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The marine diterpene (–)-stolonidiol (1) has been shown to upregulate neuronal 

levels of acetylcholine. The mechanism through which a small molecule can impart this 

allosteric-like effect is currently unknown. A laboratory preparation of the natural 

product was undertaken in order to produce matieral for biological testing and elucidation 

of the unknown mechanism of action. During the course of this study, a tandem enyne-

Suzuki reaction was investigated to form both rings of the fused bi-cyclic structure 26 in 

a single operation, but was met with undesired diastereoselectivity in the first cyclization 

step. The directing effect was found to be general on 1,6-homopropargyl enynes. Further 

efforts toward the molecule focused on an enantioselective formation of the cyclopentane 

core through an extension of a copper-mediated silylcyclization of epoxyalkyne 71. 

Using this intermediate two routes involving acrylate as a lynchpin to close the large ring 

were investigated. Additionally, a route designed to employ an intramolecular 

Knoevenagel condensation was explored to generate this ring system. 
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Chapter 1 - Introduction 

 The production of newborn cells in the hippocampus occurs continuously in the 

hippocampal dentate gyrus. Stimulation of the developing cells by the actions of 

acetylcholine has been strongly implicated in the production and survival of neural 

progenitors during early development and adulthood.
1,2,3

 The fledgling cells’ development 

and growth has been closely linked to contacts between them and cholinergic projections.
4
 

Neurogenesis is attenuated however in the absence of these contacts, as is characteristic of 

Alzheimer’s.
5,6

 Importantly, cholinergic agonists have been shown to increase the rate of 

neurogenesis.
7
 Stolonidiol (1) induces the biosynthesis of choline acetyltransferase (ChAT) 

mRNA at concentrations of 27 nM, resulting in an increased biosynthesis of acetylcholine.
8
 

Fortification of the cholinergic system by increasing ChAT activity has the potential to 

favorably shift the balance of cell production and cell loss, slowing cognitive decline or 

possibly reversing existing degeneration.
9
 Due to the scarcity of the marine soft coral 

Clavularia sp. from which stolonidiol is isolated, the exact mode of action leading to the 

transcriptional regulation is currently unknown.
10

 Structure activity relationships (SAR) for 

the molecule, based on compounds that could be prepared from the natural product, 

demonstrated that compounds without epoxide functionality lack the ability to potently 

induce ChAT activity providing evidence for potential covalent modification of protein 

targets.
11

 Additionally, all current therapies for diseases characterized by acetylcholine 

deficiencies target the inhibition of acetylcholine esterase (AChE) in an attempt to slow the 

degradation of acetylcholine.
12

 These approaches are effective for approximately 6-9 months 

before relapse of the disease occurs. Studying the effect of increased cellular levels of 
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acetylcholine on this cycle is of great biological and medicinal importance. The use of small 

molecules as a tool for investigating, what is in effect, gene-therapy, represents a unique 

avenue of inquiry and highlights the continuing importance of natural products in medicine.    

Isolation, Characterization, Biological Activity 

The structure of stolonidiol 1 was first reported in 1987 by Yamada and co-workers.
10

  

The molecule was isolated along with the monoacetate 2 and a significant amount of the 

related natural product claenone 4. A total of 1.50 g of stolonidiol was isolated from 1 kg of 

freeze-dried soft coral Clavularia sp. providing a 0.15 % yield of a clear colorless oil [α]D – 

31.6˚ (c =1.4, CHCl3).  Structural characterization by IR spectroscopy indicated the presence 

of an exocyclic alkene (1645, 910 cm
-1

) and hydroxyl groups (3430 cm
-1

). Extensive 2D-

NMR studies suggested the presence of epoxides, two quaternary carbons (one bearing a 

hydroxyl group), and other aliphatic structural features. Chemical degradation and 

modification studies confirmed the presence of these functional groups. The final structure of 

the natural product was obtained unambiguously through X-ray crystallography of the p-

bromobenzoate 3. The absolute configuration also revealed the cis-orientation of the methyl 

and tertiary alcohol groups about the cyclopentane ring. This is a distinctive trait, opposite of 

most molecules in the dolabellane family where the two groups are normally in the trans 

orientation.  

 

 
Figure 1.1. (–)-stolondiol and related compounds isolated from Clauvaria sp. 
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The initial report of stolonidiol included a mild ichthyotoxic activity towards killifish 

– a logical mode of action in a marine environment. The more enticing activity however was 

cytotoxicity against P388 leukemia cells in vitro with an IC50 value of 44 nM. A second 

report more than a decade later disclosed that stolonidiol had the remarkable ability to induce 

the transcription of choline acetyltransferase (ChAT) in cholinergic neurons.
8
 More profound 

still was that the molecule induced this effect at 27 nM. The biological target and mechanism 

through which a small molecule can induce this response remains unknown.  

 

Proposed Biosynthesis 

Scheme 1.1. Proposed biosynthesis (–)-stolonidiol. 
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 Stolonidiol belongs to the diterpene class of natural products and is one of several 

hundred reported bi, and tri-cyclic compounds in the dolabellane and dolastane class of these 

molecules. The dolabellanes are characterized by [9.3.0]-bicyclic frameworks while the 

dolastanes are distinguished by a fused 5,7,6-membered ring system derived from the same 

scaffold. Each of these general motifs features various oxidation and unsaturations which 

give rise to the diverse family of molecules.  

A complete investigation into the diterpene cyclases responsible for production of the 

dolabellane has not yet been reported. However, numerous studies
13-20

 suggest it is 

reasonable that the synthesis starts with geranylgeranyl pyrophosphate which is ionized by an 

enzymatic, metal-ion initiated process (Scheme 1.1). The vibsyl cation 7 that arises from the 

first cyclization is then attacked by the pendant prenyl moiety in a second cyclization event 

to provide the dolabellyl cation 8. Subsequent [1,2]-hydride shifts provide tertiary cation 9 

which after proton abstraction – provides the dolabella-3,7-10-triene 10. Oxidation and an 

alkene isomerization follows to provide (–)-stolonidiol 1. 

Previous Dolabellane Synthetic Work 

 

 
Figure 1.2 Dolabellane natural products for which total syntheses have been reported. 
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While many molecules have been isolated in the dolabellane family, relatively few 

synthesis have been reported since the first structure was identified in 1976.
21

 The first 

synthesis in the dolabellane class of molecules was araneosene 12 as reported by Mehta in 

1990.
22

 Borschberg
23

 later published a route to the same molecule while Corey
24-26

 has 

reported several approaches to the same molecule. Continuing work in the family of 

molecules Corey
26-28

, in addition to Yamada,
29

 has reported syntheses of both dolabellatriene 

13 and palominol 15. Kato and Takeshita reported the first synthesis of a dolabellane bearing 

epoxides with their synthesis of barbilycopden 14 in 1997.
30

 Yamada has also published 

racemic and enantioselective routes to claenone (isolated from the same sponge as 

stolondiol), a molecule with activity against prostate cancer at a concentration of 242 nM.
29,31

 

 

Previous Synthesis 

The sole reported synthesis of (–)-stolonidiol (Scheme 1.2) was disclosed in 2001 by 

Yamada et al,
32

 the same group that reported the isolation of the natural product. The route 

commenced, in a similar fashion to their route towards claenone,
31

 with a double conjugate 

addition of lithiated 16 into the sugar-derived enoate 17. A 7.5 : 1 mixture of diastereomers 

was recovered from the reaction, with formation of the desired material being favored. A 

methyl group was installed on the bi-cyclo intermediate, providing 19 and setting the 

stereochemistry of the all-carbon quaternary center. The coupling partners for the key 

intramolecular Horner-Wadsworth-Emmons reaction were then formed through alkylation 

and oxidation steps to yield 24. Macrocyclization proceeded with a favorable mixture (2:9) of 

separable E/Z isomers yielding, after reduction, 25. The fused bi-cycle was then subjected to 

oxidation and protecting group manipulation to arrive at the natural product in over 41 linear-

steps in 3% overall yield from the listed starting material. Spectroscopic analysis of the 

material was reported to be in full agreement with an authentic sample. 

 

 



 6 

 

Scheme 1.2. First reported synthesis of (–)-stolonidiol.  

 

 

 
 



 7 

The focus of this thesis was to develop an efficient, enantioselective route yielding 

stolonidiol in less than twenty steps. The product of these efforts could be used in biological 

assays and pull-down experiments to determine the mode of action for the induction of 

cholinergic activity.  
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Chapter 2 - The Enyne-Suzuki Approach 

Retrosynthetic analysis 

The first approach to (–)-stolonidiol planned to use a stereo-defined linear precursor 

28 to initiate an enyne cyclization to form the five-membered ring. The resulting -bound 

palladium species could then engage the allylic borane in a Suzuki-Miyaura coupling. The 

reaction could form both the five and eleven membered rings of the [9.3.0]-bicyclo system in 

a single operation. To arrive at this linear precursor, two main fragments, 31 and 43, were 

designed from the parent structure. The enyne fragment could be derived from the known 

aldehyde 29 while the allylic bromide was envisaged to arise from the lactone 39, which 

could further be made from the known ketone 35. 

 

 Figure 2.1. Key transformation of linear precursor to establish both rings of stolonidiol. 
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Forward Synthesis 

            Starting from the known aldehyde 29,
33

 treatment at –78 C with lithium-

trimethylsilyl acetlyide (prepared by adding an equal portion of n-butlyllithium in hexanes to 

a –78 C solution of TMS-acetylene in THF) provided the propargyl alcohol (Scheme 2.1). 

Mesylation of the secondary alcohol with methanesulfonyl chloride and triethylamine in 

dichloromethane at 23 C proceeded smoothly furnishing 30. Using chemistry reported by 

Marshall,
34

 the mesylate was then combined with palladium acetate (5 mol%), 

triphenylphosphine (5 mol%), acetone (10.0 equiv.), and diethylzinc (2.0 equiv.) to provide 

the tertiary alcohol. The TMS group was removed by stirring in methanol with solid 

potassium carbonate (2.0 equiv.) which provided the desired enyne 31 in four steps and 50% 

yield from 29.  

 

Scheme 2.1. Synthesis of enyne fragment. 

 

 

 To access the second fragment 43, the main synthetic challenge was differentially 

functionalizing the two allylic positions about the tri-substituted olefin. The alkene geometry 

was addressed through synthesizing lactone 39 which would serve to selectively protect 37. 

The route to the material was initiated by protection of the hydrochloride salt of amino-
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glycerol as the acetonide in DMF with dimethyoxypropane and catalytic p-toluenesulfonic 

acid (Scheme 2.2). Addition of aqueous sodium periodinate into a phosphate-buffered 

solution of the amino alcohol in water provided the ketone 34. A 1 M THF solution of 

vinylmagnesium bromide (2.5 equiv.) was then added to the ketone in ether at 0 C to 

provide a 97% yield of the tertiary alcohol 35. Treatment with four equivalents of trimethyl 

orthoacetate and three 1 mol % aliquots of propionic acid added over twelve hours in xylenes 

heated to 140 C induced a Johnson Claisen rearrangement
35

 to provide ester 36 in 92% 

yield.  

 

Scheme 2.2. Synthesis of ester acetonide 36. 

 

 

The acetonide was then removed using 1 N HCl in THF at room temperature (Scheme 

2.3). Upon treatment with 20 mol% of Otera’s catalyst
36

 38 in toluene heated to reflux, the 

diol 37 underwent lacontization in modest yield. The resulting alcohol was protected as the 

tert-butyldimethylsilyl (TBS) ether using TBS-Cl (1.5 equiv.) with imidazole (1.5 equiv.) in 

acetonitrile. The silyl-protected lactone 40 was isolated in 46% yield over the two steps. 

Treatment with excess methoxide in methanol at 0 C opened the lactone to give ester-
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alcohol 41. Allylic bromide 43 was accessed via mesylation of the allylic alcohol with 

methanesulfonyl chloride (1.5 equiv.) and triethylamine (2.0 equiv.) in dichloromethane 

followed by stirring with excess lithium bromide (5 equiv.) in THF at 23 C. 

Scheme 2.3. Synthesis of allylic bromide 43. 

 

Attempts to join the two fragments via classical conditions involving generation of an 

acetylene anion and introduction of the allylic electrophile were unsuccessful. A screen of 

conditions using the more easily accessed enyne fragment 31 revealed that Castro-Stephens 

conditions
37

 with stoichiometric copper (I) iodide and potassium carbonate facilitated 

allylation of the alkyne in good yield (Scheme 2.4). Attempts to couple the enyne and the 

trisubstituted alkene 43 substrate however returned none of the desired allylation product. 

Complete consumption of the bromide was observed under these conditions. Subjecting only 

the allylic bromide to the Castro-Stephens protocol returned an intramolecular alkylation 

process to produce enol-furan 46. Attempts to modify this fragment with differing esters, 

including tert-butyl and trifluoroethyl variants, failed to attenuate this reactivity profile.   
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Scheme 2.4.  Reactions using Castro-Stephens conditions. 

 

While devising an alternate strategy to couple an allylic fragment to the enyne 

segment, investigations were initiated to study the enyne substrate in a cyclization process. A 

borylative procedure published by Cardenas
38

  was selected as a model reaction to examine 

the resulting olefin geometry as well as the diastereoselectivity. The cyclization occurred 

cleanly under the reported conditions of 5 mol% Pd(OAc)2, diboronpinacolate (1.1 equiv.) 

and methanol (1.1 equiv.) in toluene at 50 °C. Interestingly, one diastereomer was formed 

with strong preference. Using NOE 
1
H NMR experiments the configuration of the dominant 

diastereomer was determined to be the cis molecule 48, with the tertiary alcohol and boron 

(or neopental alcohol, after oxidation) positioned on the same face of the cyclopentane. The 
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outcome was opposite of the desired trans configuration 49 wherein the hydroxymethyl (after 

oxidation) would be on the opposite face of the ring as the tertiary alcohol.  

 

Scheme 2.5. Borylative enyne cyclization of 47 yielding two diastereomers.  

 

In an effort to examine the preferential formation of the cis over the trans isomer, a 

series of propargyl and homopropargyl alcohols were synthesized.
39

 While variable 

selectivity is observed in the case of propargyl alcohols, the ratio of formation of cis:trans 

products was consistently high for the series of homo-propargyl alcohols shown in Table 2.1. 

Presumably this trend is a result of the free alcohol directing the reaction. Such a hypothesis 

is strengthened by the resulting loss of any diastereoselectivity when the tertiary alcohol was 

protected (substrate 55).  
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Table 2.1.  Diastereomeric outcomes of borylative enyne cyclizations on homopropargylic-

1,6-enynes.  

 

With this finding, we attempted to cyclize the simple allylated enyne 44 to test if the 

diastereoselectivity trend would persist with a more elaborated alkyne. Unfortunately, the 

conditions for cyclization were ineffective at inducing any ring formation. Pushing the 

reaction with increased temperatures and times (120 °C, 24-48h), as well as increased 

catalyst loadings (25 mol %) gave non-selective decomposition.  
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Scheme 2.6. Failure of allylated enyne 44 to cyclize under borylative conditions.  

 

With the intramolecular reaction of the allylic bromide 43, the unreactivity of the allylated 

enyne 44 towards cyclization, and the undesired stereochemistry in the cyclization step; the 

mounting synthetic challenges suggested a new route would be necessary. The discovery of 

the hydroxyl-directing effect on 1,6-enynes is of note however. Application of such reliable 

substrate-directed transformations is an invaluable tool for synthetic chemists.
40

 Additionally, 

the use of acetone as an electrophile to establish the tertiary alcohol represents an extension 

of the chemistry from Marshall, as no other examples of allenyl-zinc species undergoing 

addition into ketones were reported prior to this work being initiated (a report of allenyl zinc 

additions into ketones was disclosed in 2009
41

).   
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Experimental Section 

All reactions were run under an atmosphere of argon or nitrogen using anhydrous conditions 

unless otherwise indicated. Dichloromethane (CH2Cl2), diethyl ether (Et2O), benzene (C6H6), 

tetrahydrofuran (THF), and toluene (PhMe) were purified using a solvent purification system. All 

other reagents were used directly from the supplier without further purification unless noted. 

Analytical thin-layer chromatography (TLC) was carried out using 0.2 mm commercial silica gel 

plates (silica gel 60, F254, EMD chemical). Infrared spectra were recorded using neat thin film 

technique. High-resolution mass spectra (HRMS) are reported as m/z (relative intensity). Accurate 

masses are reported for the molecular ion [M+Na]+, [M+H]+, or [M+]. Nuclear magnetic resonance 

spectra (
1
H NMR and 

13
C NMR) were recorded as 

1
H at 400 MHz, 

13
C at 100 MHz. For CDCl3 the 

chemical shifts are reported as parts per million (ppm) referenced to residual protium or carbon of the 

solvents; CHCl3 δ H (7.26 ppm) and CDCl3 δ C (77.0 ppm). Coupling constants are reported in Hertz 

(Hz). Data for 1H-NMR spectra are reported as follows: chemical shift (ppm, referenced to protium) 

(multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, td = triplet of 

doublets, ddd = doublet of doublet of doublets, m = multiplet), coupling constant in Hz, integration). 
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6-methyl-1-(trimethylsilyl)hept-6-en-1-yn-3-ol. Lithium TMS-acetylide was 

prepared in THF (6.7 mL) at −78 °C by reaction of TMS-acetylene (500 mg, 0.73 mL, 5.1 

mmol, 2.0 eq) with a 2.1 M solution of n-butyllithium in hexanes (2.4 mL, 5.1 mmol, 2.0 eq).  

Aldehyde 29 (250 mg, 2.6 mmol, 1.0 eq) in a solution of THF (2 mL) was added slowly via 

dropwise addition over 2 minutes. Upon the complete addition of the aldehyde the color of 

the solution changed from colorless to gold.  The reaction was stirred for 30 minutes and 

allowed to gradually warm to 23 °C over 30 minutes.  The excess lithium acetylide anion and 

alkoxide were quenched by the addition of a saturated aqueous NH4Cl solution (15 mL).  The 

layers were separated and the aqueous phase was extracted with EtOAc (4 × 20 mL).  The 

combined organic extracts were washed with brine (25 mL), dried over Na2SO4, filtered, and 

concentrated.  The resulting alcohol was purified by silica gel chromatography; 1% →5% 

EtOAc in hexanes to provide the alcohol as a colorless oil (302 mg, 1.5 mmol, 58%).   

Rf =  0.66 (1:1 hexanes : EtOAc)  

1
H-NMR (400 MHz, CDCl3) δ 4.73 (s, 2H), 4.37 (q, J = 2.0 Hz, 1H), 2.17 (t, J = 7.5 

Hz, 2H), 2.03 (d, J = 5.5 Hz, 1H), 1.85 – 1.80 (m, 2H), 1.73 (s, 3H), 0.16 (s, 9H)
  

13
C-NMR (100MHz, CDCl3)  δ 145.2, 110.7, 106.7, 89.8, 62.7, 35.7, 33.5, 22.7, 0.08  

IR (neat film, cm
-1

) 3429, 2172, 1250, 842 

HRMS (EC-CI) calcd. for C11H20OSi [M-H]
−
 195.1205, found 195.1210. 
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2,6-dimethyl-3-((trimethylsilyl)ethynyl)hept-6-en-2-ol. The enyne (4.63 g, 23.6 mmol, 1.0 

eq) was dissolved in CH2Cl2 (115 mL), and cooled to 0 °C.  Triethylamine (3.34 g, 4.60 mL 

33.0 mmol, 1.4 eq) was added and after stirring for five minutes neat methanesulfonyl 

chloride (3.76 g, 2.54 mL, 33.0 mmol, 1.4 eq) was added dropwise.  After 15 minutes the 

reaction was quenched with aqueous phosphate buffer (50 mL, pH = 7, 0.2 M) and extracted 

with CH2Cl2 (4 × 30 mL). The combined organic extracts were washed with brine (20 mL), 

dried over Na2SO4, filtered, and concentrated under vacuum to render the propargyl mesylate 

which was used without further purification. Solid Pd(OAc)2 (0.265 g, 1.18 mmol, 0.05 eq.) 

was dissolved in THF (157 mL) and cooled to −78 °C.  Triphenylphosphine (0.310 g, 1.2 

mmol, 0.05 eq) was added followed by neat propargyl mesylate (6.480 g, 23.61 mmol, 1.0 

eq.).  Acetone (13.71 g, 17.34 mL, 236.0 mmol, 10.0 eq) was added dropwise over 2 minutes 

followed by Et2Zn solution (47.2 mL, 47.2 mmol, 2.0 eq, 1.0 M in hexanes) added dropwise 

over five minutes. The cooling bath was removed and the solution was warmed to 23 °C and 

stirred for 3 hr.  The reaction was diluted with aqueous 1 N HCl (30 mL) and extracted with 

EtOAc (4 × 50 mL).  The organic extracts were washed with brine (2 × 25 mL), dried over 

Na2SO4, filtered, and concentrated under vacuum.  The crude oil was purified by silica gel 

chromatography; 80% DCM in hexanes to provide the tertiary alcohol as a colorless oil (4.03 

g, 16.9 mmol, 72%).   

Rf = 0.66 (1:1 Hexanes : EtOAc) 
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1
H-NMR (400 MHz, CDCl3) δ 4.73 (s, 1H), 4.72 (s, 1H), 2.39 (dd, J = 3.8 Hz, 8.2 

Hz, 1H), 2.35 – 2.27 (m, 1H), 2.13 – 2.04 (m, 1H), 1.73 (s, 3H) 1.75 – 1.66 (m, 1H), 

1.52 – 1.43 (m, 1H), 1.27 (s, 6H), 0.16 (s, 9H) 

13
C-NMR (100MHz, CDCl3) δ 145.1, 110.3, 107.1, 86.6, 71.7, 45.4, 36.0, 27.5, 26.8, 

26.4, 22.3, 0.0;  

IR (neat film, cm
-1

) 3438, 2801, 1638, 1450 

HRMS (EC-CI) calcd. for C14H26OSi [M-H]
−
 237.1675, found 237.1673. 
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3-ethynyl-2,6-dimethylhept-6-en-2-ol (31). The tertiary alcohol (0.78 g, 3.25 mmol, 1.0 eq) 

was dissolved in MeOH (30 mL) and solid potassium carbonate (0.99 g, 7.15 mmol, 2.2 eq) 

was added in one portion. The heterogenous reaction was stirred at 23 °C for 3 hrs. and 

diluted with water (20 mL) and brine (10 mL) and extracted with EtOAc (4 × 30 mL). The 

combined organics were washed with brine (10 mL), dried over Na2SO4, filtered, and 

concentrated under vacuum. The resulting oil was purified by silica gel chromatography; 

10% EtOAc in hexanes to generate 31 as a colorless oil (0.39 g, 2.35 mmol, 73%).  

Rf = 0.46 (1:1 hexanes : EtOAc);  

1
H-NMR (400 MHz, CDCl3) δ 4.75 (s, 1H), 4.73 (s, 1H) 2.48 – 2.44 (dd, J  = 3.1 Hz, 

J = 8.5 Hz, 1H), 2.36 – 2.28 (m, 1H), 2.12 – 2.05 (m, 1H), 1.81 – 1.69 (m, 1H), 1.73 

(s, 3H) 1.60 – 1.50 (m, 1H), 1.52 – 1.43 (m, 1H), 1.30 (d, J = 5.8 Hz, 6H)
  

13
C-NMR (100 MHz, CDCl3) δ 145.2, 110.8, 78.7, 72.6, 68.8, 45.4, 36.3, 27.8, 27.5, 

27.3, 22.7  

IR (neat film, cm
-1

) 3415, 1162, 889;  

HRMS (EC-CI) calcd. for C11H18O [M-H]
−
 165.1279, found 165.1278. 
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((3-ethynyl-2,6-dimethylhept-6-en-2-yl)oxy)trimethylsilane (55). Enyne 31 (0.13 g, 0.78 

mmol, 1.0 eq) was dissolved in CH2Cl2 (8 mL) and the solution was cooled to −78 °C.  After 

cooling 2,6-lutidine (0.69 g, 0.75 mL, 6.4 mmol, 8.2 eq.) was added followed by the addition 

of trimethylsilyltrifluoromethanesulfonate (0.71 g, 0.58 mL, 3.2 mmol, 4.1 eq.).  The cooling 

bath was removed and the reaction was allowed to warm to 23 °C and stir for 6 hrs.  The 

reaction was quenched with aqueous phosphate buffer (10 mL, pH = 7, 0.2M) and extracted 

with CH2Cl2 (4 × 20 mL).  The organic extracts were washed with brine (20mL), dried over 

Na2SO4, filtered, and concentrated under vacuum.  The crude product was purified by silica 

gel chromatography; 1% EtOAc in hexanes to provide 55 as a colorless oil (0.18 g, 0.73 

mmol, 97%).   

Rf = 0.80 (1:1 hexanes : EtOAc)  

1
H-NMR (400 MHz, CDCl3) δ 4.73 (s, 2H), 2.33 – 2.27 (m, 2H), 2.09 (t, J = 8.4 Hz, 

1H), 2.06 (d, J = 2.4 Hz, 1H), 1.95 – 1.87 (m, 1H), 1.73 (s, 3H) 1.48 – 1.36 (m, 1H), 

1.38 (s, 3H), 1.27 (s, 3H), 0.11 (s, 9H)
  

13
C-NMR (100MHz, CDCl3) δ 143.1, 107.7, 83.6, 72.8, 68.1, 42.1, 33.6, 27.1, 24.6, 

23.0, 19.9, 0.0;  

IR (neat-film, cm
-1

) 3312, 1251, 1043, 840;  

HRMS (EC-CI) calcd. for C14H26OSi [M-H]
+
 237.2582, found 237.2580. 
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2-((3S)-3-(hydroxymethyl)-3-methyl-2-methylenecyclopentyl)propan-2-ol. The 

homopropargyl alcohol 31 was added to a flask equipped with a stirbar followed by addition 

of Pd(OAc)2 and solid bis-(pinacolato)diboron (1.1 eq in relation to the starting alcohol).  

The reaction vessel was charged with toluene to provide a 0.1 M solution (corresponding to 

the starting alcohol), followed by the addition of anhydrous methanol (1.0 eq in relation to 

alcohol).  The reaction vessel was then sealed and the homogenous solution was stirred at 50 

°C for 12 hrs.  After complete consumption of starting material the mixture was concentrated 

under vacuum. The crude mixture from the borylative enyne cyclization was dissolved in 

ethanol to provide a 0.05M solution (corresponding to the starting enyne alcohol).  Aqueous 

4N NaOH solution (3.0 eq NaOH) was added slowly followed by dropwise addition of an 

aqueous 30% H2O2 solution (3.0 eq). (Note: Extensive gas evolution).  After gas evolution 

had ceased the reaction vessel was sealed and placed in an oil bath at 50 °C for 1.5 hrs.  After 

cooling to 23 °C the crude mixture was diluted with water (20 mL) and brine (20 mL), and 

extracted with ethyl acetate (4 × 20 mL).  The organic extracts were washed with brine (10 

mL), dried over Na2SO4, filtered, and concentrated under vacuum to provide the crude 

product.  The diastereomeric ratios were determined by 
1
H NMR of this crude mixture. The 

crude diol was purified by silica gel chromatography; 4:1→1:1 hexanes : EtOAc to generate 

the product as a colorless oil (78%).   

Rf = 0.17 (1:1 hexanes : EtOAc)  
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1
H-NMR (400 MHz, CDCl3) δ 5.34 (s, 1H), 5.04 (s, 1H), 3.41 (dd, J = 7.0 Hz,  2H), 

2.64 (t, J = 8.0 Hz, 1H), 1.90 - 1.86 (m, 1H), 1.83 – 1.76 (m, 1H), 1.66 – 1.60 (m, 

1H), 1.41 - 1.35 (m, 1H), 1.30 (s, 3H), 1.21 (s, 3H), 1.08 (s, 3H)  

13
C-NMR (100 MHz, CDCl3) δ 158.0, 110.8, 73.6, 69.6, 55.5, 48.5, 35.8, 30.3 27.0, 

26.3, 25.8.  

IR (neat film, cm
-1

) 3352, 1291, 1145, 1029;  

HRMS (EC-CI) calcd. for C11H20O2 [M-H]
−
 183.1385, found 183.1386. 
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Chapter 3 – The Acrylate Lynchpin Approach 

Retrosynthetic Analysis 

Through retrosynthetic analysis a strategy centered on using an acrylate as a lynchpin 

to close the large ring of stolonidiol was the focus of our next approach. Two possible 

approaches proceeded from a single substrate 59. A nickel-mediated conjugate addition/aldol 

sequence with acrylate could close the ring in a single operation providing 60. Likewise, a 

Heck installation of acrylate followed by an intramolecular Baylis-Hillman reaction would 

afford 62. Both approaches would allow efficient access to the bicyclic structure of 

stolonidiol with appropriate functionalization.  

 

Figure 3.1. Acrylate lynchpin strategy for the formation of the fully functionalized bicyclic 

ring systems of stolonidiol 60 and 62.  

 

Forward Synthesis 

To examine the acrylate lynchpin strategies a synthesis of bromo-aldehyde 59 was 

required. Starting from geraniol 63, a Sharpless asymmetric epoxidation
42

 was followed by 

protection with TBS-Cl and imidazole in acetonitrile (Scheme 3.1). Following a protocol 
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reported by Yamamoto,
43

 the β-siloxy epoxide 64 was then treated at –78 °C with 

methylaluminum bis(4-bromo-2,6-di-tert-butylphenoxide) 66 (prepared by addition of one 

equivalent of trimethylaluminum to two equivalents of 4-bromo-2,6-di-tert-butylphenol in 

dichloromethane at 23 °C) inducing a stereospecific rearrangement to provide the chiral 

tertiary aldehyde 67 with complete fidelity of stereochemistry from the epoxide 65. The 

aldehyde was routinely prepared on 50 gram scale over the three steps.  Alkynylation of the 

aldehyde using the Bestmann-Ohira reagent 68 (1.1 equiv) with solid potassium carbonate in 

methanol at 23 °C gave alkyne 69 in 91% yield.
44,45

 Epoxidation of the trisubstituted olefin 

of alkyne 69 using Shi’s catalyst 70 (1.0 eq) with slow addition of aqueous buffered Oxone 

solution formed epoxy-alkyne 71 in a 9:1 ratio of diastereomers.
46-48

  

Scheme 3.1. Synthesis of epoxide 71 from geraniol 63.  
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Using bis(dimethylphenylsilyl)copper cyanolithium to induce the cyclization of 

epoxy-alkyne 71 to form the desired cyclopentane lead exclusively to hydrosilylation of the 

alkyne, generating vinylsilane 72 with none of the cyclized products 73 or 74 (Table 3.1). 

Challenges in inducing cyclization with the transient  vinyl cuprate in silylcupration reactions 

have been previously noted by Fleming and co-workers.
49

 Activation of the epoxide was 

attempted to encourage attack by the cuprate at the epoxide. A screen of Lewis-acids, 

summarized in Table 3.1, showed that the addition of boron triflouride diethyl letherate 

promoted the formation of cyclized products, generating vinyl silanes 73 and 74. The amount 

of boron triflouride diethyl etherate added to the reaction changed the ratios of vinyl silane 73 

and 74. The optimized procedure for selective formation of 73 entailed the addition of a THF 

solution of epoxy alkyne 71 to 1.25 equivalents of bis(dimethylphenylsilyl)copper 

cyanolithium (prepared by adding 2.5 equivalents of a deep-red dimethylphenylsilyl-lithium 

solution to copper (I) cyanide (1.25 equiv.) suspended in THF at 0 °C followed by stirring for 

20 minutes forming a brown solution) at –78 °C and immediately warming to 0 °C for two 

hours. At this point TLC indicated consumption of the starting material and boron trifluoride 

diethyl etherate (3 equiv.) was added in a single portion followed by warming to 23 °C over 

12h, generating 73 in 84% yield. Gratifyingly, this reaction was reliably repeated on 15 gram 

scale.  
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Table 3.1. Silyl-copper cyclizations of alkyne-epoxide 14 to provide alkene 15, vinyl silane 

16, and cyclic silyl ether 17. 

 

 

 Protection of the tertiary alcohol of 73 was necessary to prevent migration of the 

silane to the alcohol in the subsequent step. This was achieved using trimethylsilyl 

trifluoromethanesulfonate (1.5 eq) and 2,6-lutidine (3.0 eq) at –78 °C followed by warming 

to 23 °C in dichloromethane (Scheme 3.2). Addition of solid N-bromosuccinimide (2.0 

equiv) to a solution of the resulting silyl ether in acetonitrile (0.25 M) provided bromide 75 
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with retention of olefin geometry (confirmed by X-ray crystallography of the p-Br-benzoate 

76 (Figure 3.2)). The corresponding vinyl iodide of 75 could also be prepared in 62% yield 

using N-iodosuccinimide. 

Scheme 3.2. Synthesis of bromide 75 from epoxy-alkyne 71. 

.   

Precursor bromo-diene 80 was prepared over a five-step sequence from bromide 59 as 

outlined in Scheme 3.3.  Cleavage of the silyl ethers using tetra-n-butylammonium fluoride 

(2.5 equiv.) in tetrahydrofuran at 23 °C followed by oxidation of the resulting diol using 

Dess-Martin periodinane (1.1 equiv.) formed aldehyde 77 on 10-gram scale. The use of 

Swern-conditions for this oxidation proved problematic and returned significant amounts of 

the tertiary alcohol-elimination product. Horner-Wadsworth-Emmons olefination of the 

aldehyde 77 using lithium bis(trimethylsilyl)amide and the known ketophosphonate 78 in 

toluene heated to reflux yielded enone 79 in 77% yield.
50

 Hydrogenation of the enone proved 

sluggish and non-selective.  
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Figure 3.2. View of 76. Displacement ellipsoids are scaled to the 50% probability level. 

An activated copper-hydride system reported by Lipshutz
51

 proved successful in 

reducing the alkene. Combination of copper(II) acetate monohydrate (3 mol%),  1,2-

bisdiphenylphosphinobenzne (5 mol%), and t-butanol (4.0 equiv) in toluene (0.1 M) provided 

a clear blue solution and was followed followed by addition of polymethylhydrosiloxane (4 

equiv) which causes a slow color change to bright yellow over 30 minutes. Enone 79 was 

then introduced as a solution in toluene and after 10 h the reaction was quenched to provide 

the corresponding saturated ketone in 70-80% yield. Wittig methylenation of the ketone with 

methylenetriphenylphosphorane in tetrahydrofuran at 23 °C then provided bromo-diene 80 in 

43% over two steps. The olefination process routinely returned ~40% starting material, 

accounting for the low yield of the two step sequence. Fortunately the ketone could be easily 

recovered and recycled.  
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Scheme 3.3. Synthesis of bromo-diene 80 from bromide 75. 

 

The tert-butyldimethylsilyl group of bromo-diene 80 was removed with tetra-n-

butylammonium fluoride (2.0 equiv) in tetrahydrofuran followed by oxidation with Dess-

Martin periodinane (1.5 eq) in dichloromethane to give 59 (Scheme 3.4) in 79% over two 

steps, providing one of the desired cyclization precursors. To access the second precursor, a 

Heck reaction using bromo-diene 80 was accomplished by combining methyl acrylate (10 

equiv.), triethylamine (10 equiv.), triphenylphosphine (20 mol%), and tetra-n-

butylammonium bromide (2 equiv.) in degassed dimethylformamide. The addition of 

palladium(II) acetate (15 mol %) followed, and the reaction was placed in a 100 °C oil bath 

and stirred for 14 hours producing the dienoate 81 in 61% yield after purification. Subjecting 

this material to deprotection with fluoride and oxidation with Dess-Martin periodinane 

similarly unmasked the aldehyde to afford dienoate-aldehyde 61 in 82% yield over two steps. 

The two cyclization precursors could be accessed on 50-100 mg scale consistently in 15 or 

16 steps from geraniol. 
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Scheme 3.4. Synthesis of the cyclization precursors bromo-aldehyde 59 and dienoate 61.  

 

With access to bromo-aldehyde 59, nickel-mediated conjugate addition/aldol 

processes to close the 11-membered ring of stolonidiol were attempted. Initial tests used 

conditions reported by Montgomery;  nickel bis(cyclooctadiene) (20 mol%) was transferred 

in a glove box to a flame-dried flask and suspended in tetrahydrofuran to give a clear yellow 

solution. The bromo-aldehyde 59 in tetrahydrofuran was then added to the nickel solution 

accompanied by a color change to orange. Following the addition of methyl acrylate (2 

equiv.), dimethylzinc (2.0 equiv, 1.0 M solution) was added to the now deep-red solution and 

the reaction stirred at 23 °C transitioning the color to brown over 30 min at which time 

starting material had been consumed as indicated by TLC. This procedure gave rise to 

complete protodebromination as the main product. Further experiments with longer 

equilibration times before the slow addition of dimethylzinc led to the formation of the 
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methyl cross-coupling product. Variation of the reaction conditions, as summarized in Table 

3.2 provided three different products, none of which showed successful conjugate addition 

into acrylate.
52

 The corresponding iodo-aldehyde of 59 showed similar reactivity under these 

conditions.  

Table 3.2. Conditions for attempted nickel-mediated conjugate addition/aldol cyclizations of 

bromide 59. 

  

 

The oxidative addition of nickel into the vinyl halide bond proved facile, however, 

the conjugate addition of the vinyl-nickel species into the acrylate proved to be recalcitrant. 

This is most likely due to the steric hindrance of the quaternary and tertiary centers flanking 

the alkene, precluding formation of the proper transition state 84 between the zinc, 

nucleophile, and appropriately coordinated acrylate (Figure 3.3). The sterically less 

encumbered transmetallation of a methyl from zinc onto nickel from transition state 83, and 

subsequent reductive elimination becomes the preferred process as indicated by the isolation 



 33 

of the methyl incorporated product. The inability to initiate the conjugate addition process 

prompted shifting attention to the two-step Heck/Baylis-Hillman sequence. 

 

Figure 3.3. Proposed catalytic cycle for nickel-mediated conjugate addition.  

Intramolecular Baylis-Hillman ring closures using dienoate 61 were examined under 

a variety of conditions including the use of triphenyl and tributyl phosphine, 1,4-

diazabicyclo[2.2.2]octane, and  the anion of thiophenol, none of which generated the desired 

macrocycle. Intermolecular examples of the reaction on dienoates have been shown 

previously,
53

 however our substrate proved unreactive towards such a process.  
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Scheme 3.5. Intramolecular Baylis-Hillman macrocyclization of dienoate 61.  

 

In addition to the typical nucleophiles used in the reaction - the tertiary alkoxide of 

61, anion 86, was examined in an effort to promote the ring closure (Scheme 3.6). Attempts 

at macrocyclization using this approach did not succeed, only the conjugate addition product 

(protio-quench of anion 87) was isolated with no apparent activity of the anion towards the 

aldehyde. 

Scheme 3.6. Proposed internal alkoxide-induced Baylis-Hillman macrocyclization of 26. 

 

With no reactivity from the Baylis-Hillman manifold, reductive aldol reactions 

presented another pathway to ring closure from our given substrate. Copper hydride reagents 

were examined to induce conjugate reduction of the dieneoate, providing an enolate that 
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could be used to engage the aldehyde in an intramolecular aldol.
54,55

  Prior experiments had 

shown the dieneoate to be susceptible to 1,4-reduction using copper-hydride species. The use 

of Stryker’s reagent
55

 gave no reaction. When employing the copper hydride system from 

earlier in the synthesis (Scheme 3.3) conjugate reduction was affected but also accompanied 

by competitive aldehyde reduction to form alcohol 91. Also surprising was the reluctance of 

the dienoate system 61 to undergo the conjugate reduction/aldol reaction through a rhodium 

catalyzed Mukaiyama-type process via the silylketene acetal. Instead the substrate 

decomposed upon prolonged reaction time at high temperatures with no discernable 

reactivity observed.  

Scheme 3.7. Conjugate reduction/aldol cyclization strategies. 

 

 The inability to engage the copper enolate and the lack of reactivity from the other 

reactions wherein an ester-enolate would be present as an intermediate suggested an odd 

pattern of reactivity from the ester 92. The substrate 95 was prepared (Scheme 3.8) and a 

series of reactions using strong bases (lithiated alkyl amides, bis-silyl amides), and soft-

enolization techniques with alkyl boron derivatives gave no evidence to suggest that the ester 

was amenable to enolization. Clearly the enolate can be formed, as the copper reduction must 

proceed via one, however trying to generate such an enolate was entirely fruitless.  
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Scheme 3.8. Synthesis of ester 95 for enolization screen.  

 

In summary, an efficient route to stereoselectively construct the cyclopentane ring of 

stolonidiol and attachment of the remaining carbons of the framework has been reported.  

The use of boron trifluoride diethyl etherate to promote the silyl-cuprate mediated cyclization 

of epoxy-alkyne 71 was key in accessing the complete carbon skeleton.  With the key 

intermediates for macrocyclizations, 59 and 61, the strategies employed have failed to 

successfully form the large 11-membered ring.  
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Experimental Section 

All reactions were run under an atmosphere of argon or nitrogen using anhydrous conditions 

unless otherwise indicated. Dichloromethane (CH2Cl2), diethyl ether (Et2O), benzene (C6H6), 

tetrahydrofuran (THF), and toluene (PhMe) were purified using a solvent purification system. All 

other reagents were used directly from the supplier without further purification unless noted. 

Analytical thin-layer chromatography (TLC) was carried out using 0.2 mm commercial silica gel 

plates (silica gel 60, F254, EMD chemical). Infrared spectra were recorded using neat thin film 

technique. High-resolution mass spectra (HRMS) are reported as m/z (relative intensity). Accurate 

masses are reported for the molecular ion [M+Na]+, [M+H]+, or [M+]. Nuclear magnetic resonance 

spectra (
1
H NMR and 

13
C NMR) were recorded as 

1
H at 400 MHz, 

13
C at 100 MHz. For CDCl3 the 

chemical shifts are reported as parts per million (ppm) referenced to residual protium or carbon of the 

solvents; CHCl3 δ H (7.26 ppm) and CDCl3 δ C (77.0 ppm). Coupling constants are reported in Hertz 

(Hz). Data for 1H-NMR spectra are reported as follows: chemical shift (ppm, referenced to protium) 

(multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, td = triplet of 

doublets, ddd = doublet of doublet of doublets, m = multiplet), coupling constant in Hz, integration). 
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(R)-tert-butyl((2-ethynyl-2,6-dimethylhept-5-en-1-yl)oxy)dimethylsilane (69). The aldehyde 67
15

 

(12.86 mmol, 3.66 g, 1.0 equiv.) was dissolved in anhydrous methanol (120 mL) and the solution was 

cooled to 0 °C. Solid potassium carbonate (32.2 mmol, 4.44g, 2.5 equiv.) was added, followed by 

neat Bestmann/Ohira reagent 68 (dimethyl 1-diazo-2-oxopropylphosphonate) (19.3 mmol, 4.63g, 1.5 

equiv.). The reaction was allowed to warm to 23 °C and stir for 14h. Over this period the solution 

changed from a clear yellow to green. The reaction was poured into pentane (200 mL) and the organic 

layer was separated and washed with water (400 ml) then brine (200 mL). The organic extract was 

dried over sodium sulfate and concentrated under vacuum. The crude material was purified by silica 

gel chromatography 100 : 1 hexanes : ethyl acetate to provide 12 as a clear oil (11.4 mmol, 3.20g, 

91%).  

Rf = 0.73 (9 : 1 hexanes : ethyl acetate)  

1
H NMR (400MHz, CDCl3) δ 5.07 (t, J= 8.6 Hz, 1H), 3.49 (d, J = 9.4 Hz, 1H), 3.41(d, J = 

9.4 Hz, 1H), 2.08-2.02 (m, 2H), 2.03 (s, 1H),  1.63 (s, 3H), 1.57 (s, 3H), 1.51-1.44 (m, 1H), 

1.35-1.27 (m, 1H), 1.12 (s, 3H), 0.84 (s, 9H), 0.00 (s, 6H);  

13
C NMR (100 MHz, CDCl3) δ 131.5, 124.5, 89.2, 69.5, 69.4, 37.2, 25.9, 25.7, 23.8, 23.6, 

18.4, 17.7, -5.3; 

IR (neat, cm
-1

) 2111, 1103, 851;  

HRMS: (EC-CI
+
) calcd. for C17H32OSi [M-H]

 +
 279.2144, found 279.2148. 
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tert-butyl(((R)-2-(2-((R)-3,3-dimethyloxiran-2-yl)ethyl)-2-methylbut-3-yn-1-

yl)oxy)dimethylsilane (71). Alkyne 69 (3.04 g, 10.8 mmol, 1.0 equiv.) dissolved in 160 mL of a 1 : 2 

mixture of acetonitrile : dimethoxymethane was added to a 3-neck 1L flask, followed by 105 mL of 

aqueous Na2B4O7 solution (0.5 M with 4 mM Na2EDTA), solid Bu4NHSO4 (0.294g, 0.867 mmol, 

0.08 equiv.), and Shi’s catalyst 70 (3.08 g, 11.9 mmol, 1.1 equiv.). Then Oxone (16.66g, 27.1 mmol, 

2.5 equiv.) dissolved in 100 mL of a 4 mM Na2EDTA solution in one addition funnel and K2CO3 

(14.98g, 108 mmol, 10.0 equiv.) in 100 mL of water in a second addition funnel were added 

simultaneously at 0 °C over 1.5 h. After addition the reaction was diluted with pentane (300 mL) and 

water (300 mL). The organic phase was collected and the aqueous layer was extracted twice with 

pentane (250 mL). The combined organic extracts were dried over sodium sulfate, filtered, and 

concentrated under vacuum. Crude NMR showed a 9 : 1 ratio of diastereomers. The crude material 

was purified by silica gel chromatography with 1 : 99 ethyl acetate : hexanes to : 95 ethyl acetate : 

hexanes to afford 71 as a clear, colorless oil (2.79 g, 86%).  

Rf = 0.42 (9 : 1 hexanes : ethyl acetate)  

1
H NMR (400MHz, CDCl3) δ 3.55 (d, J = 9.5 Hz, 1H), 3.46 (d,  J = 9.5 Hz, 1H), 2.73 (t, J = 

6.1 Hz, 1H), 2.09 (s, 1H), 1.74-1.55 (m, 4H), 1.31 (s, 3H), 1.28 (s, 3H), 1.17 (s, 1.17), 0.89 (s, 

9H), 0.05 (s, 6H)  

13
C NMR (100 MHz, CDCl3) δ 88.6, 69.9, 69.5, 64.5, 58.4, 37.1, 33.6, 25.9, 25.0, 24.7, 23.6, 

18.7, 18.3, -5.3  

IR (neat, cm
-1

) 1251, 1100  
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HRMS (EC-CI
+
) calcd. for C17H32O2Si [M+H]

 +
  297.2250. Found 297.2251. 

 

 

Phenyldimethylsilyllithium. A 50 mL flask equipped with a large stirbar was dried in an oven 

overnight. Lithium wire (0.540g, 78.0 mmol, 2.0 equiv.) was cut into 0.5 cm sections and added to 

the flask. The flask was then equipped with septa, evacuated, and backfilled with argon three times 

before placing the contents under argon. Dry THF (30 mL) was added to the flask and was placed in a 

0 °C bath before chlorodimethylphenylsilane (6.0 mL, 39 mmol, 1.0 equiv.) was added. After 15 

minutes of stirring the clear solution developed a red color. After 30 minutes the solution obtained a 

dark red color. The flask was stirred at 0 °C for 2 hours then placed in a –4 °C freezer to stand for 12 

h. These solutions proved stable at –4 °C for 2 – 3 weeks maintaining a titer of 0.5 M.  
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2-((1R,3R,E)-3-(((tert-butyldimethylsilyl)oxy)methyl)-2-((dimethyl(phenyl)silyl)methylene)-3-

methylcyclopentyl)propan-2-ol (73). Solid CuCN (5.21 g, 58.2 mmol, 1.15 equiv.) was added to a 

flame dried flask then purged with argon and flame dried again under vacuum. The CuCN was 

suspended in THF (200 mL) and the flask was placed in a 0 °C bath. Lithium dimethylphenylsilane 

0.5 M in THF (166 mL, 116 mmol, 2.3 equiv.) was added via syringe. The reaction was allowed to 

stir at 0 °C until all the CuCN had dissolved (indicated by the red color from LiSiMe2Ph turing to a 

darker red/brown opaque solution, ~20 minutes). The reaction was cooled to –78 °C, and 

epoxyalkyne 71 (15.0 g, 50.6 mmol, 1.0 equiv.) was added as a solution in THF (100 mL, 2 x 25 mL 

washes) via cannula. The reaction was warmed to 0 °C and allowed to stir for 2h. Neat BF3·OEt2 

(18.66 mL, 152 mmol, 3.0 eq) was added and the reaction was allowed to stir for 12 h, then poured 

into saturated ammonium chloride solution (300 mL), extracted (2 x 300 mL) with Et2O and the 

combined organics were washed with brine (500 mL). The organic extracts were dried over Na2SO4 

and concentrated under vacuum. The crude material was purified by silica gel chromatography with 1 

: 99 ethyl acetate : hexanes to : 95 ethyl acetate : hexanes to provide 16 as a yellow oil (3.68 g, 

72%).  

Rf = 0.52 (9 : 1 hexanes : ethyl acetate)  

1
H NMR (400MHz, CDCl3) δ 7.51-7.49 (m, 2H), 7.32-7.30 (m, 3H), 5.62 (s, 1H), 3.28 (d, J 

= 9.3 Hz, 1H), 3.14 (d, J = 9.3 Hz, 1H), 2.65 (d, J = 8.2 Hz, 1H), 1.87-1.79 (m, 2H), 1.47-1.44 

(m, 2H), 1.13 (s, 3H), 1.05 (s, 3H), 0.98 (s, 3H), 0.87 (s, 9H), 0.41 (s, 3H), 0.35 (s, 3H), 0.01 

(s, 3H), 0.00 (s, 3H)  
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13
C NMR (100 MHz, CDCl3) δ 170.0, 140.4, 133.8, 128.7, 127.8, 121.7, 72.7, 72.5, 54.8, 

50.5, 34.6, 29.1, 27.4, 27.2, 26.0, 23.0, 18.3, -0.3, -1.2, -5.4  

IR (neat, cm
-1

) 1599, 1249, 1093  

HRMS (EC-CI+) calcd. for C25H44O2Si2 [M+H]
 +

 433.2958. Found 433.2958. 
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tert-butyl(((1R,3R,E)-2-((dimethyl(phenyl)silyl)methylene)-1-methyl-3-(2-

((trimethylsilyl)oxy)propan-2-yl)cyclopentyl)methoxy)dimethylsilane. To a solution of the tertiary 

alcohol 73 (3.50g, 8.09 mmol, 1.0 equiv.) in methylene chloride (80 mL) was added 2,6-luitdine (5.65 

mL, 48.5 mmol, 6.0 equiv.) and the solution was cooled to –78 °C in a dry ice/acetone bath. Neat 

TMSOTf (4.38 mL, 24.2 mmol, 3.0 equiv.) was then added dropwise via syringe and the reaction 

stirred for 30 minutes before the cooling bath was removed and the solution was allowed to warm to 

23 °C. Excess TMSOTf was quenched by the addition of methanol (5 mL) and the reaction was 

concentrated under vacuum. The crude material was purified by silica gel chromatography with 

hexanes to provide a clear, colorless oil (3.92g, 96%).  

 

Rf = 0.82 (hexanes)  

1
H NMR (400MHz, CDCl3). δ 7.51-7.49 (m, 2H), 7.31-7.30 (m, 3H), 5.51 (s, 1H), 3.34 (d, J 

= 10.2 Hz, 1H), 3.24(d, J = 9.2 Hz, 1H), 2.31 (d, J = 7.8 Hz, 1H), 1.85-1.81 (m, 1H), 1.74-

1.70 (m, 2H), 1.58-1.53 (m, 1H), 1.14 (s, 3H), 1.11 (s, 3H), 1.03 (s, 3H), 0.89 (s, 9H), 0.34 (s, 

3H), 0.33 (s, 3H), 0.05 (s, 9H), 0.02 (s, 3H), 0.01 (s, 3H)  

13
C NMR (100 MHz, CDCl3) δ 171.1, 140.2, 133.9, 128.7, 127.6, 118.7, 76.6, 72.8, 56.2, 

49.6, 34.7, 30.3, 30.3, 30.2, 26.9, 26.0, 23.7, 18.4, 2.7, -0.5, -0.6, -5.4  

IR (neat, cm
-1

): 1604,  1250, 1033, 837  

HRMS (ESI+) calcd. for C28H52O2Si3Na
+
 [M+Na

+
] 527.3181. Found 527.3169. 
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(((1R,3R,E)-2-(bromomethylene)-1-methyl-3-(2-((trimethylsilyl)oxy)propan-2-

yl)cyclopentyl)methoxy)(tert-butyl)dimethylsilane (75). The vinyl silane (3.92g, 7.76 mmol, 1.0 

equiv.) was dissolved in acetonitrile : methylene chloride (20:1, 78 mL) and solid N-

bromosuccinimide (2.76 g, 15.5 mmol, 2.0 equiv.) was added in a single portion. The reaction was 

stirred at 23 °C for 2 h and excess N-bromosuccinimide was quenched with saturated aqueous sodium 

thiosulfate solution (50 mL) and saturated aqueous sodium bicarbonate solution (50 mL). The organic 

layer was collected and the aqueous layer was extracted with ethyl acetate (3 x 50 mL). The 

combined organic extracts were washed with brine (150 mL), dried over Na2SO4, and concentrated 

under vacuum. The crude material was purified by silica gel chromatography with hexanes to provide 

75 as a pale yellow oil (3.21 g, 92%).  

Rf = 0.76 (hexanes)  

1
H NMR (400MHz, CDCl3) δ 6.18 (s, 1H), 3.30 (d, J = 11.3 Hz, 1H), 3.29 (d, J = 11.6 Hz, 

1H), 2.69 (d, J = 8.2 Hz, 1H), 1.95-1.83 (m, 2H), 1.73-1.59 (m, 2H), 1.39 (s, 3H), 1.34 (s, 

3H), 1.12 (s, 3H), 0.88 (s, 9H), 0.11 (s, 9H), 0.027 (s, 6H)   

13
C NMR (100 MHz, CDCl3) δ 156.5, 101.8, 78.2, 77.3, 71.7, 57.2, 49.6, 36.9, 30.5, 30.4, 

26.8, 25.9, 24.1, 18.3, 2.7, -5.3, -5.4  

IR (neat, cm
-1

):  1612, 1250, 1106, 1030, 837   

HRMS: (ESI+) calcd. for C20H41BrO2Si2Na
+
 [M+Na

+
]: 471.1741. Found 471.1726 

[M+Na].   
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2-((1R,3R,E)-2-(bromomethylene)-3-(hydroxymethyl)-3-methylcyclopentyl)propan-2-ol. 

Vinyl bromide 75 (1.0 g, 2.24 mmol, 1.0 equiv.) was dissolved in THF (22 mL) at 23 °C and TBAF 

(1.0M solution in THF, 5.56 mL, 2.5 equiv.) was added in a single portion. The reaction stirred for 18 

h then with diluted saturated aqueous ammonium chloride solution (30 mL). The mixture was 

extracted with ethyl acetate (2 x 30 mL) and the combined organic layers were washed with brine 

(100 mL), dried over Na2SO4, and concentrated under vacuum. The crude material was purified by 

silica gel chromatography with 9 : 1 hexanes : ethyl acetate to 4 : 1 hexanes : ethyl acetate to provide 

the diol as a viscous, clear yellow oil (0.574 g, 98%).  

Rf = 0.31 (1 : 1 hexanes : ethyl acetate)  

1
H NMR (400MHz, CDCl3) δ 6.22 (s, 1H), 3.45 (d, J = 10.9 Hz, 1H), 3.37 (d, J = 10.9 Hz, 

1H), 2.93 (d, J = 6.1 Hz, 1H), 1.89-1.77 (m, 4H), 1.38 (s, 3H), 1.28 (s, 3H), 1.19 (s, 3H);  

13
C NMR (100 MHz, CDCl3) δ 102.4, 75.1, 71.67, 55.92, 49.95, 36.8, 30.0, 28.9, 27.1, 23.7  

IR (neat, cm
-1

) 3370, 1611, 1037, 949  

HRMS: (ESI+) calcd. for C11H19BrO2Na
+
 [M+Na

+
]:

 
285.0441. Found 285.0463 [M+Na].    
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(1S,3R,E)-2-(bromomethylene)-3-(2-hydroxypropan-2-yl)-1-methylcyclopentanecarbaldehyde 

(77). The diol (0.480 g, 1.82 mmol, 1.0 equiv.) was dissolved in methylene chloride (20 mL) and 

cooled to 0 °C. Solid sodium bicarbonate (0.460 g, 5.47 mmol, 3.0 equiv.) was added followed by 

Dess-Martin periodinane (0.851 g, 2.00 mmol, 1.1 equiv.) in portions over 30 minutes. After an 

additional 30 minutes the excess periodinane was quenched by addition of saturated aqueous sodium 

thiosulfate solution (20 mL) followed by 10 minutes of vigorous stirring. The mixture was extracted 

with methylene chloride (2 x 20 mL) and the combined organic extracts were washed with brine (50 

mL), dried over Na2SO4, and concentrated under vacuum. The crude material was purified by silica 

gel chromatography with 20 : 1 hexanes : ethyl acetate to 10 : 1 hexanes : ethyl acetate to provide 77 

as a viscous, clear yellow oil (0.438 g, 92%).  

Rf = 0.44 (1:1 hexanes : ethyl acetate)   

1
H NMR (400MHz, CDCl3) δ 9.29 (s, 1H), 6.11 (s, 1H), 2.92 (d, J = 7.8 Hz, 1H), 2.17-2.12 

(m, 1H), 2.06-1.97 (m, 2H), 1.81-1.77 (m, 1H), 1.39 (s, 3H), 1.31 (s, 3H), 1.30 (s, 3H)  

13
C NMR (100 MHz, CDCl3) δ 198.8, 151.2, 105.8, 74.7, 58.7, 55.0, 34.6, 30.5, 29.4, 27.6, 

20.7  

IR (neat, cm
-1

): 3481, 1722, 1684, 1094.  

HRMS (CI+) calcd. for C11H15BrO [M-OH]
+ 

243.0385. Found 243.0388.  
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(E)-1-((1S,3R,E)-2-(bromomethylene)-3-(2-hydroxypropan-2-yl)-1-methylcyclopentyl)-6-((tert-

butyldimethylsilyl)oxy)hex-1-en-3-one (20).The ketophosphonate 78
50

 (0.560 g, 1.72 mmol, 1.5 

equiv.) was dissolved in toluene (10.0 mL) and LiHMDS (1.72 mL, 1.0 M solution in toluene, 1.5 

equiv.) was added. After stirring for 20 minutes aldehyde 77 (0.300 g, 1.14 mmol, 1.0 equiv.) was 

added at 23 °C as a solution in toluene (1.0 mL). The reaction was placed in a 100 °C oil bath for 18h. 

After cooling the reaction was diluted with saturated aqueous ammonium chloride solution (20 mL) 

and extracted with ethyl acetate (2 x 20 mL). The combined organic extracts were washed with brine 

(50 mL), dried over Na2SO4, and concentrated under vacuum. The crude material was purified by 

silica gel chromatography with 20 : 1 hexanes : ethyl acetate to 10 : 1 hexanes : ethyl acetate to 

provide 79 as a viscous, clear yellow oil. (0.759 g, 77%).  

Rf = 0.47 (4:1 hexanes : ethyl acetate)  

1
H NMR (400MHz, CDCl3) δ 6.79 (d, J = 16.0 Hz, 1H), 6.07 (d, J = 15.7 Hz, 1H), 6.00 (s, 

1H), 3.63 (t, J = 6.2 Hz, 2H), 2.91 (d, J = 7.8 Hz, 1H), 2.63 (t, J  = 7.1 Hz, 1H), 2.04-1.75 (m, 

6H), 1.61 (s, 1H), 1.38 (s, 3H), 1.38 (s, 3H), 1.30 (s, 3H), 0.88 (s, 9H), 0.03 (s, 6H)  

13
C NMR (100 MHz, CDCl3) δ 200.8, 155.4, 153.7, 124.7, 105.8, 74.6, 62.2, 55.0, 50.5, 39.9, 

37.0, 30.6, 29.3, 27.5, 27.0, 26.0, 24.1, 18.3, -5.2  

IR (neat, cm
-1

): 3488, 1666, 1617, 1256, 1099, 835.  

HRMS (ESI+) calcd. for C22H40BrO3Si [M
+
]

 
459.1946. Found 459.1928. 
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(E)-1-((1S,3R,E)-2-(bromomethylene)-3-(2-hydroxypropan-2-yl)-1-methylcyclopentyl)-6-((tert-

butyldimethylsilyl)oxy)hex-1-en-3-one compound with 1-((1S,3R,E)-2-(bromomethylene)-3-(2-

hydroxypropan-2-yl)-1-methylcyclopentyl)-6-((tert-butyldimethylsilyl)oxy)hexan-3-one Solid 

Cu(OAc)2·H2O (4.34 mg, 5 mol%) and 1,2-bisdiphenylphosphino benzene (9.72 mg, 5 mol%) were 

combined in a flask equipped with a septa and the flask evacuated and backfilled with argon three 

times, then the solids were suspended in toluene (2 mL) at 23 °C.
 
t-butanol (0.062 mL, 0.653 mmol, 

1.5 equiv.) was added to the heterogeneous mixture and allowed to stir until a faint blue color 

persisted. Neat polymethylhydrosiloxane (0.041 mL, .653 mmol, 1.5 equiv.) was added and the 

reaction stirred until turning bright yellow. At this point the reaction became homogeneous. Enone 79 

(0.200 g, 0.435 mmol, 1.0 eq) was added as a solution in toluene (2 mL) and the reaction was allowed 

to stir for 18h. After concentration under reduced pressure the crude material was purified by silica 

gel chromatography with 9 : 1 hexanes : ethyl acetate to provide the desired ketone as a clear pale 

yellow oil (0.128 g, 64%).  

Rf = 0.52 (4:1 hexanes : ethyl acetate)   

1
H NMR (400MHz, CDCl3) δ 6.1 (s, 1H), 3.61 (t, J = 6.1 Hz, 2H), 2.90 (d, J = 7.8 Hz, 1H), 

2.48 (t, J = 7.5 Hz, 2H), 2.44-2.28 (m, 2H), 1.86-1.56 (m, 10H), 1.37 (s, 3H), 1.27 (s, 3H), 

1.17 (s, 3H), 0.88 (s, 9H), 0.03 (s, 6H) 

13
C NMR (100 MHz, CDCl3) δ 210.9, 157.2, 102.8, 74.9, 62.2, 55.6, 47.5, 39.2, 39.0, 38.1, 

37.7, 30.4, 29.1, 27.8, 27.1, 26.9, 26.0, 18.4, -5.2  

IR (neat, cm
-1

): 3480, 1713, 1257, 1096, 836.  

HRMS (ESI+) calcd. for C22H42BrO3Si [M+H]
 
461.20811. Found 461.2083. 
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2-((1R,3S,E)-2-(bromomethylene)-3-(6-((tert-butyldimethylsilyl)oxy)-3-methylenehexyl)-3-

methylcyclopentyl)propan-2-ol (80).Solid methyltriphenylphosphonium bromide (0.495 g, 1.38 

mmol, 5.0 equiv.) was suspended in THF (2.0 mL) at 23 °C and n-butyllithium (0.755 mL, 1.8 M 

solution in hexanes, 4.9 equiv.) was added. A color change to bright red was observed and the 

reaction became homogeneous over 20 minutes. To this clear red/yellow solution the ketone (0.128 g, 

0.277 mmol, 1.0 equiv.) in THF (1 mL) was added dropwise. During addition the reaction became 

opaque. After stirring for 12h excess anion was quenched by careful addition of saturated aqueous 

ammonium chloride solution (10 mL) and was extracted with ethyl acetate (3 x 10 mL). The 

combined organics were washed with brine (20 mL), dried over Na2SO4, and concentrated under 

vacuum. The crude material was purified by silica gel chromatography with 10 : 1 hexanes : ethyl 

acetate to provide 80 as a clear yellow oil (0.092 g, 72%).  

Rf = 0.78 (4:1 hexanes : ethyl acetate)   

1
H NMR (400MHz, CDCl3) δ 6.10 (s, 1H), 4.70 (s, 2H), 3.60 (t, J = 6.5 Hz, 2H) 2.91 (d, J = 

7.8 Hz, 1H), 2.07-1.50 (m, 12H), 1.37 (s, 3H), 1.27 (s, 3H), 1.18 (s, 3H), 0.89 (s, 9H), 0.05 (s, 

6H)  

13
C NMR (100 MHz, CDCl3) δ 157.8, 149.8, 108.8, 102.4, 75.0, 62.9, 55.7, 48.1, 43.1, 38.1, 

32.4, 31.7, 31.0, 30.4, 28.9, 27.8, 27.2, 26.0, 18.4, -5.1;  

IR (neat, cm
-1

): 3472, 1644, 1613, 1256, 1101, 835  

HRMS (ESI+) calcd. for C23H43BrO2SiNa [M+Na
+
]

 
481.2110. Found 481.2109. 
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6-((1S,3R,E)-2-(bromomethylene)-3-(2-hydroxypropan-2-yl)-1-methylcyclopentyl)-4-

methylenehexan-1-ol. Vinyl bromide 80 (15 mg, 0.033 mmol, 1.0 equiv.) was dissolved in THF 

(0.500 mL) at 23 °C and TBAF solution (1.0M solution in THF, 0.050 mL, 1.5 equiv.) was added. 

The reaction was stirred for 2h and diluted with 1 M pH 7 phosphate buffer (10 mL). The solution 

was extracted with ethyl acetate (2 x 5 mL) and the combined organics were washed with brine (10 

mL), dried over Na2SO4, and concentrated under vacuum. The crude material was purified by silica 

gel chromatography with 9 : 1 hexanes : ethyl acetate to 4 : 1 hexanes : ethyl acetate to provide the 

diol as a viscous, clear yellow oil (10 mg, 89%).  

Rf = 0.42 (1:1 hexanes : ethyl acetate)  

1
H NMR (400MHz, CDCl3). δ 6.1 (s, 1H), 4.73, (s, 2H), 3.66 (t, J = 6.5 Hz, 2H), 2.91 (d, J = 

6.8 Hz, 1H), 2.11-1.91 (m, 4H), 1.84-1.66 (m, 6H), 1.58-1.48 (m, 2H), 1.37 (s, 3H), 1.27 (s, 

3H), 1.18 (s, 3H)  

13
C NMR (100 MHz, CDCl3) δ 157.7, 149.6, 109.0, 102.3, 74.9, 62.7, 55.6 48.0, 43.0, 38.1, 

32.4, 31.5, 30.7, 30.3, 28.9. 27.8, 27.1.  

IR (neat, cm
-1

): 3393, 1643, 1613, 1383, 1057.  

HRMS (ESI+) calcd. for C17H29BrO2Na [M+Na
+
]

 
367.1250. Found 367.1246. 
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6-((1S,3R,E)-2-(bromomethylene)-3-(2-hydroxypropan-2-yl)-1-methylcyclopentyl)-4-

methylenehexanal (59). The diol (10 mg, 0.029 mmol, 1.0 equiv.) was dissolved in methylene 

chloride (0.500 mL) and the flask was placed in a 0 °C bath. Solid sodium bicarbonate (7 mg, 0.087 

mmol, 3.0 equiv.) was then added. Dess-Martin periodinane (14 mg, 0.032 mmol, 1.1 equiv.) was 

added as a solid in a single portion. After 30 minutes of stirring excess periodinane was quenched by 

addition of saturated aqueous sodium thiosulfate solution (2 mL) followed by 10 minutes of vigorous 

stirring. The reaction was extracted with methylene chloride (2 x 5 mL) and the combined organic 

extractes were washed with brine (15 mL), dried over Na2SO4, and concentrated under vacuum. The 

crude material was purified by silica gel chromatography with 9 : 1 hexanes : ethyl acetate to 4 : 1 

hexanes : ethyl acetate to provide 59 as a viscous, clear yellow oil (8.6 mg, 60%).  

Rf = 0.69 (1:1 hexanes : ethyl acetate)  

1
H NMR (400MHz, CDCl3) δ 9.78 (t, J = 1.3 Hz, 1H), 6.10 (s, 1H), 4.78 (s, 1H), 4.69 (s, 

1H), 2.91 (d, J = 7.8 Hz, 1H), 2.57 (dt, J = 7.5, 1.3 Hz, 2H), 2.34 (t, J = 7.5 Hz, 2H), 2.01-

1.67 (m, 6H), 1.56-1.52 (m, 2H), 1.37 (s, 3H), 1.27 (s, 3H), 1.18 (s, 3H)  

13
C NMR (100 MHz, CDCl3) δ 202.0, 157.6, 147.9, 109.4, 102.3, 74.8, 55.62, 47.96, 42.9, 

41.8, 38.1, 31.9, 30.3, 28.9, 28.2, 27.8, 27.1  

IR (neat, cm
-1

): 3433, 1721, 1643, 1266, 1094  

HRMS (ESI+) calcd. for C17H27BrO2Na
+
 [M+Na]

+ 
366.1128. Found 366.1121.  
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(2E,4E)-methyl 4-((2S,5R)-2-(6-((tert-butyldimethylsilyl)oxy)-3-methylenehexyl)-5-(2-

hydroxypropan-2-yl)-2-methylcyclopentylidene)but-2-enoate (81). To a solution of the vinyl 

bromide 80 (0.120 g, 0.263 mmol, 1.0 eq) in DMF (2.0 mL) triphenylphosphine (14 mg, 0.052 mmol, 

0.2 equiv.), tetrabutylammonium bromide (84 mg, 0.263 mmol, 1.0 equiv.), methyl acrylate (0.237 

mL, 2.61 mmol, 10.0 equiv.), and triethylamine (0.294 mL, 2.08 mmol, 8.0 equiv.) were added. The 

reaction was sparged with argon and stirred for 20 minutes. Solid palladium acetate (12 mg, 0.052 

mmol, 0.20 equiv.) was added and the reaction was sparged with argon again and the flask was placed 

in an oil bath heated to 100 °C for 16h. The reaction was cooled and diluted with water (10 mL) then 

extracted with ethyl acetate (10 mL). The combined organic layers were washed with brine (4 x 15 

mL), dried over Na2SO4, and concentrated under vacuum. The crude material was purified by silica 

gel chromatography with 20 : 1 hexanes : ethyl acetate to 4 : 1 hexanes : ethyl acetate to provide 81 as 

a clear yellow oil (74 mg, 61%).  

Rf = 0.28 (4:1 hexanes : ethyl acetate)  

1
H NMR (400MHz, CDCl3) δ 7.69 (dd, J = 15.0, 11.2 Hz, 1H), 6.19 (d, J = 11.2 Hz, 1H), 

5.79 (d, J = 15.0, 1H), 4.68 (s, 2H), 3.72 (s, 3H), 3.59 (t, J = 6.5 Hz, 2H), 3.05 (t, J = 4.4 Hz, 

1H), 2.04-1.91 (m, 3H), 1.84-1.76 (m, 3H), 1.69-1.57 (m, 4H), 1.51-1.46 (m, 2H), 1.29 (s, 

3H), 1.19 (s, 3H), 1.16 (s, 3H), 0.89 (s, 9H), 0.04 (s, 6H)  

13
C NMR (100 MHz, CDCl3) δ 168.0, 166.1, 149.8, 144.1, 122.9, 118.7, 108.7, 77.3, 74.2, 

62.8, 54.1, 51.5, 46.9, 43.0, 36.8, 32.4, 31.7, 31.0, 30.1, 28.5, 27.4, 26.8, 26.0, 18.4, -5.1  

IR (neat, cm
-1

): 3468, 1719, 1705, 1629, 1604, 1100, 835.  

HRMS (ESI) calcd. for C27H48O4Si [M+Na
+
]

 
487.32141. Found 487.3214. 
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(2E,4E)-methyl 4-((2S,5R)-2-(6-hydroxy-3-methylenehexyl)-5-(2-hydroxypropan-2-yl)-2-

methylcyclopentylidene)but-2-enoate. To a solution of the TBS-ether 81 (40 mg, 0.086 mmol, 1.0 

equiv.) in THF (1.0 mL) at 23 °C was slowly added neat HF·pyr (70%HF, 0.039 mL, 0.430 mmol, 5.0 

equiv.) and the resulting cloudy solution was stirred for 8h. Saturated aqueous sodium bicarbonate 

solution (3 ml) was carefully added to the reaction.  The resulting mixture was then extracted with 

ethyl acetate (3 x 5 mL). The organic layers were washed with brine (15 mL), dried over Na2SO4, and 

concentrated under vacuum. The crude material was purified by silica gel chromatography with 4 : 1 

hexanes : ethyl acetate to 1 : 1 hexanes : ethyl acetate to provide the diol as a pale yellow oil (29 mg, 

98%).  

Rf = 0.25 (1:1 hexanes : ethyl acetate)  

1
H NMR (400MHz, CDCl3) δ 7.69 (dd, J = 15.0, 11.2, 1H), 6.19 (d, J = 11.2 Hz, 1H), 5.80 

(d, J = 15.0 Hz, 1H), 4.71 (s, 2H), 3.72 (s, 3H), 3.64 (t, J =  6.5 Hz, 2H), 3.05 (t, J = 4.1 Hz, 

1H), 2.09-1.96 (m, 3H), 1.89-1.76 (m, 3H), 1.71-1.64 (m, 4H), 1.51-1.45 (m, 2H), 1.29 (s, 

3H), 1.18 (s, 3H), 1.16 (s, 3H)  

13
C NMR (100 MHz, CDCl3) δ 168.0, 166.0, 149.6, 144.0, 122.8, 118.6, 109.0, 74.1, 62.7, 

54.0, 51.4, 46.8, 42.9, 36.8, 32.4, 31.5, 30.6, 30.0, 28.4, 27.4, 26.7  

IR (neat, cm
-1

): 3420, 1717, 1700, 1628, 1275, 1145  

HRMS (ESI+) calcd. for C21H34O4Na
+
 [M+Na

+
]

 
373.2349. Found 373.2349 
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(2E,4E)-methyl4-((2S,5R)-5-(2-hydroxypropan-2-yl)-2-methyl-2-(3-methylene-6-

oxohexyl)cyclopentylidene)but-2-enoate (61). To a solution of the diol (15 mg, 0.043 mmol, 1.0 

equiv.) in methylene chloride (0.500 mL) at 23 °C was added solid sodium bicarbonate (14 mg, 0.171 

mmol, 4.0 equiv.) in a single portion. Solid Dess-Martin periodinane (20 mg, 0.047mmol, 1.1 equiv.) 

was added in small portions over 20 minutes. After 10 minutes the reaction was diluted with saturated 

aqueous sodium thiosulfate solution (5 mL) followed by 10 minutes of vigorous stirring. The reaction 

was extracted with methylene chloride (3 x 5 mL) and the combined organic extracts were washed 

with brine (15 mL), dried over Na2SO4, and concentrated under vacuum. The crude material was 

purified by silica gel chromatography with 9 : 1 hexanes : ethyl acetate to 4 : 1 hexanes : ethyl acetate 

to provide 61 as a viscous, clear yellow oil (12 mg, 83%).  

Rf = 0.38 (1:1 hexanes : ethyl acetate)  

1
H NMR (400MHz, CDCl3) δ 9.76 (t, J = 1.7 Hz, 1H), 7.69 (dd, J = 15.0, 11.2 Hz, 1H), 6.19 

(d, J = 11.2 Hz, 1H), 5.80 (d, J = 15.0 Hz, 1H), 4.75 (s, 1H), 4.67 (s, 1H), 3.72 (s, 3H), 3.05 

(m, 1H), 2.55 (dt, J = 7.5, 1.7 Hz, 2H ), 2.32 (t, J = 7.5 Hz, 2H), 2.04-1.96 (m, 1H), 1.89-1.83 

(m, 1H), 1.81-1.75 (m, 1H), 1.70-1.66 (m, 1H), 1.52-1.48(m, 4H); 1.29 (s, 3H), 1.19 (s, 3H), 

1.17 (s, 3H)  

13
C NMR (100 MHz, CDCl3) δ 202.0, 167.9, 165.8, 147.9, 143.9, 122.8, 118.7, 109.4, 74.2, 

54.0, 51.4, 46.7, 42.8, 41.8, 36.8, 31.9, 30.0, 28.4, 28.1, 27.3, 26.7  

IR (neat, cm
-1

): 3489, 1717, 1629, 1604, 1274, 1143  

HRMS (CI+) calcd. for C21H32O4 [M+H]
 
349.2379. Found 349.2373. 
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2-((1R,3R,E)-2-(bromomethylene)-3-(((tert-butyldimethylsilyl)oxy)methyl)-3-

methylcyclopentyl)propan-2-ol (93). The vinyl silane 73 (0.750 g, 1.73 mmol, 1.0 eq) was 

dissolved in hexanesafluoroisopropanol (6 mL) and neat 2,6-lutidine (1.73 mmol, .200 mL, 

1.0 eq) was added in a single portion. To this solution solid N-bromoosuccinimide (0.617 g, 

3.47 mmol, 2.0 eq) was added in a single portion. The reaction immediately took on an 

orange color. After stirring for 15 minutes TLC (1 : 1 hexane : CH2Cl2) indicated 

consumption of the starting material. Saturated aqueous sodium thiosulfate solution (25 mL) 

and CH2Cl2 (50 mL) were added and the reaction stirred vigorously for 20 minutes to quench 

the remaining N-bromosuccinimide. The layers were then separated and the aqueous was 

then extracted with CH2Cl2 (2 x 50 mL). The combined organic layers were washed with 

brine (150 mL), dried over sodium sulfate, then filtered and concentrated under vacuum. The 

crude material was purified by silica gel chromatography with hexanes to 10% ethyl acetate : 

hexanes providing 0.556 g (88%) of 93 as a yellow oil.  

Rf = 0.25 (9 : 1 hexanes : ethyl acetate)  

1
H NMR (400MHz, CDCl3) δ 6.23 (s, 1H), 3.29 (dd, J = 19.1, 9.2 Hz, 2H), 2.90 (m, 

1H), 1.82-1.69 (m, 4H), 1.36 (s, 3H), 1.25 (s, 3H), 1.15 (s, 3H), 0.88 (s, 9H), 0.02 

(two signals) (s, 3H) (s, 3H)  
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13
C NMR (100 MHz, CDCl3) δ 155.3, 102.4, 75.2, 71.5, 56.0, 49.9, 36.6, 30.4, 28.6, 

27.0, 25.8, 23.8, 18.1, -5.5, -5.6  

IR (neat, cm
-1

) 3469, 1611, 1384, 896  

HRMS (ESI+) calcd. for [C17H33BrO2SiNa
+
]: 400.13514. Found  400.13480 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 57 

 

(2E,4E)-methyl-4-((2R,5R)-2-(((tert-butyldimethylsilyl)oxy)methyl)-5-(2-

hydroxypropan-2-yl)-2-methylcyclopentylidene)but-2-enoate (94). To a solution of the 

vinyl bromide 93 (0.100 g, 0.265 mmol, 1.0 eq) in DMF (2.5 mL) triphenylphosphine (14 

mg, 0.052 mmol, 0.2 equiv.), tetrabutylammonium bromide (171 mg, 0.530 mmol, 2.0 

equiv.), methyl acrylate (0.240 mL, 2.65 mmol, 10.0 equiv.), and triethylamine (0.372 mL, 

2.65 mmol, 10.0 equiv.) were added. The reaction was sparged with argon and stirred for 20 

minutes. Solid palladium acetate (12 mg, 0.053 mmol, 0.20 equiv.) was added and the 

reaction was sparged with argon again and the flask was placed in an oil bath heated to 100 

°C for 16h. The reaction was cooled and diluted with water (10 mL) then extracted with ethyl 

acetate (10 mL). The combined organic layers were washed with brine (4 x 15 mL), dried 

over Na2SO4, and concentrated under vacuum. The crude material was purified by silica gel 

chromatography with 20 : 1 hexanes : ethyl acetate to 4 : 1 hexanes : ethyl acetate to provide 

94 as a clear yellow oil (61 mg, 61%).  

Rf = 0.35 (4 : 1 hexanes : ethyl acetate)  

1
H NMR (400MHz, CDCl3) δ 7.64 (dd, J = 15.3, 11.6 Hz, 1H), 6.22 (d, J = 12.6 Hz, 

1H), 5.77 (d, J = 15.4 Hz, 1H), 3.72 (s, 3H), 3.28 (d, J = 9.2 Hz, 1H), 3.21 (d, J = 9.2 

Hz, 1H), 3.03 (d, J = 7.5 Hz, 1H), 1.88-1.70 (m, 3H), 1.62-1.58 (m, 1H), 1.29 (s, 3H), 

1.17 (s, 3H), 1.13 (s, 3H), 0.86 (s, 9H), 0.00 (s, 3H), -0.01 (s, 3H)  
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13
C NMR (100 MHz, CDCl3) δ 167.9, 163.1, 143.8, 123.2, 118.8, 74.2, 71.5, 54.3, 

51.4, 49.0, 35.2, 29.8, 28.3, 27.1, 25.8, 23.0, 18.2, -5.5 (two signals).  

IR (neat, cm
-1

) 3458, 1720, 1630, 1606, 1273, 835  

HRMS (ESI+) calcd. for [C21H38O4SiNa
+
]: 405.24316. Found: 405.24336 
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(E)-methyl-4-((2R,5R)-2-(((tert-butyldimethylsilyl)oxy)methyl)-5-(2-hydroxypropan-2-

yl)-2-methylcyclopentylidene)butanoate (95). Solid Cu(OAc)2·H2O (3.18 mg, 10 mol%) 

and 1,2-bisdiphenylphosphino benzene (7.12 mg, 5 mol%) were combined in a flask 

equipped with a septa and the flask evacuated and backfilled with argon three times, then the 

solids were suspended in toluene (1 mL) at 23 °C.
 
t-butanol (0.076 mL, 0.79 mmol, 5 equiv.) 

was added to the heterogeneous mixture and allowed to stir until a faint blue color persisted. 

Neat polymethylhydrosiloxane (0.050 mL, 0.79 mmol, 5 equiv.) was added and the reaction 

stirred until turning bright yellow. At this point the reaction became homogeneous. Enone 94 

(0.200 g, 0.435 mmol, 1.0 eq) was added as a solution in toluene (1 mL) and the reaction was 

allowed to stir for 6h. The reaction was quenched by the addition of saturated aqueous 

ammonium chloride solution and stirred vigorously for  20 minutes. The layers were then 

separated and the aqueous layer was extracted with ethyl acetate (2 x 10 mL). The combined 

organics were washed with brine, dried over sodium sulfate, and concentrated under vacuum. 

The resulting oil was purified by silica gel chromatography with 9 : 1 hexanes : ethyl acetate 

to provide the desired ketone 95 as a clear pale yellow oil.  

Rf = 0.37 (4 : 1 hexanes : ethyl acetate)  

1
H NMR (400MHz, CDCl3) δ 5.27 (t, J = 6.1 Hz, 1H), 3.65 (s, 3H), 3.17 (d, J = 9.2 

Hz, 1H), 3.07 (d, J = 9.2 Hz, 1H), 2.82 (d, J = 7.8 Hz, 1H), 2.58-2.37 (m, 2H), 2.37-
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2.31 (m, 2H), 1.91 (s, 1H), 1.85-1.80 (m, 1H), 1.75-1.58 (m, 2H), 1.50-1.42 (m, 1H), 

1.26 (s, 3H), 1.14 (s, 3H), 1.07 (s, 3H), 0.87 (s, 9H), 0.01 (s, 3H), 0.00 (s, 3H)  

 13
C NMR (100 MHz, CDCl3) δ 173.8, 150.2, 124.1, 74.4, 71.6, 53.4, 51.5, 47.6, 34.8, 

34.2, 29.5, 27.9, 27.2, 26.4, 25.8, 23.6, 18.2, -5.4, -5.5  

IR (neat, cm
-1

) 3465, 1741, 1087  

HRMS (ESI+) calcd. for [C21H40O4SiNa
+
] : 407.25881. Found 407.25882  
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Chapter 4 – The Intramolecular Knoevenagel 

Retrosynthetic Analysis 

In an effort to utilize the rapid and stereoselective synthesis of the cyclopentane ring 

work focused on alternative reactivity at the vinyl position bearing the silane. While efforts 

to install two carbons at this position as an acrylate were unsuccessful, appending a single 

carbon would provide alternative reaction pathways to close the macrocycle of stolonidiol. If 

a carbonylation could serve as an entry into an unsaturated aldehyde then a corresponding 

pendent acetoacetate moiety could also be positioned as a partner for an intramolecular 

Knoevenagel condensation 97 (Figure 4.1). The acetoacetate would be introduced by means 

of the Horner-Wadsworth-Emmons olefination as before with ketophosphonate 99 which 

would allow access from our existing vinyl silane 100.  

   

Figure 4.1. Retrosynthetic analysis of intramolecular-Knoevenagel condensation route. 
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Forward Synthesis 

Starting from vinyl silane 73, protection of the tertiary alcohol using chloromethyl 

methyl ether (2 equiv) and N,N-diisopropylethylamine (3 equiv.) occurred as expected. 

Silicon-iodine exchange proceeded rapidly in hexafluoroisopropanol (0.33 M) with 2,6-

lutidine (1.0 equiv.) and N-iodosuccinimide (1.2 equiv.) giving rise to 101 in 88% yield over 

two steps.
56

 The switch to the vinyl iodide was necessary here as the corresponding bromide 

proved sub-optimal. Carbonylation of the vinyl iodide, however, was accomplished using 

[1,1′-bis(diphenylphosphino)ferrocene] dichloropalladium(II) (0.15 equiv.) in methanol 

heated to 60 °C with triethylamine (10 equiv.) under 1 atm of carbon monoxide. The 

subsequent reduction of the ester 102 to the allylic alcohol was affected using 

diisobutylaluminum-hydride (1 M solution in hexane, 2.0 equiv.) at 0 °C in 

methylenechloride. Oxidation with Dess-Martin periodinane (1.25 equiv.) buffered with 

sodium bicarbonate (3.0 equiv.) in methylene chloride followed to give the unsaturated 

aldehyde 103. Upon treatment with methylacetoacetate ( 2.0 equiv.) and piperidine (4.0 

equiv.) in ethanol at 23 °C for 1h a 1 : 1 mixture of olefin isomers were formed. The result 

prompted the synthesis of the intramolecular precursor 97. 

 

Scheme 4.1. The synthesis and reactivity of the Knoevenagel model substrate.   

 

 



 63 

The synthesis of the Knoevenagel precursor began as before from vinyl silane 73 with 

protection of the tertiary alcohol as the MOM-ether. The aldehyde was then furnished though 

deprotection of the silyl ether with tetra-n-butylammonium fluoride (1.5 equiv) in 

tetrahydrofuran to generate the neopentyl alcohol which was oxidized using Swern 

conditions to provide aldehyde 106.
57

 Unfortunately the ketophosphonate
58

 99 was 

completely unreactive with the aldehyde 106 while using lithium bis(trimethylsilyl)amide 

(LiHMDS) at 100 °C in toluene for 18h. The result was surprising as the same reaction 

proceeded cleanly with pivaldehyde at 23 °C with LiHMDS in toluene.  

Scheme 4.2.  Failed reaction of dioxanone-ketophosphonate with 99.  

 

 

 After examining several approaches to install the acetoacetate, a route was found to 

attach the fragment. The synthesis was initiated by appending the MOM-ether on the tertiary 

alcohol followed by silicon-iodine exchange providing 101 (Scheme 4.3). Deprotection of 

the silyl ether with tetra-n-butylammonium fluoride (1.5 equiv) in tetrahydrofuran generated 

the neopentyl alcohol that was oxidized furnishing aldehyde 108.
57

 The anion of 

ketophosphonate 109
59

  (1.5 equiv.) was formed using LiHMDS (1.5 equiv), and following 

addition of aldehyde 108, the toluene solution was heated in 100 °C oil bath to for 12 hours 

to form enone 110 in 78% yield on the 10 g scale.  Carbonylation of the vinyl iodide was 

accomplished using [1,1′-bis(diphenylphosphino)ferrocene] dichloropalladium(II) (15 mol 

%) in methanol heated to 60 °C with triethylamine (10 equiv) under 1 atm of carbon 

monoxide.  The copper hydride mediated 1,4-reduction used previously proved non-selective 
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on diene 111 with concomitant reduction of the ketone. The enone was therefore 

hydrogenated with 10% palladium on carbon with 1 atm of hydrogen over 2 h in ethanol (0.1 

M) at 23 °C to provide the corrsponding ketone that was methylenated in the next step, 

affording allylic silylether 112 (Scheme 4.4). 

 

Scheme 4.3. Installation of the enone and enoate. 

 

 

       The ester of 112 was reduced to the corresponding allylic alcohol using 

diisobutylaluminum hydride (2.0 equiv.) in diethyl ether (0.1 M) at 0 °C. This allylic alcohol 

was silylated using triisopropylsilyl trifluoromethanesulfonate (1.2 equiv) and 2,6-lutidine (2 

equiv) in methylenechloride at 0 °C to form the bis-silyl ether 113 as a clear colorless oil. 

Among many fluoride-based and acidic conditions screened to selectively remove the tert-

butyldimethylsilyl ether, it was found that stirring in 1:1 glacial acetic acid and 

tetrahydrofuran with 5% water at 50 °C succeeded in providing the desired allylic alcohol in 

modest yield. The alcohol was converted to the iodide through a two-step sequence by 

treatment with methanesulfonyl chloride (1.5 equiv.) and triethylamine (2.5 equiv.) for 15 

minutes in methylene chloride. Diluting the reaction with pentane gave the mesylate as a 

clear oil after filtration and concentration.  The residue was dissolved in tetrahydrofuran with 

10 equivalents of solid sodium iodide and allowed to stir for 1h until the mesylate was 
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consumed as indicated by TLC. After dilution with pentane the reaction was filtered and 

concentrated to give iodide 114 as a yellow oil used directly in the next step. 

 

Scheme 4.4. Installation of the acetoacetate and unsaturated aldehyde.  

 

 Alkylation with excess lithiated dioxanone (prepared in tetrahydrofuran at 0 °C from 

2-2-6-trimethyl-4h-1-3-dioxin-4-one and an equimolar amount of lithium-diisopropyl amide) 

with warming from 0 to 23 °C over 2h provided 115 in an unoptimized 43% yield. The 

corresponding allylic bromide was inert to the same alkylation conditions. Thermolysis of the 

alkylation product 115 in a 1:1 mixture of methanol and toluene (0.1 M) at 100 °C for 10h in 

a sealed vessel led to the β-ketoester product in 90% yield.   
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 Tetrabutylammonium fluoride (1.5 eq) in tetrahydrofuran was used to remove the 

triisopropylsilyl ether and liberate the allylic alcohol. Oxidation of the allylic alcohol with 

Dess-Martin periodinane (1.2 equiv) in methylene chloride at 23 °C provided the unsaturated 

aldehyde 116 in 89% yield.  With the aldehyde and β-ketoester functionality installed, the 

molecule was stirred in ethanol (0.005 M) with piperidine (1 equiv.) (Scheme 4.5). This 

reaction disappointingly failed to successfully generate the desired Knoevenagel product 96. 

The use of tertiary amines, sodium acetate, or amino acids for the condensation also 

generated none of the desired product. 

Scheme 4.5. Attempted intramolecular Knoevenagel condensation.  

 

The structure of the material isolated from the failed cyclization event has not, as of 

yet, been fully elucidated. Analysis of the 
1
H-NMR spectrum  suggests that the acetoacetate 

remains intact, as does the 1,1’-olefin on the aliphatic chain; however the aldehyde and 

methyl of the MOM-ether have been consumed in the reaction.   
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Conclusion 

 The total synthesis of stolonidiol remains incomplete. In the course of accessing the 

molecule through the enyne-Suzuki approach, a linear precursor could not be realized due to 

an incompatibility in joining the requisite segments. Instead, an enantioselective synthesis of 

the functionalized cyclopentane ring of stolonidiol 72 was achieved in six steps from 

geraniol, and was reproducible on 15g scale. A variety of approaches were investigated to 

furnish the macrocycle employing acrylate as a lynchpin to close the ring. Using 80 as a 

common intermediate toward 59 for a nickel-mediated conjugate addition/aldol strategy, and 

61 as a structure bearing all the carbons of the skeleton for a reductive aldol process. All 

attempts to close the ring in such a fashion were unsuccessful. Having to reconsider the 

acrylate approach, an intramolecular Knoevenagel route was studied. While the complete 

carbon structure of the molecule was assembled with the appropriate condensation partners 

installed (116), the reaction failed to proceed as designed.  

 Noteworthy reactions developed during this work that the synthetic community 

should find interesting are as follows: a substrate-directed borylative enyne cyclization of 

1,6-homopropargyl enynes providing the cis-diol selectively. Borontrifluoride diethyl 

etherate was shown to efficiently promote ring closure in the silyl-cupration of epoxy-alkyne 

71 increasing the substrate scope for this reaction. This extension of the reported 

methodology gave rapid access to the cyclopentane of stolonidiol and a means to effectively 

induce cyclization under the protocol which previously was low-yielding, or non-reactive.  
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Experimental Section 

All reactions were run under an atmosphere of argon or nitrogen using anhydrous conditions 

unless otherwise indicated. Dichloromethane (CH2Cl2), diethyl ether (Et2O), benzene (C6H6), 

tetrahydrofuran (THF), and toluene (PhMe) were purified using a solvent purification system. All 

other reagents were used directly from the supplier without further purification unless noted. 

Analytical thin-layer chromatography (TLC) was carried out using 0.2 mm commercial silica gel 

plates (silica gel 60, F254, EMD chemical). Infrared spectra were recorded using neat thin film 

technique. High-resolution mass spectra (HRMS) are reported as m/z (relative intensity). Accurate 

masses are reported for the molecular ion [M+Na]+, [M+H]+, or [M+]. Nuclear magnetic resonance 

spectra (
1
H NMR and 

13
C NMR) were recorded as 

1
H at 400 MHz, 

13
C at 100 MHz. For CDCl3 the 

chemical shifts are reported as parts per million (ppm) referenced to residual protium or carbon of the 

solvents; CHCl3 δ H (7.26 ppm) and CDCl3 δ C (77.0 ppm). Coupling constants are reported in Hertz 

(Hz). Data for 1H-NMR spectra are reported as follows: chemical shift (ppm, referenced to protium) 

(multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, td = triplet of 

doublets, ddd = doublet of doublet of doublets, m = multiplet), coupling constant in Hz, integration). 
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tert-butyl(((1R,3R,E)-2-((dimethyl(phenyl)silyl)methylene)-3-(2-

(methoxymethoxy)propan-2-yl)-1-methylcyclopentyl)methoxy)dimethylsilane. Neat N-

ethyldiisopropylamine (19.2 mL, 110 mmol, 2.5 eq), and chloromethyl methyl ether (3.5 M 

solution in PhMe/methyl acetate) (25.00 mL, 88.0 mmol, 2.0 eq) were added to a solution of 

the tertiary alcohol (19.00 g, 43.9 mmol, 1.0 eq) in CH2Cl2 (150 mL) at 23 °C. The reaction 

was heated to reflux for 18h, cooled, and diluted with saturated aqueous ammonium chloride 

solution (100 mL). The layers were separated, and the aqueous layer was extracted with 

CH2Cl2 (2 x 100 mL). The combined organic layers were washed with brine (200 ml), dried 

over sodium sulfate, then filtered and concentrated under vacuum. The crude material was 

purified by silica gel chromatography with hexanes to 5% ethyl acetate : hexanes to provide a 

pale yellow oil (20.10 g, 96%).  

Rf = 0.45 (9:1 hexanes: ethyl acetate)  

1
H NMR (400MHz, CDCl3) δ 7.52-7.49 (m, 2H), 7.32-7.30 (m, 3H), 5.57 (s, 1H), 

4.44 (d, J = 7.4 Hz, 1H), 4.40 (d, J = 7.4 Hz, 1H), 3.31 (d, J = 9.1 Hz, 1H), 3.21 (d, J 

= 9.1 Hz, 1H), 3.19 (s, 3H), 2.65 (d, J = 7.9 Hz, 1H), 1.80-1.57 (m, 4H), 1.18 (s, 3H), 

1.12 (s, 3H), 1.07 (s, 3H), 0.90 (s, 9H), 0.39 (s, 3H), 0.33 (s, 3H), 0.03 (s, 3H), 0.02 

(s, 3H) 

13
C NMR (100 MHz, CDCl3) δ 174.9, 146.3, 139.3, 133.9, 133.0, 125.7, 96.0, 84.5, 

78.2, 60.4, 60.3, 55.4, 40.2, 32.3, 31.7, 31.4, 30.1, 28.9, 23.8, 5.4, 4.5, 0.00 

IR (neat, cm
-1

) 1608, 1249, 1087, 1044  
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HRMS: (ESI+) calcd. for C27H48O3Si2Na
+
 [M+Na

+
]: 499.30342. Found: 499.3035  
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tert-butyl(((1R,3R,E)-2-(iodomethylene)-3-(2-(methoxymethoxy)propan-2-yl)-1-

methylcyclopentyl)methoxy)dimethylsilane (101). The vinyl silane (21.0 g, 44.0 mmol, 1.0 

eq) was dissolved in hexanesafluoroisopropanol (147 mL) and added was neat 2,6-lutidine 

(5.13 mL, 44.0 mL, 1.0 eq). To this solution solid N-iodosuccinimide (11.89 g, 52.8 mmol, 

1.2 eq) was added in a single portion. The reaction immediately took on a dark red/purple 

color. After stirring for 15 minutes TLC (1 : 1 hexane : CH2Cl2) indicated consumption of the 

starting material. Saturated aqueous sodium thiosulfate solution (100 mL) and CH2Cl2 (200 

mL) were added and the reaction stirred vigorously for 20 minutes to quench the remaining 

N-iodosuccinimide. The layers were then separated and the aqueous was then extracted with 

CH2Cl2 (2 x 100 mL). The combined organic layers were washed with brine (300 mL), dried 

over sodium sulfate, then filtered and concentrated under vacuum. The crude material was 

purified by silica gel chromatography with hexanes to 10% ethyl acetate : hexanes providing 

18.16 g (88%) of 101 as a yellow oil.  

Rf = 0.35 (1:1 CH2Cl2: hexanes)  

1
H NMR (400MHz, CDCl3) δ 6.24 (s, 1H), 4.76 (d, J = 7.4 Hz, 1H), 4.66 (d, J = 7.4 

Hz, 1H), 3.35 (s, 3H), 3.31 (d, J = 9.3 Hz, 1H), 3.29 (d, J = 9.3 Hz, 1H), 2.71 (d, J = 

8.2 Hz, 1H), 1.97-1.84 (m, 2H), 1.73-1.56 (m, 2H), 1.41 (s, 3H), 1.35 (s, 3H), 1.12 (s, 

3H), 0.88 (s, 9H), 0.027 (s, 3H), 0.022 (s, 3H)  

13
C NMR (100 MHz, CDCl3) δ 167.9, 96.2, 85.9, 79.7, 77.4, 64.6, 60.9, 56.1, 43.0, 

32.1, 31.9, 31.8, 31.4, 29.4, 23.7, 0.08, 0.00  
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IR (neat, cm
-1

) 1599, 1105, 1041  

HRMS (ESI+) calcd. for C19H37IO3SiNa
+
 [M+Na

+
]: 491.14489. Found: 491.1450 
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((1R,3R,E)-2-(iodomethylene)-3-(2-(methoxymethoxy)propan-2-yl)-1-

methylcyclopentyl)methanol. The vinyl iodide 101 (19.00 g, 40.06 mmol, 1.0 eq) was 

dissolved in THF (200 mL) at 23 °C and TBAF (1 M in THF, 60.8 mL, 1.5 eq) was added. 

The reaction was stirred for 18h, and was quenched with saturated aqueous ammonium 

chloride solution. The aqueous layer was extracted with ethyl acetate (2 x 150 mL). The 

combined organics were washed with brine (400 mL), dried over sodium sulfate, then filtered 

and concentrated under vacuum. The crude material was purified by silica gel 

chromatography with 9 : 1 to 4 : 1 hexanes : ethyl acetate providing 12.0 g (84%) of a pale 

yellow oil.  

Rf = 0.57 (1 : 1 hexanes : ethyl acetate) 

1
H NMR (400MHz, CDCl3) δ 6.24 (s, 1H), 4.76 (d, J = 7.1 Hz, 1H), 4.65 (d, J = 7.1 

Hz, 1H), 3.46 (d, J = 10.9 Hz, 1H), 3.36 (d, J = 10.9 Hz, 1H), 3.35 (s, 3H), 2.72 (d, J 

= 8.2 Hz, 1H), 2.03-1.92 (m, 2H), 1.75-1.66 (m, 2H), 1.42 (s, 3H), 1.35 (s, 3H), 1.14 

(s, 3H).  

13
C NMR (100 MHz, CDCl3) δ 167.9, 96.1, 85.7, 79.6, 77.7, 64.8, 60.8, 56.0, 43.1, 

32.0, 31.9, 31.6, 29.3.  

IR (neat, cm
-1

) 3401, 1598, 1038  

HRMS (CI+) calcd. for C13H23IO3Na
+
 [M+Na

+
]: 377.05841. Found: 377.0585 
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(1R,3R,E)-2-(iodomethylene)-3-(2-(methoxymethoxy)propan-2-yl)-1-

methylcyclopentanecarbaldehyde (108). To a –78 °C solution of oxalyl chloride (8.6 g, 

5.93 mL, 67.8 mmol, 2.0 eq) in CH2Cl2 (300 mL) was added dry dimethylsulfoxide (6.62 g, 

6.01 mL, 85 mmol, 2.5 eq) dropwise (gas evolution). After stirring for 30 minutes, the 

alcohol (12.0 g, 34.0 mmol, 1.0 eq) was added as a solution in CH2Cl2 (100 mL). The 

reaction was allowed to stir for a further 45 minutes during which time the reaction became 

opaque. Neat triethylamine (19.0 mL, 136 mmol, 4.0 eq) was then added. The reaction was 

stirred for 10 minutes, and poured into water (500 mL). The layers were separated and the 

aqueous was extracted with CH2Cl2 (2 x 250 mL). The combined organics were washed with 

brine (500 mL), dried over sodium sulfate, then filtered and concentrated under vacuum. The 

crude material was purified by silica gel chromatography with 9 : 1 to 4 : 1 hexanes : ethyl 

acetate to provide 8.35 g (70%) of 108 as a pale yellow oil.  

Rf = 0.28 (4 : 1 hexanes : ethyl acetate) 

1
H NMR (400MHz, CDCl3) δ 9.26 (s, 1H), 6.17 (s, 1H), 4.77 (d, J = 7.5 Hz, 1H), 

4.65 (d, J = 7.5 Hz, 1H), 3.36 (s, 3H), 2.74 (d, J = 8.2 Hz, 1H), 2.19-2.07 (m, 3H), 

1.83-1.72 (m, 1H), 1.46 (s, 3H), 1.37 (s, 3H), 1.28 (s, 3H)  

13
C NMR (100 MHz, CDCl3) δ 198.8, 157.8, 90.7, 80.0, 78.2, 59.4, 58.6, 55.4, 35.3, 

27. 1, 26.6, 26.0, 20.4  

IR (neat, cm
-1

) 1723, 1101, 1040  
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(E)-1-((tert-butyldimethylsilyl)oxy)-4-((1S,3R,E)-2-(iodomethylene)-3-(2-

(methoxymethoxy)propan-2-yl)-1-methylcyclopentyl)but-3-en-2-one (110). The 

ketophosphonate 109 (14.7 g, 49.7 mmol, 2.5 eq) was dissolved in toluene (200 mL) at 23 °C 

and LiHMDS (1 M solution in THF/Ethylbenzene) (49.7 mL, 49.7 mmol, 2.5 eq) was added 

dropwise. After stirring for 30 minutes, the aldehyde 108 (7.0g, 19.87 mmol, 1.0 eq) was 

added as a solution in toluene (50 mL). The reaction was heated to 100 °C in an oil bath for 

16h. After cooling, the reaction was quenched by addition of saturated aqueous ammonium 

chloride solution (200 mL). The aqueous layer was extracted with ethyl acetate (2 x 150 mL) 

and the combined organics were washed with brine (500 mL), dried over sodium sulfate, and 

concentrated under vacuum. The crude material was purified by silica gel chromatography 

with 9 : 1 to 4 : 1 hexanes : ethyl acetate providing 8.12 g (78%) of 110 as a pale yellow oil.  

Rf = 0.36 (4 : 1 hexanes : ethyl acetate) 

1
H NMR (400MHz, CDCl3) δ 6.91 (d, J = 15.7 Hz, 1H), 6.41 (d, J = 15.7 Hz, 1H), 

6.05 (s, 1H), 4.76 (d, J = 7.5, Hz, 1H), 4.65 (d, J = 7.5 Hz, 1H), 4.29 (s, 2H), 3.35 (s, 

3H), 2.71 (d, J = 7.5 Hz, 1H), 2.21-2.05 (m, 2H), 1.88-1.77 (m, 2H), 1.45 (s, 3H), 

1.36 (s, 3H), 1.34 (s, 3H), 0.93 (s, 9H), 0.10 (s, 6H)  

13
C NMR (100 MHz, CDCl3) δ 199.8, 162.1, 155.6, 118.9, 90.7, 80.1, 78.7, 69.0, 

58.5, 55.5, 51.1, 40.6, 26.8, 26.4, 26.2, 25.9, 24.0, 18.4, -5.2  

IR (neat, cm
-1

) 1721, 1696, 1613, 1256, 1042, 838  

HRMS (CI+) calcd. for C22H39IO4SiNa
+
 [M+Na

+
]: 545.15545. Found 545.15562.  
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(E)-methyl 2-((2S,5R)-2-((E)-4-((tert-butyldimethylsilyl)oxy)-3-oxobut-1-en-1-yl)-5-(2-

(methoxymethoxy)propan-2-yl)-2-methylcyclopentylidene)acetate (111). The vinyl iodide 

110 (6.0 g, 11.48 mmol, 1.0 eq) was dissolved in anhydrous methanol (115 mL) and solid 

Pd(dppf)Cl2 (0.831 g, 1.148 mmol, 0.1 eq) was added in a single portion. The flask was then 

evacuated and refilled twice with an atmosphere of CO (balloon). After fitting the flask with 

a balloon of CO, neat triethylamine (16.14 mL, 115 mmol, 10.0 eq) was added and the 

reaction was heated in an oil bath to 60 °C for 6h when TLC indicated consumption of the 

starting iodide. After cooling the reaction was concentrated to dryness and the residue was 

partitioned between CH2Cl2 (100 mL) and water (500 mL). The aqueous layer was extracted 

with CH2Cl2 (3 x 100 mL), and the combined organic layers were washed with brine (500 

mL), dried over sodium sulfate, then filtered and concentrated under vacuum. The crude 

material was purified by silica gel chromatography with 9 : 1 to 4 : 1 hexanes : ethyl acetate 

to provide 3.2 g (61%) of 111 as a pale yellow oil.  

Rf = 0.27 (4 : 1 hexanes : ethyl acetate) 

1
H NMR (400MHz, CDCl3) δ 6.88 (d, J = 15.7, 1H), 6.41 (d, J = 15.7 Hz, 1H), 5.65 

(d, J = 1.3 Hz, 1H), 4.70, (d, J = 7.5 Hz, 1H), 4.28 (s, 2H), 3.70 (d, J = 8.5 Hz, 1H), 

3.66 (s, 3H), 3.32 (s, 3H), 2.12-1.98 (m, 2H), 1.85-1.77 (m, 1H), 1.70-1.65 (m, 1H), 

1.34 (s, 3H), 1.34 (s, 3H), 1.32 (s, 3H), 1.22 (s, 3H), 0.92 (s, 9H), 0.09 (s, 3H), 0.08 

(s, 3H)  
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13
C NMR (100 MHz, CDCl3) δ 199.6, 170.0, 167.6, 155.1, 119.6, 118.5, 90.8, 79.7, 

68.9, 55.4, 52.8, 51.4, 50.5, 38.0, 26.9, 25.8, 25.5, 24.8, 23.7, 18.3, -5.3  

IR (neat, cm
-1

) 1720, 1696, 1616, 1256, 1041, 839  

HRMS (CI+) calcd. for C24H42O6SiNa
+
 [M+Na

+
]: 477.26429. Found: 477.2640  
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(E)-methyl-2-((2S,5R)-2-(4-((tert-butyldimethylsilyl)oxy)-3-oxobutyl)-5-(2-

(methoxymethoxy)propan-2-yl)-2-methylcyclopentylidene)acetate. The enone 111 (3.2 g, 

7.04 mmol, 1.0 eq) was dissolved in ethanol (70 mL) and added was 10% Pd/C (0.375 g, 

0.352 mmol, 0.05 eq). The flask was evacuated and refilled with H2 gas twice. The flask was 

then fitted with a balloon of H2 and stirred at 23 °C for 2h. At this point a reaction aliquot 

revealed complete reduction to the desired ketone by 
1
H-NMR. The reaction was then filtered 

through a pad of celite and rinsed with ethyl acetate (100 mL). The organics were 

concentrated under vacuum to provide 3.15 g (98%) of a pale yellow oil that was used 

without further purification.  

Rf = 0.28 (4 : 1 hexanes : ethyl acetate)  

1
H NMR (400MHz, CDCl3) δ 5.77 (s, 1H), 4.69 (d, J = 7.5 Hz, 1H), 4.59 (d, J = 7.5 

Hz, 1H), 4.13 (s, 2H), 3.71 (d, J = 8.2 Hz, 1H), 3.67 (s, 3H), 3.31 (s, 3H), 2.54-2.35 

(m, 2H), 2.04-1.99 (m, 1H), 1.86-1.76 (m, 1H), 1.72-1.58 (m, 3H), 1.55-1.48 (m, 1H), 

1.29 (s, 3H), 1.20 (s, 3H), 1.16 (s, 3H), 0.91 (s, 9H), 0.08 (s, 3H), 0.07 (s, 3H)  

13
C NMR (100 MHz, CDCl3) δ 211.5, 173.4, 168.1, 115.4, 90.79, 79.8, 69.2, 55.3, 

53.1, 51.0, 47.0, 37.6, 36.6, 34.5, 27.4, 27.1, 25.8, 25.4, 24.6, 18.3, -5.4. IR (neat, cm
-

1
) 1718, 1645, 1254, 1039, 839  

HRMS (CI+) calcd. for C24H44O6SiNa
+
 [M+Na

+
]: 480.28274. Found 480.283 
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(E)-methyl-2-((2S,5R)-2-(3-(((tert-butyldimethylsilyl)oxy)methyl)but-3-en-1-yl)-5-(2-

(methoxymethoxy)propan-2-yl)-2-methylcyclopentylidene)acetate (112). 

Methytriphenylphosphonium bromide (6.41 g, 17.9 mmol, 4.1 eq) was suspended in dry THF 

(20 mL) at 23 °C and n-BuLi (2.1 M in hexanesane, 8.34 mL, 17.52 mmol, 4.0 eq) was added 

dropwise. A color change to bright red was observed and the reaction became yellow and 

homogeneous over 20 minutes. This solution was then transferred via canula to a solution of 

the ketone (2.0 g, 4.38 mmol, 1.0 eq) in THF (20 mL) at 23 °C, via dropwise addition. A 

white precipitate formed immediately and the yellow colored slowly turned to a brown. The 

reaction was allowed to stir for 2h then was quenched with saturated aqueous ammonium 

chloride solution (50 mL), and the aqueous layer was extracted with ethyl acetate (2 x 50 

mL). The combined organics were washed with brine (150 mL), and dried over sodium 

sulfate, then concentrated under vacuum. The crude material was purified by silica gel 

chromatography with 1% to 5% ethyl acetate in hexanes to provide 1.02 g (52%, 87% based 

on unreacted ketone) of 112 as a clear yellow oil.  

Rf = 0.44 (9 : 1 hexanes : ethyl acetate) 

1
H NMR (400MHz, CDCl3) δ 5.77 (s, 1H), 4.98 (s, 1H), 4.78 (s, 1H), 4.69 (d, J = 7.1 

Hz, 1H), 4.60 (d, J = 7.1 Hz, 1H), 4.03 (s, 2H), 3.71 (d, J = 8.02 Hz, 1H), 3.67 (s, 
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3H), 3.32 (s, 3H), 2.03-1.76 (m, 4H), 1.70-1.49 (m, 4H), 1.29 (s, 3H), 1.21 (s, 3H), 

1.16 (s, 3H), 0.91 (s, 9H), 0.05 (s, 6H)  

13
C NMR (100 MHz, CDCl3) δ 174.1, 168.2, 149.0, 114.9, 108.1, 90.7, 79.8, 66.0, 

55.2, 53.0, 50.8, 47.4, 42.8, 36.4, 27.9, 27.3, 27.0, 25.8, 25.3, 24.6, 18.3, -5.3. IR 

(neat, cm
-1

) 1719, 1645, 1251, 1041, 837  

HRMS (CI+) calcd. for C25H46O5SiNa
+
 [M+Na

+
]: 477.30067. Found 477.30109   
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(E)-2-((2S,5R)-2-(3-(((tert-butyldimethylsilyl)oxy)methyl)but-3-en-1-yl)-5-(2-

(methoxymethoxy)propan-2-yl)-2-methylcyclopentylidene)ethanol. The enoate 112 (1.2 

g, 2.64 mmol, 1.0 eq) was dissolved in dry ether ( 25 mL) at 0 °C. Added to this solution was 

a 1 M solution of DIBAL-H (10.56 mL, 10.56 mmol, 4.0 eq). The reaction was allowed to 

stir for 1h, at which point TLC ( 9 : 1 hexanes : ethyl acetate) indicated consumption of the 

starting material. The reaction was quenched by slow addition of ethyl acetate (10 mL) and 

then poured into a saturated solution of potassium sodium tartrate (50 mL). The mixture 

stirred for 30 minutes and the layers were separated. The aqueous layer was extracted with 

ethyl acetate (2 x 50 mL), and the combined organic layers were washed with brine (150 

mL), dried over sodium sulfate, and concentrated under vacuum. The crude material was 

purified by silica gel chromatography with 9 : 1 to 1 : 1 hexanes : ethyl acetate to provide 

1.05 g (93%) of a clear colorless oil.  

Rf = 0.21 (4 : 1 hexanes : ethyl acetate) 

1
H NMR (400MHz, CDCl3) δ 5.56 (t, J = 6.8 Hz, 1H), 4.97 (s, 1H), 4.79 (s, 1H), 4.74 (d, J =  

7.2 Hz, 1H), 4.71 (d, J = 7.2 Hz, 1H), 4.12 (t, J = 6.5 Hz, 2H), 4.05 (s, 2H), 3.35 (s, 3H), 2.92 

(d, J = 7.8, 1H, 2.58 (t, J = 6.5 Hz, 1H), 1.99-1.90 (m, 2H), 1.75-1.66 (m, 2H), 1.59-1.47 (m, 

4H), 1.26 (s, 3H), 1.16 (s, 3H), 1.10 (s, 3H), 0.90 (s, 9H), 0.06 (s, 6H)  

13
C NMR (100 MHz, CDCl3) δ 153.7, 149.4, 124.5, 108.4, 90.7, 79.9, 66.1, 61.6, 55.3, 52.7, 

45.9, 43.1, 36.7, 28.3, 27.3, 27.2, 26.1, 26.0, 23.7, 18.4, -5.4  
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IR (neat, cm
-1

) 1651, 1251, 1043, 836  

HRMS (CI+) calcd. for C24H46O4SiNa
+
 [M+Na

+
]: 449.30576. Found 449.3058 
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tert-butyl(4-((1S,3R,E)-3-(2-(methoxymethoxy)propan-2-yl)-1-methyl-2-(2-

((triisopropylsilyl)oxy)ethylidene)cyclopentyl)-2-methylenebutoxy)dimethylsilane (113). 

The allylic alcohol (0.600 g, 1.406 mmol, 1eq) was dissolved in CH2Cl2 (15 mL) at –78 °C. 

Then added was neat 2,6-lutidine (0.245 mL, 2.10 mmol, 1.5 eq) followed by neat TIPSOTf 

(0.491 mL, 1.828 mmol, 1.3 eq). The reaction was allowed to stir for 30 minutes at which 

point TLC ( 9 : 1 hexanes : ethyl acetate) indicated consumption of the starting alcohol. 

Methanol (2 mL) was added and the reaction was allowed to warm to 23 °C then 

concentrated under vacuum. The crude material was purified by silica gel chromatography 

with 30% to 60% CH2Cl2 in hexane providing 0.802 g (98%) of 113 as a pale yellow oil.  

Rf = 0.40 (9:1 hexanes : ethyl acetate) 

1
H NMR (400MHz, CDCl3) δ 5.46-5.43 (m, 2H), 4.99 (d, 1H, J = 1.7 Hz), 4.80 (d, 

1H, J = 1.7 Hz), 4.67 (s, 2H), 4.36 (dd, J = 13.4, 8.3 Hz, 1H), 4.23 (ddd, J = 13.3, 3.2, 

1.1, 1H), 4.05 (s, 2H), 3.33 (s, 3H), 2.67 (d, 2H, J = 8.0 Hz), 1.98-1.91 (m, 1H), 1.75-

1.49 (m, 3H), 1.18 (s, 3H), 1.15 (s, 3H), 1.08 (s, 3H), 1.06 (br s, 21H), 0.91 (s, 9H), 

0.06 (s, 6H)   

13
C NMR (100 MHz, CDCl3) δ 156.0, 154.8, 131.2, 112.9, 95.9, 85.0, 71.2, 68.6, 

60.4, 59.0, 50.9, 47.9, 42.2, 33.6, 32.8, 32.4, 31.3, 29.5, 23.7, 23.4, 17.4, 0.0 

IR (neat, cm
-1

) 1656, 1086, 1045  

HRMS (ESI+) calcd. for C33H66O4Si2Na
+
 [M+Na]

+
: 605.43918. Found: 605.4395  
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4-((1S,3R,E)-3-(2-(methoxymethoxy)propan-2-yl)-1-methyl-2-(2-

((triisopropylsilyl)oxy)ethylidene)cyclopentyl)-2-methylenebutan-1-ol. The bis-silylether 

113 (0.200 g, 0.343 mmol, 1.0 eq) was dissolved in 1:1 THF:AcOH (3.0 mL) and added was 

5 drops of water. The reaction was then heated to 50 °C for 18h. After cooling, the reaction 

was partitioned between saturated sodium bicarbonate solution (20 mL) (gas evolution) and 

ethyl acetate (20 mL). The aqueous layer was extracted with ethyl acetate (2 x 20 mL) and 

the combined organics were washed with brine (100 mL), dried over sodium sulfate, and 

concentrated under vacuum. The crude material was purified by silica gel chromatography 

with 9 : 1 to 4 : 1 hexanes : ethyl acetate providing .035 g (22 %, 82% based on recovered 

material) of a clear colorless oil.  

Rf = 0.34 (4 : 1 hexanes : ethyl acetate)  

1
H NMR (400MHz, CDCl3) δ 5.45 (dt, J = 7.8, 2.7 Hz, 1H), 4.95 (s, 1H), 4.84, (s, 

1H), 4.67 (s, 2H), 4.38 (dd, J = 13.3, 8.5 Hz, 1H), 4.22 (dd, J = 12.9, 1.7 Hz, 1H), 

4.09 (dd, J = 12.3, 4.7 Hz, 1H), 4.01 (dd, J = 13.3, 6.1 Hz, 1H), 3.33 (s, 3H), 2.67 (d, 

J = 8.2 Hz, 1H), 2.04-2.00 (m, 2H), 1.81-1.52 (m, 6H), 1.18 (s, 3H), 1.15 (s, 3H), 

1.09 (s, 3H), 1.07 (br s, 21H)   

13
C NMR (100 MHz, CDCl3) δ 150.5, 149.9, 125.6, 108.9, 90.6, 79.6, 77.2, 65.7, 

63.2, 55.0, 53.8, 45.6, 42.8, 37.0, 28.4, 28.1, 27.1, 25.9, 24.1, 18.0, 12.0  

IR (neat, cm
-1

) 3397, 1653, 1045, 883  

HRMS (CI+) calcd. for C27H52O4SiNa
+
 [M+Na

+
]: 491.35271. Found 491.35281  
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6-(5-((1S,3R,E)-3-(2-(methoxymethoxy)propan-2-yl)-1-methyl-2-(2-

((triisopropylsilyl)oxy)ethylidene)cyclopentyl)-3-methylenepentyl)-2,2-dimethyl-4H-1,3-

dioxin-4-one (115). The allylic alcohol (0.030 g, 0.064 mmol, 1.0eq) was dissolved in 1 mL 

of CH2Cl2 at 0 °C. Added to this solution was neat triethylamine (0.045 mL, 0.320 mmol, 5.0 

eq) followed by neat methanesulfonyl chloride (0.012 mL, 0.160 mmol, 2.5 eq). The reaction 

stirred for 15 minutes and was quenched by the addition of pentane (10 mL) and stirred for 

10 minutes. The precipitate was removed by filtration through a pad of celite, and the filtrate 

was concentrated under vacuum. The resulting oil was taken up in THF (1.5 mL) and added 

was solid NaI (0.096 g, 0.640 mmol, 10.0 eq). The reaction took on a yellow color and stirred 

for 1h at 23 °C at which point TLC (9 : 1 hexanes : ethyl acetate) indicated consumption of 

the mesylate and a single higher Rf. The reaction was diluted with pentane (10 mL) and 

allowed to stir for 10 minutes. The precipitate was removed via filtration through celite and 

the filtrate was concentrated under vacuum to provide 0.034 g (92%). The resulting pale 

yellow oil was used directly in the next step. Neat diisopropylamine (0.062 mL, 0.611 mmol, 

10.1 eq) was added to THF ( 2 mL) at 0 °C. nBuLi (2.1 M in hexanes, 0.289 mL, 0.608 

mmol, 10.05 eq) was then added dropwise. The reaction was allowed to stir for 15 minutes 

and 2,2,6-Trimethyl-4H-1,3-dioxin-4-one (0.083 mL, 0.605 mmol, 10.0 eq) was added 
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dropwise. After stirring for 1h at 0 °C, the red solution was tranfered via canula (2 x 1 mL 

THF rinses) to a solution of the iodide in THF (2 mL) at 0 °C. The reaction stirred for 3h at 

which point TLC indicated consumption of the iodide. The reaction was quenched with 

saturated ammonium chloride solution (10 mL) and extracted with ethyl acetate (3 x 10 mL). 

The combined organics were washed with brine (30 mL) and dried over sodium sulfate, then 

concentrated under vacuum. The crude material was purified by silica gel chromatography 

with 9 : 1 to 4 : 1 hexanes : ethyl acetate providing 0.014 g (40%) of 115 as a clear, pale 

yellow oil.  

Rf = 0.36 ( 4 : 1 hexanes : ethyl acetate)  

1
H NMR (400MHz, CDCl3) δ 5.44 (dd, J = 8.5 Hz, 3.0 Hz, 1H), 5.23 (s, 1H), 4.78 (s, 

1H), 4.69 (s, 1H), 4.68 (s, 2H), 4.38 (dd, J = 13.3, 8.2, 1H), 4.24 (dd, J = 9.9, 2.4 Hz, 

1H). 3.33 (s, 3H), 2.68 (d, 8.2 Hz, 1H), 2.37-2.33 (m, 2H), 2.27-2.22 (m, 2H), 1.98-

1.92 (m, 2H), 1.81-1.69 (m, 1H), 1.67 (s, 6H), 1.64-1.58 (m, 3H), 1.55-1.49 (m, 2H), 

1.18 (s, 3H), 1.16 (s, 3H), 1.09 (s, 3H), 1.05 (br s, 21H)  

13
C NMR (100 MHz, CDCl3) δ 171.5, 161.3, 150.3, 148.1, 125.9, 109.4, 106.3, 93.3, 

90.6, 79.6, 77.2, 63.2, 55.0, 53.7, 45.5, 42.6, 36.9, 32.0, 31.8, 31.5, 27.8, 27.1, 25.9, 

25.0, 24.1, 18.1, 18.0, 12.0  

IR (neat, cm
-1

) 1734, 1635, 1086, 1044  

HRMS (CI+) calcd. for C34H60O6SiNa
+
 [M+Na

+
]: 615.40514. Found 615.40585  
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Methyl-8-((1S,3R,E)-3-(2-(methoxymethoxy)propan-2-yl)-1-methyl-2-(2-

((triisopropylsilyl)oxy)ethylidene)cyclopentyl)-6-methylene-3-oxooctanoate. The 

dioxanone (0.014 g, 0.024 mmol, 1.0 eq) was taken up in 1:1 toluene : anhydrous methanol 

(1.0 mL) and heated to 100 °C in an oil bath for 12h. After cooling, the reaction was 

concentrated to provide 0.012 g (90%) of a pale yellow oil that was used without further 

purification.   

Rf = 0.52 (4 : 1 hexanes : ethyl acetate)  

1
H NMR (400MHz, CDCl3) δ 5.44 (d, J = 8.2 Hz, 1H), 4.75 (d, J = 10.6 Hz, 1H), 

4.67 (s, 2H), 4.62 (d, J = 10.6 Hz, 1H), 4.36 (dd, J = 12.9, 8.2 Hz, 1H), 4.22 (dd, J = 

13.3, 3.0 Hz, 1H), 3.74 (s, 3H), 3.46 (s, 2H), 3.33 (s, 3H), 2.69-2.65 (m, 3H), 2.30 (t, 

J = 7.5 Hz, 2H), 1.97-1.92 (m, 2H), 1.78-1.72 (m, 1H), 1.68-1.58 (m, 3H), 1.52-1.48 

(m, 2H), 1.18 (s, 3H), 1.16 (s, 3H), 1.08 (s, 3H), 1.05 (br s, 21H).  

13
C NMR (100 MHz, CDCl3) δ 202.1, 150.5, 148.7, 125.9, 108.6, 90.5, 79.6, 77.2, 

63.2, 55.0, 53.7, 52.3, 49.0, 45.5, 42.6, 41.3, 36.9, 32.0, 29.6, 27.6, 27.1, 25.9, 24.1, 

18.0, 12.0  

IR (neat, cm
-1

) 1748, 1717, 1652, 1237, 1045, 883  

HRMS (CI+) calcd. for C32H58O6SiNa
+
 [M+Na

+
] 589.38949. Found 589.38971 
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Methyl-8-((1S,3R,E)-2-(2-hydroxyethylidene)-3-(2-(methoxymethoxy)propan-2-yl)-1-

methylcyclopentyl)-6-methylene-3-oxooctanoate. The TIPS-ether (0.010 g, 0.018 mmol, 

1.0 eq) was dissolved in THF (2.0 mL) at 23 °C and added was TBAF (1 M in THF, 0.053 

mL, 0.053 mmol, 3.0 eq). The reaction was stirred at rt for 1h at which point TLC (1 : 1 

hexanes : ethyl acetate) indicated consumption of the starting material. Saturated ammonium 

chloride solution (10 mL) was added and the reaction was extracted with ethyl acetate (3 x 10 

mL). The combined organics were washed with brine and dried over sodium sulfate, then 

concentrated under vacuum. The crude material was purified by silica gel chromatography 

with 9 : 1 to 4 : 1 hexanes : ethyl acetate to provide 0.006 g (83%) of a clear colorless oil.  

Rf = 0.43 (1 : 1  hexanes : ethyl acetate) 

1
H NMR (600MHz, CDCl3) δ 5.53 (dt, J = 6.8, 1.8 Hz, 1H), 4.72 (s, 1H), 4.70 (dd, J 

= 15.3, 7.1 Hz, 2H), 4.69 (s, 1H), 4.13 (t, J = 6.7 Hz, 2H), 3.72 (s, 3H), 3.44 (s, 2H), 

3.33 (s, 3H), 2.89 (m, 1H), 2.66 (dt, J = 7.2, 2.5 Hz, 2H), 2.28 (t, J = 7.2 Hz, 1H), 

1.96-1.87 (m, 3H), 1.69-1.64 (m, 2H), 1.56-1.52 (m, 2H), 1.46-1.44 (m, 2H), 1.24 (s, 

3H), 1.14 (s, 3H), 1.08 (s, 3H)  

13
C NMR (150 MHz, CDCl3) δ 202.2, 167.6, 153.3, 148.6, 124.5, 109.1, 90.6, 79.8, 

61.1, 55.2, 52.7, 52.3, 49.0, 45.7, 43.1, 41.4, 36.7, 31.9, 29.6, 29.5, 27.3, 26.0, 23.6 

IR (neat, cm
-1

) 3305, 1717, 1643, 1384, 1093  

HRMS (ESI+) calcd. for C23H38O6Na
+
 [M+Na

+
] 433.25606. Found 433.25646   
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Methyl-8-((1S,3R,E)-3-(2-(methoxymethoxy)propan-2-yl)-1-methyl-2-(2-

oxoethylidene)cyclopentyl)-6-methylene-3-oxooctanoate (116). The allylic alcohol (0.005 

g, 0.012 mmol, 1.0 eq) was dissolved in CH2Cl2 (1 mL) at 23 °C and added was solid sodium 

bicarbonate (0.003 g, 0.037 mmol, 3.0 eq), and Dess-Martin periodinane (0.007 g, 0.017 

mmol, 1.4 eq). The reaction was allowed to stir for 30 minutes at which point TLC (1 : 1 

hexanes : ethyl acetate) confirmed consumption of the starting material. The reaction was 

quenched by the addition of saturated sodium thiosulfate solution (2 mL) and saturated 

sodium bicarbonate solution (2 mL) and diluted with CH2Cl2 (3 mL). The layers were 

separated and the aqueous was extracted with CH2Cl2 (2 x 3 mL). The combined organics 

were washed with brine (15 mL) and dried over sodium sulfate, then concentrated under 

vacuum. The crude material was purified by silica gel chromatography with 5 to 20% ethyl 

acetate in hexanes providing 0.0042 g (84%) of 116 as a pale yellow oil.  

Rf = 0.52 (1 : 1 hexanes : ethyl acetate) 

1
H NMR (400MHz, CDCl3) δ 9.83 (d, J = 4.7 Hz, 1H), 5.98 (d, J = 7.4 Hz, 1H), 4.71 

(d, J = 8.2 Hz, 1H), 4.66 (d, J = 3.0 Hz, 2H), 4.64 (d, J = 8.2 Hz, 1H), 3.72 (s, 3H), 

3.44 (s, 2H), 3.31 (dd, J = 7.8, 1.5 Hz, 1H), 3.27 (s, 3H), 2.65 (t, J = 7.4 Hz, 2H), 2.26 

(t, J = 7.4 Hz, 2H), 2.02-1.97 (m, 1H), 1.91-1.83 (m, 2H), 1.68-1.61 (m, 2H), 1.55-

1.46 (m, 1H), 1.54-1.46 (m, 2H), 1.32 (s, 3H), 1.16 (s, 3H), 1.15 (s, 3H)  

13
C NMR (100 MHz, CDCl3) δ 201.8, 193.7, 176.7, 167.5, 147.8, 126.7, 109.3, 90.5, 

78.0, 55.4, 53.7, 52.3, 49.0, 47.8, 42.4, 41.2, 36.0, 31.8, 29.4, 27.1, 26.7, 25.8, 23.1  
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IR (neat, cm
-1

) 1718, 1669, 1384, 1098  

HRMS (ESI+) calcd. for C23H36O6Na
+ 

[M+Na
+
] 431.24041. Found 431.24048 
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Appendix A: Crystallographic Data for 94

 

Table 1.  Crystal data and structure refinement for 94. 

Empirical formula  C18 H22 Br2 O3 

Formula weight  446.18 

Temperature  100(2) K 

Wavelength  0.71069 Å 

Crystal system  Monoclinic 

Space group  P21 

Unit cell dimensions a = 10.1645(12) Å = 90°. 

 b = 6.8829(10) Å = 99.091(4)°. 

 c = 13.4028(15) Å  = 90°. 

Volume 925.9(2) Å3 

Z 2 

Density (calculated) 1.600 Mg/m3 

Absorption coefficient 4.389 mm-1 
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F(000) 448 

Crystal size 0.27 x 0.26 x 0.03 mm 

Theta range for data collection 3.08 to 27.44°. 

Index ranges -13<=h<=13, -8<=k<=8, -17<=l<=17 

Reflections collected 17523 

Independent reflections 3989 [R(int) = 0.0828] 

Completeness to theta = 27.44° 99.6 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00 and 0.462 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3989 / 1 / 212 

Goodness-of-fit on F2 1.012 

Final R indices [I>2sigma(I)] R1 = 0.0465, wR2 = 0.1147 

R indices (all data) R1 = 0.0492, wR2 = 0.1172 

Absolute structure parameter -0.005(13) 

Largest diff. peak and hole 1.319 and -0.735 e.Å-3 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters 

(Å2x 103) for 1.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   

Br1 6156(1) 9238(1) 9908(1) 34(1) 

Br2 -1984(1) 6264(1) 1916(1) 36(1) 

O1 8220(3) 5214(6) 7348(2) 32(1) 

O2 2653(3) 6021(5) 6181(2) 30(1) 

O3 838(3) 6031(6) 6951(2) 33(1) 

C1 5715(4) 6906(6) 8098(3) 26(1) 

C2 6639(4) 5267(7) 8510(3) 26(1) 

C3 5978(5) 3514(7) 7916(4) 34(1) 

C4 5404(4) 4284(8) 6874(3) 34(1) 

C5 4928(4) 6388(7) 7038(3) 28(1) 

C6 5428(4) 8519(7) 8574(3) 31(1) 

C7 8141(4) 5533(8) 8402(3) 32(1) 

C8 8677(5) 7540(9) 8704(4) 44(1) 

C9 8964(5) 3983(10) 9047(4) 46(1) 

C10 5210(5) 7815(8) 6225(4) 35(1) 

C11 3454(4) 6372(8) 7167(3) 30(1) 

C12 1321(4) 5963(7) 6181(4) 30(1) 

C13 551(4) 5925(6) 5141(3) 26(1) 

C14 1176(4) 6000(7) 4283(3) 30(1) 

C15 432(5) 6030(8) 3324(4) 34(1) 

C16 -953(4) 6045(7) 3224(3) 31(1) 

C17 -1603(4) 5968(7) 4066(3) 30(1) 

C18 -844(4) 5900(7) 5023(4) 30(1) 

___________________________________________________________________________
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 Table 3.   Bond lengths [Å] and angles [°] for  94. 

_____________________________________________________  

Br1-C6  1.889(5) 

Br2-C16  1.901(5) 

O1-C7  1.445(5) 

O1-H1  0.8400 

O2-C12  1.354(5) 

O2-C11  1.458(5) 

O3-C12  1.212(5) 

C1-C6  1.335(6) 

C1-C2  1.515(6) 

C1-C5  1.558(6) 

C2-C3  1.540(7) 

C2-C7  1.567(6) 

C2-H2  1.00 

C3-C4  1.521(7) 

C3-H3A  0.99 

C3-H3B  0.99 

C4-C5  1.553(7) 

C4-H4A  0.99 

C4-H4B  0.99 

C5-C10  1.527(6) 

C5-C11  1.536(5) 

C6-H6  0.95 

C7-C8  1.516(7) 

C7-C9  1.535(7) 

C8-H8A  0.98 

C8-H8B  0.98 

C8-H8C  0.98 

C9-H9A  0.98 

C9-H9B  0.98 

C9-H9C  0.98 

C10-H10A  0.98 

C10-H10B  0.98 

C10-H10C  0.98 

C11-H11A  0.99 

C11-H11B  0.99 

C12-C13  1.487(6) 

C13-C14  1.401(6) 

C13-C18  1.402(6) 

C14-C15  1.384(7) 

C14-H14  0.95 

C15-C16  1.393(6) 

C15-H15  0.95 

C16-C17  1.396(6) 

C17-C18  1.389(6) 

C17-H17  0.95 

C18-H18  0.95 

C7-O1-H1 109.5 

C12-O2-C11 114.8(3) 

C6-C1-C2 127.9(4) 

C6-C1-C5 120.5(4) 

C2-C1-C5 111.2(4) 

C1-C2-C3 101.5(3) 

C1-C2-C7 115.9(4) 

C3-C2-C7 113.3(4) 

C1-C2-H2 108.6 

C3-C2-H2 108.6 

C7-C2-H2 108.6 

C4-C3-C2 105.9(4) 

C4-C3-H3A 110.6 

C2-C3-H3A 110.6 

C4-C3-H3B 110.6 

C2-C3-H3B 110.6 

H3A-C3-H3B 108.7 

C3-C4-C5 106.1(4) 

C3-C4-H4A 110.5 

C5-C4-H4A 110.5 
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C3-C4-H4B 110.5 

C5-C4-H4B 110.5 

H4A-C4-H4B 108.7 

C10-C5-C11 112.4(4) 

C10-C5-C4 113.6(4) 

C11-C5-C4 109.9(4) 

C10-C5-C1 112.1(4) 

C11-C5-C1 105.6(3) 

C4-C5-C1 102.5(4) 

C1-C6-Br1 126.0(4) 

C1-C6-H6 117.0 

Br1-C6-H6 117.0 

O1-C7-C8 109.1(4) 

O1-C7-C9 109.6(4) 

C8-C7-C9 110.0(4) 

O1-C7-C2 106.1(3) 

C8-C7-C2 113.3(4) 

C9-C7-C2 108.6(4) 

C7-C8-H8A 109.5 

C7-C8-H8B 109.5 

H8A-C8-H8B 109.5 

C7-C8-H8C 109.5 

H8A-C8-H8C 109.5 

H8B-C8-H8C 109.5 

C7-C9-H9A 109.5 

C7-C9-H9B 109.5 

H9A-C9-H9B 109.5 

C7-C9-H9C 109.5 

H9A-C9-H9C 109.5 

H9B-C9-H9C 109.5 

C5-C10-H10A 109.5 

C5-C10-H10B 109.5 

H10A-C10-H10B 109.5 

C5-C10-H10C 109.5 

H10A-C10-H10C 109.5 

H10B-C10-H10C 109.5 

O2-C11-C5 108.3(3) 

O2-C11-H11A 110.0 

C5-C11-H11A 110.0 

O2-C11-H11B 110.0 

C5-C11-H11B 110.0 

H11A-C11-H11B 108.4 

O3-C12-O2 122.6(4) 

O3-C12-C13 125.1(4) 

O2-C12-C13 112.3(3) 

C14-C13-C18 119.3(4) 

C14-C13-C12 122.0(4) 

C18-C13-C12 118.7(4) 

C15-C14-C13 120.7(4) 

C15-C14-H14 119.6 

C13-C14-H14 119.6 

C14-C15-C16 119.1(4) 

C14-C15-H15 120.5 

C16-C15-H15 120.5 

C15-C16-C17 121.5(4) 

C15-C16-Br2 119.4(3) 

C17-C16-Br2 119.1(3) 

C18-C17-C16 118.9(4) 

C18-C17-H17 120.6 

C16-C17-H17 120.6 

C17-C18-C13 120.6(4) 

C17-C18-H18 119.7 

C13-C18-H18 119.7 

_____________________________________________________________  
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Table 4.   Anisotropic displacement parameters  (Å2x 103) for 94.  The anisotropic 

displacement factor exponent takes the form:  -2 2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

Br1 30(1)  40(1) 34(1)  -6(1) 8(1)  1(1) 

Br2 29(1)  41(1) 36(1)  4(1) 1(1)  -6(1) 

O1 20(1)  48(2) 30(2)  -3(1) 7(1)  -2(1) 

O2 14(1)  39(2) 36(2)  -4(1) 3(1)  2(1) 

O3 19(1)  45(2) 37(2)  -1(2) 5(1)  -3(1) 

C1 17(2)  29(2) 32(2)  1(2) 8(2)  -2(2) 

C2 21(2)  30(2) 28(2)  1(2) 8(2)  3(2) 

C3 28(2)  31(2) 45(3)  0(2) 13(2)  3(2) 

C4 23(2)  37(2) 42(3)  -12(2) 9(2)  -4(2) 

C5 17(2)  33(2) 33(2)  -1(2) 5(2)  2(2) 

C6 26(2)  32(2) 33(2)  1(2) 3(2)  1(2) 

C7 22(2)  47(3) 28(2)  0(2) 5(2)  3(2) 

C8 26(2)  56(4) 51(3)  -16(3) 9(2)  -9(2) 

C9 30(2)  71(4) 36(2)  -1(3) 4(2)  21(3) 

C10 29(2)  42(3) 34(2)  0(2) 5(2)  -7(2) 

C11 18(2)  37(2) 35(2)  -3(2) 7(2)  -2(2) 

C12 20(2)  32(2) 42(2)  -1(2) 12(2)  1(2) 

C13 20(2)  23(2) 36(2)  1(2) 7(2)  0(2) 

C14 25(2)  31(2) 36(2)  -3(2) 9(2)  -2(2) 

C15 30(2)  40(3) 35(2)  -1(2) 13(2)  -2(2) 

C16 26(2)  28(2) 38(2)  1(2) 3(2)  -6(2) 

C17 23(2)  27(2) 39(2)  3(2) 5(2)  -2(2) 

C18 22(2)  29(2) 38(2)  -2(2) 8(2)  -3(2) 

______________________________________________________________________________ 
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 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) for 

94. 

________________________________________________________________________________  

 x  y  z  U(eq) 

________________________________________________________________________________  

  

H1 8999 5439 7244 48 

H2 6576 5086 9241 31 

H3A 6643 2484 7863 41 

H3B 5263 2970 8256 41 

H4A 4648 3468 6562 40 

H4B 6092 4286 6428 40 

H6 4801 9385 8209 37 

H8A 9574 7677 8533 66 

H8B 8711 7716 9434 66 

H8C 8090 8526 8341 66 

H9A 8643 2688 8822 69 

H9B 8871 4159 9758 69 

H9C 9904 4112 8972 69 

H10A 4735 7398 5567 52 

H10B 6170 7846 6206 52 

H10C 4907 9115 6382 52 

H11A 3292 5337 7646 36 

H11B 3208 7635 7439 36 

H14 2121 6030 4359 36 

H15 860 6040 2743 41 

H17 -2548 5963 3986 36 

H18 -1274 5837 5602 36 

________________________________________________________________________________ 
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 Table 6.  Torsion angles [°] for 94. 

________________________________________________________________  

C6-C1-C2-C3 149.3(4) 

C5-C1-C2-C3 -22.8(4) 

C6-C1-C2-C7 -87.5(5) 

C5-C1-C2-C7 100.5(4) 

C1-C2-C3-C4 34.7(4) 

C7-C2-C3-C4 -90.2(4) 

C2-C3-C4-C5 -34.7(4) 

C3-C4-C5-C10 140.6(4) 

C3-C4-C5-C11 -92.5(4) 

C3-C4-C5-C1 19.4(4) 

C6-C1-C5-C10 67.6(5) 

C2-C1-C5-C10 -119.7(4) 

C6-C1-C5-C11 -55.1(5) 

C2-C1-C5-C11 117.6(4) 

C6-C1-C5-C4 -170.2(4) 

C2-C1-C5-C4 2.5(4) 

C2-C1-C6-Br1 2.0(6) 

C5-C1-C6-Br1 173.5(3) 

C1-C2-C7-O1 -74.1(5) 

C3-C2-C7-O1 42.8(5) 

C1-C2-C7-C8 45.6(5) 

C3-C2-C7-C8 162.4(4) 

C1-C2-C7-C9 168.2(4) 

C3-C2-C7-C9 -75.0(5) 

C12-O2-C11-C5 179.8(4) 

C10-C5-C11-O2 53.8(5) 

C4-C5-C11-O2 -73.9(5) 

C1-C5-C11-O2 176.3(4) 

C11-O2-C12-O3 -6.0(6) 

C11-O2-C12-C13 170.7(4) 

O3-C12-C13-C14 174.9(4) 

O2-C12-C13-C14 -1.7(6) 

O3-C12-C13-C18 -2.2(7) 

O2-C12-C13-C18 -178.8(4) 

C18-C13-C14-C15 -0.7(7) 

C12-C13-C14-C15 -177.7(5) 

C13-C14-C15-C16 2.0(7) 

C14-C15-C16-C17 -2.0(7) 

C14-C15-C16-Br2 175.7(4) 

C15-C16-C17-C18 0.8(7) 

Br2-C16-C17-C18 -177.0(3) 

C16-C17-C18-C13 0.5(7) 

C14-C13-C18-C17 -0.6(6) 

C12-C13-C18-C17 176.6(4) 

________________________________________________________________  



 99 

 

Table 7.  Hydrogen bonds for 94  [Å and °]. 

____________________________________________________________________________  

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

____________________________________________________________________________  

 O1-H1...O3#1 0.84 2.01 2.851(4) 178 

____________________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

#1 x+1,y,z       
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Appendix B: Catalog of Spectra 
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