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Abstract 

 A Chinese plant called Tripterygium wilfordii, also known as the thunder god vine, 

has been used in traditional Chinese medicine for centuries. Like many plants, the thunder 

god vine produces several unique natural products with the potential of having biological 

activity. While many natural products have been isolated from this plant, two of the more 

distinctive ones are the tri-epoxy diterpenoids triptolide and triptonide (SD-1). Over the 

years, these two compounds have been tested for a large variety of biological activities 

relevant to many disorders such as cancers, Alzheimerôs disease, and many more. 

However, one of the more interesting biological functions these compounds have shown is 

their ability to decrease the number of active sperm cells in male subjects. This special 

activity is not only interesting from a scientific point of view but also a social point of view. 

The development of a drug with these properties could lead to a new method of male birth 

control, which would expand societyôs birth control options, relieving some burden from 

females. The goals of this project are to develop a formal enantioselective synthesis of 

triptonide (SD-1) in a cheap and efficient manner, test the synthetic product and compare 

it to the natural source, and synthesize derivatives for potential improved drug activity. 

 Several methods were attempted for the synthesis of SD-1. In each case, 1,3-

cyclohexadione was converted to the racemic or (S)-Wieland-Miescher ketone (WMK). In 

some cases, a model substrate (cyclohexanone) was used to develop different 

transformations that would later be tested on the desired substrate. Each step was optimized 

to obtain the best results possible for each reaction. If a reaction yielded no results after 

several trials, a new method was developed, all beginning with WMK. Upon completion, 
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the synthetic SD-1 would be tested for biological activity and derivatives would be 

developed for potential improved drug activity.    
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Chapter 1 

Isolation, Syntheses, and Biological Active of Triptonide and Derivatives 
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Natural Products: Definition and role in chemistry 

The term natural product is generally defined as ñA chemical compound or 

substance produced by a living organism found in nature.ò 1 Over the years this definition 

has become more specific. Organic chemists define it is as ñA purified organic compound 

isolated from a natural source that is produced by primary or secondary metabolism.ò 2 

This definition is further narrowed by medicinal chemists as they focus on secondary 

metabolites. While natural products have been utilized for numerous different purposes, 

their main utility has been for medicinal use.  

 Long before the food and drug administration (FDA) was put in place, cultures all 

over the world use natural products as medicines. For several countries, the use of natural 

products for medicinal use is still their main form 

of health care; this form of health care is known as 

traditional medicine. It is the practice of 

experimentally using crude plant or animal 

materials to obtain a desired medical effect.3 This 

practice has led to countless traditional remedies 

for numerous illnesses. For example, chamomile 

tea is commonly consumed to help with stress or 

reduce anxiety. Milk thistle4 (Figure 1) is said to 

help with high cholesterol and goldenseal is used 

to alleviate diarrhea. While most of these practices 

were beneficial, due to poor control and regulations, impurities in the remedies could lead 

Figure 1: Image of a milk thistle.4 
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to long term side effects or death. To avoid these issues, a new form of medicine was 

developed: modern or western medicine. 

 Modern medicine is the practice of trained health care professionals administering 

drugs, radiation or surgery to treat a disease or injury.5 The key difference between modern 

medicine and traditional medicine is that the materials and substances used in modern 

medicine are proven experimentally to have the best effect for the intended individual 

disease with minimal side effects. While some drugs in modern medicine are still 

dangerous, they are administered because they are currently the best available known 

option. Another key factor is the 

purity of the drug or materials given. 

Most drugs that are given to patients 

contain one active ingredient. This is 

different from traditional medicine; as 

they contain several active 

compounds; some of which could be 

more harmful than helpful. This is not 

to say natural products do not play a 

role in modern medicine.  In fact, many of the drugs taken today come from natural sources. 

Acetylsalicylic acid (aspirin) (Figure 2) is a modified form of salicylic acid, which was 

originally isolated from willow trees. Opium (morphine) (Figure 2) is isolated from 

different forms of poppy plants, and penicillin (Figure 2) was first isolated from 

Penicillium; which is a type of fungus. Natural products have been essential for the 

development of chemistry. 

Figure 2: Retrosynthesis of aspirin from 

salicylic acid, and images of morphine and 

penicillin. 
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 The desire to improve the quality of drugs and to find new ones from natural 

products has helped shape sections of chemistry. The process of isolating milligram 

amounts of material from kilograms of crude natural products has improved techniques 

used in analytical and biochemistry. Different extraction methods are utilized to help 

separate compounds based on their polarity and other properties. These fractions can be 

divided and further purified by large gravity columns using large gradients into smaller and 

smaller fractions until one pure compound is obtained. New instruments such as high-

pressure liquid chromatography (HPLC) and mass spectrometry (MS) were invented, and 

techniques were refined to better separate natural products and identify them. With the 

amounts of biological compounds usually being quite low from natural sources, organic 

chemistry could take available starting materials and transform them into the desired 

compound. These subsections of organic chemistry would focus on total and semi 

syntheses of natural products. Medicinal chemists focus on the synthesis of biologically 

active natural products. It is in this field of chemistry where not only are new drugs 

synthesized, but also developed from the natural compounds to improve biological 

function. It is this combined interest that has led to the discovery of thousands of different 

natural products. With numerous natural products to study, people tend to focus on one 

class or area of natural products. Herein, I will focus on the natural product triptonide and 

close derivatives. 
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Tripterygium wilfordii Hook F: Chinese traditional medicine 

 Tripterygium wilfordii Hook F (TwHF) (Figure 3)6, otherwise known as the 

thunder god vine is a species of plant native to 

China. The crude extracts from the roots of the 

plant have been used in Chinese traditional 

medicine for many years. The extracts are used to 

treat several diseases like rheumatoid arthritis, 

and psoriasis, among others.7-10 The TwHF root 

extract is one of the most popular remedies still 

used in China. The popularity of the plant and its 

medicinal properties have grown to the point that 

users can purchase a pill form of the extract 

online. This large growth in utilization and 

accessibility does come with a concern. Long term use of the extract has been linked to 

several serious side effects including immunosuppression,11 gastrointestinal symptoms, 

hematologic events, and cardiovascular events.12 However, the extract exhibited anti-

cancer properties, which has produced interest to isolate the active compound or 

compounds from the plant.  

Triptonide and derivatives: Isolation and purification 

 Several compounds have been isolated from the TwHF root, but none as unusual 

as the first reported triepoxy diterpenoids: triptonide, triptolide, and tripdiolide (Figure 4). 

The first isolation was done in 1972 by Kupchan et al. and later modified in 1976.13,14 The 

Figure 3: Image of the 

Tripterygium wilfordii Hood F. 
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method of isolation began with extracting 2 kg of dry TwHF roots with 95% ethanol. 

Evaporation of the solvent left them with 200 g of crude extract. The crude material was 

then partitioned between ethyl acetate and water. After several ethyl acetate extractions, 

the solvent was removed to 

obtain ~100 g of material. 

This material was dissolved 

in chloroform and dry loaded 

onto a silica column. Several 

columns were performed using a gradient of methanol and chloroform until the pure 

products were obtained. Triptonide, triptolide, and tripdiolide were all isolated at 20 mg 

(0.001%), 21 mg (0.001%) and 27.1 mg (0.0013%), respectively. Triptolide and tripdiolide 

both exhibited antileukemic properties at the µg/kg scale, while triptonide showed no 

significant antileukemic properties. These discoveries lead future groups to find ways to 

better improve the isolation process of these active compounds. 

  Several methods have been tested throughout the years for separating the triepoxy 

diterpenes such as HPLC and TLC; both methods had issues with accurately determining 

the amount of the compounds. To perform a quick, cheap and reliable determination of the 

amount of the active compounds in the TwHF supplements, a new method was used. The 

analysis is called micellar electrokinetic capillary chromatography (MEKC). This process 

involves the separation of compounds based on differential partitioning between micelles 

and an aqueous buffer. Since the micelles act as the pseudo stationary phase, the surfactant 

concentration is kept above the critical micelle concentration (CMC). This technique 

improves on the need to do multiple extractions and columns before 

Figure 4: Structures of isolated compounds from the 

TwHF root triptonide, triptolide and tripdiolide. 
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purification/quantification. The optimized conditions for this method involved Soxhlet 

extraction of the crude root with ethyl acetate and removal of the solvent. MEKC was run 

with 20 mM boric acid and 10 mM borax buffer (pH 8.0) containing 10 mM sodium 

dodecylsulfate (SDS) run at 20 kV and 28 oC.15 While an effective method of separation is 

achieved from MEKC, this method is only used on the analytical scale and not much 

material can be obtained.  

Another cheap and less time-consuming method for separating bioactive 

compounds from the TwHF plant is the use of high-speed counter-current chromatography 

(HSCCC). This method uses two liquid phases instead of the standard solid-liquid 

interaction. One of the liquids acts as the stationary phase by immobilizing it through 

centrifugal force. The two 

liquids or mixture of 

liquids are immiscible with 

each other, which allows 

the mobile phase to pass 

through the stationary 

liquid. With the use of a two-

phase solvent system 

containing n-hexane-ethyl acetate-methanol-water (3:2:3:2, v/v/v/v) five known 

compounds and one unknown compound were separated from the TwHF plant.16 This 

method also allows for the separation of these compounds at the preparative scale (<500 

mg). Triptonide (25 mg), isoneotriptophenolide (77 mg), triptophenolide (83 mg), 

Figure 5: Structures of isolated compounds form 

HSCCC triptonide, isoneotriptophenolide, hypolide, 

triptonolide and triptonoterpene methyl ether.  
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triptonolide (42 mg), triptonoterpene methyl ether (37 mg) (Figure 5) and an unknown 

compound (1 mg) were separated from a semi crude mixture (320 mg).  

 New separation techniques allowed for quicker separation and quantification of 

bioactive molecules from the TwHF plant. Ultra-high-performance liquid 

chromatography/quadrupole time-of-flight mass spectrometry (UHPLC-QTOF-MS) 

allowed for the 

separation and 

quantification of 

triptolide, triptonide, 

demethylzelastral, 

tripterine and 

wilforlide A (Figure 

6) in under five 

minutes.17 Rapid 

resolution liquid chromatography/electrospray ionization tandem mass spectrometry 

(RRLC-ESI-MS) has been used to separate and quantify molecules from the Tripterygium 

wilfordii and Tripterygium hypoglaucum species. From these species, 19 bioactive 

compounds including four catechins, three sesquiterpene alkaloids, four diterpenoids, and 

eight triterpenoids were determined simultaneously. Quantitative analysis showed a 

difference in the amounts of each bioactive compound based on species.18 Methods for 

liquid chromatography coupled with time-of-flight mass spectrometry (LC-TOF-MS) have 

been used to determine 11 bioactive molecules found within the tripterygium glycosides 

tablets used therapeutically in China.19 Additional MEKC methods had been used to 

Figure 6: Structures of isolated compounds from UHPLC-

QTOF-MS triptolide, triptonide, demethylzelastral, tripterine 

and wilforlide A. 
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determine seven bioactive molecules in the TwHF plant.20 In all cases, triptonide and 

triptolide were detected. 

 Quality control is an important concern when it comes to testing traditional 

medicines; as they may contain harmful chemicals. TwHF extracts are commercially 

available in two tablet forms: HN-TG and HB-TG. While standard electrospray ionization 

(ESI) methods were able to detect some bioactive molecules, they could not detect the 

terpenoids. Extractive atmospheric pressure photoionization (EAPPI) was required to 

detect these compounds. By this method, the presence of triptonide was seen in both tablets, 

but triptolide was mainly present in the HN-TG tablet. The toxicity of these tablets were 

tested and the HN-TG tablet had more severe toxic effects towards the liver than the HB-

TG tablet. This is not surprising, as triptolide has been shown to cause toxicity in the liver.21 

Even though triptonide and triptolide are similar in structure, the simple differences 

between an alcohol and a ketone has a significant effect on toxicity.  

Triptolide: Biosynthetic pathway 

 While isolation from the natural source is useful for small-scale testing and quality 

control of drugs, it is not usually a suitable method for producing medications from natural 

products. Elucidation of the biosynthetic pathway would allow for possible metabolic 

engineering from the native plant or for a synthetic biological approach.22 It is hypothesized 

that triptolide is synthesized from miltiradiene (Figure 7), which is derived from (E,E,E,)-

geranylgeranyl diphosphate (GGPP) (Figure 7). T. wilfordii suspension cell cultures were 

made, and these cultures were shown to produce diterpenoids, including triptolide, over a 

3-year period. The cultures were grown in a defined medium in the dark at 25 oC on a rotary 
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shaker and 

transferred to fresh 

medium every 18 

days. A 2.6-fold 

increase in the 

fresh weight of the 

suspended cells 

was produced in 

that time. These 

cultures were 

found to produce 

53 ± 3 µg/g of 

triptolide in the 

suspended cells 

and 4.0 ± 0.2 mg/L 

in the medium. 

This procedure 

was also showed 

to synthesize diterpenoids in larger quantities than alkaloids; which is not seen in the native 

plant. Feeding the cultures with miltiradiene resulted in an increase of triptolide after five 

days compared to the control. This result indicated that miltiradiene is involved in the 

biosynthetic pathway of triptolide. The introduction of methyl jasmonate (a defense 

signaling molecule) caused a significant increase of triptolide in the cells, reaching over 

Figure 7: Proposed biosynthetic pathway for triptolide.22 
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200 µg/g. Efforts are currently ongoing towards figuring out the end biosynthetic pathway 

so bioengineered cell cultures can be developed to produce higher quantities of bioactive 

diterpenoids like triptolide. The best way to obtain large quantities of natural products is 

through semisynthetic methods or total synthesis.  

Triptonide: Total syntheses 

 The first total enantioselective synthesis of triptonide was reported in 1980 by the 

Van Tamelen group.23 The synthesis begins with the previously reported conversion of 

compound 1 to compound 2 over the course of 7 steps (Scheme 1).24 Curtius degradation 

of 2 was accomplished by reaction with SOCl2, then NaN3 and heating in toluene to form 

the isocyanate. Reduction with LiAlH 4 and heating in aq. HCO2H and formaldehyde gave 

Scheme 1: Van Tamelenôs total synthesis of triptonide.23 
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compound 3. Oxidation of the amine with m-CPBA and heating allowed for Cope 

elimination forming an exocyclic methylene group that was oxidatively cleaved with OsO4-

NaIO4 and AcOH to obtain compound 4. Compound 5 was synthesized in 4 steps from 4. 

The keto alcohol was synthesized by reaction of 4 with LDA and gaseous formaldehyde. 

The newly formed primary hydroxyl group was protected with 2-methoxypropyl ether, and 

the resulting ketone was treated with PhCH2OCH2Li . Deprotection of the hydroxyl group 

gave compound 5. The phenolic hydroxyl of 5 was protected by acetic anhydride and 

pyridine followed by PCC oxidation of the primary hydroxyl to obtain 6. Dehydration of 

the tertiary hydroxyl of 6 was achieved with o-C6H4(NH2)2-PhCO2H. The aldehyde was 

oxidized to the carboxylic acid using NaClO2-HOSO2NH2 followed by hydrogenation of 

the benzyloxy group gave compound 7, which was oxidized at the benzylic position using 

CrO3-AcOH then saponified using KOH gave the phenol 8. Reduction of the benzylic 

carbonyl group to the alcohol followed by NaIO4 oxidation gave 9. The enantioselective 

total synthesis of triptonide was completed with two more oxidations. While this was the 

first enantioselective total synthesis of triptonide and it started with a cheap natural product, 

it was a long synthesis (~30 steps) and resulted in a low overall yield (~0.04% from 2). The 

starting material contained all the stereocenters that were needed to control the 

stereochemical transformations. Only the A ring needed to be synthesized but obtaining 

the requisite functionality on each ring proved to be challenging.  

While the work done by Baldwin and co-workers gave the racemic product, their 

synthesis was shorter and improved on later steps compared to the Tamelen synthesis. Their 

synthesis can be seen in Scheme 2.25 They began with the alkylation of compound 10 with 

the thermodynamic enolate of 11, followed by lactone cleavage using Me2NH to afford 
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compound 12. 

Oxidation to the 

aldehyde using Collinôs 

reagent followed by an 

aldol condensation 

formed compounds 13 

and 14 in a 1:1 ratio. 

This mixture was treated 

with acid to convert the 

14 to 13 completely. 

Reduction of the 

aldehyde followed by acidic lactonization gave rise to compound 15. Base catalyzed 

isomerization of the alkene, benzylic oxidation using Jones reagent, demethylation of the 

anisole moiety and reduction of the benzylic ketone using NaBH4 gave compound 16. 

Oxidation of 16 using NaIO4 gave the racemic epoxide 9. Subsequent epoxidations using 

m-CPBA and hydrogen peroxide produced the desired compound triptonide. The work 

done by Baldwin and co-workers focused on the synthesis of the A and B rings of 

triptonide, which is common for most approaches to triptonide. Although it was a racemic 

synthesis, it was completed in 14 steps which is one of the shortest routes to date. However, 

this was achieved using expensive starting materials, which limits scalability.  

A few years later several new syntheses for triptonide were reported. One of these 

syntheses was achieved by Garver et al.26 Their work can be seen in Scheme 3. The 

synthesis begins with the one-pot reductive elimination of compound 17, followed by 

Scheme 2: Baldwinôs synthesis of triptonide.25 
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standard acid hydrolysis of the ketal to obtain compound 18. In two steps, they took the 

newly formed ketone 18 

and converted it to the 

butenolide 19 using CS2, 

base and MeI to form a 

ketene dithioacetal 

intermediate, followed 

by epoxide formation 

with dimethylsulfonium 

methylide and acid-

mediated lactonization. 

Next, compound 19 was 

treated with base and 

TBSCl to form a silyloxy furan intermediate, which underwent a Diels-Alder cyclization 

and acid-mediated aromatization to give the phenol ester 20. Methylation of the phenol 

was achieved with MeI and NaH. Then methylation of the ester, dehydration of the alcohol 

with MsCl and reduction of the propenyl group with Li/NH3 gave compound 21. 

Epoxidation of 21 with m-CPBA and base mediated elimination gave the exocyclic alkene 

22. Conversion to the allylic alcohol 23 began with chlorination with SOCl2 and was 

followed with SN2ô displacement by KOAc and saponification with NaOMe. The allylic 

alcohol 23 was converted to an allylic amide using dimethylformamide dimethylacetal. 

Basic elimination and acid hydrolysis gave compound 24. The remaining steps have been 

previously reported involving the conversion of the aromatic ring into the triepoxide, 

Scheme 3: Garverôs total synthesis of triptonide.26 
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triptonide. This unique approach utilized the synthesis of the A and D rings versus the 

normal tactic of synthesizing the A and B rings. This is possibly more challenging than 

other methods as they had to synthesize the aromatic D ring, but it did allow them to start 

with 17, which can be synthesized in a few steps. Unfortunately, their overall synthesis was 

lengthy with 23 steps, not including the steps needed to synthesize 17. 

 Another approach to synthesize triptonide was reported by Van Tamelen et al.27 

The synthesis begins with the methylation of compound 25 using NaH and MeI, followed 

by the addition of the benzylic alcohol moiety using n-BuLi, TMEDA, and 

paraformaldehyde (Scheme 4). Benzylic alcohol 26 was converted to a benzylic bromide 

using PBr3 

then alkylated 

using NaH and 

the 

cyclopropyl 

ketoester 27 

shown in 

Scheme 4. 

Their next goal 

was to remove 

the ester group through saponification with Ba(OH)2 and thermal decarboxylation. The 

reduction of the resulting ketone to the alcohol with LAH resulted in alcohol 28. 

Conversion to the homoallylic bromide 29 was accomplished by Juliaôs method using LiBr, 

PBr3, and collidine, followed by ZnBr2. Reaction of compound 29 with ethyl acetoacetate 

Scheme 4: Van Tamelenôs updated total synthesis of triptonide.27 
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under basic conditions gave compound 30. Cyclization was achieved using SnCl4 followed 

by dehydration using MsCl and pyridine to give compound 31. The synthesis of the 

butenolide ring of compound 24 was achieved by epoxidation of the exocyclic alkene group 

using m-CPBA and base-induced lactonization. The remaining 6 steps were previously 

reported (Schemes 3, 4). This unique biomimetic synthesis was achieved in less than 20 

steps and from a cheap and practical source. They were able to synthesize the A, B, and C 

rings with a 15% yield to produce intermediate 24. This was an improvement from prior 

approaches, but this method gave the racemic product. 

  Zhou et al. wanted to find an efficient route to synthesize triptonide and triptolide 

from accessible starting materials.28 The synthesis begins with the esterification of abietic 

acid followed by oxidation to the diol 32 using Sharpless conditions (K2OsO4
.(H2O)2, 

NMO, pyridine, and acetone/H2O (Scheme 5). Further oxidation of 32 and acidic 

isomerization and dehydration gave the phenol 33.  Methylation using dimethyl sulfate 

followed by saponification gave intermediate 34. Conversion of 34 to the exocyclic alkene 

Scheme 5: Zhouôs total synthesis of triptonide.28 
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35 was accomplished in three steps using oxalyl chloride, the sodium salt of N-

hydroxypyridine-2-thione, and DMAP, followed by m-CPBA. Ozonolysis formed the 

corresponding ketone, which was converted to the ketene dithioacetal 36 using CS2, Li-

BTH, and MeI. The ketene dithioacetal 36 was subjected to (CH3)3SI and n-BuLi followed 

by acidic ring-opening and cyclization to obtain the known aromatic butenolide 24. This 

intermediate was converted to the natural product triptonide in six additional steps. This 

partial total synthesis was completed in 16/17 steps, with a 47% yield giving the aromatic 

butenolide 24. This synthetic scheme is one of the shorter proposed methods for obtaining 

the natural product by starting with abietic acid. Three out of the four rings are already 

established in the starting material, which also already contains the trans decalin ring 

system. Abietic acid can be purchased for less than $1/g, but this is the technical grade, 

which is <90% pure. Abietic acid of 98% or better purity cost closer to $200/g which makes 

scalability difficult. 

The latest total synthesis of triptonide and triptolide was completed by Zhang et 

al.29 Their first route begins with the reaction of  5-methoxy-1-methyl-2-tetralone 37 and 

(R)-(+)-Ŭ-phenylethylamine 37 in the presence of TsOH. The resulting enamine undergoes 

in situ reaction with Nazarovôs reagent and acetic acid forming intermediate 39 (Scheme 

6). Treatment of 39 with KOH followed by acid resulted in the desired annulation product 

40 and the enol tautomer 41. The mixture was treated with triflic anhydride and pyridine, 

followed by DiBAL-H reduction to the allylic alcohol 42. Palladium-catalyzed 

carbonylation in the presence of carbon monoxide formed the desired butenolide ring in 
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98% ee after 

crystallization.  

Oxidation of this 

intermediate at 

the benzylic 

position gave 

ketone 43, 

which was 

demethylated 

with BBr3 to 

obtain the 

corresponding phenol. Friedel-Crafts gave reaction of the phenol ring with isopropanol in 

concentrated H2SO4 gave alkylation ortho to the hydroxyl group. Finally, stereoselective 

hydrogenation of the enone moiety was accomplished by Pd-C reduction to obtain 8. This 

resulted in a 2:1 mixture of the cis/trans decalins that could not be separated by 

chromatography, but the desired trans decalin could be isolated by recrystallization. To 

improve on this synthesis, the Zhang group tried another synthetic scheme.  

 The mixture of 40 and 41 was reduced using Na/NH3 in Et2O to afford the desired 

ɓ-ketoester 44 in 67% yield along with 45 in 15% yield (Scheme 7). Unsatisfied with this 

result, the mixture of 40 and 41 was first converted to the silyl enol ether followed by Pd-

C catalyzed hydrogenation and TBAF desilylation to obtain 44. Conversion to the vinyl 

Scheme 6: Zhangôs first method towards the synthesis of 

triptonide.29 
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triflate with PhNTf2 and KHMDS and the reduction of the ester group with DiBAL -H gave 

the allylic alcohol 46. Next, carbonylation and benzylic oxidation under the same 

conditions as before gave 47. Demethylation of the anisole ring using BBr3, followed by 

Friedel-Crafts alkylation produced 8, which was converted to triptonide in four steps under 

previously reported conditions. Using either method, they were able to develop a new total 

synthesis of triptonide in 16/18 steps. While this is one of the shortest synthetic schemes 

to date, it suffers from the usage of an expensive starting material (37, ~$1,000/g), which 

can cause issues with scalability.  

Triptonide and derivatives: Biological activity 

 While the TwHF plant extracts continue to be used as a traditional medicine, the 

focus changed once it was discovered in the early 1970s that triptolide and tripdiolide were 

potent antileukemia drugs.13,14 As stated above, these biological properties sparked an 

interest to find ways to isolate the active compounds and even synthesize them through cell 

cultures and in the laboratory. Since then, compounds isolated from the TwHF plant such 

Scheme 7: Zhangôs second partial total synthesis of triptonide.29 
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as triptonide, triptolide, and other derivatives have been shown to have other biological 

activities. Herein, I present some of the unique biological actives these small molecules 

have shown to possess over the past 50 years. 

Triptonide and derivatives: Anticancer properties 

 Pancreatic cancer is an aggressive and deadly form of cancer and the development 

of drugs to help treat/suppress tumor growth is needed. Kamiyama et al. did a wide 

screening of potential anticancer drugs. A total of 

3,131 drugs were tested against three different 

pancreatic cancer lines (Panc502, Panc486, and 

Panc410). These tests were run both in vitro and 

in vivo on cell cultures and in mice injected with 

the cancer line. Out of these 3,131 drugs, only 10 exhibited 75% or greater inhibition of 

cell growth with only one being an FDA approved drug. Out of these 10 drugs, triptolide 

inhibited cell growth of the Panc502 line by 98.1% at 10 µmol/L. It also had the lowers 

IC50 of all the drugs at 7.3, 10.2 and 8.3 nmol/L for Panc502, Panc486 and Panc410 

respectively.30 Triptolide suffers from poor water solubility, a narrow therapeutic window, 

and dose-dependent toxicity. To improve solubility, the prodrug minnelide (Figure 8) was 

synthesized. Minnelideôs water solubility was increased compared to triptolide (61 mg/L 

compared to 0.017 mg/L) and it has a long shelf-life of 2 years at 4 oC. It proved to be a 

very potent pancreatic cancer treatment and currently is in phase II clinical trials. It is also 

being studied for other forms of cancer, such as human colon adenocarcinoma and ovarian 

cancer.31 Some evidence has shown that cancer cells directly from the blood vessels 

Figure 8: Structure of minnelide. 
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through vasculogenic mimicry (VM) has been found in several aggressive and metastatic 

tumors, including pancreatic cancers. VM helps buildup functional blood vessels in tumor 

xenografts and has been seen in approximately 71% of pancreatic cancer tissues. There are 

very few know inhibitors of VM, which is why screening of potential drugs are important 

in finding a possible treatment. Triptonide was shown to suppress pancreatic cancer cell 

migration, invasion, and tumor VM. It did this by inhibiting the expression of the tumor 

VM master gene VE-cadherin and a pro-migratory gene chemokine CXC by blocking 

transcription.33 Triptonide has also been reported to suppress pancreatic cancer in vitro 

tumor growth in xenograft mice. It does this by selectively binding to the MEKK4-

MKK40p38-p21 signaling pathway which is responsible for tumor-suppression.34  

 Triptonide has exhibited anti-cancer properties in numerous other forms. It is an 

effective anti-leukemia agent both in vitro and in mouse xenograft models. The small 

molecule was observed to inhibit cell growth and colony formation for the cancer cell lines 

U937 and HL060 AML with IC50 of 7values .5 and 12 nM, respectively. At 4 mg/kg, nearly 

complete suppression of the human leukemia cell tumorigenicity (>99%) was seen in 

mouse models without signs of toxicity.34 Triptonide has also been used to target 

lymphoma, specifically Lyn, a proto-oncogene overexpressed in cancer. Currently, there 

are no low toxicity drugs available on the market. Triptonide was shown to effectively 

target B-lymphoma Raji and T-lymphoma Jurkat cells with IC50 values of 5.7 nM and 4.8 

nM, respectively. Dosages of 5 mg/kg/day inhibited lymphoma growth in human 

lymphoma cells xenografted on mice without any notable toxicity. Of all mice tested, 75% 

exhibited complete eradication of the tumors in vivo.35 Triptonide has been looked at as a 

possible therapeutic agent for gastric cancer associated fibroblasts (GCAFs). Treatment 
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showed strong inhibition of colony formation, migration, 

and invasion-promoting of GCAFs by up-regulating 

microRNA-149, which releases metalloproteinase 2, a 

tumor-suppressive factor.36 Triptonide has also shown to 

inhibit lung cancer in vivo. It does this by inhibiting cell 

growth, stemness, and tumorigenicity through the inhibition 

of the Shh-Glil signaling pathway.37 Triptonide has also exhibited anti-prostate cancer 

properties. Advanced human prostate cancer cell lines PC3, DU145, and LNCap, along 

with normal human prostate epithelial cell line RWPE were tested in vitro. The IC50 values 

were obtained for PC3, DU145, and LNCap and 11.96, 10.26, and 12.01 nM, respectively. 

It also inhibits in vivo cell growth of prostate cancer cell xenografts at ~98% levels with a 

dose of 10 mg/kg.38 Triptophenolide (Figure 9), a potential precursor to triptolide and 

triptonide, has also shown to inhibit advanced prostate cancer by having antiandrogenic 

activity.39 It has also been reported to disrupt the Lnc-RNA THOR-IGF2BP1 signaling 

pathway, which is believed to be important in human nasopharyngeal carcinoma, and 

Wnt/ɓ-Catenin signaling, which is involved in several diseases like cancer and the 

zebrafish ñeyelessò phenotype.40,41  

Triptonide and derivatives: Rheumatoid arthritis,  coronary arteriosclerosis, and 

Alzheimerôs disease 

 The TwHF plant extracts have been used for several diseases, such as rheumatoid 

arthritis. In some countries, the extract is mainly used to treat the disease; other countries 

use different medications like methotrexate. In a 44-person study, the combination of the 

Figure 9: Structure of 

triptophenolide. 
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two methods was tested to see if there was an improved therapeutic result. The participants 

were divided into 3 groups: one took just the glycoside tablets, one took the methotrexate, 

and the other took the combination therapy. After 12 weeks it was observed that 40.0% 

improvement was seen in patients taking the methotrexate and 42.9% for the TwHF extract 

alone. Those who received the combination therapy reported a 66.7% improvement of the 

disease; which was significantly different than receiving treatment from the individual 

drugs.42 IL-37 is an anti-inflammatory cytokine expressed in tissues in patients with 

inflammatory and autoimmune diseases like rheumatoid arthritis. It was seen that triptolide 

and triptonide upregulated the expression of IL-37 via the ERK1/2 and p38 MAPK 

pathways.43  

 Due to triptolideôs known immunosuppressant properties, Hachica et al. tested to 

see if it could be used to help treat graft coronary arteriosclerosis (GCA).44 This is a 

condition that can occur after a heart transplant and is related to chronic rejection. Rats 

underwent a heart transplant followed by treatment with triptolide to test this. After 60 

days, all subjects were sacrificed, and the heart was examined for damage. In all groups, 

no rats died due to treatment or from the heart transplant. Despite being a known toxin, 

triptolide showed no histological damage to the liver, kidneys or heart. The control group 

exhibited clear signs of increased diseased vessels and increased arterial intimal thickening. 

It was observed that in all groups PDGF-A mRNA (linked to GCA cases) was present but 

significantly lower for those treated with triptolide. A rough effective dosage for inhibition 

of GCA is theorized to be 3 µg/kg/d.44  
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 Alzheimerôs disease is a major health problem as the average life expectancy 

increases. It is estimated that 47 million people suffer from it currently, and as the 

population increases as well as the average age, it is estimated that there will be 131 million 

cases by 2050.45 There are no drugs on the market that 

help stop the progression or cure the disease, making it 

crucial to find solutions to this problem. One potential 

solution may be the use of triptolide or triptolide 

derivatives. Work done by Ning et al.45 tested to see if 

triptolide or its derivatives could act as neuroprotectors. 

Cortical neurons were incubated with Aɓ1-42 oligomers 

for 24 hours with or without the small molecules. Triptolide at 4 µM showed a 40% 

reduction in primary cortical neuronal viability. Pretreating the cortical neurons with 

triptolide completely saved the cells from Aɓ1-42 toxicity. They discovered that the 

hydroxyl group played an important role in protecting the cells as triptonide showed no 

effect. Further alterations of triptolide led the researchers to their lead molecule triptolide-

memantine (Figure 10). This compound exhibited promising neuroprotective and anti-

neuroinflammatory activities at the subnanomolar level.45 

Tripterygium wilfordii Hook F: Male contraceptive properties 

 The total glycosides tablets, a crude extract of the TwHF plant, exhibited 

antifertility effects on male rats and mice.46 The rats and mice were dosed with 10 

mg/kg/day of the glycoside tablets 6 times a week. Infertility was observed in the male rats 

and mice after 8 weeks without apparent toxicity. There was a sharp decrease in epididymal 

Figure 10: Structure of 

triptolide-memantine. 
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sperm motility and a moderate decrease in sperm density. A reversibility study showed full 

recovery of fertility after 4-5 weeks after dosing ended. A similar effect was also seen in 

Chinese maleôs sperm taking the tablet for rheumatoid arthritis and psoriasis.46 Given these 

effects, several groups have looked at isolating and identifying the active compound(s) in 

the TwHF plant for a possible male contraceptive. Before looking at the other findings on 

the TwHF plant, it is important to understand how birth control has been used over the 

years, how it is currently being used, and where it is headed.   

Birth control : What used to be done 

 Since the beginning of civilization, the desire to have sex without the possibility of 

impregnation has been a concern. This can be seen by the development and documentation 

of different substances and materials being used as birth control. Many of these forms of 

birth control are no longer used today due to their harmful nature, but these methods were 

often preferred over aborting the pregnancy as this practice was quite harmful and 

sometimes deadly in those time periods. Even though the ideas behind some of these 

substances or materials may sound ludicrous in modern times, the reasoning behind some 

of them did help develop products that are used today.  

 One of the earliest recorded forms of birth control was the use of honey and acacia. 

This method was first documented in 1850 B.C. by ancient Egyptians.47 Women would 

take a mixture of honey and the acacia fruit or leaves and grind them together to make a 

paste. They would soak this paste in cotton or lint and then insert the cotton into their 

vaginas before having sex. They believed that the mixture would act as a barrier and a 

spermicide, which would allow them to have sex without the worry of getting pregnant. 
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Since many of these ancient 

practices are no longer used, there 

are no detailed records to determine 

if these methods worked or how 

well they worked.47,48 Another 

method was the use of animal 

feces.48 This practice would be 

classified as quite unsanitary by 

todayôs standards; however, in 

those times people did not know about bacteria. This practice was employed by many 

ancient societies ranging from Egypt to India. Often, the use of crocodile or elephant feces 

would be mixed with other ingredients to make a pessary which was believed to work as a 

spermicide. This pessary would be inserted into the vagina before sex. Additionally, the 

ingestion of heavy metals was a practice used by main cultures like Greek, Chinese, Egypt, 

and others. Women would ingest metals like lead, arsenic, and mercury to help prevent 

pregnancy. While these metals did work as a method of birth control, they came with 

several side effects, such as kidney and lung failure, and brain damage. In ancient Rome 

and Greece, women would use an oral contraceptive called Silphium (Figure 11).49 

Silphium was a species of giant fennel that was taken orally or ground into a paste and 

soaked in cotton and inserted before sex.48,50 Silphium seeds became so popular that they 

were used as a currency, and they became more valuable than silver by weight. This usage 

lead to the later extinction of the plant. A mixture of olive and cedar oil was proposed by 

Aristotle to help avoid pregnancy.51 The idea was that the mixture would slow the sperm 

Figure 11: Image of the plant Silphium (giant 

fennel).49 
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down and allow women time to clean themselves before the sperm could make its way to 

the uterus. Lemon juice and other acidic fruits would be soaked in cotton or sponges and 

used before sex. The acidity of the fruit was thought to act as a spermicide. While these 

practices are no longer used or recommended for use, other ancient methods are still used 

to this day in modified forms. 

 Queen Anneôs lace (Figure 12)52, otherwise known as wild carrot, is one of the 

oldest forms of birth control known and still used today.47 Over 2,000 years ago, 

Hippocrates described it as an effective oral contraceptive and abortifacient. The seeds of 

the plant are among the 

most potent antifertility 

methods. The seed was 

most often taken after 

intercourse, much like 

emergency contraceptives 

today. The seed is known 

to disrupt progesterone 

synthesis, halting implantation or release of the egg soon after implantation.  Douching 

after sex was a popular method used in ancient Rome to avoid pregnancy.51 A multitude of 

different fluids like lemon juice, seawater, and vinegar were used. In more modern times, 

before FDA approved products were available, women would use chemicals and household 

cleaning products, for example, Lysol. However, this led to poisonings and death in several 

cases.  

Figure 12: Image of the plant Queen Anneôs lace.52 
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All these methods were used by women and there were not many options for men. 

The first recorded use of condoms were reported in the 1600s. There is a suspicion that 

condoms were used even earlier.53 Most modern condoms are made of latex or 

polyurethane. The old versions were made of animal membranes such as intestines or 

bladder. The use of condoms also came with the added benefit that they also helped prevent 

the spread of some sexually transmitted diseases (STDs). With improving modern 

medicine and increased scientific focus on reproduction and birth control, several new 

medicines, devices, and surgeries are available today.  

Birth control: What is currently in use  

 Over the last one hundred years, various improvements in birth control have 

become accessible to society. With these improvements, it is known how these forms of 

birth control work and how effective they are. The available birth controls can be divided 

up into two simple categories: male and female. Since there are several options for females, 

they can be further divided into two categories: self-application and medical professional. 

 First, let's focus on the self-applications for women. Spermicides are foams, jellies, 

creams, or films that are inserted into 

the vagina before sex. The most 

common spermicides contain 

nonoxynol-9 (Figure 13). The main 

function of Nonoxynol-9 is to slow 

down sperm mobility, causing them to 

die before reaching the uterus.54.55 

Figure 13: Structures of nonoxynol 9, 

estrogen, and progestin. 
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While spermicides are inexpensive, improper use of such drugs results in only a 71% 

success rate in preventing pregnancy.54,55 The female condom is another method for self-

application.  Much like the male condom, the female condom is applied (inserted) before 

having sex. They are generally described as being ónoisierô than male condoms and only 

have a 79% success rate at preventing pregnancy. They do have the added benefit of 

helping prevent some STDs. The sponge is a product that contains spermicide and is placed 

against the cervix before sex. If applied right, it has a higher rate of success at preventing 

pregnancy (85%) than common spermicides. The ópillô is one of the most common forms 

of female birth control on the market. It is a pill that is taken orally every day at the same 

time. It works by releasing the hormones estrogen and progestin (Figure 13) into the 

bloodstream, preventing ovulation. Overall, the pill has a 92% success rate. There are also 

the birth control patch and vaginal rings, which work chemically similar to the pill. The 

patch is applied to the skin and changed once every 3 weeks. The vaginal ring is a plastic 

ring inserted into the vagina and left there for 3-4 weeks before needing to be removed. 

The patch and the ring contain the hormones estrogen and progestin, which prevent the 

ovulation process just like the pill. They also have the same success rate as the pill (92%). 

Emergency contraceptives are forms of birth control that are used to prevent pregnancy 

after sexual intercourse. While most methods are applied proactively, the emergency 

contraceptives are taken reactively. This form of birth control is taken if no other method 

of birth control was used or there is a possibility that the main form of birth control failed 

and there is a chance of pregnancy. It works in a manner similar to the pill by delaying 

ovulation, but it requires a high dose of the hormone to work quickly. The contraceptive is 

taken 24-72 hours after sex and has an 89-95% success rate. The last method, which is not 
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an approved birth control method, but more of a concept, is the use of ovulation prediction 

kits. There are several kits that can detect when a woman is ovulating. The concept is that 

a woman would use the kit to figure out what time of the month she ovulates and avoids 

having sex during that period. This method is not recommended as a form of birth control, 

as it leads to a high rate of pregnancies.54,55 

 In addition to the methods of self-application for females, numerous options can be 

provided by health care professionals. A diaphragm is a rubber dome that can be placed 

over the cervix before sex.54,55 It is used as a physical barrier and is recommended to be 

used alongside spermicide. While self-application is performed, the device needs to be first 

fitted by a healthcare professional. The device has an 84% success rate for preventing 

pregnancy. A cervical cap is like the diaphragm and needs to be fitted by a healthcare 

professional, but it is smaller in size. It is placed over the cervix before sex and it is 

recommended to use a spermicide with it. The cap has an 85% success rate for women who 

have never been pregnant, but only a 70% success rate for women who have already had 

children. The next method is called a birth control shot or Depo-Provera®. The shot is 

highly effective with a 97% success rate at preventing pregnancy.54,55 It is a hormonal shot 

that is administered by a healthcare professional every 3 months. The birth control implant 

is a small rod that is placed in the upper arm by a healthcare professional. It is a hormone-

containing device that lasts for 3 years before needing to be replaced. The device also has 

a high success rate for preventing pregnancies of greater than 99%. Similar to the implant, 

the intrauterine device (IUD) needs to be applied to the uterus by a healthcare professional. 

It comes in two forms, copper and hormonal. The copper version lasts for 10 years and 

works by releasing copper ions that kill sperm and the hormonal version works by 



31 
 

preventing ovulation and 

only lasts 3-5 years. Both 

options have a greater than 

99% success rate at 

preventing pregnancy. The 

last method is called tubal 

ligation (Figure 14),56 

otherwise known as ógetting 

your tubes tiedô.  This 

method requires major surgery and may not be reversible. The surgeon closes off the 

fallopian tubes, not allowing the eggs to leave the ovaries. Due to the extent of the surgery, 

it is only recommended for women who no longer wish to have children and it has a near 

100% success rate. 54,55 

 Despite the population being nearly half male and half female, the burden of birth 

control has been mainly focused on the females. This is easily recognized as there are 

dozens of female options, but only two medically approved and two socially practiced male 

options. The most common medically approved option for men are condoms. Unlike the 

original condoms, they are no longer made of animal membranes but are now made from 

latex or polyurethane. The condom is a simple barrier that traps sperm and may contain 

some spermicide for added protection. Unlike most female methods, condoms come with 

the added benefit of preventing some STDs. They are also quite effective in preventing 

pregnancy, with a 98% success rate. The other medically approved method is vasectomy 

Figure 14: Diagram of tubal ligation.56 
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(Figure 15).57 A vasectomy is a minor surgical procedure that involves the snipping or 

closing of the vas deferens. The vas deferens is a small tube that leads from a testicle, where 

sperm is produced. This procedure is 

the male equivalent of tubal ligation 

as it is nearly 100% effective at 

preventing pregnancy and it can be 

difficult to reverse the procedure. The 

other two widely practiced methods 

are known as outercourse and 

withdrawing. Outercourse is the 

practice of having non-vaginal sex, 

which is also an option for females. 

This can include acts such as kissing, 

masturbation, oral and anal sex, and others. Since this practice does not involve penetration 

of the vagina, the success rate of preventing pregnancy is 100%. The last method is 

withdrawing, otherwise known as the ópull out methodô or coitus interruptus. This practice 

involves withdrawing or pulling out the manôs penis before ejaculation. Since this method 

requires the man to successfully pull out before ejaculation, the success rate for couples 

who use this method is only 78%. Due to this large discrepancy in birth control distribution 

between males and females, numerous groups have shifted their focus towards finding 

more options for male birth control.54,56     

 

Figure 15: Diagram of a vasectomy.57 
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Birth control: Where is it headed 

 Numerous new male contraceptive methods are currently being developed. One of 

the more promising methods is a synthetic androgen called 11ɓ-MNTDC (Figure 16). 

Rabbits were tested for short term liver toxicity using 

11ɓ-MNTDC and other synthetic and endogenous 

androgen. The 11ɓ-MNTDC groups were dosed with 

the compound at 10 and 25 mg/kg/day for 2 weeks. 

Body weights were taken at days 0, 7 and 14. No 

rabbits in the studies exhibited significant signs of liver 

toxicity with treatment.58 In further studies, 11ɓ-MNTDC was tested on male rats for 20 

weeks. Rats were given 25 mg/kg subcutaneous injections of the drug every 4 weeks. Due 

to the large sample size, an injection was chosen over the administration of the drug by oral 

gavage, despite being orally bioavailable. Over the treatment period, all subjects gained 

weight while on the drug, but at a slightly lower rate than the control group. This was 

suspected to be because the treated rats showed slight lower food consumption in later 

weeks. Bone marrow density and lean mass were not significantly changed with treatment. 

Prostate and seminal vesicle weights increased compared to the control and hormonal 

suppression from the androgen decreased gonadotropin secretions and caused deficient in 

spermatogenesis. 11ɓ-MNTDC remains an attractive target for hormonal male 

contraceptive as well as being a potential treatment for hypogonadism, muscle-wasting 

conditions and osteoporosis in men.59 Phase 1 clinical trials took place, testing on healthy 

men 18-50 years of age (12 enrolled and all completed the study). A double-blind study 

was done, and dosages were administered at 0, 100, 200, 400 and 800 mg/person/day over 

Figure 16: Structure of 11ɓ-

MNTDC.58 
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20 weeks. The drug was first administered by fasting (8 hours), followed by taking the 

medication with a high-fat diet (50%, 800-1,000 calories). No clinically significant changes 

were seen in blood pressure, heart rate, ECG, or blood chemistry lipid panel. Significant 

weight gain was seen in subjects during the study. This was thought to be due to the high-

fat diet required for improved drug uptake in the body. While the drug was well tolerated 

by all subjects, further testing is needed to understand the dosage required to effectively 

suppress spermatogenesis in human males.60 

 Other hormonal male contraceptives are being examined as well. Testosterone as a 

single oral dose male contraceptive is unlikely, as it is cleared too rapidly even in 

combination with 

progestin (Figure 

17). Testosterone 

gels are currently 

used to treat 

hypoandrogenism and when combined with the progestin (Figure 17) resulted in a 90% 

sperm suppression. This method requires two forms of administration. Long term 

injections using a combination of different endogenous and exogenous androgens have 

been tested. The study was terminated due to frequent reports of mood changes, depression, 

pain near the injection site and decreased libido.61 A lack of sperm suppression and 

pregnancy was also observed at 7.5%. A topical gel combined with nestorone (Figure 17) 

(8 mg) and testosterone (100 mg) was shown to be effective at lowering sperm 

concentration to <1 million/mL. After 4 weeks of treatment, increased sperm 

concentrations were seen. The failure was caused by inconsistent or nonuse of the product 

Figure 17: Structures of testosterone, progestin, and 

nestorone. 
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rather than a nonresponse to the drug. Further studies revealed increased testosterone levels 

in the female partners. This was due to exposure to the topical gel during sex. Showering 

2 hours before sex or wearing a shirt lowered the amount of testosterone transferred to the 

female partner.62  

   Several non-hormonal methods have also been studied over the years. Vitamin A 

(Figure 18) deficiency has been recognized for its role in male sterility. The biologically 

active form of retinoic acid (Figure 18) 

is required for normal spermatogenesis. 

Blocking the retinoic acid (RA) pathway 

was viewed as a viable option for male 

contraception.63 

Bisdichloroacetyldiamine (BDAD) 

(Figure 18) was found to stop 

spermatogenesis via this pathway. Over a 

one-year trial, 60 men were treated with 

the drug high tolerance and efficient 

inhibition of spermatogenesis were observed. The study was stopped upon the discovery 

that alcohol consumption while on the drug would cause severe disulfiram reaction.64 

Targeting the bromodomain testis-specific protein (BRDT) was studied as it is essential in 

chromatin remodeling during spermatogenesis. The small molecule JQ1 (Figure 18) was 

shown to inhibit BRDT and to be a reversible contraceptive in male mice. While it was an 

effective contraceptive, it also bound to other proteins which have left researchers looking 

into libraries of other small molecules with improved binding specificity.65 Targeting 

Figure 18: Structures of vitamin A, 

retinoic acid, JQ1, and BDAD. 
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Sertoli cell-germ cell adhesion, causing immature spermatocytes to be released, was 

another non-hormonal option. Several small molecules were tested and exhibited male 

infertility.66,67 However, the dose range between reversible and irreversible fertility was 

quite narrow. Further testing of molecules increased this window, but oral bioavailability 

was lost.68 Gossypol and gendarussa are crude plant extracts that have shown to decrease 

male fertility. Limited studies and reports of irreversibility have made further research of 

these extracts minimal.69,70  

 There are also reversible barrier methods that could be used for male contraception. 

While a vasectomy can potentially be reversed, there are risks that it cannot be, which is 

why a reversible barrier method is an interesting target. In the 1970s, a procedure called 

reversible inhibition of sperm under guidance (RISUG) was developed.71 Styrene maleic 

anhydride polymer mixed with dimethyl sulfoxide was injected into the vas deferens of 

male animals. It was theorized that the barrier deformed sperm, rendering the sperm unable 

to fertilize an egg. The material was tested on rats, monkeys, and humans by 1989. The 

potential male contraceptive went to phase III clinical trials in India; however, 

investigations by the World Health Organization questioned the practices at the facilities, 

and the project was stopped.71 The project was reopened in 2010 under the name Vasalgel 

using the same material. While all signs point to it working well as a barrier and limiting 

pregnancies, several cases are concerning. Testing done on monkeys found that difficulties 

injecting the polymer into the vas deferens resulted in significant damage, so a standard 

vasectomy was performed on one side. In another incident, a subject was injured in the 

groin area and some significant swelling was noticed. Upon further investigation, shards 

of the polymer had broken off and lodged into surrounding tissues. The method for removal 
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of the material uses a dilute sodium bicarbonate solution. While this method is quite simple, 

there were reports of the inability to remove the material in some cases in rabbit studies.72,73 

Another unique barrier idea in development is called ñthe switchò or Bimek SLV. Named 

after the inventor, the idea is that a patient would undergo a normal vasectomy, but instead 

of closing the vas deferens the ends would be connected through a switch-like device. In 

the on position, the device would block the passage of sperm, sterilizing the man, In the 

off position, sperm would be allowed to flow freely mixing in with other fluids. Bimek 

tested the device on himself and obtained some positive results. The initiative is a 

volunteer-based study, as he does not want to do any animal testing. Currently, no other 

volunteers have undergone the procedure.74  

Triptonide and derivatives: Male contraceptive 

 With the discovery that TwHF crude extracts possess male contraceptive 

properties, Matlin and co-workers decided in the early 1990s to isolate the active 

compound(s) from the extract.46 From several total glycoside tablets, they isolated different 

fractions using various extraction and column separation methods. These semi-crude 

extracts were tested by feeding to male rats and then allowing them to breed with female 

rats. The motility and density of epididymal sperm in the males were also tested. Only the 

few extracts that showed lower rates of pregnancies and lower epididymal sperm were 

taken on for further purification. It was concluded that after several isolations the active 

antifertility fractions contained triptolide and tripdiolide. Analysis of the active fraction 

showed that a total dose of 1.4 mg of triptolide had been administered to each rat over 30 

days, or 9.3 µg/rat/day. It was determined that the minimum effective dose to completely 
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inhibit fertility in male rats was 5.6 µg/rat/day of pure triptolide. These early findings led 

other groups to look more into triptolide and other compounds found in the TwHF extract 

as active male contraceptives. 

 Further testing was done that same year on groups of Sprague-Dawley (SD) rats. 

The rats were dosed with 75 µg/kg of triptolide for 35 days. At 28 days, mating tests 

showed that all treated rats were infertile.75 No spermatogenesis or epididymal epithelial 

damage were noticed in treated rats. However, moderate and severe damage of 

spermatozoa were observed in the corpus and caudal epididymis. A few years later, a study 

was done to find a possible mechanism of action for triptolide. SD rats were divided into 

groups of six, and orally administration of triptolide (50 or 100 µg/kg) daily for 35 or 70 

days.76 All rats given the higher dosage showed complete infertility during the second 

mating trial (63-70 days). The rats receiving the lower dosage gave intermediate fertility 

results. No significant changes in plasma levels for testosterone were seen when comparing 

the control group to the treated rats. No effects from triptolide were observed on testis and 

accessory organs. However, there were significant decreases in tubule volume and the 

number of round spermatids. It was concluded that triptolide at dosages that induce 

complete infertility has minimal adverse effects on the testes and act primarily on the 

epididymal sperm.  

Issues were raised in a future study while treating male Sprague-Dawley rats with 

triptolide. The focus of the study was to see the effects of triptolide after longer dosing time 

and to test reversibility. Each rat was orally administration of 100 µg/kg of triptolide for 

82 days. It was noted that all subjects were sterile after the 82-day treatment.77 Cauda 
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epididymal sperm content was decreased by 84.8% and sperm motility was reduced to zero. 

Cauda epididymal sperm in treated rats exhibited severe structural abnormalities. Long 

treatment of triptolide also affected spermatogenesis in some cases. Similar findings were 

also reported by Hikim et al.78 Recovery occurred as early as 6 weeks after cessation of 

treatment. After 14 weeks, four out of six rats were fertile and three out of four females 

that were impregnated gave birth and the pups were normal. These results suggested that 

long term treatment may not be completely reversible. Future work done by Ni et al. looked 

at male reproductive toxicity and toxicokinetics of triptolide in rats.79 Five groups of SD 

rats were given oral gavage of triptolide at 

dosages ranging from 0-400 µg/kg/day. No 

obvious clinical anomalies were seen, but the 

rats from the 400 µg group showed fewer feed 

consumptions compared to the control. 

Significant weight loss was seen in rats from 

the 200 and 400 µg groups. No significant 

weight loss was seen in the 100 µg group, but 

weight gain was slower for all groups treated 

with triptolide. No significant testicular 

weight loss was seen in the 100 µg group, but 

weight loss of the epididymus was seen in all 

groups treated with triptolide. Epididymal 

sperm motility of all triptolide treated groups 

was reduced to almost zero. A marginal 

Figure 19: Image of histopathology 

changes in testes (left column) and 

epididymis (right column). The control 

(top row), 100 µg group (second row), 

200 µg group (third row), and 400 µg 

group (bottom row).81 
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decrease in the mean corpuscular hemoglobin concentration (MCHC) was seen in treated 

rats and significant alkaline phosphatase (ALP) increase was seen in the 400 µg group. 

Testes in the control group exhibited no side effects. The 100 µg group showed increased 

germ cell degeneration, exfoliation and some inhibition of the seminiferous tubules was 

observed (Figure 19). Mature sperm in the epididymis was also observed. The 200 and 

400 µg groups exhibited increasing damage to the seminiferous epithelium and the 

formation of intraepithelial vacuoles of varying sizes (Figure 19). No germ cells were seen 

in the 400 µg group. No pathological changes were seen in the Leydig cells and epididymal 

epithelium between the control and treated groups. After 8 weeks of treatment, no triptolide 

was detected in the blood, but it was seen in the testes. In conclusion, no significant 

hematological or pathological changes in the liver parenchyma were seen in all groups. 

The most significant toxicity was exhibited in the testes with increasing severity from low 

to high dosage.  

 Recent studies found that long noncoding RNAs (lncRNAs) are exclusively 

expressed in testes/spermatogenic cells.80 These studies have also shown a functional 

deficiency of lncRNAs could decrease sperm count in mice and may cause male infertility. 

This suggests that lncRNAs could play an important role in spermatogenesis. Circular 

RNAs (circRNAs) are of interest in gene regulation. Some circRNAs participate in testis 

development or spermatogenesis. Due to these findings, the interest was to see if triptolide-

induced male reproductive toxicology influenced the expression of lncRNAs/circRNAs. 

Mice were treated with 50 µg/kg of triptolide orally for 35 days then sacrificed and the 

testes and epididymal spermatozoa were isolated and tested.80 No significant change in 

body weight was seen in the treated mice compared to the control group, but there was a 
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significant change in testes weight and histological features. There were 33,057 detectable 

lncRNAs and 11,956 circRNAs in testes. Of these, 344 lncRNAs were upregulated and 143 

were downregulated by triptolide. For circRNAs 374 were upregulated and 206 were 

downregulated by triptolide. Messenger RNA (mRNAs) was also examined and it was 

found that 2,551 mRNAs were upregulated and 1,028 were downregulated. Currently, their 

findings have provided a theoretical foundation for further research into the molecular 

mechanisms by which lncRNAs/circRNAs play a role in triptolide-induced reproductive 

toxicity. Triptolide has also been reported to cause acute hepatotoxicity and nephrotoxicity. 

However, no toxicity was seen from triptonide, even at doses 20 times the therapeutic 

level.80 Despite this knowledge, only a few groups have looked at triptonide as a viable 

male contraceptive.   

 The first test with isolated triptonide was reported in 2000 by Wang et al.81 They 

wanted to test the effects of triptonide on male rats and find a mechanism of action. Rats 

were fed 200 µg/kg/day for 8 weeks by oral gavage. Sperm count and sperm motility both 

decreased compared to the control. The number of spermatids and the amount of protamine 

decreased, while the genes cyclin D1 and Cdk4 were increased in treated rats. It was 

concluded that triptonide is a good candidate for a male contraceptive, as it mainly affects 

spermatids. Several years later, more work testing triptonide as a male contraceptive was 

published.82 

The work done by Yan et al. indicates that triptonide (SD-1) is a viable candidate 

for a male infertility drug.82 Male subjects were given SD-1 (>95% pure) via oral gavage 

and/or intraperitoneally at a dosage of 0.8-4.0 mg/kg/day. After two weeks, 90-100% 
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sperm motility and sperm 

deformation had occurred in 

male subjects, and the 

dosage/frequency regimen was 

decreased. There was no 

evidence of testis weight loss, 

nor was there any loss in libido 

or a decrease in hormone levels 

during treatment of the male 

subjects. The testicular and 

epididymal histology showed 

no changes between the control 

and the tested mice, whether 

treatment was for 30 or 60 days. 

All male mice treated with SD-1 regained complete motility and deformation of the sperm 

were no longer observed after 30 days (Figure 20). This was seen in all cases, whether 

treatment for 30 or 60 days. All male subjects successfully impregnated female subjects, 

which gave birth to normal litters. The toxicity of SD-1 was also tested. The minimum 

effective dosage was found to be 0.8 mg/kg for mice. No toxic effects were observed in all 

test subjects, including at dosages of 4.0 mg/kg (5 times the effective minimum). The LD50 

for mice, rats, and rabbits were tested and found to be 300 mg/kg, 980 mg/kg, and 3,200 

mg/kg, respectively. No body weight changes, reproductive organ weight, internal organ 

weight or immune cell counts were changed for treated subjects. These findings suggest 

Figure 20: Images of sperm from mice taken at 

different times throughout the treatment period and 

post treatment.84 
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that despite their similarity in structure, triptolide and triptonide (SD-1) have a significant 

difference in toxicity towards the test subjects at levels maintaining potency for male 

contraception. Given the large therapeutic window and lower toxicity, SD-1 is a viable 

candidate as a nonhormonal male contraceptive.  

Summary 

 Tripterygium wilfordii Hook F has been a source of a wide variety of unique 

biologically active compounds. The isolation, medicinal usage, and syntheses of triptonide 

and triptolide have been well documented over the years. Both have shown to be effective 

anticancer drugs for a variety of cancers, as well as some other diseases like Alzheimerôs 

disease, rheumatoid arthritis, and graft coronary arteriosclerosis. Arguably, their most 

interesting biological activity is their ability to act as potent male contraceptives. Due to 

triptolideôs known toxicity and damaging effects of the testes, it is no longer a viable 

candidate for a male contraceptive. Despite being similar in structure, triptonide exhibits 

the same male contraceptive properties as triptolide, but with fewer side effects. Isolation 

of these compounds from their natural sources does not give sufficient amounts of the 

natural products to enable them to become viable drugs, nor is there a known way to 

efficiently bioengineer cell cultures to mass-produce the material. While there are several 

known racemic and enantiopure methods of synthesizing triptonide, none of the 

enantiopure methods are scalable due to the use of expensive starting materials. Herein, we 

propose a method to enantioselectively synthesize triptonide from the inexpensive starting 

material 1,3-cyclohexadione. Upon completion, the resulting synthetic triptonide could be 
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tested for biological activity and derivatives could be developed for potentially improved 

drug activity.       
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Enantioselective Formal Total Synthesis of Triptonide 
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The Wieland-Miescher Ketone (WMK): First synthesis and new methods 

The synthesis of 3,4,8,8a-tetrahydro-8a-methyl-1,6(2H,7H)-naphthalenedione was 

first reported in 1950 by Dr. Wieland and Dr. Miescher.83 This is where the compound gets 

its name, the Wieland-Miescher Ketone (WMK). The synthesis begins with the methylated 

dione (48) undergoing Michael addition 

with methyl vinyl ketone (MVK) to obtain 

the triketone intermediate. Finally, the 

Robinson annulation is completed with 

base-catalyzed aldol condensation to obtain WMK  (Scheme 8).84 Despite its small size, 

this molecule became of great interest to many groups for decades to come. 

Over the years, new methods were developed and improved to obtain WMK. 

Twenty years after its first synthesis was proposed, Heathcock et al. developed a new 

method. Instead of using a base to perform the Robinson annulation, they used sulfuric 

acid. This method did not improve efficiency, as they only obtained an overall yield of 

50%.85 Findlay et al. was able to synthesize WMK simply by the thermal reaction of 48 

and MVK at 185 oC. This method reduced waste and increased yields (80%) but it does 

have the drawback of needing to run the reaction at high temperatures.86 Sisko et al. 

proposed a method to synthesize WMK through annulative ring expansion. Reaction of 

alkyne 49 with the alkene 50 in the presences of the Lewis acid BF3
.Et2O (Scheme 9) 

resulted in cationic cyclization to obtain WMK in a 55% yield.87,88 Wada et al. developed 

a one-pot method to synthesize WMK from 48 and the Michael acceptor 51 (Scheme 9). 

Scheme 8: Original synthesis of the 

Wieland Miescher ketone (WMK).83 
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The synthesis begins with Michael 

addition of the two regents and NaH 

followed by an intramolecular Horner-

Wadsworth-Emmons (HWE) reaction to 

obtain WMK in a 48% yield.89 Peng et al. 

created a three-step method to obtain 

WMK.90 The reaction begins with the 

Diels-Alder reaction between the diene 52 

and the dienophile 53 (Scheme 9). The 

intermediate underwent acidic 

isomerization of the alkene, followed by 

Saegusa-Ito type oxidation using 

Pd(OAc)2 giving them WMK in 60% yield over three steps. The last reaction developed 

by Lai et al. used an enzymatic approach to synthesize WMK.91 Using the readily available 

lipase (PPL) as a catalyst, they were able to transform 48 and MVK in methanol giving 

WMK in 95%.  While several syntheses have been done over the years to make racemic 

WMK, numerous groups have tried to synthesize the pure enantiomers, as well.  

WMK: Enantioselective synthesis  

 The first enantioselective synthesis of WMK was accomplished by Dr. Hajos and 

Dr. Parrish in 1971. They were able to do this by using an inexpensive organocatalyst, 

proline, at low catalyst loading and obtained a decent enantioselective excess of the WMK 

(Scheme 10). They were also able to show improved enantioselectivity of a similar ketone 

Scheme 9: Methods developed to 

synthesize WMK. Sisko (Top), Wada 

(Second), Peng (Third), and Lai 

(Bottom).87-91  
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which is now known as the Hajos-

Parrish ketone, (HPK) (Scheme 10).92 

Given WMKs utility, large scale 

preparations have been developed to 

synthesize the enantiopure product. 

The most common method used was 

developed by Gutzwiller.93,94 The 

method involves a lengthy process that 

starts with the Michael addition of MVK and 2-methyl-1,3-cyclohexadione to obtain the 

triketone 54. This process uses a large amount of MVK, which has a harsh smell. Next, a 

solution of the triketone and 5% mole percent of proline in DMSO is stirred for five days 

at room temperature. The use of DMSO requires high temperatures to remove the solvent, 

causing some decomposition of the product, as well as causing an emulsion that makes it 

hard to separate organic and aqueous layers. A large silica gel column is used to fully 

separate the WMK from other impurities. This purified product must be recrystallized 

several times to obtain the desired enantiopurity of >95% ee. This chemical sequence takes 

two to three weeks to obtain the enantiopure product, with <50% yield, uses inconvenient 

solvents, and creates a large amount of waste. Due to these issues, numerous groups have 

designed organocatalysts to improve overall ee, and yields, and to reduce the amount of 

waste produced. 

  Barbas et al. showed that the aldolase antibody 38C2 could effectively catalyze the 

synthesis of WMK with both a high yield (94%) and high enantioselectivity (96% ee).95 

The issue with the use of this aldolase is it is quite expensive (~$285/10 mg) and the scale 

Scheme 10: First enantioselective synthesis 

of WMK and HPK.  
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is limited as well.  Kanger et al. developed a bimorpholine type catalyst 56, (Figure 21) 

that could produce WMK in a 95% ee over four days with 5 mole percent catalyst loading.96 

However, the yields were 

moderate (60%) and eight 

linear steps were required 

to obtain the 

organocatalyst. Reiser et 

al. synthesized the 

tripeptide 57 (Figure 21) 

which successfully gave 

WMK in 88% yield with a 92% ee.97 While the reaction did only take one day, the catalyst 

loading was increased to 10% mole percent and synthesis of the organocatalyst required 

15 steps. Morán et al. reported a two-step organocatalyst 58 (Figure 21) that could 

synthesize WMK in 96% ee and in one day.98 The catalyst loading was a bit higher at 10%, 

but the main issue was no yields were reported and the reaction was done in an NMR tube. 

Another catalyst 59, (Figure 21) developed by Morán showed great enantioselectivity 

(95% ee) and yield 85% but required 12 steps to synthesize.99 The best organocatalyst to 

date 60, (Figure 21) was first synthesized by Nájera et al. in 3 steps with an overall yield 

of 95% and ee of 90%.100 This procedure was later improved by Bradshaw et al., which 

will  be discussed later, as this method is used in the current partial total synthesis of 

triptonide and triptolide.101,102 

 

Figure 21: Structures of organocatalyst developed to 

synthesize enantiopure WMK with high ee. 
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WMK: Derivations and applications 

 Since WMKôs first synthesis 70 years ago, hundreds of modifications have been 

made to the structure. Several of these transformations will be covered in more detail later. 

While it is not a complete list, an in-depth review of WMK by Bradshaw et al. goes over 

both non-C-C bond forming reactions as well as C-C bond forming reactions.103 Given the 

ability to synthesize enantiopure WMK and the long list of transformations already 

completed on it, numerous groups have utilized WMK as a starting point to their syntheses.  

  The WMK has been used in several total syntheses. Because of its decalin structure 

with functionality on both rings, it has been predominantly used to synthesize 

sesquiterpenoids, diterpenoids, and steroids. There several examples of WMK being used 

to synthesize anticancer/antitumor agents like confertin (antitumor properties),104a (-)-

Figure 22: Structures of biologically active compounds synthesized from WMK. 
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glaucarubolone  (P-388 lymphoctic leukemia),104b scopadulcic acid B (antitumor),104c taxol 

(anticancer),104d (+)-bakkenolide A (cytotoxic against several cell lines)104e,f and O-

methylshikoccin (anticancer)104g (Figure 22). Other compounds have been synthesized 

using WMK that have unique biological properties like adrenosterone (fat loss and muscle 

gain),104h digitoxigenin (congestive heart failure),104i avarone (antiviral, HIV-I),104j 

stachybotrylactam (HIV-1 protease inhibitor),104k,l scabronine G (neurotrophic factor 

Parkinsonôs/Alzheimerôs),104m pallavicicin (muscle regeneration properties),104n and ɓ-

corymbolol (traditional contraceptive)104o (Figure 22). Given WMKôs long history of 

successful modifications and previous natural product syntheses, it can potentially be 

utilized in the synthesis of the diterpenoid triptonide. 

Retrosynthesis and enantioselective synthesis of WMK  

 The proposed retrosynthesis can be seen in Scheme 11. One of the main goals was 

to start with a cheap starting material to make the total synthesis more scalable. To date, 

no other group has used a cheap starting material to enantioselectively synthesize 

triptonide. 

Beginning with, 

known chemistry to 

convert 1,3-

cyclohexadione 

(61) to (S)-WMK  was 

used. Enantiopure WMK is then converted to the butenolide ketone 62. Next, the ketone 

region in 62 could be converted to the known aromatic butenolide compound 7 followed 

Scheme 11: First proposed retrosynthesis of triptonide. 
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by using previously reported reactions to obtain the desired natural products triptonide and 

triptolide. 

 The synthesis of (S)-WMK  begins with the monomethylation of 61. This is 

accomplished by reaction of 61 with 5 M NaOH (aq.) followed by MeI (Scheme 12).105 

This reaction usually results in a low yield (~35-40%), but in some larger-scale situations 

yields around 50% have been obtained. Next, recrystallized 49 undergoes Michael addition 

with methyl vinyl ketone (MVK) in the presence of catalytic amounts of base to obtain 56. 

To obtain the desired enantiomer of WMK, we used the BINAM catalyst 60 reported 

previously.102  

 The work done by Bradshaw et al. required three steps to obtain catalyst 60 

(Scheme 12). The synthesis begins with the monotosylation of the commercially available 

compound (Sa)-(-)-1,1ô-binapthyl-2,2ô-diamine (63). Upon completion, monotosylated 64 

would go onto the next step without further purification to acquire 66. This was done by 

reaction of 64 with Boc-protected (L)-proline (65). Acidic deprotection of the Boc group 

gave the desired catalyst 60. This method allowed for only one purification step with an 

overall yield of 47% (reported 65-68%).101 (S)-WMK  was synthesized by reaction of the 

organocatalyst 60 in the presence of benzoic acid for five days at r.t. After recrystallization, 

Scheme 12: Synthesis of (S)-WMK and organocatalyst 60. 
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(S)-WMK  was obtained on the multi-gram scale with a >95% ee an 81% yield (reported 

84-85%).102 With the successful replication of Bradshaw's work, the focus was switched to 

the conversion of (S)-WMK  to the butenolide ketone 62. 

Synthesis of the butenolide ketone 

         The conversion of (S)-WMK  to the butenolide ketone 62 (originally developed 

by Dr. Rameez Ali) begins with the selective protection of the unconjugated carbonyl 

group using ethylene glycol to obtain 67 (Scheme 13).106 Next, compound 67 undergoes a 

reductive alkylation process using lithium metal and NH3 reduction followed selective 

carbon alkylation using Manderôs reagent (68) to give 69.107 To obtain the vinyl triflate 70 

several reported methods were explored but the best results came from reaction of 69 with 

NaH as the base and PhNTf2 as the triflating agent.107 Reduction of the ester group in 70 

was easily accomplished using DIBAL-H to obtain the allylic alcohol 71.29 Next, 71 was 

treated with carbon monoxide in the presence of catalytic Pd(OAc)2 to undergo a 

carbonylation reaction to form the butenolide ring in 72.29 Lastly, using standard acidic 

deprotection methods the ketone carbonyl group was regenerated to give the butenolide 

ketone 62. To transform 62 to the aromatic butenolide 7, methods to synthesize 

phosphonate esters (80 Scheme 14 and 15 or 86 Scheme 16) for HWE reactions on the 

Scheme 13: Conditions used to convert (S)-WMK to the butenolide ketone 62. 
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ketone group. Upon completion of the phosphonate ester synthesis, conditions were tested 

for benzannulation on the cheap model substrate, cyclohexanone. 

Synthesis of phosphonate esters and method development on cyclohexanone 

  Several methods were attempted to synthesize the desired phosphonate ester (80 

or 86). The first method can be seen in Scheme 14. The convergent synthesis (originally 

developed by Dr. Rameez Ali) begins with the monosilylation of ethylene glycol to form 

73, 108 which is then converted to the aldehyde 74 by Swern oxidation.109 The second 

branch of the synthesis starts with the phosphorylation of 75 to give the phosphonate ester 

76, 110 which is alkylated using 2-iodopropane (77) to give 78.111 With both ends 

completed, 78 and 74 undergo a HWE reaction to give the conjugated ester 79.112 

Unfortunately, no methods were found to efficiently convert 79 to phosphonate ester 80.  

 The second method was an attempt to shorten the overall synthesis of the 

phosphonate ester 80. The bromoacetal 81 undergoes phosphorylation with triethyl 

Scheme 14: Convergent synthesis of phosphonate ester 80. 
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phosphite to give the 

phosphonate acetal 82 

(Scheme 15),113 which was 

converted to the phosphonate 

aldehyde 83 using acid 

deprotection.114 The product 

obtained was never purified or fully characterized but was continued to the next reaction 

based on the aldehyde peak at ~10.00 ppm in the H1 NMR spectrum. Unfortunately, the 

attempted reaction of 83 with the anion of 78 did not succeed. This could be due to a proton 

transfer between the anion of 78 with the more acidic aldehyde proton in 83.  

 The last method was not only the shortest but also successful in synthesizing 

phosphonate ester 85. The synthesis starts with the phosphorylation of methyl-4-

bromocrotonate 84 to give the phosphonate ester 84 (Scheme 16).115 The alkylation of 

similar compounds like 85 was previously reported to not work for isopropylation. 

However, a method was reported that showed that this process could be possible. 

Alkylation of 85 was achieved with tBuOK and 2-iodopropane to give the desired alkylated 

phosphonate ester 86.116 To avoid the loss of butenolide ketone 62, conditions for 

benzannulation were explored using cyclohexanone as a model substrate. 

Scheme 15: Second method shortened for 

phosphonate ester 80. 

Scheme 16: The shortest method developed to synthesize phosphonate ester 

86. 
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 To test conditions for converting a ketone to an aromatic ring a HWE reaction was 

performed between cyclohexanone and phosphonate ester 86 (Scheme 17).117 Next, the 

diene ester 87 was converted to the dienoic acid 88 via saponification using KOH. 

Originally, the reported method of converting a dienoic acid to the aromatic compound 

used Ac2O and NaOAc as the base. This did not allow for efficient transformation primarily 

due to the lack of solubility of the base. To get around this issue, H¿nigôs base was used as 

it is a liquid and soluble in Ac2O. These conditions were tested by my colleague Dr. 

Rameez Ali, who found that they successfully promoted the three ́  electrocyclization to 

form 89. These newly developed conditions were then tested on the butenolide ketone 62.   

Attempt at synthesizing the aromatic butenolide compound 7 

 With the conditions worked out on the model substrate, the desired butenolide 

ketone 62 was tested. Like the model substrate, 62 was treated with phosphonate ester 86 

to undergo a HWE reaction (Scheme 18).117 Unlike the model substrate, this 

transformation gave low yields (34%). Despite these results, the synthesis was carried on 

and the diene ester 90 was saponified to give the dienoic acid 91. With moderate success 

in obtaining 91, the conversion of the dienoic acid to the aromatic butenolide compound 7 

Scheme 17: Condition development for the three pi electrocyclization to 

synthesize the aromatic compound 89. 
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using Ac2O and 

H¿nigôs base was 

attempted. 

Unfortunately, this 

reaction did not work, 

and no product was 

obtained.  

 

New conditions were tested to improve the three  ́electrocyclization. Instead of the 

anhydride of 91 that is generated in situ during the reaction and undergoes the three ́ 

electrocyclization, the acid chloride was formed in situ. The acid chloride of 91was smaller 

and presumably could form the ketene intermediate during the reaction. Regrettably, this 

did not produce the 

benzannulated product. 

Other conditions were 

tested on the model 

dienoic acid 88 to see if 

other groups would 

allow for the three ́  

electrocyclization. 

Compound 88 was converted to the diene chloroester 92 in moderate yields (Scheme 

19).118 Then, the conversion of 92 to the cyclic ketene acetal 93 was investigated. No 

Scheme 18: Synthetic method to try and synthesize the 

aromatic butenolide 7. 

Scheme 19: Synthetic conditions to convert model substrate 

88 to ketene acetal 93 or oxazoline salt 95. 
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conditions were found that allowed this transformation to occur. Converting 88 into the 

oxazoline ring 94 was also tried.119 This was achieved in low yields; however, conversion 

to oxazoline salt 95 was not successful. With these results, a new approach was developed 

for the conversion of a ketone to an aromatic ring. 

Model experimentation of vinyl triflation and coupling re actions 

     With the HWE approach not working, new reactions were tested for the 

formation of an aromatic ring starting from a ketone. Going back to cyclohexanone as the 

model 

substrate, 

the vinyl 

triflate 96 

was 

synthesized 

(Scheme 

20).120 Next, using Sonogashira coupling conditions, 96 was converted to the enyne alcohol 

97,121 which was protected to form 98. However, conditions were found to avoid the 

protection step and Lindlarôs catalyst was used to give the diene alcohol 99 directing from 

compound 97.122 Lastly, this alcohol needed to be oxidized to a carboxylic acid to set up 

the three ́  electrocyclization. This was attempted using Joneôs reagent. Unfortunately, the 

dienoic acid 100 was not synthesized. While this route is longer, it was believed the failures 

on synthesizing the aromatic butenolide 7 were the result of the difficulty of ὑ-

deprotonation of a dienoic acid derivative and also difficulty in alkene isomerization of the 

Scheme 20: Condition developments on the model substrate to obtain 

dienoic acid 100. 
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trans to the cis C=C double bond required for the electrocyclization. This new method 

allowed for Ŭ-deprotonation of the carboxylic acid derivative and preforming the cis alkene 

configuration with Lindlarôs catalyst. This general approach was continued for these 

reasons. 

      To overcome issues with oxidizing a homoallylic alcohol, new reactions were 

explored that involved the direct incorporation of an ester group, which could be saponified 

to obtain the carboxylic acid. Beginning with vinyl triflate 96, Sonogashira coupling with 

TMS-protected acetylene gave the enyne 101 (Scheme 21).123 A new set of problems 

developed as 

deprotecting the 

silylalkyne was not as 

easy as expected and no 

good methods were 

found to obtain 102. 

Luckily, 102 is 

commercially available, 

and the method 

development was 

continued with this as a starting material. Having the terminal alkyne 102, the ester group 

was incorporated by using ethyl diazoacetate and CuI giving the enyne ester 103.124 The 

alkyne was then hydrogenated using Lindlarôs catalyst obtaining, the cis-diene ester 104, 

which was easily saponified to the cis-dienoic acid 100.122 With a successful synthesis of 

100, a previously reported method using 2-chloro-1-methylpyridinium iodide (CMPI) to 

Scheme 21: Synthesis of model substrates 100 and 105. 
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obtain the phenol 105.125 This phenol was not fully characterized, but the major NMR 

peaks matched the previously reported structure.  

Utilizing triflation and coupling reactions in  an attempt to synthesize the aromatic 

butenolide  

 With new conditions worked out on the model substrate, attention was turned back 

to the butenolide ketone 62. Despite having a successful conversion of cyclohexanone to 

the vinyl triflate, these same conditions did not work on 62. Numerous reported conditions 

for converting ketones to vinyl triflates were attempted, but all of them gave very little or 

no product. By using solvent-less conditions, a method developed in our lab, moderate 

yields were achieved in synthesizing compound 106 (Scheme 22).123 With these results, 

the Sonogashira reaction was run and 107 was obtained in low yields. It was at this point 

removing the TMS group could not be achieved much like with the model substrate. 

Gratifyingly, the deprotection step was avoided by performing a Stille coupling reaction 

between 106 and tributylstannyl acetylene to obtain 108.126 Sadly, unlike the model 

substrate, 108 could not be converted to the enyne ester 109 using the same conditions. It 

became clear at this point that there were side reactions involving the ring of 62. Going 

through the literature, it appeared that the butenolides could react with bases quite readily. 

Scheme 22: Attempts at utilizing the conditions developed for triflation and coupling 

reactions. 
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This is because the methylene protons in the ring are fairly acidic because they can form a 

stabilized furanoxy anion intermediate that could become trapped by an electrophile. With 

this new information, a new approach to the overall synthesis was drawn up starting with 

(S)-WMK.  

New retrosynthetic approach 

 Even though the conditions going from (S)-WMK  to the butenolide ketone 62 had 

been worked out, I decided to retrace my steps. Given that the methods reported in the 

literature to convert a ketone to an aromatic ring requires base and an electrophile at some 

point, a butenolide 

ring could not be 

present. To get 

around this, it was 

decided to fli p the 

order of ring 

formation in the retrosynthesis (Scheme 23). Still wanting to use (S)-WMK  as the starting 

material, the first conversion was kept the same. Next, instead of synthesizing the 

butenolide ring first, (S)-WMK  would be converted to the aromatic compound 110. From 

there, the butenolide ring could be added to give the known aromatic butenolide 

intermediate 24. With the synthesis of 24, a formal total synthesis would be complete and 

triptonide and triptolide could be synthesized using previously reported reactions.28,29    

 

 

Scheme 23: New retrosynthetic approach to obtain triptonide. 
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Synthesis of the incorrect vinyl triflate 

 With a new plan in place, it was decided to avoid any issues that may arise with ὑ-

deprotonation or trans to cis isomerization needed in the HWE approach, so the synthesis 

of the vinyl triflate of WMK was attempted. It was reported that (S)-WMK  could be 

triflated at the unconjugated ketone carbonyl using triflic anhydride and 2,6-ditertbutyl-4-

methylpyridine.127 Upon completion of the reaction, the chemical shifts in the proton and 

carbon NMR spectra matched what was reported; however, the wrong triflate was reported. 

These conditions gave the thermodynamic product, which involves triflation at the 

conjugated ketone carbonyl (Scheme 24). Both compounds give similar proton NMR 

spectra, but the big difference was the disappearance of the carbonyl carbon peak at ~200 

ppm (the conjugated ketone carbonyl) and not the carbonyl carbon peak at ~215 ppm (the 

unconjugated ketone carbonyl). Regrettably, this error was not discovered until several 

reactions had been conducted. This work did result in the formation of several compounds 

that were not previously reported. After obtaining vinyl triflate 111, Stille coupling was 

done to give the dieneyne 112.126 Next, copper coupling between the terminal alkyne and 

Scheme 24: Synthesis of the wrong vinyl trilate of WMK. 
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methyl diazoacetate gave the dieneyne ester 113.124 Hydrogenation with Lindlarôs catalyst 

resulted in the triene ester 114 and saponification gave the trienoic acid 115.122 Subjecting 

115 to the benzannulation conditions did result in the formation of an aromatic ring; 

however, the expected product 116 was not formed.125 It appeared that during the reaction 

the forming phenoxide acted as a nucleophile and reacted with the activated carboxylic 

acid to form 117. While simple saponification could, in theory, give the product 116 and 

the starting material 115 back, this was not tested as the product was not the desired 

aromatic compound.  

 Another shorter method was also explored during this time that involved the use of 

111. First, carboxylic acid 118 was converted to ester 119 (Scheme 25) to be using in the 

Heck coupling reaction 

with vinyl triflate 

111.128, 129 This gave 

the trans triene ester 

120. While this 

reaction did not give 

the desired cis 

configuration; it did cut 

out two linear steps. 

Saponification of 120 gave the trienoic acid 121. The conditions reported to aromatize 

trans dienoic acid to did not work, and compound 116 was not obtained.  

Scheme 25: Conditions developed to shorten the synthesis 

of the aromatic ring. 
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 There were other methods reported in the literature that could give part of the 

desired functionality at the correct ketone carbonyl group of WMK. It had been reported 

that (S)-WMK could be acetylated using TMS-protected acetylene, followed by 

deprotection to give 

the terminal 

acetylene 122 in 

77% (Scheme 26).130 

When trying to 

replicate these 

conditions in the lab 

only a small amount 

of the desired product was obtained. With the small amount of 122, a dehydration reaction 

was attempted, but none of enyne 123 was obtained. A one-step reaction had been reported 

to convert (S)-WMK  to 122 but given the lack of results from the previous dehydration 

attempt and not having access to an acetylide tank, this method was not explored.131 Lastly, 

it had been reported that the kinetic vinyl triflate 124 could be prepared using LiHMDS, 

HMPA, and Cominôs reagent.132 This method was explored, but despite the reports, only 

the thermodynamic vinyl triflate (111) was obtained.  

Synthesis of an aromatic ring via the Wolff rearrangement   

   Unable to successfully produce the vinyl triflate at the correct carbonyl group of 

WMK, known conditions were used to selectively protect the conjugated ketone carbonyl. 

This was done using ethylene glycol, triethyl orthoformate, TMSOTf, and triethylamine to 

Scheme 26: Proposed reactions to obtain the correct 

functionality on WMK. 
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produce 125 (Scheme 27).133 This allowed us to cleanly convert the desired ketone 

carbonyl to the vinyl triflate 126.120 It was at this time a new method to synthesize the 

aromatic ring through a Wolff rearrangement was found. Since this method was shorter 

and had not been explored yet, this route was explored first. Vinyl triflate 126 was 

successfully converted to the dieneone 127 through Heck coupling with MVK.134 It was at 

this point issues developed with obtaining 2,2,2-trifluoroethyl trifluoroacetate from the 

vender. This hold-up limited the ability to synthesize diazo ketone 128 as the reaction failed 

without this reagent. While this method has not been fully explored, a new method was 

devised to obtain the desired aromatic ring. 

Synthesis of the aromatic ring through Diels-Alder  reaction 

 Since the Wolff rearrangement method was on hold, the literature was explored 

once more, focusing on previous syntheses of triptonide and triptolide. While most groups 

started with the aromatic ring pre-formed, there was one group that successfully 

synthesized it. Garver et al. took compound 18 (pg. 16) and transformed the ketone to the 

desired aromatic ring.26 While this process took 7 steps, it did give the correct substituents 

on the aromatic ring with minimal purification between each step. Unfortunately, the rest 

Scheme 27: Proposed approach to obtain the aromatic ring through a Wolff 

rearrangement.  
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of their synthesis required a lengthy process to obtain the butenolide ring. This issue would 

be overcome in the new proposed route. 

 With this new route, it was decided to test the reactions on the cheaper racemic 

WMK than replicate them on the enantiopure version later. To start the synthesis, the 

triketone 54 was converted to racemic WMK using pyrrolidine (Scheme 28).83 Racemic 

WMK can be selectively activated to give dithiane 130.135 It had been reported that dithiane 

130 could be chemoselectively reduced at the sulfur carbon bonds to give 131 in 85% 

yield.136 However, the best yield obtained with this method was 50%; several attempts 

resulted in no product. With these results, new conditions were used to reduce the dithiane. 

The reduction of the dithiane group has been reported using Na/NH3 reduction, but this 

also reduced the unconjugated ketone carbonyl to the alcohol.137 Using these conditions on 

130, the carbon-sulfur bonds were reduced, but they did not completely convert the ketone 

to the alcohol. After purification, a 1:1 mixture of ketone 131 and alcohol 132 were 

isolated. The alcohol 132 could be re-oxidized to 131 using PCC.138 While this method did 

add an extra step, it gave more consistent results than using Raney nickel as the reducing 

agent and it was less wasteful, as the Raney nickel was used at a >25:1 mole ratio. Due to 

solubility issues in Et2O during the NH3 reduction step, the solvent was changed to THF. 

Surprisingly, this improved the overall yield of ketone 131 during the reaction. In some 

Scheme 28: Method to convert WMK to ketone 131. 
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cases, only the ketone was isolated, which eliminated the need for the extra oxidation step. 

It was also shown that the mixture of 132 and 131 could be oxidized to give just the ketone. 

With the similarities of 131 to Garverôs ketone 18 (Scheme 3), the synthesis of the aromatic 

ring was attempted.  

 Starting with ketone 131 it was possible to convert it into the ketene dithioacetal 

133 using the method developed by Garver et al (Scheme 29).26 Unfortunately, the next 

step did not work as cleanly. Multiple attempts were made to convert the ketene 

dithioacetal 133 to the butenolide ring 134 using the reported methods. Only one attempt 

successfully resulted in a 25% yield of the product, with an overall yield of 66% based on 

the recovered starting material. Cyclohexanone was converted to the ketene dithioacetal 

135 (Scheme 30) for testing reaction conditions.139 Replicating the reported conditions 

used by Garver et al. proved to be challenging even on the model substrate. New conditions 

Scheme 29: Method development towards the synthesis of butenolide ring 

134. 
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were found that successfully formed butenolide ring 136 from the model substrate by using 

KOH in refluxing water and acetonitrile, followed by a tandem ring opening and closing 

using aqueous acid in methanol.140 Regrettably, this did not translate to the desired 

substrate 133 and the butenolide ring 134 was not formed (Scheme 29). Altering the 

conditions slightly by using a higher boiling nitrile solvent also resulted in no conversion 

to the desired product. Unable to get around this issue at the time, old methods were 

explored on the new ketone 131. 

Attempting to synthesize the aromatic ring through the HWE, Heck and Stille 

coupling 

 With the successful synthesis of the ketone 131 and unable to obtain the butenolide 

ring 134 in a consistent 

manner using the 

reported methods, I 

went back and 

attempted old 

procedures. With the 

HWE method being the 

shortest proposed 

Scheme 30: Method development on cyclohexanone to synthesize 

butenolide ring 136. 

Scheme 31: Utilizing the HWE method on 131 to shorten 

the aromatic synthesis. 
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synthesis to convert a ketone to the aromatic ring, I felt it should be tested on 131. To begin, 

phosphonate ester 86 was treated with 131 to give a mixture of the proposed product 137 

and what appeared to be a phosphate anhydride (Scheme 31).117 It was required to heat the 

reaction under reflux to get the HWE reaction to work. This was not required for the model 

substrate, and due to this change, it is believed that some of the formed phosphate anions 

reacted with the ester to form a mixed anhydride. While this was not ideal, the following 

saponification reaction to form 138 would work with the mixture of 137 and the phosphate 

anhydride. The saponification product 138 was taken on to the next step without further 

purification. Unfortunately, no aromatic product 139 was obtained. Based on previous 

results, it was concluded that the lack of reactivity was due to steric hindrance from the 

angular methyl group on the decalin ring system. 

 Unable to complete the benzannulation through the HWE method, the longer Heck 

coupling method was attempted. The reaction began with the conversion of ketone 131 to 

the vinyl triflate 140 

(Scheme 32). This 

transformation came with 

its own set of challenges. 

Several conditions were 

attempted, but they 

resulted in either no 

conversion to the product 

or by-products that could 

not be easily removed from 

Scheme 32: Proposed methods to convert 131 to the 

Heck or Stille coupled products 141 or 142. 
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the product. One approach did work, but the conditions had to be modified from the original 

proposal. It had been reported that ketones could be converted to vinyl triflates using 

Na2CO3 and triflic anhydride at room temperature.123 While this did work, it also caused 

the isomerization of the alkene in the case of 131. This could be caused by the in situ 

formation of small amounts of triflic acid, which can react with the alkene forming the 

tertiary carbocation and reformation of the alkene in the other ring. To avoid this, the base 

was changed to the more soluble Cs2CO3 and the reaction conditions were kept between 0-

5 oC (Scheme 32). These new conditions did help to eliminate the formation of the new 

alkene, but the desired product 140 was only isolated in a 28% yield. Unable to optimize 

the conditions for this reaction, limited amounts of the vinyl triflate were available for the 

next reaction. It was decided that the Heck coupling route (141)128 would be tested over 

the Stille coupling route (142),126 as it was shorter. Unfortunately, this reaction did not 

work, and no product was obtained. With the limited success in obtaining the vinyl triflate 

140 and the length of the Stille coupling route, the focus was switched back to obtaining 

butenolide intermediate 134. 

Completion of the formal total synthesis 

 It had been concluded that steric hindrance from the angular methyl group in the 

decalin ring system is one of the major factors reduced reactivity of the adjacent ketone 

carbonyl group. Racemic 131 is easily converted to the ketene dithioacetal 133 (Scheme 

33).26 To lower the steric hindrance in the reaction between 133 to the butenolide 134 a 

smaller nucleophile (BrCH2
-) was used. This proved to be successful and butenolide 
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intermediate 134 was obtained in moderate yields.141 With conditions developed to obtain 

134, the synthesis towards the aromatic ring was continued. Intermediate 134 was 

converted to the silyloxy furan 143 using LiHMDS/HMPA and TBSCl. This method also 

deviated from the Garver approach,26 as LDA proved to be insufficient in forming the 

desired product. With diene 143 in place, a regioselective Diels-Alder reaction occurred 

with methyl acrylate, followed by a tandem deprotection, dehydration, and tautomerization 

under acidic conditions to give the aromatic compound 144. From 144, methylation of the 

phenol hydroxyl to obtain the anisole 145 was achieved using MeI and NaH. While this 

Scheme 33: Completion of the racemic formal total synthesis of 

triptonide. 
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reaction looked quite trivial, it did end up forming an anhydride dimer between the two 

ester groups, along with the desired product. This could easily occur if there was water 

presence in the reaction mixture. Nonetheless, the next step was carried out as planned, as 

MeLi would react with both the ester and anhydride in a similar fashion to give tertiary 

alcohol 146. The alcohol was dehydrated using MsCl and base to obtain alkene 147, 

followed by selective Li/NH3 reduction to produce the isopropyl group of 148.  

After successfully functionalizing the aromatic ring, the alkene functionality in 148 

needed to be converted into a ketone. This process began with anti-Markovnikov 

hydroboration of 148 to give a mixture of cis and trans alcohols (149).142 Oxidation of the 

alcohols to a 6:1 ratio of the ketones 150 (cis) and 151 (trans) was accomplished with PCC, 

respectively.138 To enhance the ratio of the desired trans ketone 151, slightly modified 

conditions were used that were reported for converting cis decalin rings to trans. While 

these conditions did improve the ratio, a thermodynamic equilibrium was established in 

favor of cis ketone 150 in a 2:1 ratio. It was later discovered that this ratio is normal for 

this class of molecules.164 Conditions are known to convert cis ketones to trans through 

hydrogenation followed by re-oxidation.143 However, recrystallization of 150 from 151 

was quite easy using hot methanol; therefore, the cis isomer can be removed from the 

mother liquor containing mostly trans. The pure cis isomer can undergo the epimerization 

process again and theoretically after four iterations ~ 75% of the product could be 

converted to the desired trans ketone 151. 

 

 



73 
 

Summary of triptonide synthesis 

 With the completion of the formal racemic synthesis of triptonide (Schemes 28 and 

33), my colleague Jhonnathan Brawley and I have been replicating the reactions performed 

on racemic WMK and applying them to the enantiopure substrate. We are currently in the 

process of collecting mass spec, optical rotation, IR, and additional proton and carbon 

NMR spectra for all the new compounds not reported. Upon obtaining the enantiopure 

ketone 151, Jhonnathan Brawley will  continue the synthesis to the desired natural products 

triptonide and triptolide. This compound will be tested as a nonhormonal male 

contraceptive and compared to the natural extract obtained from the TwHF plant.  

 Several trials have been tested to obtain the aromatic ring from the WMK. While 

the original proposed method using the HWE reaction was quite short (~14 steps), it 

unfortunately did not yield any product. Two different issues are believed to have caused 

this. First, butenolide rings can be readily deprotonated under basic conditions and trapped 

with an electrophile. The other issue comes from the steric hindrance around the angular 

methyl group in the decalin ring system. It was not until the method used my Garver et al. 

was mimicked to synthesize the aromatic ring on a similar ketone was I able to obtain the 

desired functionality. This too came with complications that were overcome by altering 

some of the reaction conditions; mainly the formation of the butenolide intermediate 134.  

 While this is not the shortest method to obtain the (-)-triptonide and (-)-triptolide, 

it is arguably the most practical for large scale synthesis. To date, no other method that 

synthesizes the enantiopure natural product starts with an inexpensive starting material. 

Currently, the most efficient route in obtaining the natural product was done by Zhang et 
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al., but their starting material cost ~$1,000/g with limited methods to synthesize it. With 

this method, the synthesis can start with (S)-WMK (~$200/g) or the extremely inexpensive 

1,3-cyclohexadione which costs ~$0.20/g. The Zhang method is shorter, these additional 

steps avoid starting the synthesis with an expensive starting material. At this current time, 

Zhangôs method provides the desired natural product triptonide in an overall yield of ~7%. 

The method proposed here theoretically would provide triptonide in a ~2% overall yield. 

However, these reactions have not been fully optimized and higher overall yield is 

theoretically possible. Other alterations to the synthesis can be employed to improve the 

scalability. One of the major changes would be altering the method used to synthesize the 

enantiopure WMK. In this method, the work reported by Bradshaw et al. is utilized. This 

method is convenient in numerous ways as it gives high yields with an excellent 

enantiomeric excess. However, despite the low loading of the catalyst (1 mol %) it takes 

three steps to make it from the starting BINAM which is pricy ($100/g). Using (L)-proline 

as the catalyst results in lower yields and enantiomeric excess, but at a large scale, the cost 

could outweigh the benefits seen from the Bradshaw method as proline is much cheaper 

and recrystallizations of WMK improve the enantiomeric excess. This route has also been 

developed to avoid purifications through long silica gel columns. Most steps were carried 

on to the next reaction without purification and for other steps, the compounds were 

recrystallized or passed through a short silica gel plug to purify the compound. This is 
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beneficial at large-scale because reactions can be costly to purify by standard column 

chromatography as it requires large quantities of silica gel and solvents.   

      Lastly, this method could be utilized to efficiently synthesize other triptonide 

analogs and other known compounds. Using previously reported conditions, triptonide 

could be converted into triptolide in one step (Scheme 34). This is useful as triptolide can 

be modified to synthesize Minnelide®, a prodrug tested in phase II clinical trials for 

pancreatic cancer. Most lead drugs undergo numerous deviations and are tested for 

structure-activity relationships (SAR) studies to come up with the best drug. This synthetic 

route allows for modifications to the triptonide structure from the very first step. Usually, 

the dione 61 is methylated using MeI, but this could easily be changed by using another 

alkyl halide (R). Methyl vinyl ketone (MVK) could be replaced with a different Michael 

acceptor that contains other substituents beside hydrogen (Rô). Another potential target is 

changing the isopropyl group which can be done by replacing the dienophile in the Diels-

Scheme 34: Possible methods of synthesizing analogs of triptonide and known 

compounds. 
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Alder reaction step in forming the aromatic intermediate (Rôô). These alterations and many 

more could prove to be beneficial in finding more potent analogs through SAR studies.    
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Experimental 

 All reactions were carried out under an atmosphere of dry nitrogen unless otherwise 

stated. All reagents and solvents were ACS reagent grade or better unless otherwise stated. 

All chemicals purchased were used as provided by the venders such as Aldrich Chemical 

Company, Acros Organics, Fisher Scientific, or AK Scientific. All glassware, stir bars, and 

equipment used during a reaction were oven-dried for 24 hours or longer in a drying oven 

set to 120 oC. ACS grade THF was made anhydrous by sitting over activated 4Å MS for 

24 hours followed by distilling from sodium metal and benzophenone under inert 

conditions. Overnight (O/N) is classified as a reaction stirred for 12-23 hours. Samples 

were further dried in vacuo at 0.1 mm at room temperature for 24 hours or longer. Samples 

submitted for microanalysis were dried in a drying pistol for 48-72 hours at 78 oC (0.1 mm) 

and submitted for examination to NuMega Resonance Labs, Inc. Column chromatography 

(C.C.) was performed with Sorbent Technologies standard grade silica (32-63 µm). 1H-

NMR (400 MHz or 500 MHz) and 13C (100 MHz or 125 MHz) spectra were acquired on a 

Varian 400 of a Varian Unity+ 500 spectrometer. All chemical shifts (ŭ) are reported in 

ppm units relative to the following solvent resonances: 1H, CDCl3/TMS = 7.26 ppm, 

DMSO-d6 = 2.50 ppm; 13C, CDCl3 = 77.16 ppm, DMSO-d6 = 39.52 ppm. Melting points 

were measured on a Mel0Temp apparatus and are uncorrected. Low-resolution mass 

spectra (MS) were obtained using a Waters Micromass ZQ electrospray ionization 

quadrupole mass spectrometer using positive ion detection (capillary voltage = 3.5 kV).  

Crystal data, data collection, and refinement details for 150 are given below. A suitable 

crystal was mounted on a glass fiber and placed in a low-temperature nitrogen stream of a 

Bruker SMART CCD area detector diffractometer. A full sphere of data was collected 
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using a graphite-monochromated Mo-KŬ radiation source (ɚ = 0.71073 ¡). Multi-scan 

absorption corrections were applied using SADABS.1 The structures were solved by direct 

methods and refined by least-square methods on F2 using the SHELXTL2 programming 

package. All non-hydrogen atoms were refined anisotropically, hydrogen atoms were 

added geometrically, and their parameters constrained to the parent site. 

 

 

Procedure:101 

 (Sa)-N-[2ô-Amino-(1,1ô-binaphthyl) -2-yl] -4-methylbenzenesulfonamide (64): 

To a 250 mL multi-necked round bottom flask was added (Sa)-(-)-1,1ô-binapthyl-2,2ô-

diamine 63 (3.15 g, 11.0 mmol, 1.0 eq.), DCM (130 mL), and anhydrous pyridine (10 mL, 

124 mmol, 11 eq). TsCl (2.03 g, 10.7 mmol, 0.97 eq.) was added to the flask in portions. 

The flask was left to stir overnight at r.t.. under N2. The solution was complete by TLC and 

concentrated down by rota vap. The orange oil was taken up into EtOAc (200 mL) and 

washed with 2M HCl (5x30 mL) then vacuum-filtered through a bed of Na2SO4 in a M-

porosity sintered glass funnel. The Na2SO4 was washed with EtOAc (2x40 mL) and the 

combined filtrates were concentrated down and further dried by high vac. An off-white 

foam was collected (64) and the product was continued on to the next reaction without 

further purification. 1H NMR (400 MHz, CDCl3): ŭ= 8.12 (d, 8 Hz, 1 H, ArH), 7.945 (d, 
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12 Hz, 1 H, ArH), 7.86 (d, 8 Hz, 1 H, ArH), 7.83 (d, 8 Hz, 1 H, ArH), 7.77 (d, 8 Hz, 1 H, 

ArH), 7.41 (d, 8 Hz, 2 H, o-Ts), 7.37 (d, 8 Hz, 1 H, ArH), 7.23-7.15 (m, 2 H, ArH), 7.06 

(t, 8 Hz, 2 H, ArH), 6.99 (d, 8 Hz, 2 H, m-Ts) 6.94 (t, 8 Hz, 1 H, ArH), 6.67 (BrS, 1 H, 

TsNH), 6.405 (d, 12 Hz, 1 H, o-NH2ArH), 3.41 (BrS, 2 H, ArNH2), 2.30 (s, 3 H, ArCH3). 

13C NMR (100 MHz, CDCl3): ŭ= 143.8, 142.8, 136.4, 133.8, 133.7, 132.9, 131.4, 130.9, 

130.1, 129.9, 128.3, 127.4, 127.3, 125.8, 125.5, 123.5, 122. 6, 121.7, 119.6, 118.1, 109.7, 

21.7.  

 

 

Procedure:101 

 (Sa,S)-tert-Butyl -2-[2ô-(4-methylphenylsulfonamido)-(1,1ô-binaphthyl) -2-yl-

carbamoyl]pyrrolidine -1-carboxylate (66): To a 250 mL round bottom flask was added 

anhydrous THF (60 mL), (S)-(-)-N-(t-butoxycarbonyl)-L-proline (65) (1.73 g, 8.0 mmol, 

1.6 eq.), and triethylamine (1.15 mL, 8.0 mmol, 1.6 eq.). The resulting solution was stirred 

at 0 oC and placed under N2. Ethyl chloroformate (0.72 mL, 7.6 mmol, 1.5 eq.) was added 

dropwise, producing a fine precipitate. The resulting mixture was stirred at 0 oC for 30 min 

before a solution of 64 (2.65 g, 5.1 mmol, 1eq.) in anhydrous THF (12 mL) was added 

dropwise. The solution was brought to reflux and left to stir overnight under N2. The 

reaction was cooled to r.t. and the mixture was filtered through a M-porosity fritted funnel. 
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The solid was washed with THF (2x15 mL) and the collected filtrate was concentrated 

down and dried to a consistent weight. An off-white foam was collected (66) 4.30 g and 

continued to the next reaction without further purification. Due to broadening peaks at r.t., 

NMR spectra could not be characterized. 

 

Procedure:101 

(Sa,S)-N-[2ô-(4-Methylphenylsulfonamido)-1,1ô-binaphthyl -2-yl-pyrrolidine -

2-carboxyamide (60): To a 250 mL round bottom flask was added 66 (4.30 g, not purified) 

and DCM (50 mL) and placed under N2. TFA (9.6 mL) was slowly added to the round 

bottom flask over 5 min. The solution was stirred at r.t. for 1 hour. Once complete, the 

solution was cooled to ~0 oC and through an addition funnel, 2.5 M NaOH (50 mL) was 

added to the round bottom flask over 10 min. The biphasic solution was transferred to a 

separator funnel and separated. The aq. layer was back extracted with DCM (25 mL) and 

separated. The combined organics were filtered through a bed of Na2SO4 and the solids 

were washed with DCM (2x 40 mL). The organics were concentrated down and purified 

by silica gel column chromatography (EtOAc:Hex 2:1, EtOAc:Hex 3:1, EtOAc). A white 

solid, 2.09 g was obtained which was dissolved in hot DCM (5 mL). The solution was 

cooled to r.t. and hexane (25 mL) was slowly added over 30 min, then left to stir overnight. 

The slurry was filtered and the solid was washed with hex:DCM 5:1 (12 mL). After drying 
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to consistent weight, a white solid was collected 1.64 g (60) (47% over 3 steps). The 

structure was confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, 

CDCl3): ŭ= 9.30 (BrS, 1 H, ArNHC=O), 8.81 (d, 8 Hz, 1 H, ArH), 8.18 (d, 8 Hz, 1 H, ArH), 

8.06 (d, 8 Hz, 1 H, ArH), 7.99 (d, 8 Hz, 1 H, ArH), 7.94 (d, 8 Hz, 1 H, ArH), 7.87 (d, 8 Hz, 

1 H, ArH), 7.43 (d, 8 Hz, 3 H, ArH/o-Ts), 7.38 (t, 8 Hz, 1 H, ArH), 7.18 (d, 8 Hz, 2 H, 

ArH), 7.11 (d, 8 Hz, 2 H, ArH), 6.93 (d, 8 Hz, 1 H, ArH), 6.86 (d, 8 Hz, 1 H, o-NH2ArH), 

6.33 (BrS, 1 H, TsNH), 3.305 (dd, 4 Hz, 1 H, O=CCHNH), 2.36 (s, 3 H, ArCH3), 2.22 (q, 

8 Hz, 1 H,O=CCHNH), 1.83-1.73 (m, 1 H, NHCH2C), 1.63-1.56 (m, 2 H, CCH2CH), 1.27-

1.14 (m, 2 H, CCH2C), 0.72-0.63 (m, 1 H, NHCH2C). 13C NMR (100 MHz, CDCl3): ŭ= 

173.5, 144.0, 136.6, 135.8, 133.8, 132.6, 132.2, 131.3, 130.8, 130.6, 130.2, 129.6, 128.7, 

128.3, 127.7, 127.6, 125.7, 125.3, 125.2, 124.2, 120.7, 119.5, 119. 4, 117.0, 60.6, 46.2, 

30.7, 25.3, 21.7.  

 

 

Procedure:105 

2-Methyl -1,3-cyclohexadione (48): To a 1,000 mL round bottom flask was added 

1,3-cyclohexadione (61) (85 g, 0.75 mol, 1.0 eq.) and 5 M NaOH (150 mL, 0.75 mol, 1.0 

eq.) which was cooled to 0 oC. Once cooled, MeI (215 g, 1.5 mol, 2.0 eq.) was added in 

one portion. The solution was heated to ~65 oC and stirred for 18 hours (MeI boils at 42 

oC, so a reflux condenser is needed). The reaction was cooled to r.t. and the off-white solid 

was filtered off. The solid was then added to a 2 L round bottom flask along with a solution 
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of absolute ethanol:water 12% (v:v, 1,500 mL). The suspension was heated to reflux until 

all the solid was dissolved (2 hours). The solution was then removed from the heat and 

cooled to r.t. overnight. The solid was filtered off and dried on high vac overnight. A 

Pinkish white solid was obtained 37.41 g (48) (39.1% Structure is in the enol form). The 

structure was confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS) 1H NMR (400 MHz, 

DMSO-d6): ŭ= 10.28 (brS, 1 H, HOC=C), 2.29 (brS, 4 H, 2xCCH2C=O), 1.81 (p, 8.0 Hz, 

2 H, CCH2C), 1.54 (s, 3 H, CCH3). 
13C NMR (100 MHz, DMSO-d6): ŭ= 109.6, 20.5, 7.2. 

 

 

Procedure:102 

 2-Methyl -2-(3-oxobutyl)-1,3-cyclohexanedione (54): To a round bottom flask 

was added 2-methyl-1,3-cyclohexadione (49) (37.41 g, 296.5 mmol, 1.0 eq), methyl vinyl 

ketone (29.5 mL, 353.8 mmol, 1.2 eq) and NEt3 (0.83 mL, 5.9 mmol, 0.02 eq) neat. The 

reaction was stirred overnight at r.t. The brownish oil was transferred to a 1,000 mL round 

bottom flask by EtOAc (300 mL) and activated charcoal (9 g) was added. The solution was 

heated to 45 oC for 30-60 mins then cooled to r.t. The solution was filtered through a silica 

gel pad (~5 cm) and the pad was flushed with EtOAc (6x150 mL). The solvent was 

removed by vacuum leaving a yellow clear oil 60.25 g (54) (100%). The structure was 

confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, CDCl3): ŭ= 2.54 

(m, 4 H. 2xCCH2C=O), 2.20 (t, 6.8 Hz, 2 H, CCH2C=O), 1.96 (s, 3 H, O=CCH3), 1.89 (t, 



83 
 

6.8 Hz, 2 H, CCH2CH2), 1.79 (m, 2 H, CH2CH2CH2), 1.08 (s, 3 H, CCH3). 
13C NMR (100 

MHz, CDCl3): ŭ= 209.8, 207.2, 64.1, 38.2, 37.6, 29.8, 29.4, 19.9, 17.4.  

 

 

Procedure:102 

 (8aS)-3,4,8,8a-Tetrahydro-8a-methyl-1,6(2H,7H)-naphthalenedione ((S)-

WMK):  To a 50 mL round bottom flask was added a stir bar, 2-methyl-2-(3-oxobutyl)-

1,3-cyclohexanedione (56) (15.0 g, 76.5 mmol, 1.0 eq), compound 3 (400 mg, 0.74 mmol, 

0.01 eq), and benzoic acid (230 mg, 1.9 mmol, 0.025 eq). The solution was left at r.t. and 

stirred until complete by 1H NMR (400Hz). After five days the reaction was complete 

which was indicated by a methyl shift seen in the 1H NMR (from 1.22 ppm to 1.44 ppm). 

The reaction solution was transferred to a 250 mL round bottom flask with EtOAc (100 

mL), activated carbon (3.00 g) was added and the solution was left to stir overnight. 

Hexanes (100 mL) was added to the flask and the solution was passed through a pad of 

silica gel (~5 cm deep) in a medium fritted funnel. The silica gel was eluted with a 

EtOAc:Hex 1:1 mixture until the filtrate was no longer colored (~2,500 mL). The solution 

was concentrated down and dried on a high vac. overnight. 13.75 g of a brownish oil was 

obtained which crystallized after being placed in the freezer for 1 hour. MTBE (15 mL) 

was added and the solution was warmed until all of the solid was dissolved (~45 oC). The 

flask was brought to r.t.. over an hour then placed into the freezer overnight. Large dark 
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red crystals formed at the bottom of the flask and the liquid was removed by pipette then 

the solid was further dried by high vac. overnight. The dark red crystals were confirmed 

by 1H/13C NMR (400 MHz, CDCl3/TMS) 11.17g ((S)-WMK ) (81%). 1H NMR (400 MHz, 

CDCl3): ŭ= 5.83 (d, 1 Hz, 1 H, C=CH), 2.75-2.65 (m, 2 H, O=CCH2), 2.52-2.41 (m, 4 H, 

O=CCH2/CCH2C), 2.17-2.06 (m, 3 H, CCHC), 1.75-1.64 (m, 1 H, CCHC), 1.43 (s, 3 H, 

CCH3). 
13C NMR (100 MHz, CDCl3): ŭ= 211.1, 198.4, 165.9, 125.9, 50.7, 37.8, 33.7, 31.9, 

29.8, 23.4, 23.0. The m.p. was 50 oC; enantiomeric purity 96-97% ee; [ ]D
25 +93 (c 1.0, 

PhMe). 

 

 

Procedure:106 

 (8ôaS)-3ô,4ô,8ô,8ôa-Tetrahydro-8ôa-methylspiro[1,3-dioxolane-2,1ô(2ôH)-

naphthalen]-6ô(7ôH)-one (67): To a 500 mL round bottom flask was added anhydrous 

ethylene glycol (140 mL), the S-WMK (5.26 g, 29.6 mmol, 1.0 eq.) and 4 Å MS (~40 g, 

4-8 mesh beads). P-TsOH (5.89 g, 30.8 mmol, 1.04 eq.) was added in one portion and the 

reaction was stirred until complete by TLC. The solution was poured into a mixture of ice 

and sat. NaHCO3 (300 mL) then extracted with EtOAc (4x200 mL). The combined 

organics were dried over Na2SO4 and concentrated down. The black oil was purified by 

silica gel column chromatography (packed column with EtOAc:Hex 1:9 and run the 

column with EtOAc:Hex 2:3 (40%)). A clear oil was obtained 5.49 g (67) (83.7%). The 
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structure was confirmed by 1H/13C NMR (400 MHz, CDCl3/TMS). 1H NMR (400 MHz, 

CDCl3): ŭ= 5.735 (d, 1 Hz, 1 H, C=CH), 3.94-3.86 (m, 4 H, OCH2CH2O), 2.41-2.17(m, 5 

H, CCHC/O=CCH2), 1.84-1.59 (m, 5 H, CCHC/O=CCH2), 1.29 (s, 3 H, CCH3). 
13C NMR 

(100 MHz, CDCl3): ŭ= 199.1, 167.7, 125.6, 112.3, 65.4,65.1, 45.0, 33.9, 31.4, 30.0, 26.8, 

21.7, 20.5.  

 

 

Procedure:107 

 Spiro[1,3-dioxolane-2,1'(2'H)-naphthalene]-5'-carboxylic acid, octahydro-8'a-

methyl-6'-oxo-, methyl ester, (4'aS,5'S,8'aS)- (69): To an oven-dried 3 necked round 

bottom flask under N2, cooled to -78 oC, and ~30 mL of NH3 was condensed. Once enough 

NH3 was collected sodium metal was added to dry the NH3. The cryo bath was removed 

and the flask was slowly warmed to r.t. distilling the NH3 over to another oven-dried 3 

necked round bottom flask under N2 at -78 oC. Once all the NH3 transferred, Li metal (0.11 

g, 4.4 mmol, 1.0 eq) was added to the flask followed by the slow addition a solution of the 

67 (1.00 g, 4.4 mmol, 1.0 eq), tBuOH (0.37 mL, 5.1 mmol, 1.16 eq) in anhydrous Et2O (4.1 

mL). The flask was warmed up to -45 oC and stirred for 20 mins before being cooled back 

down to -78 oC. Isoprene (~3 mL) was added to the flask to quench any remaining Li metal. 

The flask was once again warmed to -45 oC and the solvent was slowly removed by high 
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vac. maintaining the temperature between -45 oC to -50 oC. Anhydrous Et2O (15 mL) was 

added to the flask and the solution was cooled to -78 oC. Methyl cyanoformate (68) (0.41 

mL, 4.7 mmol, 1.07 eq) was slowly added to the flask. The solution was stirred at -78 oC 

for one hour then warmed to 0 oC until the reaction was complete by TLC (~2 hours). Once 

complete, water (30 mL) and Et2O (30 mL) were added to the reaction and the solution was 

added to a separatory funnel with brine (10 mL) in it. The layers were separated, and the 

aq. layer was back extracted with Et2O (3x20 mL). The organic layers were dried over 

Na2SO4, concentrated down and purified the oil by silica gel column chromatography 

(EtOAc:Hex 1:4). A slight cloud gel was obtained 0.32 g (69) (25.2%) (Yields improved 

to 70% using the same conditions). The structure was confirmed by 1H/13C NMR (400 

MHz, CDCl3/TMS). 1H NMR (400MHz, CDCl3): ŭ= 3.98-3.96 (m, 2H, OCH2), 3.91-3.87 

(m, 2H, OCH2), 3.74 (s, 3H, CO2CH3), 3.215 (d, J=12Hz, 1H, O=CCHCO2Me), 2.48-2.41 

(m, 3H, CCHC), 2.37-3.33 (m, 1H, CCHC), 1.79-1.65 (m, 5H, CCHC),  1.33-1.29 (m, 2H, 

CCHC), 1.21 (s, 3H, CCH3). 
13C NMR (100MHz, CDCl3): ŭ= 205.77, 170.35, 112.17, 

65.36, 65.21, 60.02, 52.10, 43.78, 41.66, 37.53, 30.30, 29.87, 26.26, 22.57, 14.01.  

 

 

Procedure:107 

 Spiro[1,3-dioxolane-2,1'(2'H)-naphthalene]-5'-carboxylic acid, 3',4',4'a,7',8',

8'a-hexahydro-8'a-methyl-6'-[[(trifluoromethyl) sulfonyl]oxy]-, methyl ester, (4'aR,
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8'aS)- (70): To a round bottom flask was added 69 (2.11 g, 7.5 mmol, 1 eq) and anhydrous 

THF (~125 mL) which was cooled to 0 oC and placed under N2. KHMDS (3.06 g, 15 mmol, 

2 eq) was added all at once and stirred for three hours. The reaction was brought to r.t. and 

stirred for 12 hours. The reaction was quenched with NH4Cl (40 mL) and the solvent was 

removed by vacuum. The residue was extracted with EtOAc (4x60 mL). The solvent was 

removed and the orangish oil was purified by silica gel C.C. (EtOAc:Hex 1:9, EtOAc:Hex 

1:4). A clear oil was obtained 0.55g (70) (17.7%). The structure was confirmed by 1H/13C 

NMR (400Hz, CDCl3/TMS). 1H NMR (400MHz): ŭ= 3.89 (m, 4H, OCH2CH2O), 3.76 (s, 

3H, CO2CH3), 1.85 (m, 1H, CCHC), 2.44-1.34 (m, 10H, CCHC), 1.00 (s, 3H, CCH3). 
13C 

NMR (100MHz): ŭ= 165.46, 146.69, 127.93, 119.90, 111.78, 65.39, 65.23, 52.08, 41.52, 

40.77, 30.09, 26.58, 24.81, 23.02, 22.70, 14.00.  

 

 

Procedure: 

 Spiro[1,3-dioxolane-2,1'(2'H)-naphthalene]-5'-carboxylic acid, 3',4',4'a,7',8',

8'a-hexahydro-8'a-methyl-6'-[[(trifluoromethyl) sulfonyl]oxy]-, methyl ester, (4'aR,

8'aS)- (70): To an oven-dried 3NRBF purged with nitrogen three times was added NaH 

(517 mg, 60% in mineral oil, 1.2 eq.) The NaH was washed with HPLC grade hexane (3x3 

mL). To the flask was added a solution of 69 (3.00 g, 10.6 mmol, 1.0 eq.) in anhydrous 

THF (22 mL). The solution was stirred under nitrogen for three hours before PhNTf2 (3.81 
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g, 10.6 mmol, 1.0 eq.) was added all at once. The reaction was stirred overnight under 

nitrogen at r.t. The solution was poured into a separatory funnel containing sat. NH4Cl (150 

mL) and extracted with Et2O (3x70 mL). The combined organics were washed with water 

(2x50 mL), brine (50 mL), dried over Na2SO4 and concentrated down. The crude was 

purified by silica gel column chromatography (10-20% EtOAc:Hex). 3.52 g of 70 was 

obtained (80%). The structure was confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H 

NMR (400 MHz, CDCl3): ŭ= 3.92 (m, 4 H, OCH2CH2O), 3.78 (s, 3 H, CO2CH3), 2.855 (d, 

4 Hz, 1 H, CCHC), 2.45 (m, 1 H, CCHC), 2.34 (m, 1 H, CCHC), 1.78 (m, 4 H, CCHC), 

1.56 (m, 3 H, CCHC), 1.34 (m, 1 H, CCHC), 1.03 (s, 3 H, CCH3). 
13C NMR (100 MHz, 

CDCl3): ŭ= 165.5, 146.7, 128.0, 111.9, 65.4, 65.3, 52.1, 41.6, 40.8, 30.2, 26.6, 24.8, 23.1, 

22.8, 14.1.  

 

 

Procedure: 

 (4'aS,8'aS)-5'-(Hydroxymethyl)-8'a-methyl-3',4',4'a,7',8',8'a-hexahydro-2'H-

spiro[[1,3]dioxolane-2,1'-naphthalene]-6'-yl trifluoromethanesulfonate (71): To an 

oven-dried 3NRBF was added 70 (4.5 g, 10.8 mmol, 1.0 eq.) and the flask was purged with 

nitrogen three times. Anhydrous PhMe (75 mL) was added and the solution was cooled to 

-78 oC. Once cold, DIBAL-H (19.5 mL, 23.4 mmol, 2.2 eq.) was slowly added. Once the 
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addition was complete, the reaction was slowly warmed to r.t. and stirred for 3 hours. 

Rochelleôs salt (15.75 g) in ice-cold water (125 mL) was added and stirred for 30 mins. 

The solids were filtered off and washed with EtOAc. The layers were separated, and the 

aq. layer was back extracted with EtOAc (3x400 mL). The combined organics were dried 

over Na2SO4 and concentrated down. The oil was purified by silica gel column 

chromatography (20-30% EtOAc:Hex). A clear oil was obtained 3.86 g (71) (92%). The 

structure was confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, 

CDCl3): ŭ= 4.32 (d, 8 Hz, 1 H, HOCH2), 4.08 (d, 8 Hz, 1 H, HOCH2), 3.92 (m, 4 H, 

OCH2CH2O), 2.685 (d, 12 Hz, 1 H, CCHC), 2.40 (m, 2 H, CCHC), 2.29 (m, 1 H, CCHC), 

1.94 (d, 8 Hz, 1 H, CCHC), 1.75 (m, 3 H, CCHC), 1.57 (m, 3 H, CCHC), 1.36 (m, 1 H, 

CCHC), 0.97 (s, 3 H, CCH3). 
13C NMR (100 MHz, CDCl3): ŭ=144.7, 131.0, 112.3, 65.3, 

65.2, 57.1, 42.1, 41.0, 30.0, 26.8, 25.2, 23.0, 22.6, 14.2.  

 

 

 

Procedure: 

 (5'aS,9'aS)-5'a-Methyl-1',4',5',5'a,7',8',9',9'a-octahydro-3'H-

spiro[[1,3]dioxolane-2,6'-naphtho[1,2-c]furan] -3'-one (71): To an oven-dried 3NRBF 

purged with nitrogen three times was added 71 (5.61 g, 14.5 mmol, 1.0 eq.), anhydrous 

DMF (200 mL), PPh3 (1.88 g, 7.2 mmol, 0.5 eq.), anhydrous MeOH (14 mL), NEt3 (105 
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mL), and Pd(OAc)2 (364 mg, 1.6 mmol, 0.1 eq.). The solution was stirred under nitrogen 

at r.t. for 10 mins before switching to CO(g) and heating the solution to 60 oC overnight. 

The reaction was cooled to r.t. and the DMF was removed by vacuum. The residue was 

taken up in DCM (200 mL) and washed with water (150 mL). The aq. layer was extracted 

with DCM (2x150 mL) and the combined organics were dried over Na2SO4, concentrated 

down and dried overnight on high vacuum. The residue was purified by silica gel column 

chromatography (30% EtOAc:Hex). A slightly yellow solid was obtained 3.37 g (72) 

(88%). The structure was confirmed by 1H (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, 

CDCl3): ŭ= 4.695 (d, 12 Hz, 1 H, OCH2C=C), 4.63 (d, 16 Hz, 1 H, OCH2C=C), 3.95 (m, 4 

H, OCH2CH2O), 2.77 (d, 8 Hz, 1 H, CCHC), 2.33 (d, 16 Hz, 1 H, CCHC), 2.18 (m, 1 H, 

CCHC), 1.83 (m, 2 H, CCHC), 1.69 (m, 2 H, CCHC), 1.61 (m, 2 H, CCHC), 1.55 (m, 1 H, 

CCHC), 1.43 (m, 1 H, CCHC), 0.91 (s, 3 H, CCH3).  

 

 

Procedure: 

 (5aS,9aS)-5a-Methyl-1,4,5,5a,7,8,9,9a-octahydronaphtho[1,2-c]furan -3,6-

dione (62): To a 3NRBF purged with nitrogen three times was added a solution of 72 (3.37 

g, 12.7 mmol, 1.0 eq.) in acetone (150 mL), water (20 mL) and p-TsOH.H2O (2.19 g, 12.7 

mmol, 1.0 eq.). The solution was heated to reflux and stirred overnight. The solvent was 

removed by vacuum and the residue was taken up in DCM (200 mL). The organics were 
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washed with 10%NaCl (150 mL) and the aq. layer was back extracted with DCM (3x200 

mL). The solvents were removed by vacuum and dried overnight on high vac. The crude 

product was purified by passing through a silica plug using 50% EtOAc:Hex. A white solid 

was obtained 2.42 g (62) (86%). The structure was confirmed by 1H/13C NMR (400 Hz, 

CDCl3/TMS). 1H NMR (400 MHz, CDCl3): ŭ= 4.72 (m, 2 H, OCH2C=C), 2.78 (m, 1 H, 

CCHC), 2.63 (d, 16 Hz, 1 H, CCHC), 2.40 (m, 2 H, CCHC), 2.13 (m, 3 H, CCHC), 1.71 

(m, 4 H, CCHC), 1.09 (s, 3 H, CCH3). 
13C NMR (100 MHz, CDCl3): ŭ= 212.8, 173.7, 

160.9, 125.3, 70.3, 47.5, 44.3, 37.0, 28.4, 25.6, 22.2, 17.5, 16.3.  

 

 

Procedure:108 

 2-[(tert-Butyldimethylsilyl)oxy] -1-ethanol (73): To a 1,500 mL RBF was added 

anhydrous THF (750 mL) and NaH (60%, 15.87 g, 397.2 mmol, 1.0 eq). An addition funnel 

was attached to the round bottom flask and the reaction was placed under N2. Ethylene 

Glycol (24.67 g, 397.2 mmol, 1.0 eq.) was added to the slurry slowly. After all the ethylene 

glycol was added the slurry was stirred at r.t.. for 2 hours before TBSCl (60.00 g, 397.2 

mmol, 1.0 eq.). The reaction was stirred for another 2.5 hours monitored by TLC to 

completion. The reaction solution was partitioned between a 10% K2CO3 sol. and ether 

(1:1 500 mL:500 mL). The Aq. layer was back extracted with MTBE (3x250 mL). The 

organics were washed with brine, dried over Na2SO4 and concentrated down into an oil 

(~60 g). The oil was purified by silica gel column chromatography (Et2O:Hex 1:3). A 
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slightly yellow clear oil was obtained 27.96 g (73) (40%). The structure was confirmed by 

1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, CDCl3): ŭ= 3.67 (t, 4 Hz, 2 H, 

HOCH2C), 3.60 (BrS, 2 H, HOCH2CH2), 2.37 (BrS, 1 H, HOC), 0.87 (s, 9 H, SiC(CH3)3), 

0.04 (s, 6 H, 2xSiCH3). 
13C NMR (100 MHz, CDCl3): ŭ= 64.3, 63.7, 26.0, 18.4, 5.3.  

 

 

Procedure:109 

 (tert-Butyldimethylsilyloxy)acetaldehyde (74): To a 300 mL round bottom flask 

was added DCM (82 mL) cooled to -78 oC and placed under N2. Oxalyl chloride (3.2 mL, 

37.4 mmol, 1.1 eq.) was added to the flask followed by the slow addition of anhydrous 

DMSO (6.0 mL, 81.6 mmol, 2.4 eq.). After 20 mins, an addition funnel was added to the 

flask and a solution of 73 (6.00 g, 34.0 mmol, 1.0 eq.), anhydrous pyridine (5.50 mL, 68.1 

mmol, 2.0 eq.) in DCM (34 mL) was added dropwise to the solution. After the solution 

was added to the flask, it was stirred for an additional 30 mins at -78 oC. NEt3 (23.5 mL, 

170.2 mmol, 5.0 eq.) was added to the flask and the solution was brought to r.t. and stirred 

for 1 hour. The reaction was monitored by TLC to completion at which point the reaction 

was acidified first with 6 M HCl and then 1 M HCl until the pH was ~4. The two layers 

were separated, and the aq. layer was back extracted with DCM (2x70 mL). The organics 

were dried over N2SO4 and carefully concentrated down. The oil was purified by silica gel 

column chromatography (Et2O:Hex 1:3). A slightly yellow clear oil was obtained 4.98 g 

(74) (84.0%). The structure was confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H 
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NMR (400 MHz, CDCl3): ŭ= 9.67 (s, 1 H, O=CH), 4.18 (s, 2 H, O=CCH2), 0.90 (s, 9 H, 

SiC(CH3)3), 0.08 (s, 6 H, 2xSiCH3). 
13C NMR (100 MHz, CDCl3): ŭ= 202.2, 69.7, 25.9, 

18.4, -5.3.  

 

 

Procedure:110 

 (Ethoxycarbonylmethyl)diethoxyphosphine oxide (76): To a preweighed 

3NRBF was added triethyl phosphite (45.4 mL, 265 mmol, 1.01 eq.) and ethyl 

bromoacetate (75) (29 mL, 261 mmol, 1.0 eq.). The reaction was heated to 90 oC (Need 

Reflux condenser, the reaction becomes exothermic and boils). After one-two hours the 

reaction was heated to 130 oC and left to stir overnight. The reaction was cooled to r.t. and 

by-products were distilled off. A slightly yellow clear oil was obtained 44.2 g (76) (75.5%). 

The structure was confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, 

CDCl3): ŭ= 4.14-4.04 (m, 6 H, 3xOCH2CH3), 2.865 (d, 20 Hz, 2 H, O=CCH2P), 1.28-1.17 

(m, 9 H, 3xOCH2CH3). 
13C NMR (100 MHz, CDCl3): ŭ= 165.7, 62.6, 61.5, 35.0, 33.6 16.3, 

14.0.  
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Procedure:111 

 Ethyl 2-diethoxyphosphoryl-3-methylbutyrate (78): To a 3 NRBF was added a 

solution of 76 (15.54 g, 69.3 mmol, 1.0 eq.) in DMSO (60 mL) and cooled to 0 oC. Once 

cooled, KOtBu was added and stirred at 0 oC for 1 hour then warmed up to r.t. and stirred 

for another hour. 2-iodopropane (77) (7.8 mL, 78.1 mmol, 1.1 eq.) was added all at once 

and the solution was heated to 60 oC and stirred for 4 hours. The reaction was cooled to 

r.t., quenched with Sat. NH4Cl (200 mL), and extracted with Et2O (3x300 mL). The 

combined organics were washed with brine (200 mL) and concentrated down. The yellow 

oil was placed on high vac. overnight to dry. A yellow oil was collected 15.78 g (78) 

(80.9%). The structure was confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR 

(400 MHz, CDCl3): ŭ= 4.12-4.00 (m, 6 H, 3xOCH2CH3), 2.60 (dd, 12 Hz, 8 Hz, 1 H, 

CHCH(CH3)2), 2.30-2.22 (m, 1 H, CHCH(CH3)2), 1.23-1.16 (m, 9 H, 3xOCH2CH3), 1.025 

(d, 4 Hz, 3 H, CHCH(CH3)2) 0.90 (d, 8 Hz, 3 H, CHCH(CH3)2). 
13C NMR (100 MHz, 

CDCl3): ŭ= 169.2, 62.4, 61.0, 54.0, 52.7, 28.2, 21.4, 16.2, 14.1.   
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Procedure: 

 Ethyl (2E)-4-((tert-butyl(dimethyl)silyl)oxy) -2-(propan-2-yl)but -2-enoate (79): 

A solution of 78 (31.25 g, 111 mmol, 1.13 eq.) in anhydrous THF (180 mL) was added to 

a 3 necked round bottom flask and cooled to -78 oC. Once cooled, LiHMDS (1 M, 133 mL, 

133 mmol, 1.35 eq.) was slowly added to the reaction by addition funnel and stirred at -78 

oC for an additional 30 mins. After 30 mins, a solution of 74 (17.19 g, 98.6 mmol, 1.0 eq.) 

in anhydrous THF (30 mL) was added to the reaction dropwise and stirred for 2 hours at -

78 oC. The solution was then warmed to r.t. and stirred until complete by TLC. The reaction 

was quenched with NH4Cl solution (85 mL) and the THF was removed by vacuum. The 

residue was dissolved with Et2O (125 mL) and the layers were separated. The aq. layer was 

back extracted with Et2O (2x125 mL) and the combined organics were dried by vacuum. 

The crude oil (~40 g) was purified by silica gel column chromatography (Et2O:pentane 

1:19) A clear oil was obtained 14.45 g (79) (51.2%). The structure was confirmed by 1H/13C 

NMR (400 Hz, CDCl3/TMS, a mixture of E/Z). 1H NMR (400 MHz, CDCl3): ŭ= 5.95 (t, 8 

Hz, 1 H, C=CH), 4.555 (dd, 4 Hz, 2 H, OCH2C=C), 4.21 (q, 8 Hz, 2 H, OCH2CH3), 2.75 

(hepta, 4 Hz, 1 H, CH(CH3)2), 1.31 (t, 4 Hz, 3 H, OCH2CH3), 1.08 (d, 8 Hz, 6 H, 

CH(CH3)2), 0.91 (s, 9 H, SiC(CH3)3), 0.08 (s, 6 H, 2xSiCH3). 
13C NMR (100 MHz, CDCl3): 

ŭ= 167.9, 140.2, 128.4, 62.5, 60.4, 30.6, 26.1, 22.0, 18.5, 14.4, -5.0. 
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Procedure:113 

 Diethyl (2,2-diethoxyethyl)phosphonate (82): To a 2NRBF equipped with a 

thermometer, dean stark trap, and a reflux condenser with N2 flowing through it were added 

triethyl phosphite (33.64 g, 202 mmol, 2.0 eq.) and 81 (19.82 g, 101 mmol, 1.0 eq.). The 

solution was heated to 165 oC and stirred for 4 hours. After 4 hours, the reaction was cooled 

to r.t. and the reaction mixture was distilled under high vac. heated to 85 oC until no more 

liquid distilled off (4-5 hour). The slightly yellow clear oil in the distillation flask was 

collected 27.83 g (82) (>100%). The structure was confirmed by 1H/13C NMR (400 Hz, 

CDCl3/TMS). It is presumed that not all the triethyl phosphite was distilled off. 1H NMR 

(400 MHz, CDCl3): ŭ= 4.805 (q, 4 Hz, 4 H, OCH2CH3), 4.01 (penta, 5.6 Hz, 4 H, 

OCH2CH3), 3.60-3.53 (m, 2 H), 3.49-3.42 (m, 2 H), 2.105 (dd, 8 Hz, 12 Hz, 2 H), 1.23 (t, 

8 Hz, 6 H, OCH2CH3), 1.12 (t, 4 Hz, 6 H, OCH2CH3). 
13C NMR (100 MHz, CDCl3): ŭ= 

98.3, 61.5, 32.5, 31.1, 1 6.4, 15.1.   

 

 

Procedure: 

 Diethyl (2-oxoethyl)phosphonate (83): To a 500 mL RBF was added 82 (27.83 g, 

~100 mmol) in 300 mL 2 M HCl. The solution was placed under N2 and left to stir for 24 
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hours at r.t. The reaction looked complete by TLC and the solution was extracted with 

CHCl3 (3X300 mL). The combined organics were dried over Na2SO4 and concentrated 

down. The oil was purified by silica gel column chromatography (EtOAc 1,000 mL, 

EtOAc:MeOH 49:1 1,000 mL, EtOAc:MeOH 3:1 1,000 mL). A red oil was obtained 12.78 

g (83) (70.9%, impurities remained after purification). 

 

 

Procedure:115 

 Methyl (2E)-4-(diethylphosphono)but-2-enoate (85): To a round bottom flask 

was added triethyl phosphite (4.30 mL, 25 mmol, 1.0 eq.) and methyl -4-bromocrotonate 

(84) (85% pure, 3.5 mL, 25 mmol, 1.0 eq.). The solution was placed under N2 and slowly 

heated to ~90 oC. After ~ 2 hours, the solution was heated to 110 oC and stirred overnight. 

The reaction was cooled to r.t. and the bromoethane was removed by high vacuum for 

several hours. An orange oil was obtained 5.97 g (85) (100%). The structure was confirmed 

by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400 MHz): ŭ= 6.77 (m, 1 H, O=C-

CH=CH), 5.86 (m, 1 H, O=C-CH=CH), 4.00 (m, 4 H, OCH2CH3), 3.62 (m, 3 H, CO2CH3), 

2.68 (m, 2 H, C=CCH2), 1.22 (m, 6 H, OCH2CH3). 
13C NMR (100 MHz): ŭ= 165.9, 137.7, 

125.2, 62.3, 51.5, 31.2, 29.8, 16.4, 16.3.   
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Procedure: 

 Methyl (2E)-4-(diethylphosphono)-2-(propan-2-yl)but -2-enoate (86): To a 

round bottom flask was added the phosphonate (5 g, 21 mmol, 1.0 eq) and DMSO (25 mL). 

The solution was cooled to 0 oC before adding tBuOK (2.81 g, 25 mmol, 1.2 eq). The 

mixture was warmed to r.t. until all the tBuOK was dissolved. Once dissolved, iPrI (77) 

(2.3 mL, 23 mmol, 1.09 eq) was added and the solution was heated to 60 oC until complete 

by TLC. The reaction was cooled to r.t. and quenched with water (150 mL). The aq. phase 

was extracted with Et2O (4x100 mL). The combined organics were concentrated down and 

purified by silica gel column chromatography (NEt3:EtOAc 1:19). A dark red oil was 

obtained 12.1 g (86) (85%). The structure was confirmed by 1H/13C NMR (400 Hz, CDCl3). 

A complex mixture of E/Z isomers was obtained 

 

 

Procedure: 

 Methyl (2E)-4-cyclohexylidene-2-(propan-2-yl)but -2-enoate (87): To a round 

bottom flask was added the phosphonate (86) (5.04 g, 17.2 mmol, 1.02 eq), anhydrous THF 
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(17.5 mL), and LiHMDS (1 M, 19.5 mL, 19.5 mmol, 1.15 eq). The solution was stirred at 

r.t. for 1 hour before cyclohexanone (1.75 mL, 16.9 mmol, 1.0 eq) was added. The solution 

was stirred at r.t. overnight until complete by TLC. The solvent was removed, and the 

residue was taken up in brine (500 mL) followed by the aq. phase being extracted with 

DCM (4x500 mL). The organics were concentrated down and purified by silica gel column 

chromatography (Et2O:Pentane 1:19). A clear oil was obtained 3.20 g (87) (85.3%). The 

structure was confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, 

CDCl3): ŭ= 7.355 (d, 12 Hz, 1 H, C=CH-CH=C), 6.135 (d, 12 Hz, 1 H, C=CH-CH=C), 

3.70 9 (s, 3 H, CO2CH3), 3.05 (hepta, 5.7 Hz, 1 H, CH(CH3)2), 2.36 (t, 6.7 Hz, 2 H, 

C=CCH2), 2.21 (t, 6.7 Hz, 2 H, C=CCH2), 1.57 (BrS, 6 H, CCH2C), 1.175 (d, 4 Hz, 6 H, 

CH(CH3)2). 
13C NMR (100 MHz, CDCl3): ŭ= 168.8, 152.4, 134.5, 132.9, 117.2, 51.2, 38.3, 

29.6, 28.7, 27.9, 27.3, 26.7, 21.1.   

 

 

Procedure: 

 (2E)-4-Cyclohexylidene-2-(propan-2-yl)but -2-enoic acid (88): To a round 

bottom flask was added 87 (3.20 g, 14.4 mmol, 1.0 eq) and a 20% KOH (9.63 g, w/w) 

MeOH:H2O(9:1) solution. The solution was stirred at r.t. for 24 hours until complete by 

TLC. The solvent was removed by vacuum and the residue was taken up in DCM (400 



100 
 

mL) and H2O (500 mL). The layers were separated, and the aq. layer was extracted with 

more DCM (300 mL). The aq. layer was acidified to ~1 pH and extracted with DCM (3x400 

mL). The combined fractions of DCM after acidification were combined and the solvent 

was removed by vacuum. A white solid was obtained 2.02 g (88) (71.9%). The structure 

was confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, CDCl3): ŭ= 

No COOH peak detected, 7.565 (d, 12 Hz, 1 H, C=CH-CH=C), 6.20 (d, 16 Hz, 1 H, C=CH-

CH=C), 3.09 (hepta, 5.7 Hz, 1 H, CH(CH3)2), 2.41 (t, 4 Hz, 2 H, C=CCH2), 2.25 (t, 4 Hz, 

2 H, C=CCH2), 1.61 (BrS, 6 H, CCH2C), 1.23 (d, 8 Hz, 6 H, CH(CH3)2). 
13C NMR (100 

MHz, CDCl3): ŭ= Carboxylic acid peak not seen, 154.2, 135.4, 133.5, 117.4, 38.5, 29.8, 

28.8, 28.0, 27.2, 26.8, 22.4, 21.1.    

 

 

 

Procedure: 

 2-Chloroethyl (2E)-4-cyclohexylidene-2-(propan-2-yl)but -2-enoate (92): To a 

round bottom flask was added 88 (1.27 g, 6 mmol, 1.0 eq.) and SOCl2 (2.2 mL, 30 mmol, 

5.0 eq.). The solution was stirred overnight at r.t. The extra thionyl chloride was removed 

by vacuum and 2-chloroethanol (3.75 mL) was added to the residue. The solution was 

stirred for 24 hours. at r.t. before NEt3 (2.5 mL) was added and stirred for another 30mins. 
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The solution was quenched with 10% NHCO3 (150 mL) and transferred to a separatory 

funnel. The flask was washed with Et2O (150 mL) and added to the aq. layer. The layers 

were separated, and the aq. layer was back extracted with Et2O (2x150 mL). The combined 

organics were concentrated down. The residue was purified by silica column 

chromatography (EtOAc:Hex 1:9). A yellowish oil was obtained 0.7161g (92) (44%). The 

structure was confirmed by 1H/13C NMR. The structure was confirmed by 1H/13C NMR 

(400 Hz, CDCl3/TMS). 1H NMR (400 MHz, CDCl3): ŭ= 7.445 (d, 12 Hz, 1 H, C=CH-

CH=C), 6.165 (d, 12 Hz, 1 H, C=CH-CH=C), 4.39 (t, 6 Hz, 2 H, OCH2CH2Cl), 3.73 (t, 6 

Hz, 2 H, OCH2CH2Cl), 3.06 (septet, 8 Hz, 1 H, CH(CH3)2), 2.39 (m, 2 H, C=CCH2), 2.24 

(m, 2 H, C=CCH2), 1.60 (m, 6 H, CCH2C), 1.21 (d, 8 Hz, 6 H, CH(CH3)2). 
13C NMR (100 

MHz, CDCl3): ŭ= 168.1, 153.3, 133.9, 133.9, 117.3, 63.8, 42.0, 38.4, 31.7, 29.8, 28.7, 28.0, 

27.3, 26.8, 21.1, 14.3. 

  

 

Procedure: 

 2-((2E)-1-Cyclohexylidene-4-methylpent-2-en-3-yl)-4,4-dimethyl-4,5-dihydro-

1,3-oxazole (94): To a round bottom flask was added 88 (0.4289 g, 2.4 mmol, 1.0 eq.) and 

placed under N2. Thionyl chloride (1.5 mL, 21 mmol, 8.75 eq.) was added and the solution 
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was stirred at r.t. for 24 hours. The extra Thionyl chloride was removed by vacuum and 

DCM (5 mL) was added to the flask. 2-amino-2-methyl-1-propanol (0.37 g, 4.1 mmol, 2.0 

eq.) was added and stirred for 3 hours. Thionyl chloride (3 mL) was added to the reaction 

and stirred for another 1 hour. The solvents were removed and a 5% HCl solution (50 mL) 

was added to the residue. The left-over residue was extracted with Et2O (50 mL) and the 

aq. layer was basified to ~11 pH and back extracted with Et2O (3x50 mL). The combined 

organics were concentrated down and purified by alumina column chromatography 

(EtOAc:Hex 1:19). A clear oil was obtained 0.1203 g (94) (19.2%). The structure was 

confirmed by 1H (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, CDCl3): ŭ= 7.075 (d, 12 Hz, 

1 H, C=CH-CH=C), 6.185 (d, 12 Hz, 1 H, C=CH-CH=C), 3.89 (s, 2 H, OCH2CN), 3.17 

(septet, 8 Hz, 1 H, CH(CH3)2), 2.37 (m, 2 H, C=CCH2), 2.21 (m, 2 H, C=CCH2), 1.58 (m, 

6 H, CCH2C), 1.29 (s, 6 H, NC(CH3)2, 1.23 (d, 8 Hz, 6 H, CH(CH3)2).  

 

 

Procedure:120 

 Cyclohex-1-en-1-yl trifluoromethanesulfonate (96): A solution of 

cyclohexanone (0.58 mL, 5.6 mmol, 1.0 eq.) in anhydrous THF (24 mL) was added to a 3 

necked round bottom flask. The solution was placed under N2 and cooled to -78 oC before 

LiHMDS (1 M, 6.25 mL, 6.25 mmol, 1.1 eq.) was added. The reaction was stirred for 1 

hour before a solution of PhNTf2 (2.60 g, 7.3 mmol, 1.3 eq.) in anhydrous THF (28 mL) 
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was slowly added to the flask. Once added, the reaction was warmed to r.t. and stirred 

overnight until complete by TLC. The reaction was quenched with sat. NH4Cl (8 mL). The 

mixture was extracted with Et2O (2x80 mL) and the combined organics were washed with 

sat. Na2CO3 (8 mL), dried over Na2SO4 and concentrated down by vacuum. The oil was 

purified by silica gel column chromatography (pentane). A clear oil was obtained 1.08 g 

(96) (83.8%). The structure was confirmed by 1H (400 Hz, CDCl3/TMS). 1H NMR (400 

MHz, CDCl3): ŭ= 5.75 (m, 1 H, C=CH), 2.31 (m, 2 H, C=CHCH2), 2.17, (m, 2 H, CCH2C), 

1.78 (m, 2 H, CCH2C), 1.60 (m, 2 H, CCH2C). 13C NMR (100 MHz, CDCl3): ŭ= 149.5, 

118.6, 27.7, 24.0, 22.8, 21.1. 

 

 

Procedure:121 

 4-(Cyclohex-1-en-1-yl)but-3-yn-1-ol (97): To a 3NBF was added Pd(PPh3)4 (164 

mg, 0.14 mmol, 0.05 eq.), AgAc (96.2 mg, 0.57 mmol, 0.2 eq.), and a solution of 96 (0.65 

g, 2.83 mmol, 1.0 eq.), 3-butyn-1-ol (0.218 g, 3.11 mmol, 1.1 eq.), DIPEA (0.71 mL, 4.25 

mmol, 1.5 eq.) in DMA (28 mL). The reaction was heated to 50 oC and stirred until 

complete by TLC. The solution was diluted with DCM (40 mL) and filtered through a pad 

of celite. The pad was washed with DCM (2x40 mL) and the combined organics were dried 

under vacuum. The oil was dissolved in EtOAc (50 mL) and washed with water (3x50 mL). 
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The aq. layers were back extracted with EtOAc (2x50 mL). The organics were concentrated 

down and the oil was purified by silica gel column chromatography (EtOAc:Hex 1:9, 

EtOAc:Hex 1:4). A slightly yellow oil was obtained 0.393 g (97) (92.6%). The structure 

was confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400MHz, CDCl3): 

ŭ=6.03 (m, 1 H, C=CH), 3.70 (t, 6 Hz, 2 H, HOCH2), 2.55 (t, 12 Hz, 2 H, HOCH2CH2), 

2.07 (m, 4 H, CCH2C), 1.58 (m, 4 H, CCH2C). 13C NMR (100 MHz, CDCl3): ŭ= 134.3, 

120.7, 84.4, 83.3, 61.3. 29.6, 25.6, 23.8, 22.4, 21.6.   

 

 

Procedure:121 

 4-(Cyclohex-1-en-1-yl)but -3-yn-1-yl acetate (98): To a round bottom flask was 

added 97 (0.390 g, 2.6 mmol, 1.0 eq.), NEt3 (1.0 mL, 5.2 mmol, 2.0 eq.) and HPLC DCM 

(6 mL). The solution was cooled to 0 oC before AcCl (0.20 mL, 2.86 mmol, 1.1 eq.) was 

slowly added to the solution. Once added, the solution was warmed to r.t. and stirred 

overnight until complete by TLC. The organics were washed with brine (3x6 mL). The 

organics were dried over Na2SO4 and concentrated down. The oil was purified by alumina 

gel column chromatography (EtOAc:Hex 1:9). A clear oil was obtained 0.194 g (98) 

(38.9%). The structure was confirmed by 1H/13C NMR (400Hz, CDCl3/TMS). 1H NMR 

(400MHz, CDCl3): ŭ= 6.03 (m, 1 H, C=CH), 4.15 (t, 8 Hz, 2 H, HOCH2), 2.62 (t, 6 Hz, 2 
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H, HOCH2CH2), 2.06 (m, 7 H, O=CCH3/CCH2C), 1.57 (m, 4 H, CCH2C). 13C NMR (100 

MHz, CDCl3): ŭ= 171.0, 134.3, 120.7, 83.9, 82.5, 62.7, 29.5, 25.7, 22.5, 2175, 21.0, 19.9.  

   

 

Procedure:122 

 (3Z)-4-(Cyclohex-1-en-1-yl)but -3-en-1-ol (99): To a 3 necked round bottom flask 

was added 97 (3.28 g, 22 mmol, 1.0 eq), quinoline (1 mL), and pet. ether (300 mL). the 

solution was evacuated and refilled with N2 3 times. An H2 balloon was added and the gas 

was pulled through by vacuum (repeat 3 times). Lindlarôs cata. was added (0.800 g) and 

more H2 was pulled through (2 more times). A balloon was attached to the top and the 

solution was left to stir overnight. The reaction wasnôt quite complete by proton NMR so 

more H2 was added and stirred for an addition 6 hours. The solid was filtered off and the 

solvent was removed. The residue was taken up in Et2O (400 mL) and washed with a 

solution of HCl (1 M, 500 mL). The aq. layer was back extracted with Et2O (3x400 mL). 

The organics were dried over Na2SO4 and concentrated down to obtain a yellow oil 3.10 g 

(99) (93.4%). The structure was confirmed by 1H/13C NMR (400Hz, CDCl3/TMS). 1H 

NMR (400MHz, CDCl3): ŭ= 5.865, (d, 12 Hz, 1 H, C=CH), 5.63 (m, 1 H, CH=CHCH2), 

5.245 (dt, 12 Hz, 6 Hz, 1 H, CH=CHCH2), 3.63 (t, 6 Hz, 2 H, HOCH2), 2.51 (penta, 6 Hz, 

2 H, HOCH2CH2), 2.09 (m, 4 H, CCH2C), 1.58 (m, 4 H, CCH2C). 13C NMR (100 MHz, 

CDCl3): ŭ= 135.2, 134.6, 128.0, 124.5, 62.8, 32.4, 29.1, 25.7, 22.9, 22.1. 
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Procedure:123 

 (Cyclohex-1-en-1-ylethynyl)(trimethyl)silane (101): To a degassed 3NRBF 

under nitrogen was added a solution of 96 (2.15 g, 9.3 mmol, 1.0 eq.) in Et2O (56 mL), 

NHEt2 (5.3 mL, excess), (Trimethylsilyl)acetylene (1.59 mL, 10 mmol, 1.1 eq.), CuI (196 

mg, 10% mol eq.) and Pd(PPh3)2Cl2 (364mg, 5% mol eq.) in that order. The solution was 

stirred at r.t. overnight. The reaction was quenched with sat. NH4Cl (50 mL) and extracted 

with Et2O (2x50 mL). The organics were passed through a Na2SO4 plug, washed with Et2O, 

and concentrated down. The black oil was purified by silica gel column chromatography 

(pentane). A yellow oil was obtained 1.67 g (101) (~100%). The structure was confirmed 

by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, CDCl3): ŭ= 6.17 (t, 2 Hz, 1 

H, C=CH), 2.10 (m, 4 H, CCH2C), 1.59 (m, 4 H, CCH2C), 0.17 (s, 9 H, Si(CH3)3). 
13C 

NMR (100 MHz, CDCl3): ŭ= 136.3, 120.9, 107.4, 90.9, 29.2, 25.8, 22.4, 21.6, 0.2.  
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Procedure:123 

 (Cyclohex-1-en-1-ylethynyl)(trimethyl)silane (101): To a 3NRBF degassed and 

refilled with N2, was added a solution of the 102 (2.36 mL, 20 mmol, 1.0 eq.) in anhydrous 

THF (40 mL). The solution was cooled to -78 oC and n-BuLi (9.6 mL, 2.5M in hexanes, 

24 mmol, 1.2 eq.) was slowly added. The solution was stirred at this temp for 1 hour before 

TMSCl (3.6 mL, 30 mmol, 1.5 eq.) was slowly added. The reaction was slowly warmed to 

r.t. and stirred overnight under nitrogen. The reaction was quenched with sat. NH4Cl (40 

mL) and the organics were extracted with Et2O (3x60 mL). The combined organics were 

washed with brine (60 mL), dried over Na2SO4, and concentrated down. The crude NMR 

was clean and required no further purification. A yellow oil was obtained 2.71 g (101) 

(68%). 1H NMR (400MHz, CDCl3): ŭ= 6.17 (t, 4 Hz, 1 H, C=CH), 2.10 (m, 4 H, CCH2C), 

1.59 (m, 4 H, CCH2C), 0.17 (s, 9 H, Si(CH3)3). 
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Procedure:124 

 Ethyl 4-(cyclohex-1-en-1-yl)but -3-ynoate (103): To an oven-dried 3NRBF 

degassed/refilled with N2 3 times was added CuI (85 mg), 1-ethynyl-1-cyclohexene (102) 

(0.95 mL, 8.1 mmol, 1.0 eq.) and HPLC grade MeCN (10 mL). To the solution was slowly 

added ethyl diazoacetate (0.875 mL, 8 mmol, 1.0 eq.). The solution was left to stir 

overnight at r.t. under N2. The solvent was removed and the residue was purified by silica 

gel column chromatography (10% EtOAc:Hex). A yellow oil was obtained 1.11 g (103) 

(71.6%). The structure was confirmed by 1H (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, 

CDCl3): ŭ= 6.08 (m, 1 H, C=CH), 4.18 (q, 7.15 Hz, 2 H, OCH2CH3), 3.36 (s, 2 H, 

CH2C=O), 2.08 (m, 4 H, CCH2C), 1.58 (m, 4 H, CCH2C), 1.27 (t, 7.15 Hz, 3 H, OCH2CH3). 

 

Procedure: 

 Ethyl (3Z)-4-(cyclohex-1-en-1-yl)but -3-enoate (104): To an oven-dried 500 mL 

RBF was added 103 (1.08 g, 5.6 mmol, 1.0 eq.), HPLC grade EtOAc (50 mL) and Lindlarôs 
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cata. (5 mol%, 1.20 g). The mixture was placed under H2 gas and vigorously stirred 

overnight. The solids were filtered off and washed with EtOAc (3x25 mL). The combined 

organics were concentrated down and purified by silica gel column chromatography (10% 

EtOAc:Hex). A clear oil was obtained 0.715 g (104) (65.5%). The structure was confirmed 

by 1H (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, CDCl3): ŭ= 5.90 (d, 11.7 Hz, 1 H, 

C=CH), 5.63 (s, 1 H, CH=CHCH2), 5.48 (m, 1 H, CH=CHCH2), 4.13 (m, 2 H, OCH2CH3), 

3.27 (d, 11.7 Hz, 2 H, CH=CHCH2), 2.09 (m, 4 H, CCH2C), 1.60 (m, 4 H, CCH2C), 1.25 

(m, 3 H, OCH2CH3). 

 

 

Procedure: 

 (3Z)-4-(Cyclohex-1-en-1-yl)but -3-enoic acid (100): To a RBF was added 104 

(680 mg, 3.5 mmol, 1.0 eq.). The flask was purged with N2 gas before anhydrous THF (17 

mL) and 2 M KOH (17 mL, aq.) were added. The reaction was left to stir for 24 hours at 

r.t. under nitrogen. The THF was removed by vacuum and the residue was diluted with 

H2O (25 mL) and Et2O (25 mL). The layers were separated, and the aq. layer was acidified 

with 2 M HCl (25 mL) to ~1 pH. The aq. layer was extracted with DCM (3x25 mL). The 

combined DCMs were dried over Na2SO4 and concentrated down. A yellow oil was 

obtained 476 mg (100) (82%). The crude material was continued to the next reaction 

without purification. 
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Procedure: 

 5,6,7,8-Tetrahydronaphthalen-1-ol (105): To an oven-dried RBF was added 100 

(101 mg, 0.6 mmol, 1.0 eq) which was purged with nitrogen 3 times. HPLC grade DCM 

(25 mL), CMPI (180 mg, 0.72 mmol, 1.2 eq), and NEt3 (0.26 mL, 1.8 mmol, 3.0 eq.) were 

added. The solution was stirred at r.t. under nitrogen overnight. No starting material was 

seen by TLC, so the solution was diluted with water (25 mL) and the layers were separated. 

The aq. layer was extracted with DCM (2x25 mL). The combined organics were dried over 

Na2SO4 and concentrated down. The residue was purified by silica gel column 

chromatography (10% EtOAc:Hex). A yellowish oil was obtained ~47 mg (105) (52%). 

The collected fraction contained other materials, but the signature aromatic triplet and two 

doublet peaks were seen in the proton NMR.  

 

Procedure: 

 (5aS,9aS)-5a-Methyl-3-oxo-1,3,4,5,5a,8,9,9a-octahydronaphtho[1,2-c]furan -6-

yl trifluoromethanesulfonate (106): To a dried rxn tube was added the butenolide ketone 

(200 mg, 0.92 mmol, 1eq.), and Na2CO3 (192 mg, 1.84 mmol, 2.0 eq.). The tube was cooled 
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to 0 oC and placed under N2. Tf2O (0.24 mL, 1.38 mmol, 1.5 eq.) was added to the tube. 

The rxn was warmed to r.t. and stirred overnight. The rxn was diluted with DCM (10 mL) 

and washed with sat. NH4 (10 mL) and sat. Na2CO3 (10 mL). The aq. layers were back 

extracted with DCM (10 mL) and the combined organics were dried over Na2SO4 and 

concentrated down. The crude material was purified by silica gel column chromatography 

(40-75% EtOAc:Hex). 3 Fractions were collected, Fraction 2 contained the product 106 

118.5mg (37%). Fraction 1 contained an unknown by-product of 70 mg. Fraction 3 was 

recovered starting material 71mg (62) (35.5% recovered). The structure was confirmed by 

1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, CDCl3): ŭ= 5.69 (t, 4 Hz, 1 H, 

C=CH), 4.795 (d, 16 Hz, 1 H, OCH2C=C), 4.68 (d, 16 Hz, 1 H, OCH2C=C), 2.80 (d, 16 

Hz, 1 H, C=CCHCH2), 2.24 (m, 2 H, CCH2C), 2.11 (m, 2 H, CCH2C), 1.73 (m, 4 H, 

CCH2C), 1.08 (s, 3 H, CCH3). 
13C NMR (100 MHz, CDCl3): ŭ= 173.6, 160.9, 154.6, 125.6, 

116.2, 70.2, 42.9, 38.0, 29.8, 23.7, 18.9, 18.2, 17.8.  

 

 

Procedure: 

 (5aS,9aR)-5a-Methyl-6-((trimethylsilyl)ethynyl) -4,5,5a,8,9,9a-

hexahydronaphtho[1,2-c]furan -3(1H)-one (107): To a flask containing 106 (~160 mg, 

0.5 mmol, 1.0 eq.) was degassed and filled with nitrogen 3 times. To the flask was added 
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anhydrous Et2O (3 mL), NHEt2 (0.29 mL, excess), (Tirmethylsilyl)acetylene (0.09 mL, 

0.55 mmol, 1.1 eq), CuI (11 mg, 0.05 mmol, 0.1 eq.), and Pd(PPh3)3Cl2 (20 mg, 0.025 

mmol, 0.05 eq.) in that order. The solution was stirred at r.t. overnight. The reaction was 

quenched with NH4Cl (10 mL) and extracted with Et2O (3x 25 mL). The organics were 

passed through a Na2SO4 plug, washed with Et2O and concentrated down. The black oil 

was purified by silica gel column chromatography (EtOAc:Hex 30%-40%). 37 mg of the 

desired product was obtained (107) (27%). The structure was confirmed by 1H/13C NMR 

(400 Hz, CDCl3/TMS).  1H NMR (400 MHz, CDCl3): ŭ= 6.07 (t, 2 Hz, 1 H, C=CH), 4.76 

(d, 16 Hz, 1 H, OCH2C=C), 4.68 (d, 16 Hz, 1 H, OCH2C=C), 2.565 (d, 12 Hz, 1 H, 

C=CCHCH2), 2.43 (m, 1 H, CCH2C), 2.29 (m, 3 H, CCH2C), 1.64 (m, 4 H, CCH2C), 0.96 

(s, 3 H, CCH3), 0.19 (s, 9 H, Si(CH3)3). 
13C NMR (100 MHz, CDCl3): ŭ= 174.2, 162.7, 

134.7, 130.6, 125.5, 103.4, 94.9, 70.3, 41.6, 36.1, 32.6, 25.8, 19.4, 19.1, 18.3, 0.2.  

 

 

Procedure: 

(5aS,9aR)-6-Ethynyl -5a-methyl-4,5,5a,8,9,9a-hexahydronaphtho[1,2-c]furan -

3(1H)-one (108): To an over-dried 2NRBF was degassed and refilled with N2 three times 

before adding a solution of 106 (180 mg, 0.51 mmol, 1.0 eq.) in anhydrous THF (4.5 mL). 

Tributylstannylacetylene (0.16 mL, 0.56 mmol, 1.1 eq)., LiCl (43.5 mg, 1.02 mmol, 2.0 
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eq.) and Pd(PPh3)2Cl2 (10.6 mg, 0.015 mmol, 0.03 eq.). The solution was heated to reflux 

and left to stir overnight under nitrogen. The reaction was cooled to r.t. and the solution 

was passed through a silica plug. The solids were washed with EtOAc:Hex (1:1, 75 mL). 

The filtrate was concentrated down and the residue was purified by silica gel column 

chromatography (20% EtOAC:Hex ~200 mL, 40% EtOAc:Hex~200 mL). A yellow solid 

was obtained 48.3 mg (108) (24.4%). The structure was confirmed by 1H (400 Hz, 

CDCl3/TMS). 1H NMR (400 MHz, CDCl3): ŭ=  6.09 (s, 1 H, C=CH), 4.70 (m, 2 H, 

OCH2C=C), 2.90 (s, 1 H, C-H), 2.59 (m, 1 H, C=CCHCH2), 2.37 (m, 1 H, CCH2C), 2.27 

(m, 3 H, CCH2C), 1.64 (m, 3 H, CCH2C), 1.22 (m, 1 H, CCH2C), 0.95 (s, 3 H, CCH3). 

 

 

Procedure:127 

 (4aS)-4a-Methyl-5-oxo-3,4,4a,5,6,7-hexahydronaphthalen-2-yl 

trifluoromethanesulfonate (111): To an oven-dried 2NRBF was added (S)-WMK  (0.505 

g, 2.8 mmol, 1.0 eq.) and anhydrous DCM (12 mL). The solution was placed under N2 and 

cooled to 0 oC before 2,6-ditertbutyl-4-methylpyridine (0.987 g, 4.8 mmol, 1.7 eq.) and 

Tf2O (0.76 mL, 4.4 mmol, 1.6 eq.). The solution was warmed to r.t. and stirred until 

complete by TLC. Hexane (12 mL) was added to the reaction and the solids were filtered 

off over and celite pad. The solids were washed with EtOAc (4x25 mL) and the filtrate was 

concentrated down. The dark purple oil was immediately purified by silica gel column 



114 
 

chromatography (20% EtOAc:Hex ~800 mL, 40% EtOAc:Hex ~500 mL). The reddish-

yellow oil was obtained 614 mg (111) (70.5%). 

 The same reaction was repeated at a larger scale, 2 g of WMK. Everything else was 

scaled accordingly, 4 hours instead of 2 hours for the reaction time. Isolated yield 2.21 g 

(63.5%, oil darkens overtime). The structure was confirmed by 1H/13C NMR (500 Hz, 

CDCl3/TMS). 1H NMR (500 MHz, CDCl3): ŭ= 6.11 (d,  2.3 Hz, 1 H, C=CH-C=CH), 5.82 

(t, 4.4 Hz, 1 H, C=CH-C=CH), 2.81-2.72 (m, 1 H, CCH2C), 2.67-2.48 (m, 2 H, CCH2C), 

2.51-2.39 (m, 1 H, CCH2C), 2.42-2.31 (m, 2 H, CCH2C), 2.03 (dd, 13.7 Hz, 5.9 Hz, 1 H, 

CCH2C), 1.64 (td, 12.9 Hz, 6.0 Hz, 1 H, CCH2C), 1.20 (2, 3 H, CCH3). 
13C NMR (125 

MHz, CDCl3): ŭ= 212.9, 148.0, 136.4, 127.4, 119.3, 44.6, 35.1, 28.8, 25.0, 24.8, 22.5.  

 

 

Procedure: 

 (8aS)-6-Ethynyl -8a-methyl-3,7,8,8a-tetrahydronaphthalen-1(2H)-one (112): 

To an oven-dried 2NRBF degassed and refilled with N2 3 times was added a solution of 

111 (600 mg, 1.9 mmol, 1.0 eq.) in anhydrous THF (17 mL), tributylstannylacetylene (0.60 

mL, 2.08 mmol, 1.1 eq), LiCl (163 mg, 2.8 mmol, 2.0 eq.) and Pd(PPh3)2Cl2 (39.6 mg, 

0.056 mmol, 0.03 eq). The solution was heated to reflux and stirred overnight. The solution 

was cooled to r.t. and the THF was removed by vacuum. The residue was passed through 

a silica plug and the solids were washed with EtOAc:Hex (1:1, 250 mL). The filtrate was 



115 
 

concentrated down and purified by silica gel column chromatography (packed with hexane, 

10% EtOAc:Hex ~200 mL, 20% EtOAc:Hex ~100 mL). A yellow solid was obtained 232 

mg (112) (64.4%). The structure was confirmed by 1H NMR (400 Hz, CDCl3/TMS). 1H 

NMR (400MHz, CDCl3): ŭ= 6.65 (d, 2.5 Hz, 1 H, C=CH-C=CH), 5.78 (t, 4.6 Hz, 1 H, 

C=CH-C=CH), 3.01 (s, 1 H, C-H), 2.83-2.59 (m, 2 H, CCH2C) 2.58-2.23 (m, 4 H, CCH2C), 

1.95 (ddd, 13.5 Hz, 5.3 Hz, 1.9 Hz, 1 H, CCH2C), 1.59-1.46 (m, 1 H, CCH2C), 1.20 (s, 3 

H, CCH3).  

 

 

Procedure: 

 Ethyl 4-((4aS)-4a-methyl-5-oxo-3,4,4a,5,6,7-hexahydronaphthalen-2-yl)but -3-

ynoate (113): To a RBF was added 112 (205 mg, 1.1 mmol, 1.0 eq.) and CuI (11 mg, 5 

mol%). The flask was purged with nitrogen three times before HPLC grade MeCN (5 mL) 

and ethyl diazoacetate (0.12 mL, 1.1 mmol, 1.0 eq.) were added. The reaction was left to 

stir overnight at r.t. under nitrogen. The solvent was removed and the residue was purified 

by silica gel c.c. (10-20% EtOAc:Hex). A yellow oil was obtained 216 mg (113) (72.3%). 

The structure was confirmed by 1H NMR (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, 

CDCl3): ŭ= 6.35 (d, 2.5 Hz, 1 H, C=CH-C=CH), 5.69 (t, 4.6 Hz, 1 H, C=CH-C=CH), 4.15 

(q, 7.1 Hz, 2 H, OCH2CH3), 3.37 (s, 2 H, CCH2C=O), 2.79-2.53 (m, 2 H, CCH2C), 2.52-

2.38 (m, 1 H, CCH2C), 240-2.22 (m, 2 H, CCH2C), 2.27-2.14 (m, 1 H, CCH2C), 1.88 (ddd, 
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13.5 Hz, 5.3 Hz, 1.8 Hz, 1 H, CCH2C), 1.56-1.40 (m, 1 H, CCH2C), 1.24 (t, 7.1 Hz, 3 H, 

OCH2CH3), 1.14 (s, 3 H, CCH3).   

 

Procedure: 

 Ethyl (3Z)-4-((4aS)-4a-methyl-5-oxo-3,4,4a,5,6,7-hexahydronaphthalen-2-

yl)but -3-enoate (114): To a 250 mL RBF was added 113 (216 mg, 0.8 mmol, 1.0 eq.), 

Lindlarôs cata. (173 mg, 5 mol%) and HPLC grade EtOAc (7.5 mL). The flask was placed 

under H2 gas and stirred vigorously overnight. The solids were filtered off and washed 

several times with EtOAc. The organics were concentrated down and purified by silica gel 

column chromatography (10-20% EtOAc:Hex). A yellowish oil was obtained 141 mg 

(114) (65%). The compound was not fully characterized.   

 

Procedure: 

 (3Z)-4-((4aS)-4a-Methyl-5-oxo-3,4,4a,5,6,7-hexahydronaphthalen-2-yl)but -3-

enoic acid (115): To a RBF was added 114 (141 mg, 0.5 mmol, 1.0 eq.). The flask was 
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purged with nitrogen three times before anhydrous THF (2.5 mL) and KOH 2 M (2.5 mL 

aq.). The solution was stirred overnight at r.t. The THF was removed by vacuum and the 

residue was diluted with water (10 mL). The aq. layer was extracted with Et2O (10 mL) 

then acidified with 2 M HCl (5 mL) to a pH of ~1. The aq. layer was extracted with DCM 

(3x10 mL) and the combined organics were dried over Na2SO4 and concentrated down. 

Proton NMR showed the loss of the ethyl group and the conversion to the carboxylic acid. 

A reddish-orange oil was obtained 111 mg (115) (88%). The crude product was continued 

onto the next reaction without further purification. 

 

 

Procedure: 

 (8aS)-8a-Methyl-8-oxo-6,7,8,8a,9,10-hexahydrophenanthren-4-yl (3Z)-4-

((4aS)-4a-methyl-5-oxo-3,4,4a,5,6,7-hexahydronaphthalen-2-yl)but -3-enoate (117): 

To a RBF was added the 115 (111 mg, 0.45 mmol, 1.0 eq.) and the flask was purged with 

nitrogen 3 times. To the flask was added HPLC grade DCM (19 mL), CMPI (135 mg, 0.54 

mmol, 1.2 eq.), and NEt3 (0.20 mL, 1.35 mmol, 3.0 eq.). The reaction was left to stir 

overnight under nitrogen at r.t. No reaction was seen by TLC so the reaction was heated to 
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reflux and stirred overnight again. A new spot had formed, and the starting material had 

been consumed by TLC. The reaction was diluted with H2O (20 mL) and the layers were 

separated. The aq. layer was extracted with DCM (2x20 mL) and the combined organics 

were dried over Na2SO4 and concentrated down. The residue was purified by silica gel 

column chromatography (20-30% EtOAc:Hex). It appears the by product 117 was isolated. 

The structure was confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400MHz, 

CDCl3): ŭ= 7.16 (t, 7.8 Hz, 1 H, ArH), 7.01 (d, 8.3 Hz, 1 H, ArH), 6.88 (d, 8.6 Hz, 1 H, 

ArH), 6.28 (m, 2 H, C=CH), 6.06 (s, 1 H, C=CH), 5.87 (m, 1 H, C=CH), 5.76 (t, 4.56 Hz, 

1 H, C=CH), 3.37 (d, 7.2 Hz, 2 H, C=CHCH2C=O), 2.75 (m, 5 H, CCH2C), 2.46 (m, 6 H, 

CCH2C), 2.12 (m, 1 H, CCH2C), 2.03 (m, 1 H, CCH2C), 1.85 (m, 1 H, CCH2C), 1.55 (m, 

2 H, CCH2C), 1.20 (s, 3 H, CCH3), 1.16 (s, 3 H, CCH3).
 13C NMR (125MHz, CDCl3): ŭ=  

214.9, 214.0, 169.9, 148.48, 140.4, 139.1, 136.6, 136.4, 134.2, 128.7, 128.6, 127.5, 126.3, 

125.0, 124.4, 120.7, 119.8, 77.2, 47.8, 45.6, 38.9, 35.6, 35.3, 31.5, 28.6, 26.9, 25.1, 24.5, 

22.8, 22.5, 21.5. 

 

 

Procedure:128 

 Methyl but -3-enoate (119): To an oven-dried 3NRBF was added K2CO3 (6.40 g, 

46 mmol, 1.2 eq.) and the flask was degassed and refilled with nitrogen 3 times. HPLC 

grade acetone (60 mL) and 3-butenoic acid (118) (3.15 mL, 38 mmol, 1.0 eq.) were added. 

The solution was stirred at r.t. for 30 mins before being cooled down to 0 oC and MeI (2.30 

mL, 58 mmol, 1.5 eq.) was added. The solution was heated to reflux and stirred overnight. 
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The reaction was cooled to r.t. and the solids were filtered off over a pad of celite. The 

solids were washed with acetone (3x50 mL) and the filtrate was fractionally distilled until 

the total volume was ~25 mL. The 25 mL solution was transferred to a smaller RBF and 

carefully fractionally distilled until the remaining acetone was removed. The product was 

collected at ~103 oC. A clear liquid was obtained 2.39 g (119) (64.6%). The structure was 

confirmed by 1H NMR (400 Hz, CDCl3/TMS). 1H NMR (400MHz, CDCl3): ŭ= 5.97-5.81 

(m, 1 H, CH=CH2), 5.19-5.08 (m, 2 H, CH=CH2), 3.66 (s, 3 H, CO2CH3), 3.07 (dt, 7.0 Hz, 

1.5 Hz, 2 H, CH2CH=CH2).  

 

 

 

Procedure: 

 Methyl (3E)-4-((4aS)-4a-methyl-5-oxo-3,4,4a,5,6,7-hexahydronaphthalen-2-

yl)but -3-enoate (120): To a 3NRBF was added Pd(PPh3)2Cl2 (238 mg, 0.34 mmol, 0.2 

eqs) and the flask was degassed and refilled with nitrogen three times. A solution of 111 

(500 mg, 1.6 mmol, 1.0 eq.) and methyl-3-butenate (119) (1.62 g, 16.25 mmol, 10.0 eq.) 

in anhydrous DMF (12.5 mL) was added to the flask followed by NEt3 (3.75 mL). The 

solution was heated to reflux and left to stir for ~24 hours. The reaction was cooled to r.t. 

and 1 M HCl (125 mL) was added to the rxn. The solution was extracted with EtOAc 

(3x125 mL) and the organics were dried over Na2SO4 and concentrated down. The crude 
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material was purified by silica gel column chromatography (10-20% EtOAc: Hex). A 

yellow solid was obtained 120 mg (120) (55.5%). The structure was confirmed by 1H/13C 

NMR (500 Hz, CDCl3/TMS). 1H NMR (500 MHz, CDCl3): ŭ= 6.16 (d, 15.6 Hz, 1 H, 

CH2CH=CH), 6.00 (d, 2.1 Hz, 1 H, CH2CH=CH), 5.84-5.69 (m, 2 H, C=CH-C=CH), 3.69 

(s, 3 H, CO2CH3), 3.16 (d, 7.2 Hz, 2 H, CH2CH=CH), 2.76 (ddd, 15.6 Hz, 7.2 Hz, 5.6 Hz, 

1 H, CCH2C), 2.70-2.59 (m, 1 H, CCH2C), 2.54-2.21 (m, 4 H, CCH2C), 2.09-1.97 (m, 1 H, 

CCH2C), 1.53 (td, 13.0 Hz, 5.8 Hz, 1 H, CCH2C), 1.19 (s, 3 H, CCH3). 
13C NMR (125 

MHz, CDCl3) ŭ= 215.2, 172.3, 140.5, 134.4, 128.4, 128.1, 124.0, 123.8, 77.2, 52.1, 45.6, 

38.3, 29.8, 28.6, 24.4, 22.8, 21.4. 

 

 

Procedure: 

(3E)-4-((4aS)-4a-Methyl-5-oxo-3,4,4a,5,6,7-hexahydronaphthalen-2-yl)but -3-

enoic acid (121): To a round bottom flask was added 120 (152 mg, 0.58 mmol, 1.0 eq.), 

HPLC grade MeOH (4 mL) and KOH (aq., 2 M, 2 mL). The reaction was stirred for 24 

hours at r.t. then quenched with 1 M HCl (4 mL). The mixture was extracted with EtOAc 

(3x10 mL) and the combined organics were dried over Na2SO4 and concentrated down. 

The crude material 121 (~100%) was continued to the next step without further 

purification. 
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Procedure:130 

 (4aS,5R)-5-Ethynyl -5-hydroxy-4a-methyl-4,4a,5,6,7,8-hexahydronaphthalen-

2(3H)-one (122): To an oven-dried 3NRBF purged with nitrogen 3 times was added 

anhydrous THF (15 mL) and trimethylsilyl acetylene (0.97 mL, 7.0 mmol, 1.25 eq.). The 

solution was cooled to -78 oC and n-BuLi (1.6 M, 4.4 mL, 7.0 mmol, 1.25 eq.) and TMEDA 

(1.05 mL, 7.0 mmol, 1.25 eq.) were slowly added to the solution. The reaction was stirred 

at -78 oC for 1 hour before a solution of (S)-WMK  (1.00 g, 5.6 mmol, 1.0 eq.) in anhydrous 

THF (2.5 mL) was slowly added to the reaction. The solution was stirred at -78 oC for 2 

hours before slowly warming up to r.t. and stirred overnight. The reaction was quenched 

with H2O (20 mL) and extracted with EtOAc (4x15 mL). The organics were dried over 

Na2SO4 and concentrated down. The crude oil was used in the next reaction without further 

purification. A yellow oil was obtained, 1.52 g (82%). 

 To an oven-dried RBF was added the crude yellow (1.52 g, ~5.5 mmol, 1.0 eq.) 

which was purged with nitrogen two times. The oil was dissolved in HPLC grade MeOH 

(11.5 mL), H2O (1.43 mL) and NEt3 (1.43 mL) were added and the reaction was left to stir 

overnight at r.t. The solvent was removed by vac. and dried on high vac. for 3 hours. The 

residue was dissolved in EtOAc and passed through a silica plug washed with EtOAc. The 

solvent was removed, and the whitish-yellow solid was recrystallized by dissolving in Et2O 

and crashing in back out with hexane. The mixture was left in the freezer for three hours 
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before the solid was collected and washed with cold Et2O:Hex (1:1, 20 mL). The white 

solid was dried, 225 mg (122) (16.5%). 1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400 

MHz, CDCl3): ŭ= 5.83 (s, 1 H, CH=C), 2.65 (m, 1 H, CCH2C), 2.57 (s, 1 H, C-H), 2.41 

(m, 3 H, CCH2C), 2.26 (m, 1 H, CCH2C), 2.16 (s, 1 H, CCH2C), 2.09 (m, 1 H, CCH2C), 

1.99 (m, 1 H, CCH2C), 1.89 (m, 3 H, CCH2C), 1.31 (s, 3 H, CCH3). 
13C NMR (100 MHz): 

ŭ= 199.2, 166.5, 126.4, 85.5, 76.5, 75.7, 44.7, 35.2, 34.2, 31.1, 30.5, 22.3, 17.2. 

  

 

Procedure:133 

(4'aS)-4'a-Methyl-4',4'a,7',8'-tetrahydro-3'H-spiro[[1,3]dioxolane-2,2'-

naphthalen]-5'(6'H)-one (125): To an oven-dried 3NRBF was added (S)-WMK  (0.535 

g, 3.0 mmol, 1.0 eq.) which was purged with nitrogen 3 times. HPLC grade DCM (3.6 mL), 

ethylene glycol (0.98 mL, 18.6 mmol, 5.86 eq.) and CH(OEt)3 (0.55 mL, 3.3 mmol, 1.1 

eq.) were added to the flask and cooled to ~ -10 oC. Once cold, TMSOTf (11 µL, 0.06 

mmol, 0.02 eq.) was added and the reaction was stirred at that temperature for 1 hour. NEt3 

(15 µL, 0.1 mmol, 0.035 eq) was added to the reaction. The solution was transferred to a 

sep. funnel containing sat. NaHCO3 (5 mL). The aq. layer was extracted with DCM (3x5 

mL). The organics were dried over Na2SO4 and concentrated down. The residue was 

purified by silica gel column chromatography (20% EtOAc:Hex + 0.5% NEt3). A clear oil 
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was obtained 378 mg (125) (57%). The structure was confirmed by 1H/13C NMR (400 Hz, 

CDCl3/TMS). 1H NMR (400 MHz, CDCl3): ŭ= 5.38 (t, 1.2 Hz, 1 H, CH=C), 3.92 (m, 4 H, 

SCH2CH2S), 2.61 (m, 1 H, CCH2C), 2.53 (m, 1 H, CCH2C), 2.35 (m, 1 H, CCH2C), 2.25 

(m, 1 H, CCH2C), 2.10 (m, 1 H, CCH2C), 2.00 (m, 1 H, CCH2C), 1.76 (m, 3 H, CCH2C), 

1.63 (m, 1 H, CCH2C), 1.29 (s, 3 H, CCH3). 
13C NMR (100 MHz, CDCl3): ŭ= 212.7, 146.8, 

123.6, 105.6, 64.7, 64.4, 50.4, 38.0, 31.0, 29.9, 28.8, 24.4, 24.0. 

*The reaction was scaled up to 1.602 g of (S)-WMK  (68%). 

 

 

 

Procedure: 

 (4'aS)-4'a-Methyl-4',4'a,7',8'-tetrahydro-3'H-spiro[[1,3]dioxolane-2,2'-

naphthalene]-5'-yl trifluoromethanesulfonate (126): To an oven-dried 3NRBF purged 

with nitrogen was added LDA (1 M, 1.75 mL, 1.75 mmol, 1.1 eq.) and DME (2.5 mL). The 

solution was cooled to -78 oC before a solution of 125 (350 mg, 1.57 mmol, 1.0 eq.) in 

DME (2.5 mL) was added. The reaction was stirred at -78 oC for 1 hour before a solution 

of PhNTf2 (1.12 g, 3.14 mmol, 2.0 eq.) in DME (2.5 mL) was added. The reaction was 

brought to r.t. and stirred overnight. The reaction was washed with sat. NH4Cl (10 mL) and 

sat. Na2CO3 (10 mL). The aq. layers were extracted with Et2O (3x10 mL) and the combined 
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organics were dried over Na2SO4 and concentrated down. The residue was purified by 

silica gel column chromatography (10% EtOAc:Hex, 20%EtOAc:Hex + 0.5% NEt3). A 

colorless clear oil was obtained 330 mg (126) (59%). The structure was confirmed by 

1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, CDCl3): ŭ= 5.71 (s, 1 H, 

TfOC=CH), 5.37 (s, 1 H, CH=C), 3.95 (m, 4 H, OCH2CH2O), 2.27 (m, 4 H, CCH2C), 1.88 

(m, 4 H, CCH2C), 1.32 (s, 3 H, CCH3). 
13C NMR (100 MHz, CDCl3): ŭ= 153.8, 145.1, 

122.9, 115.6, 105.3, 65.0, 64.4, 39.2, 30.9, 29.7, 28.2, 24.8, 22.6.  

 

 

Procedure: 

 (3E)-4-((4'aS)-4'a-Methyl-4',4'a,7',8'-tetrahydro-3'H-spiro[[1,3]dioxolane-

2,2'-naphthalene]-5'-yl)but -3-en-2-one (127): An oven-dried 3NRBF purged with 

nitrogen was added a solution of 126 (1.08 g, 3.05 mmol, 1.0 eq.) in anhydrous DMF (13.25 

mL), Pd(PPh3)2Cl2 (46 mg, 10 mol%), NEt3 (1.5 mL, 10.7 mmol, 3.5 eq.) and MVK (0.53 

mL, 6.43 mmol, 2.1 eq.) were added. The reaction was heated to 75 oC and stirred for 3 

hours. The reaction was cooled to r.t. and the DMF was removed by vacuum. The oil was 

purified by silica gel column chromatography (20%EtOAc:Hex + 0.5% NEt3). A yellow 

oil was obtained 711 mg (127) (85%). The structure was confirmed by 1H/13C NMR (400 

Hz, CDCl3/TMS). 1H NMR (400MHz, CDCl3): ŭ= 7.10 (d, 16 Hz, 1 H, CH=CH-C), 6.31 
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(d, 16 Hz, 1 H, CH=CH-C=CH), 6.11 (d, 5.1 Hz, 1 H, CH=CH-C), 5.31 (s, 1 H, CH=C), 

3.93 (m, 4 H, OCH2CH2O), 2.29 (m, 2 H, CCH2C), 2.24 (s, 3 H, O=CCH3), 2.17 (m, 1 H, 

CCH2C), 1.90 (m, 3 H, CCH2C), 1.68 (m, 1 H, CCH2C), 1.28 (s, 3 H, CCH3). 
13C NMR 

(100 MHz, CDCl3): ŭ= 198.3, 148.0, 142.7, 142.2, 129.8, 127.9, 121.2, 105.5, 64.8, 64.3. 

37.8, 32.9, 30.2, 28.7, 28.0, 27.7, 24.1.  

 

 

Procedure:83 

 8a-Methyl-3,4,8,8a-tetrahydronaphthalene-1,6(2H,7H)-dione ((±)-WMK):  To 

an RBF was added 56 (51.66 g, 263 mmol, 1.0 eq), PhMe (225 mL) and slowly added was 

pyrrolidine (3 mL, 14 mol%). The solution was heated to reflux, and the water was 

collected by a Dean-Stark trap (~5 mL). The reaction was cooled to r.t. and the solvent was 

removed. The residue was taken up in Et2O (150 mL) and washed with 10% HCl (15 mL) 

added to water (85 mL) and water (100 mL) again. The aq. layers were back extracted with 

Et2O (50 mL), and the combined organics were washed with water (3x100 mL), brine (100 

mL), dried over Na2SO4, concentrated down and further dried on high vac overnight. The 

residue was placed in the freezer for a couple of hours to allow crystals to form. The crystals 

(~27 g) were dissolved in hot MTBE (15 mL), cooled to r.t. and placed in the freezer 

overnight. The liquid was decanted off and the solid was washed several times with ice-

cold MTBE and dried on high vac for several hours. A reddish solid was obtained 21 g 



126 
 

((±)-WMK ) (45%). The structure was confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS). 

1H NMR (400 MHz, CDCl3): ŭ= 5.81 (s, 1 H, CH=C), 2.69 (m, 2 H, CCH2C), 2.43 (m, 4 

H, CCH2C), 2.09 (m, 3 H, CCH2C), 1.67 (m, 1 H, CCH2C), 1.41 (s, 3 H, CCH3). 
13C NMR 

(100 MHz, CDCl3): ŭ= 211.1, 198.3, 165.9, 125.9, 50.7, 37.7, 33.7, 31.8, 29.7, 23.3, 23.0.  

 

 

Procedure:83 

 8a-Methyl-3,4,8,8a-tetrahydronaphthalene-1,6(2H,7H)-dione ((±)-WMK):  To 

a RBF was added 56 (48.02 g, 245 mmol, 1.0 eq.), Benzene (125 mL) and pyrrolidine (1.25 

mL, cat.). The reaction was left to stir at r.t. for 48 hours. The reaction was not complete at 

that time, so the reaction was heated to reflux and stirred overnight. The reaction was 

cooled to r.t. and 3 M HCl (2x65 mL) followed by brine (65 mL). The aq. layers were back 

extracted with benzene (50 mL) and EtOAc (50 mL). The combined organics were dried 

over Na2SO4 and concentrated down. The crude was purified by silica gel column 

chromatography (50%EtOAc:Hex). A yellowish oil was obtained 39.5 g (90.5%) The oil 

was dissolved in hot MTBE (15 mL) and placed in the freezer overnight. A white solid was 

collected, washed with cold MTBE several times and dried on high vac overnight. A clear 

solid was obtained 32.1 g ((±)-WMK ) (73.6%) of racemic WMK was obtained. The 

structure was confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, 

CDCl3): ŭ= 5.81 (s, 1 H, CH=C), 2.69 (m, 2 H, CCH2C), 2.43 (m, 4 H, CCH2C), 2.09 (m, 
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3 H, CCH2C), 1.67 (m, 1 H, CCH2C), 1.41 (s, 3 H, CCH3). 
13C NMR (100 MHz, CDCl3): 

ŭ= 211.1, 198.3, 165.9, 125.9, 50.7, 37.7, 33.7, 31.8, 29.7, 23.3, 23.0.  

 

 

Procedure:135 

 (4'aS)-4'a-Methyl-4',4'a,7',8'-tetrahydro-3'H-spiro[[1,3]dithiolane-2,2'-

naphthalen]-5'(6'H)-one (130): To a 3NRBF was added (±)-WMK  (1.77 g, 9.9 mmol, 

1.0 eq.) and purged with nitrogen. AcOH (4.2 mL) was added and stirred until all the solid 

was dissolved. 1,2-ethanedithiol (0.90 mL, 10.8 mmol, 1.1 eq.) and a solution of p-TsOH 

(0.885 g), in AcOH (10.2 mL) was added. The reaction was stirred for 6 hours then H2O 

(30 mL) was added and stirred for 15 mins. The solid was filtered off, washed with H2O 

(30 mL), 5% NaHCO3 (30 mL), H2O (30 mL) and dried on high vac. overnight. An off-

white solid was obtained 2.316 g (130) (~92%). The crude was used in the next reaction 

without further purification. The structure was confirmed by 1H/13C NMR (400 Hz, 

CDCl3/TMS). 1H NMR (400 MHz, CDCl3): ŭ= 5.63 (s, 1 H, CH=C), 3.35 (m, 3 H, 

SCH2CH2S), 3.23 (m, 1 H, SCH2CH2S), 2.60 (m, 1 H, CCH2C), 2.50 (m, 1 H, CCH2C), 

2.34 (m, 1 H, CCH2C), 2.14 (m, 4 H, CCH2C), 2.00 (m, 1 H, CCH2C), 1.74 (m, 1 H, 

CCH2C), 1.59 (m, 1 H, CCH2C), 1.28 (s, 3 H, CCH3). 
13C NMR (100 MHz, CDCl3): ŭ= 

213.1, 141.4, 128.2, 65.0, 49.6, 40.3, 39.8, 37.7, 31.0, 30.9, 24.9, 24.8.  
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*Larger scale reactions run overnight, 32.1g 78% 

 

 

Procedure:136 

 (8aS)-8a-Methyl-3,4,6,7,8,8a-hexahydronaphthalen-1(2H)-one (131): To an 

oven-dried RBF purged with nitrogen was added 130 (2.22 g, ~8.7 mmol, 1.0 eq), 

Anhydrous EtOH (175 mL) and Raney Nickel W-2 (wet, 32 g). The solution was stirred at 

r.t. for 30 mins. The solids were filtered off over a pad of celite and washed with EtOH 

(5x10 mL). The EtOH was removed and the crude was purified by silica gel column 

chromatography (1:9 Et2O:Hex). A clear oil was obtained 710 mg (131) (50%). The 

structure was confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, 

CDCl3): ŭ= 5.47 (s, 1 H, CH=C), 2.60 (dt, 6.3 Hz, 13.6 Hz, 1 H, CCH2C), 2.50 (m, 1 H, 

CCH2C), 2.30 (m, 1 H, CCH2C), 2.14 (m, 1 H, CCH2C), 1.90 (m, 4 H, CCH2C), 1.55 (m, 

4 H, CCH2C), 1.26 (s, 3 H, CCH3). 
13C NMR (100 MHz, CDCl3): ŭ= 214.8, 140.4, 123.5, 

50.4, 38.4, 31.4, 31.1, 25.5, 25.5, 19.0.  
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Procedure: 

 (8aS)-8a-Methyl-3,4,6,7,8,8a-hexahydronaphthalen-1(2H)-one (131) and 

(8aS)-8a-Methyl-1,2,3,4,6,7,8,8a-octahydronaphthalen-1-ol (132): To an oven-dried 

3NRBF purged with nitrogen and cooled to -78 oC was added NH3 (~65 mL). A mixture 

of 130 (5.72 g, 22.5 mmol, 1.0 eq) in anhydrous Et2O (50 mL) (most of the dithiane did 

not dissolve, and the solid was scoped in) was slowly added. Small pieces of Na metal were 

slowly added to the flask until the cool remained blue. The cryo bath was removed and the 

reaction was left to reflux for 1 hour. (kept cold finger on top of reaction, so NH3 could 

drip back down. Also needed to add more Na Metal after heating). The cold figure was 

removed, and the ammonia was evaporated overnight (after two-three hours all the solvent 

was gone, and the 50 mL of anhydrous Et2O was added back in). Water (75 mL) was added 

to the flask and the layers were separated. The aq. layer was extracted with EtOAc (3x25 

mL). The organics were dried over Na2SO4, concentrated down and purified by silica gel 

column chromatography (5-20% EtOAc:Hex). Two fractions were collected; fraction one 

was the partially reduced product 131 1.5 g (40.6%) and the second fraction was the fully 

reduced product 132 1.71 g (45.7%). Overall all conversion of starting material was ~86%. 

The structures were confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS). 131= 1H NMR 

(400 MHz, CDCl3): ŭ= 5.47 (s, 1 H, CH=C), 2.60 (dt, 6.3 Hz, 13.6 Hz, 1 H, CCH2C), 2.50 

(m, 1 H, CCH2C), 2.30 (m, 1 H, CCH2C), 2.14 (m, 1 H, CCH2C), 1.90 (m, 4 H, CCH2C), 
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1.55 (m, 4 H, CCH2C), 1.26 (s, 3 H, CCH3). 
13C NMR (100 MHz, CDCl3): ŭ= 214.8, 140.4, 

123.5, 50.4, 38.4, 31.4, 31.1, 25.5, 25.5, 19.0. 132= 1H NMR (400 MHz, CDCl3): ŭ= 5.40 

(m, 1 H, CH=C), 3.52 (d, 5 Hz, 1 H, HOCH), 3.29 (dd, 4.2 Hz, 11.5 Hz, 1 H, HOCH), 2.10 

(m, 1 H, CCH2C), 1.91 (m, 3 H, CCH2C), 1.74 (m, 3 H, CCH2C), 1.53 (m, 4 H, CCH2C), 

1.39 (m, 1 H, CCH2C), 1.26 (m, 2 H, CCH2C), 1.01 (s, 3 H, CCH3).  
13C NMR (100 MHz, 

CDCl3): ŭ= 142.1, 122.1, 79.3, 40.4, 36.1, 31.8, 30.8, 25.9, 25.1, 18.9, 17.4. 

 *Scaled up reaction used 17.89 g 130. 8.75g crude (75%), can be used in the next 

reaction as a crude mixture. 

 

 

Procedure:138 

 (8aS)-8a-Methyl-3,4,6,7,8,8a-hexahydronaphthalen-1(2H)-one (131): To a 

flask was added 132 (1.77 g, 10.6 mmol, 1.0 eq.) and anhydrous DCM (10 mL). The 

solution was cooled to 0 oC and PCC (3.45 g, 16 mmol, 1.5 eq.) was added. The reaction 

was slowly warmed up to r.t. and stirred overnight. The reaction was poured over a pad of 

celite and washed with DCM (4x50 mL) The combined organics were washed with sat. 

NaHCO3 (2x75 mL), 1 M HCl (2x75 mL), sat. NaHCO3 (2x75 mL) and brine (2x75 mL), 

dried over Na2SO4 and concentrated down. The crude was purified by silica gel column 

chromatography (5% EtOAc:Hex). A clear oil was obtained 1.1 g (131) (63%). The 



131 
 

structure was confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, 

CDCl3): ŭ= 5.47 (s, 1 H, CH=C), 2.60 (dt, 6.3 Hz, 13.6 Hz, 1 H, CCH2C), 2.50 (m, 1 H, 

CCH2C), 2.30 (m, 1 H, CCH2C), 2.14 (m, 1 H, CCH2C), 1.90 (m, 4 H, CCH2C), 1.55 (m, 

4 H, CCH2C), 1.26 (s, 3 H, CCH3). 
13C NMR (100 MHz, CDCl3): ŭ= 214.8, 140.4, 123.5, 

50.4, 38.4, 31.4, 31.1, 25.5, 25.5, 19.0. 

 *Scaled up reaction used 8.75 g crude starting material (~55% alcohol). Obtained 

4.75 g 131 

 

 

Procedure: 

 (8aS)-2-(Bis(methylsulfanyl)methylidene)-8a-methyl-3,4,6,7,8,8a-

hexahydronaphthalen-1(2H)-one (133): To an oven-dried 3NRBF was added 2,6-

ditertbutyl-4-methyl phenol (3.36 g, 15.25 mmol, 2.5 eq) and purged with nitrogen. The 

solid was dissolved in anhydrous THF (10 mL) and cooled to ~0 oC. 2.5 M n-BuLi (6.1 

mL, 15.25 mmol, 2.5 eq.) was slowly added. The mixture was warmed up to r.t. and stirred 

for 1 hour. before a solution of 131 (1.00 g, 6.1 mmol, 1.0 eq.) in anhydrous THF (18 mL) 

was added followed by CS2 (2.3 mL, 36.6 mmol, 6.0 eq.). The reaction was stirred at r.t. 

for 48 hours before MeI (2.3 mL, 36.6 mmol, 6.0 eq.) was added and stirred of an additional 

24 hours. The reaction was diluted with EtOAc (60 mL) and washed with water (50 mL) 
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and brine (50 mL). The aq. layers were back extracted with EtOAc (50 mL). The combined 

organics were dried over Na2SO4, concentrated down and purified by silica gel pad (10% 

Et2O:Hex). An orangish oil was obtained 1.51 g (133) (93%). The structure was confirmed 

by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, CDCl3): ŭ= 5.49 (t, 3.5 Hz, 

1 H, CH=C), 3.23 (m, 1 H, CCH2C), 2.43 (m, 1 H, CCH2C), 2.33 (s, 3 H, SCH3), 2.32 (m, 

1 H, CCH2C), 2.31 (s, 3 H, SCH3), 2.23 (m, 1 H, CCH2C), 1.94 (m, 2 H, CCH2C), 1.85 (m, 

1 H, CCH2C), 1.63 (m, 3 H, CCH2C), 1.24 (s, 3 H, CCH3). 
13C NMR (100 MHz, CDCl3): 

ŭ= 204.3, 143.7, 140.6, 139.6, 122.9, 50.0, 33.8, 31.5, 31.0, 25.3, 24.3, 19.0, 18.3, 17.7.  

 

 

Procedure: 

 (9aS)-9a-Methyl-4,5,7,8,9,9a-hexahydronaphtho[1,2-c]furan -3(1H)-one (134): 

To an oven-dried 2NRBF was added NaH (~264 mg, 6.6 mmol, 1.2 eq). The solid was 

washed with HPLC grade pet. ether (3x2 mL) to remove the mineral oil. The flask was 

purged with nitrogen and the remaining ether was removed by vacuum. Me3SI (1.35 g, 6.6 

mmol, 1.2 eq.) was added. Anhydrous DMSO (8 mL) was slowly added to the flask and 

the mixture was stirred at r.t. for 30 mins. A solution of 133 (1.47 g, 5.5 mmol, 1.0 eq.) in 

anhydrous THF (8 mL) was slowly added to the flask and stirred at r.t. for 3 hours. A 

solution of MeOH:6M HCl (12 mL, 6:1) was slowly added to the reaction and allowed to 

stir overnight at r.t. THF was removed by vacuum and EtOAc (30 mL) was added to the 
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flask. The organics were washed with water (30 mL) and brine (30 mL). The aq layers 

were back extracted with EtOAc (30 mL). The combined organics were dried over Na2SO4, 

concentrated down and purified by silica gel column chromatography (5-25% 

EtOAc:Hex). Mostly starting material was recovered 610 mg (41.5%). A yellowish solid 

was also obtained 282 mg (134) (25%). The structure was confirmed by 1H/13C NMR (400 

Hz, CDCl3/TMS). 1H NMR (400 MHz): ŭ=5.52 (m, 1 H, CH=C), 4.73 (m, 2 H, OCH2C=C), 

2.41 (m, 1 H, CCH2C), 2.34 (m, 1 H, CCH2C), 2.28 (m, 1 H, CCH2C), 2.12 (m, 1 H, 

CCH2C), 2.03 (m, 2 H, CCH2C), 1.73 (m, 3 H, CCH2C), 1.53 (m, 1 H, CCH2C), 1.30 (s, 3 

H, CCH3). 
13C NMR (100 MHz, CDCl3): ŭ= 174.2, 168.1, 138.9, 124.3, 123.1, 68.8, 36.3, 

34.1, 28.7, 25.9, 25.0, 22.5, 18.3.  

 

 

Procedure:139 

 2-(Bis(methylsulfanyl)methylidene)cyclohexanone (135): To an oven-dried 

3NRBF was added 2,6-ditertbutyl-4-methylphenol (8.42 g, 40 mmol, 2 eq.) and purged 

with nitrogen. Anhydrous THF (30 mL) was added and the solution was cooled to 0 oC 

before n-BuLi (2.5 M, 16 mL, 40 mmol, 2.0 eq.) was slowly added. The mixture was stirred 

for 15 mins at 0 oC before cyclohexanone (2.1 mL, 20 mmol, 1.0 eq.) and CS2 (6.0 mL, 

100 mmol, 5.0 eq.) were added, warmed to r.t. and stirred for 8 hours. MeI (2.86 mL, 46 

mmol, 2.3 eq.) was added and the reaction was stirred overnight. The reaction was diluted 
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with EtOAc (50 mL) and washed with H2O (50 mL), and brine (50 mL). The organics were 

dried over Na2SO4 and concentrated down. The crude material was purified by a silica gel 

plug (5% EtOAc:Hex). An orange oil was collected 3.72 g (135) (90.7%). The structure 

was confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, CDCl3): ŭ= 

2.84 (m, 2 H, CCH2C), 2.44 (m, 2 H, CCH2C), 2.33 (brS, 6 H, 2xSCH3), 1.84 (m, 2 H, 

CCH2C), 1.74 (m, 2 H, CCH2C). 13C NMR (100 MHz, CDCl3): ŭ= 200.3, 146.2, 139.6, 

77.2, 41.6, 33.5, 24.6, 24.3, 18.3. 

 

 

Procedure: 

 4,5,6,7-Tetrahydro-2-benzofuran-1(3H)-one (136): To a 3NRBF was added 

Me3SI (1.62 g, 7.91 mmol, 1.5 eq.) and purged with nitrogen. A solution of MeCN (8 mL) 

and H2O (0.85 mL) followed by KOH (1.77 g, 31.6 mmol, 6.0 eq.) were added to the flask. 

The reaction was heated to 60 oC for 10 mins before a solution of 135 (1.07 g, 5.3 mmol, 

1.0 eq.) in MeCN (3 mL) was added. The reaction was left at 60 oC for 2 hours before being 

cooled to r.t. The solids were filtered off and washed with Et2O (3x25 mL). The organics 

were washed with H2O (2x25 mL) followed by back extracting the aq. layers were Et2O 

(2x25 mL). The combined organics were dried over Na2SO4 and concentrated down. The 

crude material was dissolved in a solution of MeOH:2 M HCl (6:1, 12 mL:2 mL) and stirred 

at r.t. overnight. The reaction was quenched with sat. NaHCO3 (25 mL) and the MeOH was 
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removed by vacuum. The residue was extracted with EtOAc (3x25 mL) and the combined 

organics were washed with H2O (25 mL), brine (25 mL), dried over Na2SO4, and 

concentrated down. The crude 1H NMR indicated the desired product was formed 770 mg 

(136) (>100%). No further purification was performed.  

 

 

Procedure: 

Methyl (2E,4E)-4-((1E,8aS)-8a-methyl-3,4,6,7,8,8a-hexahydronaphthalen-

1(2H)-ylidene)-2-(propan-2-yl)but -2-enoate (137): To an oven-dried 3NRBF purged 

with nitrogen was added a solution of the phosphonate (1.59g, 5.7mmol, 1.07eq.) in 

anhydrous THF (10 mL) followed by slow addition of 1M LiHMDS (6.2 mL, 6.2 mmol, 

1.15 eq.). The reaction was stirred at r.t. for 1 hour before a solution of the enone (880 mg, 

5.3 mmol, 1 eq.) in anhydrous THF (5 mL) was added. The reaction was warmed to 45 oC 

and stirred for 3 hours without completion, so it was warmed to 55 oC and stirred for 

another 3 hours. The reaction was still not complete but was worked up to avoid 

decomposition of the product. The reaction was cooled to r.t. and the THF was removed. 

The residue was taken up in brine (25 mL) and extracted with DCM (3x25 mL). The 

organics were dried over Na2SO4 and concentrated down. The crude was purified by silica 
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gel c.c. (2.5-5% EtOAc:Hex). Two fractions were collected the first being the product 515 

mg (35.6%) and the second was semi crude starting material 283 mg (32%). 67.6% in total. 

The structure was confirmed by 13C NMR (100 MHz, CDCl3): ŭ= 169.0, 158.8, 142.7, 

135.5, 133.8, 121.1, 115.0, 51.4, 42.4, 35.5, 32.8, 27.9, 27.5, 26.3, 25.9, 21.3, 21.2, 19.5.  

 

 

Procedure: 

 (2E,4E)-4-((1E,8aS)-8a-Methyl-3,4,6,7,8,8a-hexahydronaphthalen-1(2H)-

ylidene)-2-(propan-2-yl)but -2-enoic acid (137): To an RBF was added the diene ester 

(500 mg, 1.8 mmol, 1 eq.) and a solution of 20% KOH (4.00 g) in MeOH:H2O (9:1, 40 

mL). The reaction was stirred at r.t. overnight. The reaction was quenched with 2 M HCl 

(40 mL) and extracted with DCM (3x40 mL). The organics were dried over Na2SO4 and 

concentrated down. A white solid was obtained 425 mg (89%). The dienoic acid was used 

in the next reaction without further purification. The structure was confirmed by 13C NMR 

(100 MHz, CDCl3): ŭ= 173.9, 160.4, 142.6, 136.1, 134.5, 121.3, 115.1, 42.5, 35.5, 32.7, 

27.9, 27.5, 27.2, 26.4, 25.9, 21.2, 21.1, 19.5.  
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Procedure: 

 (8aS)-8a-Methyl-3,4,6,7,8,8a-hexahydronaphthalen-1-yl 

trifluoromethanesulfonate (140): To an oven-dried 3NRBF was added Cs2CO3 (3.26 g, 

10 mmol, 4.0 eq.) and purged with nitrogen. A solution of 131 (0.41 g, 2.5 mmol, 1.0 eq.) 

in anhydrous DCM (50 mL) was added and cooled to 0 oC. Tf2O (1.35 mL, 8.0 mmol, 3.2 

eq.) was slowly added and the system was slowly brought up to ~5 oC and stirred overnight. 

The reaction was quenched with ice-cold H2O (50 mL) and separated. The aq. layer was 

extracted with DCM (25 mL) and the combined organics were washed with brine (25 mL), 

dried over Na2SO4 and concentrated down. The crude was purified by silica gel column 

chromatography (5% Et2O:Hex). A dark oil was obtained 211 mg (140) (28%). The 

structure was confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, 

CDCl3): ŭ= 5.68 (m, 1 H, TfOC=CH), 5.46 (brS, 1 H, CH=C), 2.20 (m, 3 H, CCH2C), 2.00 

(m, 2 H, CCH2C), 1.84 (m, 1 H, CCH2C), 1.68 (m, 3 H, CCH2C), 1.51 (m, 1 H, CCH2C), 

1.30 (s, 3 H, CCH3).
 13C NMR (100 MHz, CDCl3): ŭ= 155.3, 138.6, 122.7, 115.5, 77.2, 

38.9, 32.4, 28.6, 25.7, 25.0, 24.2, 18.1. 
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Procedure: 

 (9aS)-9a-Methyl-4,5,7,8,9,9a-hexahydronaphtho[1,2-c]furan -3(1H)-one (134): 

To an oven-dried 3NRBF purged with nitrogen was added a solution of 133 (8.55 g, 31.9 

mmol, 1 eq.) in anhydrous THF (125 mL) and CH2Br2 (2.65 mL, 50.5 mmol, 1.6 eq.). The 

solution was cooled to -78 oC before n-BuLi (13.3 mL, 33.2 mmol, 1.05 eq.) was slowly 

added. The reaction was slowly warm up to r.t. and stirred overnight. The reaction was 

washed with sat. NH4Cl (2x180 mL) and the aq. layers were back extracted with Et2O 

(2x180 mL). The crude material was dissolved in MeOH:2M HCl (6:1) (150 mL:25 mL) 

and stirred at r.t. overnight. The reaction was quenched with sat. NaHCO3 (180 mL) and 

the methanol was removed. The residue was extracted with EtOAc (3x150 mL). The 

combined organics were dried over Na2SO4 and concentrated down. The crude material 

was purified by a silica gel short plug (10-20% EtOAc:Hex). A yellowish solid was 

obtained 4.49 g (134) (69%). The structure was confirmed by 1H/13C NMR (400 Hz, 

CDCl3/TMS). 1H NMR (400 MHz, CDCl3): ŭ= 5.52 (m, 1 H, CH=C), 4.73 (m, 2 H, 

OCH2C=C), 2.41 (m, 1 H, CCH2C), 2.34 (m, 1 H, CCH2C), 2.28 (m, 1 H, CCH2C), 2.12 

(m, 1 H, CCH2C), 2.03 (m, 2 H, CCH2C), 1.73 (m, 3 H, CCH2C), 1.53 (m, 1 H, CCH2C), 

1.30 (s, 3 H, CCH3). 
13C NMR (100 MHz, CDCl3): ŭ= 174.2, 168.1, 138.9, 124.3, 123.1, 

68.8, 36.3, 34.1, 28.7, 25.9, 25.0, 22.5, 18.3.  
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Procedure: 

 tert-Butyl(dimethyl)(((9aS)-9a-methyl-4,5,7,8,9,9a-hexahydronaphtho[1,2-

c]furan -3-yl)oxy)silane (143): To an oven-dried 3NRBF purged with nitrogen was added 

anhydrous THF (42 mL) and anhydrous HMPA (4.0 mL, 23.3 mmol, 1.1 eq.). The solution 

was cooled to -78 oC and LiHMDS (1 M, 23.7 mL, 23.7 mmol, 1.1 eq.) was added and 

stirred for 10mins before a solution of 134 (4.48 g, 21.9 mmol, 1.0 eq.) in anhydrous THF 

(42 mL) was slowly added. The reaction was stirred at -78 oC for 1 hour before TBSCl 

(3.64 g, 23.7 mmol, 1.1 eq.) was added. The reaction was warmed to r.t. add stirred for 1 

hour. The reaction was quenched with water (150 mL) and extracted with EtOAc (3x150 

mL). The organics were washed with brine (150 mL), dried over Na2SO4 and concentrated 

down. An orangish oil was obtained 7.98 g (143) (>100%, still contained some HMPA). 

The compound was used in the next reaction without further purification. The structure 

was confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, CDCl3): ŭ= 

6.60 (s, 1 H, OCH=C), 5.45 (m, 1 H, CH=C), 2.52 (m, 1 H, CCH2C), 2.36 (m, 1 H, CCH2C), 

2.18 (m, 2 H, CCH2C), 2.01 (m, 2 H, CCH2C), 1.85 (m, 1 H, CCH2C), 1.69 (m, 3 H, 

CCH2C), 1.31 (s, 3 H, CCH3), 0.95 (s, 9 H, SiC(CH3)3), 0.20 (s, 3 H, SiCH3), 0.19 (s, 3 H, 

SiCH3). 
13C NMR (100 MHz, CDCl3): ŭ= 150.1, 142.2, 135.7, 125.4, 121.4, 93.4, 37.7, 

34.0, 30.5, 30.4, 25.6, 25.4, 21.7, 19.2.  
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Procedure: 

 Methyl (4bS)-1-hydroxy-4b-methyl-4b,5,6,7,9,10-hexahydrophenanthrene-2-

carboxylate (144): To an oven-dried reaction tube was added a solution of 143 (3.97 g, 

~9.3 mmol, 1.0 eq.) in HPLC grade benzene (18 mL) and methyl acrylate (5.5 mL, 60 

mmol, 6 eq.). The tube was sealed and heated to reflux for 48 hours. After 48 hours, the 

reaction was cooled to r.t. and the solvent was removed. A solution of MeOH:6M HCl (5:1, 

16.7 mL:3.3 mL) was added and stirred for 2 hours. The reaction was diluted with EtOAc 

(50 mL) and washed with water (2x50 mL). The aq. layer was back extracted with EtOAc 

(50 mL) and the organics were washed with brine (50 mL), dried over Na2SO4 and 

concentrated down. The crude was purified by silica gel c.c. (5% EtOAc:Hex). A yellowish 

oil was obtained 1.89 g (144) (74% from butenolide). The structure was confirmed by 

1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, CDCl3): ŭ= 11.07 (s, 1 H, 

ArOH), 7.64 (d, 8.6 Hz, 1 H, m-ArOH), 6.83 (d, 8.6 Hz, 1 H, p-ArOH), 5.51 (brS, 1 H, 

CH=C), 3.92 (s, 3 H, CO2CH3), 3.09 (m, 1 H, CCH2C), 2.45 (m, 2 H, CCH2C), 2.33 (m, 1 

H, CCH2C), 2.14 (m, 1 H, CCH2C), 2.01 (m, 2 H, CCH2C), 1.78 (m, 2 H, CCH2C), 1.53 

(m, 1 H, CCH2C), 1.40 (s, 3 H, CCH3).  
13C NMR (100 MHz, CDCl3): ŭ= 171.1, 159.5, 

155.2, 141.0, 126.9, 124.9, 120.8, 117.0, 108.5, 77.2, 52.2, 38.2, 37.0, 29.7, 29.4, 25.7, 

25.1, 19.5. 
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Procedure: 

 Methyl (4bS)-1-methoxy-4b-methyl-4b,5,6,7,9,10-hexahydrophenanthrene-2-

carboxylate (145): To an oven-dried 3NRBF was added a solution of the 144 (1.83 g, 9.7 

mmol, 1.0 eq.) in anhydrous THF (30 mL). To the solution was slowly added NaH 60% 

(1.47 g, 61 mmol, 8.2 eq.). The mixture was stirred at r.t. for 30 mins before MeI (2.3 mL, 

36.7 mmol, 5.0 eq.) was added and stirred for 48 hours. After 48 hours, the reaction was 

quenched with H2O (50 mL) and acidified with 2 M HCl. The aq. layer was extracted with 

EtOAc (3x50 mL) and the organics were dried over Na2SO4 and concentrated down. A 

brownish-red solid was obtained 2.4 g (145) and continued to the next reaction without 

further purification.  

* Too much NaH and MeI were added. Only 2.5 eq. was supposed to be added. 
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Procedure: 

 2-((4bS)-1-Methoxy-4b-methyl-4b,5,6,7,9,10-hexahydrophenanthren-2-

yl)propan-2-ol (146): To an oven-dried 3NRBF purged with nitrogen was added a solution 

of 145 (2.4 g, 6.7 mmol, 1 eq.) in anhydrous THF (10 mL). The solution was cooled to -15 

oC and MeLi (15.7 mL, 25.1 mmol, 4 eq.) was slowly added. The reaction was stirred at -

15 oC for ~5 mins then warmed up to r.t. and stirred for an additional 30 mins. The reaction 

was cooled to -10 oC and quenched with H2O until the bubbling stopped. The mixture was 

acidified with 2 M HCl (10 mL) then extracted with EtOAc (3x25 mL). The combined 

organics were washed with brine (20 mL), dried over Na2SO4, and concentrated down. A 

black oil was obtained 1.63 g (146) and continued to the next reaction without further 

purification. 

 

Procedure: 

 (4aS)-8-Methoxy-4a-methyl-7-(prop-1-en-2-yl)-2,3,4,4a,9,10-

hexahydrophenanthrene (147): To an RBF was added the crude material 146 (1.63 g, 5.7 
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mmol, 1.0 eq.) and HPLC grade DCM (15 mL). The solution was placed under nitrogen 

and cooled to 0 oC. MsCl (3.5 mL), 45.6 mmol, 8.0 eq.) and NEt3 (6.3 mL, 45.6 mmol, 8.0 

eq.) were added. The reaction was warmed to r.t. and stirred for 1 hour before being 

quenched with H2O (15 mL). The layers were separated, and the aq. layer was extracted 

with DCM (2x15 mL). The organics were dried over Na2SO4 and concentrated down. The 

mixture was quickly passed through a short silica plug (5-10% EtOAc:Hex.) to give a clear 

oil 820 mg (147). The structure was confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H 

NMR (400 MHz, CDCl3): ŭ= 7.04 (m, 2 H, ArH), 5.49 (brS, 1 H, CH=C), 5.13 (brS, 2 H, 

CH2=C), 3.67 (s, 3 H, ArOCH3), 3.14 (m, 1 H, CCH2C), 2.51 (m, 2 H, CCH2C), 2.32 (m, 

1 H, CCH2C), 2.15 (s, 3 H, CCH2C), 2.03 (m, 2 H, CCH2C), 1.78 (m, 2 H, CCH2C), 1.59 

(m, 2 H, CCH2C), 1.42 (s, 3 H, CCH3). 
13C NMR (100 MHz, CDCl3): ŭ= 154.6, 148.1, 

144.2, 141.9, 133.2, 129.8, 127.4, 121.9, 120.3, 115.1, 77.2, 59.9, 37.6, 30.4, 30.0, 26.6, 

25.2, 23.3, 19.7, 14.3. 

 

 

Procedure: 

 (4aS)-8-Methoxy-4a-methyl-7-(propan-2-yl)-2,3,4,4a,9,10-

hexahydrophenanthrene (148): To an oven-dried 3NRBF purged with nitrogen was 

condensed NH3 (~10 mL) at -78 oC. To the flask was added a solution of 147 (770 mg, 
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2.87 mmol, 1.0 eq.) in anhydrous THF (10 mL). Li metal (140 mg, 20 mmol, 7.0 eq.) was 

slowly added to the mixture. The reaction was stirred at -78 oC for ~15 mins before 

quenching with sat. Na2SO4 (~7.5 mL). The NH3 was evaporated under nitrogen and the 

residue was diluted with H2O (20 mL). The mixture was extracted with Et2O (3x20 mL) 

and the combined organics were dried over Na2SO4 and concentrated down. A slightly 

cloudy oil was obtained 688 mg (148) and continued to the next reaction without further 

purification.  

 

 

Procedure: 

 (1S,4aS,10aS)-8-Methoxy-4a-methyl-7-(propan-2-yl)-1,2,3,4,4a,9,10,10a-

octahydrophenanthren-1-ol (149): To an oven-dried 3NBRF purged with nitrogen was 

added a solution of 148 (629 mg, 2.3 mmol, 1.0 eq.) in anhydrous THF (10.5 mL) and 

cooled to 0 oC. 1 M BH3
.THF (4.40 mL, 4.50 mmol, 2.4 eq.) was added and stirred at 0 oC 

for 3 hours followed by r.t. overnight. 3 M NaOH (0.73 mL) followed by 30% H2O2 (0.73 

mL) were slowly added to the flask and stirred at 40 oC for 4 hours. The reaction was 

cooled to r.t., diluted with H2O (10 mL) and acidified with 2 M HCl. The mixture was 

extracted with EtOAc (3x10 mL) and the combined organics were washed with brine (10 
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mL), dried over Na2SO4, and concentrated down. An oil was obtained ~750 mg (149) and 

continued to the next reaction without further purification.  

 

 

Procedure: 

 (4aS,10aS)-8-Methoxy-4a-methyl-7-(propan-2-yl)-3,4,4a,9,10,10a-

hexahydrophenanthren-1(2H)-one (150): To an oven-dried RBF purged with nitrogen 

was added a solution of 149 (725 mg, ~2.3 mmol, 1.0 eq.) in HPLC grade DCM (10 mL). 

The solution was cooled to 0 oC and PCC (74 mg, 3.45 mmol, 1.5 eq.) was added. The 

reaction was stirred at 0 oC for 15 mins followed by r.t. overnight. The mixture was poured 

on top a pad of silica gel in hex and purified (15-20% EtOAc:Hex.). An Oil was obtained 

which was recrystallized from hot MeOH and the cis product 150 was confirmed by x-ray 

crystallography. The structure was confirmed by 1H/13C NMR (400 Hz, CDCl3/TMS). 1H 

NMR (400 MHz, CDCl3): ŭ= 7.05 (m, 2 H, ArH), 3.69 (s, 3 H, ArOCH3), 3.29 (sept, 6.88 

Hz, 1 H, ArCH(CH3)2), 3.02 (m, 1 H, O=CCHC), 2.66 (m, 1 H, CCH2C), 2.39 (m, 2 H, 

CCH2C), 2.19 (m, 3 H, CCH2C), 1.88 (m, 2 H, CCH2C), 1.77 (m, 2 H, CCH2C), 1.33 (s, 3 

H, CCH3), 1.20 (d, 6.88 Hz, 6 H, ARCH(CH3)2). 
13C NMR (100 MHz, CDCl3): ŭ= 214.0, 

154.9, 142.4, 138.7, 129.2, 124.2, 121.8, 77.2, 60.7, 57.0, 40.7, 39.2, 36.7, 29.7, 26.3, 24.0, 

22.8, 22.0, 21.8. 
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Procedure: 

 (4aS,10aS)-8-Methoxy-4a-methyl-7-(propan-2-yl)-3,4,4a,9,10,10a-

hexahydrophenanthren-1(2H)-one (150) and (4aS,10aR)-8-Methoxy-4a-methyl-7-

(propan-2-yl)-3,4,4a,9,10,10a-hexahydrophenanthren-1(2H)-one (151): To an oven-

dried RBF was added 150 (245 mg, ~0.9 mmol, 1.0 eq.) and purged with nitrogen. The 

solid was dissolved in abs. EtOH (7.5mL) and premade solution of EtOH/NaOEt (EtOH 

reacted with ~5-10 mg of Na metal) (5 mL) was added. The reaction was stirred at both r.t. 

(48 hours) and 45 oC (24 hours). The reaction had reached the thermodynamic equilibrium 

after the first 48 hours at r.t. The reaction remained in favor of the cis isomer 150 with a 

2:1 ratio based on the decline methyl peak. (cis 150 methyl 1.33 ppms, trans 151 methyl 

1.05 ppms. 1H NMR in CDCl3).    
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Chapter 3 

Enantioselective Partial  Synthesis of Lutein 
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Background on lutein 

 Lutein and the closely related zeaxanthin (Figure 23) are xanthophylls and are two 

examples of naturally occurring carotenoids. Only synthesized by plants, these carotenoids 

can be found in high 

concentrations in 

leafy greens as well 

as yellow-red 

colored plants such 

as carrots and 

peppers. Their main 

function is to serve as a non-photochemical quenching agent during the process of 

photosynthesis.144 This process limits the amount of triplet chlorophyll in the system which 

in the presence of molecular oxygen becomes singlet oxygen. Singlet oxygen is known to 

cause oxidative stress and damage other molecules in cells. Lutein is commonly used as a 

supplement to manufacture dyes.145 Its ability to absorb blue light allows it to appear yellow 

in low concentrations and orange/red at higher concentrations.  When consumed, these 

carotenoids build up in the macula; a small area located in the retina.145 Their ability to 

absorb blue light and prevent singlet oxygen formation may be beneficial for medicinal 

use. Studies have shown that people who consumed supplements containing 

lutein/zeaxanthin helped prevent age-related macular degeneration as well as lowering the 

risk of cataract development.146, 147 Despite these benefits, there is no known 

enantioselective total synthesis of lutein.    

Figure 23: Structures of carotenoids lutein and zeaxanthin. 
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Partial synthesis of lutein  

 It was proposed that starting with (+)-ipsdienol enantiopure lutein could be 

obtained. The retrosynthesis of lutein begins with the oxidation of (+)-ipsdienol to the 

skipped conjugated aldehyde 152 (Scheme 35). Next, 152 would be cyclized to obtain the 

cyclohexene ring 153 followed by chain extension to give the dieneal 154. Lastly, known 

conditions for the synthesis of zeaxanthin could be used to finish off the total 

enantioselective synthesis of lutein.  

 To avoid testing conditions on the enantiopure ipsdienol, the cheaper racemic 

version was used for the reaction trials. The synthesis starts with the protection of the 

hydroxyl group using TBSCl in the presence of a base to obtain the silyl ether 155 (Scheme 

36).148 Next, regioselective hydroboration oxidation was done on 155 to give the 

homoallylic alcohol 156.149 Condition screenings done by Dr. Volet Demillo were 

unsuccessful in improving the overall all yield. This yield was similar to what was reported 

in the literature for the regioselective hydroboration oxidation of myrcene. Unfortunately, 

oxidations to obtain the desired skipped conjugated aldehyde 152 were unsuccessful. Given 

Scheme 35: Retrosynthesis of lutein. 
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the low yields with the hydroboration oxidation and unable to obtain 152, new conditions 

were explored. Reports in the literature showed myrcene was successfully oxidized to a 

conjugated aldehyde and cyclized to a cyclohexene ring. Given the similarities between 

ipsdienol and myrcene the reported conditions for myrcene were tested on 155.150 

Regrettably, no oxidation occurred under a nitrogen or oxygen atmosphere and only 

starting material was isolated. It was at this moment the project was put on hold to think of 

new methods to transform (+)-ipsdienol to lutein.   

 There are potential conditions that could be used to convert (+)-ipsdienol to the 

desired cyclohexene aldehyde 153. It has been reported that myrcene was regioselectively 

halogenated to give the allylic chloride 158 (Scheme 37).151 From there, 158 was oxidized 

to the conjugated aldehyde 159.152 Lastly, 159 underwent an acid-mediated cyclization to 

give ɓ-cyclocitral ɓ-160.153 Other conditions involve cyclization of myrcene through 

pyrolysis to give the diene 161 (Scheme 37).154 Regioselective epoxidation of 161 gave 

162 followed by acid-mediated rearrangement to obtain a 1:10 mixture of Ŭ/ɓ-cyclocitral 

Scheme 36: Reactions attempted to oxidize the silyl ether 155. 
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in a 95% yield. These methods could cause issues with (+)-ipsdienol as elimination of the 

protected hydroxyl group or deprotection of the protecting hydroxyl group under strongly 

acidic conditions may occur.     

Mitsunobu reaction of (+)-ipsdienol 

 The method developed by Dr. Claus Tittiger (UNR) to selectively synthesize (+)-

ipsdienol over the other enantiomer is synthetically useful.165 However, this method has 

not been optimized to efficiently synthesis the other enantiomer. With this current 

limitation, one of the 

projectôs goals was to 

develop a method to 

synthetically obtain the other 

enantiomer. Since the stereogenic center is a secondary alcohol, the most common method 

to alter the stereochemistry is by a Mitsunobu reaction. Using standard Mitsunobu 

conditions, (+)-ipsdienol was converted to the ester 163 in 20% yield (Scheme 38).155 

Scheme 38: Mitsunobu of (+)-ipsdienol. 

Scheme 37: Methods used to convert myrcene to Ŭ/ɓ-cyclocitral. 
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Based on the Mitsunobu reaction involving an SN2 mechanism, it was presumed that there 

was a complete inversion of the stereogenic center. Several attempts were made to improve 

the yields, but no conditions were found. Unfortunately, it is known that Mitsunobu 

reactions can undergo SN1 prime addition or elimination when the substrate is highly 

conjugated. These may be the reasons for the low yields during the reaction.   

Summary of lutein synthesis 

 The enantioselective total synthesis of lutein is still in the early stages. The original 

proposal ran into complications early with low yields in obtaining the homoallylic alcohol 

and no skipped conjugated aldehyde was synthesized. The attempts to avoid the 

hydroboration oxidation and go straight to the conjugated aldehyde from the protected 

ipsdienol were also unsuccessful. Other conditions have been reported to convert myrcene 

to the desired cyclocitral, but these methods have not been tested to see if it is possible on 

ipsdienol. There was some success in developing a procedure to alter the stereochemistry 

of (+)-ipsdienol to (-)-ipsdienol. Further conditions could be explored to improve the yield 

of the Mitsunobu reaction.     
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Experimental 

All reactions were carried out under an atmosphere of dry nitrogen unless otherwise 

stated. All reagents and solvents were ACS reagent grade or better unless otherwise stated. 

All chemicals purchased were used as provided by the venders such as Aldrich Chemical 

Company, Acros Organics, Fisher Scientific, or AK Scientific. All glassware, stir bars, and 

equipment used during a reaction were oven-dried for 24 hours or longer in a drying oven 

set to 120 oC. ACS grade THF was made anhydrous by sitting over activated 4Å MS for 

24 hours followed by distilling from sodium metal and benzophenone under inert 

conditions. Overnight (O/N) is classified as a reaction stirred for 12-23 hours. Samples 

were further dried in vacuo at 0.1 mm at room temperature for 24 hours or longer. Samples 

submitted for microanalysis were dried in a drying pistol for 48-72 hours at 78 oC (0.1 mm) 

and submitted for examination to NuMega Resonance Labs, Inc. Column chromatography 

(C.C.) was performed with Sorbent Technologies standard grade silica (32-63 µm). 1H-

NMR (400 MHz or 500 MHz) and 13C (100 MHz or 125 MHz) spectra were acquired on a 

Varian 400 of a Varian Unity+ 500 spectrometer. All chemical shifts (ŭ) are reported in 

ppm units relative to the following solvent resonances: 1H, CDCl3/TMS = 7.26 ppm, 

DMSO-d6 = 2.50 ppm; 13C, CDCl3 = 77.16 ppm, DMSO-d6 = 39.52 ppm. Melting points 

were measured on a Mel0Temp apparatus and are uncorrected. Low-resolution mass 

spectra (MS) were obtained using a Waters Micromass ZQ electrospray ionization 

quadrupole mass spectrometer using positive ion detection (capillary voltage = 3.5 kV).   
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Procedure:148 

 tert-Butyl(dimethyl)(((4S)-2-methyl-6-methylideneocta-2,7-dien-4-

yl)oxy)silane (155):  

To an oven-dried 3NRBF purged with nitrogen 3 times was added a solution of (±)-

ipsdienol (4.80 g, 31.5 mmol, 1.0 eq.) in HPLC grade DCM (94 mL) and imidazole (3.25 

g, 47.3 mmol, 1.5 eq.). The solution was cooled to 0 oC and TBSCl (7.41 g, 47.4 mmol, 

1.5 eq.) was added to the reaction. The mixture was stirred in the ice bath for ~3 hours and 

left to warm up to r.t. overnight. The reaction was quenched with water (200 mL) and 

separated. The aq. layer was extracted with DCM (2x100 mL). The combined organics 

were washed with brine (2x100 mL), dried over Na2SO4 concentrated down. The yellowish 

oil was purified by short column (~5 cm deep silica gel), 350 mL sintered glass funnel, 

(50% DCM:Hex). A clear oil was obtained 7.25 g (155) (86.3%). 1H/13C NMR (400 Hz, 

CDCl3/TMS). 1H NMR (400 MHz, CDCl3): ŭ= 6.36 (dd, 8 Hz,16 Hz, 1 H, CH=C), 5.23 

(d, 20 Hz, 1 H, CH=C), 5.13 (dp, 8 Hz, 1 Hz, 1 H, CH=C), 5.04 (m, 3 H, CH=C), 4.48 (m, 

1 H, TBSOCH), 2.35 (dq, 48 Hz, 6 Hz, 2 H, TBSOCHCH2), 1.68 (s, 3 H, CCH3), 1.59 (s, 

3 H, CCH3), 0.86 (s, 9 H, SiC(CH3)3), -0.01 (s, 3 H, SiCH3), -0.02 (s, 3 H, SiCH3). 
13C 

NMR (100 MHz, CDCl3): ŭ=143.0, 139.4, 131.3, 129.6, 118.8, 113.1, 68.7, 41.1, 26.0, 

25.7, 18.5, -4.2, -4.6.  
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Procedure: 

 (5S)-5-((tert-Butyl(dimethyl)silyl)oxy) -7-methyl-3-methylideneoct-6-en-1-ol 

(156): To an oven-dried 3NRBF purged with nitrogen 3 times was added BH3
.THF (1 M, 

5 mL, 5 mmol, 1.4 eq.) and the solution was cooled in an ice-salt water bath before 2 M 2-

methyl-2-butene in THF (5 mL, 10 mmol, 2.8 eq.) was slowly added to the solution. The 

solution was stirred for 2 hours in the ice-salt bath. In another over-dried 3NRBF was added 

155 (0.9425 g, 3.5 mmol, 1.0 eq.) and anhydrous THF (8.75 mL). The solution was cooled 

over an ice-salt bath (~30 mins) before the Sia2BH.THF solution was slowly added to the 

RBF. The solution was left to stir in an ice-salt bath for 2 hours then warmed to r.t. and 

stirred for another 2 hours. The solution was cooled back down by an ice-salt bath and 3 

M NaOH (5 mL) and 30% H2O2 (5 mL) were slowly added to the solution. The mixture 

was stirred in the ice-salt bath for 30 mins then warmed to ~45 oC for 2 hours. The reaction 

was cooled to r.t. and stirred overnight. The reaction was diluted with Et2O (25 mL) and 

separated. The aq. layer was extracted with Et2O (2x25 mL). The combined organics were 

washed with brine (25 mL), dried over Na2SO4 and concentrated down. The crude was 

purified by silica gel column chromatography (50-100% DCM:Hex). A clear oil was 

obtained 350 mg (156) (34.7%).1H/13C NMR (400 Hz, CDCl3/TMS). 1H NMR (400 MHz, 

CDCl3): ŭ= 5.12 (dp, 12 Hz, 0.5 Hz, 1 H, C=CH), 4.89 (d, 4 Hz, 2 H, C=CH2), 4.48 (m, 1 

H, TBSOCH), 3.70 (t, 2 Hz, 2 H, HOCH2), 2.31 (t, 6 Hz, 2 H, TBSOCHCH2), 2.17 (dq, 48 

Hz, 6 Hz, 2 H, HOCH2CH2), 1.72 (BrS, 1 H, HOCH2), 3.07 (s, 3 H, CCH3), 3.03 (s, 3 H, 
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CCH3), 0.85 (s, 9 H, SiC(CH3)3), 0.01 (s, 3 H, SiCH3), -0.01 (s, 3 H, SiCH3). 
13C NMR 

(100 MHz, CDCl3): ŭ= 143.2, 131.6, 129.2, 114.6, 69.5, 60.6, 44.5, 40.1, 26.0, 25.8, 18.4, 

-4.1, -4.6.  

 

 

Procedure: 

 (4R)-2-methyl-6-methyleneocta-2,7-dien-4-ol 4-nitrobenzoate (163): To an 

oven-dried 3NRBF was added PPh3 (690 mg, 2.63 mmol, 4.0 eq.) and 4-nitrobenzoic acid 

(440 mg, 2.63 mmol, 4.0 eq.). The flask was purged with nitrogen 3 times and a solution 

of (S)-ipsdienol (101 mg, 0.67 mmol, 1.0 eq.) in anhydrous THF (5 mL) was added. The 

solution was cooled down to 0 oC and DEAD (0.41 mL, 0.67 mmol, 4.0 eq.) was slowly 

added. The reaction was stirred at 0 oC for one hour and then r.t. for 5 hours. The reaction 

was diluted with Et2O (5 mL) washed with sat. NaHCO3 (2x5 mL). The aq. Layer was back 

extracted with Et2O (5 mL). The organics were dried over Na2SO4 and concentrated down. 

The residue was purified by silica gel column chromatography (25-50% DCM:Hex). A 

white solid was obtained 41 mg (163) (20%). 1H/13C NMR (400 Hz, CDCl3/TMS). 1H 

NMR (400 MHz, CDCl3): ŭ= 8.27 (dt, 8 Hz, 2 Hz, 2 H, o-ArNO2), 8.18 (dt, 8 Hz, 2 Hz, 2 

H, m-ArNO2), 6.38 (dd, 16 Hz, 8 Hz, 1 H, CH=C), 5.95 (m, 1 H, CH=C), 5.39 (d, 16 Hz, 

1 H, CH=C), 5.25 (dp, 8 Hz, 1 Hz, 1 H, CH=C), 5.14 (d, 12 Hz, 1 H, CH=C), 5.07 (d, 12 

Hz, 2 H, CO2CH), 2.64 (dq, 48 Hz, 6 Hz, 2 H, CO2CHCH2), 1.77 (s, 3 H, CCH3), 1.76 (s, 
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3 H, CCH3). 
13C NMR (100 MHz, CDCl3): ŭ= 164.14, 150.53, 141.69, 138.66, 138.57, 

136.35, 130.82, 123.58, 122.97, 119.08, 114.09, 72.06, 37.42, 25.89, 18.76.  
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Chapter 4 

Synthesis of Water-Soluble Azobenzenes 
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Micelles: Introduction  

 A micelle is defined as a supramolecular of surfactant molecules scattered in a 

liquid colloid. A typical 

micelle in an aqueous solution 

forms a spherical or oval shape 

with the hydrophilic head 

groups pointing towards the 

aqueous medium, and the 

hydrophobic tail groups 

pointing towards the interior of 

the micelle (Figure 24).156 Micelles are most commonly known for their detergent 

properties which have led to numerous soaps containing micelles. Micelles were pioneered 

by James McBain in the early 1900s.157 He noticed sodium palmitate solutions had good 

electrolytic conductivity properties and hypothesized it was due to ñcolloidal ionsò. Since 

then the field of micelle research has expanded and new uses from these supramolecular 

structures have been developed. One of these areas is using micelles as a cell mimic to 

study peptide dynamics.  

Syntheses of APEG 

 Triethylene glycol mono(4-butylazobenzne) ether otherwise known as APEG is 

photolyzable surfactant. It was first reported by Shang et al. in 2003.158 This unique 

surfactant contains an azobenzene core which allows it to undergo a conformational change 

when exposed to UV light. Under standard conditions, APEG is orientated in the trans 

Figure 24: Cross section of a micelle in aqueous 

medium.156 
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configuration but is changed to the less stable cis configuration when irradiated with light. 

This process alters the shape and concentration of the micelles in solution. The synthesis 

begins with reaction of aniline 164 with NaNO2 under aqueous conditions followed the 

addition of phenol and Na2CO3 to give the desired azobenzene core 165 (Scheme 39). 

Next, phenol 165 is coupled with 1,2-dibromoethane to give the halo-ether 166 in moderate 

yields. Lastly, 166 was reacted with diethylene glycol under basics conditions to give the 

desired pegylated product APEG. While this process only took 3 steps, it greatly suffered 

from poor yields as an overall yield of 3% was obtained. 

 The synthesis of APEG was later improved by Billamboz et al.159 Their method not 

only greatly improved on the overall yield, but also reduced the number of linear steps 

down to two. Using slightly modified conditions, they were able to convert aniline 164 to 

the azobenzene 165 in 79% (Scheme 40). Unlike the original procedure where the 

pegylated chain was built in pieces, they modified the chain and attached it directly to 165. 

Scheme 39: The first reported synthesis of APEG. 



161 
 

Triethylene glycol 167 was mono-tosylated using TsCl and base to give 168. With the two 

pieces formed, 165 and 168 could be linked together by a simple base induced SN2 reaction. 

Overall this method provided APEG quickly and efficiently with an overall yield of 64%.  

Improved APEG synthesis and derivations  

 In collaboration with the Tucker group (UNR), we were interested in synthesizing 

APEG for peptide dynamic studies. As stated above, APEG has a photolyzable azobenzene 

core that undergoes a structural change when irradiated with UV light. This change would 

cause the micelles to rupture or alter their shape. This unique quality allowed for dynamic 

studies on how a peptideôs structure alters when bound to a cell mimic (the micelle) and 

how it changes when the cell is destroyed and or the peptide is released. In this endeavor, 

an improved synthesis of APEG was developed by using different methods to obtain the 

azobenzene core 165 and the mono-tosylated triethylene glycol 168. Using longer reaction 

times and more concentrated HCl, 165 was obtained in 85% (Scheme 41).160 

Scheme 40: Improved synthesis of APEG. 
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In the synthesis of 168 the removal of DMAP and longer reaction times at room 

temperature resulted in a nearly quantitative yield.161 Lastly, 168 and 165 were coupled 

together to give the desired product APEG in an overall 72% yield.159 Despite these 

improvements, it had become clear that APEG was not a good candidate for peptide 

dynamic studies. The studies were taking place in an aqueous environment, and APEG had 

poor water solubility. To resolve this issue, new azo surfactants were synthesized to 

increase the water solubility. 

 To improve the water solubility, the most obvious place to modify was the 

hydrophilic pegylated head group. The goal was to convert the OH group to a more polar 

cationic ammonium salt. The transformation began with APEG being tosylated using the 

same conditions used to convert the triethylene glycol to the mono-tosylated product. This 

method proved to be successful as APEGTs was synthesized in an 85% yield (Scheme 

42).161 The tosylated APEG was synthesized to set up the next reaction to undergo a SN2 

substation with a secondary amine. Two secondary amines were tested: tetramethyl 

guanidine (TMG) and diethylamine (HNEt2). Under basic conditions, APEGTs was reacted 

Scheme 41: Synthesis developed to improve the overall yield of APEG.  
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with these secondary amines to give APEGTMG and APEGNEt2 in a 91% yield, each.162 

APEGNEt2 was taken on further and reacted with MeI to give the cationic ammonium salt 

APEGNEt2MeI.
163 The original plan was to turn the APEGTMG into an ammonium salt. 

However, it was seen that the neutral TMG head group made the surfactant sufficiently 

water-soluble for the dynamic tests. This was beneficial as the cationic surfactant could not 

undergo the dynamic studies because the peptide would not bind to this micelle. It was 

hypothesized that this was due to the repulsive interactions between the positively charged 

micelles and the positively charged peptides N-terminus. While not useful in this study, the 

cationic surfactant could be used in future studies with anionic peptides.  

Scheme 42: Conditions developed to synthesize neutral and cationic surfactants.  
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Summary of APEG 

 New conditions have been developed to improve the synthesis of the photolyzable 

surfactant APEG. Improved water-soluble photolyzable surfactants have been synthesized 

in the form of APEGTMG and APEGNEt2. The neutral surfactant APEGTMG proved to be 

useful for studying peptide dynamics upon binding and release of a cell mimic. Further 

neutral amines and cationic ammonium salts can be synthesized using these conditions for 

peptide dynamic studies. Currently, methods are being developed to synthesize anionic 

head groups for similar studies.             
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Experimental: 

 All r eactions were carried out under an atmosphere of dry nitrogen unless otherwise 

stated. All reagents and solvents were ACS reagent grade or better unless otherwise stated. 

All chemicals purchased were used as provided by the venders such as Aldrich Chemical 

Company, Acros Organics, Fisher Scientific, or AK Scientific. All glassware, stir bars, and 

equipment used during a reaction were oven-dried for 24 hours or longer in a drying oven 

set to 120 oC. ACS grade THF was made anhydrous by sitting over activated 4Å MS for 

24 hours followed by distilling from sodium metal and benzophenone under inert 

conditions. Overnight (O/N) is classified as a reaction stirred for 12-23 hours. Samples 

were further dried in vacuo at 0.1 mm at room temperature for 24 hours or longer. Samples 

submitted for microanalysis were dried in a drying pistol for 48-72 hours at 78 oC (0.1 mm) 

and submitted for examination to NuMega Resonance Labs, Inc. Column chromatography 

(C.C.) was performed with Sorbent Technologies standard grade silica (32-63 µm). 1H-

NMR (400 MHz or 500 MHz) and 13C (100 MHz or 125 MHz) spectra were acquired on a 

Varian 400 of a Varian Unity+ 500 spectrometer. All chemical shifts (ŭ) are reported in 

ppm units relative to the following solvent resonances: 1H, CDCl3/TMS = 7.26 ppm, 

DMSO-d6 = 2.50 ppm; 13C, CDCl3 = 77.16 ppm, DMSO-d6 = 39.52 ppm. Melting points 

were measured on a Mel0Temp apparatus and are uncorrected. Low-resolution mass 

spectra (MS) were obtained using a Waters Micromass ZQ electrospray ionization 

quadrupole mass spectrometer using positive ion detection (capillary voltage = 3.5 kV).   
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Procedure:160 

 4-((E)-(4-Butylphenyl)diazenyl)phenol (165): 4-butylaniline (164) (8.0 mL, 50 

mmol, 1.0 eq.) and water (75 mL) were added to a round bottom flask. 12 M HCl (22.5 

mL) was added to the solution and stirred at r.t. for 1 hour. The solution was cooled to 0 

°C, and a solution of NaNO2 (3.45 g, 50 mmol, 1.0 eq.) in water (10.5 mL) was slowly 

added to the round bottom flask maintaining the internal temperature at 0 °C. Upon 

complete addition, the solution was stirred for 30 mins at 0 °C. After 30 mins, a solution 

of phenol (4.70 g, 50 mmol, 1.0 eq.), and Na2CO3 (15.85 g, 150 mmol, 3.0 eq.) in water 

(105 mL) was slowly added to the round bottom flask maintaining the internal temperature 

between 0-3 °C. Once everything was added, the solution was stirred at that temperature 

of an hour. After 1 hour, 12 M HCl was slowly added to the flask until the pH=3 (solution 

turns orange, and bubbles). The mixture was extracted with EtOAc (3x225 mL). The 

combined organic layers were dried over Na2SO4, decanted, and concentrated by vacuum. 

The red residue was purified by silica gel column chromatography (EtOAc:Hex 1:4, 

EtOAc:Hex 1:1). An orange solid was obtained, 10.8 g (165) (85%). The structure was 

confirmed by 1H and 13C NMR. 1H NMR (400 MHz, CDCl3): ŭ= 7.89 (d, 8 Hz, 2 H, m-

ArOH), 7.80 (d, 8 Hz, 2 H, m-ArnBu), 7.30 (d, 8 Hz, 2 H, o-ArnBu), 6.93 (d, 8 Hz, 2 H, o-

ArOH), 5.28 (Brs, 1 H, ArOH), 2.68 (t, 8 Hz, 2 H, ArCH2), 1.64 (quin, 8 Hz, 2 H, 

ArCH2CH2), 1.38 (sex, 8 Hz, 2 H, CH2CH2CH3), 0.94 (t, 8 Hz, 3 H, CH2CH2CH3). 
13C 



167 
 

NMR (100 MHz, CDCl3): ŭ= 158.1, 151.1, 147.4, 146.1, 129.2, 124.9, 122.7, 115.9, 35.7, 

33.6, 22.5, 14.1.  

 

 

 

Procedure:161 

 2-(2-(2-Hydroxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (168): 

Triethylene glycol (167) (33.5 mL, 250 mmol, 5.0 eq.) and anhydrous DCM (75 mL) were 

added to an oven-dried round bottom flask. The solution was cooled to 0 °C, and then NEt3 

(10.5 mL, 75 mmol, 1.5 eq.) was added to the flask followed by the portion-wise addition 

of TsCl (9.55 g, 50 mmol, 1.0 eq.). The solution was brought to r.t. and stirred for 18 hours. 

After 18 hours, the solution was washed with H2O (3x75 mL) and the aqueous layers were 

back extracted with DCM (75 mL). The combined organic layers were washed with a 5% 

citric acid solution (3x33 mL), dried over Na2SO4, decanted and the solvent was removed 

by vacuum and high vac. A pale-yellow oil was obtained, 15.1 g (168) (99%). The structure 

was confirmed by 1H and 13C NMR. 1H NMR (400 MHz, CDCl3): ŭ= 7.78 (d, 8 Hz, 2 H, 

o-Ts), 7.33 (d, 8 Hz, 2 H, m-Ts), 4.16-4.14 (m, 2 H, OCH2), 3.71-3.67 (m, 4 H, OCH2), 

3.59 (s, 4 H, OCH2), 3.57-3.54 (m, 2 H, OCH2), 2.43 (s, 3 H, ArCH3). 
13C NMR (100 MHz, 

CDCl3): ŭ= 145.0, 133.0, 129.9, 128.1, 72.6, 70.9, 70.4, 69.3, 68.8, 61.8, 21.7.  
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Procedure:159 

 2-(2-(2-(4-((E)-(4-Butylphenyl)diazenyl)phenoxy)ethoxy)ethoxy)ethanol 

(APEG): LiCl (20 mg, 0.3 mmol, 0.03 eq.) and K2CO3 (6.9 g, 50 mmol, 5.0 eq.) were 

added to a flame-dried round bottom flask and purged with nitrogen.  A solution of 168 

(3.04 g, 10 mmol, 1.0 eq.) in anhydrous MeCN (100 mL) was added to the flask. A solution 

of 165 (2.79 g, 11 mmol, 1.1 eq.) in anhydrous MeCN (35 mL) was slowly added to the 

flask. The solution was heated to reflux and left to stir for 18 hours. After 18 hours, the 

solvent was removed by vacuum and the residue was dissolved in DCM (125 mL). The 

solution was washed with brine (3x50 mL) and the aqueous layers were back extracted 

with DCM (50 mL). The combined organic layers were dried over Na2SO4, decanted and 

the solvent was removed by vacuum. The residue was purified by silica gel column 

chromatography (EtOAc:DCM 4:1, EtOAc:MeOH 49:1, and EOAc:MeOH 19:1). An 

orange solid was obtained, 3.00 g (APEG) (77.7%). The structure was confirmed by 1H 

and 13C NMR. m.p.= 63ǓC. 1H NMR (400 MHz, CDCl3): ŭ= 7.89 (d, 8 Hz, 2 H, m-

ArOCH2), 7.80 (d, 8 Hz, 2 H, m-ArnBu), 7.30 (d, 8 Hz, 2 H, o-ArnBu), 7.02 (d, 8 Hz, 2 H, 

o-ArOCH2), 4.21 (t, 4 Hz, 2 H, ArOCH2), 3.89 (t, 4 Hz, 2 H, ArOCH2CH2), 3.75-3.69 (m, 

6 H, OCH2), 3.62 (t, 4 Hz, 2 H, OCH2), 2.68 (t, 8 Hz, 2 H, ArCH2), 2.43 (brs, 1 H, HOCH2), 

1.64 (quin, 8 Hz, 2 H, ArCH2CH2), 1.38 (sex, 8 Hz, 2 H, CH2CH2CH3), 0.94 (t, 8 Hz, 3 H, 
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CH2CH2CH3). 
13C NMR (100 MHz, CDCl3): ŭ= 161.0, 151.1, 147.3, 146.0, 129.2, 124.6, 

122.7, 114.9, 72.6, 71.0, 70.5, 69.8, 67.8, 61.9, 35.7, 33.6, 22.5, 14.1.    

 

 

  

Procedure: 

 2-(2-(2-(4-((E)-(4-Butylphenyl)diazenyl)phenoxy)ethoxy)ethoxy)ethyl 4-

methylbenzenesulfonate (APEGTs): APEG (0.661 g, 1.7 mmol, 1.0 eq.) was added to an 

oven-dried round bottom flask and dissolved with anhydrous DCM (7.5 mL). The solution 

was cooled to 0 °C and NEt3 (0.31 mL, 2.2 mmol, 1.3 eq.) was added to the flask. TsCl 

(0.359 g, 1.9 mmol, 1.1 eq.) was added to the flask in portions until all was dissolved in 

solution. The cold bath was removed, and the solution was brought to r.t. and stirred for 18 

hours. After 18 hours, the reaction was checked by TLC to show some of the starting 

material remained, so the solution was heated to reflux and stirred for 4 hours. The reaction 

was checked by TLC again to show most of the starting material was consumed. The 

solvent was removed by vacuum and the residue was purified by silica gel column 

chromatography (EtOAc:DCM 4:1). An orange gel was obtained, 0.785 g (APEGTs) 

(83.5%). The structure was confirmed by 1H and 13C NMR. 1H NMR (400 MHz, CDCl3): 

ŭ= 7.95 (d, 8 Hz, 2 H, o-Ts), 7.84 (d, 8 Hz, 2 H, m-ArOCH2), 7.79 (d, 8 Hz, 2 H, m-ArnBu), 

7.32 (d, 8 Hz, 2 H, o-ArnBu), 7.30 (d, 8 Hz, 2 H, o-ArOCH2), 7.03 (d, 8 Hz, 2 H, m-Ts), 



170 
 

4.20 (t, 4 Hz, 2 H, ArOCH2), 4.16 (t, 4 Hz, 2 H, ArOCH2CH2), 3.86 (t, 4 Hz, 2 H, OCH2), 

3.71-3.67 (m, 4 H, OCH2), 3.64-3.61 (m, 2 H, OCH2), 2.68 (t, 8 Hz, 2 H, ArCH2), 2.42 (s, 

3 H, ArCH3), 1.64 (quin, 8 Hz, 2 H, ArCH2CH2), 1.38 (sex, 8 Hz, 2 H, CH2CH2CH3), 0.94 

(t, 8 Hz, 3 H, CH2CH2CH3). 
13C NMR (100 MHz, CDCl3): ŭ= 162.0, 149.8, 146.7, 146.4, 

144.9, 133.1, 129.9, 129.3, 128.1, 125.5, 122.8, 115.2, 70.9, 69.8, 69.4, 68.9, 68.0, 35.7, 

33.5, 22.5, 21.8, 14.1.  

 

 

 

Procedure: 

 N'' -(2-(2-(2-(4-((E)-(4-Butylphenyl)diazenyl)phenoxy)ethoxy)ethoxy)ethyl)-

N,N,N,N-tetramethylguanidine (APEGTMG ): K2CO3 (350 mg, 2.5 mmol, 1.0 eq.) and a 

solution of APEGTs (1.360 g, 2.5 mmol, 1.0 eq.) in anhydrous THF (10 mL) were added 

to an oven-dried round bottom flask. Tetramethylguanidine (1.25 mL, 10 mmol, 4.0 eq.) 

was added to the mixture. The mixture was heated to reflux and left to stir for 48 hours 

monitored by TLC. The solvent was removed and the residue was purified by Alumina Gel 

column chromatography (EtOAc:DCM 4:1, EtOAc:MeOH 9:1). The solvent was removed, 

and the residue was dissolved in EtOAc and cooled to form a precipitate. The solid was 

filtered off and the filtrate was dried under vacuum. A dark red gel was obtained 1.11 g 

(APEGTMG ) (91%). The structure was confirmed by 1H and 13C NMR. m/z C27H41N5O3 
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calc. 483.32217 found 484.3295 (-2.54 ppm). 1H NMR (400 MHz, CDCl3): ŭ= 7.87 (d, 8 

Hz, 2 H, m-ArOCH2), 7.78 (d, 8 Hz, 2 H, m-ArnBu), 7.28 (d, 8 Hz, 2 H, o-ArnBu), 6.98 (d, 

8 Hz, 2 H, o-ArOCH2), 4.17 (t, 6 Hz, 2 H, ArOCH2), 3.82 (t, 6 Hz, 2 H, ArOCH2CH2), 3.76 

(t, 6 Hz, 2 H, OCH2), 3.66 (s, 4 H, OCH2), 3.38 (t, 6 Hz, 2 H, NCH2), 3.02-2.85 (m, 12 H, 

NCH3), 2.66 (t, 8 Hz, 2 H, ArOCH2), 1.62  (quin, 8 Hz, 2 H, ArOCH2CH2), 1.36 (sex, 8 

Hz, 2 H, CH2CH2CH3), 0.92 (t, 8 Hz, 3 H, CH2CH2CH3). 
13C NMR (100 MHz, CDCl3): 

ŭ= 162.8, 160.9, 151.0, 147.3, 146.1, 129.1, 124.6, 122.6, 114.8, 70.7, 70.4, 69.9, 69.6, 

67.9, 45.0, 40.3, 39.9, 35.6, 33.5, 22.4, 14.0.  

 

 

Procedure: 

 2-(2-(2-(4-((E)-(4-Butylphenyl)diazenyl)phenoxy)ethoxy)ethoxy)-N,N-

diethylethanamine (APEGNEt2): APEGTs (0.550 g, 1 mmol, 1.0 eq.), K2CO3 (0.138 g, 1 

mmol, 1.0 eq.) and anhydrous THF (5 mL) were added to a round bottom flask. HNEt2 

(0.42 mL, 4 mmol, 4.0 eq.) was added to the mixture, heated to reflux and left to stir for 48 

hours. After 48 hours, the reaction was checked by TLC to show most of the starting 

material had been consumed. The solvent was removed by vacuum and the residue was 

purified by alumina gel column chromatography (EtOAc:DCM 4:1, EtOAC:MeOH 9:1). 

An orange gel was obtained, 0.404 g (APEGNEt2) (91.6%). The structure was confirmed 

by 1H and 13C NMR. 1H NMR (400 MHz, CDCl3): ŭ= 7.88 (d, 8 Hz, 2 H, m-ArOCH2), 
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7.79 (d, 8 Hz, 2 H, m-ArnBu), 7.29 (d, 8 Hz, 2 H, o-ArnBu), 7.01 (d, 8 Hz, 2 H, o-ArOCH2), 

4.20 (t, 4 Hz, 2 H, ArOCH2), 3.89 (t, 4 Hz, 2 H, ArOCH2CH2), 3.74-3.64 (m, 4 H, OCH2), 

3.59 (t, 4 Hz, 2 H), 2.70-2.65 (m, 4 H, ArCH2/NCH2), 2.59 (q, 8 Hz, 4 H, 2xNCH2CH3), 

1.64 (quin, 8 Hz, 2 H, ArCH2CH2), 1.37 (sex, 8 Hz, 2 H, CH2CH2CH3), 1.03 (t, 8 Hz, 6 H, 

2xNCH2CH3), 0.94 (t, 8 Hz, 3 H, CH2CH2CH3). 
13C NMR (100 MHz, CDCl3): ŭ= 161.1, 

151.1, 147.3, 145.9, 129.1, 124.6, 122.6, 114.9, 71.0, 70.6, 69.8, 69.8, 67.8, 52.3, 47.7, 

35.7, 33.6, 22.5, 14.1, 11.7. ,  

 

 

 

Procedure: 

 (2-(2-(2-(4-((E)-(4-Butylphenyl)diazenyl)phenoxy)ethoxy)ethoxy)ethyl) 

(diethyl)methylazanium Iodide  (APEGNEt2MeI): APEGNEt2 (980 mg, 2.2 mmol, 1.0 eq.) 

was dissolved in anhydrous THF (5 mL) and added to an oven-dried round bottom flask. 

MeI (192 µl, 3.0 mmol, 1.4 eq.) was added to the solution. The solution was heated to 

reflux and left to stir for 24 hours monitored by TLC. The solvent was removed by vacuum 

and a solid was obtained. The solid was washed with cold Et2O 4 times to remove starting 

materials and dried by vacuum. An orangish yellow solid was obtained, 1.09 g 

(APEGNEt2MeI) (85%). The structure was confirmed by 1H and 13C NMR. m.p.= 58-60 oC. 

m/z C27H42N3O3
+ calc. 456.3221 found 456.3222 (+0.2 ppm). 1H NMR (400 MHz, CDCl3): 

ŭ= 7.87 (d, 8 Hz, 2 H, m-ArOCH2), 7.77 (d, 8 Hz, 2 H, m-ArnBu), 7.28 (d, 8 Hz, 2 H, o-
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ArnBu), 7.00 (d, 8 Hz, 2 H, o-ArOCH2), 4.18 (t, 4 Hz, 2 H, ArOCH2), 3.97 (t, 4 Hz, 2 H, 

ArOCH2CH2), 3.84 (t, 4 Hz, 2 H, OCH2), 3.73 (t, 8 Hz, 2 H, OCH2), 3.39 (s, 4 H, 

OCH2/NCH2), 3.56 (q, 8 Hz, 4 H, 2xNCH2CH3), 3.20 (s, 3 H, NCH3), 2.65 (t, 8 Hz, 2 H, 

ArCH2) 1.61 (quin, 8 Hz, 2 H, ArCH2CH2), 1.39 (sex, 8 Hz, 2 H, CH2CH2CH3), 1.31 (t, 8 

Hz, 6 H, 2xNCH2CH3), 0.92 (t, 8 Hz, 3 H, CH2CH2CH3). 
13C NMR (100 MHz, CDCl3): ŭ= 

161.0, 151.0, 147.3, 146.1, 129.1, 124.7, 122.6, 122.3, 114.9, 114.9, 70.6, 70.5, 69.7, 67.9, 

64.8, 57.9, 48.7, 48.2, 35.6, 33.5, 22.4, 14.0, 8.2.  
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Appendix  

Figure S1: 1H and 13C NMR spectra of compound 64  
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Figure S2: 1H and 13C NMR spectra of compound 60 
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Figure S3: 1H and 13C NMR spectra of compound 48 
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Figure S4: 1H and 13C NMR spectra of compound 54 
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Figure S5: 1H and 13C NMR spectra of compound (S)-WMK  
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Figure S6: 1H and 13C NMR spectra of compound 67 

 

 

 

 

 

 


