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ABSTRACT OF DISSERTATION  

 

 

Development of Butenolide Arylation Methodologies Related to the Total Synthesis of 

Fraxinellone and Progress Towards the Total Synthesis of Annotinolides A and B 

by 

Taylor Sean Alexander 

 

Doctor of Philosophy, Graduate Program in Chemistry 

University of California, Riverside, March 2021 

Dr. Kevin G.M. Kou, Chairperson 

  

The total synthesis of natural products allows organic chemists the opportunity to 

develop new methodologies and strategies to access targets that exert highly valuable and 

interesting biological activities with medicinal applications that could benefit the scientific 

and global community.  Inspired and motivated by intriguing structural complexities and 

compelling biological activities, this dissertation work is centrally focused on the total 

synthesis of fraxinellone, a limonoid natural product, and annotinolides A and B, which 

are lycopodium alkaloid natural products. Both of these families of natural products 

potentially affect the central nervous system (CNS).  Fraxinellone is a valuable natural 

product due to its interesting neuroprotective activity against glutamate toxicity, which is 

suggested to be involved in the pathogenesis of Alzheimer’s disease and other CNS 

diseases.  Similarly, annotinolides A and B are structurally and biologically intriguing 

because they have been found to inhibit beta-amyloid protein aggregation, which is also 

suggested to be involved in the pathogenesis Alzheimer’s disease.  Through both total 
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synthesis projects, there is an emphasis on developing novel synthetic methodologies and 

strategies to access the complex carbon frameworks.  

 Chapter 1 describes an overview of the most significant historical 

accomplishments and contributions to the subfield of limonoid total synthesis, including 

pioneering total synthesis strategies and methodologies for the highly complex limonoid 

natural products.  Herein is described the development of a γ-butenolide arylation 

methodology designed for the total synthesis of fraxinellone and the synthetic route that 

ultimately led to the successful total synthesis and future directions of this work.   

Chapter 2 describes an overview of the most significant pioneering strategies for 

the synthesis of lycopodium alkaloids as well as in-depth discussions of their biosynthesis 

pathway and immense medicinal interest.  Herein is described the progress towards the 

total synthesis of annotinolides A and B through an exciting and efficient divergent route 

featuring a redox neutral Heck reaction, an intramolecular Mannich-type cyclization, a 

biomimetic radical cyclopropanation and a reversed-selective [2 + 2] photocycloaddition.  

 Chapter 3 describes the history of the of Morita–Baylis–Hillman (MBH) reaction 

and metal-catalyzed cross-couplings of enolates, which served as our foundation and 

inspiration to explore the α-functionalization of α,β-unsaturated ketones to effect a reversal 

in regioselectivity of the Heck reaction.    
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Chapter 1—The Development of a Novel Palladium and Copper 

Catalyzed Arylation of silyloxyfurans and the Total Synthesis of 

Fraxinellone  

1.1 Introduction 

Figure 2.1 Structures of limonin and azadirachtin 

Figure 1.1 Representative members of each subclass of the 

limonoid family of natural products 
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Limonoid natural products belong to a family of triterpenoid compounds, typically 

containing at least four fused rings with subclasses that vary by the degree of oxygenation 

and unsaturation of the main carbon scaffold.  The flagship limonoid, limonin (1.1), was 

isolated in 1960 by Watson1 (Figure 1.1).  Since the isolation of limonin (1.1), hundreds of 

limonoid natural products have been isolated and characterized.  This natural product 

family is made up of modified triterpenes with a broad range of skeletal and oxidative 

diversity.  Generally, the signature scaffold of limonoid natural products is the 4,4,8-

trimethyl-17-furanylsteroid originating from limonin (1.1) shown in Figure 1.1.2,3  All 

limonoids either exhibit or are hypothesized to be derived from this general scaffold.  

Within the large and complex family of limonoids, the sub-classes are classified as intact, 

degraded, seco-, and highly oxidative modified limonoids (Figure 1.2).   The vast diversity 

of the chemical structures has rendered it historically difficult to propose a biosynthesis or 

natural origin for the limonoids, especially with some members of the family appearing to 

be structurally unrelated.  This family of natural products has seen synthetic and medicinal 

focus due to their unique structures and biological activity.  One of the most well-known 

members of the ‘highly oxidative modified limonoids’ is azadirachtin (1.2).4  Azadirachtin 

was found to be a potent pesticide and was eventually commercialized as the active 

ingredient in AzaGuard.  Despite immense interest in its biological activity, the complex 

polycyclic framework made synthesis efforts very difficult, and therefore limited the 

amount of material available for biological activity assays.  Some researchers even 

regarded the more complex limonoids as synthetically inaccessible or highly impractical 

to access through synthesis.  Considering the synthetic challenges posed by the more 
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complex members of the limonoid family, the oxidatively modified and degraded 

limonoids, which appear less synthetically daunting but still retain potent biological 

activities, have attracted the focus of synthetic and medicinal chemists. Limonoids exhibit 

a wide range of biological activities from antibiotic, antibotulinum, anti-inflammatory, 

anti-HIV, antioxidant, antiproliferative, antiviral, proapoptotic, insecticidal and insect 

antifeedant activity.5–14  
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1.1 Biosynthesis 

 

     Given their biological and synthetic importance, thorough feeding experiments using 

stable isotope analogs have been performed to elucidate the biosynthetic pathway for the 

Scheme 1.1 Proposed biosynthesis of limonoid natural products 
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limonoid family. The most detailed biosynthetic study was performed by Thulasiram and 

coworkers recently in 2018, however Hasegawa and coworkers have also proposed a 

similar biosynthetic pathway much earlier in 1986 although with less detail (scheme 

1.1).15,16,17   

 The proposed biosynthetic pathway begins with traditional terpene biosynthesis in 

the combination of IPP and DMAPP forming farnesyl pyrophosphate as an intermediate to 

squalene, a triterpene.  Squalene is then epoxidized and undergoes a cascade cyclization 

and skeletal rearrangement to form butyrospermol, which will then undergo cyclofuran 

ring formation and oxidation to afford the proto-limonoid scaffold.  Next, a 

dehydration/oxidation of the 1,3-diol to the enone and acetylation are performed to 

generate azadirone (1.7).  From azadirone (1.7) can then undergo C-H oxidation the ketone 

on the D-ring and acetylated to afford azadiradione (1.8).  Alternatively, azadirone (1.7) 

can be reduced back from the enone to the 1.3-diol, C-H oxidized to the ketone on the C-

ring and cyclized to form a tetrahydrofuran ring of nimbinin (1.9).  Azadiradione (1.8) can 

then be expoxidized at the D-ring and oxidized from the cyclopentanone to the lactone to 

generate gedunin, an intact limonoid.  Alternatively, Nimbinin (1.9) can be further 

functionalized through an oxidative cleavage of the C-ring followed by tigloylation, 

acetylation, and tetrahydrofuran ring formation to form Azadirachtin A (1.2), a c-seco 

limonoid.  Nimbinin (1.9) can also be converted to Nimbin (1.10) via an oxidative cleavage 

of the C-ring. There are many other limonoids not shown in this summarized scheme.  It is 

hypothesized that the more complex members of the limonoid family follow this type of 

biosynthesis beginning with a classical terpene biosynthesis route before being further 
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functionalized to form the more complex members of the limonoid family, and then 

degraded to form the less complex members, such as dysodensiol A (Figure 1.2).        
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1.2 Previous Synthesis of Limonoids 

 

There have been several especially important and influential syntheses accomplished that 

have provided access to valuable limonoid natural products and led to the development of 

synthetic methodologies and approaches.  The first example presented herein is the work 

developed by Corey and coworkers in 2009 of the intact proto-limonoid scaffold that is 

Scheme 1.2 Synthesis of limonoid scaffold by E. J. Corey in 2009 
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generated rapidly by a novel cationic triple annulation and a free-radical-induced stereo-

controlled ring closure (Scheme 1.2).18  It should also be noted that many years previously 

in 1987, Corey and coworkers also accomplished the diastereoselective synthesis of 

azadiradione (1.22), a limonoid differing from the proto-limonoid by oxidation state at 

three positions.19 Besides the oxidation state differences, the carbon skeleton of 

azadiradione (1.22) and the proto-limonoid are otherwise identical.  A similar synthesis 

route was used for each target compound.  The synthesis begins with a carbonyl addition 

and Brook rearrangement between acylsilane 1.11 and lithiosulfone 1.12 to access epoxy 

silyl enol ether 1.13.   From here, the key step is performed by treatment of silyl enol ether 

1.13 with the Lewis acid, methylaluminum dichloride, at low temperature followed by 

treatment with NaOEt facilitated a cationic cyclization cascade and epimerization 

sequence.  This step generated ketone 1.14 with three rings and five stereocenters in 43% 

yield.  The rest of the synthesis builds the remaining D-ring and installs the furyl moiety.  

Following a diastereoselective reduction via DIBAL/nBuLi, the resulting alcohol (1.15) 

was converted to xanthate 1.16 by treatment with carbon disulfide and n-BuLi.  The second 

key step involves a Barton–McCombie deoxygenation (AIBN and Bu3SnH) utilizing 

xanthate 1.16, leading to a carbon centered radical that reacts with the alkyne to cyclize in 

a 5-exo-dig cyclization to form tetracycle 1.17, which is subsequently ozonolyzed at the 

alkene to yield ketone 1.18.  From ketone 1.18, diastereoselective methylation followed by 

enolate trapping with phenyltriflimide yields vinyl triflate 1.19.  Finally, vinyl triflate 1.19 

was subjected to a Stille reaction with tributylstannylfuran, generating vinyl furan 1.20 

using non-standard Stille conditions developed as part of this work in 1999 when 
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conventional conditions were unsuccessful.20,21  Typically, Stille reactions are hindered by 

sterically congested substrates.  However, by using cuprous chloride as a cocatalyst, the 

slow reaction rates and steric limitations are overcome.  Following TBS deprotection and 

C–H oxidation to the ketone, proto-limonoid 1.21 is generated, featuring functional handles 

that allow for further derivatization to access other limonoid congeners.  The key 

contributions from this work was the establishment of a rapid route to the complex scaffold 

of intact limonoids through a cationic cyclization cascade to form the ABC-tricycle with 

five stereogenic centers, a Barton–McCombie deoxygenation-5-exo-dig cyclization to 

form the D-ring of the tetracycle, and furylation via a novel copper-catalyzed Stille 

reaction.21,22  

Perhaps the most impressive achievement was by Ley and coworkers in 2007 in 

their synthesis campaign of the insect antifeedant azadirachtin (1.2), which took 22 years 

to complete (Scheme 1.3).22  The synthetic challenges presented by this compound include 

sixteen contiguous stereocenters, seven of which are quaternary carbons.  Additionally, 

azadirachtin is highly oxygenated and exhibits a unique conformation due to intramolecular 

hydrogen bonding interactions.23  In pursuit of azadirachtin the Ley group was able to 

develop new methodologies and investigate the biological properties to this complex 

limonoid.24,25   

The Ley group commenced the synthesis with diol 1.23, which is prepared in three 

steps from β-D-galactose pentaacetate.  From diol 1.23, selective MOM protection, 

oxidation, and Grignardaddition/benzylation generated allyl tetrahydropyran 1.24 as a 

single diastereomer.  The tetrahydrofuran ring was formed via deglycosidation followed 
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by 

ozonolysis of allyl tetrahydropyran 1.24 generating     a lactol that would be oxidized to the 

lactone 1.25.  Treatment of lactone 1.25 with trifluoroacetic acid facilitates ring opening of 

the benzylidene acetal, at which point the primary alcohol is silylated and the secondary 

Scheme 1.3 Synthesis of azadirachtin by the Ley group in 2007.  PS-PPh3 = polymer 

bound PPh3, TPAP = tetrapropylammonium perruthenate, MMPP = magnesium 

monoperoxyphthalate. 
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alcohol transformed to xanthane with CS2 (1.26).  Xanthate 1.26 then undergoes a Barton–

McCombie deoxygenation followed by an oxidation and Wittig reaction to yield dibromo 

olefin 1.27.  Due to preliminary studies that suggested difficulties in cleaving the MOM 

protecting group at a subsequent stage in the synthesis, it was cleaved and replaced by a 

PMB ether, and then a reduction and acetalization sequence was carried out to give a 1:1 

diastereomeric mixture of acetals 1.28.  It was found that both diastereomers served as 

viable precursors when evaluated separately for the next steps in the synthesis.  α/β-1.28 

were alkynylated using Corey–Fuchs conditions and then underwent homologation using 

para-formaldehyde.  The propargylic alcohol produced was reacted with methanesulfonic 

anhydride to generate propargylic mesylate 1.29.  The Ley group then coupled mesylate 

1.29 with functionalized decalin derivative 1.30 which they had previously synthesized,  

forging propargylic ether 1.31.  Ether 1.31 was desilylated via treatment with TBAF and 

then a microwave-assisted or gold-catalyzed Claisen rearrangement installed the critical 

allene 1.33.  After protecting group manipulations to access radical precursor 1.34, 

treatment with AIBN initiated a 5-exo cyclization to access alkene 1.35.  Subsequently, 

epoxidation of alkene 1.35 generated epoxide 1.37, which was very similar to a known 

azadirachtin metabolite that they Ley group had previously used to synthesize azadirachtin 

(1.2).  So, following their previously developed route, epoxide 1.37 was acetylated to 

generate epoxy-ketone 1.39, which was then further functionalized to install the unique 

α,β-unsaturated ester 1.40.  Following a Luche reduction by NaBH4 to give diol 1.41, 

benzyl cleavage is performed by Pd/C hydrogenation.  Subsquently, the methoxy furan is 

displaced under acidic conditions by thiophenol to form the thioglycosidic bond in 
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phenylsulfide 1.42.  Finally, oxidation of phenylsulfide 1.42 via DMDO followed by 

pyrolysis regenerated the dihydrofuran moiety and completed the synthesis of azadirachtin 

(1.2).  This synthesis is highlighted by a strategically designed convergent pathway 

utilizing two fragments furnished with all of the necessary functional handles for the 

conversions and transformations to key intermediates.  Although the step count for this 

synthesis is quite high (32 steps), it represents a landmark synthesis of azadirachtin (1.2) 

with enormous prior efforts from the synthetic community.  The synthetic challenges that 

led many previous efforts to failure was due to the structural complexity containing sixteen 

contiguous stereogenic centers, of which seven are quaternary centers, as well as fifteen 

oxygens present in the molecule.  As previously mentioned, this synthetic achievement 

took the Ley group 22 years to complete, owing to the complex structural architecture.     

1.3 Degraded Limonoids 

Degraded limonoids are comparatively less structurally complex than the more 

elaborate members of the limonoid family.  They often share structural similarities to more 

complex limonoids, and so they can be effectively used pharmacophore probes for 

structure-activity relationship (SAR) studies.26  Degraded limonoids can also be used as 

intermediates en route to more complex limonoids.  Due to its biological activity, the most 

well known member of the degraded limonoid family is fraxinellone.  Fraxinellones (Figure 

Figure 1.3 Structure of fraxinellone and derivatives 
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1.3) contain a characteristic γ-butyrolactone core that is substituted at the C3 position with 

an α-furyl group and fused to a 6-membered ring that may be oxidized at the C6 position.  

The structure of fraxinellone was first isolated and characterized in 1965 and confirmed by 

X-ray crystallography.27  

 In 2008, Kim and coworkers isolated four limonoid natural products from 

Dictamnus dasycarpus rootbark that exhibited potent neuroprotective activity against 

glutamate toxicity in cultured rat cortical cells at a concentration of 0.1 µM.  The four 

limonoids isolated were limonin (1.1), obacunone (1.8), calodendrolide (1.48), and 

fraxinellone (1.43) (Figure 1.4).  These compounds exhibit neuroprotective activity by 

inhibiting calcium influx and protecting antioxidant enzymes, which in turn, inhibits the 

Figure 1.4 Limonoids natural products isolated from Dictamus Dasycarpus root bark   
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production of destructive reactive oxygen species (ROS) and reactive nitrogen species 

(RNS).28 Fraxinellone is of particular interest because of its potent neuroprotective activity, 

but modest structural complexity compared to other members of the limonoid family. 

It is estimated that within the United States alone, 5 million people suffer from 

Alzheimer’s disease, 1 million from Parkinson’s disease, 400,000 from multiple sclerosis, 

and 30,000 from both amyotrophic lateral sclerosis and Huntington’s disease.29 These 

neurodegenerative diseases can be described as the progressive deterioration of the 

structural integrity of the central nervous system (CNS) resulting in the death of neurons 

in the brain and spinal cord.  As neurons deteriorate, cognitive ability rapidly declines, with 

symptoms often manifesting as loss in memory and coordination.  Advanced stages of 

neurodegeneration ultimately result in the inability to function independently, both 

physically and cognitively.  Left untreated, CNS diseases can be fatal and despite extensive 

research efforts limited therapeutics available.  Furthermore, current therapeutics that do 

exist only treat the symptoms, and do not constitute a cure for the diseases.30    

CNS diseases are strongly suggested to be related to excess L-glutamate (L-Glu), a 

major neurotransmitter in the brain, leading to the overactivation of ionotropic glutamate 

receptors.31 These receptors are ligand-gated ion channels that control calcium ion influx 

across the plasma membrane of neurons.  Due to beta-amyloid plaques destabilizing 

calcium ion homeostasis and the overexcitation of these receptors by L-Glu, calcium ions 

flood the cytosolic space, leading to the generation of reactive oxygen species (ROS) and 

reactive nitrogen species (RNS) through calcium dependent enzymatic processes.  It is 

suggested that this oxidative stress leads to the destruction of post-synaptic structures such 



15 
 

as dendrites and cell bodies, eventually resulting in apoptosis.  Additionally, it has been 

shown that glutamate excitotoxicity has been linked to the down-regulation of antioxidant 

enzymes such as superoxide dismutase, further exacerbating oxidative stress. 28,32 Given the 

proposed pathogenesis of these CNS diseases, developing fraxinellone derivatives to 

inhibit calcium influx and protect antioxidant enzymes could potentially lead to new 

effective therapeutics.   

Based upon this compelling biological activity, the central hypothesis proposed is 

that the development of a strategic enantioselective route to access fraxinellone (1.43), 

utilizing a novel enantioselective metal-catalyzed coupling reaction, will provide access to 

a natural product with valuable therapeutic properties.  Furthermore, it is hypothesized that 

the successful synthesis of fraxinellone through a strategically designed route will allow 

for meaningful late-stage functionalization opportunities to produce interesting analogs to 

conduct structure-activity-relationship studies to probe the neuroprotective activity and 

investigate the pathogenesis of CNS diseases related to glutamate toxicity.   
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1.4 Previous Synthesis of Fraxinellone (1.43) 

Despite significant efforts and interest, fraxinellone (1.43) and analogs thereof, 

have never been successfully synthesized in an enantioselective fashion.  However, three 

racemic syntheses have been completed.  The first racemic synthesis of fraxinellone (1.43) 

was completed in 1972 by Tokoroyama (Scheme 1.4) and coworkers.33  Tokoroyama’s 

synthesis is extremely efficient, accessing fraxinellone in only three steps, but it lacks 

stereocontrol in the installation of the furan moiety through a 3-lithiofuran species.  The 

synthesis begins with methyl vinyl ketone (1.49) undergoing condensation with an alkynyl 

Grignard reagent to generate diene 1.50 in 65% yield.  Then, diene 1.50 undergoes a Diels-

Alder reaction with methacrolein to access cycloadduct 1.51 in 55% yield.  At this point 

Scheme 1.4 Synthesis of fraxinellone by Tokoroyama in 1972 
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the furyl moiety and the γ-butyrolactone ring is installed in one step by treatment of 

aldehyde 1.51 with a 3-lithiofuran species forms an alkoxide intermediate that lactonizes 

onto the ethyl ester, generating furylated isofraxinellone diastereomers 1.44A/B in 25% 

and 22% yield, respectively.  Finally, the furylated mixture of isofraxinellone 

diastereomers 1.44A/B is isomerized vby refluxing in methanolic KOH to accomplish a 

racemic synthesis of fraxinellone (1.43).  The strength of this synthesis lies in the efficiency 

in accessing fraxinellone, but the shortcomings are the low yield and lack of stereocontrol 

ontained from the lithiofuran addition.   
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 The next synthesis of fraxinellone (1.43) was completed over twenty years later in 

1997 by Nakatani and coworkers (Scheme 1.5).26  Nakatani’s synthesis commences with a 

Robinson annulation between lactone 1.52 and ethyl vinyl ketone to form the bicyclic 

scaffold (1.53) of fraxinellone.  Next, DIBAL-H reduction of oxo-butanolide 1.53 

Scheme 1.5 Synthesis of fraxinellone by Nakatani in 1997 
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generated the lactol intermediate as a single stereoisomer (not shown), which was then 

converted to the hydrazone, ring-opened, and acetylated to give hydrazone 1.54 in 93% 

yield over 3 steps. Hydrazone 1.54 was then subjected to Corey’s Copper (II)-mediated 

hydrolysis protocol to generate aldehyde 1.55 in 85% yield, which would then react with 

3-lithiofuran to install the furan moiety of furyl alcohol 1.56 in 87% yield, similar to 

Tokoroyama’s approach to furan installation.  In contrast to the low diastereoselectivity 

that resulted in Tokoroyama’s synthesis, this furylation exhibited good Felkin-selectivity, 

favoring the desired α-furyl isomer 1.56 in9.6:1 dr.  Additionally, the acetyl group was 

cleaved by hydrolysis in this step. Next, triol 1.56 was lactonized under Fetizon-oxidation 

conditions with Ag2CO3 to provide racemic fraxinellonone (1.45) in 68% yield.  

Subsequently, (+/-)-fraxinellonone (1.45) was treated with DIBAL-H followed by tosyl 

chloride and triethylamine to provide  chlorinated intermediate 1.57.  A final reductive 

dehalogenation is performed using zinc to generate racemic (+/-)-fraxinellone (1.43) and 

isofraxinellone (1.44), in which the latter can be isomerized to (+/-)-fraxinellone under 

basic conditions in 82% yield.  Nakatani’s synthesis accesses the bicyclic framework of 

fraxinellone rapidly through the Robinson annulation, but installing the furyl moiety 

required opening the lactone which requires several additional steps to generate an 

aldehyde, thus decreasing step economy.  However, this sets the stage for the lithiofuran 

addition, from which point several more steps are required to reform desired lactone, to 

ultimately arrive at racemic fraxinellone (1.43).              
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The most recent synthesis of fraxinellone was completed in 2005 by Morken and 

coworkers.  This synthesis is unique because the γ-butyrolactone with the furyl substituent 

and quarternary carbon center was installed early in the synthesis, which is then followed 

Scheme 1.6 Synthesis of fraxinellone by Morken in 2005. 
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by the construction of the six-membered ring.  The synthesis begins with alkenylithium 

1.59 adding to 3-furaldehyde (1.58) to produce furyl alcohol 1.60.  Furyl alcohol 1.60 then 

undergoes an Oshima-Utimoto reaction via treatment with 10 mol% palladium(II) acetate, 

three equivalents of benzoquinone, and 1.1 equivalents of acetic acid to effect 

cyclocondensation with tert-butyl vinyl ether to generate cyclic tert-butylacetal 1.61.  

Following oxidation of 1.61 with Jones reagent to γ-butyrolactone 1.62, an aldol reaction 

was performed to access tertiary alcohol 1.63 with modest stereocontrol.  Tertiary alcohol 

1.63 was then subjected to a ring-closing metathesis (RCM) using Grubb’s second-

generation catalyst to afford a separable mixture of cyclohexenol diastereomers 1.64a/b.  

Each diastereomer was subjected to palladium-catalyzed hydrogenation in 91% and 84% 

yields to generate saturated cyclohexanol intermediates 1.65a/b.  Subsequently, 

cyclohexanol intermediates 1.65a/b were dehydrated with thionyl chloride and pyridine to 

generate isofraxinellone and (±)-fraxinellone in 78% and 88% yields, respectively.  

Isofraxinellone is readily converted to (±)-fraxinellone by treatment with DBU in 88% 

yield.  This synthesis highlights the early installation of the furyl moiety, an Oshima-

Utimoto reaction to access the γ-butyrolactone scaffold and the efficient ring-closing 

metathesis using Grubb’s catalyst to form the second ring.  However, the synthesis lacks 

stereocontrol in the furylation step which ultimately leads to a racemic fraxinellone (1.43).            
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1.2 Results and Discussion 

 

The primary goal of this project was to develop an enantioselective chemical 

synthesis of fraxinellone (1.43) through a strategically designed route that would allow 

opportunities for late-stage derivatization to generate meaningful analogs.  The 

development of an enantioselective synthesis of fraxinellone would not only be a 

significant synthetic advancement upon previously completed routes, but would also propel 

us towards our ultimate goal of probing the therapeutic properties and SAR to investigate 

the mechanism(s) of action to how these molecules achieve neuroprotective activity against 

glutamate toxicity.  Additionally, the findings from SAR studies could influence the 

synthesis of more potent derivatives through rational and systematic structure design, 

leading to compounds with enhanced physical and biological properties.   

Scheme 1.7 Proposed retrosynthesis of fraxinellone starting from citraconic 

anhydride 
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Through a retrosynthetic analysis (Scheme 1.7), we proposed that fraxinellone 

could be accessed by alkene isomerization from intermediate 1.66, which in turn could 

arise through a Diels–Alder reaction between 1,3-pentadiene (1.67) and γ-furylated lactone 

1.68a.  This Diels–Alder cycloaddition could be catalyzed by heat and/or a Lewis-acid 

additive.  We hypothesize that γ-furylated lactone 1.68a could be the product of a transition 

metal catalyzed enantioselective furylation reaction, by coupling  silyl-activated butenolide 

1.70a with hypervalent diaryl iodonium 1.69, an unprecedented reaction.  Although there 

is precedent for coupling reactions with hypervalent iodonium, there are no examples of 

iodonium couplings with silyloxy furans.  More broadly, there is only one low yielding 

example of a furan coupling reaction, however, it is coupled with an indazole which is a 

very different electronic system.   This arylation reaction between a silyl-activated 

butenolide and a hypervalent diaryl iodonium constitutes the key step in our proposal which 

would require the development of novel catalysis methodology.  The silyl-activated 

butenolide (1.70a) could be generated from the silylation of β-methyl lactone 1.71a, which 

could be prepared from the selective reduction of citraconic anhydride (1.72).           

The synthetic route proposed here aims to access fraxinellone in an enantioselective 

manner and allow for facile derivatization opportunities.  Specifically, it is our intention to 

Figure 1.5 Biologically active lactone natural products 
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access derivatives by varying the silyl-activated butenolide and the diaryl hypervalent 

iodonium species, so that when coupled together, a library of γ-arylated butenolide 

products would result.  In this work, we synthesized four silyl-activated butenolides and 

ten diaryl hypervalent iodonium coupling partners.  The development of this novel 

coupling reaction would introduce a new tool with broad utility for synthetic organic 

chemists to incorporate furyl and other aromatic components, as well as provide the critical 

stereocontrol required to access fraxinellone.  Given the possible permutations of coupling 

partners, this synthesis route could give rise to a compound library of enantioenriched 

fraxinellone analogs SAR studies.   

We imagined the possibility of this type of reaction to be useful in accessing other 

biologically active compounds that are of interest to the medicinal and synthetic 

communities.  Butenolides and other lactones are a common class of structural motifs 

widely distributed in biologically active natural products (Figure 1.5), including the terpene 

lactones mintlactone (1.75) and trans-crotonin (nor-clerodane) (1.73).28,34–36 These 

moieties are also found in other terpenoids such as salvinorin A (neo-clerodane), which 

exhibits psychotropic activity.37  Due to the pervasive occurrence of γ-lactones in valuable 

naturally occurring and pharmaceutically relevant compounds, there is a significant interest 

in the facile derivatization of butenolides.  As a result, many methods for generating 

substituted butenolides have been reported, including condensations and cross-coupling 

methods.38–43  Seminal studies performed by Kang and coworkers in 1997 presented one 

example of a γ-phenylation using a silylated butenolide and hypervalent iodonium 

compound, under palladium catalysis, and Buchwald has reported examples of arylation 
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with aryl halides under more forcing conditions (Scheme 1.8).44,45  More recently, 

MacMillan and Gaunt have developed copper catalysed asymmetric α-arylation 

reactions between aryl iodonium salts and a variety of silylated nucleophiles.46,47   

Interestingly, Kang and coworkers report a single example of a phenylation 

similar to our desired reaction that proceeds in good yield at 89%, catalysed by 

palladium acetate but in the absence of a ligand.  It is still presumed that the active 

catalyst is a palladium (0) species, however it is not explicitly hypothesized as to 

how the palladium (0) is generated.  Additionally, the phenylated butenolide 

intermediate formed in Kang’s chemistry undergoes an isomerization where the α,β-

unsaturated phenylbutenolide is converted to the β,γ-unsaturated phenylbutenolide, 

possibly because the double bond in resonance with the phenyl group is more 

thermodynamically favourable than with the lactone.  Kang and coworkers do not 

isolate the α,β-unsaturated phenyl butenolide, but only the isomerized product. 

 In 2011, MacMillan and Gaunt reported very similar α-arylations of N-

acyloxazolidinones that utilized a chiral copper catalyst.  MacMillan reported an 

enantioselective arylation reaction between a TBS-protected N-acyloxazolidinone 

with an unsymmetric mesityl-aryl iodonium-hexafluorophosphate salt catalysed by 

a copper(I) bisoxazoline complex.  Similarly, Gaunt reported an enantioselective 

arylation reaction between a TMS-protected N-acyloxazolidinone with an 

unsymmetrical mesityl-aryl iodonium-triflate salt catalysed by a copper(II) 

bisoxazoline complex.  Other than the difference in the iodonium counterion and the 

copper (I) vs copper(II) precatalysts, the work developed by Gaunt and MacMillan 



26 
 

are very similar, even using the same PhMe2Bis oxazoline ligand.   They both 

developed arylation reactions of N-acyloxazolidinones that proceed in good yields 

and ee and allow for a broad scope of electron-rich, electron deficient, bicyclic, and 

halogenated aryl groups.  Additionally, both of these works proceeded with broad 

Scheme 1.8 Summary of previous arylation methodology by Kang, MacMillan, and 

Gaunt. 
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tolerance of alkyl substitutions on the N-acyloxazolidinones.  Despite these 

advances, a general method for the formation of arylated lactones under mild 

conditions has not been reported.  It should also be noted that none of the previous 

literature precedent or the work to be described here can accommodate halogenated 

aryl substrates as coupling partners.  Instead, a hypervalent iodonium is important 

to  facilitate the oxidative addition of the metal catalyst.  The previous literature 

precedent and the work to be described here build upon the extensive literature 

Scheme 1.9 General reaction scheme and proposed mechanism for the 

silyloxy furan arylation 
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precedent for the use of hypervalent iodoniums in coupling reactions including work 

by the research groups of Sarah Reisman and Melanie Sanford.48–52 Hypervalent 

iodonium salts are good substitutes for organohalide and organotriflate coupling 

partners because, although they are not as abundant of a feedstock as halide starting 

materials, they can be synthesized readily and undergoes oxidative addition to metal 

complexes much more easily compared to halogen–carbon bonds.  

Given our interest in the synthesis of terpene natural products including 

bioactive lactones, we recognized the potential of a general catalytic arylation 

reaction to synthesizethe furanolactones present in many members of the limonoid 

family and other interesting natural products.3,28,34–36  We therefore sought to 

develop a transition metal-catalysed reaction to access a variety of aryl butenolides 

by coupling silyloxy furans and diaryl iodoniums, allowing for the γ-

functionalization of the lactones (Scheme 1.9).49  One anticipated challenge of this 

chemistry is the potential lability of the newly formed stereocenter that bears a 

mildly acidic hydrogen, similar to related enolate α-arylation reactions.  The use of 

diaryl iodonium salts would allow for very mild conditions while the use of an 

activated silyloxy furan nucleophile would facilitate reactivity in the absence of 

strong base.  With these design parameters in mind, we explored two distinct 

catalytic systems using palladium (0) and a copper (I) complexes for the arylation 

of silyloxy furans to give γ-aryl butenolides as described below. 
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Preliminary exploration efforts began with optimization studies using the TBS 

derivative of silyloxyfuran 1.70a.  We found desilylation of the TBS group to be 

Table 1.1 Optimization of arylation reaction with diphenyliodonium 
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especially facile.  The TBS-silyloxyfuran could not be purified by column 

chromatography due to undesireable protodesilylation back to the butenolide 

starting material, which resulted in a scenario in which the TBS-silyloxyfuran had 

to be synthesized and used immediately without purification.  The extent of the 

degradation of the TBS-silyloxyfuran was extremely limiting to the optimization 

efforts and resulted in low or no product formation.  Fortunately, after switching to 

the more resilient silyl-group in triisopropylsilane (TIPS), optimization efforts 

became more promising. 

Early optimization efforts were carried out using silyloxy furan 1.70a and 

symmetric diphenyliodonium salt 1.77a as model substrates by examining various 

palladium sources, ligands, solvents, additives, iodonium counterions, and 

temperatures (Table 1.1). Initial conditions were adapted from Kang’s singular 

example, using ligand-free Pd(OAc)2 and a mixed solvent system of DME/H2O.44  

Under these conditions, the desired product was produced in only 8% yield (Entry 

1), but a significant increase in reactivity was achieved using PCy3 as a ligand (39%, 

Entry 2).  We evaluated different palladium sources such as Pd2(dba)3 (Entry 3, 6%) 

and Pd(COD)(CH2TMS)2 (6%, not shown).  We evaluated known palladium (0) 

sources as well as palladium (II) sources.  It was observed that some palladium 

catalyst crashed out of solution presumably as palladium (0) nanoparticles, 

indicating that the palladium catalyst suffered from variable stability depending 

upon the ligand and reaction solvent 
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 Unfortunately, neither source effectively catalysed the reaction.  

Additionally, Pd(II) sources such as Buchwald’s 3rd generation precatalysts were 

Table 1.2 Expanded summary of additives evaluated for the optimization of the 

arylation reaction with palladium acetate and diphenyliodonium 
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examined with different ligands but offered no advantage.53  Next, phosphine 

ligands of various electronic and steric parameters were evaluated, including mono- 

and bi-dentate phosphines.  The monophosphine ligands surveyed included 

commonly used Buchwald ligands such as DavePhos (20%, Entry 4), JohnPhos 

(17%) SPhos (20%), and XPhos (15%); however, the best monodentate phosphine 

Table 1.3 Ligand evaluation with mesityl phenyl iodonium 
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ligand was found to be PCy3 (39%, Entry 2).  Among bidentate phosphine ligands, 

dppp (9%, Entry 5) and dppe (21%, Entry 6) did not offer any improvement, but 

dppbz was found to perform slightly better (41%, Entry 7).   

During our early optimization studies, we observed that although there was 

unreacted iodonium in the crude reaction mixture after 16 h, the silyloxyfuran was 

consumed, in large part by undesirable desilylation under the reaction conditions. 

Additionally, palladium nanoparticles were routinely observed to precipitate from 

the reaction mixture. An NMR time study performed by Travis Clay revealed that 

in the presence of water, full degradation of silyl enol ether occurred within 2 h. To 

address this, the solvent system was examined in an effort to exclude water as a co-

solvent (Table 1.1, Entries 8–10). Upon switching to DCM, it was found that the 

silyloxyfuran no longer degraded, the reaction time was dramatically decreased, and 

Scheme 1.10 Synthesis of silyloxyfuran coupling partners 
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the precipitation of palladium was no longer observed.  At this point, more than 60 

additives were evaluated to improve the yield (Entries 11–15, Table 1.1).  It was 

observed that acetate salts generally outperformed most other types of additives, 

including other organic and inorganic bases. These extensive optimization efforts 

led to an 80% yield of butenolide 1.68b using NaOAc (0.8 equiv) and 

diphenyliodonium hexafluorophosphate as the limiting reagent.  In total, 70 

additives were screened in an effort to improve the yield.  While still incomplete, a 

more detailed additive screening table is provided (Table 1.2).  In summary, the best 

conditions developed for this coupling involves 2 equivalents of the silyloxyfuran, 

1 equivalent of the iodonium salt, Pd(OAc)2 (5 mol%), dppbz (5 mol%), NaOAc (0.8 

equiv), stirring under nitrogen in DCM at room temperature for 16 h.     
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With optimized conditions in hand for the symmetric diphenyliodonium salt, we 

investigated the arylation using an unsymmetrical iodonium species to explore the 

generality of this transformation with other aryl groups.50 Using (Ph-I-Mes)PF6, the 

phenyl group was selectively transferred, generating phenyl butenolide 1.68b in 

43%  yield (Table 1.3, Entry 3).  Unfortunately, the yield was significantly lower 

than that in the optimized model system with diphenyliodonium tetrafluoroborate.  

Scheme 1.11 Synthesis of mesityl aryl iodonium salt coupling partners 
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Therefore, reoptimization reaction conditions was warranted.  We evaluated ligands 

that were structurally and electronically similar to dppbz, such as dppe and dppp, 

where the bite angle of the phosphines differ.  Further optimization led to a yield of 

61% with BINAP (Entry 8). Next, in pursuit of enantioselectivity, chiral bidentate 

phosphine ligands including (S)-T-BINAP, (R,R)-Quinox-P, and (S)-PHOX were 

evaluated, however, the observed enantioselectivity was very low (up to 12% ee).    

The ee is likely so low due to the lability of the γ-proton of the arylated butenolide 

product therefore resulting in the erosion of any ee generated from the initial carbon-

carbon bond formation of this reaction.  Indeed, the γ-proton of the arylated 

butenolide could be more labile than predicted due to the γ-proton being benzylic 

and thermodynamic driving forces such as deprotonating forming a tri-substituted 

alkene, forming an aromatic species, and forming a dienolate.  All of these factors 

would render the γ-proton more labile, which could account for why there is such a 

low degree of ee.      
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 With our new optimized conditions in hand, we sought to investigate the 

scope and tolerance of this novel arylation reaction with various silyloxyfurans and 

unsymmetrical diaryl iodonium salts.  Accessing the three isomeric methyl-

Scheme 1.12 Scope of arylation reaction with palladium catalyst system 
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substituted silyloxy furans was accomplished over 1–2 steps (Scheme 1.10).  

Reduction of citraconic anhydride with NaBH4 gave a 3:7 mixture of α-Me and β-

Me butenolides 1.71a and 1.71b, which could be separated.54  Subsequent silylation 

with TIPSOTf provided the desired silyloxy furans in excellent yield.55 The γ-

substituted silyloxy furan 1.70c was accessed directly from commercially available 

α-angelica lactone in 81% yield.  The unsymmetrical diaryliodonium salts were most 

efficiently synthesized by reacting iodomesitylene diacetate with the corresponding 

aryl boronic acid (Scheme 1.11), following the ligand exchange strategy reported by 

Widdowson.56 The use of TFE as the solvent obviates the need for a strong Lewis 

Table 1.4 Optimization of arylation reaction using 

copper catalyst system 
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acid, as recently reported by MacMillan and coworkers, and a variety of aryl boronic 

acids could be employed, including acid- and oxidation-sensitive groups such as 
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furan (1.68a–n).57 A wide range of aryl coupling partners with different 

Scheme 1.13 Scope of arylation reaction with copper catalyst system. 
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counteranions were prepared in moderate to high yields, with the exception of bis-

CF3 derivative 1.68e due to the strong electron-withdrawing effect of the CF3 

groups.  As shown in Scheme 1.12, the palladium-catalyzed arylation of β- and α-

methyl silyloxyfurans 1.68b and 1.68f was efficient using the symmetrical 

diphenyliodonium salt and dppbz as ligand, at yields of 80% and 90%, respectively. 

In contrast, the arylation of γ-methyl 1.70c to generate 1.68k with a fully substituted 

quaternary carbon proceeded in only 13% yield. Using unsymmetrical diaryl 

iodonium salts, a lower 5% yield was obtained.  The arylation of the β-methyl 

silyloxy furan 1.70a proceeded in 45–61% yields for phenyl and bromophenyl 

derivatives, including the hindered o-bromophenyl 1.68c.  Protodebrominations 

were not observed under the mild reaction conditions with the remainder of the mass 

balance attributable to unreacted starting material or protodesilylation.  3-Furylation 

to produce 1.68a occured in only 7% yield due to low conversion, undesired side 

reactions, and rapid degradation of the furylated product.  The arylation of α-methyl 

silyloxy furan 1.70b also suffered from reduced yields with electron-rich and 

electron-deficient aryl groups (25–50% yield). The 3-furyl group was transferred 

with modest efficiency in this case (27%) but isolation was not possible due to 

degradation of the product upon work up.  The reproducibility of the furylation 

experiments was also inconsistent.  Further optimization for mesityl furyl iodonium 

were pursued, including solvent, ligands and counterions, however, improved yields 

or reproducibility were not obtained. Furans are well known to be sensitive to 

oxidation and may be incompatible with oxidizing iodonium salts under these 
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reaction conditions.  The arylation of the γ-methyl silyloxy furan 1.70c (scheme 

1.10) proved difficult as well, providing only low yields of the corresponding 

butenolide products (1.68k,s,t,u, and n), likely due to steric congestion.  Notably, α-

arylated products were not observed in any reactions.  Overall, it was found that 

greater reactivity was observed with the less sterically hindered α- and β-methyl 

silyloxy furans using the palladium catalyst system.  The poor yields with more 

challenging substrates, especially in targeting the synthesis of 3-furyl product 1.68a, 

caused us to re-examine our strategy and look for a more efficient catalyst system.     

In recent years, several innovative arylation methods have been reported using 

Cu(I) and Cu(II) precatalysts with various ligand systems.47,46,58,48,59  Inspired by the 

precedent of Gaunt and MacMillan, we were pleased to find that Cu(OTf)2 

complexed with bisoxazoline ligands could also catalyse the desired arylation 

reaction (Table 1.4).46,47  Using the β-methyl silyloxyfuran (1.70a) and (Ph-I-

Mes)PF6 1.69b as model substrates, the copper catalyst system was optimized with 

respect to solvent, ligand and other parameters. We observed that Cu(OTf)2 and 

PhBox (5 mol%) in DCM at room temperature provided optimal reaction conditions, 

providing an 80% yield, albeit with low enantioselectivity (Entry 2, Table 1.4).  

Other solvents and ligands did not provide any improvement upon these results 

(Entries 3–8).  Although the chiral catalyst does not effect enantioselectivity, we 

wondered whether the copper catalyst could influence reactivity compared to the 
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palladium-catalyzed system.  Therefore, the scope of the arylation was investigated 

using Cu-PhBOX system.   

Interestingly, it was found that with the copper catalyst system, the reactivity 

generally improved for the β-methyl silyloxyfurans 1.70b, as noted by good yields 

of the arylation process using the phenyl iodonium (80%, Table 1.13) as well as the 

m-bromophenyl and p-bromophenyl derivatives (85% and 68% for 1.68o and 1.68d, 

respectively).  This stands in contrast to the palladium catalyst system which showed 

better reactivity of the α-methyl silyloxyfuran 1.70b.  Again, protodebrominations 

were not observed with the copper catalyst system.  Additionally, although the 

reactivity of the γ-methyl silyloxyfuran remained quite poor, it was found that there 

was moderate success using a m-bromophenyl iodonium, which provided product 

1.68t in 46% yield. Overall, copper appears to be generally more effective with the 

Table 1.5 Evaluation of anion effect on reaction 

yield using diphenyliodonium with palladium 

catalyzed system 
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sterically hindered β-methyl-silyloxyfuran partner, and less reactive with the α-

methyl-silyloxyfuran.  Unfortunately, the variable efficiency of these 

transformations did not reveal any notable trends and the low yields obtained with 

furyl iodonium derivatives (7% yield for 1.68n) hampered further development of 

this arylation reaction toward the synthesis of furanolactone natural products.   

 For thoroughness, additional optimization efforts for the general transformation 

included experimenting with different counterions to the hypervalent iodonium salt for 

the palladium catalysed arylation with diphenyliodonium.  These experiments were 

performed early in the optimization efforts (Table 1.5), as it was speculated that the 

choice of counterion could have a profound effect on reactivity, as seen in the related 

work by Gaunt and MacMillan.46,47,59  Hexafluorophosphate  worked as the counterion 

giving a 36% yield at this point in the optimization process, while nitrate and triflate 

Table 1.6 Evaluation of anion effect on reaction 

yield using diphenyliodonium with copper catalyst 

system 
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anions provided similar yields at 34% and 32% respectively.  The use of tetrafluoroborate 

as a counterion resulted in significantly lower 18% yield.  Similar counterion evaluations 

were performed for the copper catalysed arylation with the mesityl-iodophenyl coupling 

partner (Table 1.6).  Again, employing hexafluorophosphate as a counterion to the 

hypervalent iodonium resulted in the best yield at 80%.  However, with the copper 

catalysed system, the counterion of tetrafluoroborate or triflate both resulted in 

significantly diminished yields of 53% and 51% respectively.  Finally, we evaluated 

various ligands for the copper catalysed arylation with diphenyliodonium.  It was found 

that the PhBox ligand gave the best yield at 63%.  iPrBox and tBuBox did not improve 

upon the yield, resulting 55% and 53% yields, respectively.  It is interesting to note that 

the conditions for the copper catalysed reaction in Table 1.7 generate a 53% yield at best 

with diphenyliodonium, but in the optimized conditions the mixed mesitylphenyl 

iodonium is employed and achieves an 80% yield to generate the same product.  It 

Table 1.7 Evaluation of bisoxazoline ligands in 

copper catalyst system. 
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remains unclear as to why the reaction proceeds better for the phenylation with the 

mesitylphenyl iodonium reagent than the diphenyl iodonium reagent.  

1.2 Furylation Optimization  

Although the yields of the arylation reactions were not as high yielding as we 

expected, the most critical problem for the synthesis of fraxinellone was the inability to 

furylate the β-methyl butenolide.  Even in the best scenarios, only trace amounts of the γ-

furylation product (1.68a) formed, which were not enough to proceed with the synthesis 

plan.  Discouragingly, the trace amounts of furylated product could never be isolated and 

the yields remained low despite extensive optimization efforts.  At this point, we could no 

Table 1.8 Evaluation of solvent and counterion for 

furylation reaction with palladium catalyst 
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longer improve the overall reactivity of the arylation reactions, so we focused solely on 

optimizing the furylation reaction, as the furylation was necessary to pursue a synthesis of 

fraxinellone.   

 In our efforts to improve the furylation, we revisited all of the previously optimized 

reaction conditions developed around the phenylations.  We began by re-examining the 

reaction solvent (Table 1.9), screening DCM, DCE, MeCN, and EtOAc.  We were 

cognizant in avoiding alcoholic solvents due to their capacity to desilylate the γ-

silyloxyfuran.  Unfortunately, each solvent screen resulted in similarly low yields with 

DCM providing the best yield at only 5% and DCE, MeCN, and EtOAc all generating  3% 

yields.  Additionally, the trace amounts of product could not be isolated due to rapid 

degradation upon work up and on the silica.  Next, we revaluated the counterion to the 

mesitylfuryliodonium.  The mesitylfuryliodonium was resynthesized with various anions 

including triflate, tetrafluoroborate, and nitrate and then evaluated under the same reaction 

conditions.  Unfortunately, hexafluorophosphate still led to the highest yield of only 5%, 

while triflate, tetrafluoroborate, and nitrate produced < 5% yields.  Tetrafluoroborate’s 4% 

yield was essentially as productive as hexafluorophosphate, but both were still 

underwhelming results.   

 Next, we revaluated the ligand for the palladium catalyst system by screening a 

significant number phosphine ligands with varying degrees of electronic and structural 

characteristics, including varying bite angles for bidentate ligands (Table 1.9).  We 
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evaluated monodentate ligands, including some that had shown some success with similar 

optimization work previously carried out such as tricyclohexylphosphine, but none 

produced encouraging results.  Other monodentate phosphines were evaluated, including 

Table 1.9 Evaluation of ligands for furylation 

reaction with palladium 
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tri(2-furyl)phosphine, tri(o-tolyl)phosphine, DavePhos, tBuDavePhos, 

cyclohexyldiphenylphosphine, JohnPhos, XPhos, RuPhos, BozPhos, and several others, 

none of which were fruitful.  Given the previous success with bidentate dppbz and BINAP 

in promoting the arylation of the β-methyl silyloxfurans, we evaluated bidentate ligands 

with various bite angles and electronic characteristics.  Unfortunately, altering the bite 

angle (e.g., dppm, dppe, dppp, and dppb) did not significantly affect the yield.  Some chiral 

Table 1.10 Evaluation of additives for furylation 

reaction with mesityl furyl iodonium with 

palladium catalyst system 
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bidentate phosphine ligands evaluated include Quinox-P, ®-SEGPhos, DuPhos, (S)-

MeOBIPHEP, and (S)-2-furyl-MeOBIPHEP.   The results of this ligand screen were 

discouraging, as the yield could not be improved and no reactivity trends or patterns could 

be deciphered to guide ligand selection.  A significant effort was devoted to studying ligand 

effects, but we surmise that only a relatively small subset of ligands were investigated 

compared to the abundance of ligands that are commercially available.  Due to practical 

considerations and limitations, and the lack of an obvious reactivity trend, we did not elect 

to pursue further ligand screening.  Therefore, given these results, we proceeded to 

revaluate additives that could help improve the yield.   

We were optimistic that re-evaluating additives could lead to improvement in yield 

because, as discussed previously in the optimization of the phenylation reaction, we found 

that the use of 0.8 equivalents of sodium acetate improved the yield drastically  to 80% 

(from 17% in its absence).  When we revaluated additives (Table 1.1 and 1.2), we focused 

on those that were promising in the phenylation optimization studies.  However, when these 

additives were investigated in the furylation, no product formation was detected by NMR 

analysis.  Of the fourteen additives presented in Table 1.10., only sodium acetate led to 

trace amounts of product formation, while the others were ineffective in promoting the 

desired reactivity.  The discrepancy for why similar conditions that were successful for the 

arylation of the silyloxyfurans essentially were ineffective for the furylation is perplexing.  

We were unable to force the furylation to proceed in appreciable yields.  Although not 

presented here, we also performed degradation studies, where the mesitylphenyl iodonium 
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was subjected to each component of the reaction mixture, separately and in every 

permutation, and then examined for possible degradation.  The degradation studies 

revealed that in fact very minimal degradation, if any, was occurring.  Before concluding 

that the furylation reaction could not be forced under any conditions we could employ, we 

finally switched to a copper catalyst system as our last resort (Table 1.11).  Upon switching 

to a copper catalyst system, we revaluated conditions developed by Gaunt and MacMillan 

for use in the furylation reaction.46,47  We screened copper (I) triflate and copper (II) triflate 

respectively with bisoxazoline ligands iPrBox, tBuBox, and PhBox.  The best yields came 

from using copper(I)OTf-PhBox at 8% and copper(II)OTf-PhBox at 10%.  The furylated 

product could not be isolated, presumably due to oxidative sensitivity.  Realizing that 

furylation is a limitation in this newly developed methodology, we could not rely on this 

Table 1.11 Evaluation of copper catalyst systems 

for furylation reaction 
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coupling reaction to pursue the synthesis of fraxinellone, therefore, a new synthesis route 

was envisioned.   

 In summary, we have developed two transition metal-catalysed arylation 

methodologies to access aryl butenolides using a palladium or copper catalytic 

system, both of which provide selective arylation at the γ-position.  The main 

degradation pathway for the silyloxy furan nucleophile, namely protodesilylation, 

was overcome by the proper selection of reaction solvent and basic additive.  In both 

cases, these reactions occur under mild conditions at ambient temperature and with 

low catalyst loading.  The yields under palladium catalysis are variable with more 

sterically hindered substrates generally leading to lower yields, in part due to 

degradation pathways by hydrolysis of the products and silyloxyfuran starting 

materials.  The palladium and copper catalyssts offer complimentary reactivity 

profiles.  Better yields were observed for the α-methyl silyloxyfuran when using a 

palladium catalyst, while better yields for the β-methyl silylloxyfuran were achieved 

with a copper catalyst.  The arylation reaction outlined here allows for a wide range 

of electronically and sterically varied aromatic groups to be coupled successfully, 

although the yields remain low for many substrates including the 3-furyl coupling 

partner.  The development of this reaction provides access to a variety of aryl 

butenolides that are synthetically interesting due to their incorporation as building 

blocks in natural products and other interesting biologically active molecules.   
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1.3 Diels–Alder Experiments  

 As the development of the key novel coupling reaction was underway, we were 

simultaneously pursuing Diels–Alder experiments in constructing the fused bicyclic core 

structure of fraxinellone (Table 1.12).  We were concerned that this Diels–Alder reaction 

could be problematic because of the electronics of the arylated β-methyl butenolide 

scaffold only containing one electron-deficient carbonyl instead of two and the steric 

hindrance of the methyl group, so we chose to study a more simple model system.  To that 

end, we selected β-methyl phenyl-γ-butenolide 1.68b that was synthesized using our 

coupling methodology.  The diene we employed for these preliminary studies was 

Table 1.12 Lewis acid catalyzed Diels–Alder reaction with 

phenyl butenolide 
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Danishefsky’s diene (1.78), as it is well precedented as a strongly activated diene for Diels–

Alder reactions.60  Additionally, we would be using Lewis-acid catalysed conditions 

inspired by work performed by Jung and coworkers, where Diels–Alder reactions were 

successful in constructing sterically hindered cycloadducts.61–65  The first two entries in 

Table 1.12 show the implementation of Jung’s conditions for sterically hindered Diels—

Alder reactions.  The first entry utilizes a 5:1 mixture of aluminium tribromide and 

trimethylaluminium at 50 mol% catalyst loading at 0 ˚C in DCM, while entry 2 of utilizes 

a 10:1 mixture of aluminium tribromide and trimethylaluminium at 50 mol% catalyst 

loading at 0 ˚C in DCM.  These conditions mimicked exactly Jung’s conditions used for 

seemingly more sterically hindered adducts, but admittedly more electronically favourable.  

Unfortunately, neither set of conditions resulted in any detectable product formation by 

NMR analysis.  It was hypothesized that the lack of reactivity may be due to the 

unfavourable electronics of phenylated butenolide 1.68b in that it was not activated enough 

to proceed, so we experimented with elevated temperatures after switching the reaction 

solvent from DCM to toluene, which has a much higher boiling point.  However, at both 

room temperature and 120 ˚C, no product formation was observed.  
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 Given the lack of reactivity with the β-methylphenyl butenolide (1.68b), we 

hypothesized that the steric hindrance imposed by the phenyl ring may be causing the issue.  

So, in order to test this hypothesis, we attempted the Diels–Alder reaction with the β-

methyl butenolide (1.71a) because it was structurally and electronically similar to our 

desired adduct without the furyl moiety installed (Table 1.13).  We again evaluated the 

same reaction conditions (Table 1.13, entries 1 and 2) with the 5:1 mixture of aluminium 

tribromide and trimethylaluminium at 50 mol% catalyst loading at 0 ˚C in DCM and the 

10:1 mixture of aluminium tribromide and trimethylaluminium at 50 mol% catalyst loading 

at 0 ˚C in DCM .  We also revisited elevated temperatures at room temperature and 120 ˚C 

(Table 1.13, entries 3 and 4).   Unfortunately, even with the reduced steric bulk of the 

phenyl ring, no product formation was observed and only starting material was recovered.   

Surprised by these preliminary results, we speculated that perhaps it was the methyl group 

that was hindering this reaction.  We found this to be peculiar because there are many 

Table 1.13 Lewis acid catalyzed Diels–Alder reactions 

with methyl butenolide 
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successful examples of more complex and more sterically hindered Diels–Alder reactions, 

including work by Jung.      

To follow up on this hypothesis, we attempted to synthesize the des-methyl phenyl 

butenolide 1.84 (Scheme 1.14) in order to attempt the Diels–Alder reaction with a 

butenolide substrate (1.84b) lacking the β-methyl but maintaining the phenyl moiety.  We 

began this sequence by performing a Dakin oxidation on 2-furaldehyde (1.81), by treatment 

with hydrogen peroxide, formic acid, and dimethylaminoalcohol in DCM at room 

temperature for 15 h.  Pleasingly, the Dakin oxidation provided butenolide 1.82 in 70% 

yield.  We then silylated butenolide 1.82 by treatment with triisopropylsilyl 

trifluoromethanesulfonate, and TEA to give the des-methyl silyloxy furan (1.83).  From 

here, we attempted to perform a phenylation reaction using our copper-catalyzed arylation 

reaction to generate nor-methyl phenyl butenolide 1.84.  We employed our best conditions 

Scheme 1.14 Synthesis route for the nor-methyl phenyl butenolide 
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at the time, using mesitylphenyl iodonium hexafluorophosphate catalysed by Pd(OAc)2  

and BINAP and with NaOAc as an additive.  Surprisingly, the phenylation of the 

unsubstituted silyloxy furan 1.83 could not be performed despite being less sterically 

hindered that other substrates we have successfully arylated, suggesting that the methyl 

group is necessary for this phenylation to proceed.  Further attempts to induce reactivity 

were unsuccessful.  We were finding that the underlying electronic characteristics of the 

butenolide scaffold may be more complex and critical for reactivity than we had previously 

surmised. 

 Unable to synthesize the des-methyl phenyl butenolide 1.84, we decided to attempt 

the Diels–Alder with unsubstituted butenolide 1.82 because it was the most simple model 

Table 1.14 Diels–Alder reactions with unsubstituted 

butenolide. 
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system we could conceivably use that would still be a structurally representative system of 

the desired furyl butenolide that we would need to include to pursue fraxinellone.  

Unfortunately, when we subjected the unsubstituted butenolide 1.82 to the same Lewis acid 

catalysed or heat promoted Diels–Alder conditions (Table 1.14), we again saw no product 

formation by NMR analysis.  The lack of reactivity of our butenolide adducts was 

concerning for our initially proposed synthesis route to fraxinellone, however, as these 

were only preliminary results, we had planned to explore harsher conditions in forcing the 

Diels–Alder reaction to proceed, but the insurmountable issues with the furylation reaction 

ultimately forced us to redesign the synthesis route before the Diels–Alder reaction was 

explored any further.     
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1.5 Revised Synthesis Route to Fraxinellone 

 Given the realization that the previous synthesis route to fraxinellone was no longer 

viable because the furylation was unsuccessful, we proposed a new synthesis, presented in 

Scheme 1.15).  Retrosynthetically, we propose to access fraxinellone by disconnecting the 

lactone ring through a palladium catalysed carbonylation-lactonization reaction from enol-

Scheme 1.15 Revised retrosynthetic route to fraxinellone and analogs 
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triflate 1.86.  The enol-triflate (1.86) intermediate could be generated from the deprotection 

of protected alcohol 1.87, which could in turn be accessed from the reduction-triflation of 

α,β-unsaturated ketone 1.88.  We anticipated that protecting group manipulations would 

have to be used in order to mitigate the reactivity of the pseudo-benzylic alcohol.  Thus 

α,β-unsaturated ketone 1.88 could be generated from the protection of alcohol Pseudo-

benzylic alcohol 1.89.  Psuedo-benzylic alcohol 1.89 could be formed from a 

diastereoselective aldol reaction between 3-furaldehyde (1.90) and dimethylcyclohexenone 

(1.91).  Finally, dimethylcyclohexenone 1.91 could be generated from the oxidation of 

dimethylcyclohexanone (1.92).  As with the previous route, we still envisioned being able 

to access valuable analogues and molecular probes that would allow for the elucidation of 

the pathogenesis of neurodegenerative diseases through structure-activity relationship 

Scheme 1.16 Synthesis route of pyroangolensolide by Fernandez—Mateos. 
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studies.  In this revised route, the most facile step to access analogues would be in the aldol 

addition step by incorporating the wide pool of aldehyde substrates that are commercially 

available or easily synthetically accessible.   

This revised synthesis route was inspired by a previous synthesis of (+)-

pyranglolensolide (1.94) by Fernandez–Mateos and coworkers in 1995  (Scheme 1.16).66  

The key step in the Fernandez–Mateos synthesis involves a highly diastereoselective aldol 

reaction providing a single diastereomer.  The diastereoselectivity has been investigated 

thoroughly and it has been hypothesized that the stereoselectivity arises from a non-

bonding repulsion between the cyclohexenic double bond π-orbital and the ring system of 

the aldehyde, when examined in a Zimmerman-Traxler-type transition state.67  We noticed 

structural similarities in the carbon skeletons of fraxinellone (1.43) and (+)-

pyranglolensolide (1.93), where the most significant difference was the 5-membered 

lactone of fraxinllone’s B-ring versus the 6-membered lactone of (+)-pyranglolensolide.  

Therefore, we proposed utilizing the diastereoselective aldol developed by Fernandez–

Scheme 1.17 Williams' enantioselective aldol addition using (–)-DIPCl as 

a chiral Lewis acid. 
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Mateos and coworkers as one of the key steps in our revised synthesis route to access 

fraxinellone. 

 Ultimately, we still maintained our original goal of carrying out an enantioselective 

synthesis of fraxinellone and generating meaningful analogues for structure-activity 

relationship studies.  In order to make this synthesis enantioselective, we proposed here to 

use a chiral Lewis acid in the aldol addition step.  We are confident that this would be 

possible based on an anlogous reaction developed by Williams’ and coworkers in 2012 

(Scheme 1.17).68  In their reaction, also inspired by the seminal work of Fernandez–Mateos 

and co-workers, Williams employs a (–)-diisopinocampheyl chloroborane ((–)-DIP-Cl)) as 

a chiral Lewis-acid to trap the enolate that is formed after deprotonating the α-proton of 

enone 1.95 by KHDMS.  The resulting chiral boron enolate reacts with furaldehyde through 

an aldol addition, which generate an enantioenriched pseudobenzylic alcohol 1.96 in 37% 

yield and 85% ee.  It is interesting to note that the 37% yield reported by Williams’ is much 

lower than the aldol addition reported by Fernandez–Mateos, which gave an 81% yield.  It 

is unclear if the diminished yield attained by Williams is due to the additional steric bulk 

of the tertbutyldimethylsilylether at the α’-position of Williams’ aldol adduct, enone 1.95 

compared to the less sterically demanding methyl group at the α’-position of Fernandez–

Mateos’ aldol adduct in enone 1.91, or if the chiral borane Lewis-acid is actually hindering 

the reaction in terms of yield even though it is imposing an enantioselective bias.  

Regardless, the literature precedented by both Fernandez–Mateos and Williams provided 
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the foundation of work that would influence and inspire this revised synthesis route to 

access fraxinellone enantioselectively.               

1.6 Progress of Revised Synthesis Route to Fraxinellone 

 The revised synthesis route commences with the oxidation of 2,6-

dimethylcyclohexanone (1.92) to generate α,β-unsaturated ketone 1.91 (Scheme 1.18).  

The oxidation proceeds through a radical bromination and then elimination by treatment 

with NBS and AIBN to provide the α,β-unsaturated ketone (1.91) in a satisfying 80% yield.  

This reaction can be performed on a relatively large scale (6g);, however, there are some 

practical limitations to this reaction.  Firstly, the reaction must be set up carefully in regards 

Scheme 1.18 Forward synthesis to fraxinellone through the revised route 
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to the number of equivalents of NBS used because of the susceptibility of the α,β-

unsaturated ketone (1.91) to overoxidation.  The overoxidation of α,β-unsaturated ketone 

1.91 is problematic it represents a thermodynamically favourable pathway that will 

ultimately lead to form 2,6-dimethylphenol.  NMR analysis of the crude reaction mixture 

suggests that even at a loading of only 1.1 equivalents of NBS, there is still some 

overoxidation to the phenolic side-product, which accounts for some of the remainder of 

the mass balance.  Therefore, this reaction could most likely be optimized further by 

lowering the NBS loading to 1 equivalent or 1.05 equivalents to minimize overoxidation.  

Fortunately, the phenolic side-product can be easily removed during the work-up procedure 

by washing the organic layer with 3M NaOH to deprotonate the phenol.  The basic wash 

procedure removes the phenol and allows for relatively straight forward purification by 

silica gel column chromatography.  A second practical limitation to this reaction is that the 

α,β-unsaturated ketone 1.91 will slowly degrade over time even when stored under nitrogen 

in below 0 °C.  This is particularly problematic because the next step in the synthesis, the 

aldol addition, is extremely sensitive to impurities.  We find that the α,β-unsaturated ketone 

1.91 needs to be purified within 24–72 h of being used in the subsequent aldol reaction.  

The degradation pathway of the α,β-unsaturated ketone 1.91 is likely through 

polymerization. 

The next step in the synthesis is the aldol reaction.  Although we eventually intend 

to perform this reaction enantioselectively by incorporating a chiral borane Lewis acid as 

previously discussed, we decided to initially perform the diastereoselective aldol addition 
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in the absence of a chiral Lewis acid to alleviate the optimization efforts of developing an 

enantioselective reaction.  At this point, our primary goal was to rapidly determine if this 

was a viable route to fraxinellone.  If we found that this route did in fact allow us to access 

fraxinellone, we planned on revisiting the enantioselective aldol conditions.  Following this 

logic, α,β-unsaturated ketone 1.91 is subjected to a highly diastereoselective aldol addition 

by treatment with lithium diisopropylamide (LDA) and 3-furaldehyde to give 

pseudobenzylic furyl alcohol 1.89 in 95% yield.  It was found that the aldol reaction was 

extremely sensitive to the degree of purities of the α,β-unsaturated ketone 1.91 and 3-

furaldehyde.  When the reaction was first attempted, the α,β-unsaturated ketone 1.91 was 

still reasonably pure, void of significant degradation, and the 3-furaldehyde was newly 

purchased and also appeared pure by proton NMR analysis;, however, the yield was 

extremely low as it only gave 13% yield of the pseudobenzylic furyl alcohol product (1.89).  

For comparison, the same reaction performed by Fernandez–Mateos in 1995 (Scheme 1.18) 

gave an 81% yield.66  This was a troubling result but fortunately the problem was 

determined to be most attributed to the purity of 3-furaldehyde.  The purity of the α,β-

unsaturated ketone 1.91 played a significant role in the success of the reaction, but 3-

furaldehyde was much more sensitive to degradation and would much more severely 

diminish the reaction efficiency, as is evident by the initial 13% yield.  The aldol addition 

reaction was dramatically improved to 95% yield by purifying a fresh bottle of 3-

furaldehyde by Kugelrohr distillation and then using it in the next reaction immediately.  

Unsurprisingly, the key to attaining consistently high yields from the aldol addition was to 

purify both α,β-unsaturated ketone 1.91 and 3-furaldehyde immediately before using them.  
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Additionally, the LDA was also prepared in-situ which likely improved the yield over the 

use of commercially available LDA, although a head-to-head comparison was not 

performed to evaluate LDA sources.  It was also pleasing to be able to attain good reactivity 

from the aldol addition reaction because this is the step that we intended to perform 

enantioselectively if it is found that this synthesis route is a viable way to access 

fraxinellone. 

 The silylation of pseudobenzylic furyl alcohol 1.89 in the next step by treatment 

with 2,6-lutidine and TBSOTf proceeded smoothly, providing a high yield of 93% of 

siloxy-enone 1.88.  The use of a protecting group was necessary to mask the reactivity of 

the free alcohol during the triflation step that would follow.  However, the choice of 

protecting group was scrutinized when we finally ran into reactivity issues in the following 

attempts to install the vinyl triflate for the key carbonylation reaction.  We had hoped to 

install the vinyl triflate by first treating siloxy enone 1.88 with L-Selectride to achieve a 

1,4-reduction of the α,β-unsaturated ketone by hydride attack at the β-position, which 

forms an enolate in situ that would then be trapped as the vinyl triflate by treatment with 

phenyltriflamide.  However, over the course of optimizing this reaction, we encountered 

highly unusual and unexpected reactivity that required extensive investigation.                     
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 Initial efforts to perform the 1,4-reduction/triflation of siloxy enone 1.87 (Table 

1.15) began with evaluating temperature and hydride sources.  We had originally thought 

that this reaction would proceed more efficiently at low temperatures due to literature 

precedent relating to 1,4-reductions so we began our experimentations at –78 ˚C for the 

reduction as well as the triflation (Table 1.15, entry 1—3).  Unfortunately, we only 

observed the siloxy ketone 1.97, suggesting that the 1,4-reduction was proceeding as 

desired to form the enolate, but the triflation was not occurring and the enolate simply 

protonated to form the corresponding ketone.  Given the lack of reactivity in the triflation 

step, we experimented with increasing temperatures at -40 ˚C, 0 ˚C, 23 ˚C, and 50 ˚C.    

Unfortunately, each temperature condition tested resulted in formation of the siloxy ketone 

1.97 exclusively.  We also tried to use K-Selectride instead of L-Selectride in case the 

Table 1.15 Evaluation of temperatures and hydride sources for the 1,4-

reduction/triflation sequence 
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counterion was important to the reactivity, but still only the silylketone 1.97 was 

synthesized.  We never observed even trace formation of the desired vinyl triflate.   Since 

the 1,4-reduction was proceeding well, indicated by the predominant recovery of the siloxy 

ketone 1.97, we decided to continue optimization of this reaction starting from the 

siloxyketone.  We had hoped that once we were able to find optimal conditions for the 

triflation step, we could revisit the one-pot 1,4-reduction/triflation to eliminate a step in the 

synthesis.  The 1,4-reduction of the siloxyenone (1.88) by treatment with L-Selectride 

generated the corresponding siloxyketone 1.97 in 85% yield, allowing for the generation 

of plenty of material to develop the triflation conditions (Scheme 1.19).     

 We reinitiated our triflating experiments with the siloxy ketone (1.97) by exploring 

different bases and triflating agents (Table 1.16).  In these experiments, we hoped to form 

the enolate by deprotonation of the α-proton and then treatment with a triflating agent to 

trap the enolate as a triflate.  We began by employing the most commonly used triflating 

agents: phenyltriflimide, Comin’s reagents and triflic anhydride.  Unfortunately, none of 

these triflating agents resulted in product formation.   Triflic anhydride was evaluated 

because it was a smaller, highly reactive triflating agent that has been commonly used to 

Scheme 1.19 1,4-reduction of TBS-Ketone 1.88 by L-Selectride 
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synthesize vinyl triflates from ketones, including recent work by Nelson and coworkers.69a  

We also evaluated LiHMDS and NaH as bases to form the enolate, but neither were 

successful.  Next, we experimented with the solvent (Table 1.16), while still using 

phenyltriflimide as the triflating agent.  We evaluated THF, MeCN, dioxane, diethyl ether, 

and toluene, all obtained dry from a solvent dispensary system. Unfortunately, none of the 

solvents evaluated led to product formation.    

Throughout our unsuccessful efforts to install the vinyl triflate, we hypothesized 

that the lack of reactivity was due to the large steric bulk of the TBS protecting group.  

Table 1.16 Evaluation of triflating agents, bases, and solvents for 

the 1,4-reduction/triflation sequence 



70 
 

Additionally, we hypothesized additional steric hindrance from the quaternary carbon at 

the α-position and the methyl group at the α’-position (Table 1.16).   Furthermore, there 

would presumably also be a potassium cation from the KHMDS also coordinated to the 

enolate.  Each of these steric hinderances effectively make for an extremely crowded 

enolate oxygen, such that the triflating agent cannot approach in a reactive fashion.  To this 

effect, we explored the possibility that perhaps we were not able to even deprotonate the 

Figure 1.6 Proposed mechanism for the formation of 

side product from the triflation reactions based on HRMS 

and NMR analysis 
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α-proton due to this steric bulk, and therefore not forming the reactive enolate necessary 

for the triflation.  To experimentally assess whether enolate formation was occurring, we 

performed a deuterium quenching experiment to confirm that we were in fact deprotonating 

the α-position despite the formidable steric bulk of the substrate (Scheme 1.20).  To 

perform the deuterium quenching experiment, we simply treated the siloxyketone 1.97 with 

KHMDS and then quenched the reaction mixture with deuterated methanol.  We observed 

by proton NMR analysis the disappearance of the proton at the α-position, indicating that 

the α-proton in the reaction mixture was deuterated during the quenching process.    

 An interesting observation that was made during the triflation attempts was that 

reactions with KHMDS and phenyltriflimide in DCM, THF, Et2O, or toluene would lead 

to the production of an unknown side-product in varying degrees (Figure 1.6).  Under some 

conditions, this mysterious side-product was predominantly formed.  After fully 

characterizing the side-product by 1D and 2D NMR and HRMS analyses, we tentatively 

assigned the side-product to be macrocyclic lactone 1.98.  This structure is most consistent 

with the spectral data that we have acquired.  This side-product could result from the 

enolate formed in situ reacting with triplet oxygen to form a dioxetane intermediate that 

decomposes to generate a carboxylate and methyl ketone that then lactonize to form a 

Scheme 1.20 Deuterium quenching experiments to explore 

deprotonation of ketone 
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tertiary alkoxide.  The tertiary alkoxide could then be triflated and then eliminated most 

like through an E1 mechanism (carbocation intermediate not shown) to afford the observed 

macrocyclic side-product 1.98.69b    

Given the consistent generation of this undesired macrocyclic lactone 1.98, we 

continued to pursue the triflation while also trying to minimize the production of this side-

product.  Our next idea was to try to render the enolate more reactive so that it may be able 

to overcome the steric bulk all around it and proceed through a productive pathway rather 

than the evidently more favorable lactone 1.98 formation.  To this end, we decided to use 

18-crown-6 as an additive to sequester the potassium cation away from the enolate to 

expose a naked enolate that would in theory be less sterically hindered and therefore more 

Scheme 1.21 Results and proposed mechanism of triflation reaction with 

18-crown-6 as an additive 
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reactive.  This series of experiments generated very interesting and unexpected results that 

are illustrated in Scheme 1.21.  The reactions were set up by treating siloxy ketone 1.97 

with KHMDS at 0 ˚C to form the potassiated enolate, and then adding 18-crown-6, still at 

0 ˚C, to sequester the potassium cation.  Once we had presumably generated the naked 

enolate, we added phenyltrilimide was added.  We were very surprised to see that we had 

cleanly generated α, β-unsaturated ketone 1.88, the very same enone from that we initially 

performed the 1,4-reduction on to generate siloxy ketone 1.97.  This was a perplexing 

result, but it did however give us some hope for this transformation because the plausible 

mechanistic pathway traversed through our desired product.  We proposed that after 

formation of the naked enolate, the addition of phenyltriflimide leads to the formation of 

our desired vinyl triflate 1.87.  Unfortunately, we propose that the viny triflate 1.87 is 

possibly a transient species that is rapidly deprotonated at the β-position to reform the α,β-

unsaturation and reform the ketone and simultaneously ejecting a triflinate anion.  We 

followed up on these unexpected results by experimenting with various temperature 

profiles to try to prevent the elimination of the triflinate anion but all attempts were 

unsuccessful.   

Scheme 1.22 Synthesis of SEM protected ketone starting from furyl alcohol 1.88 
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 Given the intriguing, although undesirable results from triflation attempts with 18-

crown-6 additive, we decided to switch protecting groups from tertbutyldimethylsilyl to a 

[2-(trimethylsilyl)ethoxy]methyl acetal (SEM).  We made this change to a SEM protecting 

group to reduce the steric bulk of the enolate which we hoped would result in better 

reactivity.  Unfortunately, the SEM protection of furyl-alcohol 1.88 did not proceed 

efficiently when treated with DIPEA, SEMCl, and TBAI to generate 40% yield, 

Table 1.17 Triflation optimization reactions with SEM-ketone 1.100 
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unoptimized (Scheme 1.22).  None the less, we proceeded to perform the 1,4-reduction of 

SEM-enone 1.99 with K-Selectride, generating the SEM-ketone in 85% yield.  With the 

SEM-ketone in hand, we proceeded to once again try to effect triflation.  We evaluated the 

triflating agents phenyltriflimide, Comin’s reagent, and triflic anhydride but none resulted 

in product formation.  We also evaluated KHMDS, LiHMDS, and NaH but none resulted 

in product formation, even though we were confident that deprotonation was occurring due 

to our previous deuterium quenching.  We also performed a solvent screen, evaluating THF, 

DCM, MeCN, DCE, and toluene but still no product was observed.  Next, we evaluated a 

wide range of temperatures, including – 72 ˚C, – 40 ˚C, – 20 ˚C, and 0˚C.  Unfortunately, 

varying temperature profiles were ineffective in promoting the desired reaction.  We also 

tried reactions with 18-crown-6 as an additive to sequester the potassium cation to expose 

the naked enolate but still no product formation occurred.  It was generally found that the 

SEM-ketone appeared to be more reactive, and less stable, than its -siloxy ketone 

counterpart because less of the SEM-ketone was recovered at the end of the reaction.  

Despite the increased reactivity of the SEM-ketone, we were surprised that no product was 

formed.  Interestingly, neither the intriguing macrocyclic lactone 1.98 side-product or the 

triflinate anion elimination were observed from any reactions with the SEM-ketone.  The 

macrocyclic lactone 1.98 and the triflinate anion elimination were only fomred from the 

siloxy ketone 1.97.  This suggests that the protecting group strongly influences the 

reactivity of the ketone substrate, although we do not fully understand how apart from the 

steric considerations.     
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1.7 Completion of the Total Synthesis of Fraxinellone 

 Given the discouraging results of our extensive efforts to install the vinyl triflate 

needed for the carbonylation reaction in the final step of the synthesis, we revaluated our 

synthesis route again.  However, this time we considered changing the coupling partners 

of the carbonylation to a vinyl iodide and the alcohol (Scheme 1.23).   The installation of 

vinyl iodides from ketones was developed in 1962 by Barton.70,71  Barton’s work (Scheme 

1.24), referred to as the “Barton vinyl iodide procedure”, transforms a ketone to the vinyl 

iodide in high yield with relatively mild reagents.  Through Barton’s vinyl iodide sequence, 

a ketone is treated with hydrazine to form a hydrazone intermediate, from which treatment 

with iodine results in the synthesis of a new carbon-iodine bond.  The resulting diazonium 

Scheme 1.23 Retrosynthesis of carbonylation 

from vinyl iodide 
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spontaneously ejects to form a carbocation stabilized by the iodine.  Finally, base-promoted 

elimination neutralizes the carbocation to afford the desired vinylic iodide.        

We envisioned Barton’s vinyl iodide procedure could be used to circumvent the 

challenges we have experienced thus far in installing the vinyl triflate.  These final steps of 

the synthesis were completed by Dr. Raeisi, also a member of the Martin lab.  We began 

the sequence by condensing silyloxy ketone 1.97 with hydrazine to give the corresponding 

hydrazone (1.103).  Hydrazone 1.103 was then treated with triethylamine and iodine to 

furnish siloxy vinylic iodide 1.104 in 48% yield (unoptimized).  The TBS group was then 

removed by treatment with TBAF, providing the vinylic iodide with the free alcohol 1.102 
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in near quantitative yield at 98%.  Finally, this set the stage for the last step.  Treatment of 

vinylic iodide 1.102 with 5 mol % palladium dichloride and 10 mol % triphenylphosphine 

in the presence of carbon monoxide and potassium carbonate at 100 ˚C in DMF 

successfully promoted the carbonylative lactonization thereby generating fraxinellone in 

72% yield and completing the total synthesis. 

1.3 Conclusions and Future Directions 

Although we are pleased to have been able to complete the total synthesis of 

fraxinellone, future work will be focused upon revisiting the aldol addition step to achieve 

enantioselectivity so that we can complete an enantioselective synthesis of fraxinellone.  

Additionally, we are interested in synthesizing valuable analogues and probes by varying 

the aldehyde substrate used in the aldol reaction.  The synthesis of a library of analogues 

Scheme 1.25 Implementation of Barton's vinyl iodide synthesis and 

carbonylation to access fraxinellone (completed by Dr. Raeisi) 
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and probes will allow us to perform SAR studies to further elucidate and investigate the 

pathogenesis of neurodegenerative diseases as well as give us the opportunity to 

characterize the mechanism of action of fraxinellone’s neuroprotective activity.   
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1.4 Experimental Section 

General Considerations   

i) Solvents and reagents 

Unless noted below, commercial reagents were purchased from MilliporeSigma, Acros 

Organics, Chem-Impex, Combi-blocks, TCI, and/or Alfa Aesar, and used without 

additional purification. Solvents were purchased from Fisher Scientific, Acros Organics, 

Alfa Aesar, and Sigma Aldrich. Tetrahydrofuran (THF), diethyl ether (Et2O), acetonitrile 

(CH3CN), benzene, methanol (MeOH), and triethylamine (Et3N) were sparged with argon 

and dried by passing through alumina columns using argon in a Glass Contour solvent 

purification system. Dichloromethane (CH2Cl2) was freshly distilled over calcium hydride 

under a N2 atmosphere prior to each use. DMSO and toluene (PhMe) were distilled over 

calcium hydride under a N2 atmosphere, degassed via freeze-pump-thaw (3 cycles), and 

stored over 4 Å molecular sieves in a Schlenk flask under N2. Dimethoxyethane (DME), 

p-xylene, dimethylformamide (DMF), MeLi solution, n-BuLi solution, LiHMDS solution, 

Red-Al® solution, and pyridine were purchased in Sure/Seal, AcroSeal, or ChemSeal 

bottling, and used directly. 1,4-Dioxane was purchased in AcroSeal bottling (99.5%, 

anhydrous, stabilized, over 4 Å molecular sieves) and additionally sparged with N2 prior 

to use. 

ii) Reaction setup, progress monitoring, and product purification 

Unless otherwise noted in the experimental procedures, reactions were carried out in flame 

or oven dried glassware under a positive pressure of N2 in anhydrous solvents using 
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standard Schlenk techniques. Reaction progresses were monitored using thin-layer 

chromatography (TLC) on EMD Silica Gel 60 F254 or Macherey–Nagel SIL HD (60 Å 

mean pore size, 0.75 mL/g specific pore volume, 5–17 μm particle size, with fluorescent 

indicator) silica gel plates. Visualization of the developed plates was performed under UV 

light (254 nm). Purification and isolation of products were performed via silica gel 

chromatography (both column and preparative thin-layer chromatography). Commercial 

reagents were purchased from Sigma Aldrich, Acros Organics, Chem-Impex, TCI, 

Oakwood, and Alfa Aesar, and used without additional purification. Solvents were 

purchased from Fisher Scientific, Acros Organics, Alfa Aesar, and MilliporeSigma. 

Tetrahydrofuran (THF), diethyl ether (Et2O), acetonitrile (MeCN), dichloromethane 

(CH2Cl2), benzene, 1,4-dioxane, and triethylamine (Et3N) were sparged with argon and 

dried by passing through alumina columns using argon in a Glass Contour (Pure Process 

Technology) solvent purification system. Dimethylformamide (DMF), dimethyl sulfoxide 

(DMSO), and dichloroethane (DCE) were purchased in Sure/Seal or AcroSeal bottling and 

additionally sparged with N2 prior to use. 

iii) Analytical instrumentation 

NMR spectral data were obtained using deuterated solvents obtained from Cambridge 

Isotope Laboratories, Inc. or MilliporeSigma. 1H NMR and 13C NMR data were recorded 

on Bruker Avance NEO400 or Bruker Avance 600 MHz spectrometers using CDCl3, 

typically at 20–23 °C.. Chemical shifts (δ) are reported in ppm relative to the residual 

solvent signal (δ 7.26 for 1H NMR, δ 77.16 for 13C NMR in CDCl3). Data for 1H NMR 
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spectroscopy are reported as follows; chemical shift (δ ppm), multiplicity (s = singlet, d = 

doublet, t = triplet, q = quartet, m = multiplet, br = broad, dd = doublet of doublets, dt = 

doublet of triplets), coupling constant (Hz), integration. Data for 13C and 19F NMR 

spectroscopy are reported in terms of chemical shift (δ ppm).  IR spectroscopic data were 

recorded on a NICOLET 6700 FT-IR spectrophotometer using a diamond attenuated total 

reflectance (ATR) accessory. Samples are loaded onto the diamond surface either neat or 

as a solution in organic solvent and the data acquired after the solvent had evaporated.  

High resolution accurate mass spectral data were obtained from the Analytical Chemistry 

Instrumentation Facility at the University of California, Riverside, on an Agilent 6545 Q-

TOF LC/MS instrument (supported by NSF grant CHE-0541848) 
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1.5 Experimental Procedures and Characterization Data 

Synthesis of Butenolides 
 

Preparation of 4-Methyl-2(5H)-furanone (1.71a) and 3-Methyl-2(5H)-furanone 

(1.71b). 

 

 To a flame-dried vial was added citraconic anhydride (10 mL, 110 mmol), THF 

(250 mL), and NaBH4 (5.24 g, 126.4 mmol).  The reaction was stirred at 0 ◦C for 6 h.  The 

reaction mixture was quenched with H2O (30 mL), and then acidified with aqueous 6 M 

HCl.  The reaction mixture was then extracted with Et2O (three times), then the combined 

organic layers were dried over anhydrous Na2SO4, filtered, and concentrated under reduced 

pressure.  The resulting crude yellow oil was purified by flash chromatography (SiO2) 

using 4:1 Et2O/hexanes to afford the desired product as a yellow/green oil (1.62 g, 15%). 

1H NMR (CDCl3, 400 MHz) δ 7.14 (m, 1H), 4.77 (t, J = 2.0 Hz, 2H), 1.94 (m, 3H); 13C 

NMR (CDCl3, 100 MHz) δ 10.6, 70.2, 129.8, 144.6, 174.8.  Spectral data matched literature 

sources.72 
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To a flame-dried vial was added citraconic anhydride (10 mL, 110.0 mmol), THF 

(250 mL), and NaBH4 (5.24 g, 126.4 mmol).  The reaction was stirred at 0 ◦C for 6 h.  The 

reaction mixture was quenched with H2O (30 mL), and then acidified with aqueous 6M 

HCl.  The reaction mixture was then extracted with Et2O (three times), then the combined 

organic layers were dried over anhydrous Na2SO4, filtered, and concentrated under reduced 

pressure.  The resulting crude yellow oil was purified by flash chromatography (SiO2) 

using 4:1 Et2O/hexanes to afford the desired product as a yellow/green oil (7.35 g, 68%).  

1H NMR (CDCl3, 400 MHz) δ 5.86 (s, 1H), 4.72 (s, 2H), 2.14 (s, 3H); 13C NMR (100 MHz, 

CDCl3) δ 174.2, 166.4, 115.9, 73.8, 13.9.  Spectral data matched literature sources.54 

Synthesis of Silyl Enol Ethers  
 

Preparation of 2-(triisopropylsiloxy)-3-methyl-furan (1.70b). 

 

 To a flame-dried round bottom flask was added the α-methyl butenolide (1.5 g, 15.3 

mmol) and DCM (15 mL).  The reaction flask was then cooled to 0 ̊C.  Next, Et3N (6.3 

mL, 45 mmol) and TIPSOTf (4.88 mL, 18 mmol) were added to the reaction flask.  The 

reaction flask was then allowed to warm to room temperature and stirred for 6 h.  The 

reaction mixture was quenched with a saturated aqueous solution of NaHCO3 and extracted 

with EtOAc.  The combined organic layers were washed with brine and then dried over 
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anhydrous Na2SO4.  The organic layers were then filtered and concentrated under reduced 

pressure.  The crude yellow oil was purified by flash chromatography (SiO2) using 1% 

Et3N in 50:1 Et2O/EtOAc to afford the desired product as a yellow oil.  This material was 

further purified by vacuum distillation to yield the desired product as a colorless oil (3.5 g, 

90%).  1H NMR (CDCl3, 400 MHz) δ 6.74 (d, J = 2.03 Hz, 1H), 6.09 (d, J = 2.03 Hz, 1H), 

1.84 (s, 3H), 1.26 (septet, J = 7.12 Hz, 3H), 1.08 (d, J = 7.12 Hz, 18H); 13C NMR (CDCl3, 

100 MHz) δ 153.0, 130.6, 113.7, 91.4, 17., 12.4, 8.3.  Spectral data matched literature 

sources.73   

 

Preparation of 2-(triisopropylsiloxy)-4-methyl-furan (1.70a). 

 

To a flame-dried round bottom flask was added the β-methyl butenolide (1.5 g, 15.3 

mmol) and DCM (15 mL).  The reaction flask was then cooled to 0 ̊C.  Next, Et3N (6.3 

mL, 45 mmol) and TIPSOTf (4.9 mL, 18 mmol) were added to the reaction flask.  The 

reaction flask was then allowed to warm to rt and stirred for 6 h.  The reaction was 

quenched with saturated NaHCO3 solution and extracted with EtOAc.  The combined 

organic layers were washed with brine, dried over anhydrous Na2SO4, filtered, and 

concentrated in vacuo.  The crude yellow oil was purified by flash chromatography (SiO2) 

using 1% Et3N in 50:1 Et2O/EtOAc to afford the desired product as a yellow oil.  This 
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material was further purified by distillation to yield the desired product as a colorless oil 

(3.73 g, 96%).  IR (ATR): 2939, 2867, 1785, 1750, 1630, 1571, 1468, 1394, 1369, 1294, 

1206, 1169 cm-1. 1H NMR (CDCl3, 400 MHz) δ 6.60 (s, 1H), 5.04 (s, 1H), δ 1.96 (s, 3H), 

1.26 (septet, J = 7.1 Hz, 3H), 1.08 (d, J = 7.12 Hz, 18H); 13C NMR (100 MHz, CDCl3) δ 

156.8, 128.2, 121.6, 86.3, 17.8, 12.4, 10.6.  HRMS (ESI): calculated for C14H27O2Si, 

[M+H]+ 255.1775, found 255.1769.  Spectral data matched literature sources.73 

 

Preparation of 2-(triisopropylsiloxy)-5-methyl-furan (1.70c). 

 

To a flame-dried round bottom flask was added angelica lactone (1.5 g, 15.29 mmol) 

and DCM (15 mL).  The reaction flask was then cooled to 0  ̊C.  Next, Et3N (6.3 mL, 45 

mmol) and TIPSOTf (4.9 mL, 18 mmol) were added to the reaction flask.  The reaction 

flask was then allowed to warm to rt and stirred for 6 h.  The reaction was quenched with 

saturated NaHCO3 solution and extracted with EtOAc.  The combined organic layers were 

washed with brine, dried over anhydrous Na2SO4, filtered, and concentrated under reduced 

pressure.  The crude yellow oil was purified by flash chromatography (SiO2) using 1% 

Et3N in 50:1 Et2O/EtOAc to afford the desired product as a yellow oil.  This material was 

further purified by distillation to yield the desired product as a colorless oil (3.15 g, 81%). 
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1H NMR (CDCl3, 400 MHz) δ 5.74 (s, 1H), 4.96 (d, J = 2.7 Hz, 1H), 2.16 (s, 3H) 1.26 (m, 

3H), 1.08 (d, J = 7.1 Hz, 18H); 13C NMR (CDCl3, 100 MHz) δ 155.4, 140.9, 106.1, 83.6, 

17.6, 13.6, 12.3.  Spectral data matched literature sources.55 

 

Synthesis of Iodonium Salts  

General Procedure A: Synthesis of Iodonium Salts 

 To a flame-dried round bottom flask was charged was added the aryl boronic acid 

(1 equiv) and trifluoroethanol (0.22 M).  The reaction flask was cooled to 0 ◦C, then 

iodomesityl was added (1.05 equiv) and then the reaction was allowed to warm to room 

temperature and stirred for 4 h.  The corresponding salts (NH4PF6, NH4BF4, AgOTf, or 

AgNO3) were added as saturated solutions and stirred vigorously for an additional 1 h.  

After 1 h, the reaction mixture was extracted three times with DCM.  The combined organic 

layers were dried over anhydrous Na2SO4, filtered, and concentrated under reduced 

pressure.  If further purification was necessary, trituration in Et2O was performed.  

Procedure adapted from Widdowson et al.74 
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Preparation of mesityl(phenyl)iodonium hexafluorophosphate (1.69b). 

Prepared according to General Procedure A.  Reaction run on 

4.10 mmol (500 mg) scale of the aryl boronic acid, yielding a 

white solid (985.3mg, 51%).  1H NMR (CDCl3, 400 MHz) δ 7.69 

(m, J = 7.6 Hz, 2H), 7.57 (m, J = 7.4 Hz, 1H), 7.44 (m, J = 7.6 Hz, 2H), 7.13 (s, 2H), 2.62 

(s, 6H), 2.36 (s, 3H); 13C NMR (CDCl3, 100 MHz) δ 145.1, 142.9, 133.1, 132.7, 132.3, 

130.7, 118.9, 110.5, 27.2, 21.17.  Spectral data matched literature sources.47 

Preparation of mesityl(phenyl)iodonium tetrafluoroborate (1.69f). 

Prepared according to General Procedure A.  Reaction run on 

2.05 mmol (250 mg) scale of the aryl boronic acid, yielding a 

white solid (538 mg, 64%).  1H NMR (CDCl3, 400 MHz) δ 7.69 

(m, J = 7.6 Hz, 2H), 7.57 (m, J = 7.4 Hz, 1H), 7.44 (m, J = 7.6 Hz, 2H), 7.13 (s, 2H), 2.62 

(s, 6H), 2.36 (s, 3H); 13C NMR (CDCl3, 100 MHz) δ 145.1, 142.9, 133.1, 132.7, 132.3, 

130.7, 118.9, 110.5, 27.2, 21.2.  Spectral data matched literature sources.47 

 

Preparation of mesityl(phenyl)iodonium triflate (1.69g). 

Prepared according to General Procedure A.  Reaction run on 

2.05 mmol (250 mg) scale of the aryl boronic acid, yielding a 

white solid (716 mg, 74%).  1H NMR (CDCl3, 400 MHz) δ 7.69 

(m, J = 7.6 Hz, 2H), 7.57 (m, J = 7.4 Hz, 1H), 7.44 (m, J = 7.6 

Hz, 2H), 7.13 (s, 2H), 2.62 (s, 6H), 2.36 (s, 3H); 13C NMR (CDCl3, 100 MHz) δ 145.1, 
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142.9, 133.1, 132.7, 132.3, 130.7, 118.9, 110.5, 27.9, 21.2. Spectral data matched literature 

sources.47 

Preparation of mesityl(furyl)iodonium hexafluorophosphate (1.69a). 

Prepared according to General Procedure A.  Reaction run on 2.2 

mmol (250mg) scale of the aryl boronic acid, yielding an orange 

solid (845.21mg, 90%).  1H NMR (CDCl3, 400 MHz) δ 7.84 (s, 

1H), 7.49 (s, 1H), 7.06 (s, 2H), 6.53 (s, 1H), 2.67 (s, 6H), 2.32 (s, 3H); 13C NMR (CDCl3, 

100 MHz) δ 148.23, 145.64, 143.93, 141.56, 130.15, 129.22, 127.94, 112.74, 27.07, 

21.03.74  

 

Preparation of mesityl(furyl)iodonium tetrafluoroborate (1.69c). 

Prepared according to General Procedure A.  Reaction run on 2.2 

mmol (250 mg) scale of the aryl boronic acid, yielding an orange 

solid (845 mg, 1.8 mmol, 90%).  1H NMR (CDCl3, 400 MHz) δ 

7.84 (s, 1H), 7.49 (s, 1H), 7.06 (s, 2H), 6.53 (s, 1H), 2.67 (s, 6H), 2.32 (s, 3H); 13C NMR 

(CDCl3, 100 MHz) δ 148.2, 145.6, 143.9, 141.6, 130.2, 129.2, 127.9, 112.7, 27.1, 21.03.74  

 

Preparation of mesityl(furyl)iodonium triflate (1.69e). 

Prepared according to General Procedure A.  Reaction run on 2.2 

mmol (250 mg) scale of the aryl boronic acid, yielding an orange 

solid (957 mg, 94%).  1H NMR (CDCl3, 400 MHz) δ 7.84 (s, 1H), 

7.49 (s, 1H), 7.06 (s, 2H), 6.53 (s, 1H), 2.67 (s, 6H), 2.32 (s, 3H); 13C NMR (CDCl3, 100 

MHz) δ 148.2, 145.6, 143.9, 141.6, 130.2, 129.2, 127.9, 112.7, 27.1, 21.0.74  
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Preparation of mesityl(furyl)iodonium nitrate  (1.69d). 

Prepared according to General Procedure A.  Reaction run on 2.2 

mmol (250 mg) scale of the aryl boronic acid, yielding an orange 

solid (644 mg, 78%).  1H NMR (CDCl3, 400 MHz), δ 7.84 (s, 1H), 

7.49 (s, 1H), 7.06 (s, 2H), 6.53 (s, 1H), 2.67 (s, 6H), 2.32 (s, 3H); 

13C NMR (CDCl3, 100 MHz), δ 148.2, 145.6, 143.9, 141.6, 130.2, 129.2, 127.9, 112.7, 

27.1, 21.0.74  

 Preparation of mesityl(p-tolyl)iodonium hexafluorophosphate  (1.69h). 

Prepared according to General Procedure A.  Reaction run 

on 1.0 mmol (136 mg) scale of the aryl boronic acid, 

yielding a white solid (203 mg, 42%).  1H NMR (CDCl3, 400 

MHz) δ 7.62 (m, J = 8.5 Hz, 2H), 7.27 (m, J = 8.5 Hz, 2H), 7.13 (s, 2H), 2.64 (s, 6H), 2.39 

(s, 3H), 2.36 (s, 3H).  13C NMR (CDCl3, 100 MHz) δ 145.2, 143.8, 142.8, 133.7, 133.6, 

130.87, 119.04, 106.47, 27.24, 21.37, 21.18.  Spectral data matched literature sources.75 

 

 Preparation of mesityl(4-fluorophenyl)iodonium hexafluorophosphate  (1.69i) 

Prepared according to General Procedure A.  Reaction run on 

1.0 mmol (140 mg) scale of the aryl boronic acid, yielding a 

tan solid (367 mg, 79%).  1H NMR (CDCl3, 400 MHz) δ 7.75 

(m, 2H), 7.25 (m, 2H), 7.15 (s, 2H), 2.64 (s, 6H), 2.34 (s, 3H). 13C NMR (100 MHz, CDCl3) 
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δ 164.77 (d, JC-F = 256.4 Hz), 145.1, 142.7, 136.1, 130.8, 120.31, 120.08, 104.35, 27.18, 

21.18.  Spectral data matched literature sources.75 

 Preparation of mesityl(4-methoxyphenyl)iodonium hexafluorophosphate  (1.69j). 

Prepared according to General Procedure A.  Reaction run 

on 1.0 mmol (152 mg) scale of the aryl boronic acid, 

yielding a tan solid (416 mg, 84%).  1H NMR (400 MHz, 

CDCl3) δ 7.69 (m, J = 9.2 Hz, 2H), 7.09 (s, 2H) 6.96 (m, J 

= 9.2 Hz, 2H), 3.80 (s, 3H), 2.63 (s, 6H), 2.32 (s, 3H).  13C NMR (100 MHz, CDCl3) δ 

162.9, 144.9, 142.5, 136.1, 130.7, 127.9, 120.1, 118.5, 55.8, 27.05, 21.05.  Spectral data 

matched literature sources.47 

 

 Preparation of mesityl(3,5-bis(trifluoromethyl)phenyliodonium 

hexafluorophosphate  (1.69k). 

Prepared according to General Procedure A.  Reaction 

run on 3.94 mmol (1.0 g) scale of the aryl boronic acid, 

yielding a white solid (131 mg, 6%).  1H NMR (400 MHz, 

CDCl3) δ 8.19 (s, 2H), 7.94 (s, 1H) 7.10 (s, 2H), 2.60 (s, 6H), 2.34 (s, 3H); 13C NMR (100 

MHz, CDCl3) δ 144.92, 142.97, 134.47 (q, JC-F = 34.7 Hz), 133.2, 130.4, 125.2, 124.6 (d, 

JC-F = 273.7 Hz), 120.0, 112.1, 26.9, 21.1.  Spectral data matched literature sources.76 

 Preparation of mesityl(2-bromophenyl)iodonium hexafluorophosphate  (1.69l). 

Prepared according to General Procedure A.  Reaction run on 

1.25 mmol (250 mg) scale of the aryl boronic acid, yielding a 

white solid (404 mg, 60%).  1H NMR (400 MHz, CDCl3) δ 7.77 
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(m, J = 8.0 Hz, 1H), 7.52 (m, J = 7.3 Hz, 1H), 7.40 (m, J = 7.3 Hz, 1H), 7.24 (s, 2H) 6.93 

(m, J = 8.0 Hz, 1H), 2.60 (s, 6H), 2.42 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 146.2, 143.3, 

134.8, 133.7, 131.6, 131.3, 124.4, 119.8, 114.9, 27.1, 21.3.  Spectral data matched literature 

sources.77 

 Preparation of mesityl(3-bromophenyl)iodonium hexafluorophosphate  (1.69m). 

Prepared according to General Procedure A.  Reaction 

run on 1.25 mmol (250 mg) scale of the aryl boronic acid, 

yielding a white solid (340 mg, 50%).  1H NMR (400 MHz, 

CDCl3) δ 7.73 (m, J = 7.8 Hz, 2H), 7.62 (m, J = 8.4 Hz, 1H), 7.30 (m, J = 8.1 Hz, 1H), 

7.11 (s, 2H), 2.60 (s, 6H), 2.35 (s, 3H).  13C NMR (100 MHz, CDCl3) δ 145.0, 142.9, 135.2, 

134.8, 133.4, 131.9, 130.6, 125.1, 119.4, 111.0, 27.2, 21.2.  Spectral data matched literature 

sources.47 

Preparation of mesityl(4-bromophenyl)iodonium hexafluorophosphate (1.69n). 

Prepared according to General Procedure A.  Reaction 

run on 2.05 mmol (250 mg) scale of the aryl boronic 

acid, yielding a white solid (474 mg, 70%).  1H NMR 

(400 MHz, DMSO-d6) δ 7.86 (m, J = 8.7 Hz, 2H), 7.71 (m, J = 8.7 Hz, 2H), 7.22 (m, 2H), 

2.68 (s, 6H), 2.30 (s, 3H).  13C NMR (100 MHz, DMSO-d6) δ 143.2, 141.6, 136.3, 134.7, 

129.8, 125.8, 122.8, 113.2, 26.3, 20.5.  Spectral data matched literature sources.77 
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Synthesis of Aryl-Butenolides and Spectral Data 

General Procedure B: Synthesis of Aryl-butenolides Using Palladium 

 

 

 To a flame dried vial was added palladium acetate (5 mol %) and 1,2-

bis(diphenylphosphino)benzene (5 mol %), followed by the iodonium salt (1 equiv) and 

sodium acetate (0.8 equiv).  The reaction vial was then evacuated and backfilled with 

nitrogen three times.  Once under a nitrogen atmosphere, DCM (0.052 M) was added, 

followed by the silyloxyfuran (2 equiv).  The reaction was stirred for 16 h at room 

temperature under nitrogen atmosphere.  After 16 h, the reaction mixture was extracted 

three times with diethyl ether.  The combined organic layers were dried over anhydrous 

Na2SO4, filtered, and concentrated under reduced pressure.  The crude product was purified 

by flash chromatography (SiO2) using a 50:50 diethyl ether/hexanes to afford the desired 

product as a colorless or yellow oil.   

General Procedure C: Synthesis of Aryl-butenolides Using Copper 

 To a flame dried vial in a glovebox was added copper(II) triflate (5 mol %) and 

(S,S)-2,2’-isopropylidenebis(4-phenyl-2-oxazoline) (5 mol %).  The vial was then placed 

under a nitrogen atmosphere followed by the addition of DCM (0.05M).  Next, the 
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iodonium (1 equiv) was added to a separate vial and then evacuated and backfilled three 

times with nitrogen before the addition of DCM (1 mL).  The solution containing catalyst 

was then allowed to stir under nitrogen atmosphere for 10 min before being transferred to 

the iodonium solution.  After the catalyst and iodonium solution were combined, the silyl 

enol ether (3 equiv) was added to the reaction vial.  The reaction was allowed to stir at rt 

for 24 h under a nitrogen atmosphere.  The reaction mixture was quenched with saturated 

sodium bicarbonate solution and extracted three times with DCM.  The combined organic 

layers were dried over anhydrous Na2SO4, filtered, and concentrated in vacuo.  The crude 

product was purified by flash chromatography (SiO2) using a 50:50 diethyl ether/hexanes 

to afford the desired product as a colorless or yellow oil.   

 

4-Methyl-5-phenylfuran-2(5H)-one (1.68b). Prepared according to General Procedure B 

using diphenyliodonium hexafluorophosphate with 5 mol % Pd(OAc)2 and 

5 mol % dppbz for 16 h.  Reaction was run on 0.165 mmol (70.3 mg) scale 

of the iodonium salt.  The crude material was purified using silica gel with 

a solvent system of 50:50 hexanes/Et2O to afford 1.68b as a clear oil.  (23 

mg, 80% yield) 

1.68b: Prepared according to General Procedure B using (Mesityl-I-Phenyl)PF6 with 5 mol 

% Pd(OAc)2 and 5 mol % BINAP for 16 h.  Reaction was run on 0.165 mmol (77.2 mg) 

scale of the iodonium salt.  The crude material was purified using silica gel with a solvent 

system of 50:50 hexanes/Et2O to afford 1.68b as a clear oil.  (18 mg, 61% yield) 
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1.68b: Prepared according to General Procedure C using (Mesityl-I-Phenyl)PF6 with 5 mol 

% Cu(OTf)2 and 5 mol % PhBox for 16 h.  Reaction was run on 0.165 mmol (77.2 mg) 

scale of the iodonium salt.  The crude material was purified using silica gel with a solvent 

system of 50:50 hexanes/Et2O to afford 1.68b as a clear oil.  (223 mg, 80% yield) 

1H NMR (400 MHz, CDCl3) δ 7.39 (m, 3H), 7.24 (m, 2H), 5.93 (s, 1H), 5.71 (s, 1H), 1.92 

(s, 3H) 13C NMR (100 MHz, CDCl3) δ 173.5, 168.6, 134.3, 129.5, 129.1, 126.8, 116.4, 

86.6, 14.1.  Spectral data matched literature sources.78 

 

5-(2-Bromophenyl)-4-methylfuran-2(5H)-one (1.68c).  Prepared according to General 

Procedure B using with 5 mol % Pd(OAc)2 and 5 mol % BINAP for 16 s.  

Reaction was run on 0.165 mmol (70 mg) scale of the iodonium salt.  The 

crude material was purified using silica gel with a solvent system of 50:50 

hexanes/Et2O to afford 1.68c as a clear oil.  (19 mg, 46% yield). IR (ATR): 

2355, 1763, 1644, 1460, 1288, 1151, 1025, 968 cm-1. 1H NMR (400 MHz, CDCl3) δ 7.62 

(s, J = 8.0 Hz, 1H), 7.35 (s, J = 7.6 Hz, 1H), 7.25 (m, J = 7.6 Hz, 1H), 7.11 (m, J = 8.0 Hz, 

1H), 6.36 (s, 1H), 5.95 (s, 1H), 2.00 (s, 3H) 13C NMR (100 MHz, CDCl3) δ 173.3, 168.9, 

133.9, 133.3, 130.8, 128.3, 127.6, 123.5, 116.6, 84.6, 14.3.  HRMS (ESI) calculated for 

C11H10BrO2 [M+H]+ 252.9859, found 252.9852.   
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5-(4-Bromophenyl)-4-methylfuran-2(5H)-one (1.68d).  Prepared according to General 

Procedure B using with 5 mol % Pd(OAc)2 and 5 mol % BINAP for 16 h.  

Reaction was run on 0.165 mmol (70 mg) scale of the iodonium salt.  The 

crude material was purified using silica gel with a solvent system of 50:50 

Hexanes/Diethyl Ether to afford 1.68d as a clear oil.  (19 mg, 45 % yield) 

1.68d: Prepared according to General Procedure C with 5 mol % Cu(OTf)2 and 5 mol % 

PhBox for 16 h.  Reaction was run on 0.165 mmol (77 mg) scale.  The crude material was 

purified using silica gel with a solvent system of 50:50 Hexanes/Diethyl Ether to afford 

1.68d as a clear oil.  (28.4 mg, 68 % yield) IR (ATR): 2353, 1746, 1627, 1498, 1278, 1007, 

963 cm-1.  1H NMR (400 MHz, CDCl3) δ 7.53 (m, J = 8.4 Hz, 2H), 7.13 (m, J = 8.4 Hz, 

2H), 5.94 (s, 1H), 5.67 (s, 1H) 1.92 (s, 3H) 13C NMR (100 MHz, CDCl3) δ 173.0, 168.0, 

133.5, 132.4, 128.5, 123.7, 116.7, 85.7, 14.1.  HRMS (ESI) calculated for C12H12O2 [M + 

H]+ 252.9859, found 252.9856.   

 

3-Methyl-5-phenyl-2(5H)-furanone (1.68f). Prepared according to General Procedure B 

using diphenyliodonium-hexafluorophosphate with 5 mol % Pd(OAc)2 and 

5 mol % dppbz for 16 h.  Reaction was run on 0.165 mmol (70.3 mg) scale 

of the iodonium salt.  The crude material was purified using silica gel with 

a solvent system of 50:50 hexanes/Et2O to afford 1.68f as a clear oil.  (26 

mg, 90% yield) 
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1.68f: Prepared according to General Procedure B using (Mesityl-I-Phenyl)PF6 with 5 mol 

% Pd(OAc)2 and 5 mol % dppbz for 16 h.  Reaction was run on 0.165 mmol (77.2 mg) 

scale.  The crude material was purified using silica gel with a solvent system of 50:50 

hexanes/Et2O to afford 1.68f as a clear oil.  (3 mg, 10% yield). 1H NMR (400 MHz, CDCl3) 

δ 7.38 (m, 5H), 7.13 (s, 1H), 5.88 (s, 1H), 2.01 (s, 3H) 13C NMR (100 MHz, CDCl3) δ 

148.4, 129.1, 128.9, 126.5, 82.1, 17.9, 11.9, 10.7.  Spectral data matched literature 

sources.79 

5-(4-Methylphenyl)-3-methylfuran-2(5H)-one (1.68h). Prepared according to General 

Procedure B with 5 mol % Pd(OAc)2 and 5 mol % dppbz for 16 h.  Reaction 

was run on 0.165 mmol (77 mg) scale of the iodonium salt.  The crude 

material was purified using silica gel with a solvent system of 50:50 

hexanes/Et2O to afford 21b as a clear oil.  (16 mg, 0.08 mmol, 50% yield). 

1H NMR (400 MHz, CDCl3) δ 7.16 (m, 4H), 7.11 (m, 1H), 5.85 (m, 1H), 

2.36 (s, 3H), 2.00 (s, 3H) 13C NMR (100 MHz, CDCl3) δ 148.4, 139.1, 137.2, 132.1, 130.6, 

129.6, 126.5, 82.1, 18.2, 13.4.  Spectral data matched literature sources.80 

5-(4-Methoxyphenyl)-3-methylfuran-2(5H)-one (1.68g).  Prepared according to General 

Procedure B with 5 mol % Pd(OAc)2 and 5 mol % dppbz for 16 h.  

Reaction was run on 0.165 mmol (77.2 mg) scale of the iodonium salt.  

The crude material was purified using silica gel with a solvent system of 

50:50 hexanes/Et2O to afford 1.68g as a clear oil.  (8 mg, 25% yield).  
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1H NMR (400 MHz, CDCl3) δ 7.18 (m, J = 8.7 Hz, 2H), 7.10 (s, 1H), 6.92 (m, J = 8.7 Hz, 

2H), 5.83 (s, 1H), 3.82 (s, 3H), 2.01 (s, 3H) 13C NMR (100 MHz, CDCl3) δ 160.3, 148.3, 

129.7, 128.2, 126.9, 114.3, 82.0, 55.4, 29.7, 10.7.  Spectral data matched literature 

sources.81 

 

5-(4-Fluorophenyl)-3-methylfuran-2(5H)-one (1.68i).  Prepared according to General 

Procedure B with 5 mol % Pd(OAc)2 and 5 mol % dppbz for 16 h.  Reaction 

was run on 0.165 mmol (77 mg) scale of the iodonium salt.  The crude 

material was purified using silica gel with a solvent system of 50:50 

hexanes/Et2O to afford 1.68i as a clear oil.  (10.7 mg, 34% yield) 

1H NMR (400 MHz, CDCl3) δ 7.24 (s, 1H), 7.11 (m, 4H), 5.86 (s, 1H), 2.01 (s, 3H) 13C 

NMR (100 MHz, CDCl3) δ 148.1, 130.0, 128.5, 116.2, 115.9, 81.5, 29.8, 20.3, 10.7.  

Spectral data matched literature sources.79 

5-Methyl-5-phenylfuran-2(5H)-one (1.68k). Prepared according to General Procedure B 

using diphenyliodonium hexafluorophosphate with 5 mol % Pd(OAc)2 and 5 

mol % dppbz for 16 h.  Reaction was run on 0.165 mmol (70.3 mg) scale of the 

iodonium salt.  The crude material was purified using silica gel with a solvent 

system of 50:50 hexanes/Et2O to afford 1.68k as a clear oil.  (4 mg, 13% yield) 

1.68k: Prepared according to General Procedure B using (Mesityl-I-Phenyl)PF6  with 5 

mol % Pd(OAc)2 and 5 mol % dppbz for 16 h.  Reaction was run on 0.165 mmol (77.2 mg) 
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scale.  The crude material was purified using silica gel with a solvent system of 50:50 

hexanes/Et2O to afford 1.68k as a clear oil.  (1.4 mg, 5% yield) 

1.68k: Prepared according to General Procedure C using (Mesityl-I-Phenyl)PF6  with 5 

mol % Cu(OTf)2 and 5 mol % PhBox for 16 h.  Reaction was run on 0.165 mmol (77.2 

mg) scale of the iodonium salt.  The crude material was purified using silica gel with a 

solvent system of 50:50 Hexanes/Diethyl Ether to afford 1.68k as a clear oil.  (4 mg, 13% 

yield) 

1H NMR (400 MHz, CDCl3) δ 7.65 (d, J = 5.6 Hz, 1H), 7.63 (m, 2H), 7.50 (m, 1H), 7.40 

(m, 2H), 6.08 (d, J = 5.6 Hz, 1H), 1.84 (s, 3H) 13C NMR (100 MHz, CDCl3) δ 172.4, 160.4, 

139.2, 128.9, 128.4, 124.8, 119.4, 88.9, 26.4.  Spectral data matched literature sources.76    

5-(4-Methylphenyl)-4-methylfuran-2(5H)-one (1.68p).  Prepared according to General 

Procedure C with 5 mol % Cu(OTf)2 and 5 mol % iPrBox for 16 h.  

Reaction was run on 0.165 mmol (77.2 mg) scale of the iodonium salt.  The 

crude material was purified using silica gel with a solvent system of 50:50 

Hexanes/Diethyl Ether to afford 1.68p as a clear oil.  (16 mg, 51 % yield).  

IR (ATR): 2365, 1758, 1641, 1460, 1289, 1021, 965 cm-1.  1H NMR (400 

MHz, CDCl3) δ 7.20 (m, J = 8.0 Hz, 2H), 7.13 (m, J = 8.4 Hz, 2H), 5.93 (s, 1H), 5.68 (s, 

1H), 3.12 (s, 3H), 1.91 (s, 3H) 13C NMR (100 MHz, CDCl3) δ 173.4, 168.5, 139.5, 131.3, 

129.7, 126.8, 116.3, 86.5, 21.3, 14.1.  HRMS (ESI) calculated for C12H12O2 [M + H]+ 

189.0910, found 189.0899.   
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5-(3-Bromophenyl)-4-methylfuran-2(5H)-one (1.68o). Prepared according to General 

Procedure B using with 5 mol % Pd(OAc)2 and 5 mol % dppbz for 16 h.  

Reaction was run on 0.165 mmol (700 mg) scale of the iodonium salt.  The 

crude material was purified using silica gel with a solvent system of 50:50 

hexanes/Et2O to afford 1.68o as a clear oil.  (15 mg, 35% yield) 

1.68o: Prepared according to General Procedure C with 5 mol % Cu(OTf)2 and 5 mol % 

PhBox for 16 h.  Reaction was run on 0.165 mmol (77 mg) scale.  The crude material was 

purified using silica gel with a solvent system of 50:50 hexanes/Et2O to afford 1.68o as a 

clear oil.  (35 mg, 85% yield) 

IR (ATR): 2349, 1745, 1629, 1498, 1277, 1007, 961 cm-1.  1H NMR (400 MHz, CDCl3) δ 

7.56 (s, J = 8.0 Hz, 2H), 7.43 (s, J = 7.8 Hz, 1H), 7.34 (m, J = 8.0 Hz, 1H), 7.24 (m, 1H), 

6.00 (s, 1H), 5.71 (s, 1H), 1.98 (s, 3H) 13C NMR (100 MHz, CDCl3) δ 172.9, 167.9, 136.7, 

132.7, 130.7, 129.8, 125.5, 123.2, 116.7, 85.5, 14.1.  HRMS (ESI) calculated for 

C11H10BrO2 [M + H]+ 252.9859, found 252.9858.   

5-(3-Bromophenyl)-3-methylfuran-2(5H)-one (1.68q) Prepared according to General 

Procedure C with 5 mol % Cu(OTf)2 and 5 mol % PhBox for 16 h.  

Reaction was run on 0.165 mmol (77.2 mg) scale of the iodonium salt.  

The crude material was purified using silica gel with a solvent system 

of 50:50 Hexanes/Diethyl Ether to afford 1.68q as a clear oil.  (9 mg, 

21% yield).  1H NMR (400 MHz, CDCl3) δ 7.49 (m, J = 7.9 Hz, 1H), 7.42 (s, 1H), 7.23 

(m, J = 7.9 Hz, 2H), 7.11 (s, 1H), 5.84 (s, 1H), 2.01 (s, 3H) 13C NMR (100 MHz, CDCl3) 
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δ 173.8, 147.7, 137.5, 132.2, 130.5, 130.0, 129.4, 125.0, 81.1, 29.7, 10.7.  Spectral data 

matched literature sources.83 

5-(4-Bromophenyl)-3-methylfuran-2(5H)-one (1.68r). Prepared according to General 

Procedure C with 5 mol % Cu(OTf)2 and 5 mol % PhBox for 16 h.  Reaction 

was run on 0.165 mmol (77 mg) scale of the iodonium salt.  The crude 

material was purified using silica gel with a solvent system of 50:50 

Hexanes/Diethyl Ether to afford 1.68r as a clear oil.  (8 mg, 0.03 mmol, 

20% yield).  1H NMR (400 MHz, CDCl3) δ 7.52 (m, J = 8.4 Hz, 2H), 7.16 (m, J = 8.4 Hz, 

2H), 7.10 (s, 1H), 5.83 (s, 1H), 2.01 (s, 3H) 13C NMR (100 MHz, CDCl3) δ 147.8, 132.2, 

128.1, 81.3, 29.7, 10.7.  Spectral data matched literature sources.81 

5-Methyl-5-(3-bromophenylfuran-2(5H)-one (1.68t). Prepared according to General 

Procedure C with 5 mol % Cu(OTf)2 and 5 mol % PhBox for 16 h.  Reaction 

was run on 0.165 mmol (77.2 mg) scale of the iodonium salt.  The crude 

material was purified using silica gel with a solvent system of 50:50 

hexanes/Et2O to afford 1.68t as a clear oil.  (19 mg, 46% yield).  IR (ATR): 

3090-3069, 2989, 2406, 1743, 1608, 1505, 1461, 1120, 969, 451 cm-1.  1H 

NMR (400 MHz, CDCl3) δ 7.62 (d, J = 5.6 Hz, 1H), 7.35 (m, 1H), 7.25 (m, 1H), 7.11 (m, 

1H), 6.08 (d, J = 5.6 Hz, 1H), 1.82 (s, 3H) 13C NMR (100 MHz, CDCl3) δ 173.3, 168.9, 

133.9, 133.3, 130.8, 128.3, 127.6, 123.5, 116.6, 84.6, 14.3.  HRMS (ESI) calculated for 

C11H10BrO2 [M + H]+ 252.9859,  found 252.9852.   
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Synthesis of 2,6-dimethylcyclohex-2enone (1.91) 

 

2,6-dimethylcyclohex-2-enone (1.91). To a round-bottomed flask was added 2,6-

dimethylcyclohexanone (5.0 g, 40 mmol, 1 equiv) and DCE (32.5 mL).  The reaction 

mixture was heated to reflux at 84˚C, then NBS (7.76 g, 43.9 mmol, 1.1 equiv) and AIBN 

(2.80 g, 0.43 equiv) were added.  The reaction was stirred at reflux for 24 h.  After 24 h, 

the reaction was allowed to cool to rt and then diluted with Et2O (15 mL).  The organic 

layer was washed with a saturated solution of metabisulfite, a saturated solution of sodium 

bicarbonate, and a saturated solution of brine.  The combined organic layer was dried over 

sodium sulfate and filtered and then concentrated in vacuo.  The crude mixture was purified 

by silica gel flash chromatography eluting with a gradient of 98:2 hexanes/EtOAc to 9:1 

hexanes/EtOAc to provide 2,6-dimethylcyclohex-2-enone 1.91 (3.93 g, 80%) as a viscous 

colorless oil. 

1H NMR (CDCl3) δ: 6.58 (m, 1 H), 2.34-2.20 (m, 3 H), 1.99 (dddd, J = 9.1, 5.7, 4.8, 1.1 

Hz, 1H), 1.73-1.70 (m, 3H), 1.70-1.63 (m, 1 H), 1.09 (d, J = 6.8 Hz, 3H); 13C NMR (100 

MHz, CDCl3) δ: 202.2, 144.4, 134.7, 41.4, 31.1, 25.1, 15.9, 15.0.  Spectral data matched 

literature sources.84 
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 Preparation of (S)-6-((S)-furan-3-yl(hydroxy)methyl)-2,6-dimethylcyclohex-2-enone 

(1.89) 

 

(S)-6-((S)-furan-3-yl(hydroxy)methyl)-2,6-dimethylcyclohex-2-enone (1.89).  To a 

round-bottomed flask was added diisopropylamine (122 μL, 0.88 mmol, 1.1 equiv) and 

THF (3.0 mL).  The reaction mixture was cooled to 0 ̊ C, then nBuLi (0.55 mL, 0.80 mmol, 

1.0 equiv) was added dropwise.  The reaction mixture was then stirred for 15 min at 0 ˚C.  

After 15 min, the reaction mixture was cooled to – 78 ˚C, then 2,6-dimethylcyclohex-2-

enone 1.91 (100 mg, 0.80 mmol, 1 equiv) was added dropwise as a solution in THF (3.0 

mL).  The reaction mixture was then stirred at – 78 ˚C for 25 min.  After 25 min, 3-

furaldehyde (83 μL, 0.88 mmol, 1.1 equiv) was added rapidly.  The reaction was allowed 

to stir at – 78 ˚C for 20 min and then allowed to slowly warm to rt over 60 min.  After 

warming to rt, the reaction mixture was extracted with Et2O (3 x 5mL) and the combined 

organic layers were washed with a saturated solution of brine.  The combined organic 

layers were dried over sodium sulfate, filtered, and then concentrated under reduced 

pressure.  The crude mixture was purified by silica gel flash chromatography eluting with 

9:1 hexanes/Et2O to provide (S)-6-((S)-furan-3-yl(hydroxy)methyl)-2,6-

dimethylcyclohex-2-enone 1.89 (166 mg, 95%) as a viscous colorless oil. 
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1H NMR (CDCI3) δ: 7.33 (s, 1H), 7.35 (t, J = 1.6 Hz, 1H), 6.70 (s, 1H), 6.36 (s, 1H), 4.89 

(s, 1H), 4.55 (d, J = 1.7 Hz, 1H), 2.40–2.32 (m, 1H), 2.28–2.25 (m, 1H), 1.78 (s, 3H), 1.73 

(tdd, J = 10.7, 5.4, 2.2 Hz, 1H), 1.52–1.48 (m, 1H), 1.17 (s, 3H); 13C NMR (CDCl3) δ 

207.3, 145.7, 142.5, 140.7, 134.0, 124.1, 110.3, 71.7, 47.5, 31.5, 22.7, 16.3, 14.7.  Spectral 

data matched literature sources.66,85 

 

Preparation of (S)-6-((S)-((tert-butyldimethylsilyl)oxy)(furan-3-yl)methyl)-2,6-

dimethylcyclohex-1-en-1-yl trifluoromethanesulfonate (1.88) 

 

(S)-6-((S)-((tert-butyldimethylsilyl)oxy)(furan-3-yl)methyl)-2,6-dimethylcyclohex-1-

en-1-yl trifluoromethanesulfonate (1.88). To a round-bottomed flask was added (S)-6-

((S)-furan-3-yl(hydroxy)methyl)-2,6-dimethylcyclohex-2-enone 1.89 (580 mg, 2.56 

mmol, 1 equiv) and DCM (61 mL).  The reaction mixture was then cooled to 0 ˚C, then 

2,6-lutidine (1.11 mL, 7.64 mmol, 3 equiv) was added and allowed to stir for 15 min.  After 

15 min, TBSOTF (1.6 mL, 5.2 mmol, 2 equiv) was added to the reaction mixture dropwise 

and then allowed to warm to rt and stir for 16 h.  After 16 h, the reaction mixture was 

quenched with an aqueous solution of NaHCO3 and then extracted with Et2O (3 x 10 mL).  

The combined organic layers were washed with brine, dried over sodium sulfate, filtered 

and then concentrated in under reduced pressure.  The crude mixture was purified by silica 
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gel flash chromatography eluting with 9:1 hexanes/EtOAc to provide (S)-6-((S)-((tert-

butyldimethylsilyl)oxy)(furan-3-yl)methyl)-2,6-dimethylcyclohex-1-en-1-yl 

trifluoromethanesulfonate 1.88 (792.3 mg, 93%) as a viscous colorless oil. IR (ATR): 3492, 

2962, 2927, 1641, 1360, 1271, 1199, 1027, 608 cm-1.   1H NMR (CDCI3) δ: 7.35 (1H, s), 

7.27 (1H, s), 6.59 (1H, br s), 6.28 (1H, s), 5.22 (1H, s), 2.27 (2H, br m), 1.82 (2H, m), 1.71 

(3H, s), 0.91 (9H, s), 0.04 (3H, s), -0.19(3H, s).  13C NMR (100 MHz, CDCl3) δ: 202.90, 

143.91, 141.73, 140.32, 134.5, 126.7, 110.8, 71.2, 50.7, 27.5, 3.9, 22.5, 20.0, 18.2, 16.3, -

4.6, -5.2.  HRMS (ESI) calculated for C19H31O3Si [M + H]+ 335.1964,  found 335.1965.  

 

 

 Preparation of (2S)-2-((S)-furan-3-yl((2-(trimethylsilyl)ethoxy)methoxy)methyl)-2,6-

dimethylcyclohexanone (1.99) 

(2S)-2-((S)-furan-3-yl((2-(trimethylsilyl)ethoxy)methoxy)methyl)-2,6-

dimethylcyclohexanone (1.99).  To a round-bottomed flask was added (S)-6-((S)-furan-3-

yl(hydroxy)methyl)-2,6-dimethylcyclohex-2-enone 1.88 (300 mg, 1.36 mmol, 1 equiv) and 

DCM (40.0 mL).  The reaction mixture was then cooled to 0 ˚C, then diispropylamine (1.6 

mL, 9.1 mmol, 5 equiv) was added and allowed to stir for 15 min.  After 15 min, SEMCl 
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(651 μL, 3.62 mmol, 2 equiv) and TBAI (740 mg, 2.0 mmol, 1.1 equiv) were added to the 

reaction mixture then allowed to warm to rt and stir for 16 h.  After 16 h, the reaction was 

diluted with Et2O (10 mL) and then the organic layer was washed with brine.  The 

combined organic layers were dried over sodium sulfate, filtered and then concentrated in 

under reduced pressure.  The crude mixture was purified by silica gel flash chromatography 

eluting with 9:1 hexanes/EtOAc to provide (2S)-2-((S)-furan-3-yl((2-

(trimethylsilyl)ethoxy)methoxy)methyl)-2,6-dimethylcyclohexanone 1.99 (190 mg, 40%) 

as a viscous colorless oil. 1H NMR (CDCI3) δ: 7.33 (1H, s), 7.30 (1H, s), 6.60 (1H, br s), 

6.31 (1H, s), 5.15 (1H, s), 4.58 (2H, s), 3.65 (2H, m), 2.30 (2H, s), 1.84 (2H, m), 1.74 (3H, 

s), 1.22 (3H, s), 0.96 (2H, m), 0.00 (12H, s).  HRMS (ESI) calculated for C19H31O4Si [M 

+ H]+ 351.1913,  found 351.1912.   

Preparation of (2S)-2-((S)-((tert-butyldimethylsilyl)oxy)(furan-3-yl)methyl)-2,6-

dimethylcyclohexanone (1.97) 

 

(2S)-2-((S)-((tert-butyldimethylsilyl)oxy)(furan-3-yl)methyl)-2,6-

dimethylcyclohexanone (1.97). 
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To a round-bottomed flask was added enone 1.88, (100 mg, 0.3 mmol, 1 equiv) and Et2O 

(15 mL).  The reaction mixture was then cooled to –78 ˚C before adding K-Selectride 

(320.6 μL, 0.32 mmol, 1.05 equiv).  The reaction mixture was allowed to warm to – 40 ˚C 

and allowed to stir for 7 h.  After 7 h, the reaction mixture was allowed to warm to room 

temperature.  The reaction was quenched with MeOH (250.0 μL).  The aqueous layer was 

extracted with Et2O (3 x 5 mL) and the combined organic layers were washed with brine 

and dried over sodium sulfate, filtered and then concentrated under reduced pressure.  The 

crude mixture was purified by silica gel flash chromatography eluting with 9:1 

hexanes/Et2O to provide (2S)-2-((S)-((tert-butyldimethylsilyl)oxy)(furan-3-yl)methyl)-

2,6-dimethylcyclohexanone 1.88, (101 mg, 85%) as a viscous colorless oil.   

IR (ATR): 2959, 2923, 1641, 1361, 1268, 1203, 1028, 603 cm-1.  NMR 1H (CDCI3) δ: 7.27 

(1H, s), 7.23 (1H, s), 6.31 (1H, s), 5.16 (1H, s), 2.53 (1H, m), 1.90(1H, m), 1.68 (5H, m), 

1.29 (3H, s), 0.96 (3H, d J = 6.5 Hz), 0.89 (9H, s), 0.06 (3H, s), -0.14 (3H, s).  13C NMR 

(100 MHz, CDCl3) δ: 216.2, 141.7, 140.9, 127.3, 111.3, 71.3, 54.3, 41.6, 35.2, 32.4, 26.0, 

22.2, 21.0, 18.3, 15.1, -4.5, -5.0.  HRMS (ESI) calculated for C19H33O3Si [M + H]+ 

337.2121,  found 337.2124.     
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 Preparation of (2S)-2-((S)-furan-3-yl((2-(trimethylsilyl)ethoxy)methoxy)methyl)-2,6-

dimethylcyclohexanone (1.100) 

 

(2S)-2-((S)-furan-3-yl((2-(trimethylsilyl)ethoxy)methoxy)methyl)-2,6-

dimethylcyclohexanone (1.100).  

To a round-bottomed flask was added enone 1.99 (315 mg, 0.898 mmol, 1 equiv) and Et2O 

(30 mL).  The reaction mixture was then cooled to –78 ˚C before adding K-Selectride 

(0.943 mmol, 1.05 equiv).  The reaction mixture was allowed to warm to –40 ˚C and 

allowed to stir for 7 h.  After 7 h, the reaction mixture was allowed to warm to room 

temperature.  The reaction was quenched with MeOH (250.0 μL).  The aqueous layer was 

extracted with Et2O (3 x 5 mL) and the combined organic layers were washed with brine 

and dried over sodium sulfate, filtered and then concentrated under reduced pressure.  The 

crude mixture was purified by silica gel flash chromatography eluting with 9:1 

hexanes/Et2O to provide (2S)-2-((S)-furan-3-yl((2-

(trimethylsilyl)ethoxy)methoxy)methyl)-2,6-dimethylcyclohexanone 1.100, (260 mg, 

83%) as a viscous colorless oil.  1H NMR (CDCI3) δ: 7.41 (2H, s), 6.35 (1H, s), 5.34 (1H, 

s), 4.49 (2H, q), 3.62 (2H, m), 2.90 (1H, m), 2.25 (2H, m), 1.7-1.3 (4H, m), 1.05 (3H, d, J 

= 6.5 Hz), 1.00 (3H, s), 0.95 (2H, m). 
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1.6 NMR Spectra 
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Chapter 2—Total Synthesis of Annotinolides A and B 

2.1 Introduction 

Background and Biological Activity  

 Lycopodium alkaloids are a class of structurally-diverse natural products 

consisting of over 200 compounds isolated from 54 plant species.1,2 Lycopodium alkaloids 

can generally be described as quinolizine-type alkaloids.  The first Lycopodium alkaloid 

isolated was lycopodine (Figure 2.1), isolated from Lycopodium complanatum in 1881 by 

Bodecker.3  However, it was not until later in 1938 that Achmatowicz reisolated and 

determined its molecular formula.  Since then, a greater understanding of the Lycopodium 

family’s organization and biological activity has been advanced.1  The Lycopodium 

alkaloids can be organized into four structural subclasses: the lycopodines, lycodines, 

fawcettimines, and a miscellaneous group.  The miscellaneous group commonly features a 

tricyclic backbone and lacks a carboncarbon bond that establishes the B-ring of the more 

complex subclasses.  Examples of each subclass are lycopodine, lycodine, fawcettimine, 

and phlegmarine, respectively (Figure 2.1).  These Lycopodium alkaloids have attracted 

great interest from medicinal and synthetic chemists due to their potentially therapeutic 

biological activity, as well as their unique, complex structures.1  

Figure 2.1 Representative members of each subclass of the lycopodium 

alkaloid family 
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 During the mid-1980’s, interest in Lycopodium alkaloids intensified as it was found that 

some members of this natural product family possess potent acetylcholinesterase (AChE) 

inhibition activity.  This is significant because acetylcholinesterase is suggested to play a 

key role in the pathogenesis of Alzheimer’s disease (AD), a devastating neurodegenerative 

disease that affects over 44 million people worldwide.4,5  One of the most common markers 

of AD in the brain is characterized by a deficiency in AChE, as well as the aggregation of 

β-amyloid plaques and tau protein tangles.  An observed deficiency of AChE has been 

linked to a decline in cognitive function, although the exact etiology is still unknown, as 

the broader pathogensis of AD eludes scientist to this day.6  Cholinesterases are a 

ubiquitous class of serine hydrolases that function to hydrolyze choline esters.  AChE 

rapidly hydrolyzes acetylcholine in the cholinergic synapses.7  Of all the Lycopodium 

alkaloids evaluated, it was discovered that huperzine A (HupA) was the most potent.8–10  

HupA was first isolated from the Chinese herb Qian Ceng Ta by Liu and co-workers 

(Figure 2.2).11,12  One major challenge for treating neurological diseases in the central 

nervous system (CNS) arises from the difficulty in the therapeutics penetrating the blood-

brain-barrier to access the brain, which is necessary for carrying out their medicinal effect.  

Interestingly, it has been demonstrated that HupA is able to penetrate the blood-brain-

barrier more efficiently, with better bioavailability and longer inhibition of 

acetylcholinesterase than several FDA approved Alzheimer’s disease therapeutics, 

Figure 2.2 Structure of huperzine 

A 
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including galantamine, tacrine, rivastigmine, or donepezil (Figure 2.3).8,9,13  Additionally, 

HupA was able to reverse or attenuate cognitive deficits in a wide range of animal models.10  

Due to HupA’s potent anti-acetylcholinesterase activity and selectivity, HupA was used in 

studies to determine structure-activity-relationships (SAR).11,12  Furthermore, many 

research groups used HupA as inspiration for derivatives and analogs with the ultimate 

goal of improving potency and selectivity.14    

In 1991, Mckinney and coworkers published a pivotal study on the 

stereoselectivities of the inhibition of rat cortical AChE by the two enantiomers of HupA.14  

It was ultimately discovered that (–)-HupA was more potent than its enantiomer (+)-HupA.  

(–)-HupA exhibited a Ki of 8 nM while (+)-HupA exhibited a Ki of 300 nM, making (–)-

HupA 38 times more potent as an inhibitor.  Interestingly, racemic samples of huperzine 

Figure 2.3 Currently approved Alzheimer's or dementia 

drugs 
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were only two times less potent than (–)-HupA.  It was not until 1997 that Kozikowski and 

coworkers published their structural biology research using X-ray crystallography and 

computational modelling where they described the mechanism of action of HupA.13–15  

Kozikowski and coworkers found that HupA inhibits acetylcholinesterase by directly 

binding to the unoccupied active site of the enzyme and therefore preventing the natural 

substrate to access the active site.  They went on to further hypothesize that the three-

carbon, alkene-containing bridge is the pharmacophore, the structural part of the molecule 

responsible for the biological activity.  When they examined the binding motif of (–)-Hup 

A to acetylcholinesterase through X-ray crystallography, they found that the three-carbon 

bridge of (–)-HupA was inserted into the hydrophobic area of the enzyme, where it was 

surrounded by aromatic amino acid residues.15  It has also been shown that the amine also 

experiences multipoint hydrogen bonding interactions.16  Further studies by Tang and 

Figure 2.4 Huperzine A binding to acetylcholinesterase 
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coworkers on the inhibitory effects of the enantiomers of HupA in vivo and in vitro in rat 

brain model systems found that synthetic racemate mixture was 3 times less potent than (–

)-HupA.8–10,13  Tang and coworkers went on to conclude that HupA was likely a potent 

inhibitor because it structurally resembles acetylcholine, the natural substrate of the 

enzyme.  Clinical trials in China were performed using HupA to treat elderly subjects 

suffering from Alzheimer’s disease and found that HupA was able to significantly relieve 

memory deficits.10 In the United States, HupA is currently available as a dietary 

supplement.   Given the evidence that the pathogenesis of Alzheimer’s disease is related to 

the impairment or dysregulation of cholinergic neurotransmission in the central nervous 

system, one area of focus is the development of small molecule therapeutics that target 

acetylcholinesterase, similarly to the mechanism of action of Lycopodium alkaloids.   

Although HupA and several other small molecule AChE inhibitors have been 

extensively studied and developed, Alzheimer’s disease remains devastating, affecting 44 

million people globally and  is still uncurable.5  Given the underwhelming results of AChE 

inhibitors, it is clear that new treatment options with new biological targets and novel 

mechanisms of action are desperately needed.  Fortunately, the vast diversity of 

Lycopodium alkaloids can provide inspiration for new potential therapeutic approaches 

through novel mechanisms of action against Alzheimer’s disease.17  
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Biological Synthesis 

Despite a strong interest in the Lycopodium alkaloid family, the biosynthesis of this 

family of natural products has not been fully elucidated.  However, several potential 

biosynthetic pathways have been proposed based on interesting experimental 

observations.1  Over the years, several researchers have contributed to the proposed 

biosynthesis of Lycopodium alkaloids including Ayer, Blumenkopf, MacLean, 

Hemscheidt.18–22 The first proposed biological pathways were based on the identification 

of new members of each of the sub-families of Lycopodium alkaloids, following the 

hypothesis that the smaller, less structurally complex, and less oxidized members were 

possibly intermediates en-route to the more complex members.18  However, it was not until 

Scheme 2.1 Proposed biosynthesis pathway beginning from L-Lysine to pellertierine and 

4PAA precursors of Lycopodium alkaloids 



139 
 

later that Spenser (with contributions by Hemscheidt) was able to provide some 

experimental support for their biosynthesis through the use of feeding experiments that 

were reported over the span of 30 years from 1970 to 1996.20–26  These feeding experiments 

were critically necessary because at this time the Lycopodium plants could not be grown or 

cultivated outside of their natural habitat; therefore, the feeding experiments needed to be 

conducted where the plants naturally grew.  This was convenient for Ian Spenser, a 

professor at McMaster University in Ontario, Canada, which was where some species of 

Lycopodium plants grew naturally.  In these feeding experiments, the goal was to determine 

and identify intermediates in the biosynthetic pathway.  The feeding experiments involved 

feeding 13C- and 14C radio- or stable isotope- labeled potential precursor materials to shoots 

Scheme 2.2 Proposed biosynthetic pathway from pelletierine and 4PAA to 

huperzine A, huperzinine, and related intermediates 
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of Lycopodium species.  After one to five days, the fed plants were harvested, and the 

tissues were analyzed for incorporation of the radio- or stable isotope-labeled potential 

precursors.  Specifically, Spenser analyzed intermediates or the ‘end product’ of 

Lycopodium alkaloids.  If it was found that the radio- or stable isotope-labeled potential 

precursor material was in fact incorporated into more complex, higher order, Lycopodium 

alkaloids, then it was interpreted that the precursor material fed to the plants was the correct 

starting material for the biosynthesis, or at least consumed and incorporated in the 

biosynthetic pathway at some point.  Understandably and unsurprisingly, Spenser 

described these feeding experiments as being very difficult to perform, but they generated 

critical results that would allow insight into the biosynthesis pathways of Lycopodium 

alkaloids (Schemes 2.1 and 2.2).1  Specifically, much of the scientific community, 

including Spenser, were interested in the biosynthesis of Huperzine A (HupA) due to its 

inhibitory effect on acetylcholinesterase previously discussed.     

 Through feeding experiments with L-lysine, it was determined that the biosynthesis 

begins with decarboxylation by lysine decarboxylase to generate cadaverine (Scheme 2.1).1  

Next, cadaverine is successively converted to 5-aminopentanal by diamine oxidase, and 

then to ∆-piperideine through an amine condensation.  At this point, acetonedicarboxylic 

acid (bisCoA ester) is coupled with ∆-piperideine to form 4-(2-piperidyl) acetoacetate 

(4PAA) or 4-(2-piperidyl) acetoacetyl-CoA (4PAACoA) via an unknown enzyme.  The 

acetonedicarboxylic acid unit is produced from two molecules of malonyl-CoA that are 

condensed by a ketosynthase enzyme.  4PPA and/or 4PAACoA are then decarboxylated 

by an unknown decarboxylase to form pelletierine, which is considered to be the 
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intermediate that diverges to all the Lycopodium alkaloids in the biosynthesis.  Pelletierine 

is then coupled with 4PAA or 4PAACoA through a decarboxylation catalyzed by an 

unknown decarboxylase, producing phlegmarine (Scheme 2.2).  Phlegmarine is the 

subsequent intermediate believed to be central to the Lycopodium alkaloids.  It is also the 

representative member of a subclass of Lycopodium alkaloids.  Lycopodine was previously 

speculated to be the central biosynthetic intermediate; however, further experimental work 

favors phlegmarine to be the central intermediate leading to the Lycopodium alkaloids.  

From phlegmarine, an oxidative ring closure to form lycodane could be catalyzed by an 

enzyme related to berberine bridge enzyme, and then a series of oxidases could lead to the 

formation of lycodine following oxidation of the piperidine moiety.  Lycodine is another 

representative member of a subclass of Lycopodium alkaloids.  The remaining oxidation 

steps are carried out presumably by cytochrome P450 enzymes or 2-oxoglutarate-

dependent dioxygenases.  Lycodane could undergo a series of oxidations to access 

huperzine B.  Huperzine B could be converted to huperzine A through a final oxidation 

and ring opening.  Huperzine A could then be bis-N-methylated and undergo alkene 

isomerization to generate huperzinine.  An alternative proposed route leading to 

huperzinine involves oxidation of the piperidine A ring of lycodane to the cyclic enamide, 

followed by N-methylation of the C ring, generating α-obscurine.  α-Obscurine could be 

oxidized to β-obscurine, and then further oxidized and ring-opened to again access 

huperzinine.  It is possible that any of the intermediates first described to access 

huperzinine could be methylated and then follow the second described route to huperzinine.  
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Additionally, it is possible that huperzinine could be de-methylated and alkene-isomerized 

to form huperzine A (Scheme 2.2). 

Previous Total Syntheses of Lycopodium Alkaloids  

 From the late 1990’s until now, syntheses of Lycopodium alkaloids have been 

completed by Sarpong, Rychnovsky, Heathcock, Trauner, Takayama, Lei, and Liao.27–36 

Sarpong in particular has completed five syntheses of various Lycopodium alkaloids from 

2008 to 2015 and has successfully developed novel C–H functionalization methodologies 

motivated by the pursuit of these natural products.19,29–31,35–37  Sarpong’s initial entry into 

the arena of lycopodium alkaloid synthesis began with a racemic synthesis of lyconadin A 

in 2009.29  In this work, Sarpong went on to describe a tractable unified strategy to access 

lycopodium alkaloids of the ‘miscellaneous’ subclass.  Sarpong’s 18-step synthesis of 

lyconadin A (Scheme 2.3) begins with a Stork–Danheiser sequence between a lithiated 

methoxypicoline (2.1) and vinyligous ester 2.2 to produce enone 2.3 which then underwent 

a ring closing metathesis via Grubb’s II catalyst, leading to α,β-unsaturated alkene 2.4.  

Heck cyclization of enoate 2.4 afforded cycloheptadiene 2.5, the 7-membered ring feature 

of lyconadin A (2.10).  Over the next 14 steps, cycloheptadiene 2.5 is transformed through 

a β-methylation reaction and several oxidation state manipulations before closing the final 

ring via KOtBu facilitated carbene or dianion formation followed by N–H insertion.  

Finally, methylether cleaveage of the methoxypyridine by NaSEt furnished lyconadin A 

(2.10).  The highlights of this synthesis include rapid construction of the core scaffold via 

a Stork–Danheiser/olefin metathesis/Heck cyclization sequence and the penultimate 

carbene or dianion 



143 
 

Scheme 2.3 Summary of Sarpong's lycopodium alkaloid synthesis work 
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formation, and N–H insertion to form the final ring.  The Sarpong group utilized a similar 

strategy in the 13-step synthesis of (±)-lycoposerramine R, emphasizing the utility of 

methoxypyridine as a masked pyridine.30  In 2012, Sarpong detailed a general strategy to 

access the tetracyclic core of the magellanine-type Lycopodium alkaloids utilizing an 

enantioselective Hajos–Parrish reaction between enol 2.12 and methyl vinyl ketone to 

install the chiral quaternary center in enone 2.13 and direct methoxypyridine 

functionalization to complete the carbon skeleton of magellaninone (2.15) (Scheme 2.3).36  

Sarpong and co-workers installed the chiral quaternary center early in the synthesis with 

the intention of using it to guide subsequent stereoselective manipulations of the core 

molecule.  In each of these previous syntheses by Sarpong, the carbon scaffold is accessed 

very efficiently, but the drawback is the many oxidation state manipulations that increase 

the step count in accessing the target Lycopodium alkaloids.   

With numerous syntheses of Lycopodium alkaloids, one of the best known 

strategies and syntheses was developed by Heathcock in the synthetic pursuit of 

fawcettimine (2.19) (Scheme 2.4).31  Fawcettimine (2.19), the representative member of a 

subfamily of Lycopodium alkaloids was first synthesized diastereoselectively in 1979 by 

Inubushi and co-workers over 26 steps in an overall 0.1 % yield.38  At the completion of 

Inubushi’s synthesis, there was some controversy about the stereochemistry of the C4 

position.  About 10 years later in 1986 and 1989, fawcettimine (2.19) was synthesized 

again by Heathcock in 13 steps in 17% yield, producing enough material for X-ray 

crystallography to be employed to conclusively determine the stereochemistry at the C4 

position.19,37,38 The key intermediate of the ‘Heathcock strategy’ is a 6-5-9-tricycle (2.18).  
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This method has been used in several syntheses to access fawcettimine-type molecules, as 

it allows rapid access to the fawcettimine core with minimal oxidation state manipulations.  

Further development of this strategy has focused upon novel and creative ways to access 

the ‘Heathcock tricycle’ (2.18), as one challenge of employing this strategy lies in the 

synthesis of the tricycle’s C4 quaternary 
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Scheme 2.4 Summary of Heathcock's tricyclic intermediate and adaptations 
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center located at the ring fusion.  One of the most significant advances based upon the 

Heathcock strategy was developed by Williams and co-workers in 2013, where they were 

able to generate fawcettimine (2.19), fawcettidine (2.23), lycoposerramine B (2.24), and 

lycoflexine (2.25) all from the 6-5-9 tricycle (2.22).  The Diels–Alder reaction performed 

by William’s and co-workers was interesting because enone 2.21 is actually a poorly 

reactive dienophile due to steric hindrance and the presence of only one activating group.  

In 2013 Taniguchi and co-workers adapted William’s Diels–Alder approach to access 

Heathcock’s tricycle by substituting the dienophile for an alkyne.39  By altering the Diels–

Alder adducts, they arrived at a different tricyclic intermediate scaffold 2.27 that allowed 

them to access lycoposerramine T (2.28), serratine (2.29),  and lycopoclavamine B (2.30).  

Each of the natural products generated by Taniguchi are racemic.   

  One of the few examples of a biomimetic synthetic approach to a Lycopodium 

alkaloid has been completed by Rychnovsky and co-workers recently in 2019 in their 17 

step enantioselective total synthesis of (–)-himeradine A, a member of the lycodine sub-

family.27  The synthesis commences with a Sonogoshira coupling reaction between 

bromopicoline 2.31 and butynol 2.32 to give propargylpyridine 2.33 which is then 

undergoes a diastereoselective  global hydrogenation to generate piperidine 2.34, which 

was resolved using D-dithiothreitol.   Following Boc-protection and TBS-protection, the 

piperidine was lithiated with sBuLi in the presence of TMEDA and then converted to the 

alkyl component by treatment with CuCN•2LiCl and then coupled with allyl bromide to 

carry out the diastereoselective allylation to produce alkene 2.37.  Alkene 2.37 undergoes 

cross-metathesis with crotonaldehyde and 1,2-reduction by treatment with NaBH4 to give 
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allylic alcohol 2.38.  Allylic alcohol 2.38 is then subjected to a diastereoselective Overman 

rearrangement by treating the trichloroacetimidate with (–)-COP-Cl as the chiral palladium 

catalyst to generate the trichloroacetamide, which is then 

Scheme 2.5 Summary of Rychnovsky's synthesis of (–)-himeradine A 
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converted to the Boc-protected amine 2.39.  Subsequent hydroboration of 2.39 allowed for 

a Suzuki–Miyaura cross coupling with vinylic bromide 2.40 to give enone 2.41.  Next, an 

aminomethylene fragment was installed by photochemically decarboxylating N-Boc 

glycine using an iridium photocatalyst to generate a stabilized α-amino radical that then 

performed a stereoselective 1,4-addition to enone 2.41 and then subsequently desilylated 

by treatment with TBAF to give ketone 2.42 in 2:1 dr favoring the β-stereoisomer.  

Following tosylation of the primary alcohol of ketone 2.42, the secondary alcohol is 

oxidized by to the ketone by treatment with NMP and NaHCO3 to give diketone 2.43.  

Cleavage of the boc-groups in diketone 2.43allowed for intramolecular imine formation, 

then set the stage for the key transannular Mannich reaction Final treatment with 

triethylamine and acetic anhydride furnished (–)-himeradine A (2.45) as the bis-TFA salt.  

The key steps in this synthesis include a diastereoselective piperidine hydrogenation, a 

diastereoselective Overman rearrangement, and an impressive biomimetic transannular 

Mannich cascade reaction that efficiently forms 5 bonds and 4 rings all in one step and in 

84% yield (Scheme 2.5).  Rychnovsky previously applied this same biomimetic 

transannular Mannich cascade to two syntheses of (+)-fastigiatine (2.46) in 2018.40  The 

transannular Mannich cascade was inspired by the proposed biosynthesis of the lycodine 

sub-family from acetonedicarboxylic acid by Spenser in 1996.25  The same proposed 

biosynthesis is more thoroughly summarized and discussed in the biosynthesis section of 

this dissertation (Scheme 2.1 and 2.2). 
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                     An approach that contrasts biomimetic strategies was developed in 2004 by 

Lei and co-workers.34  This strategy focused on diversity-oriented synthesis (DOS) 

utilizing a build-couple-pair (B/C/P) algorithm (Scheme 2.6 and 2.7, and 2.8).  Diversity-

oriented synthesis focuses on efficiently synthesizing skeletally, oxidatively, and 

stereochemically diverse molecules that will be further evaluated in biological assays for 

Scheme 2.6 Lei's comparison of the classical total synthesis strategies with the 

functional group pairing patterns inspired build/couple/pair strategy 
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drug discovery and molecular biology.  It is further argued that while classical syntheses 

have allowed efficient access of a target product, the approach is limited in its ability to 

produce unified access to multiple target products from a common intermediate, and 

therefore, lacking a facile way to access a significant degree of diversity.  The logic of 

diversity-oriented synthesis through build-couple-pair (BCP) aims to solve the short-

coming of classical syntheses.34  As summarized in scheme 2.6, part B, the DOS strategy 

begins with a ‘building’ (B) phase, where simple building blocks are synthesized and then 

Scheme 2.7 Outline of Lei's diversity oriented synthesis retrosynthesis to 

Lycopodium alkaloids using build/couple/pair approach 
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coupled (C) together to access a common intermediate with multiple reactive handles in 

the form of various functional groups.  From that common intermediate, functional groups 

are ‘paired’ (P) by employing highly chemoselective reactions to ensure the desired 

‘pairing’ of functional groups, therefore forming the desired new bonds to access the 

natural products as well as skeletally and oxidatively diverse analogs.  In Scheme 2.7, Lei 

applies the DOS-BCP approach to Lycopodium alkaloids.  With (–)-lycojapodine A (2.47), 

(+)-serratezomine A (2.48), (–)-serratinine (2.49), (+)-sieboldine A (2.50), (–)-lycopladine 

D (2.56), (+)-8α-hydroxyfawcettimine (2.57), (–)-lycoposerramine-U (2.58), and (–)-

Scheme 2.8 Summary of lycopodium alkaloid natural products and analogs 

synthesized using diversity oriented synthesis via build-couple-pair strategy by Lei 

and coworkers 
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lycoposerramine-S (2.59) as targets, Lei retrosynthetically disconnects bonds highlighted 

in red to identify a common intermediate 2.54 and the functional group pairs that need to 

react form the necessary bonds.  Through this approach, Lei identifies common 

intermediate 2.54, which is multi-functionalized with all the necessary functional groups 

to form the desired new bonds.  Additionally, from common intermediate 2.54, by reacting, 

or ‘pairing’ functional groups with different partners and in different orders, access to other 

Lycopodium alkaloids and analogs thereof are possible.  Lei proposes accessing analogs 

from polycyclic intermediate 2.55 after the ‘early pair’ step.  It is important to note that 

this intermediate is essentially the same ‘Heathcock intermediate’, containing the 6-9-fused 

ring system that would be forced to ring-contract to obtain new scaffolds and products.  

The final results of Lei’s DOS-BCP approach is summarized in Scheme 2.8, showing the 

multi-functionalized common intermediate 2.54 and the ‘Heathcock intermediate’ (2.55) 

providing access to a total of 11 polycyclic molecules, some of them Lycopodium alkaloids 

targets and someanalogs thereof.  
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Annotinolides A-C 

 Two members of the lycopodine subclass are of particular interest to us: 

annotinolide A and B (Figure 2.5) Although we are interested in other annotinlides, we 

have chosen to synthetically target the more complex members first.  Annotinolides A–C 

were isolated from Lycopodium annotinum, a club moss found in the Taibai Mountains in 

Shaanxi, China.17  These alkaloids have been found to exhibit intriguing biological activity 

against the aggregation of Aβ-peptide, which is unusual for Lycopodium alkaloids. Aβ 

aggregation is a key factor in the pathogenesis of Alzheimer’s disease.17  In a thioflavin T 

fluorescence assay performed with annotinolides A, B, and C, it was shown that all three 

compounds exhibited significant inhibition against aggregation of Aβ42-peptide at a 

concentration of only 50 μM, as compared to a positive control in EGCG (epigallocatechin 

gallate, inhibitory ratio of 86.6% at 10 μM).  It was found that the inhibitory ratios of 

annotinolide A, B, and C was 42.4%, 38.1%, and 36.1%, respectively.17  The biological 

activity of annotinolides A–C is especially interesting because although the mechanism of 

action is unknown, it is reported that annotinolides A–C do not exhibit any AChE activity.  

This means that annotinolides A–C exhibit a novel mechanism of action for a potential 

Figure 2.5 Structures of annotinolides A-C 
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treatment of Alzheimer’s disease.  However, in order to better understand the potential 

therapeutic properties of the annotinolides, significant synthetic challenges must be 

overcome.  

 Annotinolides A (2.67) and B (2.68) are both 7,8-seco-lycopodane-derived 8,5-

lactones.  Each of these compounds contain a fused A-B-C ring system (akin to the 

lycopodine-type molecules) with a bridging lactone connected through a quaternary 

carbon.  Annotinolide A (2.67) is further complicated by the presence of a cyclopropane 

motif on the B-ring, opposite the lactone on the same ring system.  Annotinolide B (2.68) 

is further complicated by the presence of a cyclobutane on the B-ring, bound through two 

quaternary centers and connecting to the bridging lactone.  Annotinolides A (2.67) and B 

(2.68) were ultimately chosen as target compounds because they are structurally complex, 

and we ambitiously envisioned a divergent synthesis approach that would allow access to 

both molecules from a common intermediate.  Owing to the formidable challenges of this 

synthesis, annotinolides A, B, and C (2.67–2.68) were isolated in 2016 but have yet to be 

synthesized, despite their unique biological activity. 
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Retrosynthetic Analysis  

We sought a common intermediate that would allow access to both annotinolides 

A and B, so we began by retrosynthetically simplifying each target to identify a more 

simple common intermediate that may be readily accessible (Scheme 2.9).   From 

annotinolide A (2.67), we envision breaking/forming the bridging D-ring through a 

reduction/lactonization sequence from ester 2.70.  Ester 2.70 could be accessed through a 

radical alkylation via a Michael addition from tertiary radical 2.71.  We propose radical 

2.71 can be generated in situ from a biomimetic cyclopropanation of tricyclic quinolone 

2.72, the key intermediate containing the A-B-C fused ring framework in this divergent 

synthesis.41  From annotinolide B (2.68), we envisioned first disconnecting the D- and 

cyclobutane rings via an intramolecular [2 + 2] cycloaddition, leading to α,β-unsaturated 

Scheme 2.9 Retrosynthesis of annotinolide A and B 
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ester 2.73.42  Ester 2.73 could be generated from the reduction and esterification of tricyclic 

quinolone 2.72, the key intermediate that we anticipate would allow the divergent synthesis 

of both annotinolides A (2.67) and B (2.68).  We propose that quinolone 2.72 could be the 

product of a macrocyclization/dearomatization sequence from pyridine 2.74.  We envision 

forming pyridine 2.74 through the oxidative coupling of a allylic alcohol 2.75 to 3-pyridyl 

boronic acid.43  In our initial route, allyl alcohol 2.75 is synthesized from the Grignard 

addition of halide 2.76 to acrolein.  Finally, halide 2.75 can be formed over two steps from 

inexpensive, commercially-available starting materials.44   

Scheme 2.10 Electronic character of enone compared to 

the diradical intermediate and the influence on 

regioselectivity of the cycloaddition 
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 There are several key features and challenges posed by this proposed total synthesis 

route of annotinolides A (2.67) and B (2.68).    The initial challenges stem from the inherent 

structural complexity of the polycyclic scaffolds of annotinolides A and B.  The strained 

rings of the cyclopropane of annotinolide A and the cyclobutene of annotinolide B could 

be synthetically challenging to install.  Additionally, the labile bridging lactone rings pose 

synthetic challenges due to decomposition concerns.  Finally, the 6,6,5- and 6,6,6-tricyclic 

scaffolds are highly susceptible to overoxidation, specifically of the nitrogen-containing 

C-ring.  The cyclopropanation process to access annotinolide A is challenging yet 

intriguing because we propose a biomimetic radical pathway that relies on the electronic 

characteristics of the substrate to influence multiple C–C bond formations, including a 

strained ring.41  Employing a [2 + 2] cycloaddition is a common approach in forming 

cyclobutanes; however, this cycloaddition would have to be intramolecular and 

regioselective in regards to the conformation of the alkene to access our desired 

cyclobutene.  Upon closer analysis of the α,β-unsaturated ester 2.73 (Scheme 2.10), the 

electronics of the enone and vinylic amine are mismatched for our desired bond formations.  

That is to say, the electronics of the enone are such that the α-position is partially negatively 

charged while the β-position is partially positively charged.  When compared to the 

electronics of the vinylic amine, the vinylic carbon is partially positively charged while the 

adjacent carbon is partially negatively charged.  Given these electronic configurations, it 

would suggest that the electronically favored cycloaddition would result in the undesired 

regioisomer.  However, if we perform a photochemical [2+2] cycloaddition, the enone is 

converted to a diradical species in situ with now reversed electronic character.  The α-keto 
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radical is now electrophilic and partially positively charged, while the β-keto radical is 

nucleophilic and partially negatively charged.  As the diradical species, the electronic 

characters match for a cycloaddition with the desired regioselectivity, therefore achieving 

an inverse regioselectivity cycloaddition to generate our desired product, annotinolide B 

(2.68). 

Given the formidable challenges posed by the total synthesis of annotinolides A 

(2.67) and B (2.68), the strategically designed divergent synthesis would allow for the 

synthesis of both annotinolides A and B from a common intermediate.  Thus, the immediate 

goal was to access key intermediate 2.72.  Although structurally less complex than 

annotinolides A and B, the macrocyclization and subsequent ring contraction of pyridine 

2.74 to access the key intermediate (2.72) would also pose significant synthetic challenges 

due to the formation cationic macrocyclic intermediate that must be intercepted with base 

or acid to carry out tricyclization to the neutral product 2.72.     

2.2 Results and Discussion  

It is worth noting that significant efforts were focused on pursuing many different 

synthetic routes to access intermediate quinolone 2.77 (Scheme 2.11) en route to 

Scheme 2.11 Summary of some attempted routes to access quinilone 2.77 
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annotinolides A and B, but a facile synthesis of 2.77 has proven difficult, thus we re-

evaluated our synthesis plan and began pursuing the route summarized in Scheme 2.12.  

Bromobutoxysilane 2.76 was synthesized through two different routes (Scheme 2.12).  

First, starting from 1,4-butanediol (2.77), a monosilylation is accomplished in 97% yield 

by treatment with TBSCl and NaH.45  Next, chlorination of silanol 2.78 was attempted 

using thionyl chloride, but the reaction conditions were found to be too harsh, resulting in 

desilylation and further decomposition of the starting material.  Appel conditions were 

attempted to transform the alcohol to the alkyl bromide.  This reaction proceeded well, 

providing a 88% yield, however, the brominated product (2.78) was found to be unstable 

under the handling conditions: the extensive purification and handling required to remove 

triphenylphosphine oxide resulted in decomposition.  The decomposition pathway appears 
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to be desilylation followed by intramolecular displacement of the bromide to produce 

tetrahydrofuran that could not be easily removed, presumably as a consequence of strong 

coordination to the silyl group of 2.76.  The next route to access bromobutoxysilane 2.76 

begins from the acid-catalyzed ring opening of THF to produce bromobutanol 2.80 in 32% 

yield.  Although low yielding, the starting materials are inexpensive, readily available, and 

the reaction proceeds on large scale to yield about 30 g of product.  Bromobutanol 2.80 is 

Scheme 2.12 Synthesis route to tricyclic quinolone intermediate 2.72 
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then silylated with TBSCl and imidazole to generate bromobutoxysilane 2.76 in 90% yield, 

providing access to 39 g of product.        

Significant efforts were devoted to studying the Grignard reaction between 

bromobutoxysilane 2.76 and acrolein to afford allylic alcohol 2.75.  This reaction has been 

difficult to reproduce, and thus would require optimization of the reaction conditions.  The 

best yield achieved is 41% using CeCl3 as the Lewis acid.  The reaction is unsuccessful 

when performed at room temperature in the absence of CeCl3 with only the unreacted alkyl 

halide recovered.  This suggests that formation of the Grignard reagent may be difficult.  

However, when the reaction is performed by pre-mixing CeCl3 with acrolein prior to the 

addition of the Grignard reagent, which is prepared using pristine halide 10, a 41% yield is 

obtained.  The remainder of the mass balance is unreacted bromobutoxysilane 2.76.  When 

the reaction is performed by generating the Grignard reagent by refluxing magnesium 

turnings with the alkyl halide, complete consumption of the starting bromobutoxysilane 

2.76 is observed, but the yield is not improved.  Despite significant efforts to optimize the 

reaction set-up, the Grignard reaction has proven to be unreliable and inconsistent.  It is 

speculated that the Grignard reagent formed in-situ can achieve a 6-membered cyclic 

conformation through a dative bonding interaction between the oxygen of the OTBS group 

and the magnesium atom, rendering it less reactive or less capable of approaching acrolein 

Scheme 2.13 Optimized Grignard conditions and possible hindering 

conformation 
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(Scheme 2.13).  Given that the Grignard reaction was not proceeding well, we attempted a 

lithium-halogen exchange using nBuLi instead.  Pleasingly, the lithium-halogen exchange 

and subsequent nucleophile addition occurred well on the first attempt, providing 79% 

yield of allylic alcohol 2.75 on a 200 mg scale.  The reaction proceeded fairly cleanly, with 

complete consumption of the starting bromobutoxysilane 2.76.  The reaction could most 
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likely be used without purification but very slight amounts of desilylation were observed.  

The lithium-halogen exchange reaction was scaled up to a 2.0 g scale giving an 85% yield 

(95% crude yield) of allylic alcohol 2.75.                 

With sufficient amounts of allylic alcohol 2.75 in hand, we have been optimizing 

the redox-neutral Heck reaction to generate pyridine 2.85.  Encouragingly, the reaction 

proceeds to form product, although in very low yields.  The pyridine product has been 

confirmed by 1H NMR spectroscopy and by mass spectrometry.  Current issues are that the 

yield is quite low at <10%, and the purification is difficult, requiring a preparative TLC.  

Therefore, optimization of reaction conditions and purification methods are currently being 

explored.  Additionally, I have synthesized allyl alcohol 2.91, (the desilylated analog of 

allylic alcohol 2.75), from the Grignard addition of vinyl magnesium bromide to a mixture 

of aldehyde 2.90 and the cyclic hemiacetal from the intramolecular cyclization.  The 

reaction to generate unprotected allylic alcohol 2.91 proceeded in 40% using a shorter 

reaction time and different setup than literature precedent, so the reaction can be easily 

optimized.  When allylic alcohol 2.91 is subjected to the Heck reaction conditions, the 

corresponding pyridine 2.82 is produced in very low yields and was also susceptible to a 

‘chain-walking’ pathway leading to the oxidation of the alcohol to the aldehyde.  The 

pyridyl alcohol product 2.82 has been confirmed by 1H NMR spectroscopy as well as by 

mass spectrometry, but also suffers from purification difficulties.  Given these 

considerations at the time, we focused on optimizing around the silylated allylic alcohol 

2.75 (Table 2.1) because it is likely that this reaction will proceed more efficiently, and 

with less side reactivity, with only one alcohol exposed.  We believe that the presence of 
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the exposed primary alcohol would lead to undesirable coordination to the palladium, 

which could hinder the reaction, as well as lead to oxidation side reactions to generate an 

aldehyde side-product through a Heck-relay type reaction mechanism.46  Optimization 

(Table 2.1) of the Heck reaction to generate pyridine 2.81 began with experimenting with 

difficult catalyst loading of the BiPy ligand (entries 1–4).  The results were determined by 

1H NMR spectroscopy analysis of the crude reaction mixtures.  Catalyst loadings of 50% 

to 10% were evaluated: revealing that 30% Pd(OAc)2, resulted in 34% conversion, while 

50% and 10% loadings performed similarly, at 30% and 31% conversions, respectively.  

Next, I evaluated reaction temperatures ranging from 50  ̊C to 140  ̊C (entries 5–9).  Both 

50  ̊C and 70  ̊C resulted in no reactivity.  Experimentations at 80  ̊C and 100  ̊C gave very 

similar results at 34% and 38% conversion respectively.  At 120  ̊C about 26% conversion 

occurred, but signs of decomposition were also observed.  At 140  ̊C, extensive amounts 

of degradation were observed with only trace amounts of product detectable.  Given these 

results, it appears that the reaction should be ran at a lower temperature, possibly at around 

80  ̊C.  At this point, I evaluated varying equivalents of allylic alcohol 2.75 with respect to 

the pyridyl boronic acid (entries 10 and 11).  However, at 1:1 alcohol to boronic acid 

equivalents ratio, the conversion was similarly 34%.  The same result was observed when 

a 2:1 ratio of alcohol to boronic acid was employed.  Given these inconclusive results, I 

decided to follow up with reaction time experiments because in most experiments, there is 

large amount of starting materials recovered, so perhaps a longer reaction time at a 

moderate temperature (e.g., 80  ̊C) would lead to greater product formation (entries 12 and 

13).  This hypothesis seems to have been correct because when the reaction was performed 
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at 80  ̊C  for 72 h, the conversion increased significantly.  In parallel (Table 2.1), the time 

experiments were performed with 1:1 ratio of the allylic alcohol to the pyridyl boronic acid 

(entry 12) and 1:2 ratio with the pyridyl boronic acid in excess (entry 13).  Pleasingly, the 

1:2 ratio reaction resulted in complete consumption of the allylic alcohol, showing 100% 

conversion by crude 1H NMR analysis, but still significant decomposition.  The reaction 

using a 1:1 ratio of reactants yielded a 79% conversion, but also suffered from 

decomposition primarily via desilylation.   

Interestingly, improvements were observed as we began to deviate more significantly from 

our initial conditions based on Dr. Yangjie Wu’s work.43  In an attempt to improve the reactivity 

Scheme 2.14 Inclusion of water as a cosolvent for Heck reaction 
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and efficiency of this reaction to allow for lower catalyst loading and shorter reaction times, 

we added water as a cosolvent (5:1 DMSO/H2O) to aid formation of the more reactive 

boron-ate complex from the 3-pyridyl boronic acid (Scheme 2.14).  Pleasingly, we isolated 

Table 2.2 Comparison of catalyst loading with and 

without water as a cosolvent 
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the desilylated alcohol 2.82 in 35% yield.  The silylated product 2.81 was not observed or 

isolated from this reaction.  We found that the Heck reaction, both with and without water 

as a cosolvent, benefited moderately in terms of conversion using a new batch of Pd(OAc)2 

that is stored in the glovebox and pre-stirring the Pd(OAc)2, CuCl, and BiPy catalysts.   

We observed improved reactivity by including water as a cosolvent when cross 

experimented with varying the catalyst loading.  We also compared the same catalyst 

loading reactions to conditions without water and pre-stirring (Table 2.2).  In both the wet 

and dry reaction setups, the conversions improved with the increase in catalyst loading.  In 

dry conditions, full conversion (96%) to silyl pyridine product 2.81 was not achieved until 

50% catalyst loading (Table 2, entry 5) after 24 h.  However, when compared to the wet 

conditions, full conversion to the pyridyl alcohol product 2.82 was achieved at slightly 

lower catalyst loading at 40% and 50% loading (Table 2, entries 4 and 5).  Every 

experiment directly compared to between the wet and dry conditions favored the wet 

conditions in terms of conversion and the convenience of accessing the pyridyl alcohol 

product 2.82, which would decrease the overall synthesis by one step, eliminating a 

desilylation step after isolating silyl-pyridine 2.81.  Unfortunately, both the dry and wet 

systems suffered from severe purification and degradation issues.  Although the conversion 

values were high in both dry and wet conditions, the best isolated yield for each was only 

27% and 35% respectively.  This suggests that we are losing a lot of material during the 

work-up and purification manipulations and/or there is a significant degradation pathway 

diminishing the yields.  While we were investigating improved methods of workups and 
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purification, we also briefly explored desilylation conditions in the event that we decided 

to proceed through silyl-pyridyl 2.81 as an isolated intermediate (Scheme 2.14).        

Initially, we sought to use TBAF, a very common desilyating agent, however we 

found it to be too harsh, leading to decomposition.  We found that dilute HCl (2.5%) in 

MeOH at 40 °C resulted in complete desilylation overnight (Scheme 2.15).  The reaction 

does not proceed at all at room temperature.     

 Refocusing on the Heck reaction, we explored the use of variously modified allylic 

alcohols for the Heck reaction (Scheme 2.16).  Specifically, if we could perform the Heck 

reaction with a tosyl or mesyl activating group instead of the TBS group, this could also 

eliminate an activating step in the synthesis before the macrocyclization step.  We were 

also interested in performing the Heck reaction with simply the unprotected alcohol with 

our improved reaction conditions.  We attempted to synthesize the tosylate, mesylate, and 

free OH through somewhat similar routes to the silylated substrate (Scheme 2.16).  

Beginning from bromobutanol 2.80, silylation by treatment with TBSCl and imidazole 

gave bromobutoxy silane 2.76 in 90% yield, which is transformed into silylated allylic 

alcohol 2.75 in 85% yield by lithium-halogen exchange and addition into acrolein.  To 

synthesize the tosylated derivative, we begin the tosylation of bromobutanol 2.80 by 

Scheme 2.15 Desilylation of silyl-pyridyl 2.81 
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treatment with TsCl and TEA to give bromobutyltosylate 2.86 in 63% yield.  Next, we 

performed a lithium-halogen exchange and addition in acrolein to generate the desired 

tosylated allylic alcohol 2.87 in approximately 50% yield, but with impurities that could 

not be fully removed.  Attempted synthesis of the mesylated substrate (2.89) was attempted 

beginning from bromobutanol 2.80 as well: mesylation by treatment with MsCl and TEA 

gave bromobutylmesylate 2.88 in 87% yield.  Although tosyl alcohol 2.87 was synthesized 

successfully, purification was a concern so we synthesized the same compound instead by 

reacting vinylmagnesium bromide with aldehyde 2.90, yielding diol 2.91 in 40% yield.  

Finally, diol 2.91 was mono-tosylated by treatment with TsCl and TEA to give the desired 

tosyl allylic alcohol 2.92 in 53% yield.  Unfortunately, the subsequent lithium-halogen 

exchange and addition into acrolein did not proceed well, resulting in possibly elimination 

Scheme 2.16 Synthesis of substrates for optimization of Heck reaction 
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of the mesylate.  To synthesize the desired allylic alcohol mesylate 2.89, we may have to 

proceed through a route similar to that used for tosylate 2.87 (reaction D), however we are 

concerned with the stability of the mesylate during the subsequent Heck reaction.  

 When we implemented the variously modified allylic alcohol substrates in the Heck 

reaction, we observed unsatisfactory yields for the corresponding pyridine product 

(Scheme 2.17).  By comparison, the dry and wet versions of our previously optimized Heck 

reaction both outperformed the free alcohol and the tosyl activated derivative.  The free 

alcohol substrate (2.91) resulted in very little product formation, which we at the time, 

speculated could be due to the side-reactivity of the free alcohol.  We were cautiously 

optimistic that we would see exciting results with the tosylated allylic alcohol 2.92 since 

the alcohol was masked.  We had hoped that with the tosylate, the Heck reaction would at 

least proceed as well as the sillyated allylic alcohol 2.75, if not better, and then set us up to 

explore the macrocyclization step.  Unfortunately, the Heck reaction with the tosylated 

allylic alcohol 2.92 resulted in only a trace amount of product formation by LCMS analysis 

under our optimized conditions.  The Heck reaction with the tosylated substrate under dry 

conditions resulted in complete decomposition and no detectable product formation by 

NMR analysis.  This was a disappointing result, but which motivated us to find an 

alternative path to arrive at the desired pyridyl tosylate (2.83), as we were eager to test the 

proposed key steps en-route to annotinolides A and B.    
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 To overcome this challenge, we found inspiration in the literature from Heck 

coupling chemistry performed by Dr. Zenichi Yoshida in 1978, where they generated 3-

alkylpyridines through a palladium catalyzed Heck reactions between allylic alcohols and 
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3-iodopyridines.47  Yoshida’s modified conditions of the Heck reaction were attractive 

because they were high yielding and proceeded without the need of a ligand in some 

examples.  This was important because we experienced significant difficulties separating 

BiPy from our desired products.  Additionally, these reactions could be run in DMF or 

HMPA as a solvent, both of which are easier to remove than DMSO.  Beginning with 

Yoshida’s Heck conditions, we re-investigated the Heck reaction with our variously 

modified allylic alcohol substrates, and pleasingly found encouraging initial results 

(Scheme 2.18).  The silyl allylic alcohol proceeded in 43% yield.  The allylic diol 

proceeded with a slightly better yield at 45%.  The tosylated allylic alcohol seemed to suffer 

from some decomposition.  These reactions proceed much more cleanly than our 

Scheme 2.18 Modified ligand free Heck conditions with tosylate, 

free alcohol, and silylated allylic alcohol 
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previously used conditions and are much easier to purify without the use BiPy as a ligand.  

DMF must be removed as much as possible to further improve the purification, especially 

when the reaction is scaled up.  Although the yields and purification are a significant 

improvement from our previous conditions, there is still much room for improvement.  

Optimization of these reactions will need to be performed, including variation of 

Iodopyridine to the bromo- or chloro- derivative and switching solvent to perhaps HMPA.  

However, HMPA is a documented carcinogen, so unless the yield for these reactions with 

HMPA improve dramatically, it may be better from a safety perspective to use DMF 

instead, especially when considering large scale reactions.          

 Significant improvement in the yield of the Heck reaction with 3-iodopyridine were 

observed by simply modifying the extraction procedure (Scheme 2.19).  Yoshida’s original 

extraction procedure used diethyl ether as the extracting solvent, which work well for their 

Scheme 2.19 Improved yields of Heck reaction with iodopyridine and 

use of bromopyridine for comparison 
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substrates as they often obtained very high yields with many examples above 90%.  

However, for our substrates, Et2O was observed to have significant solubility issues.  Upon 

this observation, the extraction solvent was changed to EtOAc and the number of 

extractions was increased.  This simple observation and adjustment led to a significant 

increase in yield from 45% to 62% for pyridyl-alcohol 2.82.  When the catalyst loading 

was increased to 3% for pyridyl-alchol 2.82, the yield increased to 71% but there was more 

undesired side-reactivtiy.  The tosyl pyridine was not revaluated due to stability concerns.   

After improving the extraction procedure, we evaluated 3-bromopyrdine as the 

Heck coupling substrate (Scheme 2.19).  We found that with 1 mol % Pd(OAc)2 catalyst 

loading, the yield of the Heck reaction to produce pyridyl alcohol 2.82 fell by about 10% 

from 71% down to 59%.  The same reaction as also performed with 5 mol% and 10 mol% 

Pd(OAc)2 catalyst loading.  Interestingly, the 5 mol% Pd(OAc)2 loading led to a 50% yield 

on a gram scale, and the 10 mol% Pd(OAc)2 led to a 69% yield.  These results are somewhat 

inconsistent. The increase from 1 mol% to 5 mol% of Pd(OAc)2 led to a lower yield which 

could suggest that increasing the catalyst loading is actually detrimental to the efficiency 

of the reaction and could lead to side reactions.  When the catalyst loading is increased to 

10 mol% of Pd(OAc)2, the yield is 69% which is significantly higher, but there appears to 

be side reactions that are difficult to remove from the desired product.  It was generally 

observed that an increase in catalyst loading led to less efficient reactions with more side 

reactivity and unreacted 3-bromopyridine.  By comparison to the 3-iodopyridine, the 3-

bromopyridine Heck reaction was generally less efficient and less clean of a reaction.  

Given these interesting results, it is clear that much more rigorous and exhaustive 
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optimization efforts are necessary to improve the reaction conditions.  One significant 

improvement would be investigate if it is possible to lower the equivalents of the allylic 

diol 2.91 from 1.5 equivalents to perhaps 1.1 or 1.2 equivalents and what loading of 

Pd(OAc)2 would be required to obtain satisfactory yields.  However, the reliability and 

reproducibility of the Heck reaction adapted from Yoshida’s conditions have allowed us to 

produce pyridyl alcohol 2.82 in sufficient amounts of material to begin developing the next 

reaction in this total synthesis, which is the synthesis of the pyridinium macrocycle in situ 

to access the tricyclic key intermediate 2.72.   



177 
 

Pyridinium Cyclization Reactions and Characterization by LCMS 

Our general strategy for the synthesis of the pyridinium macrocycle is to activate the 

alcohol to become a better leaving group so that the nucleophilic pyridine moiety could 

displace the activated alcohol and generate a pyridinium macrocycle that would be set up 

for a subsequent Mannich-type reaction to generate tricycle 2.72 (Scheme 2.20).  Our first 

Scheme 2.20 Pyridinium cyclization reactions and characterization by LCMS 
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conditions used TsCl and TEA to tosylate the alcohol.  Initially, we attempted to isolate 

and purify the tosylated product but it was very difficult to purify by silica gel 

chromatography, suggesting that perhaps the tosylated product was forming in situ and 

then immediately displaced by the pyridine under very mild conditions to form the 

pyridinium macrocycle 2.84.  Given this fortuitous discovery, we began looking for the 

pyridinium macrocycle as an intermediate product, however obtaining full conversion and 

full characterization have been problematic.  Treatment of pyridyl alcohol 2.82 with TsCl 

and TEA led to a mixture of pyridinium salts with the counterion as a chloride or the 

tosylate as detected by LCMS.  Unfortunately, there also appeared to be significant 

amounts of unreacted pyridyl alcohol 2.82 and TsCl, making isolation and characterization 

difficult and thus we were not able to push this material forward successfully to access 

tricycle 2.72.  The next conditions explored was an intramolecular Mitsunobu-type reaction 

to access pyridinium 2.84.  When pyridyl alcohol 2.82 was treated with triphenylphosphine 

and diisopropyl azodicarboxylate (DIAD), by LCMS we observed the desired pyridinium 

product with counterion being the anion of DIAD.  Although we observed good conversion 

by LCMS, we critical issue in purifying this salt was the triphenylphosphine oxide by 

product of the Mitsunobu reaction.  Despite several recrystallization procedures, we were 

not able to separate the desired pyridinium from the triphenylphosphine oxide.  Both 

species had similar solubility properties, but it was also difficult because the DIAD was 

extremely viscous and seemed to solubilize both species readily.  Since purification was 

not possible yet and we observed the product mass primarily by LCMS in the crude 

mixture, we attempted to use the crude mixture to proceed through the next reaction to the 
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tricycle (Table 2.3).  Various bases were evaluated, such as KHMDS, NaH, Na2CO3, LDA, 

and tBuOK.  Unfortunately, none of the reaction conditions led to product formation with 

only starting material recovered. The only reactivity observed was decomposition with 

tBuOK in DME at 50 °C (Table 2.3, entry 7).      

We were concerned that the crude pyridinium formed from the Mitsunobu-type 

conditions were simply not clean enough and that perhaps the byproducts of that reaction 

could be hindering the next cyclization to the tricycle.  To address this concern, we revisited 

the conditions used to form pyridinium 2.84.  The next conditions explored utilized 

activation of the alcohol by mesylation (Scheme 2.19).  When pyridyl alcohol 2.82 was 

treated with MsCl (1 equiv) in pyridine solvent, we observed conversion to the pyridinium 

macrocycle (2.84) with the major product being the pyridinium with the chloride 



180 
 

counterion when compared to the mesylate counterion.  A practical advantage of this 

procedure was that the pyridine base/solvent could be simply removed by rotary 

evaporation.  In addition to the LCMS data, additional support for the pyridinium species 

comes from analysis of the NMR data, which shows a shift in alkyl protons adjacent to the 

newly formed nitrogen–carbon bond (1.71ppm).  By crude NMR analysis, this reaction is 

much cleaner than the Mitsunobu-type conditions and the tosylation procedure.   

Table 2.4 Pyridinium cyclization reactions from pyridinium-Cl salt 
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With a more promising and reliable method of synthesizing pyridinium 2.84, we 

again began exploring the use of acids and bases to access tricycle 2.72 (Table 2.4).  We 

evaluated tBuOK in various such as THF, DMF, and DCM at room temperature and at 

elevated temperatures (entries 1–4) but observed no reactivity.  We also tried elevated 

temperatures with LDA and Na2CO3 as the base but again saw a lack of reactivity (entries 

5–6).  To examine more harsh conditions, we used pyridine as the base/solvent at 150 °C 

in a microwave reaction but now only observed decomposition (entry 7).  After 

unsuccessful attempts with bases, we began treating with acids in the hopes of facilitating 

tautomerization of the ketone to the enol which could then reaction with the pyridinium 

still through a Mannich-type mechanism.  The acids we evaluated were HClO4 and HCl in 

various solvents such as dioxane, MeOH, and THF at room temperature and at elevated 

temperatures (entries 8–14).  Unfortunately, acidic conditions most often led to 

decomposition or unknown side reactivity.            

2.3 Conclusions and Future Directions 

 

 In conclusion, we have made significant progress towards the divergent synthesis 

of annotinolides A and B.  With the recent development of methods to form the pyridinium 

macrocycle 2.84, we are actively working to perform the Mannich-type tricyclization to 

access key intermediate 6 where we can then begin to explore divergent routes to 

annotinolides A and B.  Although we feel confident in pyridinium formation based on 
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LCMS, HRMS, and NMR analysis, we still need to fully characterize the pyridinium salt 

to better under and design the subsequent Mannich-type reaction.  

 Thus far neither acidic nor basic conditions, at any temperature, have been 

productive for the Mannich-type reaction of pyridinium 2.84 in affording the key 

intermediate tricycle 6.  However, we are very optimistic about an enamine facilitated 

Mannich-type reaction that we are currently exploring (Scheme 2.21).  Using this approach, 

we propose that treatment of the pyridinium macrocycle with a secondary amine will under 

a condensation to the corresponding enamine.  From the enamine, we propose that under 

the right conditions, the enamine should be a competent nucleophile for the desired 

Mannich-type reaction to access the tricyclic key intermediate (6).  We are currently 

exploring a broad range of reaction conditions to successfully form the enamine and 

perform the Mannich-type cyclization.   

Scheme 2.21 Enamine Mannich-type reaction approach. 
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 Future work for this project is focused upon developing this Mannich-type reaction 

to access key intermediate 6 and then proceeding through the divergent routes to 

annotinlides A and B (Scheme 2.22).  To synthesize annotinolide A from key intermediate 

6, we are proposing a biomimetic cyclopropanation by treatment with base and an oxidant.  

The resulting tertiary radical 2.71 can then be trapped through a Michael addition to 

methacryloyl chloride to yield α,β-unsaturated acyl chloride 2.70.  To synthesize 

annotinlide B from key intermidate 6, we propose beginning with a hydride reduction of 

the ketone to the secondary alcohol which can then be acylated with methacryloyl chloride 

to afford α,β-unsaturated ester 2.73.  This sets the stage for the ultimate photochemical 

[2+2] cycloaddition to synthesize annotinolide B.   

Scheme 2.22 Synthesis of annotinlides A and B 
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2.4 Experimental Section 

General Considerations    

i) Solvents and reagents 

Unless noted below, commercial reagents were purchased from MilliporeSigma, Acros 

Organics, Chem-Impex, Combi-blocks, TCI, and/or Alfa Aesar, and used without 

additional purification. Solvents were purchased from Fisher Scientific, Acros Organics, 

Alfa Aesar, and Sigma Aldrich. Tetrahydrofuran (THF), diethyl ether (Et2O), acetonitrile 

(CH3CN), benzene, methanol (MeOH), and triethylamine (Et3N) were sparged with argon 

and dried by passing through alumina columns using argon in a Glass Contour solvent 

purification system. Dichloromethane (CH2Cl2) was freshly distilled over calcium hydride 

under a N2 atmosphere prior to each use. DMSO and toluene (PhMe) were distilled over 

calcium hydride under a N2 atmosphere, degassed via freeze-pump-thaw (3 cycles), and 

stored over 4 Å molecular sieves in a Schlenk flask under N2. Dimethoxyethane (DME), 

p-xylene, dimethylformamide (DMF), MeLi solution, n-BuLi solution, LiHMDS solution, 

Red-Al solution, and pyridine were purchased in Sure/Seal, AcroSeal, or ChemSeal 

bottling, and used directly. 1,4-Dioxane was purchased in AcroSeal bottling (99.5%, 

anhydrous, stabilized, over 4 Å molecular sieves) and additionally sparged with N2 prior 

to use. 
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ii) Reaction setup, progress monitoring, and product purification 

Unless otherwise noted in the experimental procedures, reactions were carried out in flame 

or oven dried glassware under a positive pressure of N2 in anhydrous solvents using 

standard Schlenk techniques. Reaction progresses were monitored using thin-layer 

chromatography (TLC) on EMD Silica Gel 60 F254 or Macherey–Nagel SIL HD (60 Å 

mean pore size, 0.75 mL/g specific pore volume, 5–17 μm particle size, with fluorescent 

indicator)silica gel plates. Visualization of the developed plates was performed under UV 

light (254 nm). Purification and isolation of products were performed via silica gel 

chromatography (both column and preparative thin-layer chromatography). Commercial 

reagents were purchased from Sigma Aldrich, Acros Organics, Chem-Impex, TCI, 

Oakwood, and Alfa Aesar, and used without additional purification. Solvents were 

purchased from Fisher Scientific, Acros Organics, Alfa Aesar, and Sigma Aldrich. 

Tetrahydrofuran (THF), diethyl ether (Et2O), acetonitrile (MeCN), dichloromethane 

(CH2Cl2), benzene, 1,4-dioxane, and triethylamine (Et3N) were sparged with argon and 

dried by passing through alumina columns using argon in a Glass Contour (Pure Process 

Technology) solvent purification system. Dimethylformamide (DMF), dimethyl sulfoxide 

(DMSO), and dichloroethane (DCE) were purchased in Sure/Seal or AcroSeal bottling and 

additionally sparged with N2 prior to use. 

iii) Analytical instrumentation 

NMR spectral data were obtained using deuterated solvents obtained from Cambridge 

Isotope Laboratories, Inc. 1H NMR and 13C NMR data were recorded on Bruker Avance 
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NEO400 or Bruker Avance 600 MHz spectrometers using CDCl3, typically at 20–23 °C.. 

Chemical shifts (δ) are reported in ppm relative to the residual solvent signal (δ 7.26 for 

1H NMR, δ 77.16 for 13C NMR in CDCl3). Data for 1H NMR spectroscopy are reported as 

follows; chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, 

m = multiplet, br = broad, dd = doublet of doublets, dt = doublet of triplets), coupling 

constant (Hz), integration. Data for 13C and 19F NMR spectroscopy are reported in terms 

of chemical shift (δ ppm).  IR spectroscopic data were recorded on a NICOLET 6700 FT-

IR spectrophotometer using a diamond attenuated total reflectance (ATR) accessory. 

Samples are loaded onto the diamond surface either neat or as a solution in organic solvent 

and the data acquired after the solvent had evaporated.  High resolution accurate mass 

spectral data were obtained from the Analytical Chemistry Instrumentation Facility at the 

University of California, Riverside, on an Agilent 6545 Q-TOF LC/MS instrument 

(supported by NSF grant CHE-0541848) 
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2.5 Experimental Procedures and Characterization Data 

 

Preparation of 4-(tert-Butyldimethylsilyloxy)butan-1-ol (2.78) 

 

4-(tert-Butyldimethylsilyloxy)butan-1-ol (2.78).  To a 250 mL round-bottomed flask with 

THF (66 mL) was added sodium hydride (812 mg, 33.8 mmol, 1 equiv), followed by 1,4-

butanediol (3.0 mL, 33.9 mmol, 1 equiv).  The mixture was allowed to stir at rt for 60 min.  

After 60 min, tert-butyldimethylsilyl chloride (5.31 g, 33.8 g, 1 equiv) was added in 

portions over 5 minutes.  The reaction was stirred vigorously for 60 min, after which time 

the reaction mixture was poured into Et2O, washed with 10% K2CO3, and brine.  The 

organic layer was dried over Na2SO4, filtered, and then concentrated under reduced 

pressure to provide a transparent dark yellow oil of crude product.  The crude product was 

purified by silica gel flash column chromatography eluting with 40% EtOAc in hexanes to 

provide 2.78 as a clear oil (6.71 g, 32.8 mmol, 97%). 

1H NMR (400 MHz, CDCl3) δ 3.66 (m, 4H), 1.65 (m, 4H), 1.56 (br s, 1H),  0.91 (s, 9H), 

0.08 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 63.5, 63.0, 30.4, 30.1, 25.8, 18.3, -5.3 ppm.  

HRMS (ESI+) m/z calc’d for C10H25O2Si [M+H]+: 205.1546, found 205.1617 [H+] and 

227.1438 [Na+].  Spectral data matches literature references.45,48 Procedure adapted from 

literature references.45 
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Preparation of (4-bromobutoxy)(tert-butyl)dimethylsilane (2.76) 

 

 

4-bromobutoxy)(tert-butyl)dimethylsilane (2.76).  To a 25 mL round-bottomed flask 

with DCM (2 mL) was added 4-(tert-butyldimethylsilyloxy)butan-1-ol 2.78 (500 mg, 2.45 

mmol, 1 equiv) and carbon tetrabromide (892 mg, 2.68 mmol, 1.1 equiv).  The round-

bottomed flask was cooled to 0 ˚C in an ice bath.  After cooling triphenylphosphine (706 

mg, 2.69 mmol, 1.1 equiv) was added in small portions with vigorous stirring.  The reaction 

was allowed to warm to rt and stirred for 4 h.  After 4 h, the reaction mixture was 

concentrated in vacuo to a brown oil, which then was added hexanes (10 mL).  The 

resulting suspension was stirred for 15 min, then the supernatant was decanted off and then 

filtered through a pad of celite and then concentrated under reduced pressure.  The crude 

mixture was purified by gradient flash silica gel column chromatography eluting with 0–

100% EtOAc in hexanes to provide 2.76 as a clear oil (577 mg, 2.16 mmol, 88%).   

1H NMR (400 MHz, CDCl3) δ 3.64 (t, J = 6.2 Hz, 2H), 3.45 (t, J = 6.8 Hz, 2H), 1.94 (qui, 

J = 7.1 Hz, 2H), 1.66 (m, 2H), 0.90 (s, 9H), 0.06 (s, 6H); 13C NMR (100 MHz, CDCl3) δ 

62.3, 34.1, 31.4, 29.6, 26.1, 18.5, –3.4, –5.2.  Spectral data matches literature references.44 
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Preparation of 4-Bromo-1-butanol (2.80) 

 

 

4-Bromo-1-butanol (2.80).  To a 1000 mL round-bottomed flask with refluxing THF (100 

mL, 1.24 mol) was added HBr (72 mL, 618 mmol, 47% in water, 1 equiv) dropwise over 

60 min.  The reaction was refluxed for 2 h, after which time the reaction mixture was cooled 

to rt and then diluted with H2O (100 mL) and Et2O (150 mL).  Then, the mixture was 

neutralized with NaHCO3 (45 g) and the organic layer was separated.  The aqueous layer 

was extracted with Et2O (75 mL x 2) and brine (50 mL x 2) sequentially.  The organic layer 

was dried over Na2SO4 and concentrated under reduced pressure to provide 4-bromo-1-

butanol (2.80) (29.79 g, 194.8 mmol, 32%) as a colourless liquid which was used without 

further purification. 

1H NMR (400 MHz, CDCl3) δ 3.72 (t, J = 6.4 Hz, 2H), 3.47 (t, J = 6.8 Hz, 2H), 2.25 (br, 

1H), 1.97 (qui, J = 6.9 Hz, 2H), 1.74 (qui, J = 6.8 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 

62.0, 33.6, 31.0, 29.2.  Spectral data matches literature references.44  Procedure adapted 

from literature references.6    
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Preparation of (4-bromobutoxy)(tert-butyl)dimethylsilane (2.76) 

 

 

(4-bromobutoxy)(tert-butyl)dimethylsilane (2.76).  To a 1000 mL round-bottomed flask 

was added THF (400 mL), 4-bromo-1-butanol 2.80 (25.0 g, 163 mmol, 1 equiv), and 

imidazole (16.7 g, 245 mmol, 1.5 equiv).  The reaction was stirred at rt for 15 min, tert-

butyldimethylsilyl chloride (27.1 g, 180 mmol, 1.1 equiv) was added portion wise and then 

stirred for 3 h at rt.  After 3 h, the THF was evaporated on the rotary evaporator and diluted 

with Et2O (300 mL) and washed with 10% NaHCO3 (30 mL) and brine (50 mL x 2) 

sequentially.  The combined organic layer was dried over Na2SO4, filtered, and then 

concentrated under reduced pressure.  The crude mixture was purified by silica gel flash 

chromatography eluting with 5% EtOAc/hexanes to provide (4-bromobutoxy)(tert-

butyl)dimethylsilane 2.76 (39.3 g, 147 mmol, 90%) as a viscous colorless oil. 

1H NMR (400 MHz, CDCl3) δ 3.64 (t, J = 6.2 Hz, 2H), 3.45 (t, J = 6.8 Hz, 2H), 1.94 

(quintet, J = 7.1 Hz, 2H), 1.66 (m, 2H), 0.90 (s, 9H), 0.06 (s, 6H); 13C NMR (100 MHz, 

CDCl3) δ 62.3, 34.1, 31.4, 29.6, 26.1, 18.5, –3.4, –5.2.  Spectral data matches literature 

references.44  Procedure adapted from literature references.44   
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Preparation of 7-((tert-Butyldimethylsilyl)oxy)hept-1-en-3-ol (2.75) 

 

7-((tert-Butyldimethylsilyl)oxy)hept-1-en-3-ol (2.75).  A 10 mL two-neck round-

bottomed flask equipped with a stir bar and magnesium (32.8 mg, 1.35 mmol, 1.5 equiv) 

was flame dried and then Et2O (2.0 mL) was added.  (4-Bromobutoxy)(tert-

butyl)dimethylsilane 2.76 (200 mg, 0.90 mmol, 1 equiv) was subsequently added as a 

solution in 1.0 mL of Et2O dropwise, followed by a single crystal of iodine.  The 

magnesium-halide mixture was allowed to stir at rt for 60 min.  In a separate two-neck 

round-bottomed flask, CeCl3 (331.8 mg, 1.35 mmol, 1.5 equiv) was flamed dried, then 

acrolein (90.2 μL, 1.35 mmol, 1.5 equiv) was added as a solution in 2.0 mL of Et2O 

dropwise.  The acrolein solution was allowed to stir at rt for 60 min.  After both round 

bottoms had stirred for an hour, the Grignard solution was transferred to the acrolein 

solution via cannula.  The reaction was allowed to stir at rt for 3.5 h.  The reaction mixture 

was quenched with water (5 mL) and extracted with Et2O (3 x 5 mL).  The organic layer 

was washed with brine and dried over Na2SO4 and then filtered and concentrated under 

reduced pressure.  The crude mixture was purified by silica gel flash chromatography 

eluting with 50% EtOAc in hexanes to provide 7-((tert-butyldimethylsilyl)oxy)hept-1-en-

3-ol 2.75 (90 mg, 41%) as a yellow oil.  
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1H NMR (400 MHz, CDCl3) δ 5.87 (ddd, J = 17.1, 10.4, 6.2 Hz, 1H), 5.22 (dt, J = 17.2, 

1.4 Hz, 1H), 5.10 (ddd, J = 10.4, 1.4, 1.3 Hz, 1H), 4.10 (q, J = 6.3 Hz, 1H), 3.61 (t, J = 6.5 

Hz, 2H), 1.73 (m, 1H), 1.59 – 1.38 (m, 6H), 0.89 (s, 9H), 0.04 (s, 6H);  13C NMR (101 

MHz, CDCl3) δ 141.2, 114.6, 73.2, 63.1, 36.7, 32.6, 26.0, 21.7, 18.4, –5.3.  Spectral data 

matches literature references.49 

Preparation of 7-((tert-butyldimethylsilyl)oxy)hept-1-en-3-ol (2.75) 

 

7-((tert-Butyldimethylsilyl)oxy)hept-1-en-3-ol (2.75).  A 100 mL two-neck round-

bottomed flask equipped with a stir bar was added (4-bromobutoxy)(tert-

butyl)dimethylsilane (2.0 g, 9.0 mmol, 1 equiv) and 50 mL of THF.  The round-bottomed 

flask was then cooled to -78  ̊C with an acetone and dryice bath.  Once the reaction was 

cooled to –78  ̊C, t-Buli (11.1 mL, 18.9 mmol, 2.1 equiv) was added to the reaction drop-

wise.  The reaction mixture was then allowed to stir for 60 min at –78  ̊C.  After 60 min, 

acrolein (900 μl, 13.5 mmol, 1.5 equiv) was added as a solution in 3 mL of THF dropwise. 

The reaction was allowed to stir at –78  ̊C for 60 min.  After 60 min, the reaction was 

quenched with NaHCO3 (10 mL) and water (10 mL).  The quenched reaction mixture was 

extracted with Et2O (3 x 15 mL).  The organic layer was washed with brine and dried over 

Na2SO4 and then filtered and concentrated under reduced pressure.  The crude mixture was 

purified by silica gel flash chromatography eluting with 50% EtOAc in hexanes to provide 

7-((tert-butyldimethylsilyl)oxy)hept-1-en-3-ol 2.75 (1.85 g, 85%) as a yellow oil. 
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1H NMR (400 MHz, CDCl3) δ 5.86 (ddd, J = 17.1, 10.4, 6.2 Hz, 1H), 5.22 (dt, J = 17.2, 

1.4 Hz, 1H), 5.10 (ddd, J = 10.4, 1.4, 1.3 Hz, 1H), 4.10 (q, J = 6.3 Hz, 1H), 3.61 (t, J = 6.5 

Hz, 2H), 1.73 (m, 1H), 1.59 – 1.38 (m, 6H), 0.89 (s, 9H), 0.04 (s, 6H);  13C NMR (101 

MHz, CDCl3) δ 141.2, 114.6, 73.2, 63.1, 36.7, 32.6, 26.0, 21.7, 18.4, –5.3.  Spectral data 

matches literature references.49 

Preparation of hept-6-ene-1,5-diol (2.91) 

 

Hept-6-ene-1,5-diol (2.91). To a 50 mL round-bottomed flask was added a crude mixture 

of aldehyde 2.90 and its corresponding hemiacetal (1.0 g, 7.64 mmol, 1 equiv) and 6.3 mL 

of THF.  The reaction mixture was cooled to 0  ̊C, then vinyl magnesium bromide (19.2 

mL, 19.1 mmol, 2.5 equiv) was added dropwise.  The reaction was stirred at rt for 15 min, 

tert-butyldimethylsilyl chloride (27.1 g, 180 mmol, 1.1 equiv) was added portion wise and 

then allowed to warm up to rt.  After 4 h, the reaction was quenched with NH4Cl (10 mL).  

The quenched reaction was then extracted with DCM (3 x 10 ml) and washed with brine 

(3 x 10 mL).  The combined organic layer was dried over Na2SO4, filtered, and then 

concentrated in under reduced pressure.  The crude mixture was purified by silica gel flash 

chromatography eluting with 1:1 hexanes/EtOAc to provide hept-6-ene-1,5-diol 2.91 

(395.10 mg, 40%) as a viscous yellow oil. 
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1H NMR (400 MHz, CDCl3) δ 5.88 (ddd, J = 16.7, 10.4, 6.2 Hz, 1H), 5.24 (dt, J = 17.2, 

1.4 Hz, 1 H), 5.12 (dt, J = 10.4, 1.3 Hz, 1H), 4.13 (dd, J = 12.1, 6.2 Hz, 1H), 3.67 (t, J = 

6.3 Hz, 2H), 1.67–1.32 (m, 6H).  13C NMR (151 MHz, CDCl3) δ 141.2, 114.8, 73.2, 62.8, 

36.6, 32.5, 21.5.  Spectral data matches literature references.50 

 

Preparation of 7-((tert-butyldimethylsilyl)oxy)-1-(pyridine-3-yl)heptan-3-one (2.81) 

 

7-((tert-Butyldimethylsilyl)oxy)-1-(pyridin-3-yl)heptan-3-one (2.81).  To a 4 mL vial 

equipped with a stir bar was added 7-((tert-butyldimethylsilyl)oxy)hept-1-en-3-ol 2.75 

(0.20 mmol, 50 mg), 3-pyridyl boronic acid (0.41 mmol, 50.3 mg), BiPy (0.06 mmol, 9.6 

mg), CuCl (0.51 mmol, 4.6 mg), Pd(OAc)2 (0.10 mmol, 22.9 mg) and 0.6 mL of 

DMSO/H2O (5:1).  The reaction was stirred open to air at 80 °C for 24 h.  After 24 h, the 

reaction was allowed to cool to rt.  The reaction mixture was diluted with water (3 mL) and 

DCM (3 mL) and then filtered through celite.  The resulting mixture was extracted with 

DCM (3 x 5 mL). The organic phase was washed brine (3 x 5 mL).  The combined organic 

layer was dried over Na2SO4, filtered, and then concentrated under reduced pressure to 
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provide 7-((tert-butyldimethylsilyl)oxy)-1-(pyridin-3-yl)heptan-3-one 2.81 (17 mg, 27%) 

as a viscous yellow oil. 

1H NMR (600 MHz, CDCl3) δ 8.51 – 8.40 (m, 2H), 7.57 (d, J = 7.5 Hz, 1H), 7.25 (dd, J = 

7.7, 4.8 Hz, 1H), 3.60 (t, J = 6.3 Hz, 2H), 2.92 (t, J = 7.3 Hz, 2H), 2.76 (t, J = 7.4 Hz, 2H), 

2.43 (t, J = 7.4 Hz, 2H), 1.63 (dt, J = 15.2, 7.5 Hz, 2H), 1.49 (dt, J = 13.3, 6.2 Hz, 2H), 

0.89 (s, 9H), 0.04 (s, 6H).  13C NMR (151 MHz, CDCl3) δ 209.4, 149.9, 147.7, 136.7, 

136.1, 123.5, 77.2, 62.9, 43.7, 42.9, 32.3, 26.9, 26.1, 20.4, 18.5. HRMS (ESI+) m/z calc’d 

for C18H32NO2Si [M+H]+: 322.2124, found 322.2199 [H+] and 344.2004 [Na+].  IR (ATR): 

2953, 2929, 2857, 1715, 1255, 1099, 913, 836, 776, 745 cm-1 

Preparation of 7-hydroxy-1-(pyridin-3-yl)heptan-3-one (2.82) 

 

7-Hydroxy-1-(pyridin-3-yl)heptan-3-one (2.82).  To a 4 mL vial was added 7-((tert-

butyldimethylsilyl)oxy)hept-1-en-3-ol 2.75 (0.20 mmol, 50 mg), 3-pyridyl boronic acid 

(0.41 mmol, 50.3 mg), BiPy (0.06 mmol, 9.6 mg), CuCl (0.51 mmol, 4.6 mg), Pd(OAc)2 

(0.10 mmol, 22.9 mg) and 0.6 mL of DMSO/H2O (5:1).  The reaction was stirred open to 

air at 80 °C for 24 hr.  After 24 h, the reaction was allowed to cool to rt.  The reaction 

mixture was diluted with water (3 mL) and DCM (3 mL) and then filtered through celite.  
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The resulting mixture was extracted with DCM (3 x 5 ml). The organic phase was washed 

brine (3 x 5 mL).  The combined organic layer was dried over Na2SO4, filtered, and then 

concentrated under reduced pressure to provide 7-hydroxy-1-(pyridin-3-yl)heptan-3-one 

2.82 (15 mg, 35%) as a viscous yellow oil. 

1H NMR (600 MHz, CDCl3) δ 8.46 (d, J = 10.3 Hz, 2H), 7.54 (d, J = 7.8 Hz, 1H), 7.23 

(dd, J = 7.8, 4.7 Hz, 1H), 3.62 (t, J = 6.3 Hz, 2H), 2.92 (t, J = 7.4 Hz, 2H), 2.77 (t, J = 7.4 

Hz, 2H), 2.46 (t, J = 7.2 Hz, 2H), 1.67 (p, J = 7.2 Hz, 3H), 1.57 – 1.50 (m, 3H).  13C NMR 

(151 MHz, CDCl3) δ 209.5, 149.7, 147.6, 136.7, 136.4, 123.6, 77.2, 62.4, 43.7, 42.7, 32.2, 

26.9, 19.9.  HRMS (ESI+) m/z calc’d for C12H18NO2 [M+H]+: 208.1261, found 208.1328 

[H+] and 230.1139 [M+Na].  IR(ATR): 3400, 2936, 2869, 1709, 1578, 1480, 1425, 1375, 

1046, 1030, 913, 801, 744, 714, 637, 616, 553, 540 cm-1 

Preparation of 4-bromobutyl 4-methylbenzenesulfonate (2.86) 

 

4-Bromobutyl 4-methylbenzenesulfonate (2.86). To a solution of 4-bromobutanol (1.0 

g, 6.6 mmol) in pyridine (10 ml) cooled to 0° C, tosyl chloride (1.38 g, 7.24 mmol) was 

added. The resulting solution was kept under stirring for 20 min and then stored overnight 

at –18° C.  The reaction mixture was poured in a water/ice mixture (about 50 mL) and 

extracted with ethyl ether (3 x 10 ml). The organic phase was washed with 3 M HCl (15 

ml).  The combined organic layer was dried over Na2SO4, filtered, and then concentrated 
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under reduced pressure to provide 4-bromobutyl 4-methylbenzenesulfonate 2.86 (1.27 g, 

63%) as a viscous orange oil.   

1H NMR (300 MHz, CDCl3) d 7.79 (d, 2H, J = 8.1 Hz), 7.36 (d, 2H, J = 8.1 Hz), 4.06 (t, 

2H, J = 6.0 Hz), 3.37 (t, 2H, J = 6.0 Hz), 2.46 (s, 3H), 1.91 (m, 2H), 1.81 (m, 2H).  13C 

NMR (151 MHz, CDCl3) δ 145.0, 133.1, 130.1, 128.0, 77.2, 69.5, 32.8, 28.6, 27.6, 21.8.   

Spectral data matches literature references.51 

Preparation of 4-bromobutyl methanesulfonate (2.88) 

 

4-Bromobutyl methanesulfonate (2.88).  To a stirred solution of 4-bromobutanol 2.80 

(6.58 mmol, 1.0 g) and MsCl (7.90 mmol, 612 μL) in DCM (33 mL) at 0 °C, Et3N (32.9 

mmol, 4.6 mL) was added dropwise. After 1 h the reaction mixture was diluted with H2O 

(10 mL) and extracted with DCM (3 × 5 mL). The combined organic layers were washed 

with H2O (2 × 5 mL) and brine (2 × 5 mL).  The combined organic layer was dried over 

Na2SO4, filtered, and then concentrated under reduced pressure to provide 4-bromobutyl 

methanesulfonate 2.88 (1.31g, 87%) as a viscous yellow oil.   

1H NMR (600 MHz, Chloroform-d) δ 4.29 (t, J = 6.1 Hz, 2H), 3.46 (t, J = 6.3 Hz, 2H), 

2.06 – 1.98 (m, 2H), 1.97 – 1.92 (m, 2H).  13C NMR (151 MHz, CDCl3) δ 68.9, 37.6, 32.8, 

28.7, 27.9.  HRMS (ESI+) m/z calc’d for C5H12BrO3S [M+H]+: 230.9606, found 247.9945 
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[H+] and 247.9945 [M + NH4].  (ESI+) m/z calc’d for C12H18NO2 [M+H]+: 208.1261, found 

208.1328 [H+] and 230.1139 [M+Na].  IR(ATR): 1346, 1249, 1168, 971, 924, 835, 795, 

765, 720, 746 cm-1. 

Preparation of 5-hydroxyhept-6-en-1-yl 4-methylbenzenesulfonate (2.97) 

 

5-Hydroxyhept-6-en-1-yl 4-methylbenzenesulfonate (2.87).  To a solution of hept-6-

ene-1,5-diol 2.91(3.8 mmol, 500 mg) in DCM (35 mL) at 0 ºC was added Et3N (7.7 mmol, 

1.1 mL) and TsCl (3.84 mmol, 732 mg). The solution was slowly warmed to rt and allowed 

to stir overnight (16 h). The reaction was quenched with saturated NaHCO3 (10 mL) and 

extracted with DCM (3 x 10 mL). The combined organic layer was dried over Na2SO4, 

filtered, and then concentrated under reduced pressure.  Purification by flash 

chromatography (1:1 hexanes/EtOAc) provided 5-hydroxyhept-6-en-1-yl 4-

methylbenzenesulfonate 2.87 (585 mg, 53%) as a viscous orange oil.  

1H NMR (600 MHz, CDCl3) δ 7.80 (d, J = 8.3 Hz, 2H), 7.35 (d, J = 8.1 Hz, 2H), 5.82 (ddd, 

J = 16.9, 10.4, 6.3 Hz, 1H), 5.21 (d, J = 17.2 Hz, 1H), 5.11 (d, J = 10.4 Hz, 1H), 4.04 (dt, 

J = 12.9, 6.2 Hz, 3H), 2.46 (s, 3H), 1.69 (p, J = 8.3 Hz, 2H), 1.52 – 1.32 (m, 4H).  13C NMR 

(151 MHz, CDCl3) δ 144.9, 141.0, 133.3, 130.0, 128.0, 115.1, 77.2, 73.0, 70.5, 36.2, 28.9, 

21.8, 21.4. Spectral data matches literature references.50 
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Preparation of 5-hydroxyhept-6-en-1-yl 4-methylbenzenesulfonate (2.87). 

 

5-Hydroxyhept-6-en-1-yl 4-methylbenzenesulfonate (2.87).  To a flame dried two-neck 

round-bottomed flask equipped with a stir bar was added 4-bromobutyl 4-

methylbenzenesulfonate 2.86 (1.63 mmol, 500 mg) and 10.5 mL of THF.  The round-

bottomed flask was then cooled to –78  ̊C with an acetone and dry-ice bath.  Once the 

reaction was cooled to –78  ̊C, t-Buli (1.7 M in hexanes, 1.6 mL, 3.4 mmol) was added to 

the reaction drop-wise.  The reaction mixture was then allowed to stir for 15 min at –78  ̊C.  

After 15 min, acrolein (131 μl, 1.96 mmol) was added as a solution in 1 mL of THF 

dropwise. The reaction was allowed to stir at –78  C̊ for 60 min.  After 60 min, the reaction 

mixture was quenched with saturated NaHCO3 solution (10 mL) and water (10 mL).  The 

quenched reaction mixture was extracted with Et2O (3 x 15 mL).  The organic layer was 

washed with brine (3 x 5 mL) and dried over Na2SO4 and then filtered and then 

concentrated under reduced pressure.  The crude mixture was purified by silica gel flash 

chromatography eluting with 4:1 hexanes /EtOAc to provide 7-((tert-5-hydroxyhept-6-en-

1-yl 4-methylbenzenesulfonate 2.87 (232 mg, 50%) as an orange oil.     

1H NMR (600 MHz, CDCl3) δ 7.80 (d, J = 8.3 Hz, 2H), 7.35 (d, J = 8.1 Hz, 2H), 5.82 (ddd, 

J = 16.9, 10.4, 6.3 Hz, 1H), 5.21 (d, J = 17.2 Hz, 1H), 5.11 (d, J = 10.4 Hz, 1H), 4.04 (dt, 

J = 12.9, 6.2 Hz, 3H), 2.46 (s, 3H), 1.69 (p, J = 8.3 Hz, 2H), 1.52 – 1.32 (m, 4H).  13C NMR 
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(151 MHz, CDCl3) δ 144.9, 141.0, 133.3, 130.0, 128.0, 115.1, 77.2, 73.0, 70.5, 36.2, 28.9, 

21.8, 21.4. Spectral data matches literature references.50 

 

Preparation of 5-oxo-7-(pyridin-3-yl)heptyl 4-methylbenzenesulfonate (2.83) 

 

5-Oxo-7-(pyridin-3-yl)heptyl 4-methylbenzenesulfonate (2.83).  To a solution of 7-

hydroxy-1-(pyridin-3-yl)heptan-3-one 2.82 (0.16 mmol, 33 mg) in DCM (3 mL) at 0 ºC 

was added Et3N (6.37 mmol, 888 μL) and TsCl (3.18 mmol, 607 mg). The solution was 

slowly warmed to rt and allowed to stir overnight (16 h). The reaction was quenched with 

saturated NaHCO3 solution (10 mL) and extracted with DCM (3 x 10 mL). The combined 

organic layer was dried over Na2SO4, filtered, and then concentrated under reduced 

pressure.  Purification by preparative TLC in 1:1 hexanes/acetone provided 5-oxo-7-

(pyridin-3-yl)heptyl 4-methylbenzenesulfonate 2.83 (272  mg, 50%) 

1H NMR (600 MHz, CDCl3) δ 8.48 (s, 2H), 7.79 (t, J = 8.1 Hz, 2H), 7.58 (d, J = 7.8 Hz, 

2H), 7.35 (t, J = 8.0 Hz, 3H), 7.26 (m,  1H) 4.01 (t, J = 5.7 Hz, 2H), 2.91 (t, J = 7.4 Hz, 

2H), 2.74 (t, J = 7.4 Hz, 2H), 2.46 (s, 2H), 2.40 (t, J = 6.6 Hz, 3H), 1.65 – 1.60 (m, 2H), 

0.89 (t, J = 6.9 Hz, 4H). HRMS (ESI+) m/z calc’d C19H24NO4S [M+H]+: 362.1335, found 
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362.1409 [H+].  13C NMR (151 MHz, CDCl3) δ 208.4, 130.0, 128.0, 77.2, 70.2, 43.6, 29.8, 

26.8, 21.8, 19.7, 14.3.  HRMS (ESI+) m/z calc'd for C19H24NO4S [M + H]+: 362.1348, 

found 362.1409 [H+].  IR (ATR): 2924, 2853, 1713, 1357, 1188, 1176, 1098, 913, 815, 

742, 665, 555, 536 cm-1 

Preparation of 7-((tert-butyldimethylsilyl)oxy)-1-(pyridine-3-yl)heptan-3-one (2.81) 

 

7-((tert-Butyldimethylsilyl)oxy)-1-(pyridine-3-yl)heptan-3-one (2.81).  To a 4 mL vial 

equipped with a stir bar was added 3-iodopyridine (0.49 mmol, 100mg), 7-((tert-

butyldimethylsilyl)oxy)hept-1-en-3-ol 2.75 (0.73 mmol, 179 mg), Pd(OAc)2 (0.01 mmol, 

1.1 mg), NaHCO3 (0.88 mmol, 73.8 mg), and 1 mL of DMF.  The reaction mixture was 

stirred at 120 °C for 24 h under nitrogen.  After 24 h, the reaction mixture was allowed to 

cool to rt.  The reaction mixture was poured into water (3 mL) and extracted with Et2O (3 

x 8 mL) and the organic phase was washed with brine (3 x 5 mL).  The combined organic 

layer was dried over Na2SO4, filtered, and then concentrated under reduced pressure.  The 

crude mixture was purified by silica gel flash chromatography eluting with 1:1 

hexanes/acetone to provide to provide 7-((tert-butyldimethylsilyl)oxy)-1-(pyridine-3-

yl)heptan-3-one 2.81 (68 mg, 43%) as a viscous yellow oil. 
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1H NMR (600 MHz, CDCl3) δ 8.51 – 8.40 (m, 2H), 7.57 (d, J = 7.5 Hz, 1H), 7.25 (dd, J = 

7.7, 4.8 Hz, 1H), 3.60 (t, J = 6.3 Hz, 2H), 2.92 (t, J = 7.3 Hz, 2H), 2.76 (t, J = 7.4 Hz, 2H), 

2.43 (t, J = 7.4 Hz, 2H), 1.63 (dt, J = 15.2, 7.5 Hz, 2H), 1.49 (dt, J = 13.3, 6.2 Hz, 2H), 

0.89 (s, 9H), 0.04 (s, 6H). 13C NMR (151 MHz, CDCl3) δ 209.4, 149.9, 147.7, 136.7, 136.1, 

123.5, 77.2, 62.9, 43.7, 42.9, 32.3, 26.9, 26.1, 20.4, 18.5. HRMS (ESI+) m/z calc’d for 

C18H32NO2Si [M+H]+: 322.2124, found 322.2199 [H+] and 344.2004 [Na+]. IR (ATR): 

2953, 2929, 2857, 1715, 1255, 1099, 913, 836, 776, 745 cm-1 

Preparation of 7-hydroxy-1-(pyridin-3-yl)heptan-3-one (2.82) 

 

7-Hydroxy-1-(pyridin-3-yl)heptan-3-one (2.82).  To a 4 mL vial equipped with a stir bar 

was added 3-iodopyridine (0.98 mmol, 200 mg), hept-6-ene-1,5-diol 2.91 (1.46 mmol, 191 

mg), Pd(OAc)2 (0.01 mmol, 2.2 mg), NaHCO3 (1.76 mmol, 148 mg), and 1 mL of DMF.  

The reaction mixture was stirred at 120 °C for 24 h under nitrogen.  After 24 h, the reaction 

was allowed to cool to rt.  The reaction mixture was poured into water (3 mL) and extracted 

with Et2O (3 x 8 mL) and the organic phase was washed with brine (3 x 5 mL).  The 

combined organic layer was dried over Na2SO4, filtered, and then concentrated under 

reduced pressure.  The crude mixture was purified by silica gel flash chromatography 
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eluting with 1:1 hexanes/acetone to provide 7-hydroxy-1-(pyridin-3-yl)heptan-3-one 2.82  

(91 mg, 45%) as a viscous yellow oil. 

1H NMR (600 MHz, CDCl3) δ 8.46 (d, J = 10.3 Hz, 2H), 7.54 (d, J = 7.8 Hz, 1H), 7.23 

(dd, J = 7.8, 4.7 Hz, 1H), 3.62 (t, J = 6.3 Hz, 2H), 2.92 (t, J = 7.4 Hz, 2H), 2.77 (t, J = 7.4 

Hz, 2H), 2.46 (t, J = 7.2 Hz, 2H), 1.67 (p, J = 7.2 Hz, 3H), 1.57 – 1.50 (m, 3H).  13C NMR 

(151 MHz, CDCl3) δ 209.5, 149.7, 147.6, 136.7, 136.4, 123.6, 77.2, 62.4, 43.7, 42.7, 32.2, 

26.9, 19.9.  HRMS (ESI+) m/z calc’d for C12H18NO2 [M+H]+: 208.1261, found 208.1334 

[H+] and 230.1139 [M+Na].  IR(ATR): 3400, 2936, 2869, 1709, 1578, 1480, 1425, 1375, 

1046, 1030, 913, 801, 744, 714, 637, 616, 553, 540 cm-1.   

 

Preparation of 7-hydroxy-1-(pyridin-3-yl)heptan-3-one (2.82) 

 

7-Hydroxy-1-(pyridin-3-yl)heptan-3-one (2.82).  To a 4 mL vial equipped with a stir bar 

was added 3-iodopyridine (0.98 mmol, 200 mg), hept-6-ene-1,5-diol 2.91 (2.18 mmol, 

284.3 mg), Pd(OAc)2 (0.01 mmol, 3.3 mg), NaHCO3 (1.75 mmol, 146.8 mg), and 1 mL of 

DMF.  The reaction mixture was stirred at 120 °C for 24 h under nitrogen.  After 24 h, the 

reaction mixture was allowed to cool to rt.  The reaction mixture was poured into water (3 
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mL) and extracted with Et2O (3 x 8 mL) and the organic phase was washed with brine (3 

x 5 mL).  The combined organic layer was dried over Na2SO4, filtered, and then 

concentrated under reduced pressure.  The crude mixture was purified by silica gel flash 

chromatography eluting with 1:1 hexanes/acetone to provide 7-hydroxy-1-(pyridin-3-

yl)heptan-3-one 2.82  (177 mg, 59%) as a viscous yellow oil. 

1H NMR (600 MHz, CDCl3) δ 8.46 (d, J = 10.3 Hz, 2H), 7.54 (d, J = 7.8 Hz, 1H), 7.23 

(dd, J = 7.8, 4.7 Hz, 1H), 3.62 (t, J = 6.3 Hz, 2H), 2.92 (t, J = 7.4 Hz, 2H), 2.77 (t, J = 7.4 

Hz, 2H), 2.46 (t, J = 7.2 Hz, 2H), 1.67 (p, J = 7.2 Hz, 3H), 1.57 – 1.50 (m, 3H).  13C NMR 

(151 MHz, CDCl3) δ 209.5, 149.7, 147.6, 136.7, 136.4, 123.6, 77.2, 62.4, 43.7, 42.7, 32.2, 

26.9, 19.9.  HRMS (ESI+) m/z calc’d for C12H18NO2 [M+H]+: 208.1261, found 208.1334 

[H+] and 230.1139 [M+Na].  IR (film): 3400, 2936, 2869, 1709, 1578, 1480, 1425, 1375, 

1046, 1030, 913, 801, 744, 714, 637, 616, 553, 540 cm-1.   
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2.6 NMR Spectra 
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Chapter 3—Morita—Baylis—Hillman Coupling Methodology 

3.1 Introduction and Background  

The Morita-Baylis-Hillman (MBH) reaction was first described simultaneously by 

Morita in 1968 and by Baylis and Hillman in 1972 (Scheme 3.1).1  The MBH reaction can 

be utilized to perform α-carbonyl functionalization via carbon–carbon bond formation 

between an electron-poor α,β-unsaturated ketone and a suitable carbonyl electrophile.  This 

reaction allows for the convenient synthesis of densely functionalized products that can be 

further derivatized.  Additionally, this reaction is catalytic with respect to the tertiary 

phosphine or a tertiary amine.  In seminal reports of the MBH reaction, Morita reported 

the reaction being catalyzed by a tertiary phosphine, while Baylis and Hillman reported 

catalysis by a tertiary amine.  Nonetheless, the reactivity and bond formations were 

identical.  Notable synthetic advantages of the MBH reaction are that it is atom economical, 

the starting materials are generally commercially available, the reaction proceeds under 

mild conditions and under catalytic conditions.2   

Since the first description of the Morita–Baylis-Hillman reaction, extensive research and 

development (Scheme 3.2) has been pursued, leading to interesting derivatives and 

variations upon the classic MBH transformation.2,3  For example, in 1984 Perlmutter 

reported an aza-MBH reaction, reacting ethyl acrylate and N-(para-

Scheme 3.1 General Morita-Baylis-Hillman reaction 
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toluenesulphony)benzaldimine in the presence of catalytic 1,4-diazabicyclo[2.2.2]octane 

(DABCO).4 A couple years later in 1986, Taniguchi reported a TiCl4/TBAI mediated MBH 

transformation between electron-deficient alkynes and aldehydes, generating an iodinated 

allenolate intermediate that nucleophilically attacks the aldehyde, to produce an iodinated 

Scheme 3.2 Variations and derivatives of the classical Morita-Baylis-Hillman 

reaction 
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MBH aldol product with high stereoselectivity for the Z-isomer.5  In 1999, Kataoka 

reported a chalcogeno-Baylis–Hillman reaction, which utilized a chalcogenide and Lewis 

acid TiCl4, both as catalysts.  Kataoka also developed an asymmetric version of the 

chalcogeno—Baylis-Hillman.6  Additionally, in 2003, Koo reported an intramolecular 

example of the MBH reaction.7 Another interesting derivative of the MBH reaction is the 

sila-MBH reaction developed by Gevorgyan in 2008.8  In addition to these developments, 

there have also been examples of asymmetric variants and ‘double’-MBH reactions via 

dimerization; however, there have been no reported examples of coupling an electron-

deficient α,β-unsaturated carbonyl to an aryl halide through a transition-metal-catalyzed 

Scheme 3.3 Alpha-arylation methodology utilizing an enolate intermediate 
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pathway.9–13 The absence of literature precedent for a MBH-type arylation reaction, despite 

the extensive literature precedent for MBH chemistry and α-carbonyl arylation chemistry, 

presents an opportunity to explore a new coupling reaction.  If the enolate intermediate of 

a classical MBH reaction could bind to a transition metal, such as nickel or palladium, then 

we hypothesize that it should be able to mimic α – carbonyl arylation chemistry from that 

point to access MBH products with aryl or alkyl groups at the sp2- α-position, from a wide 

variety of aryl- and alkyl-halides.  A myriad of α–carbonyl arylation chemistry (Scheme 

3.3) has been developed by Hartwig and Buchwald, where they are able to couple the α-

position to an aryl group via an enolate intermediate that binds to a transition metal.14–16,16–

20 Encouragingly, there is one related example by Huang where an MBH ‘coupling’ is 

carried out between an α,β-unsaturated ketone and an allylic acetate using a palladium 

catalyst, a tertiary phosphine nucleophile, and an acid additive.21   

 Our group has previously demonstrated a strong interest in the development of 

novel arylation methodologies.  Recently in 2020, our group published the first example of 

Scheme 3.4 Select examples of rhodium catalyzed C-H functionalization/alpha-arylation 

developed by the Kou lab 
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a C–H functionalization/α-arylation methodology utilizing silyl enol ethers and 

benzamides as well as a rhodium (III) catalyst (scheme 3.4).22  In this work, we have 

developed a highly synthetically broad and useful α-arylation/C-H functionalization 

reaction to access a wide variety of dihydroisoquinolones in moderate to high yields.   

 As an extension of our interest in advancing novel arylation methodologies, we 

have focused upon the challenge of developing a methodology for the α-functionalization 

of α,β-unsaturated ketones, which would achieve an inversion of regioselectivity compared 

to the regioselectivity of a traditional Heck arylation.  Our initial approach for the α-
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arylation of α,β-unsaturated was adapted from MBH chemistry and enolate derived α-

arylation methodologies (Scheme 2, 3, 5).          

3.2 Results and Discussion 

Research Proposal 

We envisioned capitalizing upon a reaction mechanism (Figure 1) that was a unification 

of the respective mechanisms of the classical MBH and traditional α-carbonyl arylation 

chemistries described previously (Schemes 3.2, 3.3, 3.5).  Beginning from a palladium (0) 

or nickel (0) A, we proposed an oxidative addition into a carbon–halide bond of an aryl- or 

Table 3.3 Solvent screen using a nickel catalyst system 
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alkyl halide.  The resulting organometallic intermediate (B) would then be attacked by 

enolate C that is generated in situ to form intermediate D.  The enolate (C) would be 

generated in situ following the classical MBH mechanism, where the α,β-unsaturated 

ketone is attacked at the β-position by a tertiary amine or phosphine.  After the enolate adds 

onto the metal catalyst (B), substituting the halide, we hypothesized that reductive 

Table 3.2 Ligand evaluation using a nickel catalyst system 
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elimination from intermediate D would occur, forming the new carbon–carbon double 

bond in intermediate E and regenerating the active catalyst, Ni(0) or Pd(0).  Finally, 

deprotonation of the α-proton would yield our desired product (F) by reforming the α,β-

unsaturation and regenerate the tertiary phosphine or amine catalyst.  We were motivated 

to develop this chemistry using nickel instead of palladium for sustainability and cost 

reasons.  Being able to develop new organometallic reactions, as well as perform 

previously developed palladium catalyzed reactions with nickel instead could not only lead 

to the development of new transformations, but also ensure the sustainability of already 

developed palladium catalyzed reactions by not having to rely on a diminishing supply of 

palladium sources.   

Table 3.3 Nucleophile screening using a nickel catalyst system 
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Despite extensive literature precedent (discussed above) for both the MBH and α–

carbonyl arylation chemistry via an enolate intermediate, we have thus far been 

unsuccessful in our goal of developing a method for the α-functionalization of α,β-

unsaturated ketones demonstrating reversed selectivity to the traditional Heck reaction.   

We have explored myriad reaction conditions to effect this transformation, beginning with 

a solvent screen shown in Table 3.1.  Our starting reaction conditions, which were adapted 

from MBH literature precedent1,21, included cyclohexanone (1 equiv), bromobenzene (1.2 

equiv), DABCO (1.2 equiv), Ni(COD)2 (10 mol%), and PCy3 (20 mol%) with a reaction 

temperature of 100 ˚C and a reaction time of 24 h.  Our goal with this methodology is to 

reverse the selectivity of the traditional Heck reaction. However, the traditional β-

functionalized Heck product could be formed through a competing side-reaction and in fact 

we do in some experiments observe the β-functionalized product as the predominant 

reaction pathway.  We examined different solvents that have demonstrated success in 

related MBH reactions, including dioxane, DCM, THF, toluene, MeCN and DCE (Table 

3.1, entries 4—8); however, none led to product formation and only starting material was 

recovered.  Next, we performed a sizeable ligand screen (Table 3.2).  We focused on 

bidentate phosphine ligands such as dppp, dppb, dppe, dppf, BINAP, and many others due 
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to previous examples in the literature that we hoped would provide reactivity in this 

reaction; however, only starting materials were recovered. We moved on to evaluate 

different nucleophiles (Table 3.3), aiming to identify one that would be suitable to engage 

the β-position of cyclohexenone to generate the enolate in situ, which could then undergo 

α-metalation and proceed through our proposed mechanism.  We evaluated PCy3 (1.2 

equiv, Table 3.3, entry 1), as both the ligand for nickel to reduce Ni(II)(COD)2 to Ni(0) as 

well as the nucleophile since MBH reactions can be catalyzed by a tertiary amine or 

phosphine, but this again resulted in no reaction.  We also tried other nitrogen-containing 

nucleophiles such as imidazole, trimethylamine, triethylamine, dimethyl amino pyridine, 

and pyrrolidine, all of which returned starting material (Table 3.3, entries 1–6).  The next 

reaction parameter we visited was acid additives (Table 3.4).  We hoped that the 

appropriate acid would be able to activate the β-position of cyclohexnone by protonating 

Table 3.4 Acid additive screening using a nickel catalyst system 
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the carbonyl, and the resulting conjugate base could act as a nucleophile by attacking the 

β-position of cyclohexenone and proceeding through our desired mechanism.  However, 

each acid evaluated returned starting materials or decomposition products.        

Given the lack of reactivity, we decided to switch from a catalyst system of nickel to that 

of palladium.  Although there are examples of nickel catalyzed arylations, all of the α-

arylation chemistry utilizing an aryl halide (Scheme 3.3) by Hartwig and Buchwald used 

palladium catalysts.  Upon switching to palladium, we revisited nucleophiles and explored 

cationic palladium complexes (Table 3.5).23,24 Specifically, we evaluated PCy3 (1.2 equiv) 

acting as both the nucleophile as well as the ligand to reduce palladium(II) to palladium(0), 

Table 3.5 Nucleophile screening using palladium catalyst system 
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but only observed starting material.  We also evaluated DABCO, imidazole, and NMe3.  

With DABCO and NMe3 we observed and isolated the undesired regioisomer where the 

phenyl group was coupled to the β-position instead of the desired α- position, in about 30% 

yields.  We propose that the β-arylated product 3.3 arises from a traditional Heck reaction, 

although in lower yields than a traditional Heck reaction.25  This result seems to suggest 

that the Heck pathway is more reactive than the desired α-arylation pathway.  We also 

evaluated cationic palladium complexes by using PdCl2 and AgBF4 (5 mol%) or AgSbPF6 

(5 mol %) but neither system resulted in product formation.  Inspired by the Gilman 

coupling literature, we decided to explore copper (Table 3.6).26  We evaluated different 

iodide sources, such as sodium iodide (NaI) and tert-butyl ammonium iodide (TBAI), as 

well as potassium phosphate (K3PO4) as a base additive.  We chose to evaluate 

 
Table 3.6 Iodide source screening with a copper catalyst system 



245 
 

copper/iodide sources in the hopes that an iodide source would act as a suitable nucleophile 

to attack the β-position of cyclohexenone and proceed through a copper catalyzed coupling 

pathway.  Unfortunately, various permutations of conditions using copper with NaI or 

TBAI additives individually or simultaneously with K3PO4 were unsuccessful, only 

returning starting materials.   

The lack of reactivity in this system leading to the generation of the desired α-arylation 

product or the β-arylation Heck product led us to speculate that perhaps the enone and 

bromobenzene were incompatible coupling partners for either pathway.  To briefly 

investigate this hypothesis, we evaluated more common Heck coupling conditions using a 

catalyst ligand system of Ni(COD)2 (10 mol%), dppf (10 mol%), and DIPEA (2 equiv) in 

1,4-dioxane (Table 3.7, entry 1) and a palladium(0) source in Pd2(dba)3 (10 mol%) and 

K3PO4 (2 equiv) in toluene (Table 3.7, entry 2), both stirred at 100 ˚C for 24 h.  

Surprisingly, neither set of conditions generated the expected β-arylated Heck product 

Table 3.7 Coupling reactions under Heck conditions 
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(3.3). This suggests that perhaps the electronic withdrawing effects of the carbonyl maybe 

deactivating the alkene to the extent that it is not coordinating very well to the metal, and 

therefore cannot efficiently proceed through a Heck pathway.  Based on these results and 

the previous formation of the β-arylation product (3.3), although relatively low yielding, it 

would appear that the Heck pathway is more favorable than the desired α-arylation 

pathway, which appears to be very much unfavorable, at least with cyclohexenone and 

bromobenzene  as coupling partners.   

To follow up on the hypothesis that cyclohexenone and bromobenzene may be 

incompatible coupling partners, we evaluated different halide electrophiles (Table 3.8).  

We first tested iodobenzene and chlorobenzene to eliminate the possibility that this 

chemistry is only incompatible with aryl bromides, but such was not the case as starting 

Table 3.8 Halide screening with a palladium or nickel catalyst system 
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materials were recovered in all cases.  We also experimented with electron poor aryl halides 

because oxidative addition into these tends to be faster than their more electron-rich 

counterparts.  We experimented with 4-iodoacetophenone, 4-bromoacetophenone, and 4-

nitroacetophenone. Lastly, we tried Suzuki-type conditions using phenylboronic acid with 

NiCl2 and DIPEA.27  Dissatisfying, none of these electrophiles provided the desired α-

arylated product (3.2) or the undesired β-arylated regioisomer (3.2).  

 Due to the lack of desired reactivity between cyclohexenone and bromobenzene, or 

any other evaluated aryl halide, we decided to change model substrates to methyl acrylate 

Table 3.9 Nucleophile screening with methyl acrylate and a palladium or nickel 

catalyst system 
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(Table 3.9).  We hypothesized that methyl acrylate could be a better electrophile to initiate 

the conjugate addition part of proposed MBH mechanism because it was less sterically 

hindered at the β-position (as a mono-substituted α,β-unsaturated ketone) with terminal 

hydrogens compared to the di-substituted double bond in cyclohexenone.  However, 

despite significant efforts by varying the reaction conditions and setup, such as pre-mixing 

the ligand and catalyst, pre-mixing methyl acrylate and nucleophile to generate the enolate, 

and varying temperatures, the Heck pathway was more favorable.  No desired product was 

observed through these experiments.  Nucleophiles screened included PCy3 (1.2 equiv), 

DABCO, DMAP, and PhOH/K3PO4.  We also briefly re-evaluated a nickel catalyst system 

using Ni(COD)2 but again only observed the β-arylated methyl acrylate product (3.6).   
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3.3 Morita—Baylis—Hillman Umpolung Inspired Strategy 

We are inspired by recent advances in MBH chemistry performed by Dr. Alex Szpilman 

and co-workers,  who published an umpolung variation of the MBH reaction to accomplish 

α-functionalization of enone C-H bonds.28  As shown in Scheme 3.5, the traditional MBH 

pathway involves the nucleophilic attack of a sterically hindered base, or phosphine, to the 

β-position of the enone forming a reactive enolate-aminium species in-situ.  From this 

enolate-aminium species, the reaction pathway diverges.  Traditionally, the enolate-

Scheme 3.6 Summary Morita-Baylis-Hillman reaction pathways 
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aminium would react with an electrophile, such as an aldehyde, through enolate reactivity, 

followed by elimination of the base to produce α-functionalized enones.  In the recent 

study, Szpilman’s group treats the enolate-aminium species with a hypervalent iodine 

species, which generates an electrophilic intermediate which can now participate in 

umpolung chemistry.  Specifically, Szpilman utilizes chloride and tosyl nucleophiles at the 

α-position of the final enone product.  Subsequently, Szpilman demonstrated that the 

tosylated products could be used to perform Negishi coupling reactions.  Using a two-step 

Table 3.10 Lewis-acid catalyzed reactions with nickel, palladium, 

and cobalt catalyst systems 
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method of functionalization by activating the α-position by chlorination or tosylation and 

then performing a coupling reaction affords the desired α-functionalized enones; however, 

we hypothesized that by advancing Szpilzman’s approach, it could be possible to access 

the same types of products directly from the unfunctionalized enones. 

We began the exploration of our hypothesis by performing reactions with TMSOTf as an 

activating Lewis- acid and pyridine as the nucleophile as reported in Szpilman’s work 

(Table 3.10).  However, we sought new reactivity by incorporating transition metal 

catalysts such as nickel, palladium, and cobalt and aryl coupling partners such as phenyl 

boronic acid, iodotoluene, and chlorobenzene.  Unfortunately, these preliminary reactions 

did not lead to any reactivity and only starting materials were recovered.  We were 

Table 3.11 Additives evaluation for desilylation 
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reasonably confident that the desired enolate-aminium species was being generated in-situ, 

so we speculated that perhaps a lack of nucleophilicity was preventing interaction with the 

metal catalyst.  To explore this possibility, we next evaluated additives to facilitate 

desilylation to generate a naked enolate instead of a silylenol ether nucleophile (Table 

3.11).  The additives screened were NaOAc, AgOAc, LiOAc, ZnF2, TBAF, and AgF in 

stoichiometric amounts.  Again, we saw no product formation; however, we did observe 

the β-arylated product of the traditional Heck reaction, which we have previously isolated 

and confirmed.  Since there was literature precedent for pyridine engaging the β-position 

as a nucleophile to form the desired enolate-aminium species, we investigated various 

tertiary amine bases for this reaction (Table 3.12).28  The bases evaluated were DMAP, 

DABCO, TMEDA, TEA, DIPEA, and N(Ph)3.  Interestingly, we observed reactivity from 

the use of DMAP, DABCO, and TMEDA.  Unfortunately, we did not observe the desired 

Table 3.12 Evaluation of tertiary amine nucleophillic bases 
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α-arylated product.  Instead, we isolated and confirmed the production of a dimerized 

product (3.9).  DMAP, DABCO, and TMEDA led to an 8%, 9%, and 5% yield, 

respectively, of the dimerized product (Table 3.12, entries 1,2 and 3).  This was 

encouraging because the only way to generate the dimerized product was through the 

desired silyl enol ether aminium intermediate and confirms that the species is somewhat 

nucleophilic.  However, even though we were generating the desired silyl enol ether 

aminium in situ, it was evidently not reacting with the metal catalyst as desired.  To 

improve the reactivity, we sought to vary the catalytic metal species by changing aryl halide 

and switching to Pd2(dba)3, a commonly used palladium(0) source (Table 3.13). 
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 The aryl halides investigated were bromobenzene (3.10), iodoacetophenone (3.11), 

and methyl 4-bromobenzoate (3.12).  Iodoacetophenone (3.11) and methyl 4-

bromobenzoate (3.12) were possibly better suited for this chemistry because they are 

electron-deficient, thus rendering oxidative addition by palladium(0)  easier, which can 

also lead to a more electrophilic aryl-palladium intermediate to react with the silyl enol 

ether aminium species.  We chose to continue using DMAP, DABCO, and TMEDA as the 

Table 3.13 Evaluation of electron withdrawn aryl halides with most 

reactive nucleophilic bases using Pd2(dba)3 catalyst 
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base because these bases had given rise to dimerized product (3.9, Table 3.12).  However, 

we only observed formation of the undesired β-arylated product when iodoacetophenone 

was used with DMAP and DABCO (Table 3.13, entries 2 and 5).  All other reaction 

conditions with these substrates resulted in no reactivity.    

At this point, we were unsure if perhaps the starting enone was simply not 

compatible for the proposed reaction, so we synthesized the acrylophenone (3.14) that was 

Scheme 3.7 Synthesis of acrylophenone substrate 

Table 3.14 Evaluation of electron withdrawn aryl halides with most 

reactive nucleophilic amine bases using Pd2(dba)3 



256 
 

used by Szpilman’s group to develop the umpolung MBH methodology and then revisited 

these reaction conditions (Scheme 3.7).     

Acrylophenone 3.14 was synthesized through an aldol condensation between acetephenone 

3.13 and paraformaldehyde catalyzed by diisopropylamine and trifluoroacetic acid 

(Scheme 3.7).  With acrylophenone 3.14 in hand, we attempted using an α-arylation using 

electron-deficient aryl halides but unfortunately still did not observe any reactivity (Table 

3.14).  Without any encouraging or promising results from these Lewis cid catalyzed 

strategy to guide future work, we decided to explore frustrated Lewis air conditions, which 

have not been previously explored in the context of α-arylations. 

3.4 Frustrated Lewis Pair Exploration 

 

Another intriguing possibility for future work is to incorporate frustrated Lewis pairs to 

facilitate and capture new and unexpected reactivity.  In its application to organic 

chemistry, a frustrated Lewis pair can be described as a compound containing a Lewis acid 

and a Lewis base that cannot come together to form a classical adduct due to steric 

hinderance.29–31  The inherent energy from the ‘frustration’ of the Lewis pairs not being 

able to combine could lead to new and unexpected reactivity.  Although an interesting 

proposal, there has been relatively little exploration for the application of frustrated Lewis 

Scheme 3.8 Potential reaction pathway using frustrated ligand pairs to 

access α-functionalization of α,β-unsaturated ketones 
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pairs to organic chemistry and what type of reactivity may be observed.  To that effect, we 

would still like to find a way to perform an α-functionalization of an α,β-unsaturated ketone 

(Scheme 3.8); however, we are open to the possibility of uncovering new unexpected 

reactivity and products that may lead us in a new direction away from our originally 

intended path.  Although frustrated Lewis pairs have not been explored extensively in 

organic chemistry, there has been some investigations into catalysis and the activation of 

small molecules.31  Specifically, frustrated Lewis pairs have been explored with 

hydrogenations, activating alkynes, and reactions with carbon dioxide (Scheme 3.9).   
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Scheme 3.9 Frustrated Lewis pair reactions with dihydrogen, alkynes, and 

carbon dioxide 
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   To explore the frustrated Lewis pair concept, we selected to begin with 

cyclohexenone (3.1), tris(pentafluorophenyl)borane, and various bulky phosphines (Table 

3.15).  The phosphine ligands evaluated were PCy3, P(tBu)3, PCP Pincer, and PCP Pincer 

Pyridine.  These ligands were chosen because of their varying degrees of steric bulk.  

Generally, we hypothesized that a very bulky phosphine ligand would be ideal because of 

the increased “frustration” associated with the bulk of the phosphine and borane, which 

could possibly effect new reactivity.  We also added bromobenzene as an aryl source and 

began with temperature experiments to search for initial reactivity.  So far, we have 

experimented with increasing temperature up to 100 °C in toluene as the solvent, but 

unfortunately no reaction was observed and only starting materials were recovered. 

Our next strategy was to explore the use of transition metal catalysts with the ‘frustrated 

Lewis pair’ strategy in the presence of 2-aminoethyl diphenylborinate as a phenylating 

Table 3.15 Exploration of frustrated Lewis pair strategy 



260 
 

agent (Table 3.16 and 3.17).  We hypothesized that perhaps a transition metal could 

catalyze a coupling reaction between an enolate-type intermediate of enone 3.1 and the 

diphenylborinate in order to access the desired α-functionalized enone product 3.2.  First, 

Table 3.16 Exploration of frustrated Lewis 

pair strategy with palladium 

Table 3.17 Exploration of frustrated Lewis 

pair strategy with nickel 
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we evaluated palladium acetate (II) as the catalyst with various phosphine ligands, all of 

which remained bulky in order to maintain the ‘frustrated Lewis pair’ strategy (scheme 

3.16).  Unfortunately, at room temperature and elevated temperatures of 100 °C, no 

reaction was observed and only starting material was recovered.  We similarly employed 

bis(1,5-cyclooctadiene)nickel (0) as the catalyst, but again at room temperature and 

elevated temperatures, no reaction occurred and only starting materials were recovered 

(Scheme 3.17).   

 Since we have been experiencing difficulties observing any reactivity under the 

frustrated Lewis pair conditions, we performed variable temperature (VT) NMR 

Scheme 3.10 VT NMR experiments of enones under 

frustrated Lewis pair conditions 
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experiments on four different enones that had the highest potential of success for this type 

of chemistry: phenyl acrylate (3.19), cyclohexenone (3.1), acrylophenone (3.19), and 

methyl acrylate (3.4) (Scheme 3.10).  The goal of these experiments was to subject each 

enone to equimolar amounts of the highly bulky tris(pentafluorophenyl)borane (3.16) and 

P(tBu)3 and use VT-NMR experiments to observe the reactivity.  We hypothesized that if 

the enone reacted with the borane and phosphine, we would at least see a shift in the NMR 

signals corresponding to the alkene protons if there was a simple ketone-borane 

coordination.  We also hypothesized that if the borane coordinated to the ketone and 

activated the β-position for the phosphine attack, then we would observe the disappearance 

of the alkene protons and the emergence of new signals corresponding to the enolate 

intermediate.  For the VT-NMR experiments, we prepared the reaction mixtures in a 

nitrogen-filled glovebox using deuterated toluene, and then upon removal from the 

glovebox, the VT-NMR experiments were immediately started.  Proton NMR spectra were 

collected at room temperature, 50 °C, 70 °C, and 90 °C.  Unfortunately, by comparison to 

reference spectra of each enone, we observed no reactivity or degradation at any of these 

temperatures for phenyl acrylate (3.19) or cyclohexenone (3.1).  Surprisingly, 

acrylophenone (3.14) rapidly degraded by the first experiment at room temperature.  It is 

unclear whether the acrylophenone was completely degraded before the borane and 

phosphine was added or if they contributed to the decomposition, so this experiment will 

have to repeated.  When methyl acrylate (3.4) was subjected to the frustrated Lewis pair 

conditions, it immediately polymerized but this is likely due to the heat of the reaction 

catalyzing the polymerization.  Given the susceptibility of methyl acrylate to readily 
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polymerize, it suggests that methyl acrylate is not the ideal enone to develop this chemistry 

because the polymerization reaction will likely be a competitive side-reaction that will be 

difficult to overcome.                        

3.5 Secondary Amine Additives 

 

Although we did not explore many transition metals, we were interested to see if any 

interesting reactivity could be achieved by the addition of a secondary amine and a 

nucleophilic amine or phosphine.  We hypothesized that the secondary amine could 

condense onto ketone 3.1 forming the corresponding iminium which may then be more 

reactive to the nucleophilic attack of the amine-base or phosphine.  For these experiments 

we chose to use a morpholine as the secondary amine and PCy3 or DMAP as the 

nucleophilic additive (Table 3.18).  Additionally, we also switched the phenylating agent 

to chlorobenzene. We screened each set of conditions at room temperature, 50 °C, and 100 

Table 3.18 Evaluation of morpholine addition 

with DMAP and PCy3 
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°C (Table 3.18, entries 1–6).  However, the varied conditions and temperatures resulted in 

no reaction.  Concurrently, we also explored similar conditions but instead with piperidine 

as the secondary amine (Table 3.19).  However, these reactions with piperidine also 

resulted in no reaction, with only starting materials recovered.  In each of these sets of 

experiments, at 100 °C the palladium catalyst crashed out of solution eventually, perhaps 

suggesting that these conditions were too harsh or simply unstable for the palladium 

catalyst.  To follow up on these experiments, it would be very interesting to study this 

reaction by NMR to perhaps be able to observe the condensation reaction followed by 

addition of the nucleophile in order to better understand the reaction sequence and 

determine the unsuccessful step in the sequence.       

 

Table 3.19 Evaluation of piperidine addition 

with DMAP and PCy3 
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3.6 Conclusions and Future Directions 
Despite exploring and evaluating many different reaction conditions in attempt to 

develop an MBH inspired cross coupling reaction with reverse selectivity to the traditional 

Heck reaction, which would generate valuable α-arylated products, we unfortunately only 

observed low degrees of reactivity towards traditional Heck coupling and dimerization 

products.  We found it especially surprising that we did not observe any α-arylation 

reactivity given the abundance of literature precedent for α-functionalization utilizing an 

enolate intermediate, such as the work by Buchwald, Hartwig, and others.14–20  However, 

despite the discouraging results, the value and utility of a MBH coupling reaction motivates 

us to continue to propose and evaluate hypotheses to develop this reaction.  Future work 

for the development of this Morita–Baylis–Hillman reaction includes investigating 

different conditions to access an activated highly reactive intermediate in situ  that is 

primed to react with electrophiles at the α-position.  Our work until this point has been 

focused on arylation reactions utilizing the feedstock of aryl halides that are readily 

available as well as 2-aminoethyl diphenylborinate.  However, there are still a wide variety 

of possible coupling partners to be examined.  Interesting coupling partners include 

triflates, boronic acids, acyl fluorides, and other less commonly used moieties.  

Additionally, another relatively simple variation to explore is alkyl and vinylic halides as 

coupling partners.  There are also many unexplored possibilities for finding new and 

unpredictable reactivity using the frustrated Lewis-pair strategy, which makes this route 

more motivating.   
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3.7 Experimental Section 

 General Considerations 

i) Solvents and reagents 

Unless noted below, commercial reagents were purchased from MilliporeSigma, Acros 

Organics, Chem-Impex, Combi-blocks, TCI, and/or Alfa Aesar, and used without 

additional purification. Solvents were purchased from Fisher Scientific, Acros Organics, 

Alfa Aesar, and Sigma Aldrich. Tetrahydrofuran (THF), diethyl ether (Et2O), acetonitrile 

(CH3CN), benzene, methanol (MeOH), and triethylamine (Et3N) were sparged with argon 

and dried by passing through alumina columns using argon in a Glass Contour solvent 

purification system. Dichloromethane (CH2Cl2) was freshly distilled over calcium hydride 

under a N2 atmosphere prior to each use. DMSO and toluene (PhMe) were distilled over 

calcium hydride under a N2 atmosphere, degassed via freeze-pump-thaw (3 cycles), and 

stored over 4 Å molecular sieves in a Schlenk flask under N2. Dimethoxyethane (DME), 

p-xylene, dimethylformamide (DMF), MeLi solution, n-BuLi solution, LiHMDS solution, 

Red-Al solution, and pyridine were purchased in Sure/Seal, AcroSeal, or ChemSeal 

bottling, and used directly. 1,4-Dioxane was purchased in AcroSeal bottling (99.5%, 

anhydrous, stabilized, over 4 Å molecular sieves) and additionally sparged with N2 prior 

to use. 
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ii) Reaction setup, progress monitoring, and product purification 

Unless otherwise noted in the experimental procedures, reactions were carried out in flame 

or oven dried glassware under a positive pressure of N2 in anhydrous solvents using 

standard Schlenk techniques. Reaction progresses were monitored using thin-layer 

chromatography (TLC) on EMD Silica Gel 60 F254 or Macherey–Nagel SIL HD (60 Å 

mean pore size, 0.75 mL/g specific pore volume, 5–17 μm particle size, with fluorescent 

indicator)silica gel plates. Visualization of the developed plates was performed under UV 

light (254 nm). Purification and isolation of products were performed via silica gel 

chromatography (both column and preparative thin-layer chromatography). Commercial 

reagents were purchased from MilliporeSigma, Acros Organics, Chem-Impex, TCI, 

Oakwood, and Alfa Aesar, and used without additional purification. Solvents were 

purchased from Fisher Scientific, Acros Organics, Alfa Aesar, and Sigma Aldrich. 

Tetrahydrofuran (THF), diethyl ether (Et2O), acetonitrile (MeCN), dichloromethane 

(CH2Cl2), benzene, 1,4-dioxane, and triethylamine (Et3N) were sparged with argon and 

dried by passing through alumina columns using argon in a Glass Contour (Pure Process 

Technology) solvent purification system. Dimethylformamide (DMF), dimethyl sulfoxide 

(DMSO), and dichloroethane (DCE) were purchased in Sure/Seal or AcroSeal bottling and 

additionally sparged with N2 prior to use. 

iii) Analytical instrumentation 

NMR spectral data were obtained using deuterated solvents obtained from Cambridge 

Isotope Laboratories, Inc. 1H NMR and 13C NMR data were recorded on Bruker Avance 
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NEO400 or Bruker Avance 600 MHz spectrometers using CDCl3, typically at 20–23 °C. 

Chemical shifts (δ) are reported in ppm relative to the residual solvent signal (δ 7.26 for 

1H NMR, δ 77.16 for 13C NMR in CDCl3). Data for 1H NMR spectroscopy are reported as 

follows; chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, 

m = multiplet, br = broad, dd = doublet of doublets, dt = doublet of triplets), coupling 

constant (Hz), integration. Data for 13C and 19F NMR spectroscopy are reported in terms 

of chemical shift (δ ppm).  IR spectroscopic data were recorded on a NICOLET 6700 FT-

IR spectrophotometer using a diamond attenuated total reflectance (ATR) accessory. 

Samples are loaded onto the diamond surface either neat or as a solution in organic solvent 

and the data acquired after the solvent had evaporated.  High resolution accurate mass 

spectral data were obtained from the Analytical Chemistry Instrumentation Facility at the 

University of California, Riverside, on an Agilent 6545 Q-TOF LC/MS instrument 

(supported by NSF grant CHE-0541848) 

3.8 Experimental Procedures and Characterization Data 

Preparation of 3-Phenylcyclohex-2-enone (3.3) 
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3-Phenylcyclohex-2-enone (3.3).  Procedure 1: In a nitrogen-filled glovebox, to a 4 mL 

vial was added 2-cyclohexenone (51.6 μL, 0.52 mmol, 1 equiv), bromobenzene (67.1 μL, 

0.62 mmol, 1.2 equiv), and 1,4-diazabicyclo[2.2.2]octane (58.4 mg, 0.52 mmol, 1 equiv) 

followed by 1 mL of toluene.  In a separate 4 mL vial was added palladium acetate (11.2 

mg, 0.050 mmol, 0.1 equiv), tricyclohexylphosphine (16.3 mg, 0.058 mmol, 0.2 equiv), 

and 1.0 mL of toluene.  Each solution was allowed to pre-mix at rt for 10 min, after which 

the catalyst solution was transferred to the organic reagents solution.  The reaction vial was 

then removed from the glovebox and allowed to stir at 100 ̊ C for 24 h. The reaction mixture 

was allowed to cool to rt, and then filtered through a pad of silica gel (eluting with diethyl 

ether) and concentrated in vacuo.  The crude reaction mixture was then purified by silica 

gel flash column chromatography eluting with hexanes/EtOAc (4:1) to provide 3.3 as a 

clear oil (26.9 mg, 0.156 mmol, 30%). 

 

 

Procedure 2:  In a nitrogen-filled glovebox, to a 4 mL vial was added 2-cyclohexenone 

(51.6 μL, 0.52 mmol, 1 equiv), bromobenzene (67.1 μL, 0.62 mmol, 1.2 equiv), and 

trimethylamine (200 μL, 0.52 mmol, 1 equiv) followed by 1.0 mL of toluene.  In a separate 
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4 mL vial was added palladium acetate (11.2 mg, 0.050 mmol, 0.1 equiv), 

tricyclohexylphosphine (16.3 mg, 0.10 mmol, 0.2 equiv), and 1 mL of toluene.  Each 

solution was allowed to pre-mix at rt for 10 min, after which the catalyst solution was 

transferred to the organic reagents solution.  The reaction vial was then removed from the 

glovebox and allowed to stir at 100 ˚C for 24 h.  The reaction mixture was allowed to cool 

to rt, then filtered through a pad of silica gel (eluting with diethyl ether) and concentrated 

under reduced pressure..  The crude reaction mixture was then purified by silica gel flash 

column chromatography eluting with hexanes/EtOAc (4:1) to provide 3.3 as a clear oil 

(24.2 mg, 0.140 mmol, 27%). 

1H NMR (400 MHz, CDCl3) δ 7.55–7.48 (m, 2H), 7.43–7.36 (m, 3H), 6.44 (m, 1H), 2.79–

2.72 (m, 2H), 2.50–2.43 (m, 2H), 2.19–2.13 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 199.9 

159.8, 138.8, 130.0, 128.7, 126.1, 125.5, 37.3, 28.1, 22.8 ppm.  HRMS (ESI+) m/z calc’d 

for C12H13O [M+H]+: 173.0888, found 173.0957 [H+] and 195.0777 [Na+].  Spectral data 

matches literature references32 

 

Preparation of E-Methyl cinnamate (3.6) 
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Procedure 1: In a nitrogen-filled glovebox, to a 4 mL vial was added methyl acrylate (53.1 

μL, 0.58 mmol, 1 equiv), bromobenzene (75.4 μL, 0.70 mmol, 1.2 equiv), and 1,4-

diazabicyclo[2.2.2]octane (65.2 mg, 0.58 mmol, 1 equiv) followed by 1 mL of toluene.  In 

a separate 4 mL vial was added palladium acetate (13.0 mg, 0.06 mmol, 0.1 equiv), 

tricyclohexylphosphine (32.6 mg, 0.12 mmol, 0.2 equiv), and 1 mL of toluene.  Each 

solution was allowed to pre-mix at rt for 10 min, after which the catalyst solution was 

transferred to the solution containing reagents.  The reaction vial was then removed from 

the glovebox and allowed to stir at 100 ˚C for 24 h.  The reaction was allowed to cool to rt 

then filtered through a pad of silica gel (eluting with Et2O) and concentrated in under 

reduced pressure.  The crude reaction mixture was then purified by silica gel flash column 

chromatography eluting with hexanes/EtOAc (4:1) to provide 3.6 as a clear oil (26.6 mg, 

0.164 mmol, 35%). 

 

 

Procedure 2: In a nitrogen-filled glovebox, to a 4 mL vial was added methyl acrylate (53.1 

μL, 0.58 mmol, 1 equiv), bromobenzene (75.4 μL, 0.70 mmol, 1.2 equiv), and 1,4-
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diazabicyclo[2.2.2]octane (65.2 mg, 0.58 mmol, 1 equiv) followed by 1 mL of toluene.  In 

a separate 4 mL vial was added Bis(1,5-cyclooctadiene)nickel(0) (16.2 mg, 0.059 mmol, 

0.1 equiv), tricyclohexylphosphine (32.6 mg, 0.116 mmol, 0.2 equiv), and 1 mL of toluene.  

Each solution was allowed to pre-mix at rt for 10 min, after which the catalyst solution was 

transferred to the solution containing reagents.  The reaction vial was then removed from 

the glovebox and allowed to stir at 100 ˚C for 24 h.  The reaction mixture was allowed to 

cool to rt, and then filtered through a pad of silica gel, eluting with Et2O and concentrated 

under reduced pressure.  The crude reaction mixture was then purified by silica gel flash 

column chromatography eluting with hexanes/EtOAc (4:1) to provide 3.6 as a clear oil.   

1H NMR (400 MHz, CDCl3) δ 7.70 (d, J= 16.0 Hz, 1H), 7.56 –7.46 (m, 2H), 7.43 –7.31 

(m, 3H), 6.44 (d, J= 16.0 Hz, 1H), 3.80 (s, 3H).  13C NMR (101 MHz, CDCl3) δ 167.5, 

144.9, 134.4, 130.4, 128.9, 128.1, 117.8, 51.8.  Spectral data matches literature reference.33 

 

Preparation of acrylophenone (3.14) 

 

 

Arylophenone 3.14. According to a modified procedure34, to a solution of acetophenone 

(25.0 mmol, 2.91 mL) and paraformaldehyde (49.9 mmol, 1.50 g) in dry THF (25 mL) was 
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added diisopropylamine (25 mmol, 3.5 mL) and trifluoroacetic acid (5.0 mmol, 0.38 mL). 

The reaction mixture was stirred at reflux for 2 h, then cooled to rt and a second batch of 

paraformaldehyde (50 mmol, 1.50 g) was added. Next, the reaction mixture was stirred at 

reflux overnight (16 h).  Upon completion, the reaction was cooled and the solvent was 

removed under reduced pressure. The resulting residue was suspended in Et2O and washed 

with 1N HCl, 1N NaOH, and brine. The resulting solution was dried over Na2SO4 and 

concentrated under reduced pressure. The crude product was purified by silica gel flash 

column chromatography eluting with hexanes/EtOAc (20:1) to give 3.14 as a light orange 

oil (2.91 g, 16.6 mmol, 66%) 

1H NMR (CDCl3, 400 MHz) δ 7.93 (2H, d, J = 9.2 Hz), 7.53-7.55 (1H, m), 7.43-7.47 (2H, 

m), 7.15 (1H, dd, J = 17.2, 10.8 Hz), 6.42 (1H, d, J = 17.2 Hz), 5.90 (1H, d, J = 10.8 Hz); 

13C NMR (CDCl3, 100 MHz) δ 190.8, 137.1, 132.8, 132.1, 130.0, 128.5, 128.4.  Spectral 

data matches literature reference.34 
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3.9.  1H and 13C NMR Spectra 
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