv) in THF 

(1 mL) at 0 oC. This solution was stirred at 0 oC for 1 h. Meanwhile, iodohepta-1,3-diene 129-I6 

(355 mg, 1 mmol, 1.5 equiv) was azeotroped with PhMe in a flame dried round bottom flask and 

dissolved in anhydrous Et2O (9 mL). The solution was cooled to -78 oC and tert-BuLi (1.18 mL, 

1.7M in pentane, 2 mmol, 3 equiv) was added drop wise to give a dark brown colored solution. 

This was stirred for 30 minutes at this temperature and then the deprotonated Weinreb amide 

intermediate in THF was added to the solution via cannula. The reaction was stirred at -78 oC 

for 1 h and warmed to 0 oC at which point MeOH (2 mL, 50 mmol, 75 equiv) was added at the 

                                                           
6 Prepared according to Varseev, G. N.; Maier, M. E. Angew. Chem. Int. Ed. 2006, 45, 4767–
4771.  
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reaction temperature raised to 50 oC for 1 h. The reaction was cooled and poured into 1M HCl 

(25 mL) and extracted with CH2Cl2 (3 x 30 mL), dried (MgSO4), filtered, and concentrated. The 

crude residue was dissolved in degassed PhMe (25 mL) in a sealed tube and heated to 150 oC 

for 24 h. The reaction was cooled, concentrated, and purified by flash column chromatography 

(silica gel, EtOAc:hexanes, 10%) to afford Diels-Alder adduct 132 (74.8 mg, 32% yield). 132: Rf 

= 0.71 (silica gel, EtOAc:hexanes, 1:1); IR (film) νmax 2949.00, 2872.04, 2838.12, 1759.12, 

1734.75, 1593.88, 1459.61, 1429.17, 1203.16, 1153.00, 1065.97, 842.21, 701.13 cm-1; 1H NMR 

(500 MHz, CDCl3) δ 6.38 (d, J = 2.4 Hz, 2H), 6.32 (t, J = 2.3 Hz, 1H), 5.72 – 5.54 (m, 2H), 4.19 

(td, J = 3.5, 2.0 Hz, 1H), 3.74 (s, 6H), 3.49 (s, 3H), 2.60 – 2.48 (m, 1H), 2.43 (ddd, J = 19.7, 9.3, 

3.2 Hz, 1H), 2.35 – 2.20 (m, 1H), 2.19 – 2.07 (m, 1H), 2.06 – 1.92 (m, 1H), 1.92 – 1.79 (m, 2H), 

1.79 – 1.70 (m, 3H), 1.66 – 1.59 (m, 1H); 13C NMR (125 MHz, CDCl3) δ 210.39, 168.67, 160.33, 

142.34, 130.94, 126.97, 107.98, 99.23, 67.01, 55.23, 51.82, 49.59, 42.69, 42.28, 33.85, 33.78, 

33.47, 31.81, 24.01. HRMS (FAB) calcd for C22H26O5 [M+H]+ 371.4530, found 371.1814. 

 

Diels-Alder adduct (S8). In a flame dried sealed tube 2-alkoxy cyclopentenone 35 (40 

mg, 0.24 mmol, 1 equiv) was dissolved in dry PhMe (1mL) and Danishefsky’s diene (85 mg, 0.5 

mmol, 2 equiv) was added. The solution was degassed by bubbling argon through the solution 

for 30 minutes, sealed, and heated to 135 oC for 20 h.  The resulting mixture was concentrated 

and azeotroped in vacuo with PhMe (3 x 5 mL).  Anhydrous DCE (12 mL) was added followed 

by TFA (1 mL) and heated to 70 oC for 17 h under argon atmosphere.  The reaction was cooled 

and poured into saturated NaHCO3 (20 mL) and stirred for 1 h.  The aqueous layer was 

extracted with CH2Cl2 (10 mL x 3), organic layers collected and washed with saturated brine (10 

mL), dried (MgSO4), filtered, and concentrated.  The residue was purified by flash column 

chromatography (20% EtOAc:hexanes) to give S8 (48 mg, 82% yield) as a yellow solid. S8: Rf = 

0.54 (50% EtOAc: hexanes). IR (film) νmax 2959.45, 1736.00, 1716.70, 1684.02, 1457.54, 

1434.01, 1386.30, 1309.42, 1224.59, 1176.59, 1030.34, 912.07, 812.52 cm-1; 1H NMR (500 
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MHz, CDCl3) δ 6.67 (d, J = 10.2 Hz, 1H), 6.16 (dd, J = 10.2, 0.9 Hz, 1H), 3.73 (s, 3H), 2.58 (ddd, 

J = 81.5, 14.9, 0.9 Hz, 2H), 2.18 (ddd, J = 9.4, 5.3, 3.1 Hz, 1H), 1.94 (dt, J = 8.1, 5.1 Hz, 1H), 

1.82 (ddd, J = 5.8, 4.9, 3.1 Hz, 1H), 1.36 – 1.29 (m, 1H), 1.28 (s, 3H). 13C NMR (125 MHz, 

CDCl3)  δ 204.90, 196.82, 170.18, 142.71, 128.66, 53.05, 50.90, 44.24, 33.80, 28.51, 23.25, 

13.51. HRMS (FAB+) calcd for C13H14O4 [M+H]+ 235.2590, found 235.0977. 

 

Decarboxylation of S8 to iso-Hajos-Parrish ketone (113). Diels-Alder adduct S8 (58 

mg, 0.248 mmol, 1 equiv) was dissolved in DMSO (1 mL) and H2O (0.1 mL), and LiCl (73 mg, 

1.74 mmol, 7 equiv) added.  The reaction was heated at 150 oC for 1 h.  Upon completion the 

mixture was cooled and poured into brine (10 mL) and diluted with 1M HCl (5 mL). The aqueous 

layer was extracted with CH2Cl2 (10 mL x 3), organic layers collected and washed with 

saturated brine (10 mL), dried (MgSO4), filtered, and concentrated.  The residue was purified by 

flash column chromatography (silica gel, EtOAc:hexanes, 20%) to give 113 (26.3 mg,60% yield) 

as an amorphous orange solid. 



78 
 

 
 



79 
 

 
 



80 
 

 
 



81 
 

 
 



82 
 

 
 



83 
 

 
 



84 
 

 
 



85 
 

 
 



86 
 

 
 



87 
 

 
 



88 
 

 
 



89 
 

 
 



90 
 

 
 



91 
 

 
 



92 
 

 
 

 

 

 



93 
 

 
 



94 
 

 
 



95 
 

 
 



96 
 

 
 



97 
 

 
 



98 
 

 
 



99 
 

 
 



100 
 

 
 



101 
 

 
 



102 
 

 
 



103 
 

 
 



104 
 

 
 



105 
 

 
 



106 
 

 
 



107 
 

 
 



108 
 

 
 



109 
 

 
 



110 
 

 
 



111 
 

 
 



112 
 

 
 



113 
 

 
 



114 
 

 
 



115 
 

 
 



116 
 

 
 



117 
 

 
 



118 
 

 
 



119 
 

 
 



120 
 

 
 

 

 

 



121 
 

 
 



122 
 

 
 



123 
 

 
 



124 
 

 
 



125 
 

 
 



126 
 

 
 



127 
 

 
 



128 
 

 
 



129 
 

 
 



130 
 

 
 



131 
 

 
 



132 
 

 
 



133 
 

 
 

 

 



134 
 

 
 

 



135 
 

 
 



136 
 

 
 



137 
 

 
 



138 
 

 
 

 



139 
 

 
 



140 
 

 
 



141 
 

 
 



142 
 

 
 



143 
 

 
 



144 
 

 
 



145 
 

 
 



146 
 

 
 



147 
 

 
 



148 
 

 
 



149 
 

 
 



150 
 

 
 



151 
 

 
 



152 
 

 
 



153 
 

 
 



154 
 

 
 



155 
 

 
 



156 
 

 
 



157 
 

 
 



158 
 

 
 



159 
 

 
 



160 
 

 
 



161 
 

 
 



162 
 

 
 



163 
 

 
 



164 
 

 
 



165 
 

 
 



166 
 

 
 



167 
 

 
 



168 
 

 
 



169 
 

 
 



170 
 

 
 



171 
 

 
 



172 
 

 
 



173 
 

 
 



174 
 

 
 



175 
 

 
 



176 
 

 
 



177 
 

 
 



178 
 

 
 



179 
 

 
 



180 
 

 
 



181 
 

 
 

 



182 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 2 

 Synthetic Studies Towards the Shizukaol Family of Oligomeric Sesquiterpene Natural 

Products 
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2.1 Introduction 

Chapter 1 introduced how new reaction methodology coupled with synthetic design 

provided the tools to synthesize the iso-Hajos-Parrish ketones from substituted succinic 

anhydrides and the Danishefsky-Kitahara diene. Our interest in this sub-structure originally 

developed out of the target-oriented synthesis of the shizukaol family of lindenane 

oligosesquiterpenes (Figure 1). This chapter will discuss our early approaches to these 

molecules, efforts which chronologically preceded the ring-opening Knoevenagel reaction, but 

inspired the development of the chemistry already described in the preceding chapter.  

 
Figure 1: Target lindenane-type sesquiterpene oligomers 

 
As will be described, our efforts led to the discovery of 10 step, protecting group free 

synthesis of the ubiquitous dimerization precursor and unstable monomer lindenatriene (1). We 

ultimately wished to synthesize the naturally occurring homo-dimers cycloshizukaol (2) and 

shizukaol J (3), as well as heterodimers such as shizukaol G (4), and the trimeric sesquiterpene 

trishizukaol A (6). In addition, the synthetic exploration of 1 unlocked a wealth of divergent 
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reactivity which we exploited for the total synthesis of other sesquiterpene natural products, 

efforts that will be described in the final chapter.  

 
2.1.1 The shizukaols 

 
If the challenge of discovering novel molecular architectures for the invention of new 

therapeutics is to be efficiently addressed, it would logically follow that targeting oligomeric 

natural products might provide one of the most rapid means of synthesizing large numbers of 

distinct molecular frameworks. Oligomeric natural products are ubiquitous in nature and found in 

a number of natural product classifications, including alkaloids, phenols, and terpenoids.1 

Although nature has excelled at the synthesis of higher order natural products, it often does so 

through processes that avoid chemoselectivity with the intent that one of the combinations will 

provide a biological function which will in turn improve the organism’s rate of survival. For 

example, some plant species produce molecules classified as phytoalexins (also known as 

allelo-chemicals or plant ecochemicals) in response to an external stress in order to combat that 

threat.2  

 

Figure 2: Anti-fungal sesquiterpenes from the Chloranthus japonicus plant 

 

The Chloranthus japonicus plant, for example, produces a number of sesquiterpenes 

with potent antifungal activity for defense against the invasion of Mucor and Rhizopus genera of 
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fungi (Figure 2). Generally speaking, targeting these sorts of plant ecochemicals increases the 

chances of discovering pharmaceuticals given that nature has selected these molecules for 

activity in other organisms over millions of years of evolution. With this concept in mind, the 

lindenane-type sesquiterpenes, materials which have been isolated from several species of 

plants within the Chloranthus, Lindera, and Sarcandra genera, fit into our global research 

paradigm of achieving controlled oligomerization events where nature has abandoned control 

for the sake of diversity. In addition, the multifarious structures attracted our research efforts due 

to their biological activity, diversity, and synthetic challenge.  

 

2.2 Biological Activity of the Lindenane Sesquiterpenes 

2.2.1 Heart Disease 

In the developed world, particularly in the United States where heart disease is the 

number one cause of death, the treatment of early cardiovascular complications is both a 

medical and societal challenge. The Center for Disease Control estimates that one in four 

deaths are related to heart disease (600,000 per year); coronary heart disease alone has an 

annual cost of over $100b.3  

Coronary heart disease, carotid artery disease, peripheral arterial disease, and chronic 

kidney disease can all be linked to the buildup of plaques in the arteries. These multicellular 

atherosclerotic plaques occur at the arterial sub-endothelium early in the disease and develop 

into more advanced stages through the recruitment of monocytes to the site of inflammation. It 

is the adhesion of these monocytes by glycoproteins, more generally referred to as cell-

adhesion molecules (CAMs) that leads to further inflammation of the tissue and disease 

progression. 4 

Traditional Chinese medicine has used medicinal herbs such as the Chloranthus 

japonicus shrub for its anti-inflammatory properties. Molecules from the Chloranthus japonicus 

have also been shown to inhibit cell adhesion molecules and therefore halt the buildup of 
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multicellular plaques. For example, Rho and co-workers investigated the ability of several of the 

shizukaol natural products to inhibit ICAM-1 and showed that low concentrations of the dimeric 

sesquiterpenoids prevented monocyte adhesion to human umbilical vein (HUVEC) cells.5 

Homotypic cell aggregation was also inhibited by shizukaol B (15), cycloshizukaol A (2), and 

shizukaol F (16) with 34.1 nM, 0.9 μM, and 27.3 nM MIC values, respectively. In addition, 

cytotoxicity was not observed up to 1 μg/mL, an outcome which suggests these molecules are 

promising candidates for the pharmacological treatment of atherosclerosis.  

 
Figure 3: Lindenane-type cell adhesion molecule inhibitors 

 

Other molecules of cardiovascular importance within this collection of lindenanes are 

chlorahololides A (17) and C (18, Figure 4). These octacyclic disesquiterpenes exhibit potent 

and selective inhibition of delayed rectifier (IK) potassium ion channels.6 These proteins span the 

cell membranes within various tissues including the heart, kidney, and brain.7 The role of the 

inwardly rectified potassium channels is to repolarize the cell’s action potential after cell 

signaling. In this way, these trans-membrane proteins play a critical role in maintaining regular 

heart rates and mutations have been implicated in lethal heart diseases such as Andersen’s 

syndrome and long QT syndrome.8 Modulating the activity of these proteins may also mediate 

the physiology of other cellular processes including insulin release, neuron development, brain 

metabolism, and re-uptake of potassium by the kidney.7 
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Figure 4: Delayed inward rectified potassium ion channel inhibitors from the lindenene 

family of sesquiterpenes 
 

2.2.2 Obesity and Diabetes 

 The developed world is also plagued by diabetes and obesity, ailments which affect over 

a third of the population of the United States and have an annual medical cost of over $150b.9 

The accumulation of lipid cells is a direct result of increased fatty acid synthesis and/or 

decreased fatty acid oxidation.  

Adenosine monophosphate-activated protein kinase (AMPK) is one of the central 

enzymes in metabolism.10 The connection between AMPK and obesity is attributed to the 

phosphorylation of acetyl-CoA carboxylase by AMPK which decreases the conversion of acetyl-

CoA to malonyl-CoA (MCD). MCD is not only a building block for fatty acids, but also an inhibitor 

of carnitine-palmitoyl-CoA (CPT 1), an enzyme which is responsible for the translocation of fat 

to the mitochondria for oxidative degradation. Looking at these processes overall, AMPK 

activation decreases fatty acid synthesis and induces fatty acid oxidation reducing the risk of 

obesity and diabetes. In 2013, Liu and Wu showed that shizukaol D (19, Figure 5) can activate 

AMPK, thereby decreasing triglyceride and cholesterol levels in living HepG2 liver cells. They 

also demonstrated that shizukaol D (19) can suppress mitochondrial energy production and 

propose that it may also be used to treat metabolic diseases. 



188 

 
Figure 5: Other biologically potent disesquiterpenes 

 

2.2.3 Anti HIV Replication and Cytotoxicity 

Dimeric shizukaol sesquiterpenes have also shown activity as anti-HIV-1 replication 

agents in both wild-type and non-nucleoside reverse transcriptase inhibitor (NNRTI)-resistant 

strains.11 Shizukaol B (15) showed the highest levels of activity with EC50 values of 0.22 μM for 

the wild-type strains and 0.47 and 0.50 μM, respectively, against two drug resistant strains. The 

actual therapeutic efficacy of shizukaol B and other dimeric sesquiterpenes studies are 

questionable, however, as a result of their reported cytotoxicity.12 This cytotoxicity has also been 

investigated for the possibility of discovering novel chemotherapeutics.13 The most active 

cytotoxic behavior was exhibited by sarcandrolide F (20) and sarcandrolide H (21) with IC50 

values of 30 nM and 1.2 μM, respectively, against HL-60 cells. 

Globally, as the preceding section has shown, the lindenane-type disesquiterpene 

scaffolds exhibit a broad range of bioactivity in societally important areas of disease. Thus, the 

study of these molecules with respect to their diversity and synthesis may therefore advance the 

understanding and treatment of heart disease, diabetes, HIV, and cancers. 

 

2.3 Structural Diversity 

Complementing the biological potency of this family is the complexity and striking 

diversity of structures that have been isolated thus far from these perennial herbs. The 
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aforementioned sesquiterpene’s fifteen carbon framework is the lindenene skeleton (6, Figure 

6), and these molecules are referred to as lindenane-type sesquiterpenes. Indeed, the overall 

collection is enormous, with over 100 structures in existence that can be classified within a 

number of sub-families, including the chloranthalactones, shizukanolides, shizukaols, 

chlorahololides, sarcanolides, spicachlorantins, henriols, and lindenanes.14 

 

2.3.1 Monomeric Diversity 

Monomeric lindenene and related sesquiterpenes contain a 5,6,5,3-fused polycyclic framework 

adorned with varying degrees of oxidation (Figure 6). The diversity of these structures can be 

seen in their oxidation states about the furan motif, (carbons 7-9 and 11-13) existing either as 

the parent furan (lindenene, 6), or as a butenolide (shizukanolide A, 7), epoxy-butenolide 

(shizukanolide D, 22), or ketofuran (shizukolidol, 23). As might be expected, the oxidation 

changes in this one ring have profound effects on the anti-fungal activity of the resultant 

materials.14a-k 

 
Figure 6: Monomeric lindenane-like sesquiterpenes 

 

In addition to the furan motif, the vinylic cyclopropane has also been isolated in a 

number of different formats, including alcohols from both Markovnikov (shizukolidol, 23) and 
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anti-Markovnikov hydration of the alkene (shizukanolide F, 25), acetoxylation (shizukanolide D, 

22), and allylic functionalization at C5 (sarcandralactone A, 26), C13 (shizukanolide F, 25), or 

C6 (furanodienone, 24). The lindenene sesquiterpene framework contains enormous variation in 

the oxidation and functionalization pattern of every carbon, affording dozens of distinct natural 

products as a result. This observation makes lindenene and related molecules appealing not 

only from a structure diversity approach to medicinal chemistry, but also from a synthetic 

perspective in terms of assessing how to control selective installation of groups in such a 

densely functionalized system.  

 

2.3.2 Lindenatriene and Related Disesquiterpenes 

The family member that appears to possess a singularly unique role in lindenene 

sesquiterpene diversity is lindenatriene (1). Lindenatriene is biosynthetically implicated in nearly 

every lindenane-type sesquiterpene dimer through a Diels-Alder reaction with ketofuran 

containing monomers as shown in Scheme 1.  

 
Scheme 1: Standard mode of dimerization through a Diels-Alder reaction 

 

The cycloadduct of lindenatriene (1) with shizukanolide B (8) comprises the core of a 

large portion of the shizukaol and related oligomeric natural products, the simplest of which is 

shizukaol A (27, Scheme 1). A large portion of the remaining dimers are the products of 

esterification at a C15 and/or C13 primary alcohol(s) with γ-hydroxytiglic, γ-hydroxysenecioic, 
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succinic, or malic acids. Interestingly, some even form complete macrolactones as a result 

(Figure 7). 

 
Figure 7: Families of disesquiterpenes from the Diels-Alder mode of dimerization 

 

2.3.3 Homo-oligomers of Lindenatriene 

One of the many unique properties of lindenatriene (1) is that the use of the Diels-Alder 

reaction is not the only pathway for oligomerization to more complex materials. In the absence 

of an active dienophile, lindenatriene undergoes self oligomerization to three higher-order 

structures (Figure 8). It was this unique mode of additional reactivity of lindenatriene (1) that 

captured our synthetic interest. 
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Figure 8: Homo-oligomerization of lindenatriene 

 

The triene system is hypothesized by Kawabata and co-workers to react through a 1,8-

conjugate addition to form the homo-dimer shizukaol J (3, Scheme 2).15 This homo-dimerization 

might mechanistically proceed in a step-wise 1,8-conjugate addition (TS I and TS II) to give 

zwitterionic intermediates 40/42, species which, upon proton transfer, could form shizukaol J (3) 

or its epimer (41); the outcome would be dependent on the facial selectivity of the transition 

state. We hypothesize that the naturally-occurring epimer arises from TS II, one which positions 

the stereochemical information (cyclopropane and angular methyl group) as far away from the 

incoming monomer as possible. An alternative proposal is that the mechanism of formation in 

fact proceeds through a concerted pericyclic ene reaction between the HOMO of the ene and 

LUMO of the eneophile, or in this case the triene and the trienophile (TS III) to afford shizukaol J 

(3) directly.16 
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Scheme 2: Transition state and orbital analysis of stepwise and concerted mechanisms of 

formation of shizukaol J 
 

 As will become clear in the subsequent sections, our experiments have shown that the 

triene positioning of lindenatriene (i.e. C7=C11 alkene of 43) is thermodynamically unfavorable 

due to the methyl ester and cyclohexenone being conjugated to each other. Having both of 

these groups actively withdrawing from one another causes the acrylate/cyclohexenone 

configuration (i.e. C7=C6, C11=C13) of shizukaol J (3) to be favored, one which relieves the 

synergistic electron deficiency of the system and may play a role in the driving force of the 

reactivity depicted in Scheme 2. The practical concerns as well as a more in depth investigation 

of this thermodynamic preference will be discussed in later sections. 

Shizukaol J’s (3) acrylate moiety is energetically favored and also exposes an electron 

deficient and sterically accessible alkene. Critically, this olefin can behave as an activated 

dienophile towards yet another molecule of lindenatriene (1) and undergoes a Diels-Alder 
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cycloaddition to give the homo-trimer trishizukaol A (5) as shown in Scheme 3. 

Trisesquiterpenoid 5 is one of the most structurally intriguing of the shizukaols and the member 

which makes these natural products oligomeric in semantic categorization.  

 
Scheme 3: Diels-Alder reaction between shizukaol J and lindenatriene 

 

There are a number of structural influences on the stereoselectivity of the resulting 

product and thus far only a single diastereomer has been isolated from nature corresponding to 

the product of our proposed transition state I (TSI, Scheme 3). This transition state corresponds 

to the methyl acrylate motif of shizukaol J (3) approaching endo to the diene or maleate moiety 

of lindenatriene (1). The facial selectivity is determined by the diene’s sterically congested 

angular quaternary methyl (C14) preventing approach of shizukaol J from the same face.  
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Lindenatriene has even more reactivity packed into its 15 carbon framework. In addition to 

the Diels-Alder reaction and 1,8-addition, this molecule also produces the only known natural 

product which could formally arise from a [6+6] cycloaddition. More globally, this is one of the 

only examples of a [6+6] cycloaddition, outside of fullerene chemistry, in the literature.17 As was 

the case with shizukaol J, a formal [6+6] stepwise mechanism cannot be ruled out as the 

pathway of cyclododecatetraene formation.18 Considering the orbital symmetry of the triene 

system, we hypothesize this reaction occurs through one of the following processes (Scheme 

4): 

 
Scheme 4: Frontier molecular orbital analysis of possible [6+6] dimerization pathways 

 

1) Antarafacial thermal [6+6] — we consider this mechanistic pathway unlikely due to the 

twisted nature the cyclic trienes would have to adopt. 

2) Suprafacial photochemical [6+6] — this concerted mechanistic pathway is 

circumstantially unlikely due to isolation of cycloshizukaol A (2) from the subterranean 

roots of the Chloranthus serratus. Although this reasoning has been applied to other 

related photochemical isolates (chloranthalactone F 47, Scheme 5) this has also been a 

subject of some confusion. For example, Takeda and co-workers misassigned the 

structure of chloranthalactone F due to its symmetric structure. Subsequent 
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reassignment to photodimer 45 was done by Nakatani and co-workers.19 Through 

Nakatani’s studies it was found that plant material extracted in a dark room afforded 

chloranthalactone, F (45). This demonstrates that these plants can perform thermally 

disallowed reactions in their natural environment, and lends credence to the concerted 

photochemical [6+6] suprafacial mechanism. 

 
Scheme 5: Photodimerization of chloranthalactone A 

 

3) Consecutive conjugate additions — if shizukaol J’s zwitterion intermediate 42 (Scheme 

4) does, in fact, form, and proton loss is interrupted by intramolecular cyclization, a 

degenerate pathway independent of orbital alignment is possible for the formation of the 

12-membered ring of cycloshizukaol A (2). 

 

2.4 Synthetic challenge 

Further bolstering the unique nature of lindenatriene (1) is the highly oxidized and 

densely functionalized hydrindane structure. Lindenatriene (1) it is the most highly oxidized of 

the lindenane-type monomers with an α,β,γ,δ,ε,ζ-polyunsaturated ester and cross conjugated 

carbonyl. In spite of the flat nature of this olefin rich molecule, the vinylic cyclopropane, keto-

alcohol, and bridgehead quaternary center are all on the same face of the molecule, thereby 

inducing a large degree of steric repulsion. These observations make the molecule both 

phytochemically and synthetically intriguing.  
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2.4.1 Previous Syntheses 

At the onset of our studies in the Fall of 2009, there had only been a single synthetic 

strategy towards the lindenane framework in the literature. In that work, Lee and Baldwin 

synthesized α-diazoketone 49 (Scheme 6) from Hagemann’s ester 48, a starting material which 

was then subjected to various metal catalysts to initiate an intramolecular cyclopropanation. 

This elegant strategy furnished both the cyclopropane and hydrindane ring simultaneously, but 

never with the desired stereochemistry leading only to the synthesis of iso-lindenene (60) and 

epi-lindenene (61).20  

 

 
Scheme 6: Lee and Baldwin’s synthesis of lindenene from Hagemann’s ester 

 

These studies, from 2007 constituted the entirety of effort the synthetic community had 

offered in regard to accessing the fused 5,6,5,3-tetracyclic framework when our efforts began. 

During the course of our investigations, another four distinct strategies, several culminating in 

the total synthesis of the lindenene sesquiterpene monomers and dimers (Schemes 6-9), would 

be unveiled.  

Six years after the Lee and Baldwin paper, the same team corrected the stereochemical 

outcome of the [2+1] cyclopropanation by switching from a catalytic approach to carbene 

formation to a thermal strategy.17b The reason for this stereochemical divergence is due to the 

weakly basic ligands being bound to the transition metal, an effect which epimerized the desired 
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trans-hydrindane of lindenene (6) to cis epi-lindenene (51). In addition, the formation of the 

furan ring prior to cyclization/cycloaddition in the original work imposes additional strain in the 

system, a conformational effect which is relieved in the second generation strategy. 

Nan observed similar stereochemical challenges with regard to the angular methyl and 

cyclopropane groups. The Nan synthesis is particularly germane since they are the only group 

to also target a triene-containing framework, one which they furnished with an endo-type 

intramolecular Heck reaction.21 Their 2013 second generation route was able to deliver triene 55 

with the correct stereochemistry, but to date, they have not yet disclosed a successful approach 

to a monomeric or dimeric natural product from this advanced intermediate. 

 
Scheme 7: Approaches towards lindenane-type sesquiterpenes by the Nan and Peng 

groups 
 

Peng and Lu also disclosed an approach to this family of sesquiterpenes focused in 

particular on disesquiterpenes resulting from the standard mode of Diels-Alder dimerization.22 

Although mechanistically biomimetic, the use of two distinctly different non-natural monomeric 
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building blocks (58 and 59) imparts the observed chemoselectivity in the Diels-Alder reaction 

between the diene and dienophile respectively. This team also has not, as of yet, completed the 

synthesis of any naturally occurring materials, but have clearly addressed many of the key 

synthetic challenges en route to shizukaol A (27) type disesquiterpenes.  

 
Scheme 8: Use of the Hajos-Parrish ketone to achieve the lindenene framework asymmetrically 

by Zhao 
 

 In Chapter one it was mentioned that we were prepared to approach these molecules 

from the Hajos-Parrish ketone, but did so with tempered enthusiasm due to the number of non-

strategic redox reactions that would likely be involved. This strategy was pursued in our 

laboratory by Dr. Stephen Kanyiva and did reach an advanced intermediate, but was not carried 

forward to the final target. The reason this strategy was aborted was the Zhao disclosure of a 

nearly identical strategy.23 Their work has since afforded chloranthalactone A (8) in 17 steps 

from the Hajos-Parrish ketone as well as the photodimer (47), and the cis-hydrindane 

sarcandralactone A (26, Scheme 8). 
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Scheme 9: Liu’s general approach to racemic and asymmetric lindenane-type 

sesquiterpenes 
 

Finally, the most elegant and practical solution to lindenene sesquiterpene structures is 

the Liu sequence which deployed a Matteson epoxidation and Hodgson cyclopropanation of 

Hagemann’s ester derivative (64, Scheme 9).24 This approach was rendered enantioselective by 

reaching the same intermediate with material from the chiral pool in the form of (+) verbenone 

(66). Thus far this team of scientists has accomplished syntheses of several monomeric 

sesquiterpenes and even the unique triterpenoid bolivianine (69) through a biomimetic Diels-

Alder/hetero Diels-Alder reaction with the monoterpene ocimene (68). This strategy set a high 

bar to surpass and kindled the streamlining of our first generation synthesis below, as well as 

igniting the chemistry discussed in Chapter 1.  

Globally, these syntheses demonstrate feasible strategies for achieving a 1,3-

relationship of key functional groups alongside the less stable trans-hydrindane ring junction. 
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Another unifying theme of these strategies is the gradual increase in oxidation state of the 

synthetic material, which although effective at selectively installing functional groups, places the 

most highly oxidized monomers (e.g. lindenatriene) just slightly out of reach. 

 

2.4.2 Synthetic Challenges from the iso-Hajos-Parrish Ketone 

 
Figure 9: Synthetic challenges of lindenatriene and related sesquiterpenes 

 

With only the Baldwin cyclopropanation strategy to guide our initial efforts, we were 

cognizant of five synthetic challenges within lindenatriene (1) itself. The first was discussed in 

Chapter one and was how to rapidly and selectively achieve the 1,3-relationship between the 

angular methyl and C4 functionality. Another was handling the steric repulsions imposed by the 

angular bridgehead methyl, in particular at the 4, 6, and 8 positions, due to the 1,3 axial/pseudo-

axial relation as well as the strain imparted at the C5 position due to eclipsing cyclopentane 

interactions (Figure 9). Our initial strategy sought to install the cyclopropane after cycloaddition 

from 72, a decision which imposed the challenge of forming the 3-membered carbocyclic ring on 

the same face as the angular methyl. Another sterochemical challenge was the formation of the 

trans-hydrindane ring of chloranthalactone (8) and related molecules (see chapter 3). This 

stereochemistry is absent in lindenatriene (1) and sarcandralactone A (26, Figure 6), molecules 

which have a sp2 carbon and cis-tertiary alcohol at the C5 ring junction, respectively.25 This 
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meant inversion of the C10-C5 ring junction would have to be achieved if a unified strategy for 

the lindenene sesquiterpene family was to be realized from the iso-Hajos-Parrish ketone (71) 

and Diels-Alder strategy. Finally, and perhaps most challenging, lindenatriene (1) is a 

remarkably unstable molecule. Lindenatriene has, in fact, never been isolated from natural 

sources and its existence is no more than a hypothesis founded in the dimeric isolates 

discussed in earlier sections. Spectroscopic evidence for lindenatriene was obtained by 

Kawabata from the pyrolysis of shizukaol A (27, Scheme 1) at 250 oC which was reported to 

afford 1 via a retro-Diels-Alder reaction, but only the methyl singlets, vinyl protons, and EIMS 

intensities were reported for this reactive material.14k 

 

2.5 Retrosynthesis 

Given the pervasive nature of lindenatriene (1) in the oligomeric structures, we selected 

the unstable triene as our primary target with the intent of designing a unifying strategy for the 

remaining lindenene type sesquiterpenes (Chapter 3). Our early generation routes brought the 

challenges described in chapter 1 to our attention and ultimately fueled the development of the 

ring-opening Knoevenagel reaction which was singularly capable of providing the cyclopropyl 

synergistic dienophile 80. Given that chronological disconnect, this chapter will discuss both the 

early generations of our synthetic strategy and our final route to lindenatriene employing the 

ring-opening Knoevenagel/Diels-Alder cycloaddition sequence whose development was 

described in Chapter 1 (Scheme 10). 
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Scheme 10: Three generations of retrosynthetic analysis of lindenatriene 

 

All of the strategies discussed in this chapter invoked the Diels-Alder cycloaddition as a 

way of furnishing the hydrindenone framework, a choice which enabled stereoselective 

formation of the cyclopropane through two separate means. In the seminal strategy, the cis-

hydrindenone 77 creates a convex β-face for cyclopropanation to proceed with high 

stereoselectivity. The third generation strategy addressed this stereochemical challenge by 

forcing the angular methyl cis to the cyclopropane due to the dienophiles approach from the 

opposite face (see Chapter 1 for discussion). The remaining carbons of C11-C13 were installed 

through either an aldol reaction with methyl pyruvate (first and third generations) or through a 

Stille coupling with methyl 2-iodoacrylate (second generation). Although we approached the 

shizukaols with a synthetic plan in hand, as is often the case in exploratory science, 

experimentation provided the way to ferret out an efficient route for synthesizing lindenatriene 

(1). 
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2.6 First Generation Synthesis  

 
Scheme 11: First generation retrosynthetic analysis of lindenatriene 

 

Our first generation route in Scheme 11 was inspired by the Danishefsky total synthesis 

of aplykurodinone, a strategy which appeared in the literature contemporaneously with our 

earliest hydrindenone investigations. This strategy had already been demonstrated in Baker’s 

approach to pinguisone, but in both of these syntheses the additional bridgehead carboxylate 

plays a central role as either a methyl group in the final target or a traceless stereochemical 

guide for other functionality.26 It was unclear at the time if the superfluous methyl ester at the 

hydrindane ring junction of 78 (Scheme 12) could be decarboxylated, but nonetheless the 

cycloaddition reaction provided the means to begin investigating the stereoselectivity of Corey-

Chaykovsky cyclopropanations to create the extra ring segment. 

 

2.6.1 Chemoselectivity of Corey-Chaykovsky Cyclopropanation  

We suspected there would be little selectivity in cyclopropanation of the cyclopentenone 

over the cyclohexenone, potentially even favoring the undesired cyclohexenone, so we 

therefore embarked on protecting Diels-Alder cycloadduct 78. Although selective enone 

protections with ethylene glycol (86) and sterically bulkier synthons (87) are reported in the 

literature, this selectivity was never observed in our hands (7888).27 In large part, this 

outcome is likely due to the steric bias rather than electronic bias these methods rely upon. This 
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outcome is unlike the traditional Hajos-Parrish ketone with a 1,2 angular methyl/ketone bias, 

whereas 1,3 diaxial strain begins to erode the steric differences between the two carbonyls of 

78. 

 
Scheme 12: Enone-selective protection and Corey-Chaykovsky cyclopropanation 

 

We therefore turned to the Danishefsky-Zhang conditions for dithiolane formation and 

obtained 89 in comparable yield with the use of p-TsOH, AcOH, and ethanedithiol.18b Oxidation 

of the cyclopentenone proved challenging due to the immense steric strain imparted by the 

angular methyl group, strain which prevented bromination under numerous conditions and 

complicated silyl enol ether formation, noting that attempted Saegusa oxidations with Pd(OAc)2 

did afford trace amounts of enone 90.28 Attempts to reduce steric effects by lengthening the 

incoming carbon-heteroatom bond led us to find that α-selenation followed by 

oxidation/elimination gave a 27% yield of enone 90 over two steps. These efforts were stymied 

when we attempted the cyclopropanation of 90 under Corey-Chaykovsky conditions and 

observed reaction at the allylic dithiolane.29 We did observe the desired product in 8% yield, but 

this throughput restricted further exploration; unfortunately, the other products formed could not 
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be identified, and an alternative Simmons-Smith cyclopropanation with CH2I2 and Et2Zn did little 

to remedy the situation.30 Attempts to hydrogenate the cyclohexene prior to selenoxide 

formation failed with heterogeneous transition-metal catalysts such as Pd/C or Wilkinson’s 

catalyst and transfer hydrogenations from hydrazine also gave poor yields and conversion.31 We 

attribute these complications to the softer electronic cloud of the dithiolane sulfur atoms, 

properties which may be interfering with the catalyst’s and reagent’s traditional reactivity. Given 

these collated results we instead turned to an alternative protection strategy to achieve 

chemoselective cyclopentenone cyclopropanation. 

 
Scheme 13: Dioxalane protection and Corey-Chaykovsky cyclopropanation [1st generation] 

 

In place of the selective enone protection, we adopted a less direct 

hydrogenation/dioxolane protection sequence as shown in Scheme 13. Hydrogenation of the 

Diels-Alder adduct 78 with Pd/C followed by exposing the crude mixture to ethylene glycol and 

oxalic acid at 25 oC in MeCN delivered the desired dioxolane 92. There was no trace of 

cyclopentanone protection under these conditions even with excess ethylene glycol and 

extended reaction times, attesting to the increased torsional strain of rehybridizing 
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cyclopentanone atoms to tetrahedrons.32 After considerable experimentation, we also 

discovered an appropriate bromination/elimination sequence to achieve the installation of the 

cyclopentenone. In the end, exposure of 92 to NaHMDS and dibromo-Meldrum’s acid (93), led 

to a mixture of mono bromide diastereomers 94 in 67% yield.33 Employing alternative bases or 

bromonium sources such as NBS, (Et2SBr . BrSbCl5), or CuBr2 resulted in either poor 

conversion and/or di-bromination. Refluxing the α-bromoketone in PhH with excess DBU 

afforded the cyclopentenone 95 to re-examine the Corey-Chaykovsky cyclopropanation. 

Pleasingly, the use of Me3SOI, NaH, in DMSO at 25 oC proceeded through the desired exo-

bicyclic facial approach of the sulfoxonium ylide delivering 97 as a single diastereomer in 98% 

yield. Its relative stereochemistry was confirmed by X-ray crystallographic analysis. With 97 in 

hand, we then embarked on our first attempts to decarboxylate the methyl acetoacetate of the 

ring-junction. As mentioned in Chapter 1, Krapcho conditions were uniquely capable of effecting 

this transformation which was carried out with NaI in refluxing pyridine, conditions which 

afforded 97 in 96% yield.34 

 

2.6.2 Butenolide Formation 

 The next challenge in our first generation strategy was the installation of the remaining 

carbons of C11-C13, atoms which we planned to attach through an aldol condensation with 

methyl pyruvate (104). We subsequently intended to use the aldol adduct as a precursor to 

butenolide formation under cyclodehydration conditions to access 107.  
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Scheme 14: Zinc enolate aldol reaction of tertiary alcohol [1st generation] 

 

Expecting that the final vinylic cyclopropane of C15 would prove labile to our acidic 

model reaction conditions for butenolide formation, we elected to first install C15 through a 

methylation/dehydration. MeLi addition at -100 oC delivered the tertiary alcohol 98 in 93% yield 

which could be protected readily as long as smaller protecting groups (TMS, MOM, CH3) were 

used. Attempts to install large and predictably more robust tert-butyldimethylsilyl ethers or 

benzoates at the ketal (98) or carbonyl (100) stage failed because of the steric environment 

about the tertiary cyclopentanol. Removal of the ketal protecting group with mild Lewis acid 

afforded cyclohexanone 102 setting the stage for our key aldol/dehydration sequence (105-107) 

and final installation of the carbons of the sesquiterpene skeleton. Attempts to incorporate the 

pyruvate portion of the molecule through an aldol reaction proved challenging under a number 

of basic, amine catalyzed, and Mukaiyama conditions which had previously been successful 

with a model cyclohexanone.35 In part this outcome reflects the favored retro-aldol reaction of 

105 under basic conditions, a process which ultimately became unproductive as methyl 
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pyruvate self-condensed to form oligomers. Mukaiyama conditions failed due to the lability of all 

the tertiary cyclopropyl ethers explored to Lewis-acids.  

Pleasingly, formation of the zinc enolate of TMS-protected 102 with excess methyl 

pyruvate (104)  overcame these limitations and afforded the desired aldol adduct 105 in 40% 

yield. In this reaction the zinc counter ion chelates the carbonyl and pyruvate alcohol thereby 

stabilizing the aldol product and shifting the equilibrium away from the retro-aldol reaction.36 

Surprisingly, under these conditions methoxymethyl ether 101 gave a complex diastereotopic 

mixture related to the directed metalation of an unactivated C-H bond we suspect is the 

bridgehead C5 position. Methyl ether 103 and silyl ether 102 both afforded the target aldol 

adducts under zinc enolate conditions, but failed to condense to the target butenolides under a 

number of acidic conditions, the cyclopropane group, however, was also disturbed by these 

conditions.  

 
Scheme 15: Formation of the vinylic cyclopropane and Mukaiyama aldol approach [1st 

generation] 
 

Unable to dehydrate the aldol adducts in the presence of the Lewis basic oxygen atoms, 

we studied the Mukaiyama-aldol reaction between vinylic cyclopropane- 109 and methyl 

pyruvate, a process which would prove a more direct approach to the exocyclic methylene than 

the previous methylation/elimination sequence.37 Unfortunately, our concerns of stability were 
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well founded and the various Lewis acids employed (TiCl4, BF3, SnCl4, MgBr2
. OEt2) ruptured the 

cyclopropane via what appeared to be halide counterion opening of the cyclopropane (111), a 

reaction which was cleanly observed with MgBr2
. OEt2 in CH2Cl2 at 0 oC. These reactions were, 

nevertheless, instructive and, in fact, preluded a method for further functionalization of the 

cyclopentane portion of hydrindane structures as will be noted in Chapter 3. 

Returning to the zinc enolate conditions with LDA and ZnCl2 and warming from -78 to 25 

oC enabled us to isolate aldol adduct 112 (Scheme 16) in 62% yield. This intermediate could 

then be subjected to dehydration conditions, most of which again proved too harsh for the 

vinylic cyclopropane to withstand.28g 

 
Scheme 16: Pyruvate aldol reaction with vinylic cyclopropane [1st generation] 

 

Attempts to functionalize the aldol portion were met with a recalcitrant alcohol which 

refused to behave with any appreciable nucleophilicity, likely due to the intramolecular hydrogen 

bond of 112 as shown. What we suspect is occurring is the hydrogen bond of aldol adduct 112 

restricts rotation of C11 which is sterically blocked by the ortho-substituents of the aldol adduct. 

As a result the reactive p orbital of the oxygen is unreactive due to the stereo-electronic 

environment, more clearly depicted in the Newman projections within Figure 10.  
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Figure 10: Newman projection of non-nucleophilic aldol adduct 

 

To further complicate this dilemma, treating intermediate 112 with NaH or other strong 

bases to remove this stabilizing force resulted in an instantaneous retro-aldol reaction 

regenerating 109. Fortunately, a mixture of Ac2O and p-TsOH at 25 oC formed a highly reactive 

acylium ion which proved capable of acylating 112. Then, cyclizing acetylated intermediate 113 

to the butenolide 107 was achieved by exposing the crude mixture to excess DBU in THF while 

warming from 0 to 25 oC over a period of 3 hours. This operation gave the C5 cis-hydrindane 

epimer of chloranthalactone A (107) which was now set for late stage oxidation and 

methanolysis to lindenatriene (1).  

 
Scheme 17: Comparison of Diels-Alder strategy and Liu’s Hodgson cyclopropanation in the 

total synthesis of chloranthalactone A 
 

Pleased that we had achieved a 15-step synthesis of epi-5-chloranthalactone A (107) we 

began turning our attention to the final oxidation steps to generate the triene system of 

lindenatriene (1). However, the competitive nature of science stymied our excitement and 

further investigations. At this time, the Liu group described the first total synthesis of 

chloranthalactone A (8) in only 12 steps as shown in Scheme 17.38 Their strategy built the trans-



212 

hydrindane from Hagemman’s ester and a Hodgson cyclopropanation of intermediate 114. They 

would later demonstrate that this strategy could be applied to a number of other sesquiterpene 

family members (see Scheme 9, section 2.4.1).39 These circumstances led us to scrutinize the 

six steps associated with cyclopropane formation which resulted from the need to differentiate 

the cycloalkenones (hydrogenation, protection, oxidation, cyclopropanation, deprotection). It 

was this predicament that led us to develop the chemistry discussed in Chapter 1, allowing us to 

access iso-Hajos-Parrish  ketone (71, Scheme 71) in only three steps from commercial 

materials.  

 

2.7 Second Generation Synthesis 

Equally important to obtaining iso-Hajos-Parrish ketone (71) in a low step count was the 

higher oxidation state of 71, enabling a more direct access to the lindenatriene (1) system, as 

shown in Scheme 18. We attempted our zinc enolate aldol conditions on diketone 71 but 

observed no formation of the desired aldol adduct. In its place, we elected to install carbons 11-

13 via a Stille coupling of vinyl coupling partner 117 and acrylate 118.40  

 
Scheme 18: Second generation retrosynthetic strategy 

 

Our new retrosynthetic strategy led us to hypothesize that conditions could be developed 

to equilibrate the intermediate 120 to the active dimeric precursor lindenatriene (1) in situ, 
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thereby addressing the stability issues. More specifically, we suspected that olefination of the 

cyclopentanone 119 would result in the unconjugated triene system 120, a molecule which 

should readily tautomerize to a conjugated polyunsaturated system. We were of course aware 

that three possible conjugated systems could be generated including the acrylate tautomer iso-

lindenatriene (75), the target lindenatriene (1) and its geometric isomer 11-E-lindenatriene (122) 

which are depicted in Scheme 19. However, since the molecules in Scheme 19 were all 

tautomeric isomers of each other, we suspected equilibrium conditions should afford some 

amounts of the target lindenatriene which could be utilized in-situ for dimerizations. Should this 

strategy fail or product distribution prove unfavorable, we also planned to use unnatural 

dimerization strategies (e.g. reductive alkylation) with the acrylate handle of 120 or 75 to afford 

dimeric molecules such as shizukaol J (3, Figure 1).  

 
Scheme 19: Tautomeric isomers of proton capture 

 
 

2.7.1 Metal-Mediated Coupling Strategies 

To test the feasibility of this acrylate strategy, exploratory amounts of hydrindane 71 was 

first obtained with the unoptimized Diels-Alder chemistry described in Chapter 1. In pursuit of 

triene 120(Scheme 18), we iodinated the enone moiety of 71 and identified the product as the 
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enol tautomer 123 (Scheme 20), due to the coupling of the β-enone hydrogen and loss of C5 

hydrogen. 

 
Scheme 20: Initial coupling strategy and unexpected allylic oxidation [2nd generation] 

 

To achieve Stille coupling, an extensive study was conducted by Dr. Stephen Kanyiva 

which teased out the appropriate coupling conditions for this system. To briefly summarize his 

efforts, 2-iodoenone 125 only gave de-iodonation when exposed to a number of palladium 

catalysts and vinyl stannanes. Dr. Kanyiva found that by swapping the vinyl iodide partner with 

the organometallic component via hexamethylditin was paramount to observing successful 

union between coupling partners. After some promising noted hits for productive Stille coupling, 

Liebeskind modified copper catalyzed Stille conditions (CuTC in NMP at 0 oC for 0.5 h) afforded 

the target acrylate (126) in 95% yield.41  

We then attempted to olefinate the structure we proposed as 126 only to observe rapid 

decomposition under a number of basic methylenation conditions to aromatic materials with loss 

of methoxide. It was this unusual behavior as well as a recent report by Miao and Sun on the 
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efficacy of iodine to affect α-hydroxylation in acetoacetates, reactively similar to our 1,5-

enedione 71, prompted a more rigorous interrogation of our structural proposal.42  

 
Scheme 21: Proposed decomposition pathway to aromatic materials 

 

We obtained an X-ray crystal structure of 127, clearly indicating that we had indeed 

oxidized C5 during iodination rather than favoring the enol tautomer. This revision also provided 

insight into the nature of the aromatic decomposition as shown in Scheme 21. We propose that 

under basic methylenation conditions, deprotonation of 127 fragments both the hydrindane ring 

junction as well as the cyclopropane. Due to the highly oxidized nature of these molecules, it 

would only take a series of keto-enol tautomerizations to arrive at a 10-π aromatic system which 

is capable of undergoing other electrocyclizations, Michael additions, and decomposition 

pathways. Although this susbstrate’s fate is highly conjectural, some precedent for similar 

fragmentations of highly oxidized lindenane-type sesquiterpenes to azulenes does exist in the 

literature.43 

Given this outcome, protection of the tertiary alcohol was achieved with our previously 

discovered acylation protocol of Ac2O and p-TsOH, but this substrate was also unproductive in 

accessing the target monomer. We attempted Wittig and Julia-Kocienski methylenations on 

acetate 128, only to observe decomposition to aromatic intermediates, loss of and/or migration, 

of the acetate, the latter possibly occurring through an Ireland-Claisen pathway.44 Milder 

Lombardo-Takai olefination conditions (TiCl4, Zn dust, and CH2Br2, in THF) afforded only 

starting material, an outcome which should be unsurprising given the sterically hindered nature 

of cyclopentanone 128.45 
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Scheme 22: Synthesis of acrylate triene through Negishi and Liebeskind modified Stille 

couplings [2nd generation] 
 

With the bridgehead hydrogen at the center of this problematic and unnecessary 

oxidative iodination/coupling procedure, we elected to remove the C5 hydrogen at an earlier 

stage in the synthesis. Given the increased acidity of the bridgehead hydrogen, we decided to 

pursue vinyl triflate formation and Negishi coupling.46 Treatment of 71 with NaH and PhNTf2 at 0 

oC in THF gave a mixture of the six and five-membered vinyl triflates, 133 and 132, respectively. 

It was convenient to find that 1 M NaOH could selectively hydrolyze the six-membered triflate 

and separate the enolate of 71 during aqueous extraction, allowing for recovery of the starting 

material. In this way, vinyl triflate 132 could be carried forward without further purification to 

allylic methyl 134. We could even perform these reactions in a single pot by adding Me2Zn and 

palladium directly after complete formation of the triflates, a reaction sequence which gave 

enone 134 in 50% yield. Iodination of enone 134 was sluggish under a number of reaction 

conditions, but the use of TMSN3 and catalytic amounts of TMSOTf as a Lewis acid to 

accelerate the reaction and improve the overall conversion afforded the target vinyl iodide 135 
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in 55% yield.47 Some of the mass balance could be accounted for in the form of α-iodination at 

C9, a process which was favored under alternative halogenation conditions using electrophilic 

halogen sources such as bromine, NBS, or NIS.  

Next, carrying vinyl iodide 135 through our previously developed Stille conditions, from 

Scheme 20, proceeded to give the target acrylate 137. After repeating this coupling procedure 

several times, we discovered that there were some nuances to achieving reproducible yields. 

First, excess vinyl iodide (>3 equiv) was required due to a tendency for vinyl stannanes to form 

homo-dimers 138 and 139, materials which correspond to R+S and R+R, S+S diastereomers. 

These dimers likely result from the radical mechanism of the Liebeskind-Stille coupling instead 

of a traditional oxidative addition, transmetallation, reductive elimination transition metal-

catalyzed mechanism. The requirement of excess vinyl iodide introduced another consideration 

in that iodoacrylate coupling partner 126 decomposes, even when frozen in PhH, and should be 

washed with Na2S2O3 and purified by flash column chromatography immediately before use. 

Failure to do so results in iodination of the vinyl stannane and decreased yields. We have not 

precluded the possibility that decomposition/iodination followed by coupling with vinyl stannane 

is in fact responsible for the formation of the dimeric materials (138 and 139). Regardless, when 

executed properly with these two considerations in mind, this synthetic sequence successfully 

afforded enough of the 10-des-hydroxy-iso-lindenatriene (137) to begin probing the key 

questions surrounding tautomerizations, dimerizations, and installation of the final α-hydroxy 

ketone moiety. 

 

2.7.3 Alpha Hydroxylation 

 At this stage in our second generation route, we had completed the installation of all the 

sesquiterpene carbons and would now turn our attention to the formation of the hydroxy-ketone. 

We expected that α-hydroxylation of the C8 carbonyl should be possible under any number of 



218 

synthetic methods for achieving this transformation, the key questions were which stereoisomer 

would prevail, and at which stage of the synthesis to execute this sequence. 

Scheme 23: α-hydroxylation and inversion of stereochemistry [2nd generation] 
 

 Attempts to directly oxidize acrylate 137 (Scheme 22) failed on a first pass of reaction 

conditions so we turned our attention to the simpler enone intermediate 134. The use of 

oxaziridine failed to afford the collapsed alcohol and only camphor containing sulfonamide 

intermediate 142 could be isolated even with a range of counterion bases or re-subjecting the 

intermediate to the reaction conditions.48 Rubottom oxidation was originally not pursued due to 

concerns that the peroxyacid might react with other alkenes in silyl enol ether derivative of 134, 

but this concern proved to be unfounded, and hydroxy-ketone 140 was isolated in good yield, 

although as the undesired epimer.49 The α-epimer formed selectively in this case due to the 

axial bond formation between the silyl enol ether in accordance with the Fürst-Plattner effect. 

 Subsequent attempts to invert the C9 stereocenter proved to be surprisingly difficult. Dr. 

Stephen Kanyiva devoted his efforts to exploring Mitsunobu inversions, but attack of the 

benzoate nucleophile was not observed. Instead, activation of the axial alcohol under a number 
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of conditions led to the migration of the bridgehead C10 methyl to 146. This Meerwein-Wagner 

shift is favored as a result of the 1,2-diaxial anti-periplanar conformation of the two groups.50 

With an understanding of axial attack and functional group behavior, we next turned our 

attention to oxidation/reduction-based inversion processes. The use of Dess-Martin periodinane 

readily oxidized 140 to the 1,2-diketone (143), which gave the desired hydroxy-ketone epimer 

upon reduction with LiAl(OtBu)3H in THF at 0 oC.  

Proton NMR analysis of this intermediate revealed that hydrogen bonding between the 

alcohol and neighboring ketone was occurring in the β-epimer 144, but was absent in 140 as 

evident by the downfield proton shifts in Figure 11. These chemical shifts also suggest that 

carbonyl’s α-hydrogen at C9 is axial in 144 and therefore more readily deprotonated than in 

epimer 140. This analysis may seem trivial, but accounts for the carefully orchestrated 

sequence of reactions in the next section. 

 
Figure 11: Proton NMRs of axial and equatorial C9 alcohols without and with hydrogen bonding 

 
 

2.7.4 Total Synthesis of iso-Lindenatriene 

Accessing iso-lindenatriene 76 required installation of the hydroxy-ketone after the 

Negishi coupling, but prior to the Liebeskind-Stille reaction. Attempts to enolize the earlier triene 

137 (Scheme 22) with LiHMDS for Rubottom oxidation failed with a number of conditions, 

including the use TMSCl as an electrophilic trapping agent in solution, suggesting 

decomposition through intramolecular cyclization into the methyl ester. In addition, the desired 

β-epimer 144 (Scheme 23) decomposed in both the iodination and the Liebeskind-Stille 
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coupling steps, an outcome which we suspect is related to the conformational effects discussed 

above. After these explorations, we were able to execute the sequence in Scheme 24 to obtain 

a number of trienes for dimerization studies, namely des-hydroxy-iso-lindenatriene (137, 

Scheme 22), epi-iso-lindenatriene (148), protected epi-iso-lindenatriene (149), and iso-

lindenatriene (75). 

 
Scheme 24: Total synthesis of iso-lindenatriene [2nd generation] 

 

We studied these three molecules by NMR in a number of deuterated solvents, but 

observed no indication of any species other than the acrylate. Additives such as DBU, pyridine, 

methanol, quinuclidine, PPTS, and catalytic KOtBu all failed to effect any transformation, while 

hexafluoroisopropanol (HFIP), AIBN, and olefinic acids such as Rh and Pd catalysts led to 

cyclopropane opening. A reaction was also observed when the acrylates were treated with 

methoxide in methanol but this product was merely the conjugate addition of methanol.  
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Our results suggest there is a fine balance between polarity, acidity, and nucleophilicity 

of reaction conditions in which the trienylic cyclopropane is stable. Acidic polar environments, 

epitomized by HFIP, promote cyclopropane opening through the triene system, while acids in 

non-polar solvents gave no reaction, such as p-TsOH in PhH, with des-hydroxy-iso-

lindenatriene (137, Scheme 22) under reflux for 6 hours. 

With our enthusiasm for this tautomerization strategy waning, we turned to a theoretical 

investigation of these molecules and their energetic differences. Dr. Wesley Sattler assisted in 

performing relative ground state energy DFT calculations.i These calculations showed that the 

lowest energy tautomer was the acrylate (75) by an astonishing 4.16 Kcal/mol (Figure 12). More 

distressing was the second lowest energy tautomer was the unnatural stereoisomer 11-E-

lindenatriene 122 rather than the target Z-isomer, lindenatriene (1), which was 5.05 Kcal/mol 

higher in energy that the acrylate tautomer. These calculations can be rationalized by the 

conjugation of the two withdrawing groups at C8 and C12 through the same alkene, while they 

are cross-conjugated in the acrylate tautomer. In addition, the Z-isomer should experience a 

higher degree of steric strain and there may also be some electron lone pair repulsive forces at 

play. These Gibbs free energy values correspond to an equilibrium constant (keq) of 1.989 x 10-4 

and equilibrium ratio of 1:>5,000 (lindenatriene:iso-lindenatriene) at 25 oC. This calculation, 

even if only an approximation, demonstrates how energetically unfavored, and thus unlikely, 

achieving any appreciable concentration of lindenatriene would be, much less hoping that two 

molecules could form a dimeric bond under equilibrium conditions. 

                                                           
i
 Calculations were carried out using DFT as implemented in the Jaguar 7.6 (release 110) suite of ab initio 

quantum chemistry programs and the geometry optimizations were performed with B3LYP density 
functional using the 6-31G (H, C, O) basis sets. 
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Figure 12: DFT calculation of relative ground state energies of lindenatriene, iso-

lindenatriene, and 11-E-lindenatriene1 
 

We therefore abandoned our efforts to tautomerize 75 and instead investigated 

alternative reaction paradigms for achieving the synthesis of naturally occurring dimeric 

material. Specifically, we were drawn to a reductive alkylation strategy of the acrylate with allylic 

bromide 151 (Scheme 24). Our hypothesis was based on the observation that over-exposure of 

diketone 150 to excess LiAl(OtBu)3H at 0 oC for 2 hours resulted in conjugate reduction of the 

acrylate. Attempts to intercept the enolate intermediate which is formed by this event with allylic 

bromide 151 failed completely, as did efforts to generate a quaternary center with smaller, 

model electrophiles such as methyl iodide or other reductants such as L- or K-selectrides. In 

addition to the difficulties of acrylate functionalization, nucleophilic addition into the allylic 

bromide posed its own set of challenges. Although allylic bromide 151 could be obtained in 70% 

yield from the Wohl-Ziegler reaction with NBS, AIBN, and CCl4 at 90oC for 5 hours, the only 

nucleophile we found capable of displacing the bromide was CsOAc.51 Attempts to alkylate with 

carbon nucleophiles e.g. malonates or cyanides with alkyl bromide 151 were met with a 

complex mixture of products broadly labeled as decomposition, but due to the distinct 

cyclopropane chemical shift we were able to identify that cyclopropane opening had occurred 
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with both of these nucleophiles. At this stage we were hard-pressed to devise a new 

dimerization strategy based on iso-lindenatriene (75), so instead we adopted an approach which 

fixed the alkene arrangement while simultaneously controlling the alkene geometry as the Z 

isomer. 

 

2.8 Third Generation and Total Synthesis of Lindenatriene 

 
Scheme 25: Third generation retrosynthesis of lindenatriene 

 

Looking at our previous two strategies, we wanted to combine the redox efficiency of the 

second generation approach with the butenolide cyclization component of the first. We 

suspected that cyclizing the cyclohexenone onto C11 would both mask the synergistic electron 

deficiency of the C7,C11 alkene and preclude formation of the undesired E-isomer. However, 

accessing aldol adduct 75 from the iso-Hajos-Parrish ketone (71) could not be achieved by use 

of the zinc enolate aldol reaction (first generation). It was the ardor and fresh mindset of 

Masahiro Hori which identified that zinc (II) chloride was, in fact, impeding the aldol reaction of 

the diketone 71 where it had previously been essential for the saturated first generation 

cyclohexanone 109 (Scheme 16, section 2.6, first generation). Masahiro discovered that simply 

by treating the iso-Hajos-Parrish ketone (71) with NaH and methyl pyruvate, ~20% conversion 

to the target aldol adduct 76 could be observed.  
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Scheme 26: Aldol reaction of bicyclic 1,5-enedione and methyl pyruvate [3rd generation] 
 

Devoting all of our efforts to this route led to an optimized process of six iterative 

additions of the aldol reagents. Interestingly, the aldol reaction proceeds regioselectively at C7, 

with no C5 alkylation observed. We suspect this result stems from the complex equilibrium of 

reactive intermediates (Scheme 26), one in which the retro-aldol reaction of 157 and 158 are 

constantly occurring to liberate the starting dienolate and pyruvate. Importantly, C7 alkylation to 

give 158 still contains an acidic proton which stabilizes the aldol adduct and favors this 

regioisomer over C5 alkylation (157) in the equilibrium. The resulting extended enolate of the 

cyclohexene can exist as both the bridge head alkene (159) or the endocyclic alkene (160), but 

the desired C7 alkylation product is trapped when in intermediate 160 due to excising the retro-

aldol reaction pathway. With a background retro-aldol reaction persistently extruding the 

pyruvate enolate (161), self-condensation funnels the reagents away and iterative addition of 

both reagents is necessary to achieve full conversion. 
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Scheme 27: Cyclodehydration of aldol adduct [3rd generation] 

 

With aldol adduct 76 in hand, we next turned our attention to the cyclodehydration 

reaction and formation of ketofuran 155. Although our first attempts with catalytic p-TsOH in 

refluxing PhMe yielded some of our desired product 155, the remaining mass was a mixture of 

other dehydration products 162, 163, and 165. The first observation was that the diastereomeric 

ratio of aldol adduct 76 corresponded to the E/Z ratio of elimination and subsequent products. 

This result is unsurprising when considering the hydrogen bonding forces within aldol adduct 76 

and the rigid conformation this material adopts during the dehydration mechanism.  This 

observation also indicates that the dehydration occurs by first protonation of the alcohol and 

then 1,4 elimination in an E2’ fashion, a process which we suspect occurs due to the orbital 

alignment depicted in Figure 12. 
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Figure 12: Aldol diastereomers and the conformational correlation to E/Z ratios of 

elimination products 
 

Resubjecting the E-isomer to the reaction conditions afforded starting material, acrylate 

163, and detectable amounts of cyclopropane opening (165). In another attempt to isomerize 

the E-isomer to the productive Z-isomer for ketofuran (155) formation, we photolyzed 162 with 

visible light in pentane for 20 hours and isolated a 1:1 E/Z mixture. When this mixture was 

subsequently refluxed in PhMe for 5 hours, no ketofuran (155) was detected until p-TsOH was 

added as an acid catalyst. We hypothesized that photolysis of the reaction in the presence of 

hot acid should funnel material through to the desired ketofuran, but these conditions afforded 

exclusively the acrylate product (163), while temperatures below 80 oC led only to E/Z mixtures 

of 162 and 164. These results indicate that cyclization of the maleate requires acid to be 

present, but the photoexcited diradical intermediate 170 readily undergoes hydrogen abstraction 

to the thermodynamically favored acrylate 163 at elevated temperatures.  
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Scheme 28: Temperature dependence of photoisomerization 

 

In addition to the maleate:fumarate ratio, a second important observation was the 

formation of decalin system 165-168. It is first and foremost surprising that the tosylate 

counterion is sufficiently nucleophilic to perform this opening and even more confounding that a 

number of seemingly non-nucleophilic conjugate bases abide by this reactivity. Triflic acid, HCl, 

even the fluoride counterion from HBF4 were nucleophilic enough to cause cyclopropane 

fragmentation. The only we explored acids which did not open the cyclopropane were boric 

acid, camphor sulfonic acid, and Amberlyst-15, but these also failed to afford the target 155 

suggesting the necessity of 155 in triggering cyclopropane opening. We were also unsuccessful 

in reclosing the cyclopropane with enolate formation of 165 by using LiHMDS in THF and 

warming the reaction to 0 oC for 1 h, but did confirm that enolate formation had occurred by 

trapping the anion intermediate with TMSCl to give silyl enol ether 169. Practically speaking, the 

cyclopropane opening proved problematic in this synthetic strategy, but it exposed a tangential 

mode of reactivity for these aldol products. We hypothesized the cyclopropane, will in fact, offer 

divergent reactivity for the access of other sesquiterpene frameworks which will be discussed in 

Chapter 3. 

 After screening a number of conditions, acids, solvents, and additives, two reaction 

conditions demonstrated adequate yields for the formation of 155. The first was the microwave 

irradiation of aldol adduct 76 in the presence of 15 mol % p-TsOH, 2.2 equiv of TFA, and 2.2 

equiv of TFAA in PhMe. When performed at 130 oC for 10 hours, a 54% yield of the target 
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ketofuran 155 was obtained. A more convenient and reproducible procedure was to use 20 mol 

% p-TsOH in Ac2O and PhMe in a sealed tube at 150 oC for 12 hours, conditions which 

delivered the ketofuran 155 in 37% yield. The improved yields are rooted in the acetylation of 

the aldol intermediate, a process which disrupts the hydrogen bonding character of 76 and 

liberates the cyclization event from the E/Z ratios of dehydration.  

 Further optimization is in order for this reaction for which here several future experiments 

are proposed. We have not, as of yet, investigated this reaction with enantiopure material. It 

should be reasonable, however, that an enantioselective aldol reaction with enantioenriched iso-

Hajos-Parrish ketone 71 should create a matched/mismatched transition state which could be 

engineered to favor the productive diastereomer 76. This process, in turn, would funnel more of 

the material through the cyclodehydration to the target ketofuran 155. Forcing the E-fumarate to 

cyclodehydrate would be another approach to improving yields. Diethylketomalonate has 

already been shown to be a competent electrophile in this aldol reaction, one which allows 

cyclization onto either ester moiety. We have not fully pursued this option, however, due to the 

excessive reduction steps required to reduce the ethyl ester to the C13 methyl substituent, but 

given the diversity of the family and oxidations at this position, such an intermediate may be 

useful for other targets. Future studies on this cyclodehydration should target this sort of 

divergent strategy for improved chemoselectivity. 

 

2.8.1 Methylenation  

Having obtained ketofuran 155 which imparts control over the alkene’s structural and 

stereo-isomerization, we next turned our attention to the completion of the synthesis of 

lindenatriene (1). We needed to perform methylenation of the cyclopentenone, oxidation to the 

epoxy-butenolide 154, and methanolysis unveiling of the Z-isomer.  

Despite the seemingly straightforward nature of the methylenation, this reaction would 

turn out to be incredibly challenging. We explored a nearly exhaustive list of known 
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methylenation conditions, such as the Peterson reagent in THF, Lombardo reagent, and Wittig 

reagent, as well as variations of these procedures, and many others but consistently recovered 

unreacted starting material.52 

 
Scheme 29: Direct methylenation of sterically hindered cyclopropyl cyclopentenone [3rd 

generation] 
Some reactions were observed (Scheme 29), but these provided only small amounts of 

the desired targets. For example, in Nan’s approach to chlorahololide A (17), the modified Julia-

Kocienski reagent, tetrazole 172, furnished the same exocyclic methylene in a remarkably 

similar lindenene framework (171).35,53 This reaction was attempted in a number of solvents and 

temperatures, but despite the close literature precedent, we observed Michael adduct 175 as 

the major product with only trace and irreproducible amounts of 174 obtained.ii The formation of 

the desired product (174) seemed to be dependent on the batch of tetrazole 172 used and so 

we spent some time investigating the possible impurity responsible for forming the desired 

tetraene. The reagent 172 is made by cerium ammonium molybdate oxidation of the 

corresponding sulfide, so we reasoned a cerium impurity may be an active catalyst in the 

                                                           
ii
 Peng and coworkers noted that this reagent also gave Michael addition in their approach to the chlorahololides.

22
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reaction given this atom’s ability to reduce basicity and activate carbonyl additions as a Lewis 

acid.54 Despite our best efforts, the use of cerium salts such as anhydrous CeCl3 as an additive, 

transmetallation with the olefinating reagent, or pre-complexation with the enone 155 all failed to 

improve the reproducibility or yields of tetraene formation. 

We suspect that the recalcitrant nature of cyclopentenone (155) to these methylenation 

conditions is a consequence of combining the steric environment around the angular methyl, the 

energetic penalty of rehybridizing the sp2 cyclopentenone, and the decreased electrophilicity of 

the enone species. We therefore turned our attention to temporarily masking the enone moiety 

through the conjugate addition of a cleavable nucleophile in hopes that the simple ketone would 

prove more reactive. Collaborating with Masahiro Hori, enone 155 was treated with PhSH in 

Et3N with trace CH2Cl2 for solubility and 176 was isolated in 78% yield after 48 hours at 25 oC. 

To our disappointment, this simple ketone product did not immediately solve the unreactive 

nature of the cyclopentanone and we continued to explore numerous olefination conditions. 

Trace olefination was observed on a small amount of the sulfide 176 with the Lombardo 

reagent, but this procedure also proved irreproducible. Such inconsistent behavior of the 

reagent is not unusual and attempts to screen different aging conditions of the reagent, zinc 

metal quality, and lead additives only afforded new, distinct, and undesired products.55 Some 

materials identified include the de-sulfurization to 177, the olefination/de-sulfurization to epi-

chloranthalactone A (179), as well as the target cyclopentene 178. However, all of these 

products were formed in minute quantities and did not practically address the synthetic 

challenge at hand. To complicate matters, the oxidation to the sulfoxide with NaIO4 in a mixture 

of dioxane and water, in either the alkene (178) or cyclopentanone (176) system failed to 

undergo the elimination reaction, although sulphoxide formation was circumstantially detected 

by TLC. Given this arduous exploration, we had to settle for reaction conditions we discovered 

during our exhaustive screen of conditions, the Peterson olefination of 155. 



231 

 
Scheme 30: Peterson olefination of cyclopentenone in a pentane co-solvent 

 

Although the Peterson olefination is effective in the methylenation of sterically hindered 

ketones, the reaction of (trimethylsilyl)methyllithium and ketofuran 155 in THF gave no reaction 

even when warmed to room temperature, similar to what had been observed with MeLi, 

Grignard reagents, and many other olefinating reagents. We attributed this unreactive nature to 

the deprotonation of the ε position of enone 155 (C13), a process that renders the intermediate 

unreactive towards nucleophiles and reforms 155 upon workup. At the time, we suspected 

enough electrophilic sites in 155 were present for the material to be consumed under more 

unique and forcing conditions. Indeed, subjecting the ketofuran (155) to 100 equivalents of the 

Peterson reagent solution without any other solvent resulted in the conversion of 155 to a 

number of unidentified materials. After optimizing the reaction conditions, we discovered that the 

pentane solvent in which the Peterson lithium reagent is supplied was essential to observing 

reactivity in this system. A more controlled reaction was achieved with a PhMe/pentane solvent 

system to afford 180 in 11% yield. We were unsuccessful in isolating pure samples of the other 

co-products, but could identify that some reaction had occurred at the butenolide and the β-

position of the enone. All attempts to improve this yield with Lewis-acid additives, trans-

metallations to other nucleophilic species (organocerium, organomanganese, or 

organoaluminum), and solvent/temperature combinations failed, meaning we were forced to 

settle for an 11% yield. 
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Scheme 31: Elaboration of Peterson Intermediate to epi-lindenatriene [3rd generation] 

 

We carried allylic alcohol 180 through oxidation with mCPBA in CH2Cl2 at 0 oC  which 

was highly selective for the ketofuran vinyl acetate moiety to give 181 with excellent 

chemoselectivity. With epoxy-butenolide 181 in hand, methanolysis was explored under neutral, 

acidic, and basic conditions. The first success was the use of NaOMe in MeOH at 0 oC which 

resulted in the formation of epi-lindenatriene (153), but with poor mass recovery. Approaching 

this transformation in a step-wise manner, we attempted to first perform the Peterson 

elimination. Attempts to activate the alcohol through the use of AcCl or TFAA did not afford the 

target exocyclic alkene and neither did the use of NaH. It was puzzling that NaOMe resulted in 

the complete formation of lindenatriene’s epimer at 0 oC in half an hour, but NaH would not 

perform the elimination at room temperature for several hours. We hypothesize that the 

elimination requires a conformation that only maleate 183 can access, requiring methanolysis to 

occur prior to elimination. We supported this theory by treating tertiary alcohol 181 with NaH at 

25 oC which led to no reaction. Within 5 minutes of the addition of MeOH at 0 oC, the ring 

opening reaction occurred to give 183, an intermediate which was immediately quenched with 

NH4Cl. Having shown that methanolysis occurs prior to the 1,3-silyl shift and cycloreversion, we 
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treated intermediate 183 with NaH in the absence of MeOH and observed the Peterson 

elimination and isolated epimeric lindenatriene (153) with excellent chemoselectivity.  

With the first synthesis of an active triene dimeric precursor in hand we studied how this 

molecule behaved by NMR, but observed complete decomposition after 5 hours in deuterated 

chloroform, benzene, and THF. The proton NMR of the mixture is described as decomposition 

with all characteristic alkene peaks disappearing without the appearance of any new, distinct 

peaks. More importantly, however, we had placed a heavy burden on synthesizing this material 

due to consecutive low-yielding reactions and difficulties in isolation limitations which failed to 

purvey the needed quantities of epi-lindenatriene for further experiments. 

 
Scheme 32: Improved methylation in pentane co-solvent 

 

Optimization of the cyclodehydration to ~40% yield as discussed above seemed 

immutable to our synthetic strategy so we focused our efforts on other ways of optimizing the 

Peterson methylenation. Armed with the knowledge of pentane’s essential role in effecting a 

reaction at the C4 carbonyl, we turned to methylation/dehydration sequences. In the 

PhMe/pentane co-solvent mixture, MeLi afforded a mixture of three methylated products: the 

desired 185 (in an improved 40% yield b.r.s.m.), butenolide opening (186), and conjugate 

addition (187). 

 The importance of pentane, or more generally a non-polar reaction medium, can be 

rationalized by considering methyllithium’s degree of aggregation; however, the following 

explanation is highly conjectural. Organolithium compounds have a strong relationship between 

their structure and their reactivity, a relation which is in turn related to the degree of aggregation. 

The ligand environment of the alkyllithium species is such that pentane is known to give 
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oligomeric and polymeric structures which are less reactive.56 When Lewis bases are present, 

such as THF or DME, they break up these oligomers into hexameric, tetrameric, or even 

monomeric organolithium structures. In the case of MeLi and THF, a monodentate ether 

molecule coordinates the lithium in a tetrahedron tetramer—an intermediate which has raised 

some debate as to what the active organic lithium structure is.51 Regardless as to whether the 

aggregate or dissociated monomer is the active reagent in our reaction, we suspect that the 

PhMe/pentane solvent mixture increases the concentration of higher-order structures and 

thereby decreases the reactivity of the MeLi. Decreased reactivity reduces the rate of 

deprotonation and allows for pre-coordination of the alkyl lithium reagent to the electrophilic 

carbonyl of C4 because this oxygen atom is one of the only Lewis-basic moieties in the reaction. 

The desired C13 methylation is therefore observed due to a complex-induced proximity effect 

(CIPE).57 

 

2.8.2 Triene Synthesis and Reactivity 

 

 
Scheme 33: Elaboration of methylation product to a non-naturally occurring disesquiterpene [3rd 

generation] 
 



235 

Our 6 step synthesis of 185 empowered us to begin exploring a more robust method for 

triene synthesis and dimerizations. We again observed excellent selectivity in the formation of 

epoxybutenolide 188 from mCPBA oxidation of ketofuran 185 at 0 oC, this time in 88% yield 

after 3 h. After screening a number of elimination protocols, we found that Martin’s sulfurane 

dehydrating reagent delivered the triene 154 with excellent selectivity, but low isolated yields. 

Performing this reaction in an NMR tube with an internal standard showed that yields were > 

90% and no other products related to 154 were identified, but upon work-up and purification 

material was lost. We observed that preparatory thin layer chromatography of 154 failed to 

remove a single vinyl proton-containing molecule and mass spectrometry showed a dimeric 

peak, an observation which we had not ruled out as triene 154 dimerizing during ionization. We 

noticed, however, that the ratio of 154 to, the as of then unidentified, 189 would change during 

the purification process. Leaving the reaction neat for 24 hours completely consumed the triene 

154 and afforded the dimeric sesquiterpene 189, a structure which was confirmed by X-ray 

crystallography. 

 Unnaturally occurring dimer 189 is the product of a Diels-Alder cycloaddition between 

the R and S enantiomers of racemic 154. It is presaging evidence that the synthesis of our 

target dimers, shizukaol J (3), and cycloshizukaol A (2) will stipulate that enantiopure material 

be used. However, there was excellent selectivity for forming the R + S product instead of a 

completely random mixture of diastereomers being isolated, an observation which suggests this 

reaction would not occur in enantiopure material. 

Another structural element of the disesquiterpene 189 is that the exocyclic vinylic 

cyclopropane carbon (C15) reacts with itself in the Diels-Alder reaction. This outcome suggests 

that this atom has a large frontier molecular orbital coefficient in both LUMO and HOMO and is 

simultaneously acting as the dienophile and the diene respectively.58 Although we find this 

explanation reasonable, the observed regioselectivity may also result from the proximity of 

these sites in the solid state since this reaction only occurs when left neat; refluxing 154 in 
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PhMe did not result in any formation of 189 after 3 hours. A third possibility is that the C15-C15’ 

bond forms through 1,8-addition of the vinylic cyclopropane nucleophile to the ζ-position of the 

polyunsaturated butenolide. Subsequent collapse of the enolate would result in the cyclohexene 

carbocycle, reducing this mechanism to the academic argument between the double-Michael 

and the concerted pericyclic reaction pathways of the Diels-Alder cycloaddition. Regardless of 

the principals behind its formation, the nonacyclic dimer 189 is architecturally involute and was 

synthesized in only 8 steps. 

 
Scheme 34: Total synthesis of lindenatriene and iso-lindenatriene [3rd generation] 

 

Undaunted by the labile nature of the triene system we hypothesized the dimeric 

decomposition of triene 154 could be suppressed by executing methanolysis in tandem with the 

elimination. Performing the dehydration in PhMe followed by the addition of LiOMe in MeOH at 

0 oC showed spot-to-spot formation of epi-lindenatriene 153 by TLC analysis, but isolation again 

proved challenging. Keeping the reaction cold was compulsory to prevent the maleate tautomer 

from isomerizing to acrylate 148; noting that this route to 148 is more direct than the second 

generation route described in earlier sections by two steps. 

With unstable epi-lindenatriene (153) obtained, the final obstacle was achieving the 

stereochemical inversion of the α-hydroxy-ketone. We subjected epi-lindenatriene to the 

oxidation/reduction inversion sequence developed for the acrylate tautomer (148 to 75, Scheme 
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24, second generation) and were successful in isolating a small amount of lindenatriene 1 as a 

mixture with unidentified decomposition products. A truncated NMR spectrum is shown in Figure 

13 and compares our observed signals with the pyrolysis data from the Kawabata group.  

 
Figure 13: Truncated proton NMR of lindenatriene’s characteristic signalsiii 

 

Personal communication with isolation chemist Prof. Jun Kawabata corroborated our 

observations that lindenatriene is simply too unstable to isolation and a NMR spectrum of 

publishable quality has yet to be obtained by the phytochemical or synthetic community.iv We 

therefore attempted to synthesize lindenatriene from the MeLi product 188 in a single reaction 

vessel, without isolating any of the unstable intermediates. 

                                                           
iiiSee supporting information for full spectra. As the baseline around the 0.92 (s, 3H) resonance 
suggests, a number of other decomposition products, in this region of the spectra especially, are 
present. 
 
ivCorrespondence with junk@chem.agr.hokudai.ac.jp. January 24th, 2013: “Unfortunately, we 
have not got a real sample of "lindenatriene" and so its spectra are not available.” 
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We were agog to examine this approach since the sulfurane and methanolysis reactions 

were highly selective reactions and needed only to be combined with the inversion sequence. 

Unfortunately, the Dess-Martin oxidation proved problematic on crude samples of 153, an 

observation which we presume to reflect the oxidant reacting with diphenyl sulfoxide byproduct 

of sulfurane elimination. When pure 153 was subjected to Dess-Martin periodinane in CDCl3 

and monitored by 1H NMR, the diketone formed in 0.5 h, with some hints of oxidative 1,2-

diketone cleavage, but isolation of the 153 starting material in a pure form was a challenge due 

to the identical Rf values of 153 and diphenyl sulfoxide. Purification of triene 154 after 

elimination, but before methanolysis could exscind the sulfoxide from the reaction mixture, but 

due to decomposition to dimer 189 and other unidentified substances on silica this method 

never afforded more than a minute quantities of spectroscopically pure materials. An alternative 

order of operations became apparent during these studies which was to form the triene system 

in the final operations and therefore impart some additional stability to the intermediates. 

 
Scheme 35: A modified route for addressing lindenatriene’s instability [3rd generation] 

 

 Methanolysis of 188 with 4 equiv of LiOMe in THF afforded 190 in 61% yield, but again 

temperature control was critical to prevent isomerization to acrylate 191. Keeping the reaction 

temperature at -20 oC cleanly afforded the stable diene 190 in 61% isolated yield, an 

intermediate which was then subjected to the alcohol inversion conditions. Unfortunately, Dess-
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Martin oxidation in CDCl3 at 25 oC failed to provide the diketone, instead leading to 

cyclopropane opening within minutes of adding the reagents. This observation suggests that the 

tertiary alcohol is more nucleophilic and engages the oxidant first, a reaction which then 

activates the substrate for cyclopropane opening; TPAP oxidations gave similar results.  

Before exhaustively testing new oxidation strategies, we elected to first engage the more 

reactive tertiary allylic alcohol of 190 with sulfurane in CDCl3 at 25 oC to form the triene system 

(148), a transformation which occurred with excellent selectivity. DMP oxidation of 148 proceeds 

with modest chemoselectivity (monitored by proton NMR) but hydride delivery has proven 

operationally challenging. The addition of LiAl(OtBu)3H to the crude reaction mixture in CDCl3 

fails to afford lindenatriene while aqueous workup and isolation leads to significant 

decomposition and similarly low quality spectra to those previously obtained.  

We have therefore turned our attention to hydride sources that tolerate the solvent and 

by-products from the sulfurane and DMP oxidation such as silanes and Hantzsch esters. In 

addition, the use of LiAl(OtBu)3 has also resulted in isomerization to iso-lindenatriene (75) due 

to the basic nature of the reagent and ligands. We expect that alternative hydride sources which 

operate under neutral or acidic conditions should prevent this side reaction. In summary, the 

final operations from allylic alcohol 188 or 190 to lindenatriene (1) should avoid the use of base, 

cyclopropane opening, isolated trienes, and diketone decomposition. 

 

2.9 Dimerizations and Future Studies 

 We have demonstrated a synthetic route to lindenatriene (1) and are now optimizing the 

sequence of operations. Although quite a long list of requirements exist for the successful 

execution of the final steps (elimination, butenolide opening, inversion), we expect a suitable 

combination of reagents will be discovered for greater throughput and efficiency. Optimization of 

this sequence should help provide sufficient material to begin studying biomimetic dimerizations 

in a more thorough manner.  
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Scheme 36: Dimerization Studies and Future Work 

 

 To date, however, we have conducted a few dimerization studies.  As shown in Scheme 

36, irradiation of the triene system of intermediate 154 with visible light led to the observed the 

formation of dimeric molecules by mass spectrometry. The conversion has been sluggish thus 

far and proton NMR analysis of the resultant product mixture reveals very poor 

chemoselectivity. It may be that the desired [6+6] reaction to 191 or 192 is not the only process 

occurring during photolysis. [4+4], [2+2], as well as each diastereomer associated with R + R, S 

+ S and R + S pairs are all capable of reacting and may be present in the reaction mixture. 

Although this reaction is not well-controlled, it did seem to afford dimeric material and could be a 

lead for chemoselectivity accessing cycloshizukaol A (2) over shizukaol J (3). 

 Up to this point, we have described the isomerization to acrylates such as iso-

lindenatriene (75) and epi-iso-lindenatriene (148) as problematic. However, isolation of these 

products implies that the trienolate 193 forms under basic conditions. This intermediate could be 

utilized as the active nucleophile for forming the dimeric shizukaol J linkage between the C15 

and C11’ atoms. Having identified the temperature regime under which this isomerization 

occurs, we intend to now study the feasibility of generating 193 in the presence of 153 to 
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achieve Michael addition between the two monomers. We hope to realize this reaction paradigm 

with control over temperature and/or equivalence of base. This approach is also supported by 

observation of dimeric peaks by mass spectrometry, but what might be the distinct C15 protons 

are only observed in trace amounts by proton NMR. 

  

2.10 Conclusion 

In conclusion, we have developed a synthetic route to lindenatriene 1 in 10 steps from 

commercial materials. Future work will require new chemistry to address its transitory existence 

if it is to be utilized as the active dimerization precursor to more complex materials. Additionally, 

all the chemistry described in this chapter was developed on racemic material. Enantiopure 

substances, now accessible through the chiral auxiliary in Chapter 1, will most likely be required 

to achieve diastereocontrol in future dimerization events. Finally, these studies of the iso-Hajos-

Parrish ketone (71) have provided a strong foundation for using this molecule in the total 

synthesis of other natural product families, efforts which will be described in Chapter 3. 

 
Figure 14: The total synthesis of lindenatriene and target oligomers 
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2.12 Experimental Section 

General Procedures. All reactions were carried out under an argon atmosphere with 

anhydrous solvents under anhydrous conditions, unless otherwise noted. Anhydrous toluene, 

tetrahydrofuran (THF), and dichloromethane (CH2Cl2) were obtained by passing commercially 

available pre-dried, oxygen-free formulations through activated alumina columns; pyridine was 

freshly distilled from calcium hydride (CaH2), diisopropylamine was freshly distilled from 

potassium hydroxide (KOH) and were used immediately; reagents were purchased from Sigma-

Aldrich and used as received. Yields refer to chromatographically and spectroscopically (1H and 

13C NMR) homogeneous materials, unless otherwise stated. All reagents were purchased at the 

highest commercial quality from Sigma-Aldrich and used as received. Reactions were 

magnetically stirred and monitored by thin-layer chromatography (TLC) carried out on 0.25 mm 

E. Merck silica gel plates (60F-254) using UV light as visualizing agent and an aqueous solution 

of phosphomolybdic acid and cerium sulfate, and heat as developing agents. Preparative thin-

layer chromatography was carried out on 0.50 mm E. Merck silica gel plates (60F-254). 

SiliCycle silica gel (60, academic grade, particle size 0.040–0.063 mm) was used for flash 

column chromatography. NMR spectra were recorded on Bruker DRX-400, DRX-400SL, and 

DRX-500 instruments and calibrated using residual undeuterated solvent as an internal 

reference. The following abbreviations were used to explain the multiplicities: s = singlet, d = 

doublet, t = triplet, q = quartet, m = multiplet, app = apparent. IR spectra were recorded on a 

PerkinElmer Spectrum Two IR spectrometer with UATR adapter. High-resolution mass spectra 

(HRMS) were recorded in the Columbia University Mass Spectral Core facility on a JOEL 

HX110 mass spectrometer using FAB (Fast Atom Bombardment).  
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Experimental Data for Compounds 

 [First Generation] 
 

Dithiolane (89). In a round bottom flask was added cycloadduct 78 (680 mg, 3.06 mmol, 

1 equiv), ethanedithiol (0.31 mL, 3.7 mmol, 1.2 equiv), and p-TsOH (285 mg, 1.5 mmol, 50 mol 

%). The reaction was stirred for 15 h at 25 oC. Upon completion, the reaction as poured into 

H2O (10 mL) and extracted with CH2Cl2 (5 x 15 mL). The organic layers were collected, washed 

with saturated NaHCO3 (20 mL), dried (MgSO4), filtered, and concentrated. The crude residue 

was purified by flash column chromatography (silica gel, EtOAc:hexanes, 15%) to give the 

target dithiolane 89 (608 mg, 67% yield). 89: Rf=0.30 (EtOAc:hexanes, 3:17). 1H NMR (300 

MHz, CDCl3) δ 6.07 (d, J = 10.3 Hz, 1H), 5.60 (d, J = 9.8 Hz, 1H), 3.72 (s, 3H), 3.53 – 3.16 (m, 

4H), 2.61 (ddd, J = 19.6, 8.7, 6.2 Hz, 1H), 2.46 (m, 1H), 2.29 (d, J = 4.5 Hz, 2H), 2.07 – 1.91 (m, 

2H), 1.21 (s, 3H). 

 

Enone (90). In a flame-dried round bottom flask was added thiolane 89 (350 mg, 1.2 

mmol, 1 equiv) and anhydrous THF (12 mL). The reaction was cooled to -78 oC and NaHMDS 

(3.5 mL, 1M in THF, 3.5 mmol, 3 equiv) was added drop wise and stirred at the same 

temperature for 1 h. To this solution was added phenylselenium bromide (276 mg, 1.2 mmol, 1 

equiv) in THF (2 mL) via cannula and stirred at -78 oC for 3 h. The reaction was warmed to 25 

oC and upon completion, saturated NH4Cl (5 mL) was added and the mixture extracted with 

EtOAc (3 x 10 mL), the organic layer collected, washed with brine (5 mL), dried (MgSO4), 

filtered, and concentrated. The reaction was purified by flash column chromatography (silica gel, 

EtOAc:hexanes, 20%) to afford a mixture of alpha-ketoselenide diastereomers (200 mg, 38% 

combined yield). 

The mixture of selenides was dissolved in anhydrous CH2Cl2 (1 mL) and cooled to 0 oC 

and Et3N (1 mL) added followed by 30% hydrogen peroxide (0.1 mL). After warming to 25 oC for 

16 h more hydrogen peroxide (0.1 mL) solution added, and stirred for 12 h. Upon completion the 
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reaction was partitioned by the addition of CH2Cl2 (5 mL) and H2O (5 mL), the organic layers 

collected, washed with 1 M HCl (5 mL), dried (MgSO4), filtered, concentrated, and purified by 

flash column chromatography (silica gel, EtOAc:hexanes, 15%) to afford the target enone 90 

(91 mg, 70% yield, 27% yield over 2 steps). 90: 1H NMR (300 MHz, CDCl3) δ 7.68 (d, J = 5.8 

Hz, 1H), 6.20 – 6.05 (m, 1H), 5.96 (d, J = 5.8 Hz, 1H), 5.60 (d, J = 9.8 Hz, 1H), 3.75 (s, 3H), 

3.46 – 3.15 (m, 4H), 2.59 – 2.39 (m, 2H), 1.23 (s, 3H). 

 

Cyclopropane (91). In a flame-dried round bottom flask was added NaH (200 mg, 5 

mmol, 20 equiv) and DMSO (2 mL) and cooled to 0 oC. Then trimethylsulfoxonium iodide (440 

mg, 2 mmol, 10 equiv) was added followed by the drop wise addition in DMSO (2 mL). The 

suspension was stirred for 30 minutes at 0 oC and enone 90 (70 mg, 0.24 mmol, 1 equiv) was 

added via cannula in THF (3 mL) and the reaction warmed to 25 oC over a period of 3 h. Upon 

completion, the reaction was diluted with Et2O (20 mL) and saturated NH4Cl (10 mL). The 

mixture was extracted with Et2O (3 x 10 mL), the organic layers collected, washed with H2O (2 x 

10 mL), dried (MgSO4), filtered, and concentrated. The crude residue was purified by 

preparatory thin layer chromatography (EtOAc:hexanes, 25 %) to afford the target cyclopropane 

91 (6mg, 8.2% yield). Rf=0.56 (EtOAc:hexanes, 1:3). 1H NMR (300 MHz, CDCl3) δ 6.16 (dd, J = 

9.8, 0.7 Hz, 1H), 5.59 (d, J = 9.9 Hz, 1H), 3.68 (s, 3H), 3.48 – 3.22 (m, 4H), 2.46 – 2.34 (m, 2H), 

2.07 (ddd, J = 9.2, 5.0, 3.0 Hz, 1H), 1.93 (dt, J = 7.7, 4.9 Hz, 1H), 1.64 (ddd, J = 5.5, 4.8, 3.1 

Hz, 1H), 1.36 (s, 3H), 1.20 (ddd, J = 9.6, 8.0, 5.5 Hz, 1H). 

 

Dioxalane (92). In a round bottom flask, Diels-Alder adduct 78 (1.5 g, 6.75 mmol, 1 

equiv) was dissolved in EtOAc (50 mL) and Pd/C (600 mg, 10% wt., 0.57 mmol, 8 mol %) was 

carefully added. The reaction was fixed with a rubber septum and hydrogen gas bubbled 

through the solution for 30 minutes at 25 oC and then under an atmosphere of hydrogen for 13 

h. Upon completion, the hydrogen balloon was removed, the suspension filtered through celite, 
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washed with EtOAc (20 mL), and concentrate. The crude residue was dissolved in MeCN (25 

mL), ethylene glycol (1.5 mL, 26.8 mmol, 4 equiv) added, and oxalic acid (160 mg, 1.8 mmol, 25 

mol %) added. The reaction was stirred for 12 h at 25 oC. Upon completion, the reaction was 

poured into saturated NaHCO3 (20 mL), and extracted with CH2Cl2 (3 x 20 mL). The organic 

layers were collected, dried (MgSO4), filtered, concentrated, and purified by flash column 

chromatography (silica gel, EtOAc:hexanes, 20%) to afford dioxalane 92, (800 mg, 44% yield 

over 2 steps). 92: Rf=0.21 (EtOAc:hexanes, 1:4). 1H NMR (300 MHz, CDCl3) δ 4.09 – 3.78 (m, 

4H), 3.67 (s, 3H), 2.61 (ddd, J = 19.8, 9.7, 2.8 Hz, 1H), 2.33 (dt, J = 19.7, 9.0 Hz, 1H), 2.26 – 

2.04 (m, 2H), 1.95 (dt, J = 12.9, 9.3 Hz, 1H), 1.83 – 1.71 (m, 1H), 1.71 – 1.62 (m, 1H), 1.61 – 

1.40 (m, 2H), 1.33 – 1.21 (m, 1H), 1.20 (s, 3H). 

 

Enone (95). In a flame-dried round bottom flask was dissolved (15.8 mg, 0.06 mmol, 1 

equiv) of starting ketone 92 in anhydrous THF (0.6 mL) and cooled to -78 oC. To this solution 

was added NaHMDS (0.07 mL, 1M solution in THF, 0.07 mmol, 1.1 equiv) and stirred for 40 

minutes at this temperature followed by the addition of phenylselenium bromide (16 mg, 

0.07mmol, 1.1 equiv) in THF (0.6 mL) via cannula. The reaction as stirred at -78 oC for 1 h then 

warmed to 25 oC for 20 minutes. Upon completion, saturated NH4Cl (5 mL) was added and the 

mixture extracted with Et2O (3 x 5 mL). The organic layers were collected, washed with H2O (5 

mL), dried (MgSO4), filtered, and concentrated to afford the crude selenide product as a mixture 

of diastereomers. 

The crude selenides were dissolved in DCE (2.5 mL) and cooled to -30 oC. To this 

solution was added mCPBA (22 mg, 0.1 mmol, 1.6 equiv) and stirred for 30 minutes at this 

temperature, followed by the addition of iPr2NH (0.5 mL) and the reaction was immediately 

heated to 85 oC for 3 h. Upon completion, the reaction was cooled, diluted with H2O (5 mL) and 

extracted with CH2Cl2 (3 x 5 mL). The organic layers were collected, dried (MgSO4), filtered and 

concentrated. The crude residue was purified by flash column chromatography (silica gel, 
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EtOAc:hexanes, 20%) to give target enone 95 (5 mg, 32% yield over 2 steps). 95: Rf=0.29 

(EtOAc:hexanes, 1:2). 1H NMR (300 MHz, CDCl3) δ 7.47 (d, J = 5.7 Hz, 1H), 6.14 (d, J = 5.7 Hz, 

1H), 4.01 – 3.79 (m, 4H), 3.70 (s, 3H), 2.36 – 2.21 (m, 1H), 2.04 (d, J = 14.6 Hz, 1H), 2.00 – 

1.87 (m, 2H), 1.82 (d, J = 14.8 Hz, 1H), 1.49 – 1.35 (m, 1H), 1.15 (s, 3H). 

 

Bromoketone (94). In a flame-dried round bottom flask, ketone 92 (3.7 g, 13.8 mmol, 1 

equiv) was dissolved in anhydrous THF (70 mL) under an argon atmosphere and cooled to -78 

oC. To this solution was added LiHMDS (16 mL, 1 M in THF, 16 mmol, 1.15 equiv) and the 

reaction stirred for 1h at this temperature. To this solution was added dibromo-Meldrum’s acid 

(4.77 g, 15.8 mmol, 1.1 equiv) in THF (10 mL) and the reaction stirred for 3 h at this 

temperature. Upon completion the reaction was warmed and saturated NH4Cl (50 mL) was 

added. The mixture was extracted with EtOAc (3 x 50 mL). The organic layers were collected, 

washed with NaHCO3, dried (MgSO4), filtered, and concentrated. The crude residue was 

purified by flash column chromatography (silica gel, EtOAc:hexanes, 10-20%) to give alpha 

keto-bromide 94, (2.8 g, 1:1 mixture of diastereomers, 67% combined yield). 94: 1H NMR (300 

MHz, CDCl3) δ 4.77 (dd, J = 9.8, 4.5 Hz, 1H), 4.38 (dd, J = 10.0, 8.7 Hz, 1H), 4.04 – 3.83 (m, 

8H), 3.72 (s, 3H), 3.70 (s, 3H), 2.52 (dd, J = 14.8, 9.8 Hz, 1H), 2.44 – 2.25 (m, 4H), 2.25 – 2.05 

(m, 3H), 1.97 (d, J = 14.4 Hz, 1H), 1.87 (s, 1H), 1.84 – 1.74 (m, 1H), 1.69 (ddd, J = 14.2, 6.6, 

2.1 Hz, 3H), 1.48 – 1.35 (m, 2H), 1.24 (s, 3H), 1.16 (s, 3H). 

 

Enone (95). In a flame-dried round bottom flask was added bromoketone 94 (2.8 g, 9.24 

mmol), PhH (50 mL), and DBU (8 mL, 53.6 mmol, 5.8 equiv). The reaction was heated to reflux 

for 16 h, cooled, quenched by the addition of 1M HCl (25 mL), and extracted with EtOAc (3 x 25 

mL). The organic layers were collected, washed with 1M HCl (25 mL), saturated NaHCO3 (25 

mL), brine (10 mL), dried (MgSO4), filtered, and concentrated. The crude residue was purified by 
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flash column chromatography (silica gel, EtOAc:hexanes, 20%) to give the target enone 95 

(1.85 g, 50 % yield over 2 steps). 

 

Cyclopropane (96). In a flame-dried round bottom flask NaH (31 mg, 0.79 mmol, 1.5 

equiv) was added to anhydrous DMSO (3 mL) at 25 oC. The suspension was stirred for 10 

minutes before adding trimethylsulfoxonium iodide (158 mg, 0.79 mmol, 1.5 equiv) and then 

stirred for an additional 30 minutes. To this clear solution was added enone 95 (140 mg, 0.526 

mmol, 1 equiv) in DMSO ( 3 mL) via cannula and the resulting yellow solution stirred for an 

additional 1 h. Upon completion the reaction was poured into saturated NH4Cl (10 mL). The 

mixture was diluted with H2O (20 mL) and extracted with Et2O (5 x 20 mL). The organic layers 

were collected, washed with H2O (3 x 5 mL), dried (MgSO4), filtered, and concentrated. The 

crude residue was purified with flash column chromatography (silica gel, EtOAc:hexanes, 10%) 

to afford the target cyclopropane 96 (145 mg, 98% yield). 96: Rf=0.31 (EtOAc:hexanes, 1:2). 1H 

NMR (400 MHz, CDCl3) δ 3.51 – 3.30 (m, 4H), 3.09 (s, 3H), 2.35 – 2.15 (m, 2H), 1.93 – 1.63 (m, 

5H), 1.37 – 1.25 (m, 5H), 0.65 – 0.54 (m, 1H). 

 

Decarboxylated dioxalane (97). In a flame dried round bottom flask fixed with a reflux 

condenser was added acetoacetate 96 (105 mg, 0.375 mmol, 1 equiv) and NaI (150 mg, 1 

mmol, 2.7 equiv). The reagents were dissolved in pyridine (3 mL) and the suspension degassed 

by three freeze-pump thaw cycles, shielded from light with aluminum foil, and refluxed for 14 h. 

Upon completion, the mixture was cooled, poured into 1M HCl (10 mL), extracted with CH2Cl2 (5 

x 10 mL), the organic layers collected, washed with saturated NaHCO3 (10 mL), dried (MgSO4), 

filtered, and concentrated. The crude residue was purified by flash column chromatography 

(silica gel, EtOAc:hexanes, 20%) to afford ketone 97 (80 mg, 96% yield). 97: Rf=0.29 

(EtOAc:hexanes, 1:2). 1H NMR (300 MHz, CDCl3) δ 3.56 – 3.36 (m, 4H), 2.30 – 2.10 (m, 1H), 

1.70 – 1.45 (m, 6H), 1.33 (d, J = 4.9 Hz, 1H), 1.22 – 1.11 (m, 4H), 0.58 (td, J = 4.9, 3.0 Hz, 1H), 
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0.44 (tdd, J = 8.8, 5.1, 1.4 Hz, 1H). HRMS (FAB+) calcd for C13H18O3
+ [M+] 223.2920, found 

223.1338. 

 

MOM protected alcohol (99). In a round bottom flask, alcohol 98 (23 mg, 0.97 mmol, 1 

equiv) was dissolved in CH2Cl2 (2 mL) and diisopropyl amine (0.2 mL) was added, followed by 

MOMCl (0.1 mL, 1.3 mmol, 1.3 equiv), and NaI (10 mg, 0.067 mmol). The reaction was stirred 

at 25 oC for 16 h. Upon completion the reaction was diluted with H2O (10 mL) extracted with 

CH2Cl2 (3 x 5 mL), the organic layers collected, washed with brine (5 mL), dried (MgSO4), 

filtered, and concentrated. The crude residue was purified by flash column chromatography 

(silica gel, EtOAc:hexanes, 15%) to afford MOM protected alcohol 99 (14 mg, 50% yield) and 

starting material (9.5 mg, 88% b.r.s.m). 99: Rf=0.54 (EtOAc:hexanes, 1:2). 1H NMR (300 MHz, 

CDCl3) δ 4.79 (d, J = 1.8 Hz, 2H), 4.02 – 3.82 (m, 4H), 3.36 (s, 3H), 2.24 – 2.05 (m, 1H), 2.00 

(d, J = 13.1 Hz, 1H), 1.83 – 1.53 (m, 4H), 1.54 – 1.40 (m, 1H), 1.26 (s, 3H), 1.23 – 1.18 (m, 1H), 

1.13 (s, 3H), 0.93 – 0.83 (m, 1H), 0.40 (td, J = 8.3, 5.5 Hz, 1H), 0.07 (dt, J = 5.4, 3.8 Hz, 1H). 

 

Cyclohexanone (100). In a flame-dried round bottom flask ketone 97 (28 mg, 0.17 

mmol, 1 equiv) was dissolved in anhydrous THF (2 mL) and cooled to -100 oC with a liquid 

nitrogen/ Et2O bath. To this solution was added methyl lithium (0.18 mL, 1.0 M in Et2O, 0.18 

mmol) and stirred for 1 h at this temperature. Upon completion, the reaction was poured into 

saturated NH4Cl (10 mL), diluted with EtOAc (10 mL) and H2O (5 mL), extracted with EtOAc (3 x 

5 mL), the organic layers collected, washed with H2O (5 mL), dried (MgSO4), filtered, and 

concentrated to afford the target alcohol 98, (40 mg, 93% yield). 

In a round bottom flask was dissolved ketal 98 (88mg, 0.37 mmol) in anhydrous acetone 

(3 mL). To this solution was added 10% wt. FeCl3
.SiO2 (100 mg, .06 mmol, 17 mol %) and 

stirred for 1 h. After a sluggish reaction rate was observed, more FeCl3
.SiO2 (400 mg, 0.24 

mmol, 68 mol %) was added and stirred for 5 h. The mixture was filtered through silica gel with 
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50% (EtOAc:hexanes) to give ketone 100 (59 mg, 83% yield). 100: Rf=0.16 (EtOAc:hexanes, 

1:2). 1H NMR (300 MHz, CDCl3) δ 3.01 (d, J = 12.9 Hz, 1H), 2.85 (td, J = 13.6, 7.6 Hz, 1H), 2.22 

– 2.03 (m, 3H), 1.98 – 1.78 (m, 1H), 1.46 – 1.35 (m, 2H), 1.35 (s, 3H), 1.35 – 1.21 (m, 2H), 1.01 

(d, J = 0.8 Hz, 3H), 0.52 (td, J = 8.2, 5.8 Hz, 1H), 0.20 (dt, J = 6.0, 3.8 Hz, 1H). 

 

Ketone (101). In a round bottom ketal 99 (8 mg, 0.028 mmol, 1 equiv) was dissolved in 

anhydrous acetone (2 mL). To this was added 10% wt. FeCl3
.SiO2 (20 mg, .012 mmol, 0.44 

equiv) and the reaction stirred for 5 h at 25 oC. Upon completion the suspension was filtered 

through silica gel and washed with EtOAc to afford ketone 101, (4 mg, 60 % yield). 101: Rf=0.34 

(EtOAc:hexanes, 1:2). 1H NMR (300 MHz, CDCl3) δ 4.85 (s, 2H), 3.38 (s, 3H), 3.01 (d, J = 12.7 

Hz, 1H), 2.92 – 2.76 (m, 1H), 2.21 – 2.06 (m, 3H), 1.96 – 1.80 (m, 1H), 1.77 – 1.65 (m, 1H), 

1.35 (s, 3H), 1.32 – 1.24 (m, 1H), 1.14 – 1.02 (m, 1H), 1.01 (s, 3H), 0.50 (td, J = 8.3, 5.8 Hz, 

1H), 0.24 – 0.15 (m, 1H). LRMS: 239.07. 

 

TMS ether (102).In a round bottom flask was dissolved alcohol 100 (55 mg, 0.283 mmol, 

1 equiv) in DMF (2.8 mL). To this solution was added Et3N (0.2 mL, 1.41 mmol, 5 equiv), TMSCl 

(0.1 mL, 0.85 mmol, 3 equiv), and DMAP (6 mg, 0.05 mmol, 20 mol %) and the reaction stirred 

for 3 h. Upon completion the reaction was poured into saturated NaHCO3 (10 mL), the mixture 

extracted with Et2O (3 x 5 mL), the organic layers collected, washed with H2O (3 x 5 mL), dried 

(MgSO4), filtered, and concentrated. The crude residue was purified by flash column 

chromatography (silica gel, EtOAc:hexanes, 5%) to afford silyl protected alcohol 102 (61 mg, 

80% yield). 102: Rf=0.64 (EtOAc:hexanes, 1:2). 1H NMR (300 MHz, CDCl3) δ 3.01 (d, J = 12.7 

Hz, 1H), 2.81 (td, J = 14.4, 13.7, 8.0 Hz, 1H), 2.16 – 2.02 (m, 3H), 1.92 – 1.75 (m, 1H), 1.54 – 

1.46 (m, 1H), 1.35 (s, 3H), 1.32 – 1.23 (m, 1H), 0.99 (s, 3H), 0.93 (d, J = 7.4 Hz, 2H), 0.46 (td, J 

= 8.2, 5.5 Hz, 1H), 0.18 (d, J = 3.3 Hz, 9H). 
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Methyl ether (103). In a flame dried round-bottom flask was added starting alcohol 100 

(100 mg, 0.5 mmol), DMF (2 mL), methyl iodide (0.5 mL, 8 mmol, 16 equiv), Et3N (1 mL), and 

DMAP (50 mg, 0.4 mmol, 0.8 equiv). The reaction was sealed and stirred for 16 h at 25 oC, 

diluted with saturated NH4Cl (10 mL), separated with Et2O (10 mL), and extracted with Et2O (3 x 

10 mL). The organic layers were collected, washed with H2O (5 x 5 mL), dried (MgSO4), filtered, 

and concentrated. The crude residue was purified with flash column chromatography (silica gel, 

EtOAc:hexanes, 7%) to afford methyl ether 103 (98 mg, 91% yield). 103: 1H NMR (300 MHz, 

CDCl3) δ 3.32 (s, 3H), 1.96 – 1.67 (m, 4H), 1.51 – 1.33 (m, 3H), 1.28 (s, 3H), 1.08 (s, 4H), 0.76 

– 0.66 (m, 1H), 0.49 – 0.26 (m, 2H). 

 

Silyl protected aldol adduct (105). Ketone 102 (80mg, 0.3 mmol, 1 equiv) was 

dissolved in anhydrous THF (4.5 mL) and cooled to -78 oC. To the solution was added LiHMDS 

(1.5 mL, 1.5 mmol, 5 equiv) and stirred for 1 h at the same temperature. In two portions was 

added ZnCl2 solution (4.5 mL, 0.5M, 2.25 mmol, 7.5 equiv) and stirred at -78 oC for 1 h, followed 

by methyl pyruvate (0.2 mL, 2.25 mmol, 7.5 equiv) in THF (1 mL) via cannula. The reaction was 

stirred for 2 h at this temperature. Upon completion, the reaction was quenched by the addition 

of saturated NH4Cl (10 mL), extracted with EtOAc (3 x 5 mL), the organic layers were collected, 

washed with saturated NaHCO3 (5 mL), H2O (5 mL), dried (MgSO4), filtered, and concentrated. 

The crude residue was purified by flash column chromatography (silica gel, EtOAc:hexanes, 10-

25%) to give a diastereomeric mixture of aldol products 105 (44 mg, combined 40% yield). 105: 

Rf=0.50 (EtOAc:hexanes, 1:4). 1H NMR (300 MHz, CDCl3) δ 3.78 (d, J = 0.8 Hz, 3H), 3.29 (s, 

1H), 3.02 (dd, J = 13.6, 7.4 Hz, 1H), 2.75 (d, J = 17.5 Hz, 1H), 2.41 – 2.12 (m, 2H), 2.05 – 1.81 

(m, 1H), 1.53 – 1.44 (m, 1H), 1.43 – 1.34 (m, 1H), 1.31 (s, 3H), 1.27 (s, 3H), 1.16 (s, 3H), 0.50 – 

0.40 (m, 1H), 0.24 – 0.17 (m, 2H), 0.16 – 0.09 (m, 9H). 
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Deprotected aldol adduct (106). In a flame-dried round bottom flask, silyl enol ether 

105 (15 mg, 0.04 mmol, 1 equiv) was dissolved in anhydrous THF (2 mL) and TBAF (0.05 mL, 

1M in THF, 0.05 mmol, 1.2 equiv) was added at 25 oC. The reaction was stirred for 40 minutes. 

Upon completion, H2O was added (1 mL) and EtOAc (5 mL). The organic layer was separated, 

dried (MgSO4), filtered, and concentrated. The crude residue was purified by preparatory thin 

layer chromatography (EtOAc:hexanes, 75%) to give the target diols 106 as a mixture of 

diastereomers (5 mg combined yield, 42% yield). 1H NMR (300 MHz, CDCl3) δ 3.75 (s, 3H), 

3.39 (s, 1H), 2.97 – 2.85 (m, 1H), 2.75 – 2.61 (m, 1H), 2.43 (d, J = 12.7 Hz, 1H), 2.31 (d, J = 

12.6 Hz, 1H), 2.20 – 2.03 (m, 1H), 1.79 (d, J = 1.5 Hz, 3H), 1.74 (td, J = 6.6, 3.1 Hz, 1H), 1.43 

(ddd, J = 8.2, 6.0, 4.0 Hz, 1H), 1.33 (s, 3H), 0.96 (s, 3H), 0.78 (td, J = 7.9, 4.3 Hz, 1H), 0.23 – 

0.14 (m, 1H). 

 

Vinylic cyclopropane (108). In a flame-dried round bottom flask fixed with a reflux 

condenser was added CH3PPh3Br (239 mg, 0.67 mmol, 10 equiv), THF (1 mL), and PhMe (2 

mL). This solution was cooled to 0 oC and KOtBu (0.67 mL, 1M solution in THF, 0.67 mmol, 10 

equiv) was added to give a yellow solution which was stirred at this temperature for 1 h. To this 

was added ketone 97 (15 mg, 0.0675 mmol, 1 equiv) in PhMe (1 mL) via cannula and 

immediately the temperature was raised to 80 oC for 1 h. Upon completion the reaction vessel 

was cooled and poured into saturated NH4Cl (5 mL). The mixture was extracted EtOAc (3 x 5 

mL), the organic layers collected, washed with H2O (5 mL), dried (MgSO4), filtered, 

concentrated, and purified by flash column chromatography (silica gel, EtOAc:hexanes, 5%) to 

give vinylic cyclopropane 108 (13 mg, 87% yield). 108: Rf=0.50 (EtOAc:hexanes, 1:9). 1H NMR 

(300 MHz, CDCl3) δ 5.02 (d, J = 2.5 Hz, 1H), 4.63 (d, J = 2.2 Hz, 1H), 4.02 – 3.81 (m, 4H), 1.89 

– 1.77 (m, 3H), 1.75 – 1.66 (m, 1H), 1.64 – 1.50 (m, 3H), 1.48 – 1.38 (m, 1H), 1.35 – 1.24 (m, 

1H), 1.20 (s, 3H), 0.68 – 0.53 (m, 2H). 
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Vinylic cyclopropane (109). In a round bottom vinylic cyclopropane 108 (80 mg, 0.36 

mmol, 1 equiv) was dissolved in anhydrous acetone (2 mL). To this was added FeCl3
.SiO2 (150 

mg, 10% wt. 0.09 mmol, 25 mol %) and the reaction stirred for 4 h at 25 oC. Upon completion 

the suspension was filtered through silica gel and washed with 50% EtOAc:hexanes to deliver 

the ketone 109 (51mg, 80% yield). 1H NMR (300 MHz, CDCl3) δ 5.15 (s, 1H), 4.85 – 4.73 (s, 

1H), 2.51 – 2.30 (m, 2H), 2.28 – 2.00 (m, 3H), 2.02 – 1.84 (m, 3H), 1.40 (q, J = 5.8 Hz, 1H), 

1.10 (s, 3H), 0.81 – 0.65 (m, 2H). 

 

Silyl enol ether (110). A round bottom flask was charged with starting ketone 109 

(120mg, 0.68 mmol, 1 equiv), MeCN (5 mL), Et3N (1 mL), TMSCl (0.25 mL, 2 mmol, 3 equiv), 

and NaI (300 mg, 2 mmol, 3 equiv). The reaction was stirred under argon for 3 h at 25 oC. Upon 

completion the mixture was with hexanes (3 x 5 mL). The hexanes layer were collected, washed 

with saturated NaHCO3 (5 mL), brine (5 mL), dried (Na2SO4), filtered, and concentrated to afford 

target silyl enol ether 110 (139 mg, 79% yield). 1H NMR (300 MHz, CDCl3) δ 4.92 (d, J = 2.6 Hz, 

1H), 4.79 – 4.68 (m, 1H), 4.58 (d, J = 1.8 Hz, 1H), 3.10 (q, J = 7.5 Hz, 1H), 2.29 – 2.18 (m, 2H), 

2.02 (dd, J = 17.2, 3.0 Hz, 1H), 1.88 – 1.68 (m, 1H), 1.48 – 1.31 (m, 2H), 1.09 (s, 3H), 0.88 – 

0.77 (m, 1H), 0.60 (td, J = 7.8, 5.3 Hz, 1H), 0.15 (d, J = 0.7 Hz, 9H). 

 

Primary homoallylic bromide (111). In a flame dried round bottom flask, silyl enol ether 

110 (22 mg, 0.089 mmol, 1 equiv) was dissolved in CH2Cl2 (1 mL) and methyl pyruvate (0.1 mL, 

1.1 mmol, 12 equiv) under argon. To this solution at 0 oC was added MgBr2
. Et2O (15 mg, 0.058 

mmol, 0.65 equiv) and the reaction stirred at this temperature for 30 minutes under argon. Upon 

completion, the reaction was poured into saturated NaHCO3 (5 mL) and extracted with CH2Cl2 

(3 x 5 mL), the organic layers collected, dried (MgSO4), filtered, and concentrated. Preparatory 

thin layer chromatography afforded the proposed bromide 111 (19 mg, 85% yield). 111: 1H NMR 

(300 MHz, CDCl3) δ 5.42 (d, J = 1.8 Hz, 1H), 3.42 (dd, J = 9.8, 6.6 Hz, 1H), 3.27 (dd, J = 9.8, 
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8.2 Hz, 1H), 2.69 (dddd, J = 8.5, 6.3, 4.2, 2.1 Hz, 1H), 2.55 (d, J = 14.6 Hz, 1H), 2.41 (t, J = 5.4 

Hz, 1H), 2.30 (d, J = 14.7 Hz, 1H), 2.25 – 2.15 (m, 2H), 2.09 – 1.81 (m, 2H), 1.77 – 1.68 (m, 

3H), 1.11 (s, 3H). 

 

Epi-Chloranthalactone A (107). Ketone 109 (31 mg, 0.18 mmol, 1 equiv) was dissolved 

in anhydrous Et2O (0.4 mL) and cooled to -78 oC. To the solution was added LDA (0.23 mL, 1M 

solution in Et2O, 0.23 mmol, 1.3 equiv) and stirred for 1 h at the same temperature. The reaction 

was warmed to -30 oC for 1 hour. ZnCl2 solution (0.46 mL, 0.5M, 0.23 mmol, 1.3 equiv) and 

stirred for 5 minutes at -10 oC, followed by methyl pyruvate (0.03 mL, 0.35 mmol, 2 equiv). The 

reaction was stirred at 25 oC for 30 minutes. Upon completion, the reaction was quenched by 

the addition of saturated NH4Cl (10 mL), extracted with EtOAc (3 x 5 mL), the organic layers 

were collected, washed with saturated NaHCO3 (5 mL), H2O (5 mL), dried (MgSO4), filtered, and 

concentrated. The crude residue was purified by flash column chromatography (silica gel, 

EtOAc:hexanes, 10-25%) to give a diastereomeric mixture of aldol products 112a and 112b (30 

mg, combined 60% yield). 

The mixture was dissolved in Ac2O (1 mL) and p-TSA (20 mg, 0.1 mmol, 1 equiv) was 

added at 25 oC. The reaction was stirred for 16 h at 25 oC and quenched by the addition of 

saturated NaHCO3 (10 mL). The mixture was stirred rigorously for 1 h before adding CH2Cl2 (10 

mL) to separate the layers. The aqueous layer was extracted with CH2Cl2 (3 x 10 mL), the 

organic layers collected, washed with saturated brine (10 mL), and dried (MgSO4). The 

suspension was filtered through a thin pad of silica gel and concentrated. The crude mixture 

was dissolved in THF (5 mL) and DBU (0.16 mL, 1 mmol, 10 equiv) was added drop wise at 0 

oC and warmed to 25 oC for 10 h. The yellow solution was quenched by the addition of 1M HCl 

(10 mL) and layers separated by diluting with CH2Cl2 (30 mL). The reaction was extracted with 

CH2Cl2 (3 x 30 mL), organic layers collected, washed with saturated brine (20 mL), dried 

(MgSO4), filtered, and concentrated. Column chromatography (silica gel, EtOAc:hexanes, 10-
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30%) afforded butenolide 107 (12 mg, 51% yield over 2 steps); 107: 1H NMR (500 MHz, CDCl3) 

δ 5.41 (s, 1H), 4.94 (d, J = 2.5 Hz, 1H), 4.51 (d, J = 2.2 Hz, 1H), 2.94 (d, J = 17.6 Hz, 1H), 2.60 

(ddt, J = 17.6, 3.7, 1.9 Hz, 1H), 2.27 – 2.06 (m, 1H), 1.89 (d, J = 1.8 Hz, 3H), 1.88 – 1.84 (m, 

1H), 1.57 – 1.51 (m, 1H), 1.27 (s, 3H), 0.72 (ddd, J = 14.4, 7.4, 4.7 Hz, 2H). 

 
[Second Generation] 
 

Stannane (124). In a flame-dried round bottom flask under argon was added enone 71 

(21 mg, 0.122 mmol, 1 equiv), DMAP (15 mg, 0.122 mmol, 1 equiv), pyridine (0.25 mL), and 

CCl4 (3 mL) and cooled to 0 oC with an ice bath. Then, I2 (37 mg, 0.146 mmol, 1.2 equiv) in CCl4 

(3 mL) and enough CH2Cl2 for solubility (0.5 mL) was added by cannula in the dark drop wise 

over a period of 30 minutes. This was warmed to 25 oC for 1 h. Upon completion the reaction 

was poured into aqueous Na2S2O3 (5 mL). The mixture was extracted with CH2Cl2 (3 x 5 mL), 

the organic layers collected, washed with saturated NaHCO3 (5 mL), 1M HCl (5 mL), brine (5 

mL), dried (MgSO4), filtered, and concentrated. The crude residue was purified by preparatory 

thin layer chromatography (EtOAc:hexanes, 25%) to afford the vinyl iodide 123 (26 mg, 67% 

yield). 

To a flame dried round bottom flask fixed with a reflux condenser was added vinyl iodide 

123 (120 mg, 0.4 mmol, 1 equiv), hexamethylditin (390 mg, 1.2 mmol, 3 equiv), 

tetrakis(triphenylphosphine)palladium (138 mg, 0.12 mmol, 30 mol %) and PhMe (20 mL). The 

reaction as degassed for 30 minutes by bubbling argon through the solution and then reflux for 

14 h. The reaction was cooled, concentrated, and purified by flash column chromatography 

(silica gel, EtOAc:hexanes, 5-10%) to afford vinyl stannane 124 (59 mg, 42% yield). 124: 1H 

NMR (400 MHz, CDCl3) δ 6.55 (s, 1H), 2.54 (q, J = 14.9 Hz, 2H), 2.12 – 2.03 (m, 2H), 1.99 – 

1.86 (m, 2H), 1.28 (ddd, J = 9.6, 7.5, 4.5 Hz, 1H), 1.20 (s, 3H), 0.21 (s, J = 0.5 Hz, 9H). 
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Iodide (S1). In a round bottom flask shielded from light was added alcohol 123 (33 mg, 

0.09 mmol, 1 equiv), Ac2O (0.9 mL), and p-TsOH monohydrate (19 mg, 0.1 mmol, 1.1 equiv). 

The reaction as stirred under an ambient atmosphere protected from light for 14 h, poured into 

NaHCO3, and stirred rigorously for 1 h. The mixture was extracted with CH2Cl2 (3 x 5 mL), the 

organic layers collected, washed with NaHCO3, brine, dried (MgSO4), filtered, and concentrated. 

The crude residue was purified by flash column chromatography (20% EtOAc:hexanes) to afford 

acetate S1 (28 mg, 86 % yield). S1: Rf=0.68 (EtOAc:hexanes, 1:1). 1H NMR (300 MHz, CDCl3) δ 

7.41 (s, 1H), 2.88 (d, J = 15.1 Hz, 1H), 2.69 (d, J = 15.2 Hz, 1H), 2.23 (s, 1H), 2.14 (m, 1H), 

2.11 (s, 3H), 1.91 – 1.82 (m, 1H), 1.64 – 1.57 (m, 1H), 1.35 – 1.27 (m, 1H), 1.25 (s, 3H). 

 

Acrylate (127). In a flame-dried round bottom flask was added vinyl stannane 124 (30 

mg, 0.084 mmol, 1 equiv), vinyl iodide 125 (56 mg, 0.264 mmol, 3 equiv), and N-

methylpyrolidinone (2 mL). The solution was cooled to 0 oC and copper(I)-thiophene-2-

carboxylate (25 mg, 0.132 mmol, 1.5 equiv) was added under argon. The reaction was warmed 

to 25 oC over 30 minutes. Upon completion saturated NaHCO3 (5 mL) was added. The mixture 

was extracted with EtOAc (3 x 5 mL), the organic layers collected, dried (MgSO4), filtered, 

concentrated, and purified by preparatory thin layer chromatography (EtOAc:hexanes, 40%) to 

afford the target acrylate 127 (22 mg, 95% yield. 127: 1H NMR (300 MHz, CDCl3) δ 6.47 (s, 1H), 

6.33 (d, J = 1.2 Hz, 1H), 5.79 (d, J = 1.2 Hz, 1H), 3.72 (s, 3H), 2.71 (d, J = 14.5 Hz, 1H), 2.57 (d, 

J = 14.7 Hz, 1H), 2.51 (s, 1H), 2.18 – 2.05 (m, 1H), 2.05 – 1.91 (m, 2H), 1.36 – 1.26 (m, 1H), 

1.26 (s, 3H). 

 

Acetate protected acrylate (128). In a round bottom flask was added starting alcohol 

127 (22 mg, 0.08 mmol), Ac2O (3 mL) and p-TsOH monohydrate (20 mg, 0.1 mmol, 1.3 equiv). 

The reaction was stirred under ambient atmosphere for 24 h, poured into saturated NaHCO3 (20 

mL), and stirred rigorously for 1 h. The mixture was extracted with CH2Cl2 (3 x 5 mL), the 
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organic layers collected, washed with saturated NaHCO3 (10 mL), brine (10 mL), dried (MgSO4), 

filtered, and concentrated. The crude residue was purified by flash column chromatography 

(silca gel, EtOAc:hexanes, 20%) to afford acetate 128 (18 mg, 71 % yield). 128: 1H NMR (400 

MHz, CDCl3) δ 6.64 (s, 1H), 6.33 (d, J = 1.3 Hz, 1H), 5.81 (d, J = 1.3 Hz, 1H), 3.72 (s, 3H), 2.79 

– 2.61 (m, 2H), 2.14 (ddd, J = 9.4, 5.3, 3.3 Hz, 1H), 2.10 (s, 3H), 1.92 – 1.85 (m, 1H), 1.66 (ddd, 

J = 5.4, 4.7, 3.3 Hz, 1H), 1.34 – 1.28 (m, 1H), 1.27 (s, 3H), 1.26 – 1.24 (m, 1H). 

Dienone (134). A flame-dried round bottom flask was charged with NaH (29 mg, 0.7 

mmol, 1.1 equiv) and washed three times with pentane to remove grease. To the vessel was 

added anhydrous THF (5 mL) under argon and cooled to 0 oC. To this suspension was added 

diketone 71 (115 mg, 0.653 mmol, 1 equiv) and PhNTf2 (250 mg, 0.7 mmol, 1.1 equiv) in THF (5 

mL) drop wise via cannula and the reaction stirred at this temperature for 2 h. The reaction was 

warmed to 25 oC for 1.5 h to give a mixture of vinyl triflates which were observed by NMR 

aliquots. The reaction was again cooled to 0 oC and Me2Zn (2 mL, 1M solution in PhMe, 2 

mmol, 3 equiv) was added drop wise to give a dark red solution. To this was added 

tetrakis(triphenylphosphine)palladium (35 mg, 0.03 mmol, 5 mol %) and the reaction 

temperature raised to 50 oC for 12 h. Upon completion the reaction was cooled, filtered through 

silica gel with EtOAc, concentrated, and purified by flash column chromatography (silica gel, 

Et2O:PhMe, 15%) to give allylic methyl 134 (57 mg, 50% yield). 134: IR (film) νmax: 2933.98, 

1664.54, 1628.37, 1561.63, 1437.66, 1397.91, 1377.04, 1239.19, 1033.45, 1018.70, 794.72, 

649.71 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.11 (d, J = 9.8 Hz, 1H), 5.78 (d, J = 9.7 Hz, 1H), 2.66 

(d, J = 15.5 Hz, 1H), 2.42 (d, J = 15.4 Hz, 1H), 1.88 (s, 3H), 1.85 (d, J = 3.1 Hz, 1H), 1.64 – 1.52 

(m, 1H), 1.20 (s, 3H), 0.90 (td, J = 8.3, 4.5 Hz, 1H), 0.54 (q, J = 4.4 Hz, 1H); HRMS (FAB+) 

calcd for C12H14O [M+H]+ 175.2510, found 175.1128.  

 

Cyclopentenyl triflate (132): 1H NMR (500 MHz, CDCl3) δ 7.08 (d, J = 10.0 Hz, 1H), 

5.97 (d, J = 9.8 Hz, 1H), 2.75 (d, J = 15.6 Hz, 1H), 2.54 (d, J = 15.6 Hz, 1H), 2.24 (td, J = 7.2, 
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3.3 Hz, 1H), 1.80 (ddd, J = 8.5, 6.6, 4.5 Hz, 1H), 1.25 (s, 3H), 1.13 (td, J = 8.0, 5.3 Hz, 1H), 0.94 

(td, J = 5.0, 3.2 Hz, 1H). 13C NMR (125 MHz, CDCl3) δ 197.85, 146.26, 133.60, 130.64, 130.24, 

119.97, 117.42, 52.49, 46.44, 27.91, 23.92, 23.01, 14.72. 

 

Cyclohexenyl triflate (133): 1H NMR (500 MHz, CDCl3) δ 6.55 (d, J = 5.5 Hz, 1H), 6.14 

(dd, J = 5.5, 3.0 Hz, 1H), 2.99 (d, J = 17.4 Hz, 1H), 2.45 (d, J = 17.4 Hz, 1H), 2.17 (ddd, J = 

10.2, 5.3, 3.6 Hz, 1H), 1.80 – 1.69 (m, 1H), 1.35 – 1.28 (m, 1H), 1.25 (s, 3H), 1.02 (dt, J = 6.0, 

3.9 Hz, 1H). 13C NMR (125 MHz, CDCl3) δ 198.89, 152.54, 143.35, 124.02, 124.00, 119.86, 

117.31, 114.82, 40.34, 36.72, 30.83, 26.27, 20.92, 11.83. 

 

Vinyl iodide (135). In a flame-dried round bottom flask was added dienone 134 (57 mg, 

0.327 mmol, 1 equiv), CH2Cl2 (2 mL). The reaction was cooled to 0 oC, followed by the addition 

of TMSN3 (0.1 mL, 0.8 mmol, 2.5 equiv) and TMSOTf (0.01 mL, 0.07 mmol, 0.2 equiv). The 

reaction was stirred at this temperature for 2 h before adding I2 (127 mg, 0.5 mmol, 1.5 equiv) in 

CH2Cl2 (1 mL) via cannula followed by drop wise addition of pyridine (0.3 mL) at 0 oC. The 

reaction was warmed to 25 oC and stirred for 2 days in the dark. After the reaction failed to 

progress further, 1M HCl (5 mL) was added, the mixture extracted with CH2Cl2 (3 x 10 mL), the 

organic layers collected, washed with 1 M HCl (5 mL), saturated Na2S2O3 (5 mL), saturated 

NaHCO3 (5 mL), brine (5 mL), dried (MgSO4), filtered, and concentrated. The crude residue was 

carefully purified by flash column chromatography (silica gel, EtOAc:hexanes, 10%) to give vinyl 

iodide 135 (59 mg, 55% yield) and starting material 134 (10 mg, 67% b.r.s.m). 135:Rf=0.61 

(EtOAc:hexanes, 1:2); 1H NMR (400 MHz, CDCl3) δ 7.87 (s, 1H), 2.82 – 2.63 (m, 2H), 1.87 (s, 

4H), 1.63 – 1.57 (m, 1H), 1.19 (s, 3H), 0.94 (td, J = 8.0, 4.5 Hz, 1H), 0.61 – 0.53 (m, 1H). 
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Alpha iodination (S2): 1H NMR (300 MHz, CDCl3) δ 7.06 (d, J = 9.7 Hz, 1H), 5.79 (d, J 

= 9.8 Hz, 1H), 4.51 (s, 1H), 1.99 (dd, J = 5.3, 2.6 Hz, 1H), 1.96 (s, 3H), 1.63 – 1.55 (m, 1H), 

1.35 (s, 3H), 0.95 (td, J = 8.0, 4.5 Hz, 1H), 0.50 (q, J = 4.2 Hz, 1H). 

 

Vinyl stannane (136). To a flame dried round bottom flask fixed with a reflux condenser 

was added vinyl iodide 135 (50 mg, 0.167 mmol, 1 equiv), hexamethylditin (168 mg, 0.5 mmol, 3 

equiv), tetrakis(triphenylphosphine)palladium (19 mg, 0.1 mmol, 10 mol %) and PhMe (5 mL). 

The reaction as degassed for 30 minutes by bubbling argon through the solution and then reflux 

for 16 h. Upon completion the reaction was cooled, concentrated, and purified by flash column 

chromatography (silica gel, EtOAc:hexanes, 5%) to afford vinyl stannane 136 (41 mg, 72% 

yield). 136: Rf=0.77 (EtOAc:hexanes, 1:4). 1H NMR (400 MHz, CDCl3) δ 7.26 (s, 1H), 2.68 (d, J 

= 15.3 Hz, 1H), 2.44 (d, J = 15.2 Hz, 1H), 1.89 (s, 3H), 1.87 – 1.81 (m, 1H), 1.54 (ddd, J = 8.3, 

6.1, 4.0 Hz, 1H), 1.15 (s, 3H), 0.88 (td, J = 8.2, 4.5 Hz, 1H), 0.51 (td, J = 4.3, 3.0 Hz, 1H), 0.17 

(s, 9H). 

 

Acrylate (137). In a flame-dried round bottom flask was added vinyl stannane 136 (41 

mg, 0.12 mmol, 1 equiv), vinyl iodide 126 (150 mg, 0.71 mmol, 5.8 equiv), and N-

methylpyrolidinone (2 mL). The solution was cooled to 0 oC and copper(I)-thiophene-2-

carboxylate (29 mg, 0.15 mmol, 1.25 equiv) was added under argon. The reaction was stirred at 

this temperature for 30 minutes. Upon completion the reaction was quenched by the addition of 

saturated NaHCO3 (5 mL). The mixture was extracted with EtOAc (3 x 5 mL), the organic layers 

collected, dried (MgSO4), filtered, concentrated, and purified by preparatory thin layer 

chromatography (EtOAc:hexanes, 20%) to afford the target acrylate 137 (21 mg, 67% yield). 

137: Rf=0.55 (EtOAc:hexanes, 1:4). 1H NMR (500 MHz, CDCl3) δ 7.11 (s, 1H), 6.16 (d, J = 1.5 

Hz, 1H), 5.68 (d, J = 1.5 Hz, 1H), 3.73 (s, 3H), 2.73 (d, J = 15.9 Hz, 1H), 2.47 (d, J = 15.2 Hz, 
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1H), 1.91 (s, 3H), 1.89 (dt, J = 6.1, 3.0 Hz, 1H), 1.60 (ddd, J = 8.2, 6.0, 4.1 Hz, 1H), 1.22 (s, 3H), 

0.92 (td, J = 8.1, 4.6 Hz, 1H), 0.56 (td, J = 4.3, 3.1 Hz, 1H). 

 

Mixture of homo-coupling dimers (139 and 138). In a flame-dried round bottom flask 

was added vinyl stannane 136 (36 mg, 0.106 mmol, 1 equiv), vinyl iodide 126 (34 mg, 0.16 

mmol, 1.6 equiv), and N-methylpyrolidinone (1 mL). The solution was cooled to 0 oC and 

copper(I)-thiophene-2-carboxylate (22 mg, 0.12 mmol, 1.2 equiv) was added under argon. The 

reaction was warmed to 25 oC over 1 h. Upon completion the reaction was quenched by the 

addition of saturated NaHCO3 (5 mL). The mixture was extracted with EtOAc (3 x 5 mL), the 

organic layers collected, dried (MgSO4), filtered, concentrated, and purified by preparatory thin 

layer chromatography (EtOAc:hexanes, 45%) to afford dimeric diastereomers 138 and 139 (8 

mg, 44% combined yield. 138 or 139: Rf=0.73 (EtOAc:hexanes, 1:1). LRMS = 347. 1H NMR 

(500 MHz, CDCl3) δ 7.10 (s, 2H), 2.74 (dd, J = 15.2, 1.1 Hz, 2H), 2.48 (d, J = 15.2 Hz, 2H), 1.89 

(s, 6H), 1.88 – 1.84 (m, 2H), 1.57 (ddd, J = 8.2, 6.2, 4.1 Hz, 2H), 1.24 (d, J = 1.1 Hz, 6H), 0.89 

(td, J = 8.1, 4.5 Hz, 2H), 0.54 (q, J = 4.2 Hz, 2H). Other diastereomer: 1H NMR (500 MHz, 

CDCl3) δ 7.05 (s, 2H), 2.79 (dd, J = 14.7, 1.1 Hz, 2H), 2.45 (d, J = 14.6 Hz, 2H), 1.88 (s, 6H), 

1.87 – 1.84 (m, 2H), 1.57 (ddd, J = 8.4, 6.3, 4.1 Hz, 2H), 1.22 (s, 6H), 0.89 (td, J = 8.0, 4.5 Hz, 

2H), 0.54 (q, J = 4.2 Hz, 2H). 

 

Selenide (S3). In a flame-dried round bottom flask was added enone 134 (9 mg, 0.0517 

mmol, 1 equiv) and THF (1 mL) under argon. The reaction was cooled to -78 oC, and LiHMDS 

(0.33 mL, 0.2 M in THF, 0.067 mmol, 1.3 equiv) was added and stirred for 1 h at the same 

temperature. Then phenyl selenium bromide (16 mg, 0.067 mmol, 1.3 equiv) was added and the 

reaction stirred for 1 h while warming to 25 oC. The reaction was quenched by the addition of 

saturated NH4Cl (5 mL), extracted with CH2Cl2 (3 x 5 mL), the organic layers collected, dried 

(MgSO4), filtered, and concentrated. The crude residue was purified by preparatory thin layer 
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chromatography (EtOAc:hexanes, 20%) to afford selenide S3 (7 mg, 41% yield). S3: 1H NMR 

(300 MHz, CDCl3) δ 7.47 (dd, J = 7.3, 2.3 Hz, 1H), 7.17 (d, J = 1.6 Hz, 1H), 6.90 (d, J = 9.8 Hz, 

1H), 5.67 (d, J = 9.8 Hz, 1H), 3.59 (s, 1H), 1.91 – 1.85 (m, 1H), 1.83 (s, 3H), 1.80 – 1.71 (m, 

1H), 1.21 (s, 3H), 0.89 (td, J = 8.1, 4.5 Hz, 1H), 0.43 (q, J = 4.3 Hz, 1H). LRMS: 330.48. 

 

Sulfonamide (142). In a flame-dried round bottom flask was added enone 134 (9 mg, 

0.052 mmol, 1 equiv) and THF (1 mL) under argon. The reaction was cooled to -78 oC, and 

LiHMDS (0.33 mL, 0.2 M in THF:PhMe, 0.067 mmol, 1.3 equiv) was added and stirred for 1 h at 

the same temperature, then warmed to 25 oC for 3 h. The reaction was cooled to -78 oC again 

and racemic 10-Camphorsulfonyloxaziridine (14 mg, 0.06 mmol, 1.2 equiv) was added and the 

reaction stirred for 3 h while warming to 25 oC. Upon completion, the reaction was quenched by 

the addition of saturated NH4Cl (5 mL), extracted with CH2Cl2 (3 x 5 mL), the organic layers 

collected, dried (MgSO4), filtered, and concentrated. The crude residue was purified by 

preparatory thin layer chromatography (EtOAc:hexanes, 30%) to afford sulfonamide 142, yield 

not determined.142: Rf=0.23 (EtOAc:hexanes, 1:2). 1H NMR (400 MHz, CDCl3) δ 7.14 (d, J = 

9.8 Hz, 1H), 5.73 (d, J = 9.9 Hz, 1H), 3.65 (d, J = 5.8 Hz, 1H), 3.17 (d, J = 13.3 Hz, 1H), 2.97 (d, 

J = 13.3 Hz, 1H), 2.77 (dd, J = 18.5, 3.8 Hz, 1H), 2.38 (d, J = 19.3 Hz, 1H), 2.25 (t, J = 4.0 Hz, 

2H), 2.21 (d, J = 6.8 Hz, 1H), 2.11 – 2.02 (m, 2H), 1.95 (s, 3H), 1.91 (d, J = 3.2 Hz, 0H), 1.82 – 

1.74 (m, 2H), 1.47 (t, J = 9.1 Hz, 1H), 1.16 (s, 3H), 1.08 (s, 3H), 0.94 (dt, J = 8.0, 4.0 Hz, 1H), 

0.87 (s, 3H), 0.56 (q, J = 3.9 Hz, 1H). 

 

Ketoalcohol (140). In a flame-dried round bottom flask was added enone 134 (17 mg, 

0.1 mmol, 1 equiv) and THF(0.5 mL) under argon. The reaction was cooled to -78 oC, and 

LiHMDS (2.5 mL, 1 M in THF, 2.5 mmol, 25 equiv) was added and stirred for 2 h at the same 

temperature, before adding TMSCl (0.13 mL, 1 mmol, 10 equiv) was added and the reaction 

stirred for 1.5 h while warming to 25 oC. Upon completion the reaction was quenched by the 
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addition of saturated NaHCO3 (5 mL), extracted with CH2Cl2 (3 x 10 mL), the organic layers 

collected, dried (Na2SO4), filtered, and concentrated. The crude residue was dissolved in CH2Cl2 

(2 mL) and cooled to 0 oC. To this solution was added mCPBA (50 mg, 0.29 mmol) in CH2Cl2 

(0.5 mL) drop wise and stirred for 10 minutes at this temperature. The reaction was quenched 

by the addition of aqueous Na2SO3 (5 mL), warmed to 25 oC, extracted CH2Cl2 (3 x 5 mL), the 

organic layers collected, washed with saturated NaHCO3 (10 mL), dried (MgSO4), filtered, and 

concentrated to afford alpha hydroxyketone 140 (14 mg, 74% yield). 140: Rf=0.15 

(EtOAc:hexanes, 1:2). 1H NMR (300 MHz, CDCl3) δ 7.14 (d, J = 10.0 Hz, 1H), 5.74 (d, J = 10.0 

Hz, 1H), 3.65 (d, J = 7.0 Hz, 1H), 2.27 (s, 1H), 2.16 (d, J = 7.2 Hz, 1H), 1.96 (s, 3H), 1.91 (d, J = 

7.8 Hz, 1H), 1.82 – 1.73 (m, 1H), 1.17 (s, 3H), 0.99 – 0.86 (m, 1H), 0.60 – 0.52 (m, 1H). 

 

Inverted ketoalcohol (144). In a round bottom flask, alcohol 140 (20 mg, 0.105 mmol, 1 

equiv) was dissolved in anhydrous CH2Cl2 (1.5 mL) at 25 oC and Dess-Martin periodinane (60 

mg, 0.14 mmol, 1.3 equiv) was added in a single portion. The bright yellow solution was stirred 

in the dark for 45 minutes then quenched with Na2SO3 (5 mL), extracted with CH2Cl2 (3 x 5 mL), 

the organic layers collected, washed with saturated NaHCO3 (5 mL), dried (MgSO4), filtered, 

and concentrated to give crude diketone 143. 143: Rf=0.53 (EtOAc:hexanes, 2:3) 

The crude residue was dissolved in anhydrous Et2O (3 mL) and cooled to 0 oC. To this 

solution was added LiAl(OtBu)3H (0.15 mL, 1M in THF, 0.15 mmol, 1.5 equiv) drop wise and 

warmed to 25 oC over 30 minutes. Upon completion the reaction was poured into saturated 

NH4Cl (10 mL), extracted with EtOAc (3 x 5 mL), the organic layers collected, dried (MgSO4), 

filtered, and concentrated. The crude residue was purified by preparatory thin layer 

chromatography (EtOAc:hexanes, 40%) to give target alcohol 144 (8 mg, 39% yield. 144: 1H 

NMR (500 MHz, CDCl3) δ 7.20 (d, J = 9.6 Hz, 1H), 5.87 (d, J = 9.6 Hz, 1H), 4.23 (s, 1H), 2.08 – 

1.97 (m, 1H), 1.92 (s, 3H), 1.91 – 1.86 (m, 1H), 1.07 (s, 3H), 0.94 (td, J = 8.0, 4.5 Hz, 1H), 0.47 

– 0.39 (m, 1H). 
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Vinyl stannane (147). In a flame-dried round bottom flask was added dienone 140 (100 

mg, 0.57 mmol, 1 equiv), CH2Cl2 (5 mL). The reaction was cooled to 0 oC, followed by the 

addition of I2 (400 mg, 0.5 mmol, 1.5 equiv) followed by DMAP (30 mg, 0.25 mmol, 0.43 equiv). 

The reaction was warmed to 25 oC and stirred for 2 days in the dark. After the reaction failed to 

progress further, HCl (5 mL) was added, the mixture extracted with CH2Cl2 (3 x 10 mL) the 

organic layers collected, washed with 1 M HCl (10 mL), saturated Na2S2O3 (10 mL), NaHCO3 

(10 mL), brine (10 mL), dried (MgSO4), filtered, and concentrated. The crude residue was 

carefully purified by flash column chromatography 25% (EtOAc:hexanes) to give vinyl iodide 

146 (38 mg, 23% yield) and starting material (74 mg, 85% b.r.s.m.). 

To a flame dried round bottom flask fixed with a reflux condenser was added vinyl iodide 

146 (38 mg, 0.1 mmol, 1 equiv), hexamethylditin (0.07 mL, 0.3 mmol, 3 equiv), 

tetrakis(triphenylphosphine)palladium (12 mg, 0.01 mmol, 10 mol %) and PhMe (2 mL). The 

reaction as degassed for 30 minutes by bubbling argon through the solution and then reflux for 

14 h. Upon completion the reaction was cooled, concentrated, and purified by flash column 

chromatography (silica gel, EtOAc:hexanes, 15 – 20%) to afford vinyl stannane 147 (30 mg, 

88% yield). 147: 1H NMR (300 MHz, CDCl3) δ 7.28 (s, 1H), 3.68 (d, J = 7.5 Hz, 1H), 2.14 (d, J = 

7.5 Hz, 1H), 2.04 (s, 3H), 1.93 – 1.86 (m, 1H), 1.79 – 1.70 (m, 1H), 1.12 (s, 3H), 0.96 – 0.89 (m, 

1H), 0.53 (q, J = 4.2 Hz, 1H), 0.20 (s, 9H). 

 

Iso-epi-lindenatriene (148). In a flame-dried round bottom flask was added vinyl 

stannane 147 (30 mg, 0.085 mmol), vinyl iodide 126 (90 mg, 0.425 mmol, 5 equiv), and N-

methylpyrolidinone (2 mL). The solution was cooled to 0 oC and copper(I)-thiophene-2-

carboxylate (19 mg, 0.1 mmol) was added under argon. The reaction was stirred at this 

temperature for 1 h and quenched by the addition of saturated NaHCO3 (5 mL). The mixture 

was extracted with EtOAc (3 x 5 mL), the organic layers collected, dried (MgSO4), filtered, 

concentrated, and purified by preparatory thin layer chromatography 50% (EtOAc:hexanes) to 
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afford acrylate 148 (16 mg, 69% yield). Rf=0.35 (EtOAc:hexanes, 1:1). 1H NMR (500 MHz, 

CDCl3) δ 7.14 (s, 1H), 6.24 (s, 1H), 5.74 (s, 1H), 3.74 (s, 4H), 2.33 (d, J = 5.6 Hz, 1H), 1.98 (s, 

3H), 1.94 (dt, J = 8.5, 3.2 Hz, 1H), 1.79 (dt, J = 9.9, 5.2 Hz, 1H), 1.18 (s, 3H), 0.95 (td, J = 8.1, 

4.6 Hz, 1H), 0.58 (q, J = 3.8 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 196.09, 166.87, 150.20, 

138.06, 135.80, 133.37, 130.59, 127.07, 79.99, 54.08, 52.20, 29.33, 24.82, 21.35, 15.15, 12.95. 

HRMS (FAB+) calcd for C16H18O4
+ [M+] 275.3240, found 275.1278.  

 

Silyl protected iso-epi-lindenatriene (149). A round bottom flask was charged with of 

ketoalcohol 148 (8 mg, 0.028 mmol, 1 equiv) and imidazole (100 mg, 1.5 mmol, 52 equiv). The 

reagents were dissolved in DMF (1 mL) and TMSCl (0.05 mL, 0.05 mmol, 1.6 equiv) was added 

at 25 oC. The reaction was stirred for 24 h at 25 oC. Upon completion the reaction was into a 

biphasic mixture of Et2O (5 mL) and NaHCO3 (5 mL). The mixture was extracted with Et2O (3 x 

10 mL), the organic layers collected, dried (MgSO4), filtered, concentrated, and purified by 

preparatory thin layer chromatography (EtOAc:hexanes, 30%) to give the silylated ketoalcohol 

149 (7 mg, 75% yield. 149: 1H NMR (500 MHz, CDCl3) δ 7.11 (s, 1H), 6.18 (d, J = 1.6 Hz, 1H), 

5.69 (d, J = 1.6 Hz, 1H), 3.72 (s, 3H), 3.68 (s, 1H), 1.93 (s, 3H), 1.83 (ddd, J = 8.3, 6.5, 3.0 Hz, 

1H), 1.10 (s, 3H), 0.91 – 0.84 (m, 2H), 0.52 (q, J = 4.0 Hz, 1H), 0.12 (s, 9H). 

 

1,2-diketone (150). In a round bottom flask, alcohol 148 (13 mg, 0.047 mmol, 1 equiv) 

was dissolved anhydrous CH2Cl2 (2 mL) at 25 oC and Dess-Martin periodinane (30 mg, 0.071 

mmol, 1.5 equiv) was added in a single portion. The bright yellow solution was stirred in the dark 

for 30 minutes. Upon completion saturated Na2SO3 (5 mL) was added, the mixture extracted 

with CH2Cl2 (3 x 5 mL), the organic layers collected, washed with saturated NaHCO3 (5 mL), 

dried (MgSO4), filtered, and concentrated to give diketone 150 (8.9 mg, 70% yield). 150: Rf=0.27 

(EtOAc:hexanes, 1:2). 1H NMR (500 MHz, CDCl3) δ 7.34 (s, 1H), 6.37 (d, J = 1.1 Hz, 1H), 5.86 
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(d, J = 1.3 Hz, 1H), 3.76 (s, 3H), 2.49 (d, J = 12.5 Hz, 1H), 1.96 (s, 3H), 1.50 (s, 3H), 1.15 – 1.10 

(m, 2H), 0.65 – 0.60 (m, 1H). 

 

Iso-lindenatriene (75). The crude residue was dissolved in anhydrous THF (2 mL) and 

cooled to -78 oC. To this solution was added LiAl(OtBu)3H (0.4 mL, 0.1M in THF, 0.4 mmol, 1.3 

equiv) drop wise. Upon completion the reaction was poured into 1M HCl (5 mL), extracted with 

EtOAc (3 x 5 mL), the organic layers collected, dried (MgSO4), filtered, and concentrated. The 

crude residue was purified by preparatory thin layer chromatography (EtOAc:hexanes, 40%) to 

give the target alcohol 75 (7 mg, 55% yield over 2 steps. 75: Rf=0.32 (EtOAc:hexanes, 1:1). 1H 

NMR (500 MHz, CDCl3) δ 7.22 (s, 1H), 6.24 (d, J = 1.4 Hz, 1H), 5.78 (d, J = 1.4 Hz, 1H), 4.33 

(d, J = 2.9 Hz, 1H), 3.74 (s, 3H), 3.71 (d, J = 2.7 Hz, 1H), 2.06 – 2.00 (m, 1H), 1.96 (s, 3H), 1.07 

(s, 3H), 0.97 (dt, J = 8.1, 3.9 Hz, 2H), 0.43 (q, J = 4.2 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 

205.26, 149.30, 138.39, 137.26, 136.19, 130.78, 127.24, 80.31, 52.22, 29.22, 25.06, 16.85, 

15.25, 13.21. 

 

Allylic bromide (151). A flame-dried round bottom flask was fixed with a reflux 

condenser and charged with dienone 134 (8 mg, 0.046 mmol, 1 equiv), NBS (12 mg, 0.067 

mmol, 1.5 equiv), and a trace amount of AIBN. The reagents were dissolved in CCl4 (1 mL) and 

degassed by bubbling argon through the solution for 40 minutes. The reaction was heated to 90 

oC for 5 h. Upon completion the reaction was cooled, poured into saturated NaHCO3 (10 mL), 

extracted with CH2Cl2 (3 x 5 mL), the organic layers collected, washed with brine (5 mL), dried 

(MgSO4), filtered, concentrated, and purified by preparatory thin layer chromatography 

(EtOAc:hexanes, 20%) to afford allyl bromide 151 (8 mg, 70% yield). 151: Rf=0.31 

(EtOAc:hexanes, 1:9). 1H NMR (400 MHz, CDCl3) δ 7.12 (d, J = 9.9 Hz, 1H), 5.89 (d, J = 9.9 Hz, 

1H), 4.13 (s, 2H), 2.68 (d, J = 16.3 Hz, 1H), 2.47 (d, J = 15.5 Hz, 1H), 2.10 (ddd, J = 7.9, 6.4, 

3.2 Hz, 1H), 1.63 (td, J = 7.0, 6.2, 4.4 Hz, 1H), 1.21 (s, 3H), 1.00 (td, J = 8.1, 4.8 Hz, 1H), 0.62 
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(q, J = 4.4 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 199.02, 142.08, 141.43, 136.42, 134.17, 

128.32, 52.63, 50.77, 27.91, 26.67, 26.56, 23.71, 14.56. 

 

Allylic acetate (152). A round bottom flask was charged with allyl bromide 151 (11 mg, 

0.043 mmol, 1 equiv) and anhydrous DMSO (1 mL). To the solution was added CsOAc (12 mg, 

0.065 mmol, 1.5 equiv) and stirred at 25 oC for 30 minutes. Upon completion the reaction was 

diluted with Et2O (10 mL) and washed with H2O (10 mL) to give allylic acetate 152 (9 mg, 92% 

yield). Rf=0.15 (EtOAc:hexanes, 1:9). 1H NMR (400 MHz, CDCl3) δ 7.20 (d, J = 9.9 Hz, 1H), 

5.85 (d, J = 9.9 Hz, 1H), 4.80 (d, J = 13.4 Hz, 1H), 4.71 (d, J = 13.4 Hz, 1H), 2.69 (d, J = 15.5 

Hz, 1H), 2.61 (s, 3H), 2.47 (d, J = 16.4 Hz, 1H), 2.11 (s, 3H), 2.05 – 1.98 (m, 1H), 1.22 (d, J = 

1.0 Hz, 3H), 0.94 (td, J = 8.1, 4.7 Hz, 1H), 0.59 – 0.53 (m, 1H). 

 
[Third Generation] 
 
 

Diethylketomalonate aldol adduct (S4). To a round bottom flask was added diketone 

71 (10 mg, 0.028 mmol, 1 equiv), diethyl ketomalonate (0.1 mL, 0.65 mmol, 23 equiv), proline 

(10 mg, 0.087 mmol, 3 equiv), and anhydrous THF (1 mL). The reaction was stirred for 1 day at 

25 oC. Upon completion H2O (5 mL) was added and extracted EtOAc (3 x 10 mL) to give the 

target aldol product S4, yield not determined. S4: Rf=0.37 (EtOAc:hexanes, 1:1). 1H NMR (300 

MHz, CDCl3) δ 6.92 (d, J = 5.8 Hz, 1H), 4.39 – 4.15 (m, 4H), 2.82 (d, J = 5.9 Hz, 1H), 2.68 – 

2.38 (m, 2H), 2.15 – 2.01 (m, 1H), 1.95 (dt, J = 8.4, 5.2 Hz, 1H), 1.43 – 1.13 (m, 11H). 

 

Aldol adduct (76). In a flame dried round bottom flask was added NaH (590 mg, 14.77 

mmol, 1.3 equiv) and anhydrous THF (50 mL). The suspension was cooled to 0 oC and diketone 

71 (2 g, 11.36 mmol, 1 equiv) was added in THF (50 mL) via cannula, and stirred for 15 minutes 

at this temperature. To the orange solution was added methyl pyruvate (1.5 mL, 90% wt 

solution, 14.77 mmol, 1.3 equiv) drop wise at 0 oC. After 30 minutes at this temperature, more 
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NaH (590 mg 14.77 mmol, 1.3 equiv) was added, stirred for 15 minutes, followed by methyl 

pyruvate (1.5 mL, 14.66 mmol, 1.3 equiv) and stirred for 30 minutes at 0 oC. This process was 

repeated four additional times for a total of six iterations of reagent additions. Upon completion, 

the reaction was quenched by the careful drop wise addition of 1M HCl (50 mL), the layers were 

separated with CH2Cl2 (100 mL), extracted with CH2Cl2 (3 x 50 mL), the organic layers collected, 

washed with saturated brine (50 mL), dried (MgSO4), filtered, and concentrated. The crude 

residue was purified by flash column chromatography 40-60% (silica gel, EtOAc:hexanes, 40-

60%) afforded aldol adduct 76 (2.81 g, 89% yield). 76 (1:1.23 ratio of diastereomers): Rf=0.18 

(EtOAc:hexanes, 1:1). 1H NMR (400 MHz, CDCl3) δ 6.91 (d, J = 5.8 Hz, 1H), 6.86 (d, J = 5.9 Hz, 

1H), 3.94 (s, 1H), 3.74 (s, 1H), 3.73 (s, 3H), 3.69 (s, 3H), 2.81 (ddd, J = 8.3, 6.0, 1.1 Hz, 2H), 

2.58 (ddd, J = 15.1, 2.4, 0.8 Hz, 2H), 2.45 (ddd, J = 15.1, 2.9, 1.2 Hz, 2H), 2.36 (s, 1H), 2.10 – 

2.01 (m, 2H), 1.95 (dq, J = 7.5, 4.9 Hz, 2H), 1.38 – 1.30 (m, 3H), 1.25 (s,3), 1.24 (s, 3H), 1.23 – 

1.20 (m, 1H). 

 

Ketofuran (155). A sealed tube was charged with aldol adduct 76 (2.3g, 8.27 mmol, 1 

equiv), p-TsOH (314 mg, 1.65 mmol, 20 mol %), Ac2O (5 mL), and PhMe (41 mL). The solution 

was degassed by bubbling argon through the solution for 30 minutes, sealed, and heated to 150 

oC for 12 h. Upon completion the reaction was cooled, concentrated, and purified by flash 

column chromatography (silica gel, EtOAc:hexanes, 5 – 15%) to give the target ketofuran 155 

(707 mg, 37% yield). 155: Rf=0.24 (EtOAc:hexanes, 1:2). 1H NMR (500 MHz, CDCl3) δ 6.87 (s, 

1H), 5.99 (s, 1H), 2.17 (ddd, J = 10.5, 5.8, 3.7 Hz, 1H), 2.10 (ddd, J = 7.5, 5.8, 4.1 Hz, 1H), 2.05 

(s, 3H), 1.47 – 1.39 (m, 1H), 1.35 (dt, J = 6.0, 3.9 Hz, 1H), 1.26 (s, 3H). 13C NMR (125 MHz, 

CDCl3) δ 199.09, 170.87, 157.01, 147.68, 140.24, 124.17, 116.00, 113.74, 113.72, 113.71, 

42.51, 29.72, 29.34, 25.06, 14.67, 9.14. IR (film) νmax 2955.60, 1765.35, 1721.99, 1685.70, 

1437.37, 1330.79, 1307.36, 1228.49, 1195.79, 1163.38, 10089.16, 958.81; HRMS (FAB+) calcd 

for C14H12O3 [M+H]+ 229.2550, found 261.1126.  
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The remaining mass balance was identified as: 

 

Fumarate (162). (415 mg, 20% yield). 162: Rf=0.15 (EtOAc:hexanes, 1:2). 1H NMR (400 

MHz, CDCl3) δ 7.14 (s, 1H), 3.86 (s, 3H), 2.71 – 2.51 (m, 2H), 2.24 (ddd, J = 10.0, 5.2, 3.5 Hz, 

1H), 2.13 (s, 3H), 1.91 (dt, J = 7.6, 4.7 Hz, 1H), 1.40 (ddd, J = 10.1, 7.6, 5.8 Hz, 1H), 1.16 (s, 

3H), 1.09 (dt, J = 5.7, 3.9 Hz, 1H). 

 

Acrylate (163). (318 mg, 15%) 163: Rf=0.10 (EtOAc:hexanes, 1:2). 1H NMR (500 MHz, 

CDCl3) δ 6.76 (d, J = 5.8 Hz, 1H), 6.25 (d, J = 1.3 Hz, 1H), 5.71 (d, J = 1.4 Hz, 1H), 3.70 (s, 3H), 

2.77 (dd, J = 5.8, 1.1 Hz, 1H), 2.64 (d, J = 15.0 Hz, 1H), 2.48 (dd, J = 14.9, 1.1 Hz, 1H), 2.08 – 

2.01 (m, 1H), 1.97 (dt, J = 7.9, 4.9 Hz, 1H), 1.33 (dddd, J = 8.8, 7.9, 5.7, 1.1 Hz, 1H), 1.27 (s, 

3H), 1.22 (ddd, J = 5.7, 4.7, 3.1 Hz, 1H). 13C NMR (125 MHz, CDCl3) δ 208.26, 195.77, 166.18, 

138.99, 138.18, 137.48, 128.10, 52.16, 49.41, 49.02, 41.06, 31.72, 28.24, 23.27, 13.06. 

 

Tosylate (165). (yield not determined). 165: Rf=0.19 (EtOAc:hexanes, 1:2). 1H NMR 

(500 MHz, CDCl3) δ 7.81 (d, J = 8.3 Hz, 2H), 7.39 (d, J = 8.0 Hz, 2H), 7.06 (s, 1H), 5.39 (s, 1H), 

4.64 (dd, J = 11.5, 4.9 Hz, 1H), 2.79 – 2.70 (m, 1H), 2.49 (s, 3H), 2.48 – 2.38 (m, 2H), 2.37 – 

2.25 (m, 1H), 2.02 (s, 3H), 1.22 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 198.34, 170.68, 147.63, 

147.37, 145.92, 138.70, 133.09, 130.19, 130.18, 130.16, 127.76, 127.74, 122.15, 120.23, 

109.19, 81.08, 46.46, 37.05, 25.65, 21.72, 20.17, 8.74; IR (film) νmax 2973.80, 1768.96, 1682.30, 

1362.80, 1176.24, 953.01, 858.94, 831.85, 675.12, 553.85; HRMS (FAB) calcd for C21H20O6S 

[M+H]+ 401.4530, found: 401.1060. For other cyclopropane opening procedures, see Chapter 3. 

 

Tosylate (S5). A flame-dried round bottom flask was charged with tosylate 165 (32 mg, 

0.08 mmol, 1 equiv), anhydrous THF (3 mL), and cooled to -78 oC. To the solution was added 

LiHMDS (0.1 mL, 1M in THF, 0.1 mmol, 1.25 equiv) and stirred at this temperature for thirty 
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minutes and the reaction warmed to 0 oC. No reaction was observed by TLC after 1 h at this 

temperature and TMSCl (0.05 mL, 0.4 mmol, 5 equiv) was added. The reaction was stirred for 

30 minutes at this temperature and NH4Cl (5 mL) was wadded at 0 oC, the mixture extracted 

with CH2Cl2 (3 x 5 mL), the organic layers dried (MgSO4), filtered, and concentrated to afford a 

mixture of silyl enol ether S5, yield not determined and starting material. S5: Rf=0.76 

(EtOAc:hexanes, 1:2). 1H NMR (500 MHz, CDCl3) δ 7.78 (d, J = 8.4 Hz, 2H), 7.36 (d, J = 8.1 Hz, 

2H), 6.73 (s, 1H), 5.39 (s, 1H), 5.10 (dd, J = 6.2, 2.9 Hz, 1H), 4.47 (dd, J = 9.7, 6.3 Hz, 1H), 2.72 

(dt, J = 17.9, 6.2 Hz, 1H), 2.64 – 2.51 (m, 1H), 2.46 (s, 3H), 1.97 (s, 3H), 1.23 (s, 3H), 0.24 (s, 

9H). 

 

Julia Kocienski Reagent (172). In a round bottom flask NaN3 (5.6 g, 86 mmol, 1 equiv.) 

was refluxed in H2O (27mL) and t-Bu-NCS (10 g, 1 equiv) added in an i-PrOH (21 mL) solution 

via dropping funnel over a period of 30 minutes. The mixture was refluxed for 16 h, cooled with 

an ice bath and 12N HCl (13 mL) was added carefully. The mixture was concentrated and 

stored at 0°C overnight. The yellow solid obtained was filtered, washed with cold H2O, and dried 

under high vacuum for 48h. The product was diluted in THF (120 mL) and added drop wise via 

cannula at 0°C onto a suspension of NaH (1.53 g, 1.05 equiv.) in THF (40 mL). After 10 minutes 

stirring at 0°C, MeI (5.3 mL, 1.4 equiv.) was added via syringe. The mixture was stirred 

overnight at 25 oC, quenched by addition of a saturated solution of NH4Cl, and extracted with 

CH2Cl2. The organic layer was collected, washed with brine (10 mL), dried (Na2SO4), filtered, 

and concentrated. The crude solid was diluted in absolute EtOH (290 mL) at 0°C and 6.34 g of 

ammonium molybdate (5.1 mmol) in a solution of 30% H2O2 (63 mL) was added. After stirring 4 

h at 25 oC the reaction was concentrated and extracted with CH2Cl2 (100 mL). The organic layer 

was washed with brine, dried (Na2SO4),, filtered and evaporated to give teatrazole 172 (10.1 g, 

82% yield). 172: 1H NMR (500 MHz, CDCl3) δ 3.66 (s, 3H), 1.85 (d, J = 2.5 Hz, 9H). 
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Michael adduct (175). In a flame-dried round bottom flask was dissolved tetrazole 172 

(107 mg, 0.53 mmol, 3 equiv) in anhydrous THF (3 mL) under argon and cooled to -78 oC. To 

this solution was added NaHMDS (0.43 mmol, 1M in THF, 0.43 mmol, 2.5 equiv) and the 

reaction stirred at this temperature for 30 minutes. To this solution was added enone 155 (40 

mg, 0.18 mmol, 1 equiv) in THF (2 mL) via cannula and the reaction stirred for 6 h at this 

temperature. The reaction was warmed to -40 oC. Upon completion the saturated NH4Cl (10 mL) 

was added, the mixture extracted with Et2O (3 x 10 mL), the organic layers collected, washed 

with brine (10 mL), dried (MgSO4), filtered, and concentrated. The crude residue was purified by 

flash column chromatography (silica gel, EtOAc:hexanes, 30%) to afford Michael adduct 175 

(38 mg, 50% yield). 175: Rf=0.23 (EtOAc:hexanes, 1:2). 1H NMR (500 MHz, CDCl3) δ 5.68 (s, 

1H), 4.31 (dd, J = 9.7, 3.5 Hz, 1H), 4.11 (q, J = 7.1 Hz, 1H), 4.05 (dd, J = 15.0, 4.0 Hz, 1H), 3.96 

(dd, J = 15.0, 9.9 Hz, 1H), 2.92 (s, 1H), 2.09 (s, 3H), 2.08 – 2.05 (m, 1H), 2.04 (s, 1H), 1.93 – 

1.88 (m, 2H), 1.85 (s, 9H), 1.60 (s, 3H), 1.33 – 1.27 (m, 2H), 1.25 (t, J = 7.1 Hz, 1H). LRMS 

found 243.24, 275.28. 

 

Thioether (176). In a round bottom flask was added enone 155 (13 mg, 0.057 mmol, 1 

equiv), Et3N (1 mL), and CH2Cl2 (0.3 mL) for solubility. To this solution was added thiophenol 

(10 mg, 0.085 mmol, 1.5 equiv) and the reaction stirred at 25 oC for 2 days. Upon completion 

the mixture was purified by loading directly onto silica gel (EtOAc:hexanes, 30%) to give 

thioether 176 (13 mg, 78% yield). Rf=0.69 (EtOAc:hexanes, 1:2). 1H NMR (500 MHz, CDCl3) δ 

7.55 – 7.42 (m, 2H), 7.39 – 7.32 (m, 4H), 5.61 (s, 1H), 4.82 (s, 1H), 2.46 (s, 1H), 2.11 – 1.99 (m, 

1H), 1.88 (ddd, J = 8.7, 5.4, 3.0 Hz, 1H), 1.64 (s, 3H), 1.41 (s, 3H), 1.33 – 1.21 (m, 2H), 1.17 

(ddd, J = 5.5, 4.6, 3.0 Hz, 1H). 

 

Lombardo olefination (178). In a flame-dried round bottom flask was added thioether 

176 (24 mg, 0.071 mmol, 1 equiv) and anhydrous THF (2 mL). The reaction was cooled to 0 oC 
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and the Lombardo reagent1 was added (0.35 mL, 0.286 M in THF, 0.1 mmol, 1.4 equiv). The 

reaction was warmed to 25 oC for 1-24 h. In some cases additional Lombardo reagent was 

necessary to achieve conversion, in other instances no conversion was observed. The reaction 

was quenched with H2O (5 mL) and Et2O (5 mL). The mixture was filtered through celite, 

extracted with Et2O (3 x 5 mL), the organic layers collected, dried (MgSO4), filtered, 

concentrated. The crude residue was purified on by preparatory thin layer chromatography. One 

experiment afforded epi-chloranthalactone 179 (14 mg). Another experiment performed with 176 

(8mg, 0.024 mmol) afforded 178 (2.2 mg, 28%). 178: 1H NMR (400 MHz, CDCl3) δ 7.57 – 7.41 

(m, 2H), 7.41 – 7.31 (m, 3H), 5.52 (s, 1H), 4.96 (d, J = 2.5 Hz, 1H), 4.57 (d, J = 1.6 Hz, 1H), 

4.48 (d, J = 2.2 Hz, 1H), 2.48 (s, 1H), 1.87 (ddt, J = 8.5, 5.8, 2.8 Hz, 1H), 1.59 (s, 3H), 1.26 (s, 

4H), 0.75 (td, J = 7.9, 5.4 Hz, 1H), 0.70 – 0.63 (m, 1H).  

 

Peterson addition product (180). In a flame-dried round bottom flask, enone 155 (8 

mg, 0.034 mmol, 1 equiv) was dissolved in anhydrous PhMe (1.6 mL) and anhydrous pentane 

(0.3 mL) at -78 oC. To this solution was added (trimethylsilyl)methyllithium solution (0.34 mL, 0.1 

M in pentane, 0.034 mmol, 1 equiv) drop wise via syringe. The reaction was stirred for 1 h at 

this temperature. Upon completion saturated NH4Cl (5 mL) was rapidly injected at this 

temperature. The mixture was warmed to 25 oC, extracted with CH2Cl2 (3 x 5 mL), the organic 

layers collected, dried (MgSO4), filtered, concentrated, and purified by preparatory thin layer 

chromatography (EtOAc:hexanes 5%) to afford the target alcohol 180 (1 mg, 11% yield) and 

starting material (2 mg, 16% b.r.s.m). 180: Rf=0.66 (EtOAc:hexanes, 1:2). 1H NMR (400 MHz, 

CDCl3) δ 6.42 (s, 1H), 5.91 (s, 1H), 1.97 (s, 3H), 1.78 (d, J = 1.9 Hz, 1H), 1.60 (dd, J = 8.2, 4.5 

Hz, 2H), 1.15 (s, 3H), 1.14 – 1.01 (m, 2H), 0.99 – 0.92 (m, 2H), 0.16 (s, 9H). 

 

                                                           
1 Lombardo L. Org. Syn. 1993, 8, 386. 
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Epoxybutenolide (181). In a round bottom flask, alcohol 180 (1 mg, 3.8 µmol) was 

dissolved in CH2Cl2 (1 mL) at 0 oC and mCPBA (10 mg, 77% wt., .045 mmol) was added and 

the reaction stirred for 1 h at this temperature. The reaction was quenched by the addition of 

saturated Na2S2O3 solution (1 mL). The mixture was extracted with CH2Cl2 (3 x 5 mL), the 

organic layers collected, washed with NaHCO3, dried (MgSO4), filtered, concentrated, and 

purified by preparatory thin layer chromatography 30 % (EtOAc:hexanes) to afford a trace 

amount of the target epoxybutenolide 181, yield not determined. Rf=0.58 (EtOAc:hexanes, 1:2). 

1H NMR (400 MHz, CDCl3) δ 6.32 (s, 1H), 4.09 (s, 1H), 1.98 (s, 3H), 1.85 (d, J = 2.8 Hz, 1H), 

1.77 (td, J = 8.0, 3.8 Hz, 1H), 1.60 (ddd, J = 9.2, 7.1, 4.0 Hz, 1H), 1.10 (d, J = 14.7 Hz, 1H), 1.03 

(s, 3H), 0.93 (td, J = 8.7, 6.3 Hz, 1H), 0.88 (dd, J = 14.7, 2.7 Hz, 1H), 0.76 (dt, J = 6.2, 4.0 Hz, 

1H), 0.14 (s, 9H). 

 

Methanolysis product (183). In a flame-dried round bottom flask, alcohol 181 (1 mg) 

was dissolved in THF (1 mL) at 0 oC and NaH added (5 mg, 0.13 mmol, 60% wt.) was added 

and the reaction stirred for 30 minutes at this temperature. The reaction was warmed to 25 oC 

for 1 h. No reaction was observed. The reaction was cooled to 0 oC and anhydrous MeOH (0.01 

mL) was added, the reaction stirred for 30 minutes at this temperature and quenched by the 

addition of saturated NH4Cl (1 mL). The mixture was extracted with EtOAc (3 x 5 mL), the 

organic layers collected, dried (MgSO4), filtered, concentrated, and purified by preparatory thin 

layer chromatography (EtOAc:hexanes, 30%) to afford diol 183 (yield not determined). 183: 1H 

NMR (400 MHz, CDCl3) δ 6.50 (s, 1H), 3.88 (d, J = 4.6 Hz, 1H), 3.82 (s, 3H), 2.96 – 2.92 (m, 

1H), 2.80 (d, J = 2.3 Hz, 1H), 2.05 (s, 3H), 1.66 (ddd, J = 8.8, 6.7, 4.3 Hz, 1H), 1.60 (ddd, J = 

8.5, 6.6, 4.0 Hz, 1H), 1.54 (s, 3H), 0.96 (s, 3H), 0.95 – 0.87 (m, 1H), 0.81 (td, J = 8.5, 6.1 Hz, 

1H), 0.40 (dt, J = 6.1, 4.1 Hz, 1H), 0.16 (s, 9H). LRMS found: 275.16, 347.21, 243.13. 
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MeLi addition product (185). In a flame-dried round bottom flask, enone 155 (650 mg, 

2.85 mmol, 1 equiv) was dissolved in anhydrous PhMe (25 mL) and anhydrous pentane (8 mL) 

under argon. The solution was cooled to -90 oC with an acetone/N2(l) bath and methyl lithium 

(1.81 mL, 2.9 mmol, 1.02 equiv) was added drop wise to give a dark brown solution which was 

stirred at this temperature for 1.5 h. The reaction was quenched cold by rapid injection of 

saturated NH4Cl (50 mL) followed by 1M HCl (5 mL). The mixture was warmed to 25 oC before 

diluting with CH2Cl2 (100 mL) and extracted CH2Cl2 (3 x 50 mL). The organic layers were 

collected, dried (MgSO4), filtered, concentrated, and purified by flash column chromatography to 

give tertiary alcohol 185 (194 mg, 28% yield) and starting material (200 mg, 40%) b.r.s.m. 185: 

1H NMR (500 MHz, CDCl3) δ 6.44 (s, 1H), 5.93 (s, 1H), 2.14 (s, 1H), 1.96 (s, 3H), 1.66 (dt, J = 

13.1, 4.3 Hz, 1H), 1.58 (td, J = 8.0, 3.9 Hz, 1H), 1.46 (s, 3H), 1.13 (s, 3H), 1.01 – 0.91 (m, 2H). 

13C NMR (125 MHz, CDCl3) δ 175.88, 172.34, 147.76, 142.22, 116.95, 114.65, 107.92, 78.16, 

45.35, 31.65, 28.42, 25.91, 23.51, 13.52, 8.63. IR (film) νmax 3451.46, 2983.17, 1740.71, 

1634.04, 1313.59, 1117.57, 1024.23, 955.45. HRMS (FAB+) calcd for C15H16O3 [M+H]+ 

245.2980, found 245.1172. The remaining mass balance was identified as: 

 

Triketone (186). (110 mg, 16% yield). 186: Rf=0.30 (EtOAc:hexanes, 1:1). 1H NMR (500 

MHz, CDCl3) δ 7.14 (s, 1H), 2.67 (d, J = 14.9 Hz, 1H), 2.59 (dd, J = 14.9, 1.0 Hz, 1H), 2.33 (s, 

3H), 2.25 (ddd, J = 10.0, 5.2, 3.5 Hz, 1H), 2.07 (s, 3H), 1.93 (dt, J = 7.6, 4.7 Hz, 1H), 1.42 (ddd, 

J = 10.1, 7.6, 5.7 Hz, 1H), 1.18 (s, 3H), 1.10 (dt, J = 5.7, 3.9 Hz, 1H). 13C NMR (125 MHz, 

CDCl3) δ 206.53, 199.90, 197.24, 154.49, 148.07, 125.99, 125.52, 51.28, 38.84, 30.41, 27.99, 

27.14, 24.28, 17.15, 12.82. IR (film) νmax 1690.30, 1620.33, 1590.86, 1280.48, 1225.96, 

1181.11, 1152.05, 1061.04, 729.51. 

 

Michael adduct (187). (79 mg, 11% yield). 187: Rf=0.50 (EtOAc:hexanes, 1:1). 1H NMR 

(500 MHz, CDCl3) δ 5.58 (s, 1H), 3.56 (q, J = 8.0 Hz, 1H), 2.06 – 1.99 (m, 2H), 1.92 (s, 3H), 
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1.88 (ddd, J = 8.4, 5.3, 3.0 Hz, 1H), 1.50 (s, 3H), 1.27 (d, J = 7.7 Hz, 4H), 1.19 (td, J = 4.9, 3.2 

Hz, 1H). 13C NMR (125 MHz, CDCl3) δ 210.25, 171.01, 149.81, 147.08, 121.73, 112.62, 50.76, 

40.77, 32.75, 26.30, 26.04, 25.95, 20.33, 13.31, 8.46. 

 

Epoxybutenolide (188). In a round bottom flask, ketofuran 185 (50 mg, 0.205 mmol, 1 

equiv) was dissolved in anhydrous CH2Cl2 (2 mL) and cooled to 0 oC under argon. To this 

solution was added mCPBA (40 mg, 77% wt., 0.275 mmol, 1.3 equiv) and stirred for 3 h at 0 oC. 

Upon completion the reaction was quenched by the addition of saturated Na2S2O3 (2 mL), 

saturated NaHCO3 (2 mL). The mixture was extracted with CH2Cl2 (3 x 5 mL), the organic layers 

collected, washed with saturated NaHCO3 (5 mL), dried (MgSO4), filtered, and concentrated. 

The crude residue was purified by flash column chromatography 30% (silica gel, 

EtOAc:hexanes, 30%) to afford epoxybutenolide 188 (47 mg, 88% yield). 188: Rf=0.13 

(EtOAc:hexanes, 1:2). 1H NMR (500 MHz, CDCl3) δ 6.33 (s, 1H), 4.10 (s, 1H), 2.26 (s, 1H), 1.97 

(s, 3H), 1.74 (td, J = 8.0, 3.9 Hz, 1H), 1.64 (ddd, J = 9.2, 7.4, 4.1 Hz, 1H), 1.39 (s, 3H), 1.01 (s, 

3H), 0.91 (td, J = 8.8, 6.4 Hz, 1H), 0.79 (dt, J = 6.4, 4.0 Hz, 1H). 13C NMR (125 MHz, CDCl3) δ 

172.50, 171.21, 148.25, 122.51, 109.03, 87.02, 78.61, 60.43, 44.92, 31.43, 26.09, 23.43, 22.10, 

11.83, 9.17. IR (film) νmax 3440.03, 2979.06, 1775.12, 1669.46, 1454.24, 1009.80, 944.95, 

731.92. HRMS (FAB+) calcd for C15H16O4 [M+H]+ 261.2970, found 261.118. 

 

Methyl ether (S7). In a flame-dried round bottom flask alcohol 185 (3.7 mg, 0.0142 

mmol, 1 equiv) was dissolved in anhydrous CH2Cl2 (1 mL), cooled to -78 oC, and Et3N (0.7 mL, 

1 M solution in CH2Cl2, 0.7 mmol, 50 equiv) was added under argon. To the solution was added 

SOCl2 (0.2 mL, 0.1 M solution in CH2Cl2, 0.02 mmol, 1.4 equiv) at -78 oC and the reaction stirred 

for 1 h at this temperature. Upon completion the reaction was quenched with anhydrous MeOH 

(0.1 mL) at this temperature, followed by saturated NaHCO3 (1 mL). The mixture was warmed, 

extracted with EtOAc (3 x 5 mL), the organic layers collected, dried (MgSO4), filtered, and 



281 
 

concentrated. The crude reside was purified by preparatory thin layer chromatography 

(EtOAc:hexanes, 20%) to afford methyl ether S7, yield not determined. S7: Rf=0.78 

(EtOAc:hexanes, 1:1). 1H NMR (400 MHz, CDCl3) δ 6.09 (s, 1H), 4.08 (s, 1H), 3.20 (s, 3H), 1.98 

(s, 3H), 1.82 – 1.71 (m, 1H), 1.52 (d, J = 3.1 Hz, 4H), 1.30 – 1.21 (m, 1H), 1.11 (s, 3H), 0.95 (td, 

J = 8.6, 5.5 Hz, 1H). 

 

Triene (154). In a flame-dried round bottom flask, alcohol 188 (17 mg, 0.066 mmol, 1 

equiv) was dissolved in CH2Cl2 (2 mL) under argon at 0 oC. To this solution was added freshly 

received Martin’s sulfurane2 (60 mg, 0.089 mmol, 1.4 equiv) which immediately gave a yellow 

solution. The reaction was poured into saturated NaHCO3 (10 mL), extracted with CH2Cl2 (3 x 5 

mL), the organic layers collected, washed with brine (5 mL), dried (MgSO4), filtered, and 

concentrated to a volume of 1 mL3. This was purified by preparatory thin layer chromatography 

(EtOAc:hexanes 25%). The product band stains selectively in cerium molybdate (Hanessian's 

stain) and was isolated by rinsing the silica gel with Et2O:CHCl3 (1:1). The eluent was 

concentrated, while carefully avoiding completely stripping the vessel to dryness. The CHCl3 

layer was taken up and unstable triene 154 characterized. 154: Rf=0.71 (EtOAc:hexanes, 1:1). 

1H NMR (400 MHz, CDCl3) δ 6.29 (s, 1H), 5.52 (s, 1H), 5.26 (s, 1H), 4.18 (s, 1H), 2.24 – 2.12 

(m, 1H), 2.00 (s, 3H), 1.86 (td, J = 7.6, 3.4 Hz, 1H), 1.12 – 1.03 (m, 1H), 1.02 (s, 3H), 0.83 (q, J 

= 4.0 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 171.46, 161.10, 148.91, 147.40, 128.76, 122.25, 

110.31, 107.23, 60.79, 46.18, 24.81, 23.97, 23.26, 15.90, 9.37. HRMS (FAB+) calcd for 

C15H14O3 [M+H]+ 243.2820, found 243.0977 

 

                                                           
2 Impure or older sulfurane reagent required excess of the reagent, but did not affect the overall 

procedure apart from difficulties in separation from diphenylsulfoxide byproducts. 

 
3 Concentrating triene 154 to dryness led to inseparable decomposition to dimeric Diels-Alder 
cycloadduct 189. 
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Disesquiterpene (189). In a flame-dried round bottom flask, alcohol 188 (10 mg, 0.038 

mmol, 1 equiv) was dissolved in CH2Cl2 (2 mL) under argon at 0 oC. To this solution was added 

Martin’s sulfurane (86 mg, 0.13 mmol, 3.4 equiv) and the reaction stirred for 1 h at 0 oC. Upon 

completion the reaction was poured into saturated NaHCO3 (10 mL), extracted with CH2Cl2 (3 x 

10 mL), the organic layers collected, washed with brine (10 mL), dried (MgSO4), filtered, and 

concentrated. The crude residue was filtered through a thin pad of silica with CH2Cl2, 

concentrated, and left neat under argon at 25 oC for 24 h. The resulting residue was purified by 

preparatory thin layer chromatography (EtOAc:hexanes, 30%) to afford dimer 189 (7 mg, 38% 

yield) as a single diastereomer. 189: 1H NMR (500 MHz, CDCl3) δ 6.12 (s, 1H), 4.06 (s, 1H), 

3.70 (s, 1H), 3.52 (s, 1H), 2.47 – 2.38 (m, 1H), 2.21 – 2.14 (m, 1H), 1.99 (s, 3H), 1.90 – 1.86 (m, 

2H), 1.85 (s, 3H), 1.74 (ddd, J = 8.0, 6.4, 4.0 Hz, 1H), 1.68 (ddd, J = 13.5, 6.8, 2.6 Hz, 1H), 1.63 

(d, J = 4.3 Hz, 1H), 1.56 (ddd, J = 13.5, 11.6, 4.8 Hz, 1H), 1.08 (s, 3H), 1.04 (s, 3H), 0.88 (dt, J 

= 7.8, 3.8 Hz, 1H), 0.83 (ddd, J = 14.6, 7.7, 4.4 Hz, 2H), 0.26 (q, J = 4.0 Hz, 1H). 13C NMR (126 

MHz, CDCl3) δ 173.05, 171.16, 169.84, 151.83, 148.05, 145.17, 132.26, 131.15, 122.27, 

109.65, 87.95, 86.80, 66.97, 60.34, 51.62, 49.89, 47.50, 42.05, 34.71, 26.03, 24.95, 24.87, 

23.62, 23.45, 22.32, 19.76, 15.58, 12.43, 11.42, 9.22. IR (film) νmax 2924.19, 1776.58, 1667.72, 

1447.53, 1254.94, 1013.03, 961.07, 808.42, 735.73. HRMS (FAB+) calcd for C30H28O6 [M+H]+ 

485.5560, found 485.1976 

 

Epi-lindenatriene (153). In a flame-dried round bottom flask, alcohol 188 (30 mg, 0.115 

mmol, 1 equiv) was dissolved in anhydrous PhMe (3 mL) under argon at 0 oC. To this solution 

was added freshly purchased Martin’s sulfurane (77.5 mg, 0.115 mmol, 1 equiv). The reaction 

was stirred at this temperature for 30 minutes before adding solid NaHCO3 (200 mg) followed by 

LiOMe (0.23 mL,1 M in MeOH, 0.23 mmol, 2.3 equiv). The reaction was stirred for 30 minutes at 

0 oC. Upon completion saturated NH4Cl (5 mL) was added, the mixture extracted with CH2Cl2 (3 

x 5 mL), the organic layers collected, dried (MgSO4), filtered, and concentrated. The crude 
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residue was purified by preparatory thin layer chromatography 50% (EtOAc:hexanes) to afford 

epi-lindenatriene 153 (4 mg, 13% isolated yield. 1H NMR (500 MHz, CDCl3) δ 7.14 (s, 1H), 6.24 

(s, 1H), 5.74 (s, 1H), 3.74 (s, 3H), 3.73 (s, 1H), 1.98 (s, 3H), 1.95 (ddd, J = 8.4, 6.2, 2.9 Hz, 1H), 

1.79 (ddd, J = 8.3, 6.0, 4.2 Hz, 1H), 1.18 (s, 3H), 0.95 (td, J = 8.1, 4.6 Hz, 1H), 0.58 (q, J = 4.3 

Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 196.05, 150.20, 135.78, 133.35, 130.61, 127.08, 99.98, 

80.01, 54.10, 52.20, 29.33, 24.82, 21.35, 15.16, 12.96. 

 

Lindenatriene (1). In a J-young tube, epi-lindenatriene 153 (8 mg, 0.03 mmol, 1 equiv) 

was dissolved in CDCl3 (1 mL) and Dess-Martin periodinane (15 mg, 0.035 mmol, 1.2 equiv) 

added in the dark. The reaction was monitored by proton NMR and upon complete consumption 

of the starting material the material was poured into a NaHCO3/Na2S2O3 (1:1, 5 mL) solution 

and quickly extracted with anhydrous CH2Cl2 (5 mL), dried (MgSO4), filtered, concentrated, and 

dissolved in THF (1 mL) and cooled to -30 oC under argon. To this solution was added 

LiAl(OtBu)3H (0.1 mL, 1M, 0.1 mmol) at which point the bright yellow characteristic of the 1,2-

diketone disappeared. The reaction was warmed to 0 oC and quenched with saturated NH4Cl (5 

mL), extracted with EtOAc (3 x 5 mL), the organic layers collected, dried (MgSO4), filtered, 

concentrated, and purified by preparatory thin layer chromatography (EtOAc:hexanes, 30%) to 

afford a detectable sample of lindenatriene 1, (yield not determined). 1: Rf=0.73 

(EtOAc:hexanes, 1:1). 1H NMR (500 MHz, CDCl3) δ 6.49 (s, 1H), 5.43 (s, 1H), 5.17 (s, 1H), 3.84 

(s, 3H), 2.09 (s, 3H), 0.92 (s, 3H), 0.59 (dd, J = 9.2, 4.1 Hz,1H). 

 

Diol (189). In a flame-dried round bottom flask was added alcohol 188 (15 mg, 0.058 

mmol, 1 equiv) and anhydrous THF (2 mL). The reaction was cooled to -78 oC under argon and 

LiOMe (0.1 mL, 2.2 M solution in MeOH, 0.22 mmol, 3.8 equiv) and the reaction carefully 

warmed to -20 oC over a period of 1 h. The reaction was kept at exactly this temperature for 1 h 
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before quenching with 1M HCl (1 mL) at this temperature.4 The reaction was then warmed to 25 

oC and extracted with EtOAc (5 x 5 mL), the organic layers collected, dried (MgSO4), filtered, 

and concentrated. The crude residue was purified by preparatory thin layer chromatography 

(EtOAc:hexanes, 50%) to afford diol 189 (10 mg, 61% yield). 1H NMR (500 MHz, CDCl3) δ 6.49 

(s, 1H), 4.27 (s, 1H), 4.12 (s, 1H), 3.91 (s, 1H), 3.83 (s, 3H), 2.02 (s, 3H), 1.70 – 1.63 (m, 1H), 

1.58 (td, J = 7.6, 6.8, 4.0 Hz, 1H), 1.41 (s, 3H), 0.91 (s, 3H), 0.80 (td, J = 8.8, 6.1 Hz, 1H), 0.50 

(dt, J = 6.1, 4.1 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 196.51, 172.37, 163.85, 137.35, 127.75, 

116.37, 79.63, 79.17, 52.60, 47.79, 31.04, 25.67, 23.44, 22.74, 17.12, 10.10. HRMS (FAB+) 

calcd for C16H20O5 [M+H]+ 293.3390, found 315.1215 (plus Na+). IR (film) νmax 3351.03, 2927.85, 

1728.23, 1705.44, 1598.04, 1434.60, 1303.31, 1258.58, 1193.60, 1112.18, 1036.83, 731.56. 

                                                           
4 Warming the reaction beyond -20 oC resulted in double isomerization to the undesired and 
unproductive acrylate tautomer (190). 



285 
 



286 
 



287 
 



288 
 



289 
 



290 
 



291 
 

 

 

 



292 
 

 



293 
 



294 
 



295 
 

 



296 
 



297 
 



298 
 



299 
 



300 
 



301 
 



302 
 



303 
 



304 
 



305 
 



306 
 



307 
 



308 
 



309 
 



310 
 



311 
 

 

 

 



312 
 

 



313 
 



314 
 



315 
 

 



316 
 



317 
 



318 
 



319 
 



320 
 



321 
 



322 
 



323 
 



324 
 



325 
 



326 
 

 

 

 



327 
 

 



328 
 

 



329 
 



330 
 



331 
 



332 
 



333 
 



334 
 



335 
 



336 
 



337 
 



338 
 



339 
 



340 
 



341 
 



342 
 



343 
 



344 
 



345 
 



346 
 



347 
 



348 
 



349 
 



350 
 

 



351 
 



352 
 



353 
 

 

 

 



354 
 



355 
 



356 
 



357 
 



358 
 



359 
 



360 
 



361 
 



362 
 



363 
 



364 
 



365 
 



366 
 



367 
 



368 
 



369 
 



370 
 



371 
 



372 
 



373 
 



374 
 



375 
 



376 
 



377 
 



378 
 



379 
 



380 
 



381 
 



382 
 

 

 



383 
 



384 
 



385 
 



386 
 



387 
 



388 
 



389 
 



390 
 



391 
 



392 
 



393 
 

 



394 
 

  

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3 

Iso-Hajos-Parrish Ketones:  

Common Intermediates for Sesquiterpene Total Syntheses 
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3.1 Introduction 

The difficulty of manipulating complex products often requires hundreds of individual 

attempts before the target transformation can be realized and often seemingly trivial 

transformations on paper prove the most confounding in the laboratory. These dilemmas are 

time consuming, but also unavoidable in the scientific process. Just as often, however, these 

unexpected obstacles also yield new solutions to problems that were not originally at hand or 

exposes a crisis the scientific community may never have been aware existed.  

Chapter 2 demonstrated the use of the iso-Hajos-Parrish ketone from Chapter 1 in the 

synthesis of lindenatriene. We were aware that accessing the remaining members of the family 

would present a new set of challenges, particularly in regards to the stereochemistry of the core 

trans-hydrindane framework. As the scientific process would unveil, several unexpected results 

from Chapter 2 afforded us a wealth of strategies for broadening our synthetic route to other 

families of natural products.  

Up to this point, we have used the term oligomeric natural products to refer to families of 

molecules which contain a number of distinct monomers, dimers, and at least one trimeric 

molecule. To date, there are hundreds of disesquiterpenoids which originate from the union of 

two sesquiterpene molecules. Yet, there are remarkably few sesquiterpene trimers known 

(trishizukaol A, 1; cinnafragrin C, 2, and ainsliatrimer A, 3, and B, 4, Figure 1).1 Although there 

are only a few oligomeric sesquiterpene families from this perspective, this classification can be 

broadened under a different lexicon. When the term “oligomer” is viewed from a biosynthetic 

perspective, all sesquiterpenes are oligomers of isoprene pyrophosphate. In fact, the term 

sesquiterpene itself derives from the fact that there are three units of isoprene within it. From 

this viewpoint, sesquiterpenoids are one of the largest, most structurally diverse, and 

synthetically segregated families of oligomers known.  
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Figure 1: Structures of selected sesquiterpene trimers 

 

At present time, the existence of a general synthetic strategy for controllably 

oligomerizing isoprene pyrophosphate, or most any building block for that matter, to the 

thousands of terpenes known borders on the fantastical. This statement should be unsurprising 

since the concepts of structural diversity and synthetic unification are diametrically opposed in 

practice. In this vein, a number of ambitious scientists have attempted to philosophically 

emulate nature’s mevalonic acid pathway of cyclase phases and oxidase phases.2 In the 

subsequent text of this chapter, we have sought to use our iso-Hajos-Parrish ketone to access a 

number of sesquiterpene skeletons by modulating our cyclase phase conditions to divergently 

access the natural product skeletons drawn in Figure 2.  
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Figure 2: Selected sesquiterpene families derived from farnesyl pyrophosphate 

 

3.2 Total Synthesis of Sarcandralactone A 

 In Chapter 2, the iso-Hajos-Parrish ketone was successfully elaborated to lindenatriene 

with only a small handful of oxidations. Since all other lindenane-type sesquiterpenes are lower 

in oxidation state, we turned our attention to the more reduced molecules such as 

sarcandralactone A (15, Figure 3) as a target for synthesis.  

 

3.2.1 Isolation and Biological Activity 

 Plants of the chloranthacae family have been used for millennia in traditional Chinese 

medicine for treating inflammation, various cancers, and bone fractures. For these reasons 

reason, modern medicine and the field of phytochemistry have begun investigating the active 

components likely responsible for any observed relief of these ailments. To this end, Yue and 

co-workers isolated sarcandralactone A (15) from the Sarcandra glabra evergreen shrub which 

grows in southern China.3a A comprehensive study of biological activity for this molecule has not 

yet been reported. Only cytotoxicity activity against human leukemia, lung adenocarcinoma, and 

hepatocarcinoma has been measured, experiments which showed sarcandralactone A was less 
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effected than the positive control. This outcome suggests that sarcandralactone A (15) will not 

likely become the next clinically exciting therapeutic, but it may hold promise for other areas of 

disease.  

 

3.2.2 Previous Syntheses and Retrosynthesis 

 The Zhao group completed the only synthesis of sarcandralactone A in 2013, an 

endeavor which was discussed in each previous chapter (Figure 3).3b Their strategy hinged on 

the redox manipulation of the Hajos-Parrish ketone (11) to the 1,3-functionalized hydrindane 12. 

Elaboration of 12 with Horner-Wadsworth-Emmons olefination, followed by an elimination and a 

C-H activation cyclization afforded butenolide 14. Allylic oxidation of 14 with SeO2 then 

generated the cis-hydrindane natural product (15) in a total of 17 steps from the Hajos-Parrish 

ketone (11). 

 
Figure 3: Zhao’s total synthesis of sarcandralactone A from the Hajos-Parrish ketone 

 

 As noted in Chapter 2, we were able to access a tetracycle (17, Scheme 1) similar to 14 

in only 5 steps. Of greater convenience, lindenatriene and sarcandralactone A (15) are the only 

two lindenane-type sesquiterpenes without a trans-hydrindane. This meant that a Diels-Alder 

cycloaddition strategy would not face the challenges associated with synthesizing the 

thermodynamically disfavored trans ring junction. 
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Scheme 1: Total synthesis of sarcandralactone A from the iso-Hajos-Parrish ketone 
 

 To describe our retrosynthesis with the general lexicon introduced earlier, we would 

execute a reductase phase after the first Diels-Alder cyclase step, but prior to the 

cyclodehydration cyclase process. This would allow for chemoselective hydrogenation of the 

single alkene of the aldol adduct.  We would also need to use a second reduction step to 

transform the ketofuran into a butenolide with stereoselectivity (1920). 

 In contradiction to the opening statements of this chapter, the total synthesis of 

sarcandralactone A (15) was ultimately realized without much experimentation.  As shown in 

Scheme 1, the iso-Hajos-Parrish ketone 16 was subjected to the aldol conditions developed in 

our previous work and then hydrogenated under standard conditions . In the same pot, the 

alkane product was then cyclized with Liu’s conditions (Ac2O, p-TsOH then DBU) of butenolide 

formation to give ketofuran 17. The modified Julia-Kocienski reagent, tetrazole 18, afforded 

vinylic cyclopropane 19 in 81% yield; this is in stark contrast to the more oxidized enone 

substrate from the previous chapter which only gave Michael addition under similar conditions. 

Next, reduction of the ketofuran to butenolide 20 with an axial C8 hydrogen was known from 

early isolation papers and proceeded by hydrolyzing the lactone to the hemi-ketal followed by 
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axial reduction with NaBH4.
4 Allylic oxidation of 20 with Zhao’s conditions of SeO2 proceeded 

smoothly to give the natural product in 10 steps from commercial materials; previous efforts 

gave this compound in 19 steps. The synthetic material spectroscopically matched the naturally 

occurring material reported by Yue as shown in Figure 4. 

 
Figure 4: Comparison of synthetic to natural Sarcandralactone A 

 
At this stage, we had evinced the power of the iso-Hajos-Parrish ketone in the total 

synthesis of two lindenane-type sesquiterpenes. The Diels-Alder strategy afforded the building 

block needed for the total synthesis of natural products with a flat or cis-ring junction in the form 
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of lindenatriene and sarcandralactone A. This approach was far from a unifying synthetic 

strategy though since the challenging trans-hydrindane still eluded us, and the next section 

introduces our attempts to solve this problem. 

 

3.3 Attempts to Synthesize the Trans-Hydrindanes 

 The ubiquitous nature of hydrindane rings in natural products has been discussed at 

length in regard to the regiochemical relationship of their functionalizations. Steroids, lindenane 

sesquiterpenes, and many other families, however, have an additional stereochemical 

challenge. Trans-[4.3.0]-bicyclononanes are less stable than their cis-isomers and dramatically 

less favored when an angular methyl group is present as in 23 and 27 (Figure 5)5. To envelope 

the remaining family members of hydrindane natural products into our approach, we turned our 

attention, to achieving a synthetic equivalent to a trans-Diels-Alder reaction (2122).6 

 
Figure 5: Strategies towards trans-hydrindane ring junctions and inspiration thereof 

 We turned first to strategies which had previously been effective for forming trans-

hydrindanes from the Hajos-Parrish ketone.7 There are some critical differences, however, in 

these two systems. The first and most important is the epimerizable bridge-head of the iso-

Hajos-Parrish system, a feature which means that the cyclopentenone must either be masked 

or kept in strictly neutral conditions (vida infra).8 Another complication is the sensitive 

cyclopropane which could, and indeed did, rupture in several of the reaction conditions. Finally, 
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the cyclohexenone carbonyl is one position removed from the bridgehead, further limiting the 

number of appropriate methods available for trans-hydrindane formation compared to the 

traditional Hajos-Parrish ketone. 

 
 

Scheme 2: Reductions of hydrindane rings 
 

 Our first approach was reminiscent of the second generation synthesis of iso-

lindenatriene. These efforts began with a Stille coupling between tributylstannyl methanol, 

Pd(PPh3)4, LiCl, and previously prepared triflate 32 to afford allylic alcohol 33 with a non-

epimerizable sp2 bridgehead in 76% yield (Scheme 2). With the allylic alcohol (33) in hand, we 

next attempted hydrogenation catalysts such as Pd/C, Rh/Al2O3, Pt/Al2O3, Adam’s catalyst, as 

well as homogenous catalysts, in hopes that a catalytic hydrogenation would afford the trans 

junction as a result of the catalyst approaching trans to the angular methyl group. This type of 

process had first been demonstrated by Plattner and co-workers in steroidal skeletons and was 
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famously used by Torgov in the total synthesis of equilenin.9 In the iso-Hajos-Parrish system, 

however, it became clear that transition metal catalysts did not afford clean reactivity in this 

system, an outcome which we attribute in part to be due to the vinylic cyclopropane’s sensitivity. 

The diagnostic angular methyl of the trans-hydrindane is upfield of the flat or cis-hydrindane by 

~0.2 ppm and we used this resonance to monitor the success of the reactions. The coupling of 

the primary alcohol germinal protons were also a good diagnostic of successful hydrogenation 

of the tetrasubstituted alkene (C4=C5). However, even with these proton NMR handles we 

could not observe, nor isolate any of the desired trans-hydrindanes. We cannot exclude the 

formation of the desired product, but well over half a dozen products were observed in many 

reaction conditions which proved incredibly challenging to separate by chromatography, and 

would have afforded extremely low yields of the needed materials.  

Although we anticipated that the allylic alcohol would prove beneficial for the desired 

reaction by directing the catalyst to the target alkene, it also seemed possible that 

hydrogenation of this alkene first would leave C5 position epimerizable through the 

cyclohexenone. We excluded this possibility by isolating 35 in a number of reaction conditions, 

demonstrating that enone hydrogenation occurs first. Unfortunately, homogenous hydrogenation 

to 35 or 36 was also the only chemoselective reaction we ever observed. Allylic alcohol 35 and 

allylic benzoate 36 could not be reduced with the use of Crabtree’s catalyst even at 400 psi. 

Tsuji-Trost reduction with ammonium formate and various palladium sources on the benzoate or 

allylic acetate only afforded epi-chloranthalactone A (cis-hydrindane) and the deoxygenated 

tetrasubstituted allylic methyl.10 

 Since the tetrasubstituted alkene of 35 proved recalcitrant to homogenous 

hydrogenation and led to cyclopropane opening with transition metal catalysts, we therefore 

adopted the structural alkene isomer, trisubstituted olefin 38, as the source of our next 

explorations. We were also cognizant that if the cyclopentenone of 38 was present, successful 
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stereochemical outcomes might be epimerized and erode stereoselectivity. We therefore 

performed a Luche reduction (NaBH4, CeCl3) to arrive at the allylic alcohol 39 in 84% yield as a 

single diastereomer. We propose that the hydride approaches from the β-face in this process as 

a result of the rehybridization and torsional strain between the carbonyl/alcohol with the angular 

methyl and cyclopropane substituents. Attempts to reduce this polyunsaturated ester with 

copper hydride reductants failed to give 1,6-reduction with both the free (39) or TBS protected 

alcohol (40) substrates. Although an exhaustive screen of hydrides has not been undertaken, 

our initial results with tBuCuH, Stryker’s reagent, and bidentate Stryker’s reagent led to no 

observed reactivity in our system, affording only recovered starting materials. 11 

 Our final strategy was to use the α-alcohol of 39 to coordinate to hydrogenation catalysts 

given that Crabtree’s catalyst is known to form hydrogen bonds in non-coordinating solvents to 

give highly stereoselective hydrogenations of allylic alcohols.12 In our hands, however, 

Crabtree’s catalyst proved unable of leading to full conversion. We attribute this result to the 

inactive dimers and tetramers formed by the iridium catalyst in solution under a hydrogen 

atmosphere. To address this catalyst instability, the Pfaltz group has developed the iridium 

catalyst 37.13 This system replaces the PF6 counterion with a non-coordinating tetrakis(3,5-

trifluoromethyl)phenylborate (BARF) counterion; presumably, the bulky and extremely non-

coordinating nature of this counterion prevents irreversible catalyst deactivation.14 More 

importantly, the BARF iridium catalyst is one of the most active homogenous hydrogenation 

catalysts known. Exposing allylic alcohol 39 to this catalyst at 1000 psi at 50 oC gave a 10:1 

mixture of two diastereomers. Reducing the pressure to a single atmosphere and temperature 

to 0 oC the major diastereomer, 41, was obtained as a single isomer in only 0.5 h. This excellent 

stereoselectivity was ultimately disheartening when X-ray crystallography revealed our single 

product to be that of butenolide 41. 

 Butenolide 41 epitomizes the immense thermodynamic preference for cis-hydrindanes, 

an outcome which may be further favored by the additional ring strain imparted by the 



405 
 

  

butenolide. Note that the alcohol directing group successfully delivers a molecule of hydrogen 

across the ketofuran from the α-face, yet the neighboring trisubstituted alkene is hydrogenated 

from the β-face. This result indicates the preference for cis-hydrindanes overcomes the sterics 

of the angular methyl/cyclopropane and the directing group’s proximity effect. Given this 

excellent selectivity for the undesired stereoisomer, we elected to abandon this approach 

towards the trans-hydrindane junction.  

 To conclude this section, although we have not yet identified successful conditions for a 

stereoselective hydrogenation to a trans-hydrindane skeleton, we have uncovered some 

stereoselective reactions. Particularly promising is that allylic alcohol 39 was formed 

stereoselectively. Esterification of this alcohol with an internal hydride source or suitable 

directing group may ultimately prove capable of overcoming this stereochemical challenge in 

future work.15 Another strategy would be to functionalize the bridgehead position with a group 

predisposed to Walden inversion similar to the Danishefsky trans-Diels-Alder paradigm within 

decalins.6 We have not yet pursued this approach due to substrate limitations in the ring-

opening Knoevenagel reaction as described in Chapter 1. Finally, there is also an enormous 

collection of other tactics for synthesizing trans-hydrindanes in the literature which future 

research should investigate where appropriate for this specific system.16 

 

3.4 Synthesis of the Eudesmane Skeleton  

3.4.1 Cyclodehydration Ring Opening to Highly Oxidized Decalin Systems 

 A less challenging stereochemical ring junction to achieve through the Diels-Alder 

reaction is the trans-decalin system. The Danishefsky group’s strategies, and, in fact all 

approaches to the trans-Diels-Alder paradigm, have focused on [4.4.0] bicyclodecanes. This 

strategy is achieved by the installation of a cleavable group which is displaced through 

inversion.6 
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 In Chapter 2 we thoroughly optimized the cyclodehydration reaction of aldol adduct 42 to 

favor the ketofuran intermediate (38) of our lindenatriene synthesis. In this event, a significant 

portion of our desired material was being lost to cyclopropane opening by the conjugate base. 

By using an excess of acid, we observed complete conversion of the [5.6.5.3] tetracycle (38) to 

the [5.6.6] tricyclic decalin 45-48. As was briefly mentioned in Chapter 2, this reactivity was 

observed for nearly every proton source we explored.  

Of all the acids explored, p-TsOH has provided the best balance of nucleophilicity and 

acidity delivering 45 in 66% yield when used in excess. Both 12 M HCl (aq) and acetic acid 

could open also the cyclopropane, but in lower yields.  By contrast, the use of BCl3 cleanly 

afforded chloride 46, but yields were considerably lower upon isolation. We could also favor the 

acetate formation by using TMSOTf as Lewis-acid catalyst in AcOH as solvent. However, the 

most astonishing cyclopropane opening product isolated is fluoride 48, which was obtained with 

excess HBF4. We conjecture that this product forms from the decomposition of the 

tetrafluoroborate to HF, a species which provides the active nucleophile. It is worth noting that 

this outcome reflects the first example, of our knowledge, of γ-fluorination of a carbonyl. 

 
Scheme 3: Cyclodehydration of aldol adduct 
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3.4.2 The Eudesmanes 

 Our interest in this ring opening reaction and functionality stems not only from the 

unusual reactivity observed, but also from the fact that the carbocyclic skeleton of decalin 45 

corresponds to a number of natural products.17  The eudesmanolide family of natural products, 

in particular, contains a similar [5,6,6]-tricyclic ring system and has attracted a number of 

synthetic efforts in recent.18 They also have valuable pharmacological properties including anti-

inflammatory, antitumor, and antifungal, among others.19 

 
Figure 6: Eudesmane sesquiterpene lactones and furanoids 

 

A particularly relevant and elegant strategy for ordinary eudesmane syntheses is Baran’s 

landmark cyclase phase/oxidase phase approach. In these endeavours, C-H activation is used 

to install oxidation selectively around the core, carbocyclic ring system. The scalability and 

efficiency of this approach is currently without parallel in the context of synthesizing the bicyclic 

and relatively reduced molecules of this more than 500 member family of natural products.2a-c 

Despite this nearly unified approach to the eudesmanes, accessing C1 oxidation remains 

elusive. In part, this is related to the adjacent angular quaternary center of the C10, a group 

which imparts enormous steric penalties to functionalizing the C1 carbon. In addition, cyclization 

of these substrates to γ-lactone-containing eudesmanolides or other more highly oxidized 

structures (Figure 6) has not yet been described. 
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Figure 7: Baran’s cyclase phase/oxidase phase approach to the eudesmanes 

 

One general strategy for synthesizing these sorts of molecules is through a biomimetic 

radical cyclization of the proposed biogenetic precursors such as germacrolides (64). For 

example, Oltra and coworkers showed that controlled radical cyclizations could arrive at 12,8-

eudesmanolides (Figure 6) and 12,6-eudesmanolides (Figure 8) with C1 functionality.20 Some 

other synthetic approaches to this functionality have also been disclosed, but are restricted to 

the preparation of only a few specific compounds and generally require a large number of 

synthetic operations.21 If the synthetic community’s ultimate goal is a general and divergent 

synthetic strategy to natural products, our ring opened decalin 45 appeared to be uniquely 

poised to begin addressing this objective. 

 
Figure 8: Oltra’s radical cyclization of germacrolides 
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Our studies towards the eudesmanolides have focused exclusively on elaboration of 

tosylate (45) due to the higher yields of obtaining this material, although future studies may wish 

to utilize other cyclopropane opening products (e.g. acetate 47). In addition, we hoped that 

substitution, elimination, or sulfonate deprotection of 45 could afford intermediates en route to 

the eudesmanes drawn in Figure 6. This decalin system, however, proved as problematic as the 

lindenane-type framework. Many transition metal catalysts led to complex mixtures of products, 

or no reaction observed. Homogenous catalysts led to no reaction, not even at the more 

reactive ketofuran moiety, which suggests that the tosylate somehow deactivates the catalysts 

or renders the system unreactive. Even the BARF counterion variant of the Crabtree catalyst 

(37) with 1000 psi of hydrogen at 70 oC failed to react with the triene system of 45. Luche 

reduction of 45 to the allylic alcohol led to the α-epimer (70) in 95% yield, which proved similarly 

recalcitrant to hydrogenation despite the directing group.  

 
Scheme 4: Synthesis of the eudesmane skeleton and cyclopropane functionalization 

 

Since epimerization at C5 is less of a concern in the decalin system, due to the preferred 

trans-ring junction, we also explored conjugate additions of hydride. Unfortunately, copper 

hydrides and transfer hydrogenations also failed to give any sign of enone reduction.22 Attempts 

to activate the system with iminium catalysis demonstrated that the C4 carbonyl was too 
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sterically hindered for any formation of iminium intermediates, with reactions monitored by 1H 

NMR analysis.23 As the number of unexplored reduction methods began to diminish we chose to 

explore a different order of operations. 

 Specifically, having shown that hydrogenation and Liu’s butenolide cyclization conditions 

cleanly afforded sarcandralactone A intermediate 17 of Scheme 1, we rationalized that it would 

be reasonable to expose the same hydrogenated aldol adduct to the p-TsOH-based ring 

opening conditions and hopefully arrive at the targeted eudesmane skeleton.24 However, a 

completely different mode of reactivity was observed and we isolated primary tosylate 72 

instead. This product corresponds to cyclopropane opening at C2 over C1 which had become 

favored by reducing the C6-C7 cyclohexene on the opposite side of the molecule.  This remote 

transformation altered the chemoselectivity of the reaction, an outcome which we propose to be 

a consequence of the cyclopropane’s orbital alignment as shown in more explicit detail within 

Figure 9.  

Our following hypothesis is highly conjectural, but we suspect that the sp2 bridgehead of 

TS-I twists the cyclopropane such that the banana-shaped orbitals along the X-axis (i.e. the C1-

C3 bond) are aligned with the antibonding p-orbitals of the carbonyl. However, the aldol adduct 

from the reductase phase (79) has a cyclohexane chair conformation, one which has a 

significant impact on the conformation of the cyclopropane. Our models suggest that the X-axis 

is no longer perfectly aligned with the carbonyl and, instead, the Y-axis (i.e. the C2-C3 bond) is 

better aligned. 



411 
 

  

 
Figure 9: Divergent cyclopropane opening 

 

 This model also rationalizes the surprising stereoselectivity of cyclopropane opening. A 

closer look at the crystal structure of 45 reveals that the β disposed tosylate group exclusively 

formed under the reaction conditions. If an SN1 mechanism were operating, a mixture of 

stereoisomers would be expected or potentially the α-tosylate should be favored instead due to 

steric repulsion by the neighboring C10 angular methyl group. It would also be rational to 

propose a non-classical carbocation in which a 3-center 2-electron bond between the 

carbocation and bridging angular methyl was generated. This hypothetical intermediate would 

also lead to the α-OTs isomer due to double inversion at C1. We therefore favor the orbital 

alignment argument due to the stereochemistry of the tosylate opening and the divergent 

reactivity of hydrogenated aldol adduct 73. 

 We have not singled out the role butenolide formation plays in exaggerating this 

alignment, but it may also impact the observed selectivity. Although altering our synthetic 

sequence did not address the challenges of reducing decalin 45 as desired, it did expose yet 

another mode of reactivity in this system. More importantly, another family of natural products 

corresponded to this C1 methyl hydrindane skeleton, the pinguisones which will be described in 

the ensuing section (3.5).  

For now, though, it is worth noting that future work should focus on other cyclopropane 

opening products, such as acetate 47. Although a high yielding procedure for synthesizing this 



412 
 

  

intermediate has not yet been discovered, this substrate should prove less problematic with 

hydrogenation catalysts. Elimination and deprotection should still be possible with this 

intermediate, while substitution reactions or ring contractions should prove accessible through 

the halogen-opened products (i.e. 46). 

One other reason we pursued hydrogenation of tosylate 45 so fervently was the 

possibility of accessing the guainolide skeleton and related natural products shown in Figure 10. 

With the tosylate stereoselectively installed at the equatorial position, the antibonding orbital of 

the leaving group is perfectly aligned with the C5-C10 sigma bond. This suggests a Meerwein-

Wagner shift could result in a ring expansion/ring contraction reaction to a [5,7,5] tricyclic 

framework (76). This reactivity has not been fully explored, but would broaden our approach to 

the guianolides, gochnatiolides, and ainsiladimer/ainsilatrimer families of oligomeric 

sesquiterpenes if it could be achieved. 

Figure 10: Ring-contraction/ring-expansion towards the guainolide carbocyclic framework 
 

3.5 Total Synthesis of des-Methyl Pinguisone 

 Although our efforts to access naturally occurring trans-hydrindanes and decalins will 

require more experimentation, they did yield an ever increasing number of natural product 

skeletons. Having observed an alternate mode of cyclopropane opening to C1 alkyl hydrindanes 

(e.g. 72) we had also addressed in the process the symmetry requirement/limitation of our ring-
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opening Knoevenagel reaction described in Chapter 1. The cyclopropane opening in the 

previous section therefore provided access to unsymmetrically substituted iso-Hajos-Parrish 

ketones. With these results in hand, we elected to pursue a final sesquiterpene natural product 

in the form of pinguisone (80, Figure 11).  

 

3.5.1 Isolation and Bioactivity 

Pinguisone was isolated in 1969 from the essential oils of Aneura pinguis liverworts.25 Its 

unusual furanoid sesquiterpene skeleton is biosynthetically unusual and was determined by X-

ray crystallography.26 Although this natural product is structurally interesting, little is known 

about its bioactivity beyond its insect antifeedant properties.27  

 

3.5.2 Previous Syntheses 

 
Figure 11, Previous synthetic studies of pinguisone 

 

 Due to pinguisone’s unusual skeleton, distorted bond lengths, and sterically congested 

framework, the molecule has attracted the attention of several synthetic groups.28 Particularly 

relevant is Jommi’s synthesis of the natural product from the Hajos-Parrish ketone and Baker’s 

synthesis of epi-pinguisone through a synergistic Diels-Alder cycloaddition. Without question, 

these studies collectively reveal that the key synthetic challenge in accesing pinguisone is the 

stereoselective installation of all 4 contiguous methyl group appendages. 
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Jommi and coworkers completed the total synthesis of pinguisone from the Hajos-

Parrish ketone (11, Figure 11).29 Even though this natural product contains the 1,2-relationship 

of the Hajos-Parrish building block it took a total of 13 steps from commercial materials to 

synthesize the natural product. Their approach utilized lithium dimethylcuprate to install the 

remaining three methyl groups with modest stereoselectivity and a number of dehydrogenation 

reactions. 

Baker’s total synthesis of 4-epi-pinguisone by contrast, inspired our Diels-Alder strategy 

and is the first example of a 3-substituted cyclopentenone Diels-Alder cycloaddition.30 After 

hydrindane formation of 81, a number of steps were required to fully reduce the methyl ester to 

a methyl group in the presence of the other carbonyl moieties. Surprisingly, the use of lithium 

dimethylcuprate in this nearly identical system affords the undesired epimer (82) at C4 as a 

single diastereomer, precluding access to the natural material. 

 

3.5.3 Total Synthesis of des-Methyl Pinguisone  

 We elected to use the iso-Hajos-Parrish and a cyclopropane ring opening in our 

approach to pinguisone (80). The unique biosynthesis of pinguisone would ultimately require a 

different electrophile in the aldol reaction to arrive at the 1,2-disubstituted furan (85, Scheme 5). 

Given the hydrindane’s preference for the cis-ring junction we expected 

methylcuprate/methylation would arrive at the natural product if we observed the desired 

stereoselectivity noted by Jommi. If we observed Baker’s undesired epimer we planned to 

perform a Corey-Chaykovsky reaction which would be forced cis due to the hydrindane’s 

stereochemical bias. 

Starting from iso-Hajos-Parrish ketone 16, we elected to use a one pot 

aldol/cyclodehydration protocol which provided furan 85 in 32% yield. We thought it would be 

synthetically appealing to perform the double cyclopropane opening of 88, but our initial 

experiments did not immediately result in this transformation. We addressed the problem more 
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directly with dimethyl cuprate and TMSCl, a combination of reagents which afforded a single 

stereoisomer (86) corroborating Jommi’s result. We suspect the absence of vicinal quaternary 

centers relieves the steric repulsions of the β-face and permits the axial addition of the cuprate 

nucleophile. We confirmed the all syn relationship of 86 by 1D NOE analysis of the silyl enol 

ether, an intermediate which provided better separation of the 1H NMR chemical shifts. 

 
Scheme 5: Total synthesis of des-methyl pinguisone 

 

 We next attempted to install the vicinal quaternary center of 80 through a Noyori three 

component coupling, involving the lithium enolate or the silyl enol ether.31 However, MeI and 

Me2SO4 electrophiles only gave 87 and O-methylation as a result of the steric environment of C-

alkylation. Additives such as DME, HMPA, DMPU to lower the substitution transition state 

energy also failed to result in C-alkylation.  

In an attempt to find reactions with different transition states, ones which might minimize 

the repulsive steric forces, we turned next to more contrived reaction methylation sequences. 

For example, we attempted Simmons-Smith cyclopropanation of silyl enol ether 86 with the 

intent that ring fragmentation would be degenerate with C-methylation. However, refluxing 86 

with the Simmons Smith reagent in heptane or PhMe as solvent failed to give the target 

cyclopropane and instead returned unreacted starting material and compounds which had 
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reacted at the furan moiety in an undetermined fashion. We hope that exposure to CH2N2, 

iminium ions such as Eschenmoser’s salt, or radical methyl sources might ultimately address 

the unreactive nature of this system, but we have not yet pursued these strategies. 

Unable to install the vicinal quaternary center, we turned our attention to the 

cyclopropane fragmentation. The reductive cyclopropane opening with SmI2 proceeded 

smoothly to give des-methyl pinguisone (89) in 71% yield and a total of 6 steps from commercial 

materials. Future work would clearly target the installation of the final methyl group. Even if this 

challenge required several steps to overcome, this would be a very rapid synthesis of the target 

sesquiterpene. 

 

3.6 Future Work towards a Unified Strategy of Sesquiterpene Total Synthesis 

 This work has laid the foundation for accessing dozens of natural product families. Our 

iso-Hajos-Parrish ketone allows for rapid access to highly oxidized cores in only a few steps 

from a common intermediate. In the sense of a unified synthetic approach to sesquiterpene 

oligomers, this work reveals that we have effectively addressed the cyclase phase. We will need 

to continue focusing on selective reductase phases to realize a general approach to 

sesquiterpenes. In particular, this goal requires accessing the trans-ring junctions by reduction 

of an appropriate precursor or inversion of bridgehead functionality (e. g. sarcandralactone, 15).  

In addition, ring contraction/ring expansion reactions of these more highly oxidized 

intermediates should provide access to other oligomeric sesquiterpene natural products. 

 

3.7 Conclusion 

3.7.1 The Carbon Cycle as a Paradigm for Organic Synthesis 

 When humans harnessed the power of the nitrogen cycle through the work of Fritz 

Haber and Carl Bosch, our ability to support life exceeded what our planet was otherwise 

capable of providing for previously.32 If societies are going to continue on this course, we must 
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also learn to control other elemental cycles. The carbon cycle has attracted increased attention 

in recent decades due to anthropogenic warming of the planet and depletion of fuel resources. 

In total synthesis, most carbon building blocks are by-products of petrochemical production or 

elaboration of these chemicals by the fine chemical industry. Nature, on the other hand, stitches 

together isoprene to form largely unfunctionalized carbogenic cores which are then oxidized by 

enzymes or reactive oxygen species within an organism to complex secondary metabolites. 

What these two approaches to molecular synthesis have in common is the fundamental 

increase in oxidation levels.  

 Throughout this thesis I have argued for advancing highly oxidized materials as an 

approach to reducing step counts and increasing the efficiency of synthesizing highly 

functionalized natural products. Considering the redox cycle of carbon elevates this tactic to a 

more philosophical approach to constructing organic molecules. Currently humankind’s 

synthesis of pharmaceuticals, petrochemicals, and agrochemicals is achieved from highly 

reduced oil, natural gas, and coal-derived chemicals. The use of completely oxidized carbon 

(CO2) as the carbon source may not only prove financially beneficial, but also environmentally 

and sustainably necessary as time progresses. 

 Up to this point this discussion has been anecdotal and it would be appropriate to now 

put this paradigm into the context of total synthesis and the research discussed thus far. The 

synthesis of succinic anhydrides from carbon dioxide is now an industrial reality.33 Coupled with 

the chemistry described in Chapter 1, carbon dioxide can be fixated into synergistic 

cyclopentenone dienophiles (90, Figure 12). Similar to isoprene pyrophosphate (98), this simple 

building block is subjected to a cyclase phase (Diels-Alder cycloaddition) to obtain highly 

oxidized iso-Hajos-Parrish ketones. We demonstrated in this chapter that different electrophiles 

can be used in an aldose phase with these diketones to arrive at common intermediates (91) for 

sesquiterpene total synthesis.  

 



418 
 

  

 
Figure 12: Phases in sesquiterpene synthesis 

 

Nature divergently cyclizes farnesyl pyrophosphate (5) to different sesquiterpene 

frameworks through enzyme-promoted cyclase events. We have shown that by slight alterations 

in conditions, our common intermediate 91 can be cyclized to at least three separate skeletons. 
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From these highly oxidized materials we can then functionalize the remaining positions 

chemoselectively to access a number of natural products. We have therefore developed a 

unifying synthetic approach to sesquiterpenes by targeting these scaffolds with a redox strategy 

opposing that of nature. 

One commonly used analogy for total synthesis is the comparison of a synthetic route to 

the path of a mountain climber. As one must maneuver around boulders and impassable terrain 

(unproductive synthetic routes) you ascend in complexity (oxidation levels) towards a summit 

(target natural product).2e If oxidation is the ascent, then our strategy would be the climb down, 

a task less challenging and more controlled when properly achieved. The total synthesis of 

sesquiterpene natural products with this chemistry is therefore unifying, practical, 

complementary, and vital. 
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3.9 Experimental Section 

General Procedures. All reactions were carried out under an argon atmosphere with 

anhydrous solvents under anhydrous conditions, unless otherwise noted. Anhydrous toluene, 

tetrahydrofuran (THF), and dichloromethane (CH2Cl2) were obtained by passing commercially 

available pre-dried, oxygen-free formulations through activated alumina columns; pyridine was 

freshly distilled from calcium hydride (CaH2), diisopropylamine was freshly distilled from 

potassium hydroxide (KOH) and were used immediately; reagents were purchased from Sigma-

Aldrich and used as received. Yields refer to chromatographically and spectroscopically (1H and 

13C NMR) homogeneous materials, unless otherwise stated. All reagents were purchased at the 

highest commercial quality from Sigma-Aldrich and used as received. Reactions were 

magnetically stirred and monitored by thin-layer chromatography (TLC) carried out on 0.25 mm 

E. Merck silica gel plates (60F-254) using UV light as visualizing agent and an aqueous solution 

of phosphomolybdic acid and cerium sulfate, and heat as developing agents. Preparative thin-

layer chromatography was carried out on 0.50 mm E. Merck silica gel plates (60F-254). 

SiliCycle silica gel (60, academic grade, particle size 0.040–0.063 mm) was used for flash 

column chromatography. NMR spectra were recorded on Bruker DRX-400, DRX-400SL, and 

DRX-500 instruments and calibrated using residual undeuterated solvent as an internal 

reference. The following abbreviations were used to explain the multiplicities: s = singlet, d = 

doublet, t = triplet, q = quartet, m = multiplet, app = apparent. IR spectra were recorded on a 

PerkinElmer Spectrum Two IR spectrometer with UATR adapter. High-resolution mass spectra 

(HRMS) were recorded in the Columbia University Mass Spectral Core facility on a JOEL 

HX110 mass spectrometer using FAB (Fast Atom Bombardment).  
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Experimental Data for Compounds 

 

Aldol adduct (42). A flame dried round bottom flask was charged with a 60% 

suspension of NaH in mineral oil (590 mg, 14.77 mmol, 1.3 equiv) and anhydrous THF (50 mL) 

and cooled to 0 oC. To this suspension was added diketone 16 (2g, 11.36 mmol, 1 equiv) in 

anhydrous THF (50 mL) via cannula and stirred for 30 minutes at 0 oC. To the orange 

suspension was added methyl pyruvate (1.5 mL, 90% wt., 14.77 mmol, 1.3 equiv) in THF (10 

mL) via cannula. The reaction was stirred for 30 minutes at 0 oC before adding NaH in mineral 

oil (590 mg, 14.77 mmol, 1.3 equiv), stirring for 30 minutes at 0 oC, followed by methyl pyruvate 

(1.5 mL, 90% wt., 14.77 mmol, 1.3 equiv) in THF (10 mL) via cannula. This process was iterated 

a total of 6 times at which point thin layer chromatography showed complete consumption of the 

starting diketone. The reaction was quenched carefully by the drop wise addition of 1M HCl 

(100mL). The layers were separated by diluting with EtOAc extracted (5 x 100 mL), the organic 

layers collected, washed with saturated brine (100 mL), and dried (MgSO4). The crude residue 

was purified by flash column chromatography (silica gel, EtOAc:hexanes 30-60%) to afford aldol 

adduct 42 (2.81g, 89% yield) as an off-white foam. 42: Rf=0.2 (silica gel, hexanes:EtOAc, 1:1); 

 

Butenolide (17). Aldol adduct 42 (450 mg, 1.62 mmol, 1 equiv) was dissolved in EtOAc 

(5 mL) at 25 oC. Pd/C (171 mg, 10% wt, 0.16 mmol, 10 mol %) was added and hydrogen gas 

bubbled through the solution for 30 minutes. The reaction was stirred under an atmosphere of 

hydrogen for 2 h. Upon completion the mixture was filtered through celite and washed with 

EtOAc (5 mL). The clear solution was concentrated under vacuum and dissolved in Ac2O (10 

mL) and p-TsOH monohydrate (171 mg, 0.9 mmol, 0.55 equiv) was added at 25 oC. The 

reaction was stirred for 16 h at 25 oC and quenched by the addition of saturated NaHCO3 (50 

mL). The mixture was stirred rigorously for 1 h before adding CH2Cl2 (50 mL) to separate the 

layers. The aqueous layer was extracted with CH2Cl2 (3 x 50 mL), the organic layers collected, 
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washed with saturated brine (50 mL), and dried (MgSO4). The suspension was filtered through a 

thin pad of silica gel and concentrated. The crude diastereomeric mixture of allylic acetates was 

dissolved in THF (10 mL) and DBU (1.6 mL, 10.6 mmol, 10 equiv) was added drop wise at 0 oC 

and warmed to 25 oC for 16 h. The yellow solution was quenched by the addition of 1M HCl (10 

mL) and layers separated by diluting with CH2Cl2 (30 mL). The reaction was extracted with 

CH2Cl2 (3 x 30 mL), organic layers collected, washed with saturated brine (20 mL), dried 

(MgSO4), filtered, and concentrated. Column chromatography (silica gel, EtOAc:hexanes, 10-

30%) afforded butenolide 17 (233 mg, 63% yield over 2 steps); 17: Rf=0.41 (silica gel, 

hexanes:EtOAc, 1:1); IR (film) νmax 2962.5, 1759.11, 1718.93, 1672.22, 1655.29, 1421.26, 

1312.51, 1200.61, 1058.40, 1008.68, 843.16, 721.21 cm-1; 1H NMR (500 MHz, CDCl3) δ 5.53 (s, 

1H), 3.18 (d, J = 17.8 Hz, 1H), 2.48 (ddd, J = 17.7, 6.7, 2.0 Hz, 1H), 2.22 (d, J = 6.1 Hz, 1H), 

2.07 (dt, J = 7.7, 5.0 Hz, 1H), 1.90 (d, J = 1.9 Hz, 3H), 1.87 (dd, J = 5.4, 3.1 Hz, 1H), 1.39 (s, 

3H), 1.30 – 1.24 (m, 1H), 1.22 (td, J = 5.1, 3.2 Hz, 1H); 13C NMR (126 MHz, CDCl3) δ 210.19, 

170.90, 148.10, 144.74, 121.91, 112.80, 44.18, 40.45, 32.33, 26.52, 24.05, 17.28, 13.56, 8.60; 

HRMS (FAB) calcd for C14H14O3 [M+H]+ 231.2710, found: 231.1015. 

 

Triene (19). To a flame dried flame round bottom flask was the Aïssa modified Julia-

Kocienski tetrazole reagent 18 (186 mg, 0.913 mmol, 3 equiv) and anhydrous THF (7 mL). The 

solution was cooled to -78 oC and NaHMDS (0.76 mL, 1M in THF, 0.76 mmol, 2.5 equiv) was 

added drop wise. The reaction was stirred at -78 oC for 1 h before adding of butenolide 17 (70 

mg, 0.304 mmol, 1 equiv) in anhydrous THF (7 mL) via cannula. The reaction was warmed to -

40 oC over a 3 h period. Upon completion saturated NH4Cl (20 mL) was added. The mixture was 

extracted with CH2Cl2 (3 x 25 mL), the organic layers collected, washed with saturated brine (20 

mL), dried (MgSO4), filtered, and concentrated. The crude reside was purified by flash column 

chromatography 0-5% (silica gel, EtOAc:hexanes, 0-5%) to afford exocyclic methylene 19 (56 

mg, 81% yield) as an amorphous solid. 19: Rf=0.69 (silica gel, hexanes:EtOAc, 3:1); 1H NMR 
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(500 MHz, CDCl3) δ 5.41 (s, 1H), 4.94 (d, J = 2.5 Hz, 1H), 4.51 (d, J = 2.2 Hz, 1H), 2.94 (d, J = 

17.6 Hz, 1H), 2.60 (ddt, J = 17.6, 3.7, 1.9 Hz, 1H), 2.27 – 2.06 (m, 1H), 1.89 (d, J = 1.8 Hz, 3H), 

1.88 – 1.84 (m, 1H), 1.57 – 1.51 (m, 1H), 1.27 (s, 3H), 0.72 (ddd, J = 14.4, 7.4, 4.7 Hz, 2H); 13C 

NMR (126 MHz, CDCl3) δ 171.50, 151.78, 147.21, 146.30, 120.88, 113.86, 113.85, 103.31, 

43.46, 41.12, 29.53, 23.28, 23.22, 19.20, 9.20, 8.38; IR (film) νmax 2955.43, 1762.88, 1656.32, 

1447.82, 1007.88, 877.68 cm-1; HRMS (FAB) calcd for C15H16O2 [M+H]+ 229.2990, found: 

229.1224 

 

Hemiketal (S1). Ketofuran 19 (25 mg, 0.11 mmol, 1 equiv) was dissolved in THF (2 mL) 

at 25 oC and pyridine (0.1 mL) added. To this solution was added NaOH (22 mg, 0.55 mmol, 5 

equiv) and H2O (0.1 mL). The reaction was stirred for 24 h at 25 oC. After this time saturated 

NH4Cl (5 mL) was added and the mixture extracted with CH2Cl2 (5 x 10 mL). The organic layers 

were collected, washed with saturated brine (5 mL), dried (MgSO4), filtered, and concentrated. 

The crude residue was purified by flash column chromatography (silica gel, EtOAc:hexanes, 10-

25%) to afford hemiketal S1 (15 mg, 55% yield) and starting material (4 mg, 67% b.r.s.m.) S1: 

Rf=0.23 (silica gel, hexanes:EtOAc, 3:1); 1H NMR (500 MHz, CDCl3) δ 4.95 (d, J = 2.6 Hz, 1H), 

4.53 (d, J = 2.3 Hz, 1H), 3.31 (s, 1H), 2.82 (dd, J = 14.6, 1.8 Hz, 1H), 2.60 (ddd, J = 14.6, 6.5, 

1.6 Hz, 1H), 2.21 (dd, J = 13.9, 1.2 Hz, 1H), 2.15 – 2.07 (m, 1H), 1.80 (d, J = 1.6 Hz, 4H), 1.61 

(d, J = 13.9 Hz, 1H), 1.44 – 1.39 (m, 1H), 1.37 (s, 3H), 0.72 – 0.62 (m, 2H); 13C NMR (126 MHz, 

CDCl3) δ 172.51, 158.53, 151.87, 123.12, 103.42, 103.33, 46.48, 44.12, 41.43, 31.81, 23.17, 

22.86, 20.26, 10.18, 8.87; IR (film) νmax 3363.32, 2952.39, 1735.45, 1654.57, 1446.78, 1315.62, 

1124.28, 965.30, 945.80, 870.48 cm-1; HRMS (FAB) calcd for C15H18O3 [M+H]+ 247.3140, found: 

247.1330 

 

Butenolide (20). To hemi-ketal S1 (15 mg, 0.061 mmol, 1 equiv) in anhydrous THF (1 

mL) was added anhydrous MeOH (1 mL). The reaction was cooled to 0 oC and NaBH4 (14 mg, 
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0.37 mmol, 6 equiv) was added. The reaction was allowed to warm to 25 oC over a period of 4 

h. Upon completion the mixture was quenched by the addition of saturated NH4Cl (5 mL). The 

mixture was extracted with CH2Cl2 (3 x 10 mL), the organic layers were collected, washed with 

saturated brine (10 mL), dried (MgSO4), filtered, and concentrated. The crude residue was 

purified by flash column chromatography (silica gel, EtOAc:hexanes, 30%) to afford butenolide 

20 (12 mg, 86% yield). 20: Rf=0.33 (silica gel, hexanes:EtOAc, 3:1); IR (film) νmax 2924.89, 

1751.34, 1692.7, 1451.3, 1091.0, 1037.43, 874.05 cm-1; HRMS (FAB) calcd for C15H18O2 

[M+H]+ 231.3150, found: 231.1341. 

 

Sarcandralactone A (15). Butenolide 20 (9 mg, 0.04 mmol, 1 equiv) was dissolved in 

anhydrous 1,4 dioxane (7 mL) under argon and SeO2 (20 mg, 0.18 mmol, 4.5 equiv) was added 

and the reaction heated to 80 oC under argon for 1 h. Upon completion the reaction was cooled, 

filtered through a thin pad of silica gel, and concentrated. The crude reside was purified by 

preparatory thin layer chromatography (EtOAc:hexanes, 50%) to afford sarcandralactone A 15 

(8 mg, 85% yield). 15: Rf=0.11(silica gel, hexanes:EtOAc, 3:1); 1H NMR (500 MHz, CDCl3) δ 

5.09 (s, 1H), 4.98 (s, 1H), 4.69 (dd, J = 12.3, 5.8 Hz, 1H), 3.19 (d, J = 14.5 Hz, 1H), 2.42 (dt, J = 

14.6, 1.3 Hz, 1H), 2.35 (dd, J = 12.9, 5.7 Hz, 1H), 1.88 – 1.83 (m, 1H), 1.80 (t, J = 1.7 Hz, 3H), 

1.57-1.50, (m, 1H), 1.44 (ddd, J = 8.3, 6.1, 4.3 Hz, 1H), 1.31 (s, 3H), 1.16 (t, J = 12.6 Hz, 1H), 

0.70 (td, J = 8.2, 4.8 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 174.93, 159.06, 153.81, 120.04, 

106.46, 80.36, 77.27, 45.44, 45.09, 32.78, 31.70, 20.89, 17.23, 13.89, 8.30; IR (film) νmax 

3453.31, 2927.36, 1736.81, 1689.55, 1446.60, 1386.86, 1091.43, 1042.83, 886.42 cm-1; HRMS 

(FAB) calcd for C15H18O3 [M+H]+ 247.3140, found: 247.1325. 

 

Dienone (33). A flame-dried round bottom flask was charged with NaH (51 mg, 1.27 

mmol, 1.1 equiv) and washed three times with pentane to remove grease. To the vessel was 
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added anhydrous DMF (3 mL) under argon and cooled to 0 oC. To this suspension was added 

diketone 16 (203 mg, 1.153 mmol, 1 equiv) via cannula, and the reaction stirred for 10 minutes 

at this temperature followed by the addition of PhNTf2 (453 mg, 1.27 mmol, 1.1 equiv) in DMF (3 

mL) drop wise via cannula and the reaction stirred at this temperature for 1.5 h. The reaction 

was quenched with saturated NH4Cl (20 mL), diluted with Et2O (10 mL), and extracted with Et2O 

(3 x 15 mL), the organic layers collected, washed with 1 M NaOH (5 x 10 mL), dried (MgSO4), 

filtered, concentrated, and purified by flash column chromatography (silica gel, EtOAc:hexanes, 

15 %) to give vinyl triflate 32 (174 mg, 50% yield). The product dissolved in anhydrous dioxane 

(3 mL), LiCl (246 mg, 5.878 mmol, 10 equiv) added, followed by tributylstannyl methanol (565 

mg, 1.76 mmol, 3 equiv) and tetrakis(triphenylphosphine)palladium (34 mg, 0.029 mmol, 5 mol 

%). The reaction was heated to 75 oC for 5 h. Upon completion the mixture was cooled, filtered 

through silica gel with EtOAc, concentrated, and purified by flash column chromatography (silica 

gel, EtOAc:hexanes, 50%) to give allylic alcohol 33 (113 mg, 76% yield). 33: Rf=0.26 

(EtOAc:hexanes, 1:1). 1H NMR (500 MHz, CDCl3) δ 7.26 (d, J = 9.9 Hz, 1H), 5.81 (d, J = 9.9 Hz, 

1H), 4.43 – 4.33 (m, 2H), 2.68 (d, J = 15.5 Hz, 1H), 2.46 (d, J = 15.5 Hz, 1H), 2.04 (ddd, J = 7.9, 

6.1, 3.2 Hz, 1H), 1.81 (d, J = 5.7 Hz, 1H), 1.62 (ddd, J = 8.2, 6.2, 4.1 Hz, 1H), 1.22 (d, J = 1.1 

Hz, 3H), 0.95 (td, J = 8.1, 4.7 Hz, 1H), 0.59 (td, J = 4.4, 3.2 Hz, 1H). 13C NMR (126 MHz, CDCl3) 

δ 199.71, 145.41, 139.67, 138.27, 127.41, 59.98, 53.08, 50.80, 28.25, 25.65, 23.73, 14.49. 

 

Allylic alcohol (35). In a flame-dried round bottom flask, allylic alcohol 33 (50 mg, 0.26 

mmol, 1 equiv) was dissolved in anhydrous THF (3 mL) and hydrogen was bubbled through the 

solution for 15 minutes. To the solution was added Wilkinson’s catalyst (24 mg, 0.026 mmol, 10 

mol %) and the reaction stirred at 25 oC for 18 h under hydrogen. The reaction was filtered 

through a thin pad of silica with 30% (EtOAc:hexanes) to give allylic alcohol 35 (47 mg, 94% 

yield). 35: Rf=0.58 (EtOAc:hexanes, 1:1). 1H NMR (500 MHz, , C6D6) δ 3.90 (s, 2H), 2.33 – 2.21 

(m, 2H), 2.13 (ddd, J = 13.7, 7.4, 1.4 Hz, 2H), 1.89 – 1.77 (m, 1H), 1.74 (td, J = 6.7, 3.1 Hz, 1H), 
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1.66 – 1.52 (m, 1H), 1.11 – 1.01 (m, 1H), 0.85 (d, J = 0.9 Hz, 3H), 0.54 (td, J = 7.6, 4.1 Hz, 1H), 

0.01 (td, J = 4.1, 2.8 Hz, 1H). 13C NMR (126 MHz, C6D6) δ 207.26, 139.46, 138.29, 127.95, 

58.36, 55.86, 42.77, 26.90, 22.98, 21.66, 20.94, 15.39. 

 

Benzoate (34). In a round bottom flask, allylic alcohol 33 (15 mg, 0.079 mmol, 1 equiv) 

was dissolved in anhydrous CH2Cl2 (2 mL) and pyridine (0.2 mL). The solution was cooled to 0 

oC and benzoyl chloride (0.05 mL, 0.43 mmol, 5.4 equiv) was added. The reaction was stirred 

for 1.5 h while warming to 25 oC. Upon completion saturated NaHCO3 was added (3 mL). The 

mixture was extracted with CH2Cl2 (3 x 5 mL), the organic layers collected, washed with 1M HCl 

(5 mL), dried (MgSO4), filtered, and concentrated. The crude residue was purified by 

preparatory thin layer chromatography (EtOAc:hexanes, 15 %) to afford benzoate 34 (16 mg, 

69% yield). 34: Rf=0.48 (EtOAc:hexanes, 1:2) 1H NMR (400 MHz, CDCl3) δ 8.11 – 8.03 (m, 2H), 

7.64 – 7.54 (m, 1H), 7.52 – 7.42 (m, 2H), 7.27 (d, J=9.9 Hz, 1H) 5.88 (d, J = 9.9 Hz, 1H), 5.17 – 

4.85 (m, 2H), 2.73 (d, J = 16.5 Hz, 1H), 2.50 (d, J = 16.4 Hz, 1H), 2.12 (ddd, J = 7.8, 6.1, 3.1 

Hz, 1H), 1.65 (ddd, J = 8.3, 6.3, 4.1 Hz, 1H), 1.25 (s, 3H), 0.96 (td, J = 8.1, 4.7 Hz, 1H), 0.61 (td, 

J = 4.4, 3.2 Hz, 1H). 

 

Allylic benzoate (36). In a flame-dried round bottom flask, benzoate 34 (13 mg, 0.0442 

mmol, 1 equiv) was dissolved in CH2Cl2 (1 mL) and hydrogen gas bubbled through the solution 

for 30 minutes at 25 oC. To the solution was added Crabtree’s catalyst (2 mg, 0.00221 mmol, 5 

mol %) in CH2Cl2 (1 mL) over a period of 1.6 h under an atmosphere of hydrogen. After 3 h, the 

reaction stalled and another portion of Crabtree’s catalyst (2 mg, 0.00221 mmol, 5 mol %) was 

added over 3 h in CH2Cl2 (1 mL). The reaction as stirred with a balloon of hydrogen for 16 h, 

filtered through silica gel (EtOAc:hexanes, 50%), concentrated, and purified by preparatory thin 

layer chromatography to afford allylic benzoate 36 (6 mg, 44% yield) and starting material (7 

mg, 96% yield b. r. s. m.). 36: 1H NMR (400 MHz, , C6D6) δ 8.18 (dd, J = 8.3, 1.5 Hz, 2H), 7.16 
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– 7.04 (m, 3H), 4.34 (dd, J = 10.6, 5.9 Hz, 1H), 4.19 (dd, J = 10.7, 9.6 Hz, 1H), 2.21 (td, J = 9.4, 

5.9 Hz, 1H), 2.05 – 1.93 (m, 1H), 1.89 (ddd, J = 14.6, 12.8, 6.7 Hz, 1H), 1.59 (ddt, J = 14.9, 6.2, 

3.2 Hz, 1H), 1.56 – 1.41 (m, 1H), 1.15 (ddd, J = 8.3, 6.1, 3.8 Hz, 1H), 1.02 (ddd, J = 9.3, 7.0, 2.7 

Hz, 1H), 0.83 – 0.73 (m, 4H), 0.18 (td, J = 8.3, 5.4 Hz, 1H), -0.02 (dt, J = 5.4, 3.9 Hz, 1H).  

 

Allylic alcohol (39). In a round bottom flask, enone 38 (150 mg, 0.658 mmol, 1 equiv) 

was dissolved in MeOH (6 mL) and cooled to 0 oC. To this solution was added CeCl3
.7(H2O) (1 

g, 3.29 mmol, 5 equiv) and the suspension stirred for 30 minutes at this temperature followed by 

NaBH4 (52 mg, 1.37 mmol, 2.0 equiv) and the reaction stirred for 1 h at 0 oC. Upon completion 

the reaction was quenched by the addition of saturated NH4Cl (10 mL) followed by 1M HCl (3 

mL). The mixture was extracted with EtOAc (3 x 20 mL), the organic layers collected, washed 

with brine (10 mL), dried (MgSO4), filtered, concentrated, and purified by flash column 

chromatography (silica gel, EtOAc:hexanes, 50%) to afford allylic alcohol 39 (127 mg, 84% 

yield. 39: Rf=0.45 (EtOAc:hexanes, 1:1). 1H NMR (500 MHz, CDCl3) δ 6.33 (s, 1H), 5.93 (s, 1H), 

4.44 (s, 1H), 2.95 (s, 1H), 1.91 (s, 3H), 1.58 (td, J = 8.2, 3.0 Hz, 1H), 1.47 (td, J = 8.1, 4.0 Hz, 

1H), 1.10 – 0.95 (m, 4H), 0.95 – 0.82 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 172.70, 171.43, 

147.67, 142.18, 116.01, 114.20, 105.50, 74.13, 43.57, 26.16, 26.09, 23.72, 15.05, 8.45; IR 

(film) νmax 3476.89, 1728.49, 1632.69, 1316.48, 1226.31, 1133.52, 1088.46, 1073.78, 

1018.56, 900.44, 828.00, 800.47, 760.00, 720.00 660.00 533.63; HRMS (FAB) calcd for 

C14H14O3 [M+H]+ 231.2710, found: 231.1027. 

 

Silyl ether (40). In a round bottom flask, allylic alcohol 39 (20 mg, 0.087 mmol, 1 equiv) 

was dissolved in CH2Cl2 (5 mL) and 1-methylimidazole (0.1 mL) added. To this solution at 25 oC 

was added TBSCl (100 mg, 0.67 mmol, 7.7 equiv) followed by I2 (10 mg, 0.04 mmol, 45 mol %) 

and the reaction stirred at 25 oC for 50 minutes. Upon completion saturated NH4Cl (5 mL) was 
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added and the mixture extracted with CH2Cl2 (3 x 5 mL). The organic layers were collected, 

washed with Na2S2O3 (10 mL), dried (MgSO4), filtered, and concentrated. The crude mixture 

was suspended in Et2O (10 mL), washed with 1M HCl (10 mL), dried MgSO4, filtered, and 

concentrated. The crude mixture was purified by flash column chromatography (silica gel, 

EtOAc:hexanes, 10%) to afford silyl protected alcohol 40 (21 mg, 70% yield). 40: 1H NMR (400 

MHz, CDCl3) δ 6.24 (s, 1H), 5.93 (s, 1H), 4.37 (s, 1H), 1.96 (s, 3H), 1.54 – 1.41 (m, 2H), 1.06 (s, 

3H), 1.02 (dd, J = 8.5, 6.2 Hz, 1H), 0.98 (s, 9H), 0.92 – 0.86 (m, 1H), 0.19 (d, J = 3.7 Hz, 6H). 

 

Crabtree hydrogenation product (41). In a flame-dried round bottom flask, allylic 

alcohol 39 (70 mg, 0.3 mmol, 1 equiv) was dissolved in anhydrous CH2Cl2 (2 mL) and hydrogen 

bubbled through the solution at 0 oC for 30 minutes. To the reaction was added iridium catalyst 

37 (15 mg, 0.01 mmol, 3 mol %) and the reaction stirred at 0 oC for 5 h under an atmosphere of 

hydrogen. The reaction was concentrated and purified by flash column chromatography (silica 

gel, EtOAc:hexanes, 30-50%) to give butenolide 41 as a single diastereomer (68 mg, 97% 

yield). 41: Rf=0.34 (EtOAc:hexanes, 1:1). 1H NMR (500 MHz, CDCl3) δ 5.18 (t, J = 9.0 Hz, 1H), 

4.16 (d, J = 5.6 Hz, 1H), 2.80 – 2.62 (m, 2H), 2.47 (dd, J = 13.8, 8.4 Hz, 1H), 1.80 (s, 3H), 1.72 

– 1.63 (m, 2H), 1.54 (dd, J = 13.8, 8.0 Hz, 1H), 1.46 (ddd, J = 9.1, 5.5, 4.0 Hz, 1H), 1.34 (ddd, J 

= 9.5, 5.6, 4.2 Hz, 1H), 0.97 (s, 3H), 0.51 (td, J = 8.4, 5.8 Hz, 1H), 0.14 (dt, J = 5.7, 3.9 Hz, 1H); 

13C NMR (126 MHz, CDCl3) δ 175.28, 163.98, 120.13, 78.76, 76.08, 45.40, 42.15, 40.40, 31.16, 

27.72, 24.53, 19.75, 8.40, 6.92.; HRMS (FAB) calcd for C14H18O3 [M+H]+ 235.3030, found: 

235.1341; IR (film) νmax 3448.53, 2952.74, 2922.59, 2867.62, 1724.84, 1678.20, 1309.55, 

1105.33, 1039.42, 1005.79, 815.64, 761.31. 

 

Epoxybutenolide (S2). In a flame-dried round bottom flask, enone 38 (20 mg, 0.088 

mmol, 1 equiv) was dissolved in anhydrous CH2Cl2 (3 mL), cooled to 0 oC, and mCPBA (30 mg, 

0.13 mmol, 1.5 equiv) was added under argon. The reaction was stirred for 6 h at this 
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temperature. Upon completion saturated Na2S2O3 solution (1 mL) was added. The mixture was 

extracted with CH2Cl2 (3 x 10 mL), the organic layers collected, washed with saturated NaHCO3 

(10 mL), dried (MgSO4), filtered, and concentrated. The crude reside was purified by flash 

column chromatography (silica gel, EtOAc:hexanes, 30%) to afford epoxy butenolide S2 (15 mg, 

69% yield). S2: Rf=0.36 (EtOAc:hexanes, 1:2); IR (film) νmax 1782.32, 1710.84, 1599.42,; HRMS 

(FAB) calcd for C14H12O4 [M+H]+ 245.2540, found: 245.0817. 

Allylic alcohol (S3). In a round bottom flask, enone S3 (23 mg, 0.094 mmol, 1 equiv) 

was dissolved in MeOH (2 mL) and cooled to 0 oC. To this solution was added CeCl3
.7(H2O) 

(322 mg, 1.0 mmol, 10.6 equiv) and the suspension stirred for 30 minutes at this temperature 

followed by NaBH4 (10 mg, 0.26 mmol, 2.8 equiv) and the reaction stirred for 1 h at 0 oC. The 

reaction was quenched by the addition of saturated NH4Cl (5 mL) followed by 1M HCl (1 mL). 

The mixture was extracted with EtOAc (3 x 10 mL), the organic layers collected, washed with 

brine (10 mL), dried (MgSO4), filtered, concentrated, and purified by flash column 

chromatography (silica gel, EtOAc:hexanes, 50%) to afford allylic alcohol S3 (19 mg, 83% 

yield). S3: 1H NMR (500 MHz, CDCl3) δ 6.30 (d, J = 2.4 Hz, 1H), 4.33 (d, J = 9.6 Hz, 1H), 4.14 

(s, 1H), 1.99 (s, 3H), 1.85 (d, J = 9.8 Hz, 1H), 1.56 (m, 1H), 1.30 – 1.23 (m, 1H), 1.08 – 1.01 (m, 

1H), 0.99 (s, 3H), 0.74 – 0.65 (m, 1H).  

 

Butenolide (S4). Aldol adduct 42 (221 mg, 0.79 mmol, 1 equiv) was dissolved CH2Cl2 (5 

mL) at 25 oC. Pd/C (100 mg, 10% wt., 0.09 mmol, 12 mol %) was added and hydrogen gas 

bubbled through the solution for 30 minutes. The reaction was stirred under an atmosphere of 

hydrogen for 18 h. Upon completion the reaction was filtered through celite and washed with 

CH2Cl2 (10 mL). The clear solution was concentrated under vacuum and dissolved in Ac2O (1 

mL), CH2Cl2 (5 mL), and p-TsOH monohydrate (60 mg, 0.32 mmol, 0.4 equiv) was added at 25 

oC. The reaction was stirred for 6 h at 25 oC. Upon completion saturated NaHCO3 (20 mL) was 

added and the mixture was stirred rigorously for 1 h before adding (20 mL) to separate the 
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layers. The aqueous layer was extracted CH2Cl2 (3 x 20 mL), the organic layers collected and 

washed with brine (20 mL) and dried (MgSO4). The suspension was filtered through a thin pad 

of silica gel and concentrated. The crude diastereomeric mixture of allylic acetates was 

dissolved in THF (3 mL) and DBU(0.45 mL, 3 mmol, 3.8 equiv) was added drop wise at 0 oC 

and warmed to 25 oC for 4 h. Upon completion the yellow solution was quenched by the addition 

of 1M HCl (20 mL) and layers separated by diluting with CH2Cl2 (10 mL). The reaction was 

extracted with CH2Cl2 (3 x 10 mL), organic layers collected, washed with brine (20 mL), and 

dried (MgSO4). The crude residue was purified by flash column chromatography (silica gel, 

EtOAc:hexanes 10-30%) to afford butenolide S4 (50 mg, 27% yield over 2 steps). S4: 1H NMR 

(500 MHz, CDCl3) δ 5.46 (s, 1H), 3.21 (dd, J = 17.8, 2.4 Hz, 1H), 2.65 – 2.56 (m, 1H), 2.47 (dd, 

J = 19.1, 8.4 Hz, 1H), 2.41 (d, J = 5.1 Hz, 1H), 2.32 (p, J = 7.0 Hz, 1H), 2.05 (dt, J = 19.1, 1.4 

Hz, 1H), 1.90 (d, J = 1.8 Hz, 3H), 1.32 (s, 3H), 1.10 (d, J = 7.3 Hz, 3H). 

 

Tosylate (45). In a round bottom flask, aldol adduct 42 (78 mg, 0.28 mmol, 1 equiv) was 

dissolved in anhydrous PhMe (2 mL) and p-TsOH monohydrate (100 mg, 0.53 mmol, 1.9 equiv) 

was added. The reaction was heated to 100 oC under argon for 16 h, cooled, poured into 

saturated NaHCO3 (20 mL), and extracted with CH2Cl2 (3 x 20 mL), the organic layers collected, 

dried (MgSO4), filtered, concentrated, and purified by flash column chromatography to afford 

tosylate 45 (74 mg, 66% yield). 45: Rf=0.19 (EtOAc:hexanes, 1:2). 1H NMR (500 MHz, CDCl3) δ 

7.81 (d, J = 8.3 Hz, 2H), 7.39 (d, J = 8.0 Hz, 2H), 7.06 (s, 1H), 5.39 (s, 1H), 4.64 (dd, J = 11.5, 

4.9 Hz, 1H), 2.79 – 2.70 (m, 1H), 2.49 (s, 3H), 2.48 – 2.38 (m, 2H), 2.37 – 2.25 (m, 1H), 2.02 (s, 

3H), 1.22 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 198.34, 170.68, 147.63, 147.37, 145.92, 

138.70, 133.09, 130.19, 130.18, 130.16, 127.76, 127.74, 122.15, 120.23, 109.19, 81.08, 46.46, 

37.05, 25.65, 21.72, 20.17, 8.74; IR (film) νmax 2973.80, 1768.96, 1682.30, 1362.80, 
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1176.24, 953.01, 858.94, 831.85, 675.12, 553.85; HRMS (FAB) calcd for C21H20O6S 

[M+H]+ 401.4530, found: 401.1060. 

 

Allylic alcohol (70). In a round bottom flask, enone 45 (520 mg, 1.3 mmol, 1 equiv) was 

dissolved in MeOH (5 mL) and cooled to 0 oC. To this solution was added CeCl3
.7(H2O) (502 

mg, 1.56 mmol, 1.2 equiv) and the suspension stirred for 30 minutes at this temperature 

followed by NaBH4 (60 mg, 1.56 mmol, 1.2 equiv) and the reaction stirred for 1 h at 0 oC. The 

reaction was quenched by the addition of 1 M HCl (10 mL). The mixture was extracted with 

EtOAc (3 x 20 mL), the organic layers collected, washed with brine (10 mL), dried (MgSO4), 

filtered, concentrated, and purified by flash column chromatography (silica gel, EtOAc:hexanes, 

50%) to afford allylic alcohol 70, (498 mg, 95% yield). 70: 1H NMR (500 MHz, CDCl3) δ 7.73 (d, 

J = 8.2 Hz, 2H), 7.34 (d, J = 8.1 Hz, 2H), 6.87 – 6.82 (m, 1H), 4.46 (dd, J = 11.6, 5.1 Hz, 1H), 

4.11 (dd, J = 11.7, 5.0 Hz, 1H), 2.65 (br s, 1H), 2.45 (s, 3H), 2.23 – 2.16 (m, 1H), 2.13 – 2.04 

(m, 1H), 1.97 (td, J = 12.7, 11.7, 4.2 Hz, 1H), 1.91 (s, 3H), 1.28 (ddd, J = 27.8, 13.9, 7.9 Hz, 

1H), 1.20 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 172.22, 154.61, 147.70, 145.81, 141.03, 

133.17, 130.15, 127.72, 115.49, 111.43, 111.25, 84.92, 67.85, 46.31, 33.25, 26.41, 21.75, 

19.44, 8.24; IR (film) νmax 3473.55, 2921.35, 1759.82, 1742.65, 1640.35, 1356.89, 1328.98, 

1188.18, 1174.83, 948.64, 909.64, 838.66, 732.47, 670.46, 554.45; HRMS (FAB) calcd for 

C21H22O6S [M+H]+ 403.4690, found: 403.1223. 

 

Acetate (47). A flame-dried round bottom flask was charged with aldol adduct 42 (20 

mg, 0.072 mmol, 1 equiv), acetic acid (0.1 mL), and anhydrous CH2Cl2 (1 mL). The solution was 

cooled to 0 oC and TMSOTf (0.05 mL, 0.28 mmol, 3.8 equiv) was added. The reaction was 

warmed to 25 oC for 16 h, HCl added (3 mL), the mixture extracted with CH2Cl2 (3 x 5 mL), the 

organic layer collected, washed with saturated NaHCO3 (10 mL), dried (MgSO4), filtered, and 
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concentrated. The crude residue was purified by preparatory thin layer chromatography 

(EtOAc:hexanes, 30%) to give acetate 47 (9 mg, 43% yield). 47: Rf=0.25 (EtOAc:hexanes, 1:2). 

1H NMR (500 MHz, CDCl3) δ 7.09 (s, 1H), 5.76 (s, 1H), 5.02 (dd, J = 11.7, 4.7 Hz, 1H), 2.76 

(ddd, J = 17.7, 6.1, 1.8 Hz, 1H), 2.52 (ddd, J = 17.7, 13.0, 7.8 Hz, 1H), 2.38 – 2.26 (m, 1H), 2.18 

(s, 3H), 2.15 – 2.06 (m, 1H), 2.05 (s, 3H), 1.31 (s, 3H). 

 

Chloride (46). A flame-dried round bottom flask was charged with aldol adduct 42 (55 

mg, 0.2 mmol, 1 equiv) and CH2Cl2 (3 mL). The solution was cooled to -78 oC and BCl3 (0.25 ml, 

1M solution in CH2Cl2, 0.25 mmol, 1.25 equiv). The reaction was warmed to 25 oC and stirred 

for 16 h. Upon completion saturated NaHCO3 (5 mL) was added, the mixture extracted with 

CH2Cl2 (3 x 5 mL), the organic layers collected, dried (MgSO4), filtered, and concentrated. The 

crude residue was purified by flash column chromatography (silica gel, EtOAc:hexanes, 20%) to 

give chloride 46 (8 mg, 16% yield). 46: 1H NMR (500 MHz, CDCl3) δ 7.10 (s, 1H), 6.12 (s, 1H), 

4.23 (dd, J = 12.1, 4.2 Hz, 1H), 2.98 – 2.75 (m, 1H), 2.61 – 2.47 (m, 2H), 2.47 – 2.38 (m, 1H), 

2.07 (s, 3H), 1.35 (s, 3H).13C NMR (126 MHz, CDCl3) δ 198.83, 170.86, 149.12, 147.33, 138.98, 

122.04, 119.70, 111.18, 63.11, 47.59, 39.31, 29.63, 20.05, 8.77. LRMS: 267.21. 

 

Fluoride (48). A flame-dried round bottom flask was charged with aldol adduct 42 (7 mg, 

0.025 mmol, 1 equiv) and PhH (1 mL). The solution was cooled to 0 oC and a small amount of 

HBF4
. Et2O complex was added. After 40 minutes at this temperature, only dehydration was 

observed with no sign of the desired ring closure so additional HBF4
.Et2O complex (0.5 mL) was 

added. The reaction was stirred for 16 h, saturated NaHCO3 (5 mL) was added, the mixture 

extracted with CH2Cl2 (3 x 5 mL), the organic layer collected, dried over magnesium sulfate, 

filtered, and concentrated. The crude residue was purified by preparatory thin layer 

chromatography (EtOAc:hexanes, 50%) to give fluoride 48, yield not determined. 48: Rf=0.64 

(EtOAc:hexanes, 1:1). 1H NMR (400 MHz, CDCl3) δ 7.13 (s, 1H), 6.01 (s, 1H), 4.73 (ddd, J = 
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48.1, 11.1, 5.0 Hz, 1H), 2.85 – 2.74 (m,1H), 2.51 – 2.41 (m, 1H), 2.40 – 2.22 (m, 2H), 2.06 (s, 

3H), 1.30 (s, 3H). 

 

Primary tosylate (72). Aldol adduct 42 (30mg, 0.1 mmol, 1 equiv) was dissolved in 

CH2Cl2 (2 mL)at 25 oC in a high-pressure bomb and Crabtree’s catalyst added (16 mg, 0.02 

mmol, 20 mol %). The vessel was pressurized to 250 psi of hydrogen and stirred for 14 h at 25 

oC. The pressure was released, the reaction filtered through a thin pad of silica with EtOAc, 

concentrated, dissolved in PhMe (5 mL), and p-TsOH monohydrate (50 mg, 0.26 mmol, 2.6 

equiv) was added. The reaction was refluxed for 16 h, cooled, and quenched by the addition of 

saturated NaHCO3 (50 mL). The mixture was extracted with CH2Cl2 (3 x 5 mL), the organic 

layers collected and washed with saturated brine and dried over magnesium sulfate. The 

suspension was filtered through a thin pad of silica gel and concentrated to give tosylate 72, 

yield not determined. 72: 1H NMR (500 MHz, CDCl3) δ 7.77 (d, J = 8.2 Hz, 2H), 7.37 (d, J = 8.5 

Hz, 2H), 5.36 (s, 1H), 4.21 (ddd, J = 56.8, 10.1, 4.2 Hz, 2H), 3.24 – 3.14 (m, 1H), 2.57 (d, J = 

14.6 Hz, 2H), 2.47 (s, 3H), 2.45 – 2.35 (m, 2H), 2.16 (dd, J = 16.4, 1.2 Hz, 1H), 1.91 – 1.89 (m, 

3H), 1.37 (s, 3H). 

 

Aldol adduct (S6). In a flame-dried round bottom flask, diketone 16 (450 mg, 2.56 

mmol, 1 equiv) was dissolved in anhydrous THF (10 mL) at 0 oC. To this solution was added 

NaH (133 mg, 3.3 mmol, 1.3 equiv) and the reaction stirred for 15 minutes. To this solution was 

added 2-((tert-butyldimethylsilyl)oxy)acetaldehyde (320 mg, 3.3 mmol, 1.3 equiv) in THF (5 mL) 

via cannula. The reaction was warmed to 25 oC and stirred for 1 h. Then TFA (1 mL) was 

carefully added at 0 oC drop wise followed by the addition of PhMe (100 mL). The reaction was 

concentrated to a volume of around 10 mL under reduced pressure and PhMe washed 

amberlyst 15 (1g). The reaction was stirred at 25 oC for 13 h, filtered through celite, and 

concentrated. The reaction was purified by flash column chromatography 10% (silica gel, 
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EtOAc:hexanes, 10%) to afford furan S6 (113 mg, 20% yield). S6: 1H NMR (500 MHz, CDCl3) δ 

7.27 (s, 1H), 6.39 (s, 1H), 4.60 (s, 1H), 3.38 (s, 3H), 2.79 (d, J = 16.8 Hz, 1H), 2.67 (d, J = 23.6 

Hz, 1H), 2.39 (s, 1H), 1.97 (dt, J = 7.8, 5.1 Hz, 1H), 1.88 (ddd, J = 8.4, 5.4, 2.8 Hz, 1H), 1.38 (s, 

3H), 1.34 (td, J = 5.1, 2.9 Hz, 1H), 1.28 – 1.22 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 210.31, 

149.59, 141.61, 115.57, 109.97, 70.24, 56.82, 51.14, 38.46, 34.63, 33.29, 26.53, 25.54, 14.88. 

 

Pinguisone core (85). In a flame-dried round bottom flask, diketone 16 (310 mg, 1.76 

mmol, 1 equiv) was dissolved in anhydrous THF (10 mL) at 0 oC. To this solution was added 

NaH (91 mg, 2.28 mmol, 1.3 equiv) and the reaction stirred for 15 minutes. To this solution was 

added 2-((tert-butyldimethylsilyl)oxy)acetaldehyde (398 mg, 2.29 mmol, 1.3 equiv) in THF (5 

mL) via cannula. The reaction was stirred at this temperature for 2 h. Upon completion TFA (1 

mL) was carefully added at 0 oC drop wise followed by the addition of PhMe (20 mL). The 

reaction was concentrated and dissolved in PhMe (20 mL) and p-TsOH (380 mg, 2 mmol, 1.14 

equiv) was added. The reaction was stirred at 25 oC for 13 h. Upon completion the mixture was 

filtered through a thin pad of silica gel with EtOAc, and concentrated. The reaction was purified 

by flash column chromatography (silica gel, EtOAc:hexanes, 10%) to afford furan 85 (115 mg, 

32% yield). 85: Rf=0.57 (EtOAc:hexanes, 1:9). 1H NMR (500 MHz, CDCl3) δ 7.30 (dd, J = 1.9, 

0.9 Hz, 1H), 7.00 (s, 1H), 6.39 (d, J = 1.7 Hz, 1H), 3.05 (d, J = 16.6 Hz, 1H), 2.77 (d, J = 16.6 

Hz, 1H), 2.17 (ddd, J = 9.9, 5.4, 3.6 Hz, 1H), 1.78 – 1.72 (m, 1H), 1.28 – 1.23 (m, 1H), 1.22 (s, 

3H), 1.05 (dt, J = 5.7, 3.7 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 199.87, 155.93, 142.56, 

139.94, 124.68, 117.03, 108.87, 108.86, 38.87, 36.04, 30.64, 26.21, 21.95, 11.84; HRMS 

(FAB) calcd for C13H12O2 [M+H]+ 201.2450, found: 201.0916; IR (film) νmax 2928.84, 

1691.44, 1615.44, 1557.39, 1200.61, 1138.3, 958.72. 

Silyl enol ether (86). In a flame dried round bottom flask, CuCN (183 mg, 2.09 mmol, 10 

equiv) was suspended in THF (6 mL) and cooled to 0 oC. To this suspension was added methyl 
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lithium (2.6 mL, 1.5 M in Et2O, 4 mmol, 5 equiv) drop wise over a period of 15 minutes. The 

reaction was stirred at this temperature for one h to give a 0.2M solution of Me2CuLi2CN. In a 

separate flame-dried round bottom flask, furan 85 (40 mg, 0.2 mmol, 1 equiv) was dissolved in 

THF (3 mL), DMPU (1 mL), and TMSCl (0.1 mL, 0.8 mmol, 4 equiv) added at -40 oC. To the 

furan solution was added Me2CuLi2CN (1.1 mL, 0.2M in THF, 0.22 mmol, 1.1 equiv) drop wise 

at -40 oC. The dry ice/acetone bath was removed and the reaction was stirred for one h. Upon 

completion the reaction was diluted with hexanes (15 mL), filtered through celite, washed with 

NaHCO3 (10 mL), the organic layers dried (MgSO4), and concentrated to give silyl enol ether 86 

(48 mg, 83% yield). 86: 1H NMR (500 MHz, C6D6) δ 7.28 (d, J = 1.6 Hz, 1H), 6.25 (d, J = 1.8 Hz, 

1H), 3.86 (q, J = 7.3 Hz, 1H), 2.70 (s, 2H), 1.56 (td, J = 6.8, 3.0 Hz, 1H), 1.38 – 1.32 (m, 1H), 

1.31 (d, J = 7.3 Hz, 3H), 1.27 (dt, J = 6.8, 3.4 Hz, 1H), 1.24 (s, 3H), 0.67 (td, J = 7.5, 7.1, 3.9 Hz, 

1H), 0.48 (q, J = 3.9 Hz, 1H), 0.30 (s, 9H). 13C NMR (126 MHz, C6D6) δ 149.90, 149.81, 141.07, 

121.20, 120.65, 109.43, 38.67, 26.48, 25.95, 24.72, 22.18, 21.92, 19.57, 15.19, 0.34; HRMS 

(FAB) calcd for C17H24O2Si [M+H]+ 289.4700, found: 289.1572; IR (film) νmax 2960.66, 

2928.40, 1668.21, 1360.83, 1251.17, 1214.40, 1089.87, 986.66, 863.13, 845.26 

 

Furan (87). A separatory funnel was charged with silyl enol ether 86 (32 mg, 0.11 mmol, 

1 equiv), CH2Cl2 (15 mL), and 1M HCl (15 mL). The mixture was stirred rigorously for 1 h, and 

extracted with CH2Cl2 (3 x 5 mL) to give furan 87 (23 mg, 95% yield). 87: 1H NMR (500 MHz, 

CDCl3) δ 7.24 (s, 1H), 6.24 (d, J = 1.8 Hz, 1H), 3.29 – 3.19 (m, 1H), 2.70 (d, J = 16.3 Hz, 1H), 

2.58 (d, J = 16.4 Hz, 1H), 1.95 (dt, J = 7.7, 5.1 Hz, 1H), 1.87 (dq, J = 5.7, 2.8 Hz, 1H), 1.34 (dt, J 

= 5.0, 2.5 Hz, 2H), 1.32 (s, 4H), 1.21 (d, J = 7.5 Hz, 4H). 13C NMR (126 MHz, CDCl3) δ 211.89, 

146.80, 141.27, 119.71, 109.58, 52.14, 39.45, 34.54, 33.26, 25.99, 25.86, 23.49, 23.20, 14.99; 

IR (film) νmax 2959.12, 2927.57, 287248, 1723.26, 1633.54, 1523.73, 1450.19, 1315.65, 
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1198.55, 942.72, 750.51; HRMS (FAB) calcd for C14H16O2 [M+H]+ 217.2880, found: 

217.1184 

 

Des-methyl pinguisone (89). In a flame-dried round bottom flask, furan 87 (100 mg, 

0.463 mmol, 1 equiv) was dissolved in THF (2 mL) and DMPU (0.3 mL). The reaction was 

cooled to 0 oC and SmI2 (4.6 mL, 0.1 M, 0.46 mmol, 1 equiv) was added and the reaction stirred 

for 30 minutes at 25 oC followed by saturated NaHCO3 (10 mL) and Et2O (10 mL). The mixture 

was concentrated to remove THF, an additional H2O (5 mL) added, and the mixture extracted 

Et2O (3 x 15 mL). The organic layers were collected, washed with brine (10 mL), dried MgSO4, 

filtered, and concentrated. The crude residue was then purified by flash column chromatography 

(silica gel, EtOAc:hexanes, 15%) to afford des-methyl pinguisone 89(72 mg, 71% yield) as a 

pale yellow oil. 89: Rf=0.63 (EtOAc:hexanes, 1:2). 1H NMR (500 MHz, CDCl3) δ 7.29 – 7.24 (m, 

1H), 6.26 (d, J = 1.9 Hz, 1H), 2.87 (p, J = 7.0 Hz, 1H), 2.68 – 2.60 (m, 1H), 2.58 (dd, J = 19.5, 

8.8 Hz, 1H), 2.43 (d, J = 17.1 Hz, 1H), 2.19 (dp, J = 8.8, 6.9 Hz, 1H), 2.00 (ddd, J = 19.5, 6.8, 

1.5 Hz, 1H), 1.93 (dd, J = 6.1, 1.7 Hz, 1H), 1.28 (d, J = 7.1 Hz, 3H), 1.09 (s, 3H), 1.06 (d, J = 7.0 

Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 217.54, 147.82, 141.18, 118.95, 109.03, 61.02, 42.67, 

42.30, 35.59, 30.69, 26.42, 23.57, 20.10, 14.86; IR (film) νmax 2962.07, 2928.60, 1738.78, 

1184.97, 1137.24, 1039.55, 896.67, 726.59; HRMS (FAB) calcd for C14H18O2 [M+H]+ 

219.3040, found: 219.1341. 

 

Biscyclopropane (86). In a flame-dried round bottom flask, trimethyl sulfoxonium iodide 

(30 mg, 1.5 mmol, 1.5 equiv) was dissolved in anhydrous DMSO (2 mL). To this solution was 

added NaH (5 mg, 0.11 mmol, 1.1 equiv) and the reaction stirred at 25 oC for 30 minutes. The 

reaction vessel was cooled to 0 oC and enone 85 (20 mg, 0.1 mmol, 1 equiv) was added in 

DMSO (1 mL) via cannula. The reaction was stirred at 25 oC for 1 h, saturated NH4Cl (10 mL) 
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was added, the mixture extracted with Et2O (3 x 10 mL), the organic layers collected, washed 

with brine (5 mL), dried (MgSO4), filtered, concentrated, and purified by flash column 

chromatography (silica gel, EtOAc:hexanes, 25%) to afford cyclopropane 86 (20 mg, 90% yield). 

86: Rf=0.56 (EtOAc:hexanes, 1:2). 1H NMR (500 MHz, CDCl3) δ 7.23 (dd, J = 1.8, 1.1 Hz, 1H), 

6.33 (d, J = 1.7 Hz, 1H), 2.81 (d, J = 15.2 Hz, 1H), 2.51 (d, J = 15.1 Hz, 1H), 2.18 – 2.04 (m, 

3H), 1.40 (dd, J = 9.0, 4.1 Hz, 1H), 1.27 (ddd, J = 9.1, 7.8, 5.1 Hz, 1H), 0.93 (ddd, J = 5.2, 4.5, 

3.4 Hz, 1H), 0.91 (s, 3H), 0.83 (dd, J = 6.7, 4.0 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 213.95, 

167.02, 152.56, 141.00, 114.62, 110.13, 42.90, 35.71, 34.87, 31.55, 27.62, 26.21, 24.48, 21.48, 

12.57; IR (film) νmax 1709.31, 1322.13, 1308.00, 1242.62, 1136.19, 1052.00, 1036.00, 

724.77; HRMS (FAB) calcd for C14H14O2 [M+H]+ 215.2720, found: 215.1028. 
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