
ABSTRACT 
GUERRA, ALLIE WILLIAMS. Progress Towards the Total Synthesis of Abyssomicin C. 
(Under the direction of Dr. Joshua G. Pierce). 
 

Marine natural products remain a rich and structurally diverse source of biologically 

active compounds with therapeutic potential. Their complexity and unique architectures 

frequently push the boundaries of synthetic methodology, offering valuable opportunities 

for chemical innovation. As such, the total synthesis of marine natural products not only 

enables access to biologically relevant and scarce molecules but also drives the 

development of new reactions and strategies that can be applied more broadly across 

organic chemistry. 

This dissertation begins by exploring the chemical and biological significance of 

the marine natural product abyssomicin C, a structurally complex polyketide featuring a 

strained [2.2.2] bicyclic core and a reactive α,β-unsaturated lactone. Early synthetic 

efforts towards abyssomicin C revealed challenges associated with stereoselectively 

constructing its highly functionalized, compact scaffold. The findings discussed in Chapter 

1 contribute to a broader campaign to access a library of abyssomicin C analogs and to 

probe the chemical biology of these scaffolds. These challenges served as the intellectual 

foundation for two independent method development projects that now form the core of 

this dissertation.  

Chapter two describes a photoredox catalyzed C(sp3)-C(sp3) coupling of α-

bromoesters and triethylamine capable of accessing building blocks with handles for 

further functionalization. Mechanistic studies indicated the presence of a carbon-centered 

radical. The achiral products obtained using this methodology serve as promising 

intermediates for the elaboration of enantioenriched scaffolds with increased molecular 

complexity.  

Chapter three describes the development of a palladium-catalyzed intramolecular 

oxycarbonylation reaction to synthesize substituted butenolides, a motif that is present in 

abyssomicin C and other biologically active natural products. Initial studies established a 

proof-of-concept transformation using a simplified diol substrate, and subsequent 

optimization improved the reaction to a best yield of 72%. The reaction was highly 

sensitive to moisture and ligand electronics, which led to a broader investigation into 



catalyst performance, reaction conditions, and substrate design. Mechanistic insights are 

being used to guide further optimization and expand the scope to include intermolecular 

variants using external nucleophile – transformations that could offer rapid access to 

medicinally relevant butenolide derivatives.  

Together, the projects in this dissertation highlight how natural product synthesis 

can act as a powerful engine for reaction discovery. The synthetic challenges posed by 

abyssomicin led to serendipitous discoveries and the development of two new reactions 

that not only advance the specific synthetic goals for this compound but also offer broadly 

useful tools for chemical synthesis. These efforts demonstrate the value of target-oriented 

synthesis as a strategic framework for enabling methodological innovation and 

mechanistic discovery.  
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CHAPTER 1: Synthesis of abyssomicin C  

1.1 Abstract 
A practical, scalable route to abyssomicin C and its analogs is needed to investigate abyssomicin 
C as a possible lead for studying the biology of these natural products, which function as covalent 
inhibitors. Abyssomicin C is a marine natural product isolated in 2004 from the Sea of Japan that 
displays activity against drug-resistant Gram-positive bacteria. Abyssomicin C inhibits the 
biosynthesis of p-aminobenzoic acid within the folate biosynthesis pathway. In addition to its 
antibacterial activity, abyssomicin C features a bicyclic spiro-tetronate core, a medium-sized ring, 
and seven stereogenic centers, making it an attractive target for synthetic purposes.  

Herein, we report our progress on a chiral pool synthetic strategy that enables deep-seated 
skeletal modifications, is scalable and efficient, and will lead to studies exploring these 
compounds in a range of biochemical applications. This report highlights my contributions to this 
project, including the synthesis of the northern fragment and the large-scale preparation of 
intermediates, as well as my future work towards completing the synthesis of abyssomicin C.  

1.2 Introduction 
The Pierce group focuses on the synthesis and study of marine natural products for application 

in drug discovery and development. Natural products have historically served as fertile grounds 

for the identification of new types of antibiotics, such as the discovery of penicillin from Penicillium 

fungi in 1929. Since then, many antibacterial drugs, including β-lactams, glycopeptides, 

macrolides, and oxazolidinones, have been developed (Figure 1).  

 

Figure 1. Commonly used classes of FDA-approved antibiotics.  
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However, antibiotic resistance has emerged as a significant threat to global human health. 

Antibiotic resistance occurs when germs, such as bacteria, develop the ability to defeat the drugs 

designed to kill them. Resistance is inevitable in bacteria; therefore, the development of novel 

chemical scaffolds is necessary.1 Despite a global need to develop novel antibiotics, there is little 

financial incentive to encourage large pharmaceutical companies to act, putting academic labs 

and biotech companies in a position to meet the need for novel antibiotics.2  

Over 70% of FDA-approved antibiotics available today are derived from natural products or are 

themselves natural products.3 Natural products are attractive for drug discovery, considering 

secondary metabolites have evolved to be bioactive, and structures are not limited by human 

imagination.4 The metabolic energy and the genetic cost of making a small molecule requires that 

the molecule provide some benefit to the organism. This could be through defending the organism 

against predators, communicating within its population, or interfering with competing organisms. 

In addition, natural products introduce novel molecular skeletons and functionalities that have not 

been realized by humans.  

1.2.1 Isolation and Structural Assignment of Abyssomicin B-D  
The abyssomicins were isolated by Süssmuth and coworkers in 2004 from a sediment sample 

collected at a depth of 298 meters from the Sea of Japan. The abyssomicins are produced by 

Verrucosispora strain AB 18-032 and exhibit novel inhibition of the folate biosynthesis pathway. 

Abyssomicins B, C, and D were newly identified natural products whose structures were 

elucidated using NMR spectroscopy, mass spectrometry, and X-ray crystallography (Figure 2).5  

 

Figure 2. Structures of abyssomicin B (1), C (2), and D (3).  

Among the isolated abyssomicins, only abyssomicin C (2) showed antibiotic activity against 

Gram-positive bacteria, including pathogenic Staphylococcus aureus strains. The minimal 

inhibitory concentrations (MICs) against methicillin-resistant S. aureus (MRSA) and a 

multiresistant, including vancomycin-resistant S. aureus strain, were 4 µg/mL and 13 µg/mL, 

respectively.5   

1.2.2 Abyssomicin C Mode of Action 
Abyssomicin C inhibits the biosynthesis of pABA along the folate biosynthesis pathway. The folate 

biosynthesis pathway is an attractive antibacterial target since higher eukaryotes lack this 

pathway and rely on an exogenous source of folate, whereas plants, prokaryotes, and some lower 

eukaryotes rely on de novo synthesis of folate. Inhibiting the biosynthesis of this metabolite blocks 

cell division and leads to cell death.6 While there are other antibiotics that inhibit along this folate 

biosynthesis pathway, abyssomicin C is the first bacterial metabolite that inhibits the biosynthesis 

of pABA (Figure 3).7  
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Figure 3. The marine natural product abyssomicin C (2) inhibits the conversion of chorismate 
into para-aminobenzoate (pABA). 7 

Abyssomicin C can trap the enzyme by reaction of a cysteine residue with the Michael system on 

the west side of the molecule, resulting in an enol that attacks the spirotetronate moiety. This 

covalently-bound enzyme blocks the conversion of chorismate to pABA, resulting in cell death 

(Figure 5).6,7 Although the antimicrobial activity of abyssomicin C is compelling, concerns remain 

regarding its therapeutic window, particularly its selectivity for prokaryotic versus eukaryotic 

systems, which requires further investigation.8  

 

Figure 4. Hypothesized inhibition of p-aminobenzoate production through a double-conjugate 
addition cascade.  

Abyssomicin C also displayed cytotoxicity against HeLa and normal cells, indicating a non-

selective target profile.9 Access to abyssomicin C and derivatives is necessary to interrogate the 

structural features that impact the antibacterial activity of these compounds to identify potential 

therapeutic pathways for future drug development.  

1.2.3 Sorensen’s Biomimetic Total Synthesis of Abyssomicin C 

Two years after the isolation, Sorensen and coworkers published the first total synthesis of 

abyssomicin C featuring a transannular Diels-Alder macrocyclization.7 The meso-2,4-

dimethylglutaric anhydride 4 was desymmetrized, chemoselectively reduced, and further 

converted into methyl ketone 5.  Methyl ketone 5 was coupled with 2,4-hexadienal, which then 

underwent alcohol silylation and Swern oxidation to yield keto aldehyde 6. This electrophilic 

compound reacted chemoselectively with tetronate 7, followed by oxidation, affording the acyl 

tetronate 8 (Scheme 1). 
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Scheme 1. Synthesis of Sorensen’s linear Diels-Alder precursor 8.  

Lanthanum(III) triflate was capable of inducing the direct conversion of 8 into tricycle 10 through 

in situ generation of triene 9. Tricycle 10 underwent site- and diastereoselective oxidation, 

producing the desired epoxide 11. Lastly, nucleophilic demethylation using LiCl followed by acid-

catalyzed epoxide opening resulted in the formation of abyssomicin C (2) with an overall yield of 

1.7% (Scheme 2).  

 

Scheme 2. Diels-Alder cycloaddition and epoxide opening to yield abyssomicin C (2). 

Sorensen’s biomimetic synthesis of abyssomicin C is a concise, enantioselective route completed 
in 15 steps from the known meso-2,4-glutaric anhydride, featuring a highly diastereoselective 
Diels-Alder macrocyclization as a key transformation.7 In recent years, the Willis group has made 
significant contributions to the synthesis and evaluation of abyssomicin analogs, building upon 
the Sorensen synthetic route.10–13   

1.2.4 Nicolaou’s Total Synthesis of Abyssomicin C  
In 2007, Nicolaou and Harrison published an asymmetric total synthesis of abyssomicin C 

featuring a Lewis acid-templated Diels-Alder reaction.14 Alkylation of the known Weinreb amide 

12 with lithiothioanisole and enantioselective reduction of the ketone afforded alcohol 13. 

Subjecting hydroxy 13 to developed Diels-Alder conditions afforded 14, which was converted to 



5 
 

the desired hydroxy lactone 15 via α-hydroxylation. Upon direct reduction of the thioether in 15 

and subsequent methylation the skipped diene 16 was furnished. A vanadium-directed 

epoxidation yielded the desired epoxide 17 as a single stereoisomer after acetylation of the free 

alcohol. A Dieckmann condensation was employed to convert epoxide 17 into spirotetronate 18, 

which, upon silylation, afforded compound 19 (Scheme 3). 

 

Scheme 3. Nicolaou’s construction of the abyssomicin core. 

The northern fragment 21 was derived from the enzymatic desymmetrization product 20 through 
a series of standard chemical transformations (Scheme 4). 

  

 

Scheme 4. Nicolaou’s construction of the northern fragment (21). 

With fragment 21 and the core 19 in hand, Nicolaou and coworkers began investigating the final 

stages of the synthesis of abyssomicin C (2). The core 19 was lithiated and quenched with the 

mixture of aldehydes 21, which afforded a mixture of inseparable diastereomers in 67% yield. 

DDQ was then used to oxidatively remove the PMB group, yielding diol 22 in 96% yield. Treatment 

of 22 with Grubbs’ second-generation catalyst in refluxing dicholoromethane did not achieve ring-



6 
 

closing metathesis as they desired but instead led to dimeric products 23. Postulating that the 

steric bulk of the TES group prevented macrocyclization, this group was removed with catalytic 

aqueous HCl/methanol in 94% yield affording the mixture of triols 24. Selective oxidation of the 

two allylic alcohols was achieved with excess IBX, leading to 25 in 64% yield. Attempted ring-

closing metathesis of 25 generated a complex mixture of unidentified byproducts. Conducting the 

same reaction with 1,4-benzoquinone, hoping to suppress Ru(III) mediated isomerization 

reactions, did allow the isolation of small quantities of 2 (14% yield) as an inseparable 2:1 mixture 

with 25. Whereas 25 proved to be a poor ring-closing metathesis substrate, the diastereomeric 

mixture of triols 24 closed effectively under standard conditions, leading to the mixture of triols 26 

in 78% yield. Unfortunately, all efforts to oxidize compound 26 to 2 using selective oxidants such 

as IBX and MnO₂ yielded only singly oxidized products, likely due to intramolecular hemiketal 

formation following the initial oxidation (Scheme 5). Attempts to use stronger oxidants (i.e., Dess-

Martin, PDC, and Swern) were not successful, leading to oxidation of the unactivated alcohol at 

C11. Suspecting that the two additional sp2 centers in 25 (relative to 26) were responsible for its 

reluctance to cyclize, they designed an improved substrate with the same hybridization pattern 

as 26, which was devoid of the intramolecular hemiketalization problem.  

 

Scheme 5. Attempted synthesis of abyssomicin C (2) via ring-closing metathesis. 

Nicolaou and co-workers speculated that blocking one carbonyl group of the cyclization precursor 

as a dithioacetal at either C3 or C7 would prevent the undesired hemiketalization from occurring. 

The alkylation of the lithio derivative of 19 with chiral lactone 30 afforded a crude lactol, which 

was thioketalized directly to furnish the desired adduct. Oxidation of 27 with IBX occurred 

chemoselectively, affording an aldehyde that was immediately reacted with vinyl magnesium 

bromide, leading to a 2:3 mixture of allylic alcohols (28). 28 successfully underwent the ring-
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closing metathesis, furnishing the C8-C9 trans-allylic alcohol product 29. Oxidation of 29 with IBX, 

deprotection of the dithioketal group, and isomerization in CDCl3 afforded abyssomicin C (2).  

 

Scheme 6. Completion of the synthesis of abyssomicin C (2).  

The longest linear sequence in this convergent strategy consisted of 16 steps with an overall yield 

of 3.4%.  

1.2.5 Saicic’s Total Synthesis of Abyssomicin C   
In 2013, Saicic published an enantioselective total synthesis of abyssomicin C in 21 steps with a 

1.8% overall yield.9 The synthesis began with an organocatalyzed Tsuji-Trost reaction to convert 

aldehyde 31 into the cyclohexane carbaldehyde derivative 32, which was converted to the TIPS-

enol ether 33. The silyl enol ether 33 was oxidatively fragmented into cyclohexanone derivative 

34. Addition of the ethyl propiolate anion to ketone 34 provided the desired product 35 

stereoselectively, which, upon silyl deprotection, formed the diol 36. Heating 36 in the presence 

of PPh3AuNTf2 followed by photo-irradiation in the presence of a catalytic amount of sodium 

isopropoxide afforded the spirotetronate 37 in a 60% yield.  
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Scheme 7. Saicic’s construction of the spirotetronate core 37.  

The optically pure aldehyde side chain was attached to the lithiated core 37, which when 

quenched with methoxymethyl bromide gave the MOM-protected allylic alcohol 38. Ozonolysis, 

followed by the addition of a catalytic amount of DBU, furnished the required aldehyde 39 as a 

single epimer in 81% yield (over two steps). After the Takai olefination of 39, the deprotection of 

the primary hydroxy group in 40 was followed by oxidation with DMP, furnishing the precursor for 

macrocyclization, 41. The intramolecular Nozaki-Hiyama-Kishi reaction afforded the tetracyclic 

intermediate 42 in 90% yield. The deprotection of the secondary alcohol was accomplished with 

methanolic hydrogen chloride, which was converted into diketone 43. The deprotection of the 

benzyl group was accomplished by treatment of 43 with boron tribromide at room temperature, 

which provided atrop-abyssomicin C (2) identical to the natural compound in all respects.  



9 
 

 

Scheme 8. Macrocyclization and the completion of the synthesis.  

1.2.6 Abyssomicin SAR  
Despite the promising antibacterial properties of abyssomicin C, the existing SAR data is not 

comprehensive. The reported MIC (MRSA) and cytotoxicity data for relevant abyssomicin analogs 

is summarized in Figure 6. This MIC data suggests that the enone on the west of the molecule is 

necessary for activity in bacterial cells, as supported by the proposed mechanism of action for 

abyssomicin C. The ketone on the east of the molecule can tolerate modification without 

significant loss of activity, as shown in analogs 45 and 46, suggesting that it is not necessary for 

activity.9 Furthermore, the hydroxyl group on the spirotetronate core can be functionalized without 

a significant loss of activity, as shown in analog 44, suggesting that the group acts as a hydrogen-

bond acceptor rather than a donor in the active site.15 Abyssomicin C and its analogs have been 

shown to be cytotoxic against HeLa cells, as well as normal somatic cells, as demonstrated by 

the activity against peripheral blood mononuclear (PBM) cells.9,15 This cytotoxicity in mammalian 

cells is surprising, as abyssomicin C is known to inhibit the folate pathway, which is not present 

in mammalian cells; therefore, abyssomicin C is likely interacting with other targets.  These results 

suggest that more data needs to be obtained about the biological activity of abyssomicin C, as 

the target in mammalian cells remains unknown. 
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Figure 5. MIC and cytotoxicity data for various abyssomicin analogs.   

While the SAR of the macrocylic oxygenation seems to be well understood, there is little data on 

the role of the various other positions on the structure of abyssomicin C such as the hydroxyl and 

methyl substituent groups on the core and the chiral methyl groups in the northern region of the 

macrocycle. There is a need to access more analogs of abyssomicin C to further probe its SAR 

studies.   

1.3 Results and Discussion 

1.3.1 Introduction 

Intrigued by the structure and reactivity of abyssomicin C and motivated to explore its potential 

as an antibiotic or anticancer lead, we launched a multi-pronged program focused on the total 

synthesis of the natural product and structurally related analogs to enable detailed structure–

activity relationship (SAR) studies. This challenge was addressed using two complementary 

strategies: (1) the development of a de novo synthetic route that enables skeletal modifications 

previously inaccessible by existing methods, and (2) the application of the Sorensen/Willis 

synthetic route to examine how strategic core modifications can facilitate the synthesis of novel, 

bioactive abyssomicin analogs.10,12,13 The work presented in this dissertation is focused on the 

first strategy.  

While previous approaches provide elegant access to abyssomicin C, they have not yet been 
employed to enable deep-seated skeletal modifications necessary for the synthesis of 
abyssomicin C analogs. Sorensen’s work noted that triene 9 was quite unstable, difficult to handle, 
and required in-situ generation from a silyl-protected β-hydroxyl group. In Nicolaou’s work, the 
methyl group on the spirotetronate core of abyssomicin C is installed at the very beginning of the 
synthesis in the dienol 13. Alteration of this substituent group could lead to further complications 
following this synthetic pathway, specifically in the key Lewis acid-templated Diels-Alder, and 
could potentially require a new route for each derivative. Herein, we describe a modular synthesis 
from a chiral pool building block to access abyssomicin C and introduce deep-seated skeletal 
modifications that enable analog synthesis.  
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1.3.2 Initial Retrosynthetic Analysis  

 

Scheme 9. Retrosynthetic analysis of abyssomicin C (2).  

We set out to develop an enantioselective synthesis of abyssomicin C that would facilitate the 

synthesis of analogs not accessible through an intramolecular Diels-Alder reaction. The eleven-

membered ring could be disconnected by a combination of a ring-closing metathesis and an 

organometallic addition with the northern fragment 49, to give the key tricyclic core 48 (Scheme 

9). Northern fragment 49 could be prepared using enzymatic desymmetrization. We planned to 

create 48 through the addition of the free alcohol, resulting in the elimination of the methoxide 

group of 50. Retrosynthetic simplification of 50 based on a propiolate addition and gold-catalyzed 

methoxide addition led to the allyl ketone 51, which is in turn obtainable by the radical allylation 

and cyclopropane opening of the enone 52. The enone 52 could be elaborated from the 

commercially available quinic acid through oxidative cleavage and installation of the protecting 

group, which serves to lock the conformation.  

The synthesis encompasses three main stages: 1) formation of the allyl ketone 51 with all 

stereocenters installed; 2) formation of the tricyclic core 48; and 3) attachment of the northern 

fragment 49 and completion of the synthesis. The formation of the tricyclic core 48 was initiated 

by two other members of the Pierce Group, while I was responsible for synthesizing and attaching 

northern fragment 49 and completing of the synthesis. Nonetheless, all of us contributed to the 

execution of the early steps in the synthetic sequence.   

1.3.3 Northern Fragment Synthesis  
Initially, we wanted to develop a new route to prepare the northern fragment 63 since the reported 

method featured several redox transformations, protections, and deprotections. We imagined that 

we could access the northern fragment in a more efficient route utilizing a rhodium-catalyzed 

enantioselective desymmetrization of meso-3,5-dimethyl glutaric anhydride developed by the 
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Rovis group16 The Rovis group reported an 85% yield and 95% ee of our desired product 

(Scheme 10a).  

 

Scheme 10. Initial Efforts to Synthesize the Northern Fragment.  

The initial attempt to perform the reaction used bis(norbornadiene)rhodium(I) tetrafluoroborate 
([Rh(nbd)2BF4]) instead of the chloronorbornadiene rhodium(I) dimer ([Rh(nbd)Cl]2) previously 
reported, as the former was already available in the laboratory (Scheme 10b). However, the 
reaction was unsuccessful with both commercially sourced and in situ generated dimethyl zinc. 
Follow-up discussions with the Rovis group highlighted the importance of the counterion. They 
had also observed that using the tetrafluoroborate salt led to failed reactions. Accordingly, the 
reaction was repeated using [Rh(nbd)Cl]2 and commercially obtained Me2Zn, but again no product 
formation was observed (Scheme 10c). The Rovis group then suggested checking the quality of 
the dimethyl zinc, since cloudiness could indicate the presence of LiCl salts, which negatively 
affect the reaction. The newly opened bottle of Me2Zn was confirmed to be clear. After several 
months of effort, it became apparent that the sensitivity of this transformation made it impractical 
for preparing gram-scale quantities of a key precursor to abyssomicin C. As a result, the 
previously published route to the northern fragment was adopted. 
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Scheme 11. Synthesis of northern fragment (63).  

The synthesis of northern fragment 63 was accomplished through modified procedures from 
Nicolaou and Harrison, starting with glutaric anhydride 59 (Scheme 11).14,17,18 Glutaric anhydride 
59 was reduced in the presence of LAH to the meso-diol 60. Subsequent desymmetrization with 
AK lipase and vinyl acetate furnished monoacetate 20 in a high enantiomeric ratio (98% e.r.) and 
72% yield.19 The hydroxy group was protected and the acetate group removed, yielding alcohol 
61, which then underwent a Parikh-Doering oxidation followed by vinylation to produce 62. 
Subsequent acetylation of the free hydroxyl group, removal of the silyl protecting group, and a 
second Parikh-Doering oxidation afforded the northern fragment 63. 

1.3.4 Synthetic Efforts Toward the Core of Abyssomicin C  
The realization of the first goal (Scheme 12) commenced with converting quinic acid into the 

enone 52 through the installation of a protecting group, reduction of the ester, oxidative cleavage, 

and hydroxy group elimination, all without the need for purification.20 These steps have proven to 

be highly scalable, with our largest batch exceeding 100 grams. Notably, the conversion of 

commercially available quinic acid to cyclohexenone 55 was significantly improved, enabling a 

chromatography-free preparation that has been submitted to Organic Syntheses.  

Bromination of 52 afforded 56 as a mixture of diastereomers. Subsequent radical allylation of 56 

resulted in 57 as a mixture of diastereomers; however, subjecting 57 to Corey-Chaykovsky 

cyclopropanation conditions resulted in cyclopropane 58 as a single diastereomer, resulting from 

the epimerization of the allyl center in the presence of sodium hydride. Reductive opening of the 

cyclopropane resulted in allyl ketone 51 as a single diastereomer. It is important to note that initial 

attempts to install the β-methyl group of compound 51 using a cuprate addition were 

unsuccessful, as they led predominantly to 1,2-addition onto the carbonyl rather than the desired 

conjugate addition. 
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Scheme 12. Elaboration of quinic acid to the allyl ketone (53).  

1.3.5 Preparation of the Core of Abyssomicin C from the Allyl Ketone  
Dr. Thane Jones and Dr. Nicholas Onuska, two other members of the Pierce group, worked 

towards synthesizing the core 70 from methyl ketone precursor 51. Lithiated addition of ethyl 

propiolate onto the carbonyl of 51 followed by quenching with ethyl chloroformate resulted in 64 

as one diastereomer; however, the stereocenter was not assigned (Scheme 13). They proceeded 

under the assumption that the alkyne added to the top face. Subsequent gold hydration afforded 

the β-keto ester 65, which was transformed into the tetronic acid 66 in the presence of sodium 

methoxide.  

Next, their plan was to mesylate the free hydroxyl group of the tetronic acid to form 67. Removal 

of the protecting group would allow the p-hydroxyl group to displace the mesylated oxygen 

forming the bridged ether. The remaining free hydroxyl group could then be benzylated to form 

68. Lastly, a palladium-catalyzed alkene isomerization to form 69 and subsequent 

decarboxylation would afford the core 70.  
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Scheme 13. Previous Plan for the Synthesis of Abyssomicin C core (72).  

Drs. Onuska and Jones contributed significantly to the early-stage strategies for the de novo 

synthesis21 Upon their departure from the group, I took over the project and continued efforts 

towards the spirotetronate core of abyssomicin C. The highest priority became defining the 

stereocenter at the propargylic alcohol quaternary carbon. Lithiation addition of ethyl propiolate 

to methyl ketone 51 gave propargylic alcohol 71 as a single diastereomer (Scheme 14).  

 

Scheme 14. Determination of quaternary carbon stereochemistry by X-ray crystallography.  
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The physical properties of this compound precluded analysis by X-ray crystallography. To 

overcome this limitation, the compound was further derivatized in the hope that a downstream 

intermediate would exhibit improved crystallinity. Cleavage of the trans-diol 72 and DABCO-

catalyzed cyclization furnished the proposed bridged ether 73 as a mixture of alkene isomers. 

 

Scheme 15. Investigation into upside-down-omicin (78).  

X-ray crystallography revealed that the stereochemistry of the quaternary carbon center was not 

the desired configuration, but rather the result of backside attack by the alkyne lithiate, resulting 

in the bicyclic ester 74. Although this was not our desired substrate, we carried it forward with the 

intention of accessing an additional compound in our analog library. Alkene isomerization afforded 

the E-alkene that cyclized spontaneously under basic conditions to form spirotetronate 75 

(Scheme 15). This material was carried through to the benzylation without purification due to its 

instability on silica gel, yielding benzyl ether 76.  

 

Scheme 16. Justification of alkyne addition diastereoselectivity.  

The allyl group was epimerized in low yield to give 77; however, we anticipate this substrate will 

be challenging to carry through the final steps due to its increased strain relative to abyssomicin 

C. The resulting analog 78, referred to as “upside-down-omicin”, was calculated to have a relative 

free energy of 119.53 kcal/mol respective to abyssomicin C (2, 0.00 kcal/mol, see SI), highlighting 

the substantial thermodynamic penalty associated with 78 and underscoring the synthetic 

challenges in accessing this highly strained compound. We theorized that the trans-diol protecting 

group locked the chair confirmation of 51 to give equatorial attack, resulting in compound 71 (blue)  
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over the desired 78 (red, Scheme 16).  

 

To pursue the original substrate target (78), we subjected propargyl alcohol 71 to several 

Mitsunobu conditions (including the two listed), but no benzyl ether (79) was furnished, and most 

reaction attempts resulted in no reaction or decomposition (Scheme 17a).22,23 Alternatively, we 

proposed that altering the stereocenter, guided by perceived axial strain (or A values), and 

removing the trans-diol protecting group would induce a flipped chair confirmation, thereby 

favoring top-face attack by the alkyne nucleophile (Scheme 17b). This manipulation included 

keeping the α-allyl group cis to the γ-hydroxy group, meaning the Corey-Chaykovsky 

cyclopropanation could not be utilized to install the β-methyl group, as these conditions also lead 

to allyl group epimerization. However, as previously mentioned, attempts from colleagues to 

afford the 1,4-cuprate addition had been unsuccessful. Upon revisiting the transformation, 

suitable conditions were identified that furnished the β-methyl ketone in varying diastereomeric 

ratios (Table 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 17. (a) Mitsunobu reaction attempts. (b)  Comparison of chair confirmations.  
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Despite the low diastereoselectivity, we utilized the conditions that gave the best 

diastereoselectivity (entry 4) to continue along the synthetic route. The cuprate addition gave 

methyl ketone 81 as a mixture of diastereomers that favored the undesired stereochemistry as 

confirmed by 1H NMR, and the diastereoselectivity significantly decreased as the scale of the 

reaction was increased above 20 mg. Furthermore, the installation of the silyl groups also resulted 

in elimination of the β-hydroxy group giving 82 and 83 in 26% and 42% yield, respectively, which 

we attribute to the anti-periplanar conformation between the α-proton and β-silyl ethers that leads 

to elimination under basic conditions (Scheme 18). We theorized that this elimination was unique 

to substrates with the α-allyl group cis to the β-silyl ether (81) as compared to substrates with a 

trans relationship (51).  

 

Scheme 18. Further functionalization of allyl enone 57 despite poor diastereoselectivity in the 
cuprate addition  

Table 1. Screenings of cuprate addition to allyl enone 57.  
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However, once allyl enone 57 was converted to the silyl ether 84, 1,4-addition proceeded in 

reproducible yields, providing a single diastereomer (85) and proving to be highly scalable 

(Scheme 19). Unfortunately, both proton and two-dimensional (2D) NMR analyses were 

inconclusive regarding the configuration of the β-methyl stereocenter. Nevertheless, we advanced 

this substrate with the goal of obtaining stereochemical information at a later stage through either 

NMR or X-ray crystallography. 

Initial attempts at the addition of ethyl propiolate to methyl ketone 82 were unsuccessful, largely 

resulting in recovered starting material. The work of Saicic and co-workers also showed that the 

addition of ethyl propiolate to methyl ketone 34 was troublesome with a 33% yield of the desired 

product (89% brsm), whereas utilizing 3,3,3-triethyoxypropyne as the electrophile furnished 35 in 

an 88% yield (Scheme 19b).9 To this end, triethylorthopropionate (88) was converted to 3,3,3-

triethoxyprop-1-yne (89) in three steps based on literature precedent (Scheme 19c).24 While the 

addition of 89 to methyl ketone 82 did yield the desired product (90), which could be converted to 

triol 91, the reaction was not sufficiently scalable (Scheme 19d). Upon returning to ethyl 

propiolate as our electrophile and fine-tuning the reaction conditions, we were able to afford 

propargyl alcohol in acceptable yields. Unfortunately, we observed poor peak resolution for 

compounds 82 and 84–87, rendering stereocenter assignment unresolved, which we attributed 

to the flexibility of the substrate to adopt both chair conformations in situ. In response, the trans-

diol protecting group was reinstalled to increase system rigidity, which allowed us to determine 

the absolute stereochemistry of alcohol 87, as confirmed by X-ray crystallography.  
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Scheme 19. (a) Accessing (b) Saicic route (c) synthesis of 3,3,3-triethoxypropyne (89) (d) 
screenings for the lithiate addition of 89 to methyl ketone 82 following Saicic conditions. 

Although 86 did not bear the β-methyl stereochemistry of the natural product, we still attempted 

cyclization to form the spirotetronate core (92; Scheme 20). Based on similar cyclization attempts 

discussed in Chapter 3, we knew that PdII could engage the alkyne to achieve a Michael addition 

of the para-hydroxyl group, which could cyclize to the spirotetronate under a carbon monoxide 

atmosphere. With this evidence, we subjected triol 86 to these conditions, but spirotetronate 92 

did not form despite higher temperatures and elongated reaction times. Reaction monitoring by 

TLC and 1H NMR suggested the starting material was highly unreactive and prone to 

decomposition at elevated temperatures. We suspect the stereochemistry of the β-methyl group 



21 
 

introduces significant strain to the proposed boat conformation transition state, thereby inhibiting 

cyclization.  

 

The X-ray crystal structure of compound 87 revealed that, although the β-methyl group did not 

align with our target stereochemistry, the alkyne successfully added to the top face of the methyl 

ketone. This raised the question of whether 1,3-diaxial strain or dipole minimization played a more 

significant role in determining the chair confirmation prior to alkyne addition. Notably, in methyl 

ketone 82, the β-methyl group positioned on the back face would not be expected to preclude 

top-face alkyne attack if A-values were the dominant conformational influence.  

 

To better understand the factors influencing diastereoselectivity in the alkyne addition, we 

conducted DFT calculations on substrates 82, 93, and 94 (Scheme 21a). For all three substrates, 

the chair conformation that places the silyl ethers in axial positions was energetically favored. As 

a reference point, we examined substrate 95, which undergoes top-face attack by ethyl propiolate 

under basic conditions to yield a single diastereomer with the desired quaternary stereocenter. 

The computed energy differences of substrates 82, 93, and 94 were comparable to that of 95. 

Specifically, the relative chair conformations placing the β- and γ- oxygens axially were favored 

by 3.71, 2.12, 1.42 and 5.52 kcal/mol, respectively (see SI for computational methods). Taken 

together, these computational and experimental results suggest that, when possible, these 

substrates preferentially adopt chair conformations that minimize the dipole moment by orienting 

the β- and γ-oxygen substituents axially.  

 
Scheme 21. (a) Computationally modeled chair confirmations. (b) Protecting group switch 
attempt on methyl ketone 51.  

With computational results indicating that the α-allyl stereocenter has minimal influence on the 

preferred chair confirmation, we revisited the Corey-Chaykovsky cyclopropanation as a strategy 

to install the β-methyl group. This decision was prompted by the failure of various cuprate addition 

conditions, all of which gave poor diastereoselectivity, favoring the undesired diastereomer. 

Ideally, we aimed to deprotect the trans-diol in methyl ketone 51 and selectively install a silyl 

protecting group; however, acidic deprotection consistently led to near-quantitative β-elimination, 

resulting in enone 96 (Scheme 21b). This disproved our previous hypothesis that β-elimination 

was unique to substrates where the α-allyl group is cis to the β-silyl ether (as in compound 94), 

compared to those with a trans relationship. Based on these findings, we now propose that acidic 

Scheme 20. Carbonylative triol cyclization attempts to access spirotetronate 92.  
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cleavage promotes enol formation, and subsequent tautomerization drives β-elimination, rather 

than a direct deprotonation mechanism. Given that protecting group exchange is therefore not 

feasible once both the allyl and methyl groups are installed, one might consider making the switch 

beforehand. However, the conformational rigidity imposed by the trans-diol protecting group 

appears to be critical for achieving high diastereoselectivity. If this rigidity were lost, we would 

expect significant diastereomeric mixtures to arise during allylation and methylation steps.  

  

Alternatively, converting the α-allyl center to a quaternary carbon would prevent β-elimination and 

allow for subsequent protecting group cleavage. To this end, enone 52 converted to β-ketoester 

97 utilizing Mander’s reagent, which then underwent allylation and Corey-Chaykovsky 

cyclopropanation to 98 as a single diastereomer with an 86% yield over 3 steps without 

chromatography. Reductive opening of the cyclopropane resulted in 99, which we envisioned 

could undergo the protecting group switch, followed by base-promoted decarboxylation to 100. 

Finally, alkyne addition and silyl group cleavage would afford triol 101 (Scheme 22).  

 

Scheme 22. Utilization of a quaternary carbon to circumvent β-elimination.  

However, proton NMR following acidic cleavage and silyl protection of methyl ketone 102 

indicated lactonization rather than formation of the expected compound 103 (Scheme 23). Since 

the α-stereocenter had not been confirmed, lactonization could have produced either the 4,6-

lactone (104) or the 5,6-lactone (105), HMBC correlation between the ester carbonyl and the γ-

proton of the cyclohexane confirmed the structure as 105. Although unplanned, this 

transformation offered a valuable opportunity, as the β- and γ-hydroxy groups were now 

orthogonally protected. Subsequent conversions of methyl ketone 102 gave a combined yield of 

74% as a mixture of ester 103 and lactone 106. Base-promoted decarboxylation of 106 was 

unsuccessful, resulting in low yields of recovered starting material. We subjected 106 and 103 to 

alkylation with the plan that decarboxylation could occur late-stage instead. The alkylation of 

lactone 106 led to a 1:1 mixture of starting material and the desired product 108, but these proved 

inseparable by chromatography. Methyl ester 103 was unreactive to alkylation conditions in 

attempts to furnish propargyl alcohol 109.  
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Scheme 23. Protecting group switch results in unexpected lactonization.  

Additional methods were explored to access the desmethyl analog through reduction of the enone 

(Scheme 24). Hydrogenation of β-ketoester 97 afforded chemoselective reduction of the alkene 

to furnish 110, which was then allylated to afford allyl ketone 111. Protecting group exchange 

gave the silyl ketone 112; however, base-promoted saponification and decarboxylation with 

potassium hydroxide was unsuccessful, even when heated, likely due to elimination of the β-

hydroxy group. Chemoselective photochemical reduction via thiol-mediated formate activation 

was unsuccessful in converting allyl enone 57 to allyl ketone 113.25 Reduction of 57 with lithium 

tri-sec-butyl borohydride (L-selectride)26  also did not afford ketone 113. Literature precedented 

epimerization27  of 57 produced enone 114 as the major diastereomer in low yields. Subsequent 

chemoselective reduction using a modified Stryker’s reagent28  produced ketone 115 in only 11% 

yield. Given the low yields, we have chosen not to prioritize this analog at this time; however, this 

route can be revisited in the future.  
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Scheme 24. Various methods to access the β-desmethyl analog.  

Given the previous challenges of the propiolate addition (Scheme 19), we are confident that 

optimizing the reaction conditions can yield full conversion of lactone 106. Current efforts are 

focused on this transformation.  

1.4 Future Directions 
Once the challenges of propiolate addition to furnish lactone 108 have been resolved, future work 

will include completing the synthesis of abyssomicin C (2). We propose that transesterification 

with ethanol will produce bis-ethyl ester 116 which should undergo our key palladium-catalyzed 

intramolecular oxycarbonylation to form spirotetronate 117 (Scheme 25). A subsequent 

benzylation, saponification, decarboxylation, and alkene isomerization could furnish 118, 

although we are unsure if decarboxylation will result in the allyl group in the preferred pseudo-

axial (118) or pseudo-equatorial position (122). There could be a natural preference for isomer 

118 given the structure of abyssomicin C. Regardless of the isomer formed, it is important to note 

that the conversions of each to abyssomicin C are precedented with minor reordering.9,14,15,29–

31  With isomer 118, lithiation addition with aldehyde 63 would furnish alkene 119. A ring closing 

metathesis and acetate cleavage would result in diol 120, which can be converted to abyssomicin 

C (2) upon oxidation and benzyl cleavage (Scheme 25).  
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Scheme 25. Initial proposed plan for the completion of abyssomicin C (2).  

With isomer 122 in hand, lithiation/addition with a precursor of 63 followed by quenching with 

chloromethyl methyl ether (MOMCl) would yield alkene 123 (Scheme 26). Alkene isomerization 

and ozonolysis, followed by base-promoted isomerization, would furnish aldehyde 124. After the 

alkene isomerization, the rest of the synthesis is directly based on Saicic and co-worker’s 2013 

publication. Takai olefination yields vinyl iodide 125, which is converted to macrocycle 126 with 

silyl ether cleavage, oxidation, and the intramolecular Nozaki-Hiyama-Kishi (NHK) reaction. 

Finally, MOM cleavage and oxidation followed by benzyl reduction will yield abyssomicin C (2).  
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Scheme 26. Secondary plan for the completion of abyssomicin C (2).  

This chiral pool approach to the total synthesis of abyssomicin C enables targeted derivatization 

to probe the biological activity of the natural product. The key transformation yielding 

spirotetronate 117 provides a fully functionalized scaffold with an ester handle, facilitating the 

synthesis of diverse derivatives, including thioesters, amides, and other esters.  

As previously mentioned, another significant component of this project involves applying 

Sorensen’s synthetic route to explore strategic core modifications that can streamline access to 

novel, bioactive abyssomicin analogs. Several analogues have been synthesized by Dr. Rory 

Devlin (RD), Dr. Cole Edwards (CE), Coleman Walker (CW), Chimdi Kalu (CK), and Sara 

Elshaboury (SE). Although I am not directly involved in this work, their contributions are vital to 

understanding the full scope and future trajectory of this campaign (Scheme 27). Notably, 

Coleman Walker plans to pioneer alkyne tagging of select analogs for activity-based protein 

profiling (ABPP), offering powerful insights into the chemical biology of this molecular class.  
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Scheme 27. Current analogs synthesized or in progress by colleagues.  

Together, these complementary efforts within the Pierce group, spanning total synthesis, strategic 

derivatization, and chemical biology, will generate a comprehensive and versatile platform for 

accessing abyssomicin C analogs. This integrated approach promises to yield a wealth of 

information on the structure-activity relationships, mechanism of action, and therapeutic potential 

of spirotetronate natural products, ultimately advancing our understanding and application of this 

valuable class of bioactive molecules.  

1.5 Experimental  

1.5.1 General Considerations 
General experimental procedures: All reactions were carried out under an inert argon 

atmosphere with anhydrous solvents under anhydrous conditions unless otherwise stated. 

Organic solvents were removed under reduced pressure below 38 °C. Degassed solvents or 

reagents were degassed by sparging with argon for 20 minutes in an ultrasound bath at 25 °C. 

All reactions, except those conducted in the presence of water, were carried out in flame-dried 

apparatus. Yields refer to chromatographically purified yield, unless otherwise stated. Reactions 

were monitored by thin layer chromatography (TLC) analysis (pre-coated silica gel 60 F254 

plates, 250 mm layer thickness), and visualization was accomplished with a 254 nm UV light and 

by staining with KMnO4 solution, anisaldehyde, or phosphomolybic acid with heating. Reactions 

were also monitored by LC-MS (2.6 mm C18 50 x 2.10 mm column). Flash chromatography on 

SiO2 was used to purify the crude reaction mixtures and performed on a Biotage Isolera utilizing 

Biotage cartridges and linear gradients. Diastereomeric ratio was determined by crude NMR 
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spectroscopy. The spectral data for enantioenriched compounds were identical to racemic 

material. 

Materials: Tetrahydrofuran (THF) and dichloromethane (CH2Cl2) were obtained by passing the 

previously degassed solvents through activated alumina columns under nitrogen atmosphere. 

Deuterated solvents (containing 1 v/v % tetramethylsilane, TMS) were purchased from Acros 

Organics. All other reagents were purchased from commercial chemical companies and used 

without further purification, unless otherwise stated. 

Instrumentation: Infrared spectra were determined on the Agilent Cary 630 FTIR spectrometer 

and data are represented as frequency of absorption (cm-1). Optical rotation was measured on 

Jasco P-2000 polarimeter. 1H and 13C NMR spectra were obtained on a 500, 600 or 700 MHz 

instrument in CDCl3 unless otherwise noted. COSY, HSQC, and where necessary NOESY and 

HMBC spectra were used to aid structure assignments. Chemical shifts (δ) were reported in parts 

per million (ppm) with the residual solvent peak used as an internal standard (CDCl3 1H NMR = 

7.26 ppm, 13C NMR = 77.2 ppm; TMS 1H NMR = 0 ppm, 13C NMR = 0 ppm) and multiplicities are 

reported as observed. The following abbreviations were used to report NMR peak multiplicities: s 

= singlet, d = doublet, t = triplet, q = quartet, p = pentet, m = multiplet, br = broad. Low resolution 

mass spectra were obtained using electrospray ionization (ESI). High-resolution mass spectra 

were obtained using a Thermo Fisher Scientific Exactive Plus MS, a benchtop full-scan Orbitrap 

mass spectrometer, equipped with Heated Electrospray Ionization (HESI). Optical rotation was 

measured on Jasco P-2000 polarimeter. The NC State small molecule X-ray facility collected and 

analyzed all X-ray diffraction data. 

1.5.2 Synthetic Procedures  

 

(2S, 4R)-5-Hydroxy-2,4-dimethylpentyl acetate (20): To a solution of the diol (1.00 g, 7.56 
mmol, 1.0 equiv) in anhydrous THF (10.0 mL) at 0 °C was added Amano Lipase AK (62 mg) and 
vinyl acetate (1.06 mL, 11.4 mmol, 1.5 equiv). After 30 min, the reaction was further cooled to 5 
°C and stirred at this temperature for 16.5 h. The enzyme was removed by suction filtration 
through Celite and washed with Et2O. The filtrate was concentrated under reduced pressure and 
purified by column chromatography (SiO2, gradient elution: 20-80% EtOAc/hexanes) to afford the 
hydroxy acetate 20 as a yellow oil (0.95 g, 72%). The enantiomeric ratio was determined by chiral 
HPLC analysis to be 98.5% e.r. Characterization matched that previously reported.32 

Rf =0.42 (50% EtOAc in hexanes) 

Chiral HPLC traces of (±)-20 (top trace) and enantioriched (-)-20 (bottom trace); Chiralcel OD-H 

(4.6 mm x 250 mm, 5 5 μm), hexanes/isopropyl alcohol 30:1, flow rate: 1.0 mL/min, injection 

volume 5 μL, detection: 220 nm  
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Peak result 

 RT Height Area % 

1 13.075 4009 50.473 

2 14.104 3699 49.527 

 

 

Peak result 

 RT Height Area % 

1 13.224 229 1.562 

2 13.981 12441 98.483 
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(2S, 4R)-5-((tert-Butyldimethylsilyl)oxy)-2,4-dimethylpentan-1-ol (61): To a solution of 

hydroxy acetate 20 (466 mg, 2.67 mmol, 1 equiv) and imidazole (364 mg, 5.34 mmol, 2 equiv) in 

CH2Cl2 (6.5 mL) at 0 °C was added TBSCl (498 mg, 3.21 mmol, 1.2 equiv) portion-wise. The 

reaction was allowed to warm to room temperature. Upon consumption of starting material (1 h) 

by TLC, the reaction was quenched (sat. aq. NH4Cl), the aqueous layer was extracted with CH2Cl2 

(3x) and the organic layers were combined, washed with H2O (1x), brine (1x), dried (MgSO4) and 

concentrated under reduced pressure. LAH (5.34 mL, 5.34 mmol, 1.0 M, 2 equiv) was added to 

this crude residue in Et2O (8.1 mL) at 0 °C. After 20 min, water (1.0 mL), aq. NaOH (15%, 1.0 

mL), Et2O (5 mL), and water (1 mL) were added successively. The reaction was stirred in the 

presence of MgSO4 for 30 min, filtered over Celite® with Et2O, and concentrated under reduced 

pressure. This crude residue was purified by column chromatography (SiO2, 10% 

EtOAc/hexanes) to afford the silylated pentanol 61 (510 mg, 77%) as a colorless oil. Analytical 

data was consistent with literature.14  

Rf =0.15 (10% EtOAc in hexanes) 

 

(4S,6R)-4, 6-diMethyl-7-oxohept-1-en-3-yl acetate (62): To a solution of silylated pentanol 61 

(4.42 g, 17.9 mmol), anhydrous pyridine (4.4 mL, 53.8 mmol, 3 equiv) and i-Pr2NEt (9.4 mL, 53.8 

mmol, 3 equiv) in CH2Cl2 (57.5 mL) at 0 °C was added a solution of SO3٠pyridine (8.74 g, 53.8 

mmol, 3 equiv) in DMSO (11.5 mL). Upon consumption of starting material (45 min) by TLC, the 

reaction was quenched (sat. aq. NH4Cl), washed with water, the aqueous layer was extracted 

with Et2O (3x) and the organic layers were combined, washed with brine (1x), dried (NaSO4) and 

concentrated under reduced pressure. A vinylmagnesium bromide solution in THF (76.9 mL, 53.8 

mmol, 0.7 M, 3 equiv) was added to this crude residue in THF (28.9 mL) at -78°C. After 30 min, 

the reaction was quenched (sat. aq. NH4Cl), the aqueous layer was extracted with EtOAc (3x), 

and the organic layers were combined, dried (NaSO4), and concentrated under reduced pressure. 

This crude residue was purified by column chromatography (SiO2, gradient elution: 0-20% 

EtOAc/hexanes) to afford the silylated allylic alcohol 64 (3.41 g, 70%) as a clear colorless oil. 

Analytical data was consistent with literature.14 

Rf =0.29 (10% EtOAc in hexanes) 

 

(4S,6R)-4,6-diMethyl-7-oxohept-1-en-3-yl acetate (63): To a solution of silylated allylic alcohol 

62 (1.00 g, 3.67 mmol) in THF (24.5 mL) at 0°C was added 4-DMAP (90.5 mg, 0.73 mmol, 0.2 
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equiv) and acetic anhydride (0.53 mL, 5.50 mmol, 1.5 equiv). The reaction was allowed to warm 

to room temperature overnight. The following morning, the reaction was quenched (sat. aq. 

NH4Cl), the aqueous layer was extracted with EtOAc (3x) and the organic layers were combined, 

washed with NaHCO3 (1x), brine (1x), dried (NaSO4) and concentrated under reduced pressure.  

Aqueous HCl (0.04 mL, 1M, 0.01 equiv) was added to this crude residue (1.10 g, 3.49 mmol) in 

MeOH (14.6 mL). After consumption of starting material by TLC (3 h), pH 7 phosphate buffer was 

added, and the MeOH was removed by rotary evaporation. The remaining aqueous mixture was 

extracted with Et2O (3x), and the combined organic layers were dried (MgSO4) and evaporating 

leaving a crude residue (0.65 g, 3.23 mmol). This crude residue was used in the next reaction 

without further purification. To a portion of the crude material (13.9 mg, 0.069 mmol) and i-Pr2NEt 

(0.037 mL, 0.208 mmol, 3 equiv) in CH2Cl2 (0.73 mL) at 0°C was added a solution of SO3٠pyridine 

(33.8 mg, 0.208 mmol, 3 equiv) in DMSO (0.15 mL). Upon consumption of starting material by 

TLC, the reaction was quenched (sat. aq. NH4Cl), washed with water, the aqueous layer was 

extracted with Et2O (3x) and the organic layers were combined, washed with brine (1x), dried 

(NaSO4) and concentrated under reduced pressure. The data from the crude residue (15.7 mg) 

was consistent with literature.14  

Rf =0.62 (10% EtOAc in hexanes) 

 

(4aS,8aR)-5-Bromo-2,3-dimethoxy-2,3-dimethyl-2,3,4a,8a-tetrahydrobenzo[b][1,4]dioxin-

6(5H)-one (56): The starting enone 52 (10.0 g, 41.3 mmol) was dissolved in anhydrous CH2Cl2 

(250 mL) in a flame-dried 500 mL RBF under an atmosphere of argon. NEt3 (14.5 mL, 103 mmol, 

2.5 equiv) was added dropwise across 5 min. The reaction mixture was then cooled to ~ 0 °C 

using an ice/water bath. The resulting pale-yellow solution was treated dropwise with TBSOTf 

(23.7 mL, 103 mmol, 2.5 equiv) at 0 °C over 15 min. The resulting pale-yellow reaction mixture 

was allowed to stir at this temperature for 1 h. At this time, TLC indicated that starting material 

was consumed. N-bromosuccinimide (14.8 g, 82.5 mmol, 2.0 equiv) was added gradually over 

several minutes, accompanied by the formation of a deep red color. After stirring for 5 min, TLC 

indicated all silyl enol ether had been consumed, affording two new spots corresponding to the 

two diastereomeric bromide products. The reaction mixture was quenched (sat. aq. NH4Cl, 50 

mL) and the resulting biphasic mixture was transferred to a separatory funnel. The layers were 

separated and the aqueous layer was then extracted with CH2Cl2 (3 x 100 mL). The combined 

organic layers were then washed with water, dried (Na2SO4), and concentrated under reduced 

pressure to afford the crude product as a viscous red oil. The desired product was isolated as a 

mixture of diastereomers (13.1 g, 99% combined yield). Characterization matched that previously 

reported.27  
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(4aR,8aR)-5-Allyl-2,3-dimethoxy-2,3-dimethyl-2,3,4a,8a-tetrahydrobenzo[b][1,4]dioxin-

6(5H)-one (57): To a sparged solution of 56 in toluene (51 mL, not anhydrous) was added AIBN 

(310 mg, 1.85 mmol, 0.2 equiv) and allyl tributylstannane (7.4 mL, 23.2 mmol, 2.5 equiv), and the 

mixture was sparged for an additional 5 min before being heated to 80 °C for 16 h. Following this, 

the reaction mixture was cooled to room temperature and concentrated under reduced pressure 

to afford a yellow oil. This material was dissolved in diethyl ether (16 mL) and stirred vigorously 

with a 10% KF/H2O solution (9.3 mL) for 3 h, resulting in the formation of a white precipitate. The 

resulting biphasic mixture was then filtered to remove solid, and the filter cake was washed with 

diethyl ether. The biphasic filtrate was transferred to a separatory funnel and the layers were 

separated. The aqueous layer was extracted with diethyl ether (2x), and the combined organic 

extracts were washed with brine, dried (MgSO4), and concentrated under reduced pressure to 

afford the crude product. This material was dry loaded on top of a silica plug. The plug was eluted 

with hexanes (460 mL) to remove impurities and then flushed with EtOAc (193 mL) to afford an 

orange solution. Concentration of this solution under reduced pressure afforded the desired 

product as a yellow oil in quantitative yield (9:1 dr). The material was used directly in the next step 

of the reaction. Characterization matched that previously reported.27  

1H NMR (700 MHz, CDCl3) δ 6.77 (dd, J = 10.3, 1.8 Hz, 1H), 5.93 (dd, J = 10.2, 2.7, 1H), 5.85 – 

5.76 (m, 1H), 5.07 – 4.99 (m, 2H), 4.65 (dd, J = 9.3, 2.7, 1H), 3.29 (s, 3H), 3.23 (s, 3H), 2.79 – 

2.72 (m, 1H), 2.71 – 2.64 (m, 1H), 2.21 – 2.13 (m, 1H), 1.34 (s, 3H), 1.31 (s, 3H). 

13C NMR (176 MHz, CDCl3) δ 199.2, 147.4, 135.0, 129.2, 117.0, 100.9, 100.0, 70.1, 65.2, 50.6, 

48.2, 48.1, 29.4, 17.8, 17.7. 

IR (Diamond-ATR, neat) ṽmax: 2945, 2900, 2833, 2363, 2333 ,1677, 1372, 1118, 1036, 1029, 902.  

[α]24
D = -5.48, (c = 0.0068, CHCl3) 

 

(4aR,5R,6aS,7aR,7bR)-5-Allyl-2,3-dimethoxy-2,3-dimethyloctahydro-6H-

cyclopropa[3,4]benzo[1,2-b][1,4]dioxin-6-one (58): A solution of the enone (0.618 g, 2.19 

mmol) in 1:1 anhydrous DMSO:THF (22.0 mL, v:v) was added slowly via addition funnel to a 

stirred, neat mixture of trimethylsulfoxonium iodide (0.737 g, 3.28 mmol, 1.5 equiv) and sodium 

hydride (0.123 g, 3.06 mmol, 1.4 equiv) at rt. The addition funnel was rinsed with anhydrous THF 

(1 mL) before allowing the reaction to proceed at rt for 2-3 h. Upon consumption of the starting 
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material, the bulk of the THF was removed under reduced pressure and brine (5 mL) was added 

slowly. The resulting aqueous solution was extracted with CH2Cl2 (3x). The combined organic 

extracts were washed with H2O (2x), brine (1x), dried (MgSO4), and concentrated to yield the 

crude which was purified by flash chromatography (SiO2, 5-40% EtOAc/hexanes) to yield the title 

compound (0.455 g, 1.54 mmol, 70%) as a colorless oil. 

Rf= 0.10 (10% EtOAc in hexanes), weakly UV-active, stains with PMA  

1H NMR (500 MHz, CDCl3) δ 5.64 – 5.44 (m, 1H), 5.08 – 4.79 (m, 2H), 4.08 (dd, J = 9.8, 3.6 Hz, 
1H), 3.64 (dd, J = 11.2, 9.7 Hz, 1H), 3.21 (s, 3H), 3.15 (s, 3H), 2.61 (dt, J = 14.2, 5.2 Hz, 1H), 
2.28 (ddd, J = 13.7, 8.7, 4.2 Hz, 1H), 2.16 (dt, J = 11.3, 4.5 Hz, 1H), 1.88 (ddd, J = 9.9, 7.7, 4.5 
Hz, 1H), 1.67 (tdd, J = 7.7, 5.8, 3.6 Hz, 1H), 1.30 (q, J = 5.6 Hz, 1H), 1.24 (s, 3H), 1.20 (s, 3H), 
1.00 (ddd, J = 9.9, 7.7, 5.9 Hz, 1H). 

13C{1H} NMR (600 MHz, CDCl3) δ 206.3, 134.0, 118.1, 99.6, 99.3, 66.7, 63.7, 50.2, 48.2, 47.8, 
30.3, 26.7, 18.3, 17.7, 17.6, 8.9.  

IR (Diamond-ATR, neat) ṽmax: 2989, 2945, 2833, 2363, 1692, 1372, 1118, 1029, 850.  

[α]24
D = +128.74, (c = 0.01949, CHCl3) 

 
(4aR,5R,8R,8aR)-5-Allyl-2,3-dimethoxy-2,3,8-trimethylhexahydrobenzo[b][1,4]dioxin-

6(5H)-one (51): To a solution of 58 (0.501 g, 1.69 mmol, 1.0 equiv) in THF (37.6 mL, 0.045 M) 

was added DMPU (3.97 mL, 32.2 mol, 19.0 equiv). The resulting mixture was then treated with a 

solution of SmI2 (33.8 mL, 3.38 mmol, 0.1 M, 2.0 equiv) dropwise across 30 min. Once the blue 

color persisted, the addition was halted and the reaction mixture was allowed to stir for 30 min at 

room temperature. Following this, the reaction mixture was quenched (sat. aq. NaHCO3), and the 

blue color rapidly disappeared. The mixture was transferred to a separatory funnel and was 

extracted with Et2O (3x). The resulting extracts were washed with brine (1x), dried (MgSO4), and 

concentrated under reduced pressure to afford the crude product as a colorless oil. The product 

was purified by column chromatography (SiO2, gradient elution: 10-15% EtOAc/hexanes) yielding 

51 as a colorless oil (0.294 g, 58%).  

1H NMR (600 MHz, CDCl3) δ 5.93 – 5.75 (ddt, J = 17.1, 10.2, 6.8 Hz, 1H), 5.07 (dd, J = 17.2, 1.8 

Hz, 1H), 5.01 – 4.96 (m, 1H), 4.06 (dd, J = 9.9, 4.7 Hz, 1H), 3.69 (dd, J = 11.6, 9.9 Hz, 1H), 3.30 

(s, 3H), 3.21 (s, 3H), 2.63 – 2.57 (m, 1H), 2.57 – 2.51 (m, 1H), 2.46 (m, 1H), 2.40 (m, 1H), 2.32 

(dd, J = 14.5, 2.0 Hz, 1H), 2.27 – 2.33 (m, 1H), 1.32 (s, 3H), 1.31 (s, 3H), 0.94 (d, J = 7.2 Hz, 3H).  

13C{1H} NMR (600 MHz, CDCl3) δ 207.8, 136.3, 116.6, 99.6, 99.3, 71.4, 67.8, 53.1, 48.2, 48.1, 
46.9, 31.5, 28.6, 17.9, 17.8, 13.5.  
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Ethyl 3-((4aR,5R,6S,8R,8aR)-5-allyl-6-hydroxy-2,3-dimethoxy-2,3,8-

trimethyloctahydrobenzo[b][1,4]dioxin-6-yl)propiolate (71): To a solution of ethyl propiolate 

(1.75 mL, 1.69 g, 17.1 mmol, 5 equiv) in anhydrous THF (34.0 mL, 0.1 M) at -78 °C was added 

nBuLi (9.77 mL, 1.75 M, 17.1 mmol, 5 equiv) in a slow, dropwise manner. After 15 min, a solution 

of the ketone (1 equiv) in a minimal amount of THF was added dropwise, and the reaction was 

allowed to proceed at -78 °C. Upon consumption of starting material by TLC, the reaction was 

quenched at -78 °C by the addition of sat. aq. NH4Cl, EtOAc, and DI H2O, successively. Once at 

rt, the aqueous layer was extracted with EtOAc (3x), and the combined organic layers were 

washed with brine (1x), dried (MgSO4), filtered, and concentrated in vacuo. The mixture was 

purified by column chromatography (SiO2, 5-40% EtOAc/hexanes) yielding 71 as a yellow oil (1.11 

g, 82%).  

Rf= 0.30 (20% EtOAc in hexanes), weakly UV-active, oxidizes w/o heat  

1H NMR (600 MHz, CDCl3) δ 6.19 – 6.09 (m, 1H), 5.21 (d, J = 17.0 Hz, 1H), 5.04 (d, J = 9.9 Hz, 

1H), 4.22 (q, J = 7.1 Hz, 2H), 3.94 (t, J = 10.5 Hz, 1H), 3.65 (dd, J = 10.0, 5.5 Hz, 1H), 3.27 (s, 

3H), 3.23 (s, 3H), 2.67 (dt, J = 12.6, 5.9 Hz, 1H), 2.61 – 2.52 (m, 1H), 2.11 (q, J = 6.8 Hz, 1H), 

2.06 (d, J = 14.8 Hz, 1H), 1.95 (dd, J = 14.7, 5.6 Hz, 1H), 1.87 (dt, J = 10.6, 5.1 Hz, 1H), 1.29 (s, 

3H), 1.28 (s, 3H), 1.16 (d, J = 7.4 Hz, 3H). 

13C{1H} NMR (151 MHz, CDCl3) δ 153.5, 138.1, 117.0, 99.6, 99.3, 89.4, 72.5, 72.3, 65.1, 48.4, 
48.2, 47.9, 43.2, 31.8, 31.7, 18.0, 17.8, 14.6, 14.1. 
 

 

Ethyl (Z)-2-((1S,3R,4R,5R,8R)-8-allyl-1,4-dihydroxy-3-methyl-6-oxabicyclo[3.2.1]octan-7-

ylidene)acetate (74): A solution of alcohol 71 (0.484 g, 1.22 mmol, 1 equiv) in TFA/H2O (9:1), 

12.6 mL, 0.1 M) was stirred at rt for 20 min. The reaction was diluted with PhMe, concentrated in 

vacuo, and purified by column chromatography (SiO2, gradient elution: 5-60% EtOAc in hexanes) 

yielding the triol intermediate 72 (0.270 g, 78%). This triol was dissolved in MeCN (12.7 mL, 0.05 

M) and DABCO (86.2 mg, 0.761 mmol, 1.2 equiv) was added. The reaction mixture was heated 

to 70 °C and monitored by TLC. After 24 h, the reaction was quenched with NH4Cl, extracted with 

EtOAc (3x), washed with brine (1x), dried (Na2SO4), and concentrated in vacuo. The mixture was 



35 
 

purified by column chromatography (SiO2, gradient elution: 5-50% EtOAc/hexanes) yielding 74 

as a mixture of the Z-alkene (106 mg, 60%) and E-alkene (55.0 mg, 31%).  

Triol 72:  

Rf= 0.28 (50% EtOAc in hexanes), weakly UV-active, oxidizes w/o heat  

1H NMR (700 MHz, CDCl3) δ 6.20 – 6.10 (m, 1H), 5.27 (dq, J = 17.2, 1.8 Hz, 1H), 5.11 (dt, J = 

10.1, 1.8 Hz, 1H), 4.27 – 4.20 (m, 2H), 3.86 (t, J = 9.6 Hz, 1H), 3.60 (dd, J = 8.9, 5.5 Hz, 1H), 2.74 

(m, 1H), 2.60 (dt, J = 14.9, 7.6 Hz, 1H), 2.31 – 2.25 (m, 1H), 2.07 (dt, J = 14.7, 2.1 Hz, 1H), 2.04 

– 1.99 (m, 1H), 1.81 (dt, J = 10.8, 5.3 Hz, 1H), 1.32 (td, J = 7.1, 1.1 Hz, 3H), 1.15 (dd, J = 7.4, 1.3 

Hz, 3H). 

Z-alkene  

Rf= 0.41 (50% EtOAc in hexanes), not UV-active, KMnO4 stain  

1H NMR (700 MHz, CDCl3) δ 5.92 (ddt, J = 17.1, 10.2, 6.8 Hz, 1H), 5.16 (dd, J = 17.1, 1.7 Hz, 

1H), 5.13 (s, 1H), 5.07 (dd, J = 10.1, 1.6 Hz, 1H), 4.80 (t, J = 4.9 Hz, 1H), 4.15 (qd, J = 7.1, 4.6 

Hz, 2H), 3.98 (q, J = 4.6 Hz, 1H), 2.75 (m, 1H), 2.44 – 2.38 (m, 1H), 2.37 – 2.31 (m, 1H), 2.00 

(dq, J = 12.6, 6.3 Hz, 1H), 1.70 – 1.65 (m, 1H), 1.52 (ddd, J = 12.5, 6.2, 1.8 Hz, 1H), 1.26 (t, J = 

7.1 Hz, 3H), 1.01 (d, J = 7.0 Hz, 3H). 

13C{1H} NMR (176 MHz, CDCl3) δ 174.7, 166.0, 137.1, 116.6, 87.2, 81.9, 78.7, 68.8, 59.6, 49.2, 

35.9, 30.5, 27.9, 15.2, 14.5. 

E-alkene  

Rf= 0.85 (50% EtOAc in hexanes), not UV-active, KMnO4 stain 

1H NMR (700 MHz, CDCl3) δ 6.93 (s, 1H), 5.95 (ddt, J = 17.1, 10.2, 6.8 Hz, 1H), 5.30 (s, 1H), 5.15 

(dq, J = 17.2, 1.7 Hz, 1H), 5.04 (ddt, J = 10.1, 2.2, 1.2 Hz, 1H), 4.65 (t, J = 4.8 Hz, 1H), 4.21 – 

4.09 (m, 2H), 3.87 (q, J = 4.3 Hz, 1H), 2.76 (m, 1H), 2.47 (dt, J = 10.8, 4.9 Hz, 1H), 2.39 (m, 1H), 

1.95 – 1.86 (m, 1H), 1.78 (d, J = 12.7 Hz, 1H), 1.58 – 1.55 (m, 1H), 1.28 (t, J = 7.1 Hz, 3H), 1.03 

(d, J = 6.9 Hz, 3H). 

13C{1H} NMR (176 MHz, CDCl3) δ 181.5, 170.5, 137.4, 116.1, 90.9, 81.6, 78.4, 69.6, 60.6, 35.3, 

30.7, 27.6, 15.2, 14.3. 

 

(5R,6R,7R,8aS,9R)-9-Allyl-6-(benzyloxy)-7-methyl-5,6,7,8-tetrahydro-2H-5,8a-

methanofuro[3,2-b]oxepin-2-one (76): To a quartz round bottom flask equipped with a stir bar 

was added Z-alkene (0.100 g, 0.357 mmol, 1 equiv), anhydrous isopropanol (23.8 mL, 0.015 M) 

and sodium isopropoxide (prepared from 0.13 equiv of NaH and 47 equiv of 2-propanol). The 

flask was sealed with a rubber septa equipped with a vent needle, wrapped in aluminum foil (to 
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protect from UV light), and subjected to medium intensity UV light while stirring. The UV reactor 

gives off heat to 90 °C and above. After an hour, TLC showed starting material consumption, so 

the reaction was quenched with H2O and partitioned between brine and EtOAc. The organic layer 

was washed with brine (1x), dried (MgSO4) and concentrated in vacuo. Due to silica gel instability, 

this crude material was used directly in the next step without purification. 

Sodium hydride (20.5 mg, 0.535 mmol, 1.5 equiv) was added to a solution of the crude material 

in anhydrous THF (15.5 mL, 0.023 M) at rt, and the reaction was allowed to stir for 15-20 min.  

Benzyl bromide (0.064 mL, 0.535 mmol, 1.5 equiv) and TBAI (13.5 mg, 0.0357 mmol, 0.1 equiv) 

were added successively, and the reaction was allowed to proceed for 1.5 h followed by TLC. 

After stirring over the weekend, the reaction was partitioned between H2O and EtOAc, and the 

aqueous layer was extracted with EtOAc (3x). The combined organic layers were washed with 

brine (1x), dried (Na2SO4), and concentrated in vacuo. The crude mixture was purified by column 

chromatography (SiO2, gradient elution: 0-30% EtOAc/hexanes) to give the desired product in low 

purity (89.0 mg, 76%).  

1H NMR (500 MHz, CDCl3) δ 7.17 (dd, J = 12.4, 7.2 Hz, 5H), 5.88 (ddt, J = 16.9, 10.3, 6.6 Hz, 

1H), 5.29 (s, 1H), 5.05 (dd, J = 17.3, 1.9 Hz, 1H), 5.00 (d, J = 10.3 Hz, 1H), 4.57 (s, 2H), 4.52 – 

4.46 (m, 1H), 3.54 (t, J = 4.9 Hz, 1H), 2.77 (ddd, J = 14.5, 10.9, 7.0 Hz, 1H), 2.48 (dt, J = 10.5, 

4.9 Hz, 1H), 1.95 (dp, J = 13.0, 6.3 Hz, 1H), 1.80 (m, 1H), 1.78 (m, 1H), 1.63 (m, 1H), 1.06 (dd, J 

= 21.9, 8.6 Hz, 3H). 

 

(4aR,5S,8S,8aR)-5-Allyl-2,3-dimethoxy-2,3,8-trimethylhexahydrobenzo[b][1,4]dioxin-6(5H)-

one (81): To a stirred solution of CuI (80.9 mg, 0.425 mmol. 1.5 equiv) in anhydrous THF (1.86 

mL) at 0 °C was added MeMgBr (0.28 mL, 0.850 mmol, 3 equiv), and the reaction mixture was 

stirred under argon for 1 h at 0 °C (yellow/brown mixture). A solution of enone 57 (80.0 mg, 0.283 

mmol, 1 equiv) in anhydrous THF (1.86 mL) was added followed by TMSCl (0.183 mL, 1.42 mmol, 

5 equiv), the cooling bath was removed 15 min later, and the reaction mixture was stirred at rt 

and monitored by TLC. Upon starting material consumption (12 min), the reaction was quenched 

with sat. aq. NH4Cl. The aqueous layer was extracted with EtOAc (3x), washed with brine (1x), 

and the combined organic layers were dried (Na2SO4), filtered, and concentrated in vacuo. The 

crude mixture was purified by column chromatography (SiO2, gradient elution: 0-20% 

EtOAc/hexanes) to give a 4:1 mixture of product 81 as the major product (69.1 mg, 82%).  

1H NMR (500 MHz, CDCl3) δ 5.67 (m, 1H), 5.03 (d, J = 17.1 Hz, 1H), 4.99 (d, J = 9.8 Hz, 1H), 

3.80 (dd, J = 10.1, 5.8 Hz, 1H), 3.70 (t, J = 10.4 Hz, 1H), 3.28 (s, 3H), 3.21 (s, 3H), 2.86 – 2.78 

(m, 1H), 2.71 – 2.64 (m, 1H), 2.30 (m, 2H), 2.23 (dd, J = 14.8, 13.0 Hz, 1H), 1.82 (tdd, J = 11.5, 

9.0, 5.8 Hz, 1H), 1.32 (s, 3H), 1.30 (s, 3H), 1.11 (d, J = 6.3 Hz, 3H).  
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(2S,3R,4R,5S)-2-allyl-5-methyl-3,4-bis((triethylsilyl)oxy)cyclohexan-1-one (82): The starting 

material (81, 69.1 mg, 0.232 mmol, 1 equiv) was dissolved in 5:1 TFA/H2O (2.3 mL, 0.1 M) at rt 

and allowed to stir for 15 min. The reaction was diluted with toluene and concentrated in vacuo. 

The crude mixture was purified by column chromatography (SiO2, gradient elution: 12-100% 

EtOAc/hexanes) to give the diol intermediate (26.2 mg, 61%) as a mixture of two compounds by 
1H NMR. This material was used in the next step without further purification. To a stirred solution 

of the diol in anhydrous DCE (1.4 mL, 0.1 M) was added imidazole (38.7 mg, 0.569 mmol, 4 equiv) 

and 4-DMAP (3.5 mg, 0.028 mmol, 0.2 equiv). Once all solids were dissolved, TESCl (0.10 mL, 

0.569 mmol, 4 equiv) was added dropwise, and the reaction was allowed to stir at rt overnight. 

The reaction was then quenched with sat. aq. NH4Cl and extracted with CH2Cl2 (3x). The organic 

layers were combined, washed with brine (1x), dried (Na2SO4), and concentrated in vacuo. The 

crude reside was immediately purified by column chromatography (SiO2, gradient elution: 2-50% 

CH2Cl2/hexanes) to give the desired product 82 (15.4 mg, 26%) and the enone by-product 83 

(16.7 mg, 42%).  

(4R,5S)-2-Allyl-5-methyl-4-((triethylsilyl)oxy)cyclohex-2-en-1-one (83) 

1H NMR (600 MHz, CDCl3) δ 6.51 (q, J = 1.6 Hz, 1H), 5.78 (ddt, J = 17.0, 10.2, 6.8 Hz, 1H), 5.10 

– 5.02 (m, 2H), 4.11 (dt, J = 6.9, 2.0 Hz, 1H), 2.93 (tt, J = 6.9, 1.5 Hz, 2H), 2.52 (dd, J = 12.5, 10.7 

Hz, 1H), 2.16 – 2.04 (m, 2H), 1.08 (d, J = 5.8 Hz, 3H), 1.00 (t, J = 8.0 Hz, 9H), 0.70 – 0.64 (m, 

6H). 

13C{1H} NMR (151 MHz, CDCl3) δ 198.4, 149.2, 137.3, 135.1, 116.9, 73.8, 44.4, 39.7, 32.9, 18.4, 

6.9, 5.0.  

 

(2S,3R,4R,5S)-2-Allyl-5-methyl-3,4-bis((triethylsilyl)oxy)cyclohexan-1-one (82): To a stirred 

solution of CuI (0.468 g, 2.46 mmol, 1.5 equiv) in anhydrous toluene (10.8 mL) at 0 °C was added 

MeMgBr (1.6 mL, 3 M, 4.91 mmol, 3 equiv), and the reaction mixture was stirred under argon for 

1 h at 0 °C (yellow/brown mixture, dark Dijon mustard color). A solution of enone 84 (0.650 g, 

1.64 mmol, 1 equiv) in anhydrous toluene (10.8 mL) was added followed by TMSCl (1.1 mL, 8.19 

mmol, 5 equiv), the cooling bath was removed 15 min later, and the reaction mixture was stirred 

at rt and monitored by TLC (20% CH2Cl2/Hex, stain with PMA). Within an hour, TLC showed 

starting material consumption, so the reaction was quenched with sat. aq. NH4Cl. The aqueous 

layer was extracted with EtOAc (3x), washed with brine (1x), and the combined organic layers 

were dried (Na2SO4). The dried solution was filtered and concentrated in vacuo. The product was 
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purified by dry column chromatography (SiO2, Et2O) to provide methyl ketone 82 as a yellow oil 

(0.58 g, 86%).  

Rf= 0.15 (30% CH2Cl2/hexanes), not UV-active, stains with CAM and PMA 

1H NMR (600 MHz, CDCl3) δ 5.80 (m, 1H), 5.06 (dd, J = 17.2, 1.7 Hz, 1H), 5.00 (dt, J = 10.2, 1.6 

Hz, 1H), 4.11 – 4.04 (m, 1H), 3.69 (dt, J = 20.8, 3.4 Hz, 1H), 2.93 (td, J = 6.9, 2.8 Hz, 1H), 2.77 

(dd, J = 13.8, 6.6 Hz, 1H), 2.68 – 2.60 (m, 1H), 2.25 (p, J = 6.4 Hz, 1H), 2.11 (dd, J = 13.8, 4.4 

Hz, 1H), 1.97 (dq, J = 15.0, 7.7 Hz, 1H), 1.09 (d, J = 7.5 Hz, 3H), 1.00 – 0.97 (m, 9H), 0.94 (t, J = 

8.0 Hz, 9H), 0.66 – 0.61 (m, 6H), 0.58 (q, J = 7.9 Hz, 6H). 

13C{1H} NMR (151 MHz, CDCl3) δ 211.0, 137.0, 115.7, 79.2, 74.9, 50.3, 44.0, 29.0, 19.2, 6.9, 5.2, 

5.0. 

 

(4R,5R,6S)-6-Allyl-4,5-bis((triethylsilyl)oxy)cyclohex-2-en-1-one (84): A solution of allyl 

enone 57 (2.0 g, 7.08 mmol, 1 equiv) in 5:1 TFA/H2O (70.8 mL, 0.1 M) was stirred at room 

temperature for ~20 min. The reaction was diluted with toluene and concentrated in vacuo.  This 

material was then dissolved in anhydrous CH2Cl2 (71.0 mL, 0.1 M), and imidazole (1.93 g, 28.3 

mmol, 4 equiv), and 4-DMAP (0.175 g, 1.417 mmol, 0.2 equiv) were added, resulting in a color 

change from light yellow to a light pink. Once all solids were dissolved, TESCl (4.8 mL, 28.33 

mmol, 4 equiv) was added dropwise, and the reaction was allowed to stir at rt overnight, and the 

color changed again to cloudy yellow. The reaction was quenched with sat. aq. NH4Cl and 

extracted with CH2Cl2 (3x). The organic layers were combined, washed with brine (1x), dried 

(Na2SO4), and concentrated in vacuo. The crude residue was immediately purified by column 

chromatography (SiO2, gradient elution: 0-10% EtOAc/hexanes) to provide silylated enone 84 

(2.68 g, 95%). 

Rf= 0.43 (10% EtOAc in hexanes), weakly UV-active, stains with CAM  

1H NMR (500 MHz, CDCl3) δ 6.58 (ddd, J = 10.1, 4.3, 1.5 Hz, 1H), 5.95 (d, J = 10.1 Hz, 1H), 5.79 

(m, 1H), 5.12 – 5.02 (m, 2H), 4.21 (t, J = 4.5 Hz, 1H), 4.11 – 4.05 (m, 1H), 2.87 (ddd, J = 8.6, 6.2, 

2.8 Hz, 1H), 2.62 (q, J = 5.8 Hz, 1H), 2.27 (p, J = 9.5 Hz, 1H), 0.98 (t, J = 7.9 Hz, 9H), 0.93 (t, J 

= 7.9 Hz, 9H), 0.65 (q, J = 8.0 Hz, 6H), 0.61 – 0.55 (m, 6H). 

HRMS (m/z): calculated for C21H40O3Si2Na [M+Na]+ 419.2413, found 419.2411.    
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Ethyl 3-((1R,2S,3R,4R,5S)-2-allyl-1-hydroxy-5-methyl-3,4-

bis((triethylsilyl)oxy)cyclohexyl)propiolate (85): LiHMDS (2.85 mL, 1 M, 2.85 mmol, 3 equiv) 

was added slowly to a stirred solution of ethyl propiolate (0.29 mL, 0.282 g, 2.85 mmol, 3 equiv) 

in anhydrous Et2O (9.5 mL, 0.1M) at -78 °C. After 15 min, a solution of ketone 82 (0.392 g, 0.949 

mmol, 1 equiv) in a minimal amount of Et2O was added slowly, and the reaction was allowed to 

proceed at -78 °C. Once starting material was consumed by TLC, the reaction was quenched at 

-78 °C but the addition of sat. aq. NH4Cl, EtOAc, and water, successively. Once at rt, the aqueous 

layer was extracted with EtOAc (3x), and the combined organic layers were washed with brine 

(1x), dried (MgSO4), filtered, and concentrated to give a crude dark orange oil (0.424 g, 87%).  

Purification can be done by column chromatography (SiO2, gradient elution: 0-30% EtOAc in 

hexanes). The resolution of peaks is tremendously poor in CDCl3 so NMR experiments were done 

in d6-DMSO.  

Rf= 0.50 (20% EtOAc in hexanes), not UV-active, stains with KMnO4 

1H NMR (500 MHz, DMSO) δ 5.97 – 5.87 (m, 1H), 4.91 (dd, J = 17.3, 2.2 Hz, 1H), 4.85 (dd, J = 

9.9, 2.2 Hz, 1H), 4.17 (qd, J = 7.1, 1.6 Hz, 2H), 3.82 (dd, J = 9.2, 3.9 Hz, 1H), 3.21 (t, J = 9.4 Hz, 

1H), 2.31 – 2.24 (m, 1H), 2.19 (t, J = 6.6 Hz, 1H), 2.15 (s, 1H), 1.68 (dd, J = 13.5, 4.5 Hz, 1H), 

1.59 (t, J = 13.1 Hz, 1H), 1.48 – 1.39 (m, 1H), 1.21 (t, J = 7.1 Hz, 3H), 0.96 (d, J = 4.9 Hz, 3H), 

0.94 (dd, J = 7.8, 4.9 Hz, 18H), 0.61 (qd, J = 8.0, 3.8 Hz, 12H). 

 

To a solution of DIPA (2.4 μL, 0.169 mmol, 3.5 equiv) in anhydrous Et2O (0.84 mL, 0.2 M based 

on nBuLi) at 0 °C was added nBuLi (0.07 mL, 2.49 M, 0.169 mmol, 3.5 equiv). After 60 min of 

stirring, the resulting solution of LDA was cooled to -78 °C and 3,3,3-triethoxyprop-1-yne (89; 33.4 

mg, 0.194 mmol, 4 equiv) was added dropwise. The stirring continued for an additional 60 min 

and the solution of methyl ketone (82; 20.0 mg, 0.0484 mmol, 1 equiv) in anhydrous Et2O (1.6 

mL, 0.03 M) was added dropwise. After 20 min, the reaction was allowed to warm up to 0 °C over 

1 h before being quenched with sat. aq. NH4Cl. The product was extracted with EtOAc, the organic 

layer was dried (MgSO4) and concentrated in vacuo. The crude mixture was purified by column 

chromatography (SiO2, gradient elution: 0-10% EtOAc/hexanes) to give the desired product 85 

(15.2 mg, 61%).  

 

Ethyl 3-((1R,2S,3R,4R,5S)-2-allyl-1,3,4-trihydroxy-5-methylcyclohexyl)propiolate (86): A 

flask open to air was charged with silyl ether 85 (0.424 g, 0.821 mmol, 1 equiv) and aqueous 1 M 
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HCl (0.41 mL, 0.5 equiv) at rt. The clear colorless solution was stirred overnight, diluted with 

EtOAc, dried (Na2SO4), filtered, and concentrated in vacuo. The product was purified by column 

chromatography (SiO2, gradient elution: 20-90% EtOAc/hexanes) to yield the desired triol 86 

(0.132 g, 57%).  

1H NMR (500 MHz, CDCl3) δ 5.96 (ddt, J = 16.8, 10.1, 6.7 Hz, 1H), 5.13 (dt, J = 17.1, 1.6 Hz, 1H), 

5.02 (dt, J = 10.2, 1.7 Hz, 1H), 4.23 (q, J = 7.1 Hz, 2H), 3.90 (dd, J = 9.9, 4.7 Hz, 1H), 3.19 (t, J = 

9.7 Hz, 1H), 2.50 – 2.45 (m, 2H), 2.37 – 2.28 (m, 2H), 1.89 (ddd, J = 13.1, 3.8, 1.5 Hz, 1H), 1.75 

(m 1H), 1.64 (t, J = 12.9 Hz, 1H), 1.31 (t, J = 7.2 Hz, 3H), 1.09 (d, J = 6.5 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 153.8, 139.8, 115.5, 90.3, 76.6, 75.3, 74.3, 70.1, 62.5, 40.5, 

33.4, 27.8, 17.8, 14.2, 14.0.  

HRMS (m/z): calculated for C15H23O5Na [M+Na]+ 305.1364, found 305.1357.    

 

Alternative preparation of 86: To a solution of 90 (33.2 mg, 0.057 mmol, 1 equiv) in anhydrous 

MeCN (0.6 mL, 0.1 M) was added 70% HF in pyridine (0.02 mL, 0.155 mmol, 2.74 equiv) 

dropwise. The mixture was stirred at 60 °C for 4 h and then partitioned between EtOAc and sat. 

aq. NaHCO3. The organic extract was washed with brine (1x), dried (MgSO4), and concentrated 

in vacuo to give title compound 86 (14.4 mg, 90%). Given the cleanliness of the crude product by 
1H NMR, this material was used without further purification.  

 

Ethyl 3-((4aR,5S,6R,8S,8aR)-5-allyl-6-hydroxy-2,3-dimethoxy-2,3,8-

trimethyloctahydrobenzo[b][1,4]dioxin-6-yl)propiolate (87): 2,3-butanedione (7.7 μL, 0.087 

mmol, 1.1 equiv), trimethyl orthoformate (0.029 mL, 0.262 mmol, 3.3 equiv) and (+)-

camphorsulfonic acid ((+)-CSA; 2.0 mg, 8.7 μmol, 0.11 equiv) were added in this order to a stirred 

solution of triol 86 (22.4 mg, 0.079 mmol, 1 equiv) in non-anhydrous MeOH (0.16 mL, 0.05 M) at 

22 °C. The resulting mixture was heated to reflux and followed by TLC (1:1 EtOAc/Hex, KMnO4). 

TLC showed starting material consumption within 1.5 h. The reaction was allowed to cool to 

ambient temperature, and triethylamine (3.1 μL, 0.022 mmol, 0.28 equiv) was added. The 

resulting mixture was concentrated in vacuo, and the obtained residue was purified by column 

chromatography (5-40% EtOAc/hexanes) to yield alcohol 87 (28.2 mg, 90%).  

1H NMR (700 MHz, CDCl3) δ 5.94 (m, 1H), 5.10 – 5.05 (m, 1H), 4.96 (dd, J = 10.1, 2.0 Hz, 1H), 

4.20 (q, J = 7.1 Hz, 2H), 3.90 (dd, J = 10.2, 4.9 Hz, 1H), 3.74 (s, 1H), 3.24 (s, 3H), 3.20 (s, 3H), 
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2.59 (m, 1H), 2.34 – 2.29 (m, 1H), 2.22 – 2.17 (m, 1H), 1.91 (ddt, J = 13.4, 4.2, 2.1 Hz, 1H), 1.83 

(m, 1H), 1.63 – 1.56 (m, 1H), 1.30 (s, 3H), 1.25 (s, 3H), 1.01 (d, J = 6.5 Hz, 3H). 

X-ray experimental data for 87: Colorless crystals of 87 were obtained by vapor diffusion 

crystallization of hexanes in methylene chloride.  

 

3,3,3-Triethoxyprop-1-yne (89): To a solution of triethylorthopropionate (88, 10.88 mL, 56.74 

mmol, 1 equiv) in pyridine (4.5 mL, 12.5 M) cooled over ice-bath was added bromine (3.09 mL, 

59.57 mmol, 1.05 equiv) dropwise. The resulting reaction mixture was stirred over the bath for 24 

h. Pyridinium bromide salts began to form as the reaction progressed. The reaction mixture was 

diluted with hexane, filtered through celite, and concentrated in vacuo to give the crude product 

(10.9 g, 75%).  

1H NMR (500 MHz, CDCl3) δ 4.24 (q, J = 6.4 Hz, 1H), 3.75 (dq, J = 9.6, 7.1 Hz, 3H), 3.66 (dq, J 

= 9.6, 7.1 Hz, 3H), 1.74 (d, J = 6.9 Hz, 3H), 1.22 (t, J = 7.1 Hz, 9H). 

The crude product (1 equiv) and KOH (13.945 g, 211.0 mmol, 4.95 equiv) in DMSO (37.4 mL, 

1.14 M) was heated gradually to 120 °C for 3 h with stirring. The reaction mixture was cooled to 

room temperature and diluted with water to dissolve insoluble material. Extraction of the resulting 

solution was performed with Et2O (3x). The combined organics was dried (Na2SO4), filtered and 

evaporated in vacuo to give the crude acrylate product. This crude product (5.12 g, 69%) was 

extremely pure by H NMR, so it was used without further purification.  

1H NMR (500 MHz, CDCl3) δ 5.65 (dd, J = 17.5, 10.1 Hz, 1H), 5.58 (dd, J = 17.4, 2.5 Hz, 1H), 

5.40 (dd, J = 10.1, 2.5 Hz, 1H), 3.46 (q, J = 7.1 Hz, 6H), 1.18 (t, J = 7.1 Hz, 9H). 

To a solution of the acrylate (5.12 g, 29.41 mmol, 1 equiv) in anhydrous CH2Cl2 (30.6 mL, 0.96 

M) cooled at −10 °C with ice-salt bath was added a solution of bromine (1.37 mL, 26.47 mmol, 

0.9 equiv) in CH2Cl2 (10.2 mL, 2.6 M) dropwise over 1 h. The resulting pale-yellow solution was 

stirred at this temperature for an additional 30 min. Evaporation of volatiles in vacuo produced the 

crude dibromide compound. Since this compound was prone to decomposition, the crude product 

was directly subjected to elimination step without purification or characterization. 

 

To a mixture of powdered KOH (4.8 g, 73.5 mmol, 2.5 equiv) and 18-crown-6 (0.08 g, 0.29 mmol, 

0.01 equiv) in 29.4 mL heptane (2.4 M to KOH) was carefully added a solution of the crude 

dibromide in 7.7 mL heptane at room temperature. The resulting reaction mixture began to warm 

up. It is essential at this point that the mixture be heated gradually in a controlled manner to the 

refluxing temperature to avoid uncontrolled heating up (rapid heating may lead to uncontrolled 

reactions and extensive decomposition which reduces the reaction yield significantly). The pale-

yellow mixture was heated to reflux overnight. The reaction mixture was cooled to room 

temperature and diluted with hexane and water to dissolve insoluble material. The organic phase 

was separated, washed with brine, dried over Na2SO4, filtered and evaporated in vacuo to give 

the desired alkyne 89 (1.48 g, 29%).  

1H NMR (500 MHz, CDCl3) δ 3.75 – 3.62 (m, 6H), 2.56 – 2.53 (m, 1H), 1.27 – 1.18 (m, 9H). 
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13C{1H} NMR (126 MHz, CDCl3) δ 108.5, 78.0, 72.1, 59.1, 14.9.  

 

(2S,3R,4R,5S)-2-Allyl-5-methyl-1-(3,3,3-triethoxyprop-1-yn-1-yl)-3,4-

bis((triethylsilyl)oxy)cyclohexan-1-ol (90): To a solution of DIPA (60.0 μL, 0.424 mmol, 3.5 

equiv) in anhydrous toluene (2.1 mL, 0.2 M based on nBuLi) at -78 °C was added nBuLi (0.26 

mL, 1.64 M, 0.424 mmol, 3.5 equiv). After 30 min of stirring, the resulting solution of LDA was 

cooled to -78 °C and 3,3,3-triethoxyprop-1-yne (89; 83.4 mL, 0.485 mmol, 4 equiv) was added 

dropwise. The stirring continued for an additional 30 min and the solution of methyl ketone (82; 

50.0 mg, 0.121 mmol, 1 equiv) in anhydrous PhMe (4.0 mL, 0.03 M) was added dropwise. After 

20 min, the reaction was allowed to warm up to 0 °C over 1 h before being quenched with sat. aq. 

NH4Cl. The product was extracted with EtOAc, the organic layer was dried (MgSO4) and 

concentrated in vacuo. The crude mixture was purified by column chromatography (SiO2, gradient 

elution: 2-20% EtOAc/hexanes) to give the desired product 90 (28.3 mg, 40%).  

1H NMR (500 MHz, CDCl3) δ 5.82 (s, 1H), 5.08 (dd, J = 17.3, 1.8 Hz, 1H), 5.04 (d, J = 10.3 Hz, 

1H), 4.32 (d, J = 21.2 Hz, 1H), 4.24 – 4.04 (m, 1H), 3.90 (dd, J = 4.7, 2.6 Hz, 1H), 3.68 (q, J = 7.1 

Hz, 6H), 2.73 (s, 1H), 2.45 (s, 1H), 2.30 – 2.10 (m, 1H), 1.87 (d, J = 27.9 Hz, 1H), 1.68 (s, 1H), 

1.21 (t, J = 7.1 Hz, 9H), 0.96 (dt, J = 17.0, 7.9 Hz, 21H), 0.65 (q, J = 7.7 Hz, 6H). 

 

(4R,5R)-2-Allyl-4-hydroxy-5-methylcyclohex-2-en-1-one (96): Methyl ketone 51 (20.0 mg, 

0.067 mmol, 1 equiv) was dissolved in 5:1 TFA/H2O (0.6 mL, 0.1 M) at rt and allowed to stir for 

15 min. The reaction was diluted with MeOH, and solvent was removed under reduced pressure 

to give the hydroxyl enone 96 (crude mass = 10.2 g, quantitative).   

Rf= 0.65 in 70% EtOAc/Hex, UV-active, stains with KMnO4 

1H NMR (500 MHz, CDCl3) δ 6.63 – 6.60 (m, 1H), 5.84 – 5.73 (m, 1H), 5.09 – 5.03 (m, 2H), 4.44 

(t, J = 4.1 Hz, 1H), 2.97 – 2.93 (m, 2H), 2.50 (dd, J = 16.3, 8.9 Hz, 1H), 2.41 (d, J = 4.2 Hz, 1H), 

2.39 – 2.32 (m, 1H), 1.06 (d, J = 6.9 Hz, 3H).  
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Methyl (4aR,5R,8aR)-2,3-dimethoxy-2,3-dimethyl-6-oxo-2,3,4a,5,6,8a-

hexahydrobenzo[b][1,4]dioxine-5-carboxylate (97): To a solution of enone 52 (1.6 g, 6.60 

mmol, 1 equiv) in anhydrous THF (66.0 mL, 0.1 M) at -78 °C was added LiHMDS (13.2 mL, 1 M, 

13.2 mmol, 2 equiv) dropwise. After 8 min, methyl cyanoformate (0.8 mL, 9.91 mmol, 1.5 equiv) 

was added dropwise. The reaction ran at -78 °C and was quenched with sat. aq. NH4Cl after 

about 3 h. The reaction mixture was extracted with EtOAc (3x), and the combined organic layers 

were washed with brine (1x), dried (Na2SO4) and concentrated in vacuo to give the desired 

product 97 in quantitative yields. This mixture was used in the next step without further purification.  

Rf= 0.57 in 20% EtOAc/Hex, UV-active 

1H NMR (500 MHz, CDCl3) δ 6.91 (dd, J = 10.2, 1.7 Hz, 1H), 6.04 (dd, J = 10.2, 2.7 Hz, 1H), 4.57 

(ddd, J = 9.1, 2.7, 1.7 Hz, 1H), 4.42 (dd, J = 12.8, 9.1 Hz, 1H), 3.81 (s, 3H), 3.50 (d, J = 12.8 Hz, 

1H), 3.32 (s, 4H), 3.27 (s, 3H), 1.36 (s, 3H), 1.30 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 191.9, 167.9, 148.9, 129.2, 101.0, 100.0, 69.7, 68.1, 58.5, 52.5, 

48.3, 48.2, 17.7, 17.6. 

HRMS (m/z): calculated for C14H21O7Na [M+Na]+ 232.1106, found 323.1100.    

 

Methyl (4aR,5R,6aS,7aR,7bR)-5-allyl-2,3-dimethoxy-2,3-dimethyl-6-oxooctahydro-5H- mg, 

yclopropa[3,4]benzo[1,2-b][1,4]dioxine-5-carboxylate (98): NaH (70.0 mg, 1.82 mmol, 1.1 

equiv) and 18-crown-6 (44.1 mg, 0.165 mmol, 0.1 equiv) were added to a solution of diketone 97 

(0.496 g, 1.65 mmol, 1 equiv) in anhydrous THF (16.5 mL, 0.1 M) at 0 °C. The reaction mixture 

was warmed to rt before being treated with allyl bromide (0.22 mL, 2.48 mmol, 1.5 equiv) and 

allowed to stir overnight. The next day, the reaction was quenched with water, extracted with Et2O 

(3x), and the combined extracts were dried (Na2SO4) and concentrated in vacuo to give the allyl 

enone (0.562 g, quant.) that was carried forward without further purification. Purification can be 

performed using SiO2 with a gradient elution of 2-15% EtOAc/hexanes.  

Allyl enone:  

Rf= 0.30 in 20% EtOAc/Hex, not UV active, stains with CAM 

1H NMR (500 MHz, CDCl3) δ 6.83 (dd, J = 10.3, 1.7 Hz, 1H), 6.01 (dd, J = 10.3, 2.6 Hz, 1H), 5.92 

(m, 1H), 5.09 (dd, J = 16.9, 1.6 Hz, 1H), 5.05 – 4.99 (m, 1H), 4.77 (ddd, J = 9.3, 2.6, 1.8 Hz, 1H), 
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4.65 (d, J = 9.3 Hz, 1H), 3.73 (s, 3H), 3.29 (s, 3H), 3.18 (s, 3H), 2.91 (ddt, J = 14.5, 5.7, 1.6 Hz, 

1H), 2.60 (dd, J = 14.6, 8.7 Hz, 1H), 1.34 (s, 3H), 1.27 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 204.4, 170.9, 133.9, 117.9, 99.7, 99.6, 73.3, 65.8, 65.3, 52.3, 

48.2, 48.0, 38.1, 33.9, 25.4, 17.8, 17.6.  

HRMS (m/z): calculated for C17H25O7Na [M+Na]+ 363.1419, found 363.1420.    

Me2S(O)I (1.09 g, 4.85 mmol, 1.5 equiv) and NaH (0.17 g, 4.53 mmol, 1.4 equiv) were added to 

a flame-dried RBF under an atmosphere of argon. The crude allyl enone from the previous step 

(1.12 g, 3.24 mmol, 1 equiv) was dissolved in a 1:1 mixture of DMSO/THF (32.4 mL, 0.1 M) and 

was added dropwise to the flask containing the solid reactants at rt. Following the completion of 

addition, the reaction mixture was allowed to stir for 30 minutes, at which point all solids had 

dissolved to form a pale-yellow homogeneous solution. After 3 h, TLC showed consumption of 

SM (20% EtOAc/Hex, CAM), and the reaction was quenched with brine and the mixture was 

transferred to a separatory funnel. The layers were separated, and the aqueous layer was 

extracted with CH2Cl2 (3x). The combined CH2Cl2 extracts were washed with water (3x) and brine 

(1x), dried (Na2SO4) and concentrated under reduced pressure to afford the crude product 98 as 

a dark brown/orange oil (1.10 g, 96%).  

Rf= 0.35 (10% EtOAc in hexanes), not UV-active, stains with CAM 

1H NMR (500 MHz, CDCl3) δ 5.92 – 5.80 (m, 1H), 5.13 (dd, J = 16.9, 1.9 Hz, 1H), 5.10 – 5.03 (m, 

1H), 4.54 (dd, J = 10.3, 4.3 Hz, 1H), 4.33 (d, J = 10.3 Hz, 1H), 3.69 (s, 3H), 3.27 (s, 3H), 3.12 (s, 

3H), 2.88 (ddd, J = 14.0, 6.4, 1.4 Hz, 1H), 2.69 (dd, J = 14.0, 8.5 Hz, 1H), 1.97 (ddd, J = 10.0, 

7.4, 4.5 Hz, 1H), 1.80 – 1.72 (m, 1H), , 1.32 (s, 3H), 1.25 (s, 3H), 0.85 (dq, J = 21.4, 7.6 Hz, 2H). 

13C NMR (176 MHz, CDCl3) δ 203.7, 170.7, 133.8, 118.9, 100.0, 100.0, 67.2, 63.5, 62.9, 52.7, 

47.9, 47.8, 34.7, 26.3, 18.5, 17.8, 17.6, 10.4. 

IR (Diamond-ATR, neat) ṽmax: 2945, 2363, 2333, 1744, 1685, 1379, 1245, 1223, 1111, 1014, 984.  

HRMS (m/z): calculated for C18H26O7Na [M+Na]+ 377.1576, found 377.1573.    

[α]23
D = +129.95, (c = 0.0043, CHCl3)  

 

Methyl (4aR,5R,8R,8aR)-5-allyl-2,3-dimethoxy-2,3,8-trimethyl-6-

oxooctahydrobenzo[b][1,4]dioxine-5-carboxylate (99): Cyclopropane 98 (0.105 g, 0.295 

mmol, 1 equiv) was dissolved in diethyl ether (6.3 mL, 0.045 M) and DMPU (dried over mol. 

Sieves; 0.70 mL, 0.733 mmol, 19 equiv) was added to a RBF and degassed using an argon 

balloon for 15 min. The resulting mixture was then treated with SmI2 solution (5.9 mL, 0.1 M, 0.590 

mmol, 2 equiv) dropwise via syringe (use cannula to addition funnel if larger scale) across 30 

minutes. After stirring for 1 h following addition, the reaction mixture was quenched with sat. aq. 

NaHCO3. The mixture was transferred to a separatory funnel and was extracted with diethyl ether 



45 
 

(3x). The resulting extracts were washed with brine (1x), dried with MgSO4, and concentrated 

under reduced pressure to afford the crude product. The mixture was purified by column 

chromatography (2-20% EtOAc/hexanes) to give the desired product 99 (82.6 mg, 71%).  

Rf= 0.18 (10% EtOAc in hexanes), not UV-active, stains with CAM 

1H NMR (500 MHz, CDCl3) δ 5.89 (dtd, J = 17.2, 9.8, 4.8 Hz, 1H), 5.11 – 5.04 (m, 1H), 5.01 (dt, J 

= 10.1, 1.8 Hz, 1H), 4.62 (d, J = 10.5 Hz, 1H), 4.22 – 4.16 (m, 1H), 3.76 (s, 3H), 3.29 (s, 3H), 3.26 

– 3.22 (m, 2H), 3.14 (s, 3H), 2.53 (dd, J = 15.0, 5.7 Hz, 1H), 2.48 (dd, J = 14.9, 9.6 Hz, 1H), 2.31 

(dd, J = 15.0, 2.4 Hz, 1H), 1.29 (s, 3H), 1.24 (s, 3H), 1.05 (d, J = 7.2 Hz, 3H). 

13C NMR (176 MHz, CDCl3) δ 205.1, 171.2, 134.0, 117.8, 99.8, 99.6, 68.5, 67.1, 65.8, 52.3, 48.0, 

47.8, 45.7, 34.0, 30.8, 17.7, 17.6, 13.6. 

HRMS (m/z): calculated for C18H29O7Na [M+Na]+ 379.732, found 379.1729.    

 

Methyl ketone 102 (0.115 g, 0.322 mmol, 1 equiv) was dissolved in 5:1 TFA/H2O (6.4 mL, 0.05 

M) at rt and stirred for 15 min. The reaction was diluted with MeOH, and the mixture was 

concentrated in vacuo. This material was then dissolved in anhydrous CH2Cl2 (3.2 mL, 0.1 M) and 

imidazole (87.8 mg, 1.29 mmol, 4 equiv) and 4-DMAP (8.0 mg, 0.0644 mmol, 0.2 equiv) were 

added. Once all solids were dissolved, TESCl (0.22 mL, 1.29 mmol, 4 equiv) was added dropwise, 

the reaction changed from a yellow solution to a white suspension, and the reaction was allowed 

to stir at rt overnight. The reaction was then quenched with sat. aq. NH4Cl and extracted with 

CH2Cl2 (3x). The organic layers were combined, washed with brine (1x), dried (Na2SO4), and 

concentrated under reduced pressure. The crude residue was purified by column chromatography 

(SiO2, gradient elution: 0-8% EtOAc/hexanes, 12g BUCHI column) to give the bis-silylated product 

103 and the lactone 106 (26% and 48% respectively).  

Methyl (1R,2R,3R,4R)-1-allyl-4-methyl-6-oxo-2,3-bis((triethylsilyl)oxy)cyclohexane-1-

carboxylate (103) 

Rf= 0.43 (10% EtOAc in hexanes), not UV-active, stains with KMnO4 

1H NMR (500 MHz, CDCl3) δ 5.93 (dtd, J = 17.2, 9.9, 5.0 Hz, 1H), 5.03 – 4.92 (m, 2H), 4.40 (d, J 

= 3.6 Hz, 1H), 3.67 (q, J = 1.9 Hz, 1H), 3.59 (s, 3H), 2.94 – 2.85 (m, 1H), 2.89 – 2.83 (m, 1H), 

2.37 (m, 1H), 2.11 – 2.06 (m, 1H), 1.97 (dd, J = 13.2, 9.6 Hz, 1H), 1.00 (t, J = 8.0 Hz, 9H), 0.95 

(m, 12H), 0.67 (td, J = 7.9, 5.3 Hz, 6H), 0.61 (qd, J = 8.0, 1.6 Hz, 6H). 

13C NMR (176 MHz, CDCl3) δ 207.52, 170.58, 134.86, 117.63, 80.21, 74.56, 62.87, 51.52, 43.52, 

38.27, 33.63, 17.92, 7.09, 6.94, 5.13, 4.92. 

IR (Diamond-ATR, neat) ṽmax: 2952, 2907, 2878, 2363, 1715, 1237, 1081, 1006, 738, 671. 

[α]24
D = -13.71, (c = 0.0057, CHCl3) 



46 
 

(1R,4R,5R,8R)-1-allyl-4-methyl-8-((triethylsilyl)oxy)-6-oxabicyclo[3.2.1]octane-2,7-dione 

(106) 

Rf= 0.71 in 10% EtOAc/Hex, not UV active, stains with KMnO4 

1H NMR (500 MHz, CDCl3) δ 5.66 (m, 1H), 5.24 – 5.15 (m, 2H), 4.64 (d, J = 5.6 Hz, 1H), 4.45 (d, 

J = 5.6 Hz, 1H), 2.71 (ddt, J = 15.1, 5.6, 1.8 Hz, 1H), 2.62 – 2.53 (m, 2H), 2.46 (dd, J = 15.1, 9.2 

Hz, 1H), 2.12 – 2.03 (m, 1H), 1.19 (d, J = 6.6 Hz, 3H), 0.94 (t, J = 8.0 Hz, 9H), 0.60 (q, J = 8.0 

Hz, 6H). 

13C{1H} NMR (126 MHz, CDCl3) δ 199.2, 171.4, 131.9, 120.2, 81.8, 74.5, 63.7, 43.2, 30.6, 28.6, 

17.3, 6.7, 4.8.  

 

Ethyl 3-((1R,4R,5R,8R)-1-allyl-2-hydroxy-4-methyl-7-oxo-8-((triethylsilyl)oxy)-6-

oxabicyclo[3.2.1]octan-2-yl)propiolate (108):  

LiHMDS (0.08 mL, 1 M, 0.08 mmol, 1.5 equiv) was added in a slow, dropwise manner to a stirred 

solution of ethyl propiolate (8.0 μL, 0.08 mmol, 1.5 equiv) in dry THF (0.53 mL, 0.1 M) at -78 °C. 

After 15 minutes, a solution of the ketone (106; 17.1 mg, 0.053 mmol, 1 equiv) in a minimal amount 

of THF was added in a slow dropwise manner and the reaction was allowed to proceed at -78 °C, 

followed by TLC. The reaction was quenched at -78 °C by the addition of sat. aq. NH4Cl, EtOAc, 

and water, successively. Once at rt, the aq layer was extracted with EtOAc (3x), and the combined 

organic layers were washed with brine (1x), dried over MgSO4, filtered, and concentrated. Crude 
1H NMR showed a 1:1 ratio of product 108 to starting material 106 that was inseparable by column 

chromatography (identical Rf values).  

 

Methyl (4aR,5R,8aR)-2,3-dimethoxy-2,3-dimethyl-6-oxooctahydrobenzo[b][1,4]dioxine-5-

carboxylate (110): Pd/C (2.0 mg, 0.019 mmol, 0.2 equiv) was added to a stirred solution of enone 

(28.4 mg, 0.095 mmol, 1 equiv) in EtOAc (3 mL, 0.03 M) at 22 °C. After stirring the suspension 

for 10 min at 22 °C, the flask was evacuated, and a double-layered balloon filled with hydrogen 

gas was attached. The mixture was vigorously stirred at 22 °C for 2 h and then was filtered through 

celite. The filtrate was concentrated in vacuo to provide the crude product (110) in quantitative 

yield.  

1H NMR (500 MHz, CDCl3) δ 4.13 (dd, J = 12.2, 9.6 Hz, 1H), 3.96 (ddd, J = 11.8, 9.7, 4.3 Hz, 1H), 

3.77 (s, 3H), 3.53 (d, J = 12.3 Hz, 1H), 3.30 (s, 3H), 3.26 (s, 3H), 2.55 (ddd, J = 15.2, 4.9, 2.4 Hz, 
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1H), 2.40 (td, J = 14.7, 6.4 Hz, 1H), 2.09 – 1.99 (m, 1H), 1.80 – 1.67 (m, 1H), 1.31 (s, 3H), 1.28 

(s, 3H). 

 

Methyl (4aR,5R,8aR)-5-allyl-2,3-dimethoxy-2,3-dimethyl-6-

oxooctahydrobenzo[b][1,4]dioxine-5-carboxylate (111): NaH (4.0 mg, 0.104 mmol, 1.1 equiv) 

and 18-crown-6 (2.5 mg, 9.45 μmol, 0.1 equiv) were added to a solution of diketone 110 (28.6 

mg, 0.095 mmol, 1.0 equiv) in anhydrous THF (1.0 mL, 0.1 M) at 0 °C. The reaction mixture was 

warmed to rt before being treated with allyl bromide (0.013 mL, 0.142 mmol, 1.5 equiv) and 

allowed to stir overnight. The next day, the reaction was quenched with H2O, extracted with Et2O 

(3x), and the combined extracts were dried (Na2SO4) and concentrated in vacuo. Purification by 

flash column chromatography (2-15% EtOAc/hexanes) gave the desired product 111 as a clear 

oil (12.7 mg, 39%).  

Rf= 0.30 in 20% EtOAc/Hex, not UV active, stains with CAM 

1H NMR (500 MHz, CDCl3) δ 5.89 (dtd, J = 17.1, 9.8, 4.9 Hz, 1H), 5.11 – 5.05 (m, 1H), 5.01 (dd, 

J = 10.1, 1.7 Hz, 1H), 4.38 (d, J = 10.1 Hz, 1H), 4.14 (ddd, J = 11.9, 10.1, 4.6 Hz, 1H), 3.75 (s, 

4H), 3.30 (s, 3H), 3.16 (s, 3H), 3.04 (ddt, J = 14.9, 5.0, 1.9 Hz, 1H), 2.50 – 2.42 (m, 2H), 2.33 

(ddd, J = 15.7, 14.4, 6.3 Hz, 1H), 2.06 – 1.97 (m, 1H), 1.80 – 1.67 (m, 1H), 1.30 (s, 3H), 1.25 (s, 

3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 204.4, 170.9, 133.9, 117.9, 99.7, 99.6, 73.3, 65.8, 65.3, 52.3, 

48.2, 48.0, 38.1, 33.9, 25.4, 17.8, 17.6. 

 

Methyl (1R,2R,3R)-1-allyl-6-oxo-2,3-bis((triethylsilyl)oxy)cyclohexane-1-carboxylate (112): 

Compound 11 (12.7 mg, 0.037 mmol, 1.0 equiv) was dissolved in 5:1 TFA/H2O (0.74 mL, 0.05 M) 

at rt and allowed to stir for 15 min. The reaction was diluted with MeOH, and solvent was removed 

under reduced pressure. This material was immediately dissolved in anhydrous CH2Cl2 (0.4 mL, 

0.1 M) and to it was added imidazole (10.1 mg, 0.148 mmol, 4.0 equiv) and DMAP (0.9 mg, 7.42 

μmol, 0.2 equiv). Once all solids were dissolved, TESCl (0.025 mL, 0.148 mmol, 4.0 equiv) was 

added dropwise, and the reaction stirred at rt over the weekend. The reaction was quenched with 

sat. aq. NH4Cl and extracted with CH2Cl2 (3x). The combined organic layers were washed with 

brine (1x), dried (Na2SO4), and concentrated in vacuo. Purification by flash column 

chromatography (2-20% EtOAc/hexanes) gave the desired product 112 (8.4 mg, 50%).  
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Rf= 0.50 in 10% EtOAc/Hex, not UV active, stains with KMnO4  

1H NMR (500 MHz, CDCl3) δ 5.93 (dtd, J = 17.2, 9.9, 4.9 Hz, 1H), 5.02 – 4.94 (m, 2H), 4.40 (dd, 

J = 3.7, 1.7 Hz, 1H), 3.86 (dq, J = 3.8, 2.1 Hz, 1H), 3.59 (s, 3H), 3.17 (tt, J = 14.5, 4.8 Hz, 1H), 

2.89 (ddt, J = 13.2, 4.9, 1.6 Hz, 1H), 2.25 – 2.15 (m, 2H), 1.95 (dd, J = 13.2, 9.7 Hz, 1H), 1.83 – 

1.75 (m, 1H), 0.96 (dt, J = 15.6, 7.9 Hz, 18H), 0.61 (pd, J = 8.0, 4.1 Hz, 12H). 

13C NMR (176 MHz, CDCl3) δ 207.7, 170.4, 134.8, 117.4, 80.4, 70.1, 63.7, 51.4, 38.1, 35.6, 29.7, 

6.8, 6.7, 4.9, 4.5. 

HRMS (m/z): calculated for C23H44O5Si2Na [M+Na]+ 479.2625, found 479.2626.    

 

(4aR,5R,8aR)-5-Allyl-2,3-dimethoxy-2,3-dimethyl-2,3,4a,8a-tetrahydrobenzo[b][1,4]dioxin-

6(5H)-one (114): To a stirred solution of a mixture of allyl enone 57 (0.134 g, 0.476 mmol, 1 equiv) 

in toluene (14.4 mL, 0.033 M) under Argon were added DBU (0.110 mg, 0.714 mmol, 1.5 equiv) 

and TMSCl (0.30 mL, 2.38 mmol, 5 equiv). The resulting suspension was heated to 80 °C for 18 

h. After allowing it to cool to room temperature, the solution was decanted from the dark brown 

residue formed and the solvent evaporated under reduced pressure to give the crude product. 

Crude 1H NMR shows a 9:91 ratio of 57 versus 113. Purification by flash column chromatography 

(5-40% EtOAc/Hex) gave the desired product as a colorless oil (114; 33.0 mg, 25%). 

Characterization matched that previously reported.27  

 

(4aR,5R,8aR)-5-Allyl-2,3-dimethoxy-2,3-dimethylhexahydrobenzo[b][1,4]dioxin-6(5H)-one 

(115): To a flask was added Cu(OAc)2•H2O (23.8 mg, 0.117 mmol, 0.99 equiv) and 1,2-

bis(diphenylphosphaneyl)benzene (BDP) (26.6 mg, 0.058 mmol, 50 mol%). The contents were 

dissolved in sparged tBuOH (0.22 mL, 2.34 mmol, 20 equiv) and toluene (1.4 mL) and the reaction 

was stirred for 20 min to give a blue solution. At this point, PMHS (77.5 μL, 0.351 mmol, 3 equiv) 

was added dropwise over 3 min and the solution gradually turned from blue to yellow/green color 

(30 min). A separate vial was charged with the enone 113 (33.0 mg, 0.117 mmol, 1 equiv) and 

toluene (1.4 mL, 0.08 M). The enone solution was then added to the Stryker's reagent dropwise 

over 3 min. The reaction was stirred at rt for 21.5 h. After this time, the reaction mixture was 

filtered through a plug of silica gel eluting with 1:1 Hex/EtOAc (30 mL). The crude residue was 

purified by column chromatography (SiO2, gradient elution) to give the desired product 114 (3.7 

mg, 11%).  
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Rf= 0.09 in 20% EtOAc/Hex, not UV active, stains with KMnO4  

1H NMR (500 MHz, CDCl3) δ 6.00 (m, 1H), 5.19 (dd, J = 17.1, 1.6 Hz, 1H), 5.09 – 5.02 (m, 1H), 

3.60 – 3.53 (m, 1H), 3.50 (td, J = 10.2, 4.6 Hz, 1H), 3.26 (s, 3H), 3.25 (s, 3H), 2.65 (m, 1H), 2.35 

– 2.28 (m, 1H), 2.01 – 1.96 (m, 1H), 1.83 – 1.76 (m, 1H), 1.66 (m, 1H), 1.44 – 1.37 (m, 2H), 1.32 

(s, 3H), 1.29 (s, 3H). 

13C NMR (176 MHz, CDCl3) δ 137.4, 117.0, 99.6, 99.2, 72.8, 70.9, 70.6, 48.2, 48.0, 46.5, 32.4, 

32.3, 26.0, 17.9, 17.9. 

IR (Diamond-ATR, neat) ṽmax: 2937, 2363, 1372, 1267, 1215, 1118, 1029.  

[α]24
D = +110.97, (c = 0.000875, CHCl3) 

1.5.3 Computational Studies 
General Information: We employed DFT calculations to give further insights into the stability of 

the methyl ketone conformers and abyssomicin analogs (2 and 78). The methyl ketone structures 

are shown in Figure 6. The abyssomicin analogs are shown in Figure 7. All calculations 

presented in this study were obtained with the Gaussian 16 software package Revision 

A.0333  with the B3LYP34,35 functional including Grimme’s D3 dispersion corrections.36 To account 

for solvation effects (82, 93, 94, and 95), the implicit SMD37  solvation model was employed with 

THF as the solvent. A smaller basis set (BS1) was used for geometry optimizations and frequency 

calculations. The electronic energies were determined from single point energy calculations using 

a larger basis set (BS2) that also included diffuse functions. All atoms used 6-31G* for BS1 and 

6-311+G** for BS2.38,39  An ultrafine grid was used for all calculations. The nature of all optimized 

structures was verified by frequency calculations, that is, all molecular structures at the minima 

or equilibrium geometries were characterized by the absence of imaginary frequencies. For 

structures 82, 93, 94, and 95, we report theoretical values at a temperature of 195.15 K and 

pressure of 1 atm using unscaled frequencies unless otherwise noted.  For structures 2 and 78, 

we report theoretical values at a temperature of 298.15 K and pressure of 1 atm using unscaled 

frequencies unless otherwise noted. Cartesian coordinates, electronic and Gibbs free energies 

for all optimized stationary points can be found in supplementary information below. 
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Figure 6. Studied conformers of methyl ketone compounds 

 

Figure 7. Studied analogs, abyssomicin C (2) and upside-down-omicin (78). 

Results 

Ground state optimization of the studied conformer shows that, for all structures, conformer B is 

the most stable. The relative free energies of conformer 82A and 82B are 3.71 kcal/mol and 0.00 

kcal/mol respectively. This suggests that synthetically conformer 82B should be the most 

accessible.  This agrees with our experimental results. 

The relative free energies of abyssomicin C (2) and “upside-down-omicin” (78) are 0.00 kcal/mol 

and 119.53 kcal/mol respectively, highlighting the substantial thermodynamic penalty associated 

with 78 and underscoring the synthetic challenges in accessing this highly strained compound.  
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Table 2. Table of Energies  

Structure Electronic energy 

(kcal/mol) BS1 

Thermal Free 

energy Corr. 

(kcal/mol) BS1 

Single point 

energy 

(kcal/mol) BS2 

Corr(BS1) +EE( 

BS2) (kcal/mol) 

82A -1047753.984 373.3455622 -1047993.662 -1047620.316 

82B -1047753.096 372.6891872 -1047996.718 -1047624.029 

93A -1047753.753 374.1713647 -1047997.044 -1047622.873 

93B -1047751.373 371.2710158 -1047996.266 -1047624.995 

94A -1047753.468 373.3901153 -1047997.587 -1047624.197 

94B -1047753.532 372.1991023 -1047997.822 -1047625.623 

95A -862256.9799 306.3363327 -862477.9135 -862171.5771 

95B -862262.1769 305.5061376 -862482.6072 -862177.1011 

2 -745863.9783 214.4199962 -746086.3018 -745871.8818 

78 -745742.4134 213.8244896 -745966.1739 -745752.3494 

 

Table 3. Cartesian Coordinates of Optimized Geometries   

CONFORMER 82A  

 C                 -2.99322100   -1.99594800   -0.77765400 

 O                 -4.10507200   -2.09225300   -1.30246600 

 O                 -0.70696500    0.87743300    0.23726500 

 Si                -0.81658800    2.52920500   -0.28679800 

 O                  1.16359400   -0.91262100   -0.97024400 

 Si                 2.58694800   -0.67299200   -0.00713800 

 C                  0.59896300    2.08560600   -2.79021000 

 H                  1.44100100    2.69996100   -2.45208600 

 H                  0.78946700    1.05494900   -2.47193500 

 H                  0.57867000    2.11720500   -3.88591500 

 C                 -0.73418300    2.61650600   -2.19861300 
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Table 3 (continued).  

 H                 -0.88023100    3.66751300   -2.48766200 

 H                 -1.57894900    2.06467300   -2.63264200 

 C                 -3.70096200    3.03316600   -0.49347300 

 H                 -4.57781500    3.55208500   -0.08951600 

 H                 -3.57534700    3.34511500   -1.53623300 

 H                 -3.91867100    1.95970100   -0.48775800 

 C                 -2.43348600    3.34940500    0.34101300 

 H                 -2.26240900    4.43626900    0.34477200 

 H                 -2.59530900    3.06016600    1.38793200 

 C                  0.67308400    3.42036100    0.50874500 

 H                  0.76579700    4.41392800    0.04719100 

 H                  1.58643200    2.86851600    0.25683800 

 C                  0.56184300    3.56669000    2.04902900 

 H                  1.43100900    4.09559000    2.45675600 

 H                 -0.33632100    4.12968100    2.32700400 

 H                  0.50989200    2.58297400    2.52781100 

 C                  3.11983900    0.69816200    2.51667100 

 H                  3.29392900    1.63040900    1.96827400 

 H                  2.76197200    0.96234900    3.51876500 

 H                  4.08139200    0.18555700    2.62918900 

 C                  2.08196500   -0.18951000    1.77999000 

 H                  1.90047800   -1.10160500    2.36587300 

 H                  1.12329800    0.33769200    1.70333500 

 C                  3.61394400   -2.29858600    0.00822300 

 H                  4.09898300   -2.41935800   -0.97020300 

 H                  2.91968300   -3.14265700    0.11188400 

 C                  4.67469000   -2.37949100    1.13814200 

 H                  4.20320900   -2.28905900    2.12310200 

 H                  5.20347100   -3.33955700    1.10700200 

 H                  5.42131300   -1.58400200    1.04609000 
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Table 3 (continued).  

 C                  5.05989500    0.77403300   -0.64680100 

 H                  5.54536400   -0.16527300   -0.93337300 

 H                  5.52691000    1.58101000   -1.22374500 

 H                  5.27080100    0.95548600    0.41261700 

 C                  3.53538000    0.71633200   -0.92016800 

 H                  3.07606000    1.67953800   -0.66634700 

 H                  3.36189200    0.56974000   -1.99444100 

 C                  0.44601000   -3.72924400   -1.36219500 

 H                  1.39783000   -3.35849600   -1.74744700 

 H                  0.60296700   -4.13107900   -0.35269600 

 H                  0.09480000   -4.54392400   -2.00493800 

 C                 -0.58473100   -2.58824100   -1.33073900 

 H                 -0.70865600   -2.20271900   -2.35143700 

 C                 -0.11045800   -1.40400200   -0.45963000 

 H                 -0.01490000   -1.73403500    0.58361000 

 C                 -1.95185500   -3.10525100   -0.81388600 

 H                 -1.81604900   -3.50169000    0.20263000 

 H                 -2.32904400   -3.91114800   -1.44951700 

 C                 -2.55488000   -0.96454200    1.50420900 

 H                 -2.14049200   -0.05043900    1.94516700 

 H                 -1.89262100   -1.79273900    1.77780600 

 C                 -2.54275100   -0.73963800   -0.03788100 

 H                 -3.27668900    0.03971400   -0.26782600 

 C                 -1.15369000   -0.27352200   -0.54003900 

 H                 -1.23570600   -0.00158000   -1.60060400 

 C                 -3.94576400   -1.23051800    2.02467000 

 H                 -4.68812900   -0.46865900    1.79070400 

 C                 -4.30164500   -2.30790800    2.72183600 

 H                 -3.58773100   -3.08975700    2.96762500 

 H                 -5.31696200   -2.45264100    3.07560900 
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Table 3 (continued).  

CONFORMER 82B  

 C                 -0.92647200   -1.06819300    0.18201600 

 C                  0.59151600   -0.89481700   -0.03948400 

 C                  1.01445400    0.59172000    0.05436400 

 C                 -1.01994900    1.06433200    1.53251800 

 C                 -1.45751700   -0.41858600    1.47431400 

 H                  0.81103300   -1.23970400   -1.05733100 

 H                 -1.13250000   -2.14688200    0.22354800 

 H                 -1.30957400    1.52698400    2.48093500 

 H                 -1.51153900    1.60645800    0.71422400 

 H                 -2.55162200   -0.44287800    1.39355200 

 H                  0.48153200    1.09588600   -0.76514200 

 C                  0.47867200    1.21097600    1.34197200 

 O                  1.19241500    1.79073300    2.14423500 

 C                 -1.05776200   -1.17167200    2.75095700 

 H                 -1.56818000   -0.73399900    3.61744700 

 H                 -1.34218900   -2.22855700    2.69048600 

 H                  0.01954200   -1.12632600    2.92896600 

 C                  2.52887400    0.79344600   -0.10625000 

 H                  3.04862800    0.24665400    0.68625200 

 H                  2.74204300    1.85945200    0.04945900 

 C                  3.03426900    0.37145700   -1.45724500 

 H                  2.56861100    0.86351100   -2.31407400 

 C                  3.98732600   -0.53966000   -1.67043800 

 H                  4.32134700   -0.79929600   -2.67282000 

 H                  4.47513400   -1.05666000   -0.84532000 

 O                 -1.58721900   -0.47076600   -0.93964400 

 O                  1.33685800   -1.64454100    0.90668900 

 Si                 1.87919900   -3.23592900    0.75644400 

 Si                -2.49946700   -1.40444200   -2.01078700 

 C                 -3.00307100   -0.19324500   -3.36900500 

 C                 -4.23990200   -0.59562000   -4.19348300 

 H                 -2.14216300   -0.03883000   -4.03534400 
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Table 3 (continued).  

 H                 -3.18512500    0.77713600   -2.88524500 

 H                 -4.47018300    0.15678500   -4.95892100 

 H                 -4.09533600   -1.55171300   -4.71003200 

 H                 -5.12814100   -0.69694800   -3.55839500 

 C                 -3.98921000   -2.09104900   -1.06147700 

 C                 -4.71293300   -3.28909900   -1.70289000 

 H                 -4.69856700   -1.26676300   -0.89731200 

 H                 -3.63487000   -2.37872800   -0.06023500 

 H                 -5.56544500   -3.61513900   -1.09263500 

 H                 -5.09986800   -3.04865300   -2.70002800 

 H                 -4.04182700   -4.14974500   -1.81044200 

 C                 -1.40679100   -2.80681700   -2.67415200 

 C                 -1.86148200   -3.43361500   -4.00569900 

 H                 -1.32466600   -3.58885200   -1.90535300 

 H                 -0.39312300   -2.39924700   -2.79537100 

 H                 -1.17899900   -4.23280200   -4.32328300 

 H                 -2.86389200   -3.87084800   -3.93354600 

 H                 -1.88567900   -2.68797300   -4.80945000 

 C                  2.10981600   -3.67798600   -1.07386400 

 C                  3.15908400   -4.77394800   -1.34268400 

 H                  2.40335800   -2.76693300   -1.61186700 

 H                  1.14110300   -3.98038000   -1.49546100 

 H                  3.24372200   -4.98775900   -2.41628200 

 H                  4.15257700   -4.46894700   -0.99241300 

 H                  2.91007800   -5.71688000   -0.84221100 

 C                  3.51205700   -3.22351700    1.70967900 

 C                  4.02517200   -4.57985800    2.22435000 

 H                  3.37175600   -2.53855000    2.55842900 

 H                  4.27351800   -2.75080700    1.07218200 

 H                  4.97488200   -4.46808100    2.76382200 

 H                  3.31055300   -5.04096800    2.91667500 

 H                  4.19660800   -5.29081500    1.40775500 

 C                  0.60548700   -4.39408700    1.55429800 
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Table 3 (continued).  

 C                  0.75733300   -5.88843800    1.21375300 

 H                 -0.39173700   -4.05581400    1.23870700 

 H                  0.63485900   -4.25051600    2.64406200 

 H                 -0.01453600   -6.49171200    1.70972100 

 H                  0.66286500   -6.06315300    0.13506200 

 H                  1.72994100   -6.28585100    1.52559400 

CONFORMER 93A  

 C                 -2.81611200   -2.20682800   -1.00947700 

 O                 -3.79059700   -2.44311400   -1.70578300 

 O                 -1.08673500    0.93959600    0.09987000 

 Si                -0.89009300    2.54538300   -0.38662900 

 O                  1.06861500   -0.56291000   -0.94507600 

 Si                 2.47278200   -0.53908400   -0.00754900 

 C                  0.71957600    2.22297300   -2.80659700 

 H                  1.55023800    2.78033400   -2.35646800 

 H                  0.88674600    1.16393600   -2.59089500 

 H                  0.78155900    2.36674300   -3.89373000 

 C                 -0.63385500    2.70135400   -2.25455700 

 H                 -0.77222200    3.76841100   -2.48724300 

 H                 -1.45678400    2.18797900   -2.77269300 

 C                 -3.51246300    3.74190400   -0.95115400 

 H                 -4.36202800    4.31703000   -0.55979500 

 H                 -3.12751300    4.28330700   -1.82363500 

 H                 -3.90787500    2.78608400   -1.31225200 

 C                 -2.42006600    3.55544800    0.11785500 

 H                 -2.05814000    4.54601300    0.43259200 

 H                 -2.85090100    3.10288700    1.02248800 

 C                  0.59651800    3.21918100    0.56479600 

 H                  0.84994300    4.19932700    0.13258600 

 H                  1.46006600    2.57257900    0.36922300 

 C                  0.38465000    3.36666800    2.08205000 

 H                  1.28642000    3.74452900    2.58093300 

 H                 -0.43011400    4.06600700    2.30688600 
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Table 3 (continued).  

 H                  0.12965800    2.40902900    2.55088400 

 C                  3.08178800    0.84261500    2.48177700 

 H                  3.30875700    1.76098800    1.92720600 

 H                  2.74016500    1.14122900    3.48141300 

 H                  4.02466300    0.29699300    2.61002900 

 C                  2.02271000   -0.00677400    1.75641500 

 H                  1.80021200   -0.90337900    2.35274700 

 H                  1.08028600    0.54946600    1.68858000 

 C                  3.23455700   -2.27586900    0.02492000 

 H                  3.63926100   -2.50763900   -0.97098200 

 H                  2.41378100   -2.99042900    0.18585700 

 C                  4.31230200   -2.50345500    1.10177300 

 H                  3.91649500   -2.32108000    2.10853600 

 H                  4.68694600   -3.53540200    1.08222300 

 H                  5.17562200   -1.84235600    0.96576200 

 C                  5.08483700    0.61568300   -0.60852600 

 H                  5.49641700   -0.36326100   -0.88138100 

 H                  5.64578700    1.37281100   -1.17199600 

 H                  5.29828400    0.77772500    0.45458300 

 C                  3.57838200    0.69894400   -0.91287400 

 H                  3.21406900    1.71365400   -0.70474700 

 H                  3.41259600    0.54086500   -1.98794900 

 C                 -0.13535000   -1.19265100   -0.53070500 

 H                 -0.08815400   -1.44167500    0.54108700 

 C                 -1.66029800   -3.17630400   -0.86589200 

 H                 -1.57737700   -3.45758400    0.19336600 

 H                 -1.86905000   -4.07772500   -1.44943200 

 C                 -1.31206900   -0.21081400   -0.69650800 

 H                 -1.38943400    0.07032000   -1.75460100 

 C                 -0.31501300   -2.29377900   -2.84297600 

 H                  0.60031100   -1.77335900   -3.13951100 

 H                 -0.34617700   -3.26054600   -3.35882600 

 H                 -1.16930200   -1.70594400   -3.19967000 
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Table 3 (continued).  

 C                 -0.34660700   -2.50248000   -1.32260100 

 H                  0.48401700   -3.16635700   -1.05666200 

 C                 -2.64176100   -0.88890500   -0.25492300 

 H                 -2.50875100   -1.14442100    0.80699300 

 C                 -3.85267700    0.04681500   -0.39672100 

 H                 -4.04150700    0.20385600   -1.46783900 

 H                 -3.58832200    1.01116700    0.04143400 

 C                 -5.09837800   -0.47432000    0.26867500 

 H                 -5.51398100   -1.39099000   -0.14636300 

 C                 -5.68999000    0.10840600    1.31403200 

 H                 -5.30005000    1.02609800    1.75378700 

 H                 -6.58765500   -0.30488800    1.76956000 

CONFORMER 93B  

 C                 -1.17774300   -0.99020700    0.38489200 

 C                  0.30933400   -0.98260300   -0.03052700 

 C                 -0.93588600    1.35380100    1.29971800 

 H                  0.40467100   -1.54898400   -0.96661400 

 H                 -1.42012300   -2.02054700    0.67814600 

 H                 -1.06356700    2.00782900    2.16763200 

 H                 -1.53336600    1.76188600    0.47238500 

 C                  0.52278600    1.36592700    0.88654500 

 O                  1.35251200    2.08181200    1.42288400 

 O                 -1.99932900   -0.57237700   -0.70107900 

 O                  1.05122300   -1.60775800    1.01985600 

 Si                 1.76706600   -3.12213300    0.79893000 

 Si                -2.78478100   -1.59511700   -1.78765800 

 C                 -3.82854300   -0.40380500   -2.81889700 

 C                 -5.04386500   -1.02261300   -3.53349000 

 H                 -3.17345100    0.08985800   -3.55136900 

 H                 -4.16874800    0.39049300   -2.13922300 

 H                 -5.59904200   -0.26585300   -4.10294500 

 H                 -4.74977800   -1.80901800   -4.23815600 

 H                 -5.74402300   -1.46939000   -2.81729800 
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Table 3 (continued).  

 C                 -3.85271400   -2.81340500   -0.80275900 

 C                 -4.31317300   -4.07093000   -1.56265200 

 H                 -4.72506400   -2.26324800   -0.42094000 

 H                 -3.28774800   -3.12323100    0.08789100 

 H                 -4.94191300   -4.71150900   -0.93038800 

 H                 -4.89778100   -3.82066300   -2.45558500 

 H                 -3.45790600   -4.67487700   -1.88896200 

 C                 -1.50543200   -2.49786700   -2.86214500 

 C                 -2.02721500   -3.03576100   -4.20840700 

 H                 -1.05965500   -3.31976200   -2.28363900 

 H                 -0.68743900   -1.78850600   -3.05375200 

 H                 -1.22979800   -3.53791700   -4.77179600 

 H                 -2.83815500   -3.76095000   -4.07654100 

 H                 -2.41043700   -2.22530300   -4.83980300 

 C                  2.96692700   -3.00361400   -0.66565500 

 C                  4.08549900   -4.06219000   -0.69568100 

 H                  3.41803700   -2.00098500   -0.63322100 

 H                  2.39379500   -3.04316600   -1.60348600 

 H                  4.74180800   -3.92529000   -1.56509600 

 H                  4.71532700   -4.00229200    0.20003100 

 H                  3.68524700   -5.08127400   -0.74761800 

 C                  2.65418000   -3.45654100    2.43116300 

 C                  2.96428700   -4.93534200    2.72862200 

 H                  2.02113300   -3.04674300    3.23119400 

 H                  3.58168400   -2.86661700    2.45241400 

 H                  3.47345200   -5.04851500    3.69450900 

 H                  2.04775800   -5.53615600    2.77128100 

 H                  3.61289600   -5.38024200    1.96498300 

 C                  0.39468700   -4.38370000    0.44943100 

 C                  0.83562000   -5.70421600   -0.20730800 

 H                 -0.34205800   -3.89111000   -0.20123100 

 H                 -0.13450700   -4.58883200    1.39145700 

 H                 -0.01858500   -6.37474400   -0.36932000 
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Table 3 (continued).  

 H                  1.30011200   -5.52749000   -1.18494800 

 H                  1.56293700   -6.24642000    0.40803100 

 C                 -2.89265000   -0.09570300    2.03002900 

 H                 -3.53439900    0.30318500    1.23708800 

 H                 -3.22557800   -1.11694600    2.25437200 

 H                 -3.04136900    0.51320300    2.92965100 

 C                 -1.42518600   -0.08087100    1.59846200 

 H                 -0.81102100   -0.48691500    2.41207700 

 C                  0.46188200    1.04032200   -1.62299900 

 H                 -0.62564000    1.13256800   -1.66937600 

 H                  0.75378400    0.31974700   -2.40169300 

 C                  0.89200300    0.42877900   -0.26010500 

 H                  1.98360000    0.33578900   -0.25631900 

 C                  0.45517900    3.50027100   -2.13888300 

 H                 -0.63354600    3.53322600   -2.15754500 

 H                  0.97396000    4.43711300   -2.33017700 

 C                  1.11566000    2.36656400   -1.89444400 

 H                  2.20681200    2.37501300   -1.87348900 

CONFORMER 94A  

 C                 -2.87288500   -2.08838900   -0.80755000 

 O                 -3.91927400   -2.30076200   -1.39738200 

 O                 -0.88072300    0.94415300    0.22956400 

 Si                -0.85100700    2.56563400   -0.23154400 

 O                  1.10949000   -0.66559000   -0.94494600 

 Si                 2.53513500   -0.57338500   -0.04813100 

 C                  0.59002500    2.28165500   -2.73683200 

 H                  1.43167000    2.87040800   -2.35155500 

 H                  0.79867900    1.23122200   -2.50967200 

 H                  0.58281100    2.39913800   -3.82871800 

 C                 -0.74087600    2.73780700   -2.11199100 

 H                 -0.91986000    3.79892200   -2.34380100 

 H                 -1.57826700    2.19620400   -2.57480700 

 C                 -3.71907700    3.06967700   -0.32056500 
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Table 3 (continued).  

 H                 -4.57509800    3.62023600    0.09122600 

 H                 -3.66447700    3.30414500   -1.39092100 

 H                 -3.94906100    2.00115500   -0.23143300 

 C                 -2.41130100    3.42795500    0.40553300 

 H                 -2.23748400    4.51307300    0.33895300 

 H                 -2.51000300    3.20964800    1.47863700 

 C                  0.66581400    3.32042400    0.60411200 

 H                  0.84698600    4.30639500    0.15019900 

 H                  1.53668300    2.70514700    0.34355600 

 C                  0.56704200    3.46741600    2.13288000 

 H                  1.49176700    3.87715900    2.55938000 

 H                 -0.25054900    4.14092600    2.41781700 

 H                  0.38153500    2.50379200    2.62194800 

 C                  3.22383400    0.88288700    2.37645500 

 H                  3.44456400    1.78246400    1.78939600 

 H                  2.91341800    1.21462600    3.37585900 

 H                  4.16455700    0.33139200    2.49512500 

 C                  2.13541800    0.02531700    1.70604400 

 H                  1.91419200   -0.84689500    2.33831600 

 H                  1.19975400    0.59234600    1.63827400 

 C                  3.31584100   -2.30021300    0.02315800 

 H                  3.69717400   -2.56070400   -0.97492700 

 H                  2.50094400   -3.01240700    0.22409400 

 C                  4.42117300   -2.48766200    1.07883600 

 H                  4.04972000   -2.27544600    2.08903100 

 H                  4.80364300   -3.51696300    1.08276400 

 H                  5.27543200   -1.82474800    0.89941500 

 C                  5.10664300    0.59929600   -0.77489800 

 H                  5.52495000   -0.38394800   -1.02120400 

 H                  5.63799300    1.34101800   -1.38562900 

 H                  5.35074100    0.80685900    0.27358300 

 C                  3.59017400    0.64694700   -1.03374100 

 H                  3.21243100    1.66207400   -0.85080800 
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Table 3 (continued).  

 H                  3.39341400    0.44662200   -2.09664400 

 C                 -0.09575700   -1.23310800   -0.44804500 

 H                  0.01330400   -1.48993500    0.61555400 

 C                 -1.76146200   -3.11694700   -0.70868500 

 H                 -1.65391300   -3.40311600    0.34699100 

 H                 -2.04838400   -4.00858600   -1.27384000 

 C                 -2.71013700   -0.89759500    1.41982200 

 H                 -2.50852200    0.09410800    1.84204800 

 H                 -1.93676700   -1.57091800    1.80605300 

 C                 -2.59308700   -0.75268300   -0.12251500 

 H                 -3.37349500   -0.05984800   -0.45502400 

 C                 -1.21671400   -0.18512000   -0.55915900 

 H                 -1.28929900    0.10342800   -1.61466000 

 C                 -4.06898700   -1.37557200    1.84775100 

 H                 -4.91031400   -0.75914700    1.52615400 

 C                 -4.30138500   -2.48024800    2.55992400 

 H                 -3.49041800   -3.12678900    2.89319200 

 H                 -5.30856400   -2.77929200    2.84167900 

 C                 -0.45605500   -2.32600300   -2.74529000 

 H                  0.47067400   -1.85736100   -3.08859700 

 H                 -0.56498900   -3.29174300   -3.25253000 

 H                 -1.29402100   -1.69431800   -3.06455900 

 C                 -0.42825900   -2.52779600   -1.22354700 

 H                  0.37200900   -3.24165700   -0.99315500 

CONFORMER 94B 

 C                 -1.07052400   -1.12845200    0.40437700 

 C                  0.42891200   -1.08998700    0.04414800 

 C                 -0.84214000    1.10560500    1.56144000 

 H                  0.56914600   -1.61616500   -0.91001000 

 H                 -1.34514800   -2.17865300    0.57095500 

 H                 -0.95286800    1.65414900    2.50179600 

 H                 -1.44142400    1.61131700    0.79148200 

 C                  0.61127100    1.15324000    1.12875900 
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Table 3 (continued).  

 O                  1.46086500    1.77079800    1.75130500 

 O                 -1.82388400   -0.57039700   -0.66969900 

 O                  1.16899700   -1.71732000    1.08695900 

 Si                 1.82838200   -3.26833000    0.96014000 

 Si                -2.65249500   -1.46943000   -1.83248700 

 C                 -3.54759600   -0.15521700   -2.85316500 

 C                 -4.77774300   -0.64511800   -3.63944200 

 H                 -2.82452100    0.30844600   -3.53959100 

 H                 -3.85105000    0.63933900   -2.15660400 

 H                 -5.24519300    0.17548500   -4.19909700 

 H                 -4.51848300   -1.42628100   -4.36351600 

 H                 -5.54148500   -1.05917300   -2.97009500 

 C                 -3.86040000   -2.63060700   -0.94491300 

 C                 -4.38863500   -3.81587600   -1.77378000 

 H                 -4.70123300   -2.02604600   -0.57516800 

 H                 -3.36021600   -3.01939300   -0.04644800 

 H                 -5.09100400   -4.42766700   -1.19255100 

 H                 -4.91565400   -3.48449300   -2.67606400 

 H                 -3.57195200   -4.47403700   -2.09392400 

 C                 -1.40520800   -2.43900000   -2.88504500 

 C                 -1.90293300   -2.87964700   -4.27494500 

 H                 -1.06248900   -3.31743300   -2.31889600 

 H                 -0.51993100   -1.79852200   -3.00855200 

 H                 -1.12455500   -3.42873100   -4.82093000 

 H                 -2.77885600   -3.53502000   -4.21068600 

 H                 -2.18327800   -2.01592800   -4.88962400 

 C                  3.19717900   -3.24282400   -0.35087800 

 C                  4.23432700   -4.37808200   -0.25318700 

 H                  3.71182000   -2.27654600   -0.25840400 

 H                  2.73777900   -3.24293100   -1.35027600 

 H                  4.99566900   -4.29005100   -1.03932700 

 H                  4.75821600   -4.35648500    0.70998500 

 H                  3.77517900   -5.36800400   -0.35464900 
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Table 3 (continued).  

 C                  2.50751000   -3.60571400    2.68975400 

 C                  2.70437700   -5.08902300    3.05291700 

 H                  1.81065400   -3.14305700    3.40312500 

 H                  3.45642800   -3.06224600    2.80398800 

 H                  3.09803000   -5.20021600    4.07160700 

 H                  1.75785900   -5.64096200    3.00743000 

 H                  3.40775800   -5.58790300    2.37604700 

 C                  0.44272200   -4.47115000    0.47708400 

 C                  0.88681000   -5.84032700   -0.06945300 

 H                 -0.17543000   -3.97194000   -0.28289400 

 H                 -0.21379700   -4.60832500    1.34872400 

 H                  0.02198000   -6.47357400   -0.30733600 

 H                  1.47206600   -5.73085900   -0.99026900 

 H                  1.50513600   -6.39042500    0.64909300 

 C                 -2.83256200   -0.38853100    2.07856000 

 H                 -3.44622200    0.08505000    1.30458100 

 H                 -3.17830100   -1.42262300    2.20037400 

 H                 -3.00753600    0.13912300    3.02366900 

 C                 -1.35170700   -0.34747200    1.69732000 

 H                 -0.76724900   -0.83967300    2.48423400 

 C                  2.40599500    0.42354400   -0.54951600 

 H                  2.58502200   -0.32512700   -1.33127500 

 H                  3.01058800    0.13984100    0.32037200 

 C                  0.92537100    0.36177600   -0.13807200 

 H                  0.30116200    0.78775500   -0.93584000 

 C                  2.82745400    1.78110500   -1.04223000 

 H                  2.76028500    2.58706700   -0.31296200 

 C                  3.25056900    2.04225400   -2.28123800 

 H                  3.32915100    1.26060100   -3.03650300 

 H                  3.53918700    3.04516100   -2.58933500 

CONFORMER 95A  

 C                 -2.98899200   -2.46325100   -0.46888200 

 O                 -4.02373300   -2.79041400   -1.02181700 
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Table 3 (continued).  

 O                 -1.47350700    0.70141400    0.91166000 

 O                  0.70446400   -0.37457300   -0.51635400 

 Si                 2.32560100   -0.44782300   -0.07113300 

 C                  4.05639500    0.22569800    2.04226100 

 H                  4.34479000    1.14891800    1.52499400 

 H                  4.24101300    0.38164500    3.11581900 

 H                  4.73500900   -0.57133300    1.70990700 

 C                  2.57232900   -0.13296700    1.80359500 

 C                 -0.36018500   -1.21208200   -0.08379600 

 H                 -0.16542100   -1.57707200    0.93311300 

 C                 -1.71881300   -3.29041300   -0.52902300 

 H                 -1.51205700   -3.66443000    0.48420600 

 H                 -1.88436400   -4.15260400   -1.18158500 

 C                 -2.89521300   -1.16488000    0.34903900 

 H                 -3.77802400   -0.56828600    0.10204400 

 C                 -1.63222500   -0.35419300   -0.03568500 

 H                 -1.79228900    0.07069400   -1.03367800 

 C                 -0.67057200   -2.05428200   -2.49246300 

 H                  0.14912300   -1.40085700   -2.80567500 

 H                 -0.65480900   -2.95359600   -3.11905300 

 H                 -1.61371700   -1.53220000   -2.69454100 

 C                 -0.52494800   -2.43657100   -1.01334100 

 H                  0.38315800   -3.04063400   -0.90788900 

 C                 -2.94099000   -1.51166200    1.82200500 

 H                 -2.04519600   -1.96022200    2.24921300 

 C                 -4.01324800   -1.31950400    2.59252500 

 H                 -4.92773200   -0.87741400    2.20054100 

 H                 -4.01520900   -1.59616900    3.64437000 

 C                 -1.25293500    1.98827400    0.33910000 

 H                 -0.93798800    2.61879900    1.17911000 

 H                 -0.42386500    1.95560400   -0.37794400 

 C                 -2.49947600    2.56396100   -0.30591500 

 C                 -2.41730400    3.31005200   -1.48697100 
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Table 3 (continued).  

 C                 -3.75382300    2.36843600    0.28982700 

 C                 -3.56645000    3.86281100   -2.06047900 

 H                 -1.44969900    3.45548800   -1.96284500 

 C                 -4.90341000    2.91256400   -0.28455300 

 H                 -3.81908700    1.77572500    1.19809500 

 C                 -4.81252100    3.66398000   -1.46126700 

 H                 -3.48888500    4.43813200   -2.97962700 

 H                 -5.87079600    2.75089100    0.18454700 

 H                 -5.70786200    4.08671300   -1.90973600 

 C                  3.07219900   -2.11480200   -0.54773600 

 H                  2.96739400   -2.29579800   -1.62488700 

 H                  4.14374000   -2.14352800   -0.30952600 

 H                  2.59662400   -2.94961000   -0.01968200 

 C                  3.10479100    0.92893600   -1.08858400 

 H                  4.19865600    0.91691000   -1.01240600 

 H                  2.84244500    0.81260300   -2.14761900 

 H                  2.75529400    1.91722900   -0.76543800 

 C                  1.68644200    1.04172500    2.26442500 

 H                  1.89946600    1.95878700    1.69932000 

 H                  0.62228600    0.81523500    2.14331400 

 H                  1.86943100    1.26489700    3.32681100 

 C                  2.23278500   -1.38167900    2.64489100 

 H                  2.84947900   -2.24570600    2.36817100 

 H                  2.41281300   -1.18090100    3.71198200 

 H                  1.18084500   -1.67660900    2.54764300 

CONFORMER 95B 

 C                 -0.94921700   -1.17980600    0.44879200 

 C                  0.56828800   -1.02342200    0.20715200 

 C                 -1.00505400    1.11014000    1.51167300 

 H                  0.85709000   -1.60710000   -0.67644900 

 H                 -1.16870600   -2.23770200    0.61991600 

 H                 -1.21905600    1.68388800    2.41866900 

 H                 -1.60777200    1.52453600    0.69120400 
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Table 3 (continued).  

 C                  0.45720200    1.29466900    1.14783900 

 O                  1.19661900    2.05315400    1.75229900 

 O                 -1.63805400   -0.70631700   -0.70672600 

 O                  1.32316300   -1.44846500    1.34289500 

 Si                -2.57387900   -1.59923500   -1.78349500 

 C                 -1.47185200   -2.32739300   -3.16895600 

 C                 -2.36585700   -2.79835500   -4.33599800 

 H                 -1.75233700   -3.25589700   -5.12671300 

 H                 -3.09773700   -3.55254200   -4.01742300 

 H                 -2.91775500   -1.96717200   -4.79186800 

 C                 -2.87042600   -0.55360900    1.98998200 

 H                 -3.48581200   -0.18082100    1.16356500 

 H                 -3.11230900   -1.61207900    2.14637000 

 H                 -3.15220900   -0.00447400    2.89636800 

 C                 -1.38215700   -0.37869000    1.68602600 

 H                 -0.80162000   -0.78057200    2.52446500 

 C                  0.92999400    0.46193900   -0.04665800 

 H                  0.32303700    0.77191900   -0.90728400 

 C                  2.87120100    0.94723300   -1.55411700 

 H                  2.21436500    1.13206500   -2.40344900 

 H                  3.93978900    1.03359200   -1.73945500 

 C                  2.39068900    0.63545300   -0.34944100 

 H                  3.06842200    0.46066300    0.48284000 

 C                  1.74467600   -2.81505100    1.34268300 

 H                  2.50276500   -2.86741200    2.13203500 

 H                  2.23493300   -3.05787300    0.38863100 

 C                  0.62417800   -3.79484300    1.62294800 

 C                  0.27098800   -4.77867900    0.69375700 

 C                 -0.11549500   -3.68421300    2.81006500 

 C                 -0.81299700   -5.63013300    0.93449800 

 H                  0.83800100   -4.87317000   -0.22873500 

 C                 -1.20020800   -4.52646800    3.05174800 

 H                  0.15437600   -2.92140400    3.53598100 
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Table 3 (continued).  

 C                 -1.55515200   -5.50036300    2.11027200 

 H                 -1.07943600   -6.38652200    0.20085200 

 H                 -1.76948100   -4.42646900    3.97227600 

 H                 -2.40253900   -6.15491900    2.29625600 

 C                 -3.48851900   -2.97418900   -0.87361000 

 H                 -4.05917400   -3.58649300   -1.58411000 

 H                 -2.81272400   -3.64552600   -0.33121700 

 H                 -4.19950200   -2.55821800   -0.14940800 

 C                 -3.78763200   -0.35029600   -2.49440300 

 H                 -3.27348300    0.43994700   -3.05523500 

 H                 -4.50555000   -0.82933300   -3.17125200 

 H                 -4.35712700    0.12969700   -1.68869500 

 C                 -0.49524800   -1.25029900   -3.68341700 

 H                 -1.02281900   -0.36735400   -4.06714100 

 H                  0.18954200   -0.91187800   -2.89672600 

 H                  0.11735600   -1.64799100   -4.50666200 

 C                 -0.66516500   -3.53155100   -2.64301900 

 H                 -0.01958000   -3.93841600   -3.43620900 

 H                 -0.01487400   -3.25554400   -1.80560100 

 H                 -1.31707500   -4.34475700   -2.30126100 

Abyssomicin C (2) 

 C                 -1.10886900    0.96864500    0.99894100 

 C                  1.16954600    0.52217300   -1.01393300 

 C                  0.19246500    0.38512400   -2.11575600 

 O                 -0.46919300   -0.84086000   -1.98222900 

 C                 -0.02366200   -1.48739900   -0.80172600 

 C                  1.09192600   -0.62973800   -0.30044900 

 C                 -1.71957000   -0.10025000    0.46505100 

 C                  1.27296300   -3.36185600    0.23040200 

 C                  1.10866600   -2.27339800    1.30678800 

 C                 -0.37785600   -1.99976300    1.63651500 

 C                  0.47216100   -2.91980400   -1.03580900 

 C                 -1.10327600   -1.47146300    0.35287600 
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Table 3 (continued).  

 O                  1.68432400   -1.01322800    0.82385000 

 O                 -0.07071700    1.12998800   -3.02595200 

 H                 -0.41553300   -1.23938200    2.41957900 

 C                 -0.04998900    3.50498500   -0.80513400 

 C                  1.43034700    3.09738100   -1.10985300 

 C                 -0.65988300    3.50271500    0.64679500 

 C                  1.86806600    1.74199000   -0.55482000 

 C                 -1.65519300    2.33962000    0.77454300 

 O                  2.73817000    1.64222400    0.30242000 

 O                 -2.84926100    2.52204500    0.59383400 

 H                 -1.87965000   -2.19328600    0.07301000 

 H                  0.83576800   -4.27499700    0.65070800 

 O                 -0.98879200   -3.14452000    2.20415500 

 H                  1.43422700    2.97660800   -2.20237300 

 H                 -1.31194400    4.38131800    0.69514400 

 H                  1.66963300   -2.50875300    2.21117800 

 C                  2.75022500   -3.63083500   -0.07875600 

 C                  0.33395800    3.59162500    1.81741200 

 C                  2.45317300    4.17768600   -0.73497200 

 H                 -0.13928600    0.88492900    1.48270200 

 H                 -2.66346700    0.06110800   -0.04962500 

 H                 -0.37991700   -3.57632600   -1.24334900 

 H                  1.11007700   -2.92453200   -1.92457100 

 H                 -0.70303200    2.90890500   -1.44892100 

 H                 -0.13773000    4.52910100   -1.18470700 

 H                 -1.17284800   -3.78575600    1.50044700 

 H                  3.23659000   -2.73158100   -0.47131900 

 H                  2.84656300   -4.42475100   -0.82687600 

 H                  3.29189600   -3.94169000    0.82150900 

 H                  1.10744100    2.82114200    1.78341200 

 H                 -0.19509200    3.50816600    2.77434000 

 H                  0.84025900    4.56172000    1.80811800 

 H                  2.55168400    4.28963600    0.34606200 
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Table 3 (continued).  

 H                  2.15598700    5.14115300   -1.16326300 

 H                  3.44416900    3.91980000   -1.12197900 

Upside-down-omicin (78): 

 C                 -0.74038400   -2.08429600   -0.00564200 

 C                  0.69668500   -2.91245400    1.61832800 

 C                 -0.32343300   -1.96141900    2.34652400 

 C                  2.07612200   -2.27775800    1.40444900 

 C                  1.90270200   -1.08936300    0.44412400 

 C                  0.59887000   -0.28983400    0.71500000 

 C                 -0.67138700   -1.16992900    1.13706100 

 O                  2.64786200   -1.96393200    2.66531600 

 O                  0.10026300   -3.08000600    0.19257200 

 C                 -1.61002900   -1.48159200   -0.92930100 

 C                 -2.59808700   -0.85012300    0.01208100 

 O                 -1.95381300   -0.58495800    1.22298300 

 O                 -3.75546000   -0.58290600   -0.14228100 

 C                 -1.05307800   -0.44832900   -1.85407000 

 C                 -1.59734800    1.02819200   -1.59893600 

 C                 -0.96269300    1.92665800   -0.42258000 

 O                 -0.10281500   -0.63064600   -2.59584400 

 C                 -1.28323700    2.10453300    1.15434600 

 C                 -1.40244600    1.20970500    2.49497000 

 O                 -2.36830900    1.48401200    3.17879000 

 C                 -0.39244900    0.36626200    3.36561700 

 C                 -0.01123400   -0.93407400    3.42874900 

 H                 -1.18375700   -2.56620300    2.66108900 

 H                 -2.30865800    2.48355200    1.17046500 

 H                 -2.67403600    0.97628000   -1.43866200 

 H                  2.75172300   -3.01298600    0.95676200 

 H                  1.81842600   -1.51485400   -0.56122500 

 H                  0.73875800   -3.92514700    2.01421600 

 C                  3.11100800   -0.14915000    0.44639600 

 C                 -1.34889500    1.80462600   -2.90632100 
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Table 3 (continued).  

 C                 -0.33988900    3.24698500    1.61385900 

 H                  0.38361000    0.21591500   -0.20717100 

 H                  0.79939000    0.46772200    1.46299100 

 H                  2.20417200   -1.16985600    3.00808300 

 H                 -1.28762700    2.92230800   -0.74646300 

 H                  0.12054300    1.95121300   -0.57526300 

 H                 -0.16827700    0.95931400    4.25074200 

 H                  0.45338500   -1.28093600    4.34998300 

 H                  3.26905400    0.30303100    1.43132300 

 H                  2.96776900    0.65642000   -0.28200600 

 H                  4.02479800   -0.69070300    0.17972300 

 H                 -0.27713100    1.93106100   -3.08674700 

 H                 -1.82382300    2.79080300   -2.86832100 

 H                 -1.76048300    1.25887600   -3.76055600 

 H                  0.69829600    2.89522200    1.67843800 

 H                 -0.63296600    3.62905000    2.59702800 

 H                 -0.35861100    4.08632100    0.91063900 

 

 

  



72 
 

CHAPTER 2: Synthesis of 1,5-dicarbonyls via Visible-Light-

driven Radical-Mediated Cross-Coupling of α-bromoesters 

and Tertiary Amines  

2.1 Introduction 
Transition metal catalysis has long been recognized as a reliable and modular way to construct 

complex molecules from simple, readily accessible starting materials.40 Likewise, photoredox 

catalysis has more recently seen broad adoption for the activation and transformation of organic 

substrates. However, the platform of photoredox catalysis has gained attention in the context of 

dual catalysis with transition metals. As stated in a recent review article by MacMillan and co-

workers, “The productive interfacing of transition metal-mediated substrate activation with the 

excited-state chemistry of photoredox catalysis represents a unique opportunity to merge two 

powerful platforms in pursuit of novel disconnections and unprecedented reactivity.”40  

My work preparing the northern fragment of abyssomicin C (63) brought attention to the difficulties 

associated with preparing enantiopure 1,5-dicarbonyl containing substrates. We sought to 

develop a method to access 1,5-dicarbonyls that minimized some of these challenges. A method 

published in 2020 utilized dichloromethane as a methylene source in a dual nickel- and 

photoredox-catalyzed reductive cross coupling to access dimer 127 (Scheme 28a).41 Xu and 

coworkers highlighted that dichloromethane, as the simplest geminal chloroalkane, is an ideal 

methylene source, because of its abundance and low cost. 

 

Scheme 28. (a) Dual Nickel- and Photoredox-Catalyzed Reductive Cross-Coupling of Aryl 
Halides with Dichloromethane via a Radical Process (b) Project goal  

We envisioned that this dual nickel and photoredox catalysis could be developed to accomplish 
C(sp3)-C(sp3) cross coupling between alkyl halides and dichloromethane to form 1,5-dicarbonyl 
systems (Scheme 28b).  

2.2 Results and Discussion 

Initially we wanted to confirm that I could replicate the reaction from the literature and observe the 
same product as reported. We found that Ni(COD)2 could be replaced with NiBr2٠glyme with 
reduced yields (Scheme 29a). We then began investigations into developing this dual nickel- and 
photoredox-catalyzed reductive C(sp3)-C(sp3) cross coupling. The reaction was attempted with 
the model substrate, ethyl 2-bromopropionate, which resulted in solely the homocoupled product 
128 (Scheme 29b). Alteration of these conditions (using Zn, changing reagent equivalents) did 
not change the outcome of this reaction. We suspected that the nickel oxidative addition could be 
the source of the problem.   
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Scheme 29. (a) Replicating reaction from literature (b) Reaction with ethyl 2-bomopropionate (c) 
Results using benzyl bromoacetate.  

The reaction was run using benzyl bromoacetate with the hypothesis that this substrate would 

undergo oxidative addition more readily (Scheme 29c). To our surprise, two major products were 

observed and neither product was the result of homocoupling of the alkyl bromide. Benzyl acetate 

(131) was observed as the minor product of the reaction, and we theorized that it was formed 

from the debromination of benzyl bromoacetate. The major product, dibenzyl 3-

formylpentanediote (130), contained two new carbons, which we theorized could have come from 

two dichloromethane molecules.  

 

Scheme 30. (a) Isotope labeling experiment with CH2Cl2-d2 (b) Isotope labeling experiment 

with NEt3-d15  

To investigate this theory, the reaction was run with dichloromethane-d2, and no deuterium was 
observed in the product structure by proton NMR (Scheme 30a). Our attention then turned to 
triethylamine as the potential carbon source. The reaction was run with deuterated triethylamine, 
and 85% deuterium incorporation was observed (132) confirming that the two new carbons in the 
product came from triethylamine (Scheme 30b). We began mechanistic investigations into the 
cross coupling of triethylamine and benzyl bromoacetate by manipulating the additives of the 
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reaction (Table 4). Standard reaction conditions furnished the desired product in varying yields 
(entry 1). When a combination of the nickel catalyst, stir bar, and dtbpy ligand was removed from 
the system, similar yields of the desired product were observed (entries 2-4) suggesting the major 
reaction pathway did not involve nickel or the ligand. To verify the necessity of light, a thermal 
control reaction was performed in which the reaction vessel was wrapped in aluminum foil and 
heated to 40 °C to replicate the photoreactor temperature under standard conditions (entry 5). 
The results show that no desired product was formed, confirming the necessity of light for product 
formation. Lastly, the reaction yielded no product when the photocatalyst, 4CzIPN, was removed, 
confirming the reaction is photocatalyzed (entry 6).  

Table 4. Control Experiments to Gain Mechanistic Insight   

 

Optimization studies revealed that Phenox O-PC42  (3,7-Di([1,1’biphenyl]-4-yl)-10-(naphthalen-1-

yl)-10H-phenoxazine) performed better than 4CzIPN (Table S2). The culmination of this data as 

well as previous literature reports43 led us to the proposed reaction pathway depicted below 

(Scheme 31). We propose that the reaction begins with the photoexcitation of the photocatalyst 

(PC) which oxidizes triethylamine to the radical cation.  

Triethylamine is a common additive in many photoredox processes and is oxidized in this 

manner.44–46 The resulting reduced photocatalyst then reduces benzyl bromoacetate to 

regenerate the neutral photocatalyst species. The carbon centered radical formed (red) from the 

reduction of benzyl bromoacetate undergoes hydrogen atom transfer (HAT) on the amine radical 

cation, forming an iminium ion and benzyl acetate as the byproduct. The bromide ion formed from 

the reduction of benzyl bromoacetate can then deprotonate the terminal methyl group to form the 

vinyl amine (green). The second turnover of the photocatalyst generates another equivalent of 

the carbon-centered radical from benzyl bromoacetate, which can react with the vinyl amine to 

form the carbon-centered radical amine (blue). This species undergoes single electron transfer 
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(SET) to form an iminium ion that upon deprotonation from another bromide ion becomes a vinyl 

amine. Finally, this vinyl amine intermediate reacts with another equivalent of the carbon-centered 

radical of benzyl bromoacetate (red) generated by a third turnover of the photocatalyst (not 

shown) followed by another SET to get the iminium ion. Lastly, this iminium ion can undergo 

hydrolysis to form the observed formylated product.  

 

Scheme 31. Proposed mechanistic pathway for the cross coupling of triethylamine and benzyl 
bromoacetate. 

It is important to note that another reasonable pathway exists that involves HAT between 

triethylamine and benzyl bromoacetate. A fluorescence quenching study could be performed to 

support one pathway over the other; however, this study has not been completed at this time.  

We propose the formation of a primary α-carbon centered radical (red) in the above mechanistic 

pathway. The free radical scavenger PBN (N-tert-Butyl-α-phenylnitrone) was added to the 

reaction resulting in no product formation supporting the theory that a radical species is necessary 

for the reaction to proceed to product (Figure 8a). Electron paramagnetic resonance (EPR) 

spectroscopy was performed, with the help of the Castellano lab, to identify the radical species. 

The EPR spectrum of the reaction in the presence of PBN (2 equiv) as a radical trap prior to and 

following 456 nm light excitation is presented in Figure 8b. The EPR spectrum of the PBN-carbon 

adduct (133) was generated, giving a triplet of doublets resulting from hyperfine coupling of the 
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14N and 1H nuclei. The hyperfine coupling constants of the spin adduct (AN = 14.942 G, and AH = 

4.883 G) are in agreement with expected values for carbon-centered radicals. A control sample 

was prepared in the absence of PBN, and no measurable EPR signal was observed under 

experimental conditions that were identical.  

 

 

Figure 8. (a) Reaction conditions performed in the presence of PBN. (b) EPR spectra of the spin 
adduct obtained from irradiated reaction mixture in the presence of PBN (2 equiv) at room 
temperature. The sample was irradiated with a 456 nm LED outside of the EPR cavity.  

The photocatalyst used in this system is an organic photocatalyst and is relatively new in the field 

of photocatalysis compared to the more commonly used metal containing photocatalysts (iridium 

and ruthenium). We questioned if this organic photocatalyst could be decomposing during the 

reaction and affecting the reaction. To test this theory, the organic photocatalyst was replaced 

with an iridium (I) photocatalyst, and this gave comparable results to the 4CzIPN (Table 5, entry 

1). Therefore, we concluded that the 4CzIPN’s possible decomposition was not influencing the 

reaction, and that this organic photocatalyst gave comparable, if not better, yields than the 

commonly used iridium (I) photocatalyst. We also wanted to determine if a different α-haloester 

would react similarly to the benzyl bromoacetate. To explore this, methyl chloroacetate was used 

in the place of benzyl bromoacetate, and the reaction did not proceed (entry 2).  It was also 

confirmed that oxygen was not a part of the reaction mechanism when a reaction was run without 

oxygen (entry 6).  
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Table 5. Efforts to increase the yield of the reaction.  

 

We ran the reaction with added water (entry 4) to determine if this would improve product yields 

since we proposed that the aldehyde in the product comes from hydrolysis of the imine and the 

added water did not improve product yields. We also ran a reaction in which oxygen was bubbled 

through the reaction mixture prior to the reaction vessel being sealed to determine if the presence 

of oxygen could increase the yield of the reaction by aiding in the several oxidations that we 

propose have to occur in the mechanism (entry 5) and determined that the presence of oxygen 

does not increase the product yield.  

In addition to investigating the mechanism of the reaction, we were also interested in determining 

the scope of the reaction. From earlier results, we know the substitution on the α-carbon of the 

benzyl bromoacetate cannot be changed nor can the identity of the halogen. Efforts to expand 

the amine and alkyl halide identities resulted in a very limited substrate scope consisting of a 

small number of α-haloesters and linear chained unfunctionalized alkyl amines (Table 6). Ethyl, 

methyl, and benzyl bromoacetate were well tolerated in the reaction, but phenyl bromoacetate 

was unreactive. Compound 134 formed from ethyl bromoacetate has been synthesized previously 

via conjugate addition of vinylmangesium bromide to diethyl glutaconate followed by 

ozonolysis.47 Similarly, compound 135 was formed using methyl bromoacetate. Dibenzyl 3-

formylpentanedioate 130 was the only product formed when triethylamine was switched to 

diisopropylethylamine. This result combined with others suggested that branched or cyclic amines 

were not reactive under these conditions. Linear carbon chain alkyl amines such as tributylamine 

reacted but formed benzyl 3-formylpentanoate 136 which only incorporated one equivalent of 

benzyl bromoacetate. This result suggests that this method is conducive to the formation of 

tertiary carbons but not quaternary carbon centers.  
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Table 6. Substrate Scope Investigations. Yields determined by 1HNMR.  

 

Despite the limited scope, the simplicity of the reaction conditions led us to optimize the reaction, 

resulting in yields between 50% and 60%. The optimal conditions were Phenox O-PC (1 mol%), 

and NEt3 (2 equiv) in EtOAc (0.05 M) for 2 h. The reaction was shown to be scalable to 2.4 mmol, 

yielding compound 130 in 57% yield. Given that the reaction is neither air nor moisture sensitive, 

this work showcases how this facile method could be used to prepare functionalized building 

blocks for further derivatization. The observed reactivity is most interesting, as the oxidized 

triethylamine intermediates generated under these conditions are present in many photoredox 

reactions, but it appears that the α-carbonyl radical is well paired to react in a sequential manner, 

providing the diester as the only significant product.  

2.3 Future Directions 

The findings from this work were published as a note in the Journal of Organic Chemistry in 

2024.48 While there are currently no ongoing studies related to this work, key questions remain 

regarding the mechanism and scope of the cross-coupling reaction between triethylamine and 

benzyl bromoacetate. As discussed earlier, mechanistic elucidation would benefit from 

fluorescence quenching study to identify the species responsible for quenching the photoexcited 

Phenox O-PC. Complementary experiments employing preformed enamines with benzyl 

bromoacetate would help distinguish whether the transformation proceeds through a two-electron 

substitution pathway or via a carbon radical generated by single-electron transfer. Furthermore, 

photochemical NMR spectroscopy could provide valuable insight into the reaction kinetics, 
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particularly given the suspected short lifetime of benzyl bromoacetate under the reaction 

conditions.  

 

Scheme 32. Possibilities for functionalizing the aldehyde substrates.  

Theoretically, the product could be functionalized through desymmetrization of the achiral diester 

to access chiral substrates, enolate addition to an electrophile to access a quaternary carbon 

containing substrate, or oxidation of the aldehyde and subsequent decarboxylation to afford the 

originally desired 1,5-dicarbonyl system (Scheme 32).  Any future efforts should focus on gaining 

mechanistic insight into the reaction and displaying how these products can be used as useful 

intermediates in organic synthesis.  

2.4 Experimental  

2.4.1 General Considerations 

General experimental procedures: All reactions were carried out under an inert argon 

atmosphere with anhydrous solvents under anhydrous conditions unless otherwise stated. 

Reaction optimization screens were performed in oven-dried 4-mL borosilicate glass vials 

equipped with PTFE coated stir bars. All reaction vials were sealed with septa caps and wrapped 

with parafilm. Organic solvents were removed under reduced pressure below 38 °C. Degassed 

solvents or reagents were degassed by sparging with argon for 20 minutes in an ultrasound bath 

at 25 °C. Yields refer to chromatographically purified yield, unless otherwise stated. Reactions 

were monitored by thin layer chromatography (TLC) analysis (pre-coated silica gel 60 F254 

plates, 250 mm layer thickness) and visualization was accomplished with a 254 nm UV light and 

by staining with KMnO4 solution or phosphomolybic acid with heating. Reactions were also 

monitored by LC-MS (2.6 mm C18 50 x 2.10 mm column). Flash chromatography on SiO2 was 

used to purify the crude reaction mixtures and performed on a Biotage Isolera utilizing Biotage 

cartridges and linear gradients.  

Materials: Methylene chloride (CH2Cl2) was obtained by passing the previously degassed 

solvents through activated alumina columns under nitrogen atmosphere. Deuterated solvents 

(containing 1 v/v % tetramethylsilane, TMS) were purchased from Cambridge Isotopes or Acros 

Organics. 4CzIPN was synthesized according to a literature procedure.49 All other reagents were 
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purchased from commercial chemical companies and used without further purification, unless 

otherwise stated. 

Instrumentation: Infrared spectra were determined on the Agilent Cary 630 FTIR spectrometer 

and data are represented as frequency of absorption (cm-1). 1H and 13C NMR spectra were 

obtained on a 500, 600 or 700 MHz instrument in CDCl3 unless otherwise noted. COSY, HSQC, 

and where necessary NOESY and HMBC spectra were used to aid structure assignments. 

Chemical shifts (δ) were reported in parts per million (ppm) with the residual solvent peak used 

as an internal standard (CDCl3 1H NMR = 7.26 ppm, 13C NMR = 77.2 ppm; TMS 1 H NMR = 0 

ppm, 13C NMR = 0 ppm) and multiplicities are reported as observed. The following abbreviations 

were used to report NMR peak multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, p = 

pentet, m = multiplet, br = broad. Low resolution mass spectra were obtained using electrospray 

ionization (ESI). High-resolution mass spectra were obtained on a high-resolution mass 

spectrometer – the Thermo Fisher Scientific Exactive Plus MS, a benchtop full-scan Orbitrapä 

mass spectrometer – using Heated Electrospray Ionization (HESI). UV-Vis spectra were obtained 

using an Agilent Technologies Cary 8454 UV-Vis Spectrophotometer. EPR spectra were recorded 

using an ELEXSYS E580 EPR spectrometer (X-band, 9.8 GHz).  

Light Set-Up: Reactions were carried out with the SynLED Parallel Photoreactor (465-470 nm) 

from Sigma Aldrich. The lights used for reaction run at any other wavelength were 34 W blue LED 

lamps (PR-160) purchased from Kessil. When using the Kessil lamp, the lamp was placed 

approximately 4 cm away from the 4 mL reaction vials. One lamp was set-up on each stir plate. 

One fan was placed approximately 5 inches above the Kessil lamp. The temperature in the set-

up with the SynLED photoreactor reached a maximum of 42 °C.  

2.4.2 Synthetic Procedures  

General Procedure for Initial Control Experiments: An oven dried 4 mL glass vial, equipped with 
a PTFE-coated stir bar, was charged with nickel(II) bromide ethylene glycol dimethyl ether 
complex (4.8 mg, 0.015 mmol, 10 mol%), 4-4’-di-tert-butyl-2,2’-dipyridal (4.9 mg, 0.018 mmol, 12 
mol%), 4CzIPN (1.1 mg, 0.0015 mmol, 1 mol%), NEt3 (42 µL, 0.300 mmol, 2 equiv), benzyl 
bromoacetate (25 µL, 0.150 mmol, 1 equiv) and anhydrous CH2Cl2 (3.0 mL, 0.05 M). The reaction 
vial was sealed with a septa cap, sparged with argon for 1 min, wrapped with parafilm, and then 
stirred at 800 rpm for 20h under irradiation by blue LEDs. The reaction mixture was then 
concentrated and purified by silica gel flash chromatography to give the products.  

Procedure for 2.4 mmol scale reaction: A flame dried 100 mL round bottom flask under argon was 
charged with Phenox O-PC (15.2 mg, 0.024 mmol, 1 mol%), Et3N (0.68 mL, 4.80 mmol, 2 equiv), 
methyl bromoacetate (0.23 mL, 2.40 mmol, 1 equiv) and EtOAc (48.0 mL, 0.05 M). The solution 
was separated into 16-4 mL oven dried vials, which were equipped with a septa cap, wrapped 
with parafilm, and irradiated with blue LEDs for 20 h. The reaction mixtures were combined and 
washed (sat. aq. NH4Cl). The aqueous layer was extracted with EtOAc (3x), and the combined 
organic layers were washed (brine), dried (MgSO4), concentrated and purified by column 
chromatography (SiO2, gradient elution: 12-100% EtOAc in hexanes) to afford the desired product 
16 as a yellow oil (128.3 mg, 57%). 
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Dibenzyl 3-formylpentanedioate (130): An oven dried 4 mL glass vial, equipped with a PTFE-

coated stir bar, was charged with Phenox O-PC (0.9 mg, 0.0015 mmol, 1 mol%), NEt3 (42 µL, 

0.300 mmol, 2 equiv), benzyl bromoacetate (25 µL, 0.150 mmol, 1 equiv) and EtOAc (3.0 mL, 

0.05 M). The reaction vial was sealed with a septa cap, wrapped with parafilm, and irradiated by 

blue LEDs for 2h. The triethylammonium salts were removed by filtration, and the reaction mixture 

was concentrated in vacuo. The product was purified by column chromatography (SiO2, gradient 

elution: 5-60% EtOAc in hexanes) to afford the desired product 130 as a yellow oil (9.8 mg, 38%). 

Rf =0.15 (20% EtOAc in hexanes) 

1H NMR (700 MHz, CDCl3) δ 9.76 (s, 1H), 7.39- 7.32 (m, 10H), 5.13 (s, 4H), 3.21 (p, J = 7.4, 5.5 

Hz, 1H), 2.85 (dd, J = 17.1, 6.8, 1.8 Hz, 2H), 2.64 (dd, J = 17.1, 6.3, 1.8 Hz, 2H). 

13C{1H} NMR (700 MHz, CDCl3) δ 200.8, 171.2, 135.5, 128.7, 128.5, 128.4, 66.9, 43.8, 33.1. 

IR (Diamond-ATR, neat) ṽmax: 3081, 3023, 2956, 2917, 1767  

HRMS (m/z): calculated for C20H21O5 [M+H]+ 341.1383, found 341.1381.  

 

Dibenzyl 3-(formyl-d)pentanedioate-3-d (132): An oven dried 4 mL glass vial, equipped with a 

PTFE-coated stir bar, was charged with nickel(II) bromide ethylene glycol dimethyl ether complex 

(4.8 mg, 0.015 mmol, 10 mol%), 4,4’-di-tert-butyl-2,2’-dipyridyl (4.9 mg, 0.018 mmol, 12 mol%), 

4CzIPN (1.1 mg, 0.0015 mmol, 1 mol%), d15-NEt3 (49 µL, 0.300 mmol, 2 equiv), and CH2Cl2 (3.0 

mL, 0.05 M). The reaction vial was sealed with a septa cap and stirred for 30 min. Benzyl 

bromoacetate (25 µL, 0.150 mmol, 1 equiv) was added to the mixture. The reaction mixture was 

sparged with argon for 1 minute, wrapped with parafilm, and then stirred at 800 rpm for 20 h under 

irradiation by blue LEDs. The reaction mixture was passed through a silica plug, diluted with 

CH2Cl2, and concentrated in vacuo. The product was purified by column chromatography (SiO2, 

gradient elution: 5-50% EtOAc in hexanes) to afford the desired product 132 as a yellow oil (5.8 

mg, 23%).  

Rf =0.15 (20% EtOAc in hexanes)  

1H NMR (700 MHz, CDCl3) δ 7.38-7.32 (m, 10H), 5.12 (s, 4H), 2.84 (d, J = 17.0 Hz, 2H), 2.62 (d, 

J = 17.0 Hz, 2H) 

13C{1H} NMR (700 MHz, CDCl3) δ 171.2, 135.5, 128.7, 128.5, 128.4, 67.0, 33.1.  

IR (Diamond-ATR, neat) ṽmax: 3081, 3023, 2956, 2917, 1713 

HRMS (m/z): calculated for C20H19D2O5 [M+H]+ 343.1509, found 343.1504.   

 

Diethyl 3-formylpentanedioate (134): A 4 mL glass vial was charged with Phenox O-PC (0.9 

mg, 0.0015 mmol, 1 mol%), NEt3 (42 µL, 0.300 mmol, 2 equiv), ethyl bromoacetate (17.0 µL, 
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0.150 mmol, 1 equiv) and EtOAc (3.0 mL, 0.05 M). The reaction vial was sealed with a septa cap 

and irradiated by blue LEDs for 2h. The triethylammonium salts were removed by filtration, and 

the reaction mixture was concentrated in vacuo. The product was purified by column 

chromatography (SiO2, gradient elution: 12-100% EtOAc in hexanes) to afford the desired product 

134 as a yellow oil (4.1 mg, 25%).  

Rf= 0.27 (20% EtOAc in hexanes) 

1H NMR (CDCl3, 500 MHz) δ 9.77 (s, 1H), 4.15 (q, J = 7.1 Hz, 4H), 3.17 (p, J = 6.5 Hz, 1H), 2.79 

(dd, J = 16.9, 6.7 Hz, 2H), 2.58 (dd, J = 16.9, 6.2 Hz, 2H), 1.26 (t, J = 7.1 Hz, 6H).  

13C{1H} NMR (CDCl3, 176 MHz) δ 200.1, 171.4, 61.1, 43.9, 33.2, 14.2.   

IR (Diamond-ATR, neat) ṽmax: 2974, 2960, 2919, 2850, 1728, 1685  

HRMS (m/z): calculated for C10H17O5 [M+H]+ 217.1071, found: 217.1070. 

 

Dimethyl 3-formylpentanedioate (135): A 4 mL glass vial was charged with Phenox O-PC (0.9 

mg, 0.0015 mmol, 1 mol%), NEt3 (42 µL, 0.300 mmol, 2 equiv), methyl bromoacetate (14.0 µL, 

0.150 mmol, 1 equiv) and EtOAc (3.0 mL, 0.05 M). The reaction vial was sealed with a septa cap 

and irradiated by blue LEDs for 2h. The triethylammonium salts were removed by filtration, and 

the reaction mixture was concentrated in vacuo. The product was purified by column 

chromatography (SiO2, gradient elution: 12-100% EtOAc in hexanes) to afford the desired product 

135 as a yellow oil (6.6 mg, 47%).  

Rf= 0.11 (20% EtOAc in hexanes)  

1H NMR (CDCl3, 500 MHz) δ 9.76 (s, 1H), 3.70 (s, 6H), 3.17 (p, J = 6.4 Hz, 1H), 2.81 (dd, J = 

17.0, 6.6 Hz, 2H), 2.59 (dd, J = 17.0, 6.3 Hz, 2H).  

13C{1H} NMR (CDCl3, 176 MHz) δ 200.9, 171.8, 52.1, 43.8, 32.8.  

IR (Diamond-ATR, neat) ṽmax: 2952, 2922, 2850, 1729   

HRMS (m/z): calculated for C8H13O5 [M+H]+ 189.0758, found: 189.0756. 

 

Benzyl 3-formylpentanoate (136): A 4 mL glass vial was charged with Phenox O-PC (0.9 mg, 

0.0015 mmol, 1 mol%), NBu3 (74.0 µL, 0.300 mmol, 2 equiv), benzyl bromoacetate (25.0 µL, 

0.150 mmol, 1 equiv) and EtOAc (3.0 mL, 0.05 M). The reaction vial was sealed with a septa cap 

and irradiated by blue LEDs for 2h. The mixture was concentrated in vacuo and purified by column 

chromatography (SiO2, gradient elution: 0-20% EtOAc in hexanes) to afford the desired product 

136 as a yellow oil (14.4 mg, 43%). 
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1H NMR (700 MHz, CDCl3) δ 9.72 (s, 1H), 7.40-7.31 (m, 5H), 5.13 (s, 2H), 2.84-2.79 (m, 1H), 2.77 

(dd, J = 16.3, 8.1 Hz, 1H), 2.45 (dd, J = 16.3, 5.0 Hz, 1H), 1.82-1.75 (m, 1H), 1.58 (dt, J = 14.3, 

7.1 Hz, 1H), 0.96 (t, J = 7.5 Hz, 3H) 

13C{1H} NMR (700 MHz, CDCl3) δ 203.0, 172.0, 135.8, 128.7, 128.4, 128.3, 66.7, 49.1, 32.6, 21.7, 

11.2.  

IR (Diamond-ATR, neat) ṽmax: 2974, 2935, 2891, 1731 

HRMS (m/z): calculated for C13H17O3 [M+H]+ 221.1172, found 221.1171.    

3.4.3 Optimization Studies  

Optimization Studies  

 

Table S1. Evaluation of solvent. Yield determined by 1H NMR.  
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Table S2. Evaluation of concentration. Yield determined by 1H NMR.  

 

Table S3. Evaluation of photocatalyst. Yield determined by 1H NMR.  
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Table S4. Evaluation of time. Yield determined by 1H NMR.  
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Chapter 3: Palladium-Catalyzed Oxycarbonylation of Alkynes 

3.1 Introduction  
Butenolides, or furan-2-(5H)-ones, rank among the top 27 most frequently occurring oxygen 

heterocycles in the FDA pharmaceutical library50  and are widely utilized in medicinal and process 

chemistry.51–58  Butenolides and their analogs are present in numerous natural products (Figure 

9).59–62  Butenolide containing compounds are considered as potential insecticides, bactericides, 

fungicides, antibiotics, anticancer agents, anti-inflammatories, allergy inhibitors, antisoriasis 

agents, cyclooxygenase inhibitors, phospholipase A2 inhibitors, etc.63  

 

Figure 9. Natural products bearing fully substituted butenolides.  

A variety of strategies have been developed to afford Pd-catalyzed alkoxycarbonylation 

(Semmelhack reaction64 ) to access butenolides and similar motifs. The most common methods 

to access functionalized butenolides rely on allene precursors, which limit their accessibility.65–

68 One example of this is cyclization of 2,3-allenoic acids with allylic halides to access β-allylic 

butenolides (137; Figure 10A). Additionally, the Dai Group achieved the Pd-catalyzed 

alkoxycarbonylative macrocyclization of a THP/THF-containing bridged macrolactone (138). A 

sequence of Wacker-type trans-oxypalladation and CO migratory insertion by a tethered remote 

alcohol successfully afforded the cascade cyclization (Figure 10B).69 More recently, Gabriele et. 

al. reported a PdI2-catalyzed carbonylative oxidative double cyclization of 4-yne-1,3-diols leading 

to dihydrofurofuranones (139; Figure 10C).70 This is part of a notable series of publications by 

the Gabriele group centered around their PdI2/KI catalytic system.71–74  
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Our interest in accessing these functionalized butenolides stemmed from our work with 

abyssomicin C, as discussed in Chapter 1. To facilitate analog synthesis, we aimed to access 

spirotetronates equipped with a functionalizable handle at the α-position. Previous methods are 

unable to access a fully substituted alkene within the tetronate motif, as the carbonyl group 

originates from the alkyne substituent. Based on Saicic’s work and our own findings, we knew 

that Michael addition could occur when the π-system was activated by gold, magnesium, or a 

nucleophilic nitrogen base (DABCO; Scheme 33).   

 

 

Figure 10. Previous methods of Pd(II)-catalyzed oxycarbonylation 

Scheme 33. (a) Saicic’s gold-catalyzed cyclization (b) Our findings in π-activation 
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Building on this prior work, we envisioned a Pd(II)-catalyzed intramolecular oxycarbonylation of 

alkynes that could also provide a general strategy for butenolide synthesis.64,75–77  Utilizing a 

palladium-catalyzed carbonylative cyclization allows for diverse functionalization of the alkyne 

substituent, as the carbonyl in the tetronate is derived from carbon monoxide.   

3.2 Results and Discussion 
We initiated our investigation using triol 72, which lacks the stereochemical configuration of the 

natural product but was readily accessible. We started by screening several reaction conditions 

varying the metal catalyst, additive, and temperature in DMF with a CO balloon (~1 atm). None 

of these reactions yielded the target spirotetronate (140), but did result in the bridged ether 

formation (74, Figure 11). 

 

Figure 11. Initial investigation into the carbonylative cyclization of triol.  

We suspected a competing reaction mechanism where the vinyl palladium intermediate 

undergoes protonolysis instead of CO migratory insertion. Similar findings by Gabriele et al. 

demonstrated that a large excess of KI was necessary for reaction success, and that increased 

CO pressure significantly improved product yields by suppressing protonolysis.73 Unfortunately, 

neither the PdI2/KI system nor increased CO pressure produced the desired product. Elevated 

CO pressure frequently resulted in the formation of the inactive palladium black species.78  We 

hypothesized that the low electron density of the alkyne, and the resulting vinyl palladium 

intermediate, favored protonolysis over CO migratory insertion. To modulate the electronic 

environment, we aimed to screen a series of ligands; however, anticipating the need for extensive 

reaction screening, we sought to develop a simplified model substrate to conserve material. To 

this end, silyl protection of 5-hydroxypentan-2-one (141) produced silyl ketone 142, which was 

converted to propargylic alcohol 143 in a two-step, one-pot lithiation addition and silyl group 

cleavage (Scheme 34a). With this model substrate, we proposed a mechanism for our desired 

reaction in which Pd(II) coordinates first with the π-system in 143 (Scheme 34b). This coordinated 

species then undergoes anti-addition and carbon monoxide (CO) coordination to form vinyl 

palladium A. A by-product of this reaction is the uncyclized alkene that results from protonolysis 

of A.  
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We then collaborated with the Abolhasani lab at NC State, a leader in self-driving fluidic labs, to 

enable a high-throughput screening of reaction conditions to identify leads. In a glove box, 24 

reactions were run in parallel, screening six solvents and four ligands in a combinatorial and 

duplicate manner (Figure 12).  

Scheme 34. (a) Synthesis of model substrate 143. (b) Proposed mechanistic pathway to form 
144.  
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The reactions were pressurized with carbon monoxide to 27 atm, and each sample was analyzed 

by LCMS after 17 h. The desired product (144) was detected by LC-MS in all reactions conducted 

in acetonitrile and in two of the toluene reactions. Product 144 was purified by column 

chromatography, affording an isolated yield of 18% as an initial proof of concept for this reaction. 

Notably, repeating the reaction under identical conditions but at atmospheric CO pressure (1 atm) 

resulted in an improved isolated yield of 40%. This unexpected increase in yield may be attributed 

to reduced formation of palladium black under lower CO pressure, thereby preserving active 

catalytic species and promoting more efficient turnover. Attempts to use a CO surrogate n-

saccharin79  were unsuccessful; however, we intend to revisit this strategy following further 

reaction optimization. Control reactions revealed comparable product yields with and without 

potassium carbonate, which we hypothesize is due to benzoquinone’s ability to function as a base 

following its reduction by palladium. The resulting hydroquinone, or its deprotonated form, may 

serve as a proton acceptor in the reaction medium, thereby fulfilling the role of a base and 

mitigating the need for an external inorganic base such as potassium carbonate. However, due 

to improved reproducibility observed in reactions containing potassium carbonate, we elected to 

retain it in the optimized reaction conditions.  

Figure 12. High-throughput screening.  
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During reaction optimization, we encountered significant reproducibility issues and determined 

that the transformation was highly sensitive to water. This conclusion was supported by a set of 

dry reactions conducted in the glove box and a parallel set intentionally doped with water. 

Specifically, the addition of water to the reaction led to a decrease in the yield of the desired 

product from 68% to 5%. We propose that water interferes with the catalytic cycle by accelerating 

catalyst decomposition, potentially through formation of palladium hydroxide species or 

competitive ligand exchange. Most critically, we found that handling solid reagents outside of the 

glove box introduced sufficient moisture and drastically reduced reaction efficiency. As a result, 

all moisture-sensitive components were subsequently stored and manipulated exclusively in the 

glove box to ensure consistent and reproducible outcomes.  

Phosphine ligand screening has shown a significant impact on the yield of 144, giving insight that 

anti-addition could be the rate-determining step as electron deficient ligands gave the highest 

product yields. Specifically, ligands P[(3,5-CF3)Ph]3, PPh3, and P[(2-OMe3)Ph]3 gave 51%, 19% 

and 0% yields of 144, respectively. Further ligand screening is currently underway to investigate 

both electronic and steric influences. Despite conducting all manipulations in the glove box, we 

continued to observe inconsistent yields across triplicate reactions. Further investigation revealed 

that the desired product, 144, exhibited volatility under vacuum. Even with meticulous attention to 

purification and drying protocols, significant material loss was consistently observed. To mitigate 

this issue, we pursued the synthesis of a benzyl ester analog as a model substrate, with the goal 

of increasing molecular weight and reducing volatility (Scheme 35a). Esterification of propiolic 

acid with benzyl bromide produced benzyl propiolate (146), which under basic conditions, was 

added to silyl ketone 142 to furnish diol 147 (Scheme 35b). As expected, benzyl ester 147 

underwent cyclization to afford butenolide 145, which did not exhibit volatility under prolonged 

vacuum exposure (Scheme 36a). The initial reaction with this substrate yielded a 42% isolated 

yield, demonstrating its suitability as a replacement for substrate 143. Undergraduate researcher 

Erin Monteith contributed to this work by synthesizing the 4-chloro, 4-methyl, and 4-trifluoromethyl 

analogs of substrate 147 (148, 149, 150; see SI) to explore electronic effect within the substrate 

scope. Additionally, Erin is pursuing the synthesis of nitrogen-containing analogs to access γ-

lactams (153, Scheme 36b). While the condensation of ketone 142 with Ellman’s sulfinamide to 

afford sulfinimine 151 was successful, current efforts to achieve nucleophilic addition of the 

propiolate (152) have thus far been unsuccessful.  

Scheme 35. (a) Molecular weight comparison of ethyl ester versus benzyl ester butenolide 
products. (b) Preparation of benzyl ester model substrate.   
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We also aimed to access a series of butenolide substrates bearing electronically diverse aryl 

groups at the quaternary carbon to perform kinetic studies using Hammett analysis. The synthesis 

of diol 155 was relatively straightforward; however, the subsequent cyclization was unsuccessful, 

likely due to a lack of reactivity arising from the significantly increased steric hindrance in these 

substrates (Scheme 36c).  

3.3 Future Directions  
Moving forward, our primary focus is the continued optimization of the palladium-catalyzed 

oxycarbonylation reaction, which currently provides a best yield of 72% as determined by 

quantitative NMR. Postdoctoral researcher Dr. Ebbin Joseph is leading this optimization 

campaign and has systematically investigated key parameters including ligand identity, catalyst 

loading, reaction time, solvent, and substrate concentration. Although these efforts have 

significantly improved the efficiency of the transformation, the reaction remains highly sensitive to 

moisture, substrate structure, and ligand electronics. Further refinement of these parameters will 

be essential for maximizing yield, improving reproducibility, and expanding the method’s synthetic 

utility. 

To support these optimization efforts and gain deeper insight into the reaction mechanism, we 

have initiated a computational study led by Ebbin with guidance from Dr. Elena Jakubikova. 

Density Functional Theory (DFT) calculations are currently underway to map the potential energy 

surface (PES) of the reaction. These studies aim to identify key transition states and 

intermediates, elucidate the active catalyst structure, and characterize the electronic 

environments of critical species along the catalytic cycle. Interest in these calculations was greatly 

heightened after we observed a strong correlation between ligand electronics and reaction yield, 

suggesting that subtle electronic effects play a central role in determining the reaction efficiency.  

Scheme 36. (a) Initial reaction with benzyl ester 147. (b) Efforts towards the γ-lactams (153). 
(c)  Aryl substrate synthesis for kinetic experiments.  
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In parallel with mechanistic investigations, we are working to develop a broader substrate scope. 

Emphasis will be placed on extending the methodology to intermolecular variants of the reaction, 

which would significantly increase its synthetic utility. Specifically, we aim to explore the use of 

external nucleophiles such as carboxylate and amine derivatives, enabling the synthesis of 

diverse butenolide scaffolds relevant to natural products and medicinal chemistry. However, we 

anticipate challenges in developing this intermolecular variant, as reduced reaction rates and 

competing side processes may require the use of excess nucleophile and carefully controlled 

conditions to drive the desired transformation.  

Additionally, we remain interested in probing electronic effects through Hammett analysis, though 

our initial attempts to incorporate electronically diverse aryl groups at the quaternary center were 

unsuccessful due to steric hindrance that impeded cyclization. As a result, future studies will focus 

on introducing aryl substituents at alternative positions, such as on the ester substituent, where 

increased steric bulk is less likely to disrupt the reaction. This revised strategy would allow us to 

systematically modulate electronic properties while maintaining substrate compatibility, enabling 

meaningful kinetic analysis to complement our mechanistic investigations.  

Ultimately, the successful realization of these goals will not only provide access to a wider array 

of functionalized butenolides but will also deepen our understanding of the underlying reaction 

mechanism. This knowledge will inform the rational design of future catalytic systems with 

improved reactivity, selectivity, and generality.  

3.4 Experimental  
3.4.1 General Considerations 

General experimental procedures: All reactions were carried out under an inert argon 

atmosphere with anhydrous solvents under anhydrous conditions unless otherwise stated. 

Reaction optimization screens were performed in oven-dried 4-mL borosilicate glass vials 

equipped with PTFE coated stir bars. All reaction vials were sealed with septa caps and wrapped 

with electrical tape. Organic solvents were removed under reduced pressure below 38 °C. Yields 

refer to chromatographically purified yield, unless otherwise stated. Reactions were monitored by 

thin layer chromatography (TLC) analysis (pre-coated silica gel 60 F254 plates, 250 mm layer 

thickness) and visualization was accomplished with a 254 nm UV light and by staining with KMnO4 

solution with heating. Reactions were also monitored by LC-MS (2.6 mm C18 50 x 2.10 mm 

column). Flash chromatography on SiO2 was used to purify the crude reaction mixtures and 

performed on a Biotage Isolera utilizing Biotage cartridges and linear gradients.  

Materials: Methylene chloride (CH2Cl2) and tetrahydrofuran (THF) were obtained by passing the 

previously degassed solvents through activated alumina columns under nitrogen atmosphere. 

Deuterated solvents (containing 1 v/v % tetramethylsilane, TMS) were purchased from Cambridge 

Isotopes or Acros Organics. Anhydrous PhMe was purchased from Sigma Aldrich in a 100-mL 

sure-seal bottle. All other reagents were purchased from commercial chemical companies and 

used without further purification, unless otherwise stated.  

Instrumentation: Infrared spectra were determined on the Agilent Cary 630 FTIR spectrometer 

and data are represented as frequency of absorption (cm-1). 1H and 13C NMR spectra were 

obtained on a 500, 600 or 700 MHz instrument in CDCl3 unless otherwise noted. COSY, HSQC, 

and where necessary NOESY and HMBC spectra were used to aid structure assignments. 

Chemical shifts (δ) were reported in parts per million (ppm) with the residual solvent peak used 
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as an internal standard (CDCl3 1H NMR = 7.26 ppm, 13C NMR = 77.2 ppm; TMS 1 H NMR = 0 

ppm, 13C NMR = 0 ppm) and multiplicities are reported as observed. The following abbreviations 

were used to report NMR peak multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, p = 

pentet, m = multiplet, br = broad. Low resolution mass spectra were obtained using electrospray 

ionization (ESI). High-resolution mass spectra were obtained on a high-resolution mass 

spectrometer – the Thermo Fisher Scientific Exactive Plus MS, a benchtop full-scan Orbitrapä 

mass spectrometer – using Heated Electrospray Ionization (HESI).  

General Procedure A (0.10 mmol scale): To an oven dried 4 mL vial in the glove box was added 

PdCl2(ACN)2 (2.6 mg, 0.01 mmol, 0.1 equiv), P[(3,5-CF3)Ph]3 (7.6 mg, 0.011 mmol, 0.11 equiv), 

BQ (11.0 mg, 0.10 mmol, 1.0 equiv), and K2CO3 (27.9 mg, 0.20 mmol, 2.0 equiv). The vial was 

removed from the glove box, and the diol (0.10 mmol, 1.0 equiv) was added. The vial was then 

capped and sealed with electrical tape and evacuated and pur̥ged with N2 thrice and then 

evacuated for 5 minutes. At this point, the vial was equipped with a CO balloon (18 g needle, 

needle in the headspace just above the solvent), and anhydrous toluene (2.0 mL, 0.05 M) was 

added and stirred at 60 °C for 5 h. The reaction was filtered through a pad of celite with EtOAc, 

concentrated, left under high vac for ≤ 10 min (1 mmHg) and analyzed by 1H NMR using 

trimethoxybenzene as an internal standard. 

3.4.2 Synthetic Procedures  

 

5-((triethylsilyl)oxy)pentan-2-one (142): To a stirred solution of 5-hydroxypentan-2-one (5.0 

mL, 45.0 mmol, 1.00 equiv) in anhydrous CH2Cl2 (450 mL, 0.1 M) was added IMIDAZOLE (4.60 

g, 67.6 mmol, 1.5 equiv) and DMAP (0.56 g, 4.50 mmol, 0.10 equiv). Once all solids were 

dissolved, TESCl (9.2 mL, 54.0 mmol, 1.2 equiv) was added dropwise, and the reaction was 

allowed to stir at room temperature overnight. The reaction was quenched with sat. aq. NH4Cl 

and extracted with CH2Cl2 (3x). The organic layers were combined, washed with brine (1x), dried 

with Na2SO4, and concentrated under reduced pressure. The compound was loaded onto a silica 

plug and washed first with hexanes (500 mL) followed by CH2Cl2 (500 mL). The hexanes were 

discarded, and the CH2Cl2 filtrate was concentrated in vacuo to yield 142 (7.2104 g, 74%). 

Rf= 0.31 in 2:8 EtOAc/Hex, not UV-active, KMnO4 stain 

1H NMR (700 MHz, CDCl3) δ 3.61 (t, J = 6.2 Hz, 2H), 2.51 (t, J = 7.3 Hz, 2H), 2.14 (s, 3H), 1.82 

– 1.75 (m, 2H), 0.96 (dt, J = 16.0, 8.0 Hz, 9H), 0.58 (q, J = 8.0 Hz, 6H). 

13C{1H} NMR (176 MHz, CDCl3) δ 209.0, 61.9, 40.2, 30.0, 27.0, 6.8, 4.4. 

IR (Diamond ATR, neat) ṽmax: 3049, 2922, 2892, 1804, 1446, 1394, 760 

HRMS (ESI): calculated for C11H25O2Si [M+H]+, 217.1623; found 217.1616. 
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ethyl 4,7-dihydroxy-4-methylhept-2-ynoate (143): To a solution of ethyl propiolate (4.2 mL, 

41.2 mmol, 3.0 equiv) in anhydrous THF (109 mL, 0.38 M to propiolate) at -78 °C was added 

LiHMDS (41.2 mL, 41.2 mmol, 1 M, 3.0 equiv) over 5 min. The reaction mixture was stirred for 30 

min at the same temperature and silyl ketone 142 was added (3.00 g, 13.725 mmol, 1.0 equiv). 

Once SM was consumed by TLC (2 h), the reaction was quenched by sat. aq. NH4Cl. The aq. 

layer was extracted with EtOAc (3x), and the combined organic layers were washed with brine 

(1x), dried (NaSO4) and concentrated in vacuo. The crude product was dissolved in non-

anhydrous MeOH (22.9 mL, 0.10 M) and aq. HCl (1M, 0.02 equiv) at rt. The clear colorless 

solution was stirred overnight, then concentrated in vacuo to yield dark brown oil that was purified 

by column chromatography (SiO2, gradient elution: 12-100% EtOAc/Hex) to give 143 (2.44 g, 

89%).  

1H NMR (500 MHz, CDCl3) δ 4.60 (s, 1H), 4.22 (q, J = 7.2 Hz, 2H), 3.81 – 3.74 (m, 1H), 3.68 – 

3.57 (m, 1H), 3.03 (s, 1H), 1.94 – 1.84 (m, 2H), 1.83 – 1.72 (m, 2H), 1.53 (s, 3H), 1.29 (t, J = 7.1 

Hz, 3H). 

 

ethyl 7a-methyl-2-oxo-5,6,7,7a-tetrahydro-2H-furo[3,2-b]pyran-3-carboxylate (144): To an 

oven dried 4 mL vial in the glove box was added Pd(OAc)2 (2.9 mg, 0.013 mmol, 0.1 equiv), P[(3,5-

CF3)Ph]3 (9.8 mg, 0.014 mmol, 0.11 equiv), BQ (9.8 mg, 0.089 mmol, 0.7 equiv), and K2CO3 (36.0 

mg, 0.26 mmol, 2.0 equiv). The vial was capped and removed from the glove box, and the diol 

143 (25.8 mg, 0.13 mmol, 1.0 equiv) was added. The vial was equipped with an argon balloon, 

sealed with electrical tape and evacuated and then the argon balloon was removed and replaced 

with a CO balloon (20 g needle, needle in the headspace just above the solvent), and anhydrous 

toluene (1.2 mL, 0.10 M) was added and stirred at 60 °C for 5 h. The reaction was filtered through 

a pad of celite with EtOAc, concentrated, and left under high vac for ≤ 10 min (1 mmHg). The 

mixture was purified by column chromatography (SiO2, gradient elution: 17-100% EtOAc/Hex) 

yielding 144 (19.1 mg, 66%) and the uncyclized by-product 144.2 (10.1 mg, 39%).  

1H NMR (700 MHz, CDCl3) δ 4.56 (dt, J = 11.7, 6.6 Hz, 1H), 4.53 – 4.49 (m, 1H), 4.37 – 4.27 (m, 

2H), 2.32 – 2.27 (m, 1H), 2.08 – 2.04 (m, 3H), 2.04 – 1.98 (m, 1H), 1.65 (s, 3H), 1.35 (t, J = 7.1 

Hz, 3H).  

ethyl (Z)-2-(3-hydroxy-3-methyltetrahydro-2H-pyran-2-ylidene)acetate (144.2):  
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1H NMR (700 MHz, CDCl3) δ 5.53 (s, 1H), 4.27 – 4.22 (m, 1H), 4.14 (qd, J = 7.1, 1.0 Hz, 2H), 4.01 

(ddd, J = 11.2, 9.9, 3.5 Hz, 1H), 1.99 – 1.93 (m, 1H), 1.90 (ddt, J = 12.0, 6.2, 2.7 Hz, 2H), 1.86 – 

1.81 (m, 1H), 1.66 (s, 1H), 1.46 (s, 2H), 1.26 (t, J = 7.1 Hz, 3H). 

 

benzyl 7a-methyl-2-oxo-5,6,7,7a-tetrahydro-2H-furo[3,2-b]pyran-3-carboxylate (145): 

Followed General Procedure A. Purification of product can be performed with column 

chromatography (SiO2, gradient elution: 12-100% EtOAc/Hex) to give the butenolide product as 

an amorphous white solid.  

Rf= 0.23 in 1:1 EtOAc/Hex, UV-active, KMnO4 stain 

1H NMR (600 MHz, CDCl3) δ 7.38 – 7.33 (m, 5H), 5.18 (s, 2H), 3.73 (dt, J = 10.0, 4.9 Hz, 1H), 

3.62 – 3.54 (m, 1H), 1.91 – 1.80 (m, 2H), 1.79 – 1.69 (m, 2H), 1.51 (s, 3H). 

13C{1H} NMR (151 MHz, CDCl3) δ 153.8, 134.7, 128.7, 128.7, 128.7, 91.5, 75.1, 67.8, 67.4, 62.6, 

40.5, 29.4, 27.8. 

IR (Diamond ATR, neat) ṽmax: 3332, 3220, 2997, 2900, 2205, 1689, 1215, 750, 690 

HRMS (ESI): calculated for C15H19O4 [M+H]+, 263.1283; found 263.1274.  

 

General Procedure for preparation of benzylic propiolate substrates (146): Benzylic propiolate 

substrates have been prepared according to reported synthetic procedures.80 To a stirred solution 

of propiolic acid (1.05 equiv) in anhydrous acetone (0.17 M) were added the corresponding benzyl 

bromide (1.0 equiv), K2CO3 (1.02 equiv), and NaI (0.20 equiv). The reaction mixture was heated 

to reflux and stirred overnight under N2 atmosphere. The mixture was concentrated in vacuo, 

diluted with EtOAc, washed with H2O (1x), brine (1x), dried (Na2SO4), and concentrated in vacuo. 

All crude mixtures were purified by column chromatography (SiO2). All benzylic substrates are 

known compounds and characterization was consistent with these reports.81,82  

 

benzyl 4,7-dihydroxy-4-methylhept-2-ynoate (147): To a solution of benzyl propiolate (3.26 g, 

20.1 mmol, 1.5 equiv) in anhydrous THF (53.0 mL, 0.38 M to propiolate) at -78 °C was added 
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LiHMDS (20.1 mL, 20.1 mmol, 1 M, 3 equiv) over 5 min. The reaction mixture was stirred for 24 

min at the same temperature and silyl ketone 142 (2.93 g, 13.4 mmol, 1.0 equiv) was added. After 

30 min, the SM had disappeared by TLC. The reaction was quenched with aq HCl (1 M, 100 mL) 

and stirred overnight. 

The mixture was extracted with EtOAc (3x), washed with brine (1x), and the organic layers were 

combined, dried (Na2SO4) and concentrated to give a yellow oil.  

The mixture was purified by column chromatography (SiO2, gradient elution: 12-100% 

EtOAc/Hex) to yield the desired product (2.7826 g, 79%).  

Rf= 0.23 in 1:1 EtOAc/Hex, KMnO4 stain 

1H NMR (600 MHz, CDCl3) δ 7.38 – 7.33 (m, 5H), 5.18 (s, 2H), 3.73 (dt, J = 10.0, 4.9 Hz, 1H), 

3.62 – 3.54 (m, 1H), 1.91 – 1.80 (m, 2H), 1.79 – 1.69 (m, 2H), 1.51 (s, 3H). 

13C{1H} NMR (151 MHz, CDCl3) δ 153.8, 134.7, 128.7, 128.7, 128.7, 91.5, 75.1, 67.8, 67.4, 62.6, 

40.5, 29.4, 27.8. 

IR (Diamond ATR, neat) ṽmax: 3332, 3220, 2997, 2900, 2205, 1689, 1215, 750, 690 

HRMS (ESI): calculated for C15H19O4 [M+H]+, 263.1283; found 263.1274. 

 

4-chlorobenzyl 4,7-dihydroxy-4-methylhept-2-ynoate (148): To a solution of 4-chlorobenzyl 

propiolate (146.1; 0.89 g, 4.5 mmol, 3.0 equiv) in anhydrous THF (12.0 mL, 0.38 M to propiolate) 

at -78 °C was added LiHMDS (4.5 mL, 4.5 mmol, 1 M, 3 equiv) over 5 min. The reaction mixture 

was stirred for 30 min at the same temperature and silyl ketone (142; 0.331 g, 1.5 mmol, 1.0 

equiv) was added. After SM consumption by TLC (2 h), the reaction was quenched with aq HCl 

(1 M, 25 mL) and stirred overnight. The mixture was then extracted with EtOAc (3x), washed with 

brine (1x), and the organic layers were combined, dried (Na2SO4) and concentrated to give a 

yellow oil. The mixture was purified by column chromatography (SiO2, gradient elution: 12-100% 

EtOAc/Hex) to give the desired product 148 (0.3104 g, 69%) as an amorphous solid. 

Rf= 0.42 in 1:1 EtOAc/Hex, UV-active, KMnO4 stain 

1H NMR (500 MHz, CDCl3) δ 7.38 – 7.28 (m, 4H), 5.15 (s, 2H), 3.84 – 3.76 (m, 1H), 3.70 – 3.62 

(m, 1H), 1.97 – 1.84 (m, 2H), 1.83 – 1.73 (m, 2H), 1.55 (s, 3H). 

13C{1H} NMR (151 MHz, CDCl3) δ 153.4, 134.7, 133.4, 130.1, 129.0, 67.6, 66.9, 62.9, 60.5, 40.6, 

29.6, 27.9, 14.3. 

IR (Diamond ATR, neat) ṽmax: 3362, 2229, 1707, 1230.  

HRMS (ESI): calculated for C15H18ClO4 [M+H]+, 297.0893; found 297.0885. 
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4-methylbenzyl 4,7-dihydroxy-4-methylhept-2-ynoate (149): To a solution of 4-methylbenzyl 

propiolate (146.2; 0.375 g, 2.1 mmol, 3.0 equiv) in anhydrous THF (5.6 mL, 0.38 M to propiolate) 

at -78 °C was added LiHMDS (2.1 mL, 2.1 mmol, 1 M, 3 equiv) over 5 min. The reaction mixture 

was stirred for 30 min at the same temperature and silyl ketone (142; 0.259 g, 1.2 mmol, 1.0 

equiv) was added. After SM consumption by TLC (2 h), the reaction was quenched with aq HCl 

(1 M, 12 mL) and stirred overnight. The mixture was then extracted with EtOAc (3x), washed with 

brine (1x), and the organic layers were combined, dried (Na2SO4) and concentrated to give a 

yellow oil. The mixture was purified by column chromatography (SiO2, gradient elution: 12-100% 

EtOAc/Hex) to give the desired product 149 (0.1026 g, 31%) as an oil. 

Rf= 0.29 in 1:1 EtOAc/Hex, UV-active, KMnO4 stain 

1H NMR (700 MHz, CDCl3) δ 7.23 (d, J = 8.0 Hz, 2H), 7.14 (d, J = 7.9 Hz, 2H), 5.11 (s, 2H), 3.69 

(dt, J = 10.5, 5.0 Hz, 1H), 3.55 (ddt, J = 9.3, 6.2, 3.7 Hz, 1H), 2.32 (s, 3H), 1.86 – 1.77 (m, 2H), 

1.75 – 1.66 (m, 2H), 1.48 (s, 3H). 

13C{1H} NMR (176 MHz, CDCl3) δ 153.8, 138.6, 131.7, 129.3, 128.9, 91.4, 75.0, 67.8, 67.3, 62.5, 

40.4, 29.3, 27.7, 21.2. 

IR (Diamond ATR, neat) ṽmax: 3347, 2228, 1706, 1208.  

HRMS (ESI): calculated for C16H21O4 [M+H]+,277.1439; found 277.1433. 

 

4-(trifluoromethyl)benzyl 4,7-dihydroxy-4-methylhept-2-ynoate (150): To a solution of 4-

trifluoromethylbenzyl propiolate (146.3; 0.30 g, 1.3 mmol, 3.0 equiv) in anhydrous THF (3.4 mL, 

0.38 M to propiolate) at -78 °C was added LiHMDS (1.3 mL, 1.3 mmol, 1 M, 3 equiv) over 5 min. 

The reaction mixture was stirred for 30 min at the same temperature and silyl ketone (142; 0.158 

g, 0.723 mmol, 1.0 equiv) was added. After SM consumption by TLC (2 h), the reaction was 

quenched with aq HCl (1 M, 8 mL) and stirred overnight. The mixture was then extracted with 

EtOAc (3x), washed with brine (1x), and the organic layers were combined, dried (Na2SO4) and 

concentrated to give a yellow oil. The mixture was purified by column chromatography (SiO2, 

gradient elution: 12-100% EtOAc/Hex) to give the desired product 150 (0.1109 g, 46%) as an oil. 

Rf= 0.26 in 1:1 EtOAc/Hex, UV-active, KMnO4 stain 

1H NMR (500 MHz, CDCl3) δ 7.64 (d, J = 8.0 Hz, 2H), 7.50 (d, J = 8.0 Hz, 2H), 5.24 (s, 2H), 3.86 

– 3.78 (m, 1H), 3.71 – 3.63 (m, 1H), 1.99 – 1.89 (m, 1H), 1.81 (m, 2H), 1.56 (s, 3H). 
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13C NMR (176 MHz, CDCl3) δ 153.3, 138.8, 128.7, 91.7, 75.0, 67.6, 66.7, 62.9, 60.5, 40.6, 29.6, 

27.9, 21.2, 14.3. 

IR (Diamond ATR, neat) ṽmax: 3347, 2214, 1706. 

HRMS (ESI): calculated for C16H18F3O4 [M+H]+, 331.1157; found 331.1148. 

 

(E)-2-methyl-N-(5-((triethylsilyl)oxy)pentan-2-ylidene)propane-2-sulfinamide (151): To a 

solution of silyl ketone 142 (0.25 g, 1.15 mmol, 1.0 equiv) in anhydrous THF (9.1 mL, 0.13 M) was 

added 2-methyl-2-propanesulfinamide (0.214 g, 1.73 mmol, 1.5 equiv) and Ti(OEt)4 (0.85 mL, 

1.04 mmol, 3.5 equiv). The reaction was stirred at reflux overnight before being poured over 

stirring sat. aq. NaCl. The suspension was filtered through a pad of celite and washed with CH2Cl2. 

The filtrate was concentrated to remove organic solvents, and the aqueous solution was extracted 

with EtOAc (3x). The organic layers were combined, dried (Na2SO4), and concentrated. The crude 

product was purified by column chromatography (SiO2, gradient elution: 20-100% EtOAc/Hex) to 

yield the desired sulfinamide 151 (115.2 mg, 31%) as a clear oil.  

1H NMR (500 MHz, CDCl3) δ 3.64 (t, J = 6.2 Hz, 2H), 2.49 (t, J = 7.5 Hz, 2H), 2.33 (s, 3H), 1.83 

(p, J = 6.9 Hz, 2H), 1.23 (s, 9H), 0.95 (t, J = 7.9 Hz, 9H), 0.59 (q, J = 8.0 Hz, 6H). 

 

4-hydroxy-1-phenylbutan-1-one (154): To a stirred solution of γ-butyrolactone (0.45 mL, 5.75 

mmol, 1.0 equiv) in anhydrous Et2O at -78 °C was added phenyl lithium (3.2 mL, 5.75 mmol, 1.8 

M, 1.0 equiv) dropwise. Upon SM consumption by TLC (1.5 h), the reaction was quenched with 

sat. aq. NH4Cl and warmed to rt. The solution was extracted with EtOAc (3x), washed with brine 

(1x), dried (MgSO4), and concentrated in vacuo. The crude mixture was purified by column 

chromatography (SiO2, gradient elution: 12-100% EtOAc/Hex) to give the desired alcohol 154 

(0.71641 g, 76%).  

Rf= 0.38 in 1:1 EtOAc/Hex, UV-active, KMnO4 stain 

1H NMR (500 MHz, CDCl3) δ 7.97 (dt, J = 8.4, 1.3 Hz, 2H), 7.56 (td, J = 7.3, 1.4 Hz, 1H), 7.48 – 

7.43 (m, 2H), 3.74 (td, J = 6.1, 2.0 Hz, 2H), 3.13 (td, J = 6.9, 1.6 Hz, 2H), 2.05 – 1.97 (m, 2H). 
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ethyl 4,7-dihydroxy-4-phenylhept-2-ynoate (155): To a stirred solution of 154 (0.5309 g, 3.2 

mmol, 1.0 equiv) in anhydrous CH2Cl2 (32.0 mL, 0.1 M) was added imidazole (0.33 g, 4.85 mmol, 

1.5 equiv) and DMAP (79.8 mg, 0.65 mmol, 0.10 equiv). TESCl (2.00 equiv) was added dropwise, 

and the reaction was allowed to stir at room temperature for several days. The reaction was 

quenched with sat. aq. NH4Cl and extracted with CH2Cl2 (3x). The organic layers were combined, 

washed with brine (1x), dried with Na2SO4, and concentrated under reduced pressure to give the 

silyl ketone, which was used in the next step without further purification. 

To a solution of ethyl propiolate (0.75 mL, 7.37 mmol, 3.0 equiv) in anhydrous Et2O (19.4 mL, 

0.38 M to propiolate) at -78 °C was added LiHMDS (7.4 mL, 7.4 mmol, 3.0 equiv) over 5 min. The 

reaction mixture was stirred for 30 min at the same temperature and the silyl ketone was added 

(0.6908 g, 2.5 mmol, 1.0 equiv). Upon SM consumption by TLC (1.5 h), the reaction was 

quenched with NH4Cl, extracted with Et2O (3x), washed with brine (1x), dried (Na2SO4) and 

concentrated in vacuo. The crude product was dissolved in non-anhydrous MeOH (3.1 mL, 0.8 

M) and 1 M HCl (0.04 mL, 0.04 mmol, 0.02 equiv) and stirred at rt overnight. The clear colorless 

solution was then concentrated in vacuo, and the resulting crude mixture was purified by column 

chromatography (SiO2, gradient elution: 12-100% EtOAc/Hex) to yield the diol 155 as a yellow oil 

(0.2955 g, 35% over 3 steps).  

Rf= 0.42 in 1:1 EtOAc/Hex, UV-active, KMnO4 stain 

1H NMR (500 MHz, CDCl3) δ 7.63 – 7.57 (m, 1H), 7.44 – 7.28 (m, 4H), 4.25 (q, J = 7.2 Hz, 2H), 

3.77 – 3.70 (m, 1H), 3.69 – 3.61 (m, 1H), 2.18 – 1.97 (m, 2H), 1.93 – 1.83 (m, 1H), 1.78 – 1.64 

(m, 1H), 1.32 (t, J = 7.1 Hz, 3H). 
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