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ABSTRACT 

Screening small molecule libraries is a powerful method for identifying 

biologically active substances.  Current compound libraries are typically comprised of a 

large number of structurally similar compounds designed around bioactive core structures 

of known molecules.  While the number of tested compounds are increasing, there has been 

a decline in drug-discovery success due to only a small region of chemical space being 

represented in these compound libraries.  In addition, newly discovered biological targets 

tend not to be modulated by currently known natural products and molecular scaffolds.  

Diversity-oriented synthesis (DOS) aims to construct structurally novel and diverse 

products in a highly efficient manner to generate small-molecule libraries with a high 

degree of structural diversity and function.  There is a need for new organic methodologies 

to access these atypical molecular scaffolds.   

The work presented here utilizes photochemical and titanium-mediated 

methodologies to access novel molecular scaffolds in two distinct directions:  1) by 

utilizing [2+2] photocycloaddition of pyridone-enynes to access functionalized 

cyclobutanoids capable of further modification and 2) by developing a novel Bredtôs rule-

arrest Kulinkovich-de Meijere reaction to produce alkaloid building blocks with useful 

functionality.   

2-Pyridones are known to undergo photo-initiated [2+2] and [4+4] cycloadditions 

with themselves and other conjugated p-systems.  These transformations provide rapid 

access to highly functionalized cyclobutanoid and cyclooctanoid derivatives capable of 

further manipulation to access both known and novel chemical space.  Utilizing [2+2] 

photocycloaddition of pyridones conjugated with enyne partners we prepared polycyclic 
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cyclobutanoids with excellent regio- and stereoselectivity.  Further, these products were 

functionalized to give complex tetracyclic molecular scaffolds. 

The described approach to the 5-8-5 framework of the fusicoccane family features 

a key intramolecular [4+4] photocycloaddition of tethered pyridones.  Intelligent design of 

the tether and proper choice of solvent affords rapid assembly of the polycyclic framework 

and sets the relative stereochemistry of five stereogenic centers.  The strategy for 

construction of cyclooctanoid natural products is part of a long standing program to utilize 

the powerful photochemical properties of 2-pyridone. 

A novel approach for rapid access to a structurally diverse array of amino-ketone 

scaffolds employing a Kulinkovich-de Meijere reaction of inexpensive lactam-olefin 

building blocks has been developed.  The formation of cyclopropylamines from alkenes 

and amides, the Kulinkovich-de Meijere reaction, involves two carbon-carbon bond-

forming steps.    Strategic use of a tricyclic intermediate can arrest the process if the second 

step requires formation of a bridgehead double bond.  This intramolecular transformation 

results in formation of carbocyclic amino ketone building blocks.  Further manipulation 

provides access to novel three-dimensional chemical space from these building blocks to 

produce a spectrum of fused bicyclic scaffolds in a divergent yet predictable manner.  

These products allow access to complex molecular space that can serve as a platform for 

medicinal and biochemical investigations. 
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CHAPTER 1                                                                                                   

SYNTHESIS OF MOLECUL AR SCAFFOLDS - AN OVERVIEW  

1.1 Introduction  and motivation 

Small molecules have a rich history in both chemistry and biology driven by the 

discovery that natureôs small molecules, known to the field of organic chemistry as natural 

products, can modulate cellular functions.  A majority of ódrug-targetsô were identified 

through studies utilizing small molecules as agonists or antagonists of enzymatic activities 

to probe the functional significance of biological molecules, e.g., proteins.  The application 

of small molecules as probes typically progresses towards their use as therapeutic 

candidates and ultimately drugs.  Organic synthesis is vital for the discovery of such small 

molecules by target-oriented synthesis1 of natural products and function-oriented 

synthesis2 of natural product analogues.  In addition to discovering small molecules of 

interest, these syntheses have provided insight into conformational analysis,3,4 reactivity,5 

biosynthesis6 and the development of new synthetic methods. 

  A majority of the ótargetedô bio-molecules include ion channels, nuclear receptors, 

G-protein-coupled receptors and enzymes (e.g., deacetylases, kinases, and proteases, 

etc.).7,8 Most of these targets contain pockets or grooves when naturally-occurring ligands 

bind and affect cellular processes.  Small molecules typically compete with the naturally-

occurring ligands to modulate the function of the bio-molecule.  However, a shift towards 

molecular biology and genomic-based target identification has resulted in the identification 

of other types of proteomic targets, e.g., non-enzymes, responsible in human disease.9   
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Non-enzymes are proteins involved in maintaining structural integrity, 

assembly/disassembly of protein complexes, chaperoning, subcellular transport, 

transcription, translation, organizing signaling pathways and many other critical cellular 

functions.  In contrast to processes performed by enzymatic turnover, most non-enzyme 

activities are typically carried out by protein-protein interactions (PPIs) or protein-nucleic 

acid (DNA or RNA) interactions, which are transient or stable contacts between molecules 

of cellular pathways.10  These molecules have been deemed óundruggableô targets, with the 

challenges of targeting PPIs well documented.11-13  There is an ongoing effort to expand 

the number of ódruggableô targets to include and identify non-enzymes of interest.14   

Unfortunately, natural products tend to only modulate a limited set of target types and do 

not seem to modulate these more specialized (non-enzyme) targets and processes. 

A powerful method to identify compounds that modulate cellular functions is high-

throughput screening (HTS) of small molecule libraries.  HTS works very well for 

traditional, ódruggableô targets but its success is limited by the quality of the libraries 

screened.  Deficiencies in current compound libraries and the difficulty modulating new 

biological targets have led to a decline in drug-discovery success.15  The identification of 

active small molecules and new biological targets could be aided by screening more 

functionally diverse compound libraries that represent a greater sample of the biologically 

active chemical space.  Libraries tend to be designed around known bioactive core 

structures which results in only a small region of chemical space being represented.  A 

1996 report found that >50% of known drugs share 32 molecular frameworks.16  More 

recently, an analysis of known cyclic organic compounds indicated that only a small 
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number of molecular scaffolds are represented:  0.25% of the molecular frameworks were 

found in 50% of the known compounds.17 

There are four components of structural diversity; appendage diversity, functional 

group diversity, stereochemical diversity, and skeletal (molecular scaffold) diversity.18 The 

most important structural feature of a molecule, which would control its biological effect, 

is the overall shape (scaffold) of the molecule.  Since nature is three-dimensional, one 

would expect small molecules to be more selective for their targets if they too were three-

dimensional (e.g., contain stereochemistry).    Therefore, to a large extent the scaffold 

dictates the biological properties of a small molecule and simply creating analogs of known 

biologically-active scaffolds does not always lead to more effective drugs.  Changes in 

scaffold almost always lead to drastic changes in molecular properties and biological 

activity.19  In addition, the more complex a scaffold is the less promiscuous and more 

selective it is for a specific target.20  Natural products are capable of performing demanding 

biological tasks due to their structural complexity, while their structural diversity allows 

them to perform different, specialized tasks.   

1.2 Diversity-oriented synthesis 

One strategy to construct libraries containing structurally diverse drug-like 

molecules is diversity oriented synthesis (DOS).  DOS aims to construct structurally novel 

and diverse products in a highly efficient manner to generate a small-molecule library with 

a high degree of structural diversity and function.18  Accessing large areas of chemical 

space simultaneously could led to the discovery of new molecules capable of novel 

biological functions.  There are two main approaches to generating skeletal diversity:  1) 
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reagent-based approach and 2) substrate-based approach.18  A reagent-based approach is a 

branching strategy, using common starting materials with different reagents employed to 

generate distinct skeletons.  In contrast, a substrate-based approach is a folding strategy, 

employing different starting materials with ópre-encodedô structural information and 

common reagents to create products with distinct skeletons.  A DOS pathway may employ 

both methods to access skeletal diversity.  For example, a build-couple-pair strategy 

employs both the substrate and reagent strategy.21 Chiral building blocks are built followed 

by intermolecular coupling of the building blocks and finally intramolecular coupling 

reactions pair pre-encoded functional groups.  A recent report by Morton et al. 

demonstrated the ability to create eighty distinct molecular scaffolds using a build-pair-

couple strategy.22 Recent advances in DOS pathways have utilized multi-component 

reactions, ring closing metathesis, cycloadditions, and tandem processes to access 

structural diversity.    This section will highlight a few select examples of recent DOS 

methods.  Comprehensive reviews of DOS strategies and their development have been 

published.21,23-25  

Diversity can be readily introduced using a multi-component reaction (MCR), as 

each component participates in the reaction.  A classical method to create diverse libraries 

is the Ugi multi-component reaction.  The careful selection of functional groups can lead 

to divergent chemical pathways, generating skeletal diversity.  Andreana and co-workers 

utilized a two-step method to access 2,5-diketopiperazines, 2-azaspiro[4.5]deca-6,9-diene-

3,8-diones, and thiophene-derived tricyclic lactams, Scheme 1.1.26      
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Scheme 1.1  Multi -component reaction:  placement of functional groups during an Ugi 

reaction produces skeletal diversity. 

Tandem reactions can be used to generate complex structures in a single step with 

simple starting materials.  Several DOS pathways have used a ring-closing/ring-opening 

metathesis protocol to generate complexity.  Morton et al. demonstrated the ability to 

access distinct skeletal scaffolds by coupling building blocks with a Mitsunobu reaction, 

followed by a cascade of metathesis reactions to produce scaffolds controlled by the 

position of the functional groups, Scheme 1.2.22 
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Scheme 1.2  Tandem reaction:  ring-closing/ring-opening metathesis cascade generates 

eighty distinct scaffolds by varying the functional group positions. 

Cycloaddition reactions are some of the most power and versatile methods for the 

generation of complexity.  A cycloaddition creates two new sigma (s) bonds, one or more 

rings, and installs as many as four stereogenic centers.  They are frequently used as key 

transformations in total syntheses and have a rich history in DOS pathways.27  Marcaurelle 

and coworkers reported that careful choice of catalyst can result in selective 1,5- and 1,4-

triazole formation by intramolecular cycloaddition between alkynes and azides, Scheme 

1.3.28     

 

Scheme 1.3  Cycloaddition reaction:  intramolecular alkyne-azide cycloaddition products 

controlled by the catalyst choice. 
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In the same way that target-oriented synthesis and function-oriented synthesis of 

natural products and analogues was a driving force for the development of organic 

methodologies, so too is DOS emerging as an attractive approach to the development of 

new transformations.  The development of DOS pathways have gained momentum in both 

the academic and industrial settings, and chemical and biological settings for the 

construction of small molecule libraries.  The design of more focused DOS libraries will 

be needed as new biological targets are identified and small molecules with diverse 

physiochemical features are required.  There is a need for new methods to rapidly and 

efficiently access diverse and atypical molecular scaffold libraries. 

1.3 Setting the stage 

An underrepresented approach to DOS libraries are photochemical reactions, 

despite photochemical reactions being fully congruent with the philosophy of DOS.29,30  

Photochemical reactions, specifically cycloadditions, result in the rapid growth of 

complexity and typically can handle additional functionality capable of post-

photochemical modifications.  The work presented herein describes a diversity-oriented 

synthesis approach to novel molecular scaffolds via photochemical and metal-mediated 

methods.  In Chapter 2, the synthesis of tricyclic cyclobutanoids via [2+2] 

photocycloaddition of 2-pyridone-enynes is described, followed by a [4+4] 

photocycloaddition approach to the construction of a natural cyclooctanoid scaffold, 

Chapter 3. The 2-pyridone photosubstrates can be synthesized in a convergent, modular 

fashion with multiple diversity points available.  In Chapter 4, a novel method to construct 

chiral, cyclic aminoketone building blocks from simple starting materials is demonstrated.  
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Following that, initial studies on post-photochemical modifications to rapidly access novel 

three-dimensional molecular scaffolds from highly functionalized cyclobutanes is 

presented, Chapter 5.  Finally, initial studies to utilize the cyclic aminoketone building 

blocks to access novel three-dimensional chemical space is described, Chapter 6. 
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CHAPTER 2                                                                                  

INTRAMOLECULAR 2-PYRIDONE-ENYNE PHOTOCYCLOADDITION  

2.1 Introduction  

Photochemical cycloaddition is a very power transformation, with great synthetic 

potential.  The first reported photochemical reaction appeared in 1867 by Fritzsche, a [4+4] 

photodimerization of anthracene to give a dimer, Scheme 2.1.1  Over the past 150 years 

photochemistry has grown to include a variety of compounds including aromatics, 

heteroaromatics, alkenes, carbonyl compounds and imines to name a few.  

 

Scheme 2.1  Photodimerization of anthracene. 

It has become increasingly clear that photocycloaddition is a powerful synthetic tool 

for the construction of complex molecules. Herein the photocycloaddition capabilities of 

2-pyridone is introduced, highlighting the most important features of 2-pyridone self- and 

cross-photocycloaddition with conjugated dienes and enynes.  In addition, the ability to 

synthesize highly functionalized cyclobutanes via a [2+2] photocycloaddition of 2-

pyridone-enyne is demonstrated and the regio- and stereoselectivity of the cycloaddition is 

discussed, Scheme 2.2. 
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Scheme 2.2  Synthesis of functionally decorated cyclobutanoids. 

2.2 General Principles of Photochemistry 

An organic photochemical reaction typically involves the reaction of a molecule in 

an excited state with a molecule in the ground state.   The molecule becomes excited by 

direct absorption of light or by the transfer of energy from another molecule.  In order for 

light to be absorbed, the molecule must have an empty and accessible orbital above a filled 

orbital with an accessible energy gap.  The wavelength of light required to excite a 

molecule or photosensitizer is determined from the absorption spectra of the molecule.  The 

functionality of the organic molecule affects the electronic absorption bands, which can lie 

in the far ultraviolet (UV) to the visible region of the electromagnetic spectrum. 

Upon absorption of light, an electronic transition occurs, typically the p to p* (e.g., 

alkene) and n to p* (e.g., carbonyl), as an electron is excited to a higher orbital level, Figure 

2.1a.  The electronic spin is maintained for this excited electron (e.g., singlet state) and 

multiple relaxation pathways are available, including vibrational relaxation, fluorescence 

and possible intersystem crossing (IC) to the triplet state.2  In addition, molecular collision 

with a ground state molecule can lead to a chemical transformation, e.g., newly formed 

bonds. 
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Figure 2.1  Frontier orbital diagram of [4+4] photocycloaddition of 1,3-butadiene.  (a) 

excitation of an electron and (b) HOMO/LUMO interactions of excited 

molecule and ground state molecule. 

Frontier Molecular Orbital Theory (FMO), Figure 2.1 can be used to describe 

interactions between the excited molecule and another molecule in the ground state, which 

may or may not be identical.3  There are typically two energetically profitable frontier 

orbital interactions:  (1) interaction between the singly-occupied p* orbital of the excited 

molecule and the LUMO of the molecule in the ground state, and (2) interaction of the 

singly-occupied n or p orbital of the excited molecule and the HOMO of the molecule in 

the ground state, Figure 2.1b.  These interactions are usually strongest when the energies 

of the interacting orbitals are similar.  Figure 2.1 depicts the [4+4] cycloaddition reaction 
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of two 1,3-butadiene molecules, the concerted process is photochemically allowed but 

thermally forbidden.  See Chapter 3 for discussion of the consequence of orbital 

symmetry. 

Light Sources:  As mentioned above, the light required can be determined by the 

absorption spectrum of the molecule.  The major absorption band of 2-pyridone is about 

300 nm.  The most common light sources for preparative-scale reactions are mercury vapor 

lamps of low-, medium-, and high-pressure. The medium-pressure mercury vapor lamp 

(used in this study) emits primarily at 265, 310, and 365 nm.  The light can be further 

controlled by use of filters.  The filters can be glass-based or solution-based.2  For example, 

if borosilicate glass (Pyrex©) is used, only wavelengths of 300 nm and longer will reach 

the sample. 

2.3 Historical Perspective of 2-pyridone photochemistry 

About a century after the anthracene dimerization report, Taylor and Paudler 

described the first photoreaction of 2-pyridone.4  Initially they reported the photoproduct 

of 1-methyl-2-pyridone 201 to be the [2+2] photoadduct 203, Scheme 2.3.  A year later, 

Paquette independently confirmed the product, but correctly suggested that the 1H NMR 

assignment was more consistent with a [4+4] trans head-to-tail product 202.5 

 

Scheme 2.3  [4+4] photodimerization of 1-methyl-2-pyridone 201. 
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In 1964, de Mayo reported the ability of 2-pyrone to also participate in [4+4] 

photocycloaddition to afford dimeric products 205 and 206, that can undergo CO2 

expulsion to yield 1,3,5,7-tetramethylcyclo-octatetraene, Scheme 2.4a.6  In the same year, 

Corey and Streith reported the photoisomerization of 201 to give a 2-aza-bicyclo-[2.2.0] 

hex-5-en-3-one 207 (or Dewar-pyridone) in dilute solutions, Scheme 2.4b.7  2-Pyrones 

were also shown to undergo photoisomerization to give a similar Dewar-pyrone structure.   

 

Scheme 2.4  Additional photochemical examples (a) 2-pyrone [4+4] photodimerization 

and (b) Dewar-pyridone by photoisomerization of 2-pyridone 201. 

Nearly, two decades after the initial discovery by Taylor and Paudler, careful 

analysis by Nakamura and co-workers led to the identification of all four [4+4] isomers, as 

well as determining that formation of Dewar-pyridone 207 was concentration dependent, 

Scheme 2.5.8  He reported that the intramolecular isomerization was the major process at 

concentrations below 0.01 M, whereas the [4+4] photoadduct dominates at concentrations 

higher than 0.1 M.  In addition, a solvent dependence on the isolated products was also 
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noted, see Section 2.4.1.  A simple method to differentiate the cis products from the trans 

products was reported by Nakamura, utilizing a facile thermal [3,3] sigmatropic Cope 

rearrangement of the cis-1,5-cyclooctadienes to afford cyclobutanes, Scheme 2.5.9  Both 

trans photoproducts are thermally stable under the conditions (65 °C) used to drive the 

rearrangement.10    

 

Scheme 2.5  [4+4] photocycloaddition of 1-methyl-2-pyridone 201:  nomenclature and 

thermal rearrangement of cis-photoadducts 208 and 211. 

Sharp and Hammond reported mechanistic studies of 2-pyridone photochemistry, 

identifying that a short-lived singlet excited state is responsible for the [4+4] reaction of 2-

pyridone.  They estimated the lifetime of the intermediate to be less than 200 ps and also 
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concluded that an unsensitized dimerization does not involve a triplet intermediate.11  A 

1985 study by Matsushima, on various C- and N-substituted pyridones, proposed that a 

pre-equilibrium association might be required for the dimerization to occur.  Due to the 

short-lived excitation state, effective dynamic collisions within the excited state lifetime 

might not occur without a bimolecular association.12 

 

Figure 2.2  Matsushima's proposed bimolecular association for the formation of the trans 

head-to-tail dimer. 

The formation of the trans photoadduct may involve a hydrogen-bond or dipole-

dipole association, dependent upon the substitution at position 1 (the nitrogen), Figure 2.2.  

IR data indicated that N-unsubstituted 2-pyridone 215 exist as hydrogen-bond pairs in non-

polar solvents but not in polar protic solvents.  However, photodimerization of 2-pyridone 
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215 affords the trans-adduct 216 as the major product, suggesting that a hydrogen-bond 

interaction is not important for dimerization.  Moreover, N-methylated 2-pyridone 201 is 

incapable of forming a pre-association via hydrogen bonding but yields the same product 

mixture.  Studies indicated that a considerable dipole-dipole interaction was guiding the 

association, explaining the tendency to form the trans head-to-tail adduct as the major 

product.12    

2.4 General trends in 2-pyridone-photochemistry 

Several comprehensive reviews of [4+4] photocycloaddition of 2-pyridone and 

applications have been published.10,13-15  This section will  focus on the most important 

features of 2-pyridone self- and cross-photocycloadditions and the extension to other 

dienes (i.e., furan and enyne).   

2.4.1 Solvent Effects 

The solvent effect on simple pyridone-pyridone photocycloadditions is weak.  For 

example, when the [4+4] photodimerization of 1-methyl-2-pyridone 201 is conducted in 

benzene only the head-to-tail photoadducts are formed, favoring the trans isomer, 

Table 2.1.9 Switching to ethanol does not have a significant effect on the product ratio.  

However, when the reaction is done in water or with micelles, all four possible 

diastereomers are formed.16  In addition, there is an increase in the amount of cis head-to-

tail photoproduct.  The product ratio can be further effected to favor cis formation of 

4-alkyl-N-w-carboxyalkyl substituted pyridones by utilizing pyridone-pyridone alignment 

in micelles.17  The formation of Dewar-pyridone is not dependent on solvent effects, its 
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formation is mainly concentration dependent, but several substitution patterns have been 

shown to also effect photoisomerization.10  Depending solely on solvent choice to guide 

selectivity is not the best method of choice, more reliable methods employ steric factors, 

reaction temperature and/or tethering two molecules together, i.e., performing an 

intramolecular photocycloaddition. 

Table 2.1  Solvent effect on ratio of [4+4] photoproducts for 1-methyl-2-pyridone 201 

 

Solvent 217 (%) 218 (%) 219 (%) 220 (%) 

benzene 60 40 0 0 

ethanol 56 44 0 0 

water 67 22 1 10 

micelles 62 24 2 12 
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2.4.2 2-Pyridone substitution effects 

The [4+4] photocycloaddition of 2-pyridone can tolerate a variety of substituents 

in different positions on the ring and a comprehensive review of examples has been 

published.14  However, there are several known examples that do not undergo [4+4] 

photodimerization, Figure 2.2.  For example, 2-pyridone derivatives 221, 222, and 223 

readily undergo photoisomerization to a Dewar-pyridone derivative and can undergo cross 

[4+4]-photocycloadditions with other pyridones.10  In the case of a fused ring system (e.g., 

224), photodimerization did not occur, whereas when the C3 position was unsubstituted, 

photodimerization occurred smoothly.  The same effect was observed with and without a 

methyl attached on the nitrogen.  Moreover, a methyl group attached at the C4 position had 

no effect on the ability to photodimerize.18    

   

Figure 2.3  Examples of 2-pyridones that do not undergo photodimerization. 

2.4.3 Intramolecular  photocycloaddition: tether effects 

In 1976, Nakamura reported the first intramolecular photocycloaddition of tethered 

bis-2-pyridones.19  The 2-pyridones were connected at the nitrogen with an all carbon tether 

and irradiated in the presence of benzophenone as a sensitizer.  The use of a tether had an 

effect on the cycloaddition pattern, the products were geometrically controlled by the 
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length of the tether, two and three carbons long, affording [4+2] and [2+2] products, 

respectively.   

 

Scheme 2.6  Intramolecular photocycloaddition of tethered bis-2-pyridones. 

The Sieburth group has conducted extensive studies on the influence of the tether 

length, position, effect of functionality and substituents on the tether.  A more detailed 

discussion of tether control and application towards natural product synthesis will be 

presented in Chapter 3, a brief overview is given here. 
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Figure 2.4  Intramolecular [4+4] 2-pyridone photocycloaddition:  (a) most common 

tether connectivity and (b) general trends of regio- and stereoselectivity of 

three and four atom tether connections. 

Although, two pyridone molecules can be connected in a variety of different 

position combinations, the most commonly employed connections are listed in 

Figure 2.3a.  These points of junction have been shown to enforce regio- and occasionally 

stereoselectivity of product formation.  Figure 2.3b summarizes the general trend for 

selectivity of two molecules of pyridone connected by a three or four atom tether.  Steric 

interference by substituents on the photosubstrate play a role in cis/trans selectivity and 

product selectivity can be simplified if the [4+4] diene partner is symmetric, having no 

distinct head or tail (i.e., furan).20  In addition, tether connectivity can guide product 

pathway, e.g., [2+2] vs [4+4] (see Section 2.5) 

2.4.4 Cross [4+4] photocycloadditions 

In 1977, Nagano demonstrated the ability of 2-pyridone to undergo cross [4+4] 

photocycloaddition with 2-methyl-2-triazole-[1,5-a] pyridine 225 to afford the cross 

product 226 and the 2-pyridone photodimer 216.21 The product ratio could be altered to 

favor the cross product by increasing the amount of 225 in relation to the 2-pyridone.  In 
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the past 40 years, 2-pyridone cross reactivity has been extended to include naphthalene, 

furan,22 1,3-dienes (e.g., cyclopentadiene),23,24 and enyne.25 Over the past two decades the 

Sieburth group has been exploring both inter-26-28 and intramolecular22,29 versions of the 

cross [4+4] photocycloaddition of 2-pyridone.    

 

Scheme 2.7  Photocycloaddition of 2-pyridone 215 and triazole-pyridine 225. 

2.5 2-pyridone-enyne photochemistry 

In 2010, the Sieburth Group reported the first intermolecular photocycloaddition of 

2-pyridone with simple enynes to afford a rich mixture of products, derived from a 

competition between [4+4] and [2+2] pathways, and further complicated by an array of 

regio- (head-to-head and head-to-tail) and stereochemical isomers.25  In addition, the 

initially formed 1,2,5-cyclooctatriene products were unstable and readily underwent 

[2+2] cycloaddition to give up to 70 racemic [2+2] adducts.  Several dimers were isolated 

by Svitlana Kulyk and crystal structures were obtained to confirm their identity. 
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Scheme 2.8  Svitlana Kulykôs intermolecular pyridone-enyne photocycloaddition. 

Simplification of the complex product mixture was achieved by Svitlana Kulyk by 

connecting the enyne and the pyridone to give a single molecule and conducting an 

intramolecular photoreaction.29  Tethering the enyne to the C3 and C6 positions of the 2-

pyridone, via a three-atom tether, not only reduced the product diversity it also separated 

the [2+2] and [4+4] pathways, Scheme 2.9.  Linkage of the enyne via the yne (226) leads 

to [4+4] cycloadducts with a head-to-head regioselectivity, and formation of highly 

strained allene product 227.  In contrast, linkage of the enyne through the ene (229), gives 

exclusively [2 + 2] product 230.    
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Scheme 2.9  Svitlana Kulykôs tethered-dependent pyridone-enyne photocycloaddition. 

The bridged 1,2,5-cyclooctatriene products (227) of [4+4] cycloaddition are highly 

unstable and undergo further reaction to give mixtures of thermal allene-allene [2 + 2] 

dimeric compounds, e.g., 228.  Stabilization of the highly strained allenes was achieved by 

steric shielding with bulky groups adjacent to the allene, e.g., 232.  By slowing down the 

dimerization reaction, the shielding allowed for observation of other strain-relief pathways 

including photo-oxidative decarbonylation ([4+4-1] reaction), an ionic 1,3-hydrogen shift 

and an acid promoted Cope rearrangement, Scheme 2.10.30,31 
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Scheme 2.10 Svitlana Kulykôs acid-catalyzed hydrolysis and Cope rearrangement of 

stabilized [4+4] photoadduct 232. 

2.6 Results and Discussion 

The substrate controlled formation of a functionally rich polycyclic cyclobutanoid 

presented the opportunity to study the capabilities and functional group tolerance of this 

cycloaddition reaction.  The cyclobutane unit is commonly found as a basic structural unit 

in a wide range of naturally occurring compounds, Chapter 5. To expand upon previous 

work a group of pyridone-enyne substrates were synthesized and their ability to undergo 

[2 + 2] photocycloaddition was tested, Figure 2.5.  In this section the synthesis of the 

photosubstrates is described and the stereochemical outcome of the [2+2] cycloaddition is 

discussed.  A discussion on scaling up this reaction using a photo-flow reactor setup is 

presented. 
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Figure 2.5  2-Pyridone-enyne substrates:  C3 position, tether with ene connection. 

2.6.1 Synthesis of Starting Materials 

The photosubstrates 236 - 240 (Figure 2.5) were assembled using a Williamson ether 

synthesis protocol (Scheme 2.11), with the respective chloromethyl pyridone 242 or 

bromomethyl 244, Scheme 2.12, reacting with the alkoxide of hydroxymethyl enynes 248 

ï 251, Scheme 2.13.   

 

Scheme 2.11 Williamson ether synthesis of pyridone-enyne photosubstrates 236 - 240. 

Starting from hydroxymethyl pyridone 241, conversion to chloride 242 could be 

easily achieved using SOCl2 in DCM, Scheme 2.12.  The C5 bromide was installed using 

NBS in DCM to give compound 243.  Attempts to make the chloromethyl using the same 

SOCl2 protocol met with slow conversion and low yields.  However, the bromide 244 could 

be easily accessed utilizing Appel conditions32. 
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Scheme 2.12 Synthesis of 2-pyridone methylhalides. 

The enyne coupling partners were assembled using Sonogashira coupling of vinyl 

iodide 246, prepared from methyl malonic ester 245 in a three step sequence, as 

summarized in Scheme 2.13.  Sonogashira coupling of the vinyl iodide 246 with 

cyclopropylacetylene, phenylacetylene, and trimethylsilylacetylene provided enyne 

alcohols 248, 249, and 250, respectively.  The hydrogen terminated enyne 251 was easily 

prepared by deprotection of the TMS group from compound 250.  
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Scheme 2.13 Synthesis of enyne alcohols 248 - 251. 

2.6.2 Photochemical Reaction 

With the five enyne-pyridones 236 ï 240 in hand 0.025 M solutions in C6D6 (or 

toluene) were prepared and transferred to NMR spectrometer tubes (Scheme 2.14) having 

a diameter of 3.2 mm.  Irradiation with light above 290 nm, using a 450 W medium-

pressure mercury lamp in a water-cooled jacket with a Pyrex© filter, resulted in a clean 

[2+2] cycloaddition, yielding the cyclobutanoids 252 - 256, respectively, as single 

diastereomers.  The smooth cycloaddition of the C5 brominated substrates (239 and 240) 

shows the versatility of this transformation to handle increased functionality.  The presence 

of the bromine (255 and 256) adds an additional site for further manipulations of this 

tricyclic unsaturated piperidinone, by access to an electrophilic carbon center not 

previously accessible. 

 



32 

 

 

Scheme 2.14 Photocycloadditions of enyne-pyridone substrates. 

2.6.2.1 Observed Stereochemistry of [2 + 2] adducts 

The formation of these [2+2] adducts are notable for several reasons.  In addition 

to creating two adjacent quaternary carbons and forming four stereogenic centers, the 

cycloaddition occurs with retention of the alkene stereochemistry, with the configuration 

of the alkene (E or Z) of the enyne being retained in the newly formed [2+2] cycloadduct.  

The Z alkene 257 with the alkyne and ether bridge cis to each other gives a product (258) 

with the cis relationship retained while a trans relationship is retain in 229 from the E 

alkene 230.29,33 
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Scheme 2.15 Stereochemistry of the alkene is preserved in pyridone-enyne [2 + 2] 

photocycloadditions. 

The stereochemical outcome of this transformation is in contrast to the [2+2] 

cycloaddition of enones with alkenes, which is typically accompanied by scrambling of the 

alkene stereochemistry.34  Enone photochemistry is largely triplet-derived and bond 

formation in enone [2+2] cycloadditions are often stepwise and reversible (Scheme 2.16), 

leading to stereochemical isomerization within the products formed via a triplet 

1,4-biradical.35   

 

Scheme 2.16 Enone [2 + 2] photochemistry results in scrambling of the alkene geometry. 
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In contrast, pyridone photochemistry is mostly singlet-derived36 suggesting that this 

[2+2] reaction proceeds via a singlet-derived transition state.  As shown in Scheme 2.15, 

a singlet process for the photocycloaddition of 257 would be consistent with the retention 

of (Z) alkene geometry observed for this reaction as well as for the corresponding (E) 

alkene 229. 

2.6.2.2 Exception to stereochemical outcome. 

One exception to the observed stereochemical fidelity was found for 

pyridone-enyne 237, which gave a 1.6 : 1 diastereomeric mixture of products 253, 

Scheme 2.17.  The loss of stereocontrol is possibly the consequences of a conjugated 

phenyl group with the enyne functionality.  It should be noted that isomerization of the 

alkene in 237 is not observed during the photoreaction, suggesting that if the photoreaction 

of 237 involves triplet intermediates the photocycloaddition with the pyridone is faster than 

isomerization, and that the resulting trans-253 may isomerize to cis-253 in a subsequent 

secondary photochemical transformation.  Note:  The trans/cis notation of Scheme 2.17 

indicates the relationship between the alkyne and the tetrahydrofuran ring.  

 

Scheme 2.17 Exception to stereochemical outcome. 
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Indeed, subjecting a purified sample of cis-253 to identical photochemical 

conditions resulted in a mixture of trans-253 and cis-253, in a ratio that changed over time, 

Table 2.2.  After six hours the 1.6 : 1 mixture observed for the initial cycloaddition 

(Scheme 2.17) was achieved.  This is consistent with either photocleavage of the product 

cyclobutane to reform starting 237 followed by rapid re-photocycloaddition, or reversible 

cleavage of the cyclobutane bond that is both propargylic and allylic.  This type of 

photocleavage reaction has been described for related structures.37  

Table 2.2  Equilibration of the phenylalkyne product 253 

 

 Time         trans : cis (253)  

 0 hr    0 : 1  

 2 hr       1 : 1.6  

 4 hr 1.3 : 1  

 6 hr 1.6 : 1  
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2.6.3 Reaction Scale-up:  Photo-Flow Chemistry   

The photoreactions were typically run in NMR spectrometer tubes 

(~3.2 mm diameter) using the above mentioned reaction set up (see section 2.6.2). One 

limitation of this transformation is the need for rather dilute conditions, which would 

require a large amount of solvent during scaling up of the reaction.  As noted in Table 2.3 

for the reaction of 236, increasing the reaction tube diameter from 3.2 mm to 15 mm results 

in a 3-fold increase in the time required for completion and a drop in the isolated yield of 

252 by 8%.  One key drawback of scaling up an organic photoreaction is that the 

penetrating light falls off rapidly with distance from the light source38.  The high absorption 

of the substrate at the solution-vessel interface essentially acts as a ñscreenò by blocking 

light from penetrating to the bulk reaction solution.  Longer irradiation times are needed to 

drive the reaction to completion resulting in the formation of side products and over-

irradiation of the product.  This effect is seen when a larger diameter reaction tube is used, 

Table 2.3, entry 2. 
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Table 2.3  Photoreaction scale-up of 236 using a flow reactor 

 

Tube Diameter Reaction Volume Time (hr)  Yield 

3.2 mm 9 mL 4 61% 

15 mm 31 mL 10.5 53% 

3.2 mm 80 mL 1.5            70%   Flow 

 

To overcome this scaling-up issue, a flow apparatus using 3.2 mm diameter PTFE 

tubing wrapped around the light source was constructed using a syringe pump (or HPLC 

pump) to control the reaction flow.  The flow setup allows for only a small amount of the 

total reaction volume to be exposed to the light source by shortening the path length and 

leading to a more uniform irradiation event.  The total exposure time can be controlled by 

the reaction flow-rate.  Use of the flow apparatus led to a much improved process, allowing 

the reaction volume to be dramatically increased and the overall irradiation time 

substantially decreased.  Moreover, under these conditions the yield of product 252 

increased by 9%.38-40  An image of the NMR tube setup and the flow set can be seen in 

Figure 2.8. 
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Figure 2.6  Photochemical reaction setup.  (a) NMR tube set-up and (b) flow reactor 

set-up. 

2.7 Conclusion 

Photochemical reactions of enynes with 2-pyridones can take the form of [4+4] 

cycloadditions or [2+2] cycloadditions, depending on the presentation of the enyne, 

Scheme 2.9.  The product pathway can be readily controlled by performing the reaction in 

an intramolecular fashion. The [2+2] pathway leads to functionally rich polycyclic 

cyclobutanoid products and is notable for the retention of alkene geometry, suggesting a 

singlet photochemical pathway. Moreover, this intramolecular cycloaddition 

simultaneously forms two rings and creates four contiguous stereocenters, two of which 

are quaternary carbons.  

The ability for the [2+2] cycloaddition to handle increased functionality, both on 

the enyne and the pyridone was demonstrated.  The robust nature of this transformation 
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and multiple sites for diversity could lead to the development of polycyclic cyclobutane 

libraries with rigid scaffolds and multiple points of bio-molecule interaction.   To that end, 

the photoreaction was successfully scaled up utilizing a photo-flow reactor set-up capable 

of preparing gram quantities of the cyclobutanoid products.  Further investigations of these 

interesting molecular scaffolds are discussed in Chapter 5. 

2.8 Experimental 

General Techniques 

Instrumentation.  For all compounds, 1H and 13C NMR spectra were recorded on a Varian 

Inova 300, Bruker Avance 400, Bruker Avance III 500 or Bruker DRX 500 spectrometer. 

Chemical shifts were measured relative to the residual solvent resonance for 1H and 13C 

NMR. Coupling constants, J, are reported in hertz (Hz). The following abbreviations were 

used to designate signal multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; dd, doublet 

of doublet; ddd, doublet of doublet of doublet; dt, double of triplet; ddt, doublet of doublet 

of triplet; dpent, doublet of pentet; m, multiplet; br, broad.  IR spectra were recorded on a 

Jasco FT-IR 4700 or ThermoFisher FT-IR Nicolet iS5 (iD5 ATR).  Mass spectra were on 

an Agilent QTOF-HRMS at the Temple University Chemistry Department.  A Thomas 

Hoover UNI-MELT capillary melting point apparatus was used for melting point 

measurement; melting points are uncorrected.  A CEM Discover System, Model SP-1239 

microwave was used for microwave conditions.  Reactions were monitored by TLC using 

an ethyl acetate (EtOAc) / hexanes, methanol (MeOH) / dichloromethane (DCM), or ethyl 

acetate / dichloromethane as the solvent system unless otherwise stated.  Glassware was 

oven-dried at 120 °C, assembled while hot, and cooled to ambient temperature under an 
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inert atmosphere.  Unless noted otherwise, reactions involving air sensitive reagents and/or 

requiring anhydrous conditions were performed under an argon atmosphere.    

Reagents and solvents. Reagents and solvents were purchased from Aldrich Chemical 

Company, Fisher Scientific, Strem, Alfa Aesar, Acros Organics, TCI or Gelest Inc.  Liquid 

reagents such as tetramethylethylenediamine, triethylamine or diisopropylethylamine were 

purified by distillation when necessary. Unless otherwise noted, solid reagents were used 

without further purification. Organolithium reagents were titrated using menthol / 2,2`-

bipyridine.[44] Reaction solvents (THF, dichloromethane, DMF, and diethyl ether) were 

taken from a ñGrubbs-styleò Solvent Dispensing System purchased from Glass Contour or 

distilled as described in the literature.[45]  

Chromatography. Silica gel (60 Å, 170ï400 mesh) or basic alumina (aluminum oxide, 

50ï200 micron, activated) was used for flash column chromatography.  Analytical and 

preparative thin layer chromatography (TLC) was performed using Analtech UniplateTM 

Silica Gel GF (250 micron) precoated glass plates or Merck KGaA Silica Gel 60 F254.  

Spots were detected by 254 nm UV lamp, iodine, potassium permanganate, para-

anisaldehyde, vanillin and/or phosphomolybdic acid solution. 
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3-(Chloromethyl)-1-methylpyridin -2(1H)-one (242).22  To a solution of 24122 (886 mg, 

6.36 mmol) in DCM (30 mL) at rt was added SOCl2 (550 mL, 7.58 mmol) and stirred at rt 

for 2 hrs.  The reaction mixture was concentrated in vacuo to give the title compound 242 

as an oil (950 mg, 95%) which was used without further purification. 1H NMR (500 MHz, 

CDCl3) ŭ = 7.45 (dd, J = 6.8, 1.8 Hz, 1H), 7.28 (dd, J = 6.8, 1.8 Hz, 1H), 6.12 (t, J = 6.8 

Hz, 1H), 4.50 (s, 2H), 3.52 (s, 3H),    

 

 

5-Bromo-3-(hydroxymethyl)-1-methylpyridin -2(1H)-one (243).  To a solution of 24122 

(500 mg, 3.59 mmol) in DCM (36 mL) at rt was added NBS (714 mg, 4.01 mmol) and 

stirred at rt for 0.5 hrs.  The reaction mixture was concentrated in vacuo. The crude product 

was purified by column chromatography (silica gel, 1:1 -> 2:1 EtOAc/hexanes) to give the 

title compound 243 as an off-white solid (629 mg, 80%).  Rf = 0.15 (2:1 EtOAc/hexanes).  

mp = 109 °C.  IR (neat): 3374 br, 1646, 1579, 1555, 1423, 1076 cm-1.  1H NMR (500 MHz, 

CDCl3) ŭ = 7.41 ï 7.38 (m, 2H), 4.56 (s, 2H), 3.55 (s, 3H).  13C NMR (125 MHz, CDCl3) 

ŭ = 161.4, 138.8, 136.7, 133.0, 98.2, 61.9, 37.6.  Exact Mass for C7H8BrNO2 [M+H] +; 

calcd: 217.9811, found: 217.9821.  
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5-Bromo-3-(bromomethyl)-1-methylpyridin -2(1H)-one (244).  To a solution of 243 

(618 mg, 2.84 mmol) in DCM (16 mL) at 0 °C was added CBr4 (1.24 g, 3.74 mmol), then 

PPh3 (1.13 g, 4.31 mmol) and stirred at 0 °C for 10 - 15 min.  The reaction mixture was 

concentrated in vacuo.  The crude product was purified by column chromatography (silica 

gel, 1:1 -> 2:1 EtOAc/hexanes) to give the title compound 244 as a colorless solid (546 

mg, 69%).  Rf = 0.54 (2:1 EtOAc/hexanes).  mp = 131 °C.  IR (neat): 3060, 1641, 1585, 

1545, 1412, 1305, 1204, 786 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.55 (d, J = 2.7 Hz, 

1H), 7.44 (d, J = 2.7 Hz, 1H), 4.40 (s, 2H), 3.56 (s, 3H).  13C NMR (125 MHz, CDCl3) ŭ = 

160.2, 141.9, 138.5, 130.3, 97.1, 38.1, 28.3.  Exact Mass for C7H7Br2NO [M+H]+; calcd: 

279.8967, found: 279.8987. 

 

 

(E)-3-Iodo-2-methylacrylic acid (246).29  To a suspension of NaH (60% in mineral oil, 

4.58g, 114 mmol) and Et2O (140 mL) at rt was added dropwise, over 30 min, a solution of 

Diethyl methylmalonate 245 in Et2O (40 mL).  The mixture was heated to reflux for 2.5 

hrs and then cooled to room temperature.  Iodoform (37.37g, 94.9 mmol) was added in a 

single addition and the mixture was refluxed for 36 hours, cooled to 0 °C and then quenched 
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with 10% HC (50 mL).  The aqueous layer was extracted with Et2O (4 x 100 mL), dried 

over anhydrous magnesium sulfate and concentrated.  The residue was dissolved in ethanol 

(200 mL) and an aqueous solution of KOH was added and refluxed for 24 hrs.  The ethanol 

was evaporated in vacuo and a 10% aqueous solution of K2CO3 was added (200 mL).  The 

mixture was filtered and the filtrate washed with DCM (2 x 100mL).  The aqueous layer 

was acidified with HCl to pH 1 (30 mL), and extracted with DCM.  The organic layers 

were combined and dried over anhydrous MgSO4, then concentrated in vacuo.  The crude 

product was purifi ed by column chromatography (silica gel, 1:20 -> 1:10 EtOAc/ hexanes) 

to give the title compound 246 as a colorless solid (9.23g, 47% yield).  mp = 50ï52 °C.  

1H NMR (500 MHz, CDCl3) ŭ = 11.45 (s br, 1H), 8.02 (dd, J=2.3, 1.0, 1H), 2.05 (d, J=1.4, 

3H). 

 

 

(E)-3-Iodo-2-methylprop-2-en-1-ol (247).29  To solution of 246 (2.35g, 11.1 mmol) in 

Et2O at 0 °C is added LiAlH4 (487 mg, 12.8 mmol), and the reaction is allowed to warm to 

rt and stir for 6 hrs.  The mixture is cooled to 0 °C and quenched with saturated aqueous 

Na2SO4 (2 mL) followed by 2 M H2SO4 (25 mL).  The layers were separated and extracted 

with DCM (5 x 20 mL), the combined organic layers were concentrated and the residue 

was dissolved in 40 mL of DCM.  The organic layer was washed with 10% K2CO3 (25 

mL), and then extracted with DCM (4 x 20 mL).  The organic layers were combined, 

washed with brine, dried over anhydrous MgSO4, and concentrated in vacuo to give the 
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title compound 246 as a yellow oil (1.97g, 90% yield) which was used in further reactions 

without purification.  1H NMR (500 MHz, CDCl3) ŭ = 6.31 ï 6.26 (m, 1H), 4.14 (dd, J=6.1, 

1.0, 2H), 1.87 ï 1.83 (m, 3H), 1.55 (t, J=6.2, OH). 

 

 

(E)-Hydroxymethyl enyne (248).31  To a solution of 247 (508 mg, 2.57 mmol) in 

deoxygenated piperidine (9 mL) at rt was added cyclopropylacetylene (500 mL, 5.90 

mmol), Pd(PPh3)4 (151 mg, 0.131 mmol), followed by CuI (67 mg, 0.35 mmol) and stirred 

at rt for 2 hrs.  The reaction mixture was filtered through celite with an Et2O wash, and 

concentrated in vacuo.  The precipitate was washed with Et2O (3 x 10 mL), combined 

filtrate was concentrated in vacuo.  The residue was diluted with toluene and concentrated 

in vacuo was repeated.  The crude product was purified by column chromatography (silica 

gel, 1:20 -> 1:10 EtOAc/hexanes) to give the title compound 248 as a dark brown liquid 

(340 mg, 98%). Rf = 0.35 (1:10 EtOAc/hexanes).  1H NMR (400 MHz, CDCl3) ŭ = 5.50 

(dt, J=2.9, 1.4, 1H), 4.08 (d, J=5.9, 2H), 1.86 (d, J=0.5, 3H), 1.43 ï 1.32 (m, 2H), 0.87 ï 

0.77 (m, 2H), 0.76 ï 0.66 (m, 2H).  
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(E)-Hydroxymethyl enyne (249).  To a solution of 247 (1.0 g, 5.1 mmol) in deoxygenated 

piperidine (16 mL) at rt was added phenyl acetylene (1.1 mL, 10 mmol), Pd(PPh3)4 (298 

mg, 0.25 mmol), followed by CuI (97 mg, 0.51 mmol) and stirred at rt for 2 hrs.  The 

reaction mixture was filtered through celite with an Et2O wash, and concentrated in vacuo.  

The reaction mixture was filtered through celite with an Et2O wash, and concentrated in 

vacuo.  The precipitate was washed with Et2O (3 x 10 mL), combined filtrate was 

concentrated in vacuo.  The residue was diluted with toluene and concentrated in vacuo 

was repeated.  The crude product was purified by column chromatography (silica gel, 1:10 

-> 1:5 EtOAc/hexanes) to give the title compound 249 as a red liquid (872 mg, 99%). Rf = 

0.46 (1:2 EtOAc/hexanes). IR (neat): 3319 br, 2196, 1489, 1438, 1069, 1012, 754, 688 cm-

1.  1H NMR (500 MHz, CDCl3) ŭ = 7.47 ï 7.42 (m, 2H), 7.35 ï 7.28 (m, 3H), 5.80 (d, J = 

1.4 Hz, 1H), 4.18 (dd, J = 6.1, 0.7 Hz, 2H), 1.99 (dt, J = 1.3, 0.7 Hz, 3H), 1.56 (s, 2H), 1.50 

(t, J = 6.2 Hz, 1H).  13C NMR (100 MHz, CDCl3) ŭ = 150.3, 131.5, 128.4, 128.1, 123.8, 

104.8, 93.5, 86.8, 67.0, 16.7.  Exact Mass for C12H12O [M+H]+; calcd: 173.0961, found: 

173.0959.  

 

 

(E)-Hydroxymethyl enyne (250).41  To a solution of 247 (504 mg, 2.54 mmol) in 

deoxygenated piperidine (9 mL) at rt was added trimethylsilylacetylene (800 mL, 5.63 
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mmol), Pd(PPh3)4 (146 mg, 0.126 mmol), followed by CuI (62 mg, 0.33 mmol) and stirred 

at rt for 2 hrs.    The reaction mixture was filtered through celite with an Et2O wash, and 

concentrated in vacuo.  The mixture was diluted with saturated NH4Cl and extracted with 

Et2O.  The organic layers were combined washed with brine, dried over anhydrous Na2SO4, 

and then concentrated in vacuo.  The crude product was purified by column 

chromatography (silica gel, 1:20 -> 1:10 EtOAc/hexanes) to give the title compound 250 

as a brown liquid (273 mg, 64%).  1H NMR (400 MHz, CDCl3) ŭ = 5.63 ï 5.58 (m, 1H), 

4.13 ï 4.08 (m, 2H), 1.91 (m, 3H), 1.45 (t, J=5.9, OH), 0.20 (s, 9H).  

 

 

(E)-Hydroxymethyl enyne (251).29 To a solution of 250 (170 mg, 1.01 mmol) in 

anhydrous methanol (1.35 mL) was added anhydrous K2CO3 (8.5 mg, 0.062 mmol) and 

stirred at rt for 12 hrs.  The solvent was evaporated and the residue was dissolved in DCM, 

washed with brine, dried over anhydrous Na2SO4, and then concentrated in vacuo.  The 

crude product was purified by column chromatography (silica gel, 5% -> 10% 

EtOAc/DCM) to give the title compound 251 as a yellow oil (57 mg, 59%).  1H NMR (500 

MHz, CDCl3) ŭ = 5.57 ï 5.47 (m, 1H), 4.05 (d, J=0.7, 2H), 3.12 ï 2.99 (m, 1H), 2.67 (s, 

1H), 1.86 (m, 3H).       
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Photosubstrate Assembly - General Procedure (2.1):  To a suspension of NaH (1.3 

equiv.) in THF at 0 °C was added, dropwise, the corresponding allylic alcohol 248 - 251 

(1 equiv. 0.1 M) in THF, and allowed to stir for 0.5 hrs.  The corresponding 2-pyridone 

chloride 242 or bromide 244 (0.9 equiv, 0.1 M) in THF was added, and allowed to stir at 

rt until complete.  To sluggish reactions was added 0.5 - 1 equiv. of NaI and/or heated to 

reflux.  The reaction was diluted with saturated NH4Cl, then concentrated in vacuo.  The 

residue was diluted with H2O and extracted with EtOAc (3x).  The organics were 

combined, washed with brine, dried over anhydrous MgSO4 and then concentration in 

vacuo. The crude product was purified by column chromatography as indicated. 

 

Cyclopropyl pyridone-enyne (236).29  Purification by 

column chromatography (silica gel, 1:2 -> 2:1 

EtOAc/hexanes) gave the title compound 236 as a yellow 

oil (81%).  Rf = 0.18 (1:1 EtOAc/hexanes).  1H NMR (500 MHz, CDCl3) ŭ = 7.39 (dd, 

J=6.8, 1.0, 1H), 7.19 (dd, J=6.7, 1.1, 1H), 6.14 (t, J=6.8, 1H), 5.48 (s, 1H), 4.35 (s, 2H), 

3.98 (s, 2H), 3.49 (s, 3H), 1.82 (s, 3H), 1.36 ï 1.29 (m, 1H), 0.78 ï 0.72 (m, 2H), 0.68 ï 

0.62 (m, 2H). 

 



48 

 

Phenyl pyridone-enyne (237).  Purification by column 

chromatography (silica gel, 10% -> 30% EtOAc/DCM) 

gave the title compound 237 as a yellow oil (74%).  Rf = 

0.35 (30% EtOAc/DCM).  IR (neat): 3026, 3052, 2196, 1652, 1595, 1564, 1109, 757, 691 

cm-1.  1H NMR (400 MHz, CDCl3) ŭ = 7.48 (ddd, J = 6.8, 3.2, 1.3 Hz, 1H), 7.46 ï 7.42 (m, 

2H), 7.34 ï 7.28 (m, 3H), 7.24 (dd, J = 6.8, 2.0 Hz, 1H), 6.21 (t, J = 6.8 Hz, 1H), 5.83 (dd, 

J = 2.6, 1.3 Hz, 1H), 4.47 (s, 2H), 4.13 (d, J = 0.8 Hz, 2H), 3.56 (s, 3H), 2.03 ï 1.97 (m, 

3H).  13C NMR (125 MHz, CDCl3) ŭ = 161.8, 147.8, 136.7, 135.7, 131.5, 129.8, 128.4, 

128.0, 123.9, 106.4, 105.9, 93.5, 86.9, 74.8, 67.5, 37.6, 17.0.  Exact Mass for C19H19NO2 

[M+H] +; calcd: 294.1489, found: 294.1496.  

 

Trimethylsilyl  pyridone-enyne (238).  Purification by 

column chromatography (silica gel, 5% -> 10% 

EtOAc/DCM) gave the title compound 238 as a yellow oil 

(53%).  Rf = 0.32 (1:1 EtOAc/hexanes).  1H NMR (400 MHz, CDCl3) ŭ = 7.47 ï 7.43 (m, 

1H), 7.22 (dd, J = 6.7, 2.0 Hz, 1H), 6.19 (t, J = 6.8 Hz, 1H), 5.64 (dd, J = 2.6, 1.3 Hz, 1H), 

4.43 (s, 2H), 4.09 ï 4.03 (m, 2H), 3.55 (s, 3H), 1.95 ï 1.89 (m, 3H), 0.20 (s, 9H).  13C NMR 

(100 MHz, CDCl3) ŭ = 166.5, 129.6, 104.7, 103.1, 91.7, 79.1, 77.9, 57.3, 52.8, 38.6, 38.0, 

34.9, 14.5, 0.3. 

 

 



49 

 

Bromo pyridone-enyne (239).  Purification by column 

chromatography (silica gel, 1:2 -> 1:1 EtOAc/hexanes) 

gave the title compound 239 as a yellow oil (85%).  Rf = 

0.31 (1:1 EtOAc/hexanes).  1H NMR (500 MHz, CDCl3) ŭ = 7.54 ï 7.49 (m, 1H), 7.40 ï 

7.35 (m, 1H), 5.62 (s, 1H), 4.49 ï 4.36 (m, 2H), 4.09 (d, J = 0.7 Hz, 2H), 3.55 (d, J = 0.5 

Hz, 3H), 3.10 (d, J = 2.2 Hz, 1H), 1.95 (s, 3H).  Exact Mass for C13H14BrNO2 [M+H] +; 

calcd: 296.0281, found: 296.0281.  

 

Cyclopropyl bromo pyridone-enyne (240).  

Purification by column chromatography (silica gel, 2% 

-> 5% EtOAc/DCM) gave the title compound 240 as a 

colorless solid (67%).  Rf = 0.33 (1:1 EtOAc/hexanes).  mp = 78 °C.  IR (neat): 2915, 2851, 

2207, 1653, 1596, 1542, 1106 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.48 (dt, J = 2.8, 1.4 

Hz, 1H), 7.35 (d, J = 2.7 Hz, 1H), 5.56 ï 5.47 (m, 1H), 4.41 ï 4.29 (m, 2H), 4.03 (s, 2H), 

3.51 (s, 3H), 1.86 (d, J = 0.8 Hz, 3H), 1.41 ï 1.34 (m, 1H), 0.84 ï 0.77 (m, 2H), 0.73 ï 0.66 

(m, 2H).  13C NMR (125 MHz, CDCl3) ŭ = 160.1, 145.5, 138.1, 136.1, 131.6, 107.5, 98.1, 

97.9, 75.2, 72.9, 66.8, 37.5, 16.7, 8.8, 0.4.  Exact Mass for C16H18BrNO2 [M+H] +; calcd: 

336.0594, found: 336.0621. 
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[2+2] Photocycloaddition - General Procedure (2.2):  A solution of photosubstrate 236 

- 240 (< 0.03 M) in deoxygenated toluene, was irradiated for 3 ï 10 hrs until complete 

consumption of the starting material (TLC and/or NMR) using a water-cooled, Pyrex©-

filtered 450 W medium-pressure mercury lamp. Reaction progress was monitored by TLC 

and/or 1H NMR.  The reaction set-up was placed inside of a wooden box to trap all light.  

After evaporation of the solvent the product(s) were purified by column chromatography.  

Note:  Due to heat given off by the light source (and the cooling ability of the water 

condenser) the air temperature within the photoreaction container was typically 30 ï 40 °C 

(as monitored by a probe inside the photoreaction container).  If necessary the temperature 

of the reaction can be controlled by placing the entire set-up inside of a Dewar flask with 

water and/or ice. 

Flow Photoreaction Setup:  Using the above listed light source, FEP Tubing (0.187ò OD 

x 0.125ò ID) was wrapped once around a Pyrex water-cooling jacket.  The tubing length 

was such that it had an internal volume (in contact with the light source) of 40 mL.  A KD 

Scientific syringe pump was used to drive the reaction mixture and control the flow rate 

(irradiation time).  Reaction progress was monitored by TLC and/or 1H NMR. 
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Cyclopropylalkynyl cyclobutane (252).31  Purification by column 

chromatography (silica gel, 1:2 -> 1:1 EtOAc/hexanes) gave the title 

compound 252 as an oil (61% - NMR tube, 53% - 15 mm diameter 

phototube, 70% - flow reactor).  Rf = 0.71 (1:1 EtOAc/hexanes).  1H 

NMR (400 MHz, CDCl3) ŭ = 5.99 (d, J=8.3, 1H), 4.94 (dd, J=8.2, 4.2, 1H), 4.39 (d, J=9.1, 

1H), 3.98 (d, J=9.0, 1H), 3.64 (d, J=9.1, 1H), 3.28 (t, J=8.3, 2H), 3.11 ï 2.98 (m, 4H), 

1.29 ï 1.20 (m, 1H), 1.18 (s, 3H), 0.79 ï 0.71 (m, 2H), 0.65 ï 0.57 (m, 2H).   

 

Phenylalkynyl cyclobutane (253).  Purification by column 

chromatography (silica gel, 30 % EtOAc/DCM) gave the title 

compound 253 as a 1.6 : 1 mixture of diastereomers (55% - 

combined yield).  Rf = cis(major): 0.6, trans(minor): 0.65 (2:1 

EtOAc/Hexanes).  IR (neat): 2958, 2864, 1657, 1491, 1442, 1384, 1254, 1068, 932, 758, 

692 cm-1.  1H NMR (500 MHz, CDCl3) ŭ 7.45 ï 7.38 (m, 3H), 7.32 ï 7.27 (m, 5H), 6.03 

(dd, J = 8.2, 1.6 Hz, 1H), 5.94 (dd, J = 8.0, 0.7 Hz, 0.6H), 5.14 (dd, J = 8.0, 4.8 Hz, 0.6H), 

5.05 (dd, J = 8.1, 4.0 Hz, 1H), 4.44 (d, J = 9.2 Hz, 1H), 4.41 (d, J = 9.4 Hz, 0.6H), 4.06 (t, 

J = 8.5 Hz, 1.6H), 3.96 (d, J = 8.9 Hz, 0.6H), 3.74 (d, J = 9.2 Hz, 1H), 3.56 (d, J = 9.2 Hz, 

1H), 3.38 (d, J = 9.4 Hz, 0.6H), 3.34 (d, J = 9.3 Hz, 1H), 3.21 ï 3.15 (m, 1H), 3.11 (s, 

1.7H), 3.09 (s, 3H), 2.98 (dd, J = 7.4, 4.9 Hz, 0.6H), 2.92 (d, J = 7.7 Hz, 0.6H), 1.31 (s, 

3H), 1.25 (s, 2H).  13C NMR (100 MHz, CDCl3) ŭ = 167.0, 166.6, 131.8, 131.7, 129.8, 

129.5, 128.7, 128.4, 128.3, 128.1, 128.0, 123.6, 123.4, 105.9, 104.8, 87.1, 87.0, 86.3, 79.1, 

77.9, 76.6, 76.5, 58.0, 57.8, 53.5, 52.8, 42.9, 41.2, 39.0, 37.8, 34.9, 20.2, 14.7.  Exact Mass 

for C19H19NO2 [M+H] +; calcd: 294.1489, found: 294.1492.  Note:  Isolation of cis-253 can 
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be achieved after selective cyclization of trans-253 (See Scheme 5.3).  This method was 

used to isolate cis-253 for the further irradiation study of Table 2.2. 

 

Trimethylsilyl alkynyl cyclobutane (254).  Purification by column 

chromatography (silica gel, 1:5 EtOAc/hexanes) gave the title 

compound 254 as a colorless solid (42%).  Rf = 0.86 (1:1 

EtOAc/hexanes).  mp = 74-75 °C.  IR (neat): 2957, 2888, 2837, 

2159, 1659, 1382, 1251, 1065, 843, 761 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 6.00 (dd, 

J = 8.2, 1.7 Hz, 1H), 4.95 (dd, J = 8.0, 4.0 Hz, 1H), 4.38 (d, J = 9.2 Hz, 1H), 3.99 (d, J = 

9.2 Hz, 1H), 3.68 (d, J = 9.3 Hz, 1H), 3.35 (d, J = 9.2 Hz, 1H), 3.29 (d, J = 9.3 Hz, 1H), 

3.12 ï 2.99 (m, 4H), 1.21 (s, 3H), 0.16 (s, 9H).  13C NMR (100 MHz, CDCl3) ŭ = 166.5, 

129.6, 104.7, 103.0, 91.7, 79.1, 77.9, 57.3, 52.8, 38.5, 38.0, 34.9, 14.5, 0.3.  Exact Mass 

for C19H19NO2 [M+H]+; calcd: 290.1571, found: 290.1590.  

 

 Alkynyl bromo cyclobutane (255).  Purification by column 

chromatography (silica gel, 1:5 -> 2:1 EtOAc/hexanes) gave the title 

compound 255 as a yellow oil (40%).  Rf = 0.73 (1:1 EtOAc/hexanes).  

IR (neat): 3291, 3244, 2963, 1656, 1382, 1296, 1065, 932cm-1.  

1H NMR (500 MHz, CDCl3) ŭ = 6.37 (s, 1H), 4.16 (d, J = 9.3 Hz, 1H), 4.02 (d, J = 9.3 Hz, 

1H), 3.77 (d, J = 9.4 Hz, 1H), 3.39 ï 3.30 (m, 3H), 3.08 (s, 3H), 2.41 (d, J = 2.1 Hz, 1H), 

1.23 (s, 3H).  13C NMR (100 MHz, CDCl3) ŭ = 165.2, 130.9, 100.0, 79.7, 79.3, 77.6, 76.4, 
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55.8, 55.0, 45.0, 38.2, 35.0, 14.9.  Exact Mass For C13H14BrNO2 [M+H] +; calcd: 294.1489, 

found: 294.1488. 

 

 Cyclopropylalkynyl bromo cyclobutane (256).  Purification by 

column chromatography (silica gel, 1:5 EtOAc/Hexanes) gave the 

title compound 256 as a yellow oil (58%).  Rf = 0.73 (1:1 

EtOAc/Hexanes).  IR (neat): 3082, 2959, 2928, 2873, 2238, 1658, 

1381, 1296, 1246, 1063, 934 679 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 6.33 (d, J = 0.7 

Hz, 1H), 4.18 (d, J = 9.2 Hz, 1H), 4.00 (d, J = 9.2 Hz, 1H), 3.73 (d, J = 9.3 Hz, 1H), 3.34 

ï 3.23 (m, 3H), 3.08 (s, J = 1.2 Hz, 3H), 1.32 ï 1.24 (m, 1H), 1.19 (s, 3H), 0.80 ï 0.72 (m, 

2H), 0.71 ï 0.66 (m, 2H).  13C NMR (125 MHz, CDCl3) ŭ = 165.3, 130.3, 100.8, 91.8, 79.5, 

77.5, 69.9, 56.5, 54.8, 45.3, 38.3, 34.9, 14.7, 8.4, 8.3, -0.2.  Exact Mass for C16H18BrNO2 

[M+H] +; calcd: 336.0594, found: 336.0620.  
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CHAPTER 3                                                                                                                 

[4+4] PHOTOCYCLOADDI TION  APPROACH TO THE TOTA L 

SYNTHESIS OF FUSICCOCIN A  

3.1 Introduction  

Eight-membered carbocyclic ring scaffolds are frequently found in naturally 

occurring, biologically-active compounds, exemplified by Taxol.1 Although cyclooctane 

rings are not as abundant as some of the smaller ring sizes, they occur widely in higher 

plants, marine organisms and pathogenic fungi.  These cyclooctane-containing natural 

products, have received substantial attention due to their biological activity, complex 

architecture, and the elusive nature of cyclooctane construction.  Several strategies have 

been utilized for the construction of these ring systems including macrocyclization 

reactions (e.g., macrolactonizations and ring-closing metathesis), fragmentation reactions 

(e.g., Grob-type and radical fragmentations) and ring expansion/contraction reactions (e.g., 

[3,3] sigmatropic rearrangements, electrocyclic ring opening, cycloadditions). 
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Figure 3.1  Representative cyclooctanoid-containing natural products.     

The eight-membered carbocycle is widely found in over one hundred terpenoid 

natural products and can also be found in lignans, sesterterpenoids and sesquiterpenoids.  

The cyclooctane-containing natural products are further divided into families based on the 

fused-ring scaffold, typically containing a cyclooctane ring fused or bridged with other 

smaller rings, with various functionalities, e.g., olefins and hydroxyl groups.  A few 

examples of skeletal cores are illustrated in Figure 3.1. 

A very powerful method for constructing the eight-membered ring is a [4+4] 

cycloaddition, a higher-order cycloaddition (i.e., resulting in a larger than six-membered 

ring).  This transformation forms a 1,5-cyclooctadiene with the potential for formation of 

four stereogenic centers, in a single step.  In addition, [4+4] cycloadditions performed in 

an intramolecular fashion can result in the formation of multiple fused and bridged ring 

systems.  The first example of a [4+4] cycloaddition approach to natural product synthesis 

was Wenderôs total synthesis of (+)-astericanolide using a transition metal-mediated 
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method.2 Photoinitiated [4+4] cycloadditions of pyridone and pyrone have been used by 

the Sieburth and West groups, respectively, towards the synthesis of multiple natural 

products, e.g., taxol,3 halicyclamine and saraine core structures4 and traversianal.5  

In this chapter 20 years of work by the Sieburth group towards the total synthesis 

of fusicoccin A, via an intramolecular [4+4] photocycloaddition of bis-2-pyridones to 

construct the 5-8-5 molecular scaffold is presented.  The motivation behind this work was 

to develop a reliable, rapid method to construct the cyclooctanoid skeleton for access to 

natural products, and functionally diverse derivatives for further structure-activity 

relationship studies.  In addition, the utility of [4+4] pyridone-pyridone photocycloaddition 

to install stereogenic centers with high predictability is demonstrated.  Current efforts 

towards these goals are described.        

3.1.1 The cyclooctane skeleton 

The cyclooctane ring is classified as a medium sized ring, exhibiting no fewer than 

ten symmetrical conformations.  Initial studies were conducted by Cope6 and Prelog7 and 

further conformational studies used spectroscopic methods (NMR and IR), X-ray 

crystallography and molecular mechanics calculations.8,9 Studies have revealed three major 

conformation families:  boat-chair, crown, and boat-boat., Figure 3.2.  The most stable of 

these families is the boat-chair family which minimizes transannular interactions and has 

a lower degree of torsional strain, compared to other conformations.  Substitution patterns 

can have an effect on interconversion energy barriers.  Cyclooctane exists predominantly 

(> 94%) in a boat-chair conformation, i.e., boat-chair and twist-boat-chair.10   
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Figure 3.2  Conformations of the cyclooctane ring. 

The presence of heteroatoms or sp2 centers contained within the ring can alter the 

conformational strain, dramatically reducing the severe steric repulsions.  The heteroatom 

or sp2 center is favored to occupy an óinternalô position of the ring conformation, found in 

several natural products.11  Extensive studies have been conducted on these eight-

membered heterocycles.12 

3.1.1.1 Difficulties in construction 

From a synthetic point of view, many challenges are faced by the synthetic chemist 

attempting to employ conventional ring forming protocols to construct eight-membered 

rings.  Often, methods that are suitable for the construction of smaller (3-7) or larger (10+) 

ring systems fail to work.  This long standing problem has been due to the high degree of 

ring strain and transannular interactions associated with the formation of the eight-

membered ring.  A study by Illuminati and Mandolini demonstrated that eight-membered 

ring formation is the most challenging ring to prepare by a ring-closure strategy.13 More 

recently, Mandolini and Galli described the role of ring strain on the ease of ring 

formation.14  Comparing the strain energies of the transition state versus the product-ring, 

they concluded that, in medium sized rings, a fraction of the significant strain energy 

develops in the transition state.  The consequence is the resulting unfavorable enthalpic 

contribution, which adds to the entropy loss upon ring closure.  In addition, there is a 
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substantial entropic cost in the transition state compared to the product-ring, explaining the 

reluctant cyclization.      

3.1.1.2 Strategies for synthesis 

Over the past 30 years, there has been an increasing number of natural products 

discovered possessing an eight-membered ring system.  These discoveries and the success 

of Taxol have led to a growth in methods to construct the cyclooctane.  These methods can 

be divided into two categories:  direct and indirect.  For direct methods, the cyclooctane 

ring is formed in one step, usually by formation of an intramolecular C-C bond (e.g., 

cycloadditions and coupling reactions).  The formation of the eight-membered ring by 

indirect methods, usually do not involve C-C bond formation, instead an intermediate is 

transformed by manipulation (e.g., ring expansions and fragmentations).  The following 

section will  focus on [4+4] cycloaddition strategies for the construction of cyclooctanes 

with selected examples, Section 3.3.   Multiple comprehensive reviews on strategies for 

building cyclooctanes can be found in literature.1,15-18   

3.1.2 [4+4] Cycloaddition strategies for cyclooctane synthesis 

The [4+4] cycloaddition strategy has become a powerful and versatile method for 

the rapid and efficient construction of cyclooctanoids.19 The cycloaddition strategy is 

considered to be step economical, with an ability to not only form the eight-membered ring, 

but also form one or more addition rings and up to four stereogenic centers in a single step, 

Figure 3.3.  This characteristic can be exploited in the synthesis of polycyclic 

cyclooctanoid natural products, e.g., Figure 3.1.   
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Figure 3.3  Cyclooctanoid formation by [4+4] cycloaddition. 

Initially, higher order cycloadditions proceeded with poor chemical efficiency, due 

to multiple, competitive pericyclic reactions of the extended p-systems.  The use of 

transition metals to mediate the cycloaddition improved the process.20,21 One of the first 

applications of this strategy was Wenderôs total synthesis of (+)-astericanolide, employing 

a nickel-catalyzed intramolecular [4+4] cycloaddition of 1,3-dienes, Scheme 3.1.2,22  This 

method can also be used in the construction of bicyclo[5.3.1]undecadiene scaffolds simply 

by changing the tether location.23  

 

Scheme 3.1  Wender's synthesis of (+)-asteriscanolide via intramolecular Ni-mediated 

[4+4] cycloaddition.  

Concerted cycloadditions represent a type of pericyclic reaction.  The 

stereochemical outcome of concerted cycloadditions can be highly selective.  The rules 

governing concerted reactions are called the Woodward-Hoffmann rules, which predict the 

barrier heights of pericyclic reactions based upon conservation of orbital symmetry.24  In a 

concerted reaction, orbital symmetry must be preserved: if the reactant ground state 



65 

 

correlates with the product ground state it is thermally allowed, otherwise it must proceed 

through a high activation barrier and will be symmetry-forbidden.     A detailed analysis of 

[4+4] cycloaddition by an orbital symmetry diagram25 reveals that a concerted process is 

thermally prohibited, therefore, in order to accomplish a concerted [4+4] cycloaddition, 

the reaction must be photoinitiated, Figure 3.4.     

            

 

Figure 3.4  Frontier orbital diagram of [4+4] photocycloaddition of 1,3-butadiene.  (a) 

ground-state and excited-state (b) symmetry-forbidden thermal process and 

(c) symmetry-allowed photoinitiated process. 



66 

 

Unfortunately, the [4+4] photocycloaddition of simple 1,3-butadienes results in low 

yield of cyclooctanoids along with a very complex mixture of products, Scheme 3.2.  The 

poor yields are attributed to the difficulty in achieving the necessary, highly ordered 

transition state for product formation.15,26 The sensitized excitation of 1,3-butadienes (and 

derivatives), proceeds through triplet biradical intermediates,  giving mainly [2+2] and 

[4+2] products.27  A similar outcome is observed for cyclopentadiene photodimerization, 

however, when cyclopentadiene is irradiated in the presence of a ten-fold excess 2,5-

dimethylfuran, a cross-[4+4] adduct is formed.28  A number of heterocyclic dienes also 

undergo [4+4] photocycloadditions with 2-pyridone and 2-pyrone being the most well 

studied, Chapter 2. 

 

Scheme 3.2  [4+4] photocycloaddition of 1,3-butadiene. 

3.1.3 Background of Fusicoccin A 

Fusicoccin A, a member of the fusicoccane family of diterpenoids containing a 

fused 5-8-5 ring system, was isolated from the fungus Fusicoccum amygdali, a parasite of 

almond and peach trees, Figure 3.5.29  The structure of fusicoccin A was determined by 

X-ray crystallography30 and further studies found it to be a phytotoxin, exhibiting plant 

growth-regulating activities.31    At low concentrations it can induce rapid 

hyperpolarization of the plasma membrane and subsequent acidification of the cell wall by 
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stimulating the H+-ATPases.  This triggers the irreversible opening of the stomata, which 

brings about wilting of the leaves and eventually death of the plant.  

 

Figure 3.5  Fusicoccin A (301). 

Fusicoccin A has also been found to target members of the 14-3-3 protein family.32-

34 This family of proteins are considered to take part in intracellular signal transduction.35 

However, the 14-3-3 protein is unable to bind Fusicoccin A without the presence of 

H+-ATPase.  According to the current model, Fusicoccin A activates H+-ATPase by 

stabilizing a transient complex formed between the auto-inhibitory C-terminal domain of 

H+-ATPase and the 14-3-3 dimer, locking the enzyme into its most active conformation.  

The 14-3-3 proteins are attractive targets in drug discovery programs, as they play 

important roles in the regulation of numerous proteins.36,37  In addition, Fusicoccin A and 

other members of the fusicoccane family have been used as probes to monitor intracellular 

processes.38 

Fusicoccin A induces apoptosis in a wide panel of human cancer cell lines when 

used in combination with interferon-a treatment.39  Other members of the fusicoccane 

family have been shown to exhibit biological activity, including traversianal,40 and 
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cotylenin A.41,42 To date a total synthesis of fusicoccin A has not been reported.  However, 

several methods towards the 5-8-5 molecular scaffold have been reported.5,43-46  

In 1999, Blake and coworkers demonstrated the ability to construct the 5-8-5 

skeleton of fusicoccin A using a modified Saegusa protocol, Scheme 3.3.47  A 

regioselective cyclopropane cleavage, followed by 5-exo-trig cyclization successfully 

afforded a ring expansion to give the eight-membered ring and concomitant C ring 

formation.  The A ring was closed under radical conditions by 5-exo-trig cyclization.  

 

Scheme 3.3  Blake's construction of the 5-8-5 skeleton of fusicoccin A. 

 The synthesis of 9-deoxy-15-hydroxycotylenol, a fusicoccane with a carbon 

skeleton identical to that of fusicoccin A and considered to be a biosynthetic precursor, was 

reported by Kato and coworkers, Scheme 3.4.48   The pre-constructed A and C rings were 

condensed by use of a low-valent chromium species followed by a thermally mediated ene 

reaction to close the eight-membered ring. 
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Scheme 3.4  Kato's construction of a 5-8-5 skeleton. 

3.1.4 Previous work by the Sieburth Group towards the synthesis of 

fusicoccin A 

As mentioned in Chapter 2, the Sieburth group has been exploring inter- and 

intramolecular [4+4] photocycloadditions of 2-pyridones. These studies have contributed 

to the understanding of electronic and geometric requirements, and have demonstrated an 

efficient method for the construction of functionalized cyclooctanoids.49  As previously 

mentioned, many of the cyclooctane-containing families are polycyclic, containing a five- 

and/or six-membered fused ring system, Figure 3.1.   
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Figure 3.6  Intramolecular [4+4] photocycloaddition approach to the 8-5 and 8-6 

scaffolds. 

The Sieburth group envisioned that an intramolecular [4+4] photocycloaddition of 

tethered bis-2-pyridones could be a viable method for the synthesis of these scaffold 

structures.  A three-carbon tether would access the B and C rings of the 8-5 system 

(fusicoccane and ophiobolane families) and a four-carbon tether would access the 8-6 

system of the taxane family of natural products.  In addition, a 3/6ô tether connection would 

enforce the necessary head-to-tail regioselectivity and a fused five-membered ring would 

provide the A ring, Figure 3.6. 

 

Scheme 3.5  Kevin McGeeôs retrosynthetic strategy for the synthesis of fusicoccin A. 
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A retrosynthetic strategy for fusiccocin A was proposed by Kevin McGee, Scheme 

3.5.  The 5-8-5 scaffold of fusicoccin A would be prepared by [4+4] photocycloaddition of 

bis-2-pyridone 303 to give [4+4] photoadduct 302.  Oxidation of the C8-C9 olefin and 

reduction of the C7 and C11 amides would install the hydroxyl and methyl groups, 

respectively.  Stereoinduction by the C12 substituent can control the relative 

stereochemistry at C11, giving anti-selectivity with the use of a bulky protecting group 

(i.e., R2 = TBS), preferring a pseudoequitorial conformation.50   A major challenge was the 

cis relative stereochemistry of the C7 and C11 methyl groups, requiring a cis-selective 

[4+4] photocycloaddition.  As discussed in Chapter 2, the [4+4] photocycloaddition of 2-

pyridone is generally non-selective giving both the trans and cis adducts.  Cis-selective 

dimerizations had only been reported in micelles.51  

 

Figure 3.7  Pro-cis and pro-trans conformations of 303. 

Initially the steric interactions invoked by the annulated cyclopentane of 303 on the 

pro-trans confirmation were hypothesized to favor the pro-cis confirmation due to 

destabilizing effects between the pyridone carbonyl and the cyclopentane methylene, 

Figure 3.7.52,54  Unfortunately, irradiation of N,N-dimethyl 304c, in a mixture of methanol 

and methylene chloride (for solubility), resulted in formation of a single isomer, 

determined to be the trans product 306c.  The cycloaddition of 304c was determined to be 



72 

 

solvent independent, giving the same product in benzene, Table 3.1.  However, there was 

a significant solvent dependence when the pyridone nitrogens were unsubstituted, 304a.  

The product ratio changed to favor the cis-isomer as the solvent polarity decreased.  Use 

of benzene yielded exclusively the cis isomer 305a.    

Table 3.1  Solvent and substituent effects on cis/trans ratio of the [4+4] photoadduct 

 

      Compd #        R1   R2 solvent 305 : 306 

304a H H DMSO 2:98 

 H H MeOH 1:9 

 H H CH2Cl2 1:3 

 H H THF 1:2 

 H H EtOAc 1:1 

 H H Et2O 2:1 

 H  H PhH 99:1 

304b Me H MeOH 1:99 

 Me H PhH 1:99 

304c Me Me MeOH 1:99 

 Me Me PhH 1:99 

 

   The enhanced cis-selectivity of 304a can be explained by hydrogen bonding as 

strong intermolecular hydrogen bonding of 2-pyridones have been reported.53,54  There are 
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two possible hydrogen bonding intermediates:  an intramolecularly hydrogen bonded 

monomer with two hydrogen bonds and a dimeric structure having four hydrogen bonds, 

Figure 3.8.55 Due to constraints of the tether, the two hydrogen bonds of the monomer fold 

304a into a pro-cis conformation (not shown).  However, these hydrogen bonds are far 

from ideal.56 In contrast, the dimer provides a pro-cis conformation with co-planar 

hydrogen bonds.  It should be noted that the stereogenic center of 304a in the dimer must 

be identical to permit both molecules to maintain the siloxy groups in the preferred 

pseudoequatorial conformations.       

   

Figure 3.8  Possible hydrogen bonding intermediates of 304a. 

A concentration study was conducted to determine the role of the monomer and the 

dimer.55  The results indicated an equilibrium between the monomer and dimer of 304a.  

The monomer of 304a was favored at lower concentrations leading to the trans isomer and 

the dimer of 304a was favored at higher concentrations giving the cis isomer.  In addition, 

the monomer is favored in hydrogen bonding solvents while the dimer is favored in 

solvents unable to hydrogen bond. 
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Scheme 3.6  McGeeôs approach to Fusicoccin A:  arresting the [3,3] rearrangement 

pathway by oxidation of 308 with DMDO. 

With the ability to control the cis-selectivity, photosubstrate 307 was synthesized 

by Kevin McGee and subjected to irradiation in toluene (25 mM) to give [4+4] photoadduct 

308, Scheme 3.6.57  The cis-1,5-cyclooctadiene 308 was unstable and underwent a facile 

[3,3] sigmatropic Cope rearrangement at room temperature to cleanly give 

divinylcyclobutane 310.58  Attempts to arrest the rearrangement were successful when the 

photoreaction was performed at 0 - 5 °C and followed by immediate treatment of the crude 

photoproduct 308 with dimethyldioxirane (DMDO) to give a single epoxide 309 in good 

yield.   
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Figure 3.9  Proposed transition state geometries of DMDO epoxidations. 

DMDO was selected based on its neutral reaction conditions, inertness towards the 

oxidized product, and greater reactivity as compared to organoperoxyacids (e.g., mCPBA), 

especially at low temperatures.59 The selectivity observed in the epoxidation of 308 can be 

rationalized when considering the factors that influence epoxidation with DMDO.  The 

oxidation with DMDO involves a concerted transition state, with two possible geometries, 

spiro and planar (Figure 3.9), although, the energy difference between them is very small.59 

The reactivity of DMDO towards alkenes follows the same trend as organoperoxy acids, 

the more substituted (electron rich) alkenes are more reactive.  However, steric factors of 

the alkene have a larger effect on reactivity with  cis-alkenes being more reactive than the 

corresponding trans-alkene.59 

In the case of compound 308, Scheme 3.6, the environments around the two alkenes 

can have a large impact on the outcome.57  The top face of the trisubstituted alkene (C1-C2) 

is blocked by the C8-C9 alkene and is also sterically hindered by the methylene group of 

the annulated cyclopentane ring (A ring).  On the bottom face, the bulky silyl ether group, 

in a pseudoequatorial position, successfully blocks both a spiro and planar attack by the 

dioxirane.  In contrast, the C8-C9 alkene is accessible from the top face (the bottom face 

is blocked by C1-C2 alkene) by both spiro and planar attack by DMDO.  However, one (or 
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more) of the planar geometries could be inaccessible due to the tether-derived cyclopentane 

ring (C ring) and/or the rigid bridgehead hydrogen.   

Further manipulation of epoxide 309 by Kevin McGee resulted in successful amide 

cleavage and carbonyl reduction to install the required C11 methyl group, Scheme 3.7.  

Treatment of epoxide 309 with isocyanate gave a single product 311.  Selective cleavage 

of the amide and a two-step protocol for reduction resulted in 313.57         

 

Scheme 3.7  McGeeôs approach to Fusicoccin A:  cleavage of amide bond and reduction 

to give compound 313. 

The next challenge was to install the C3 methoxy methyl group and a handle for 

the installation of the C14 side chain, i.e., R1 in Scheme 3.5.  The synthesis of pyridone 

314 was achieved by Vyjayanthi Kambam in seven steps utilizing a Diels-Alder 

cycloaddition followed by a ring opening/ring closing sequence to install the methoxy 

methyl substituent, Scheme 3.8.60     
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Scheme 3.8  Vyjayanthi Kambamôs synthesis of racemic pyridone 314:  installation of 

C3 methoxy methyl. 

A nitrile was envisioned to be a good substituent for building the C14 side chain.  

In addition, it was expected to be small enough to not have an effect on the [4+4] 

photocycloaddition.  The synthesis of the photosubstrate 322 was accomplished by 

Yeon-Hee Lim with slight modification of the synthesis of 307, Scheme 3.9.61  A Claisen-

Schmidt condensation of ketone 317 and aldehyde 318 resulted in bis-2-pyridone 319.  The 

selective 1,4-addition of a nitrile with acetone cyanohydrin gave nitrile 320 and reduction 

of the ketone, followed by protection of the secondary alcohol with the bulky TBS group 

resulted in benzyl protected bis-2-pyridones 321.  Deprotection of the pyridones was easily 

achieved with catalytic hydrogenation to afford bis-2-pyridones 322.  The proton adjacent 

to the nitrile (322) proved to be rather labile and readily underwent epimerization, making 

separation of the diastereomers both difficult  and irrelevant.  This is presumably due to the 

acidity of the proton, activated by both the nitrile and the pyridone.  
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Scheme 3.9  Yeon-Hee Limôs synthesis of photosubstrate 322. 

 Irradiation of bis-2-pyridones 322 as a 25 mM solution in benzene, resulted in 

Cope products 324, Scheme 3.10.61  Heating the product mixture at 45 °C drove the 

rearrangement to completion.  The initially formed [4+4] photoadduct, cis-1,5-

cyclooctadiene 323, rapidly undergoes a [3,3] sigmatropic rearrangement to give the cis-

1,5-divinylcyclobutanes 324.  However, this proved that both diastereomers readily 

undergo [4+4] photocycloaddition, indicating that the nitrile has no effect on the [4+4] 

cycloaddition transformation.  Unfortunately, attempts to trap [4+4] photoadduct 323 with 

DMDO resulted in mostly isolation of Cope products 324 with a small amount of a single 

epoxide 325.            
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Scheme 3.10 Yeon-Hee Limôs [4+4] Photocycloaddition of 318:  [3,3] sigmatropic 

rearrangement and DMDO trapping studies of [4+4] photoadduct 319. 

3.2 Results and Discussion 

3.2.1 Retrosynthetic analysis 

Based on these results obtained by the Sieburth group, the retrosynthetic strategy 

was adjusted to include a ketone on the tether, Scheme 3.11.  In addition a new route was 

proposed for the installation of the C3 methoxy methyl group.  The new photosubstrate 

target was bis-2-pyridone 326 with a ketone in the 3 position of the tether.  Compound 326 

would be constructed in three key transformations from 1,3-dicarbonyl 327, 2-

cyanoacetamide, and keto pyridone 328.  A copper-assisted 1,4-addition of commercially 

available cyclopenten-2-one would install the necessary C3 substituent in a single step.  A 

modified Guareschi-pyridone cyclization of 1,3-dicarbonyl 327 with commercially 
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available 2-cyanoacetamide would give the western pyridone fragment.  A Mukaiyama 

aldol reaction would form the tether of photosubstrate 326.   

 

Scheme 3.11 Retrosynthetic analysis of photosubstrate 326. 

At the outset, it was uncertain if a substrate like 326 would undergo [4+4] 

photocycloaddition.  As mentioned in Section 2.4.2, compound 222, containing a 

carboxylic acid substituent, did not undergo [4+4] photodimerization.  However, in 

contrast to compound 222, the C6ô position of the electron withdrawing ketone (in relation 

to the eastern pyridone, 326) is not in a position for resonance with the p-system of the 

pyridone.  Another issue is the bond angle of the sp2 carbon as compared to an sp3 carbon, 

120° vs. 109°, which could affect the distance between the two reacting pyridones upon 

folding.  Work done on the total synthesis of crinipellin had demonstrated that an sp2 carbon 

was better than the sp3, however, the tether was symmetric with the carbonyl in the 2 

position of the tether and not adjacent to either heterocycle.25 Therefore, to determine if a 
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system like 326 would undergo [4+4] photocycloaddition, a model system, compound 339, 

was synthesized Scheme 3.12.  The model system is similar to 326, expect the annulated 

cyclopentane is absent, and one of the pyridones is N-methylated (for ease of synthesis).     

 

Scheme 3.12 [4+4] photocycloaddition model system: ketone functionalized tether. 

3.2.2 Model Ketone Study 

The synthesis of model system 339 was similar to the retrosynthetic strategy 

described in Scheme 3.12.  First, the eastern pyridone fragment was synthesized, as 

summarized in Scheme 3.13.  Starting from commercially available 2,6-dibromopyridine, 

generation of the alkoxide of p-methoxybenzyl alcohol followed by nucleophilic aromatic 

substitution afforded 2-bromopyridine 330 in excellent yield.  Lithium-halogen exchange 

of 330 with n-butyl lithium and subsequent addition of N-methoxy-N-methylacetamide 

gave ketone 332.  Finally, silyl enol ether formation resulted in compound 334.  This 

sequence can also be performed with benzyl alcohol to give silyl enol ether 333.                 
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Scheme 3.13 Synthesis of silyl enol ether pyridones 333 and 334. 

Oxidation of primary alcohol 335 with catalytic TPAP resulted in aldehyde 336, 

Scheme 3.14.  With the western pyridone fragment 336 in hand, a Mukaiyama aldol 

reaction with silyl enol ether 334, in the presence of BF3·OEt2, resulted in construction of 

the tether to give secondary alcohol 337.  To complete the synthesis of model system 339, 

the secondary alcohol was protected with a TBS group, and the PMB protection was 

removed by oxidation using DDQ.  Note:  Attempts to debenzylate the benzyl protected 

variation of compound 338 using catalytic hydrogenation (Pd/C), resulted in reduction of 

the ketone to a secondary alcohol in addition to benzyl deprotection.            
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Scheme 3.14 Synthesis of bis-2-pyridone 339. 

With bis-2-pyridone 339 in hand, attention turned to the [4+4] photocycloaddition, 

Scheme 3.15.  Based on the concentration study, Table 3.1, photosubstrate 339 was 

expected to favor the trans [4+4] adduct, due to the N-methyl substitution precluding the 

formation of a hydrogen bonded dimer, e.g., Figure 3.8.55  However, without the annulated 

cyclopentane ring the cycloaddition is less selective, yielding ca. 30% of the cis isomer.50  

Moreover, the bulky TBS group has been shown to bias the formation of the anti-isomer 

over the syn-isomer in all cases.   
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Scheme 3.15 [4+4] Photocycloaddition of model system 339. 

 Irradiation of 339 as a 25 mM solution in benzene-d6 at 0 °C was monitored via 

1H NMR, Figure 3.10.  After 1.5 hr of irradiation of 339, Figure 3.10b, the reaction tube 

was then heated to 60 °C for 12 hours and the 1H NMR spectrum taken, Figure 3.10c.  The 

signals at 5.2 ppm, 4.9 ppm and 4.1 ppm can clearly be seen (indicated with arrows) 

appearing upon heating the reaction mixture (b vs. c).  This indicates the formation of 

divinylcyclobutane 342.  In addition, analysis of the methyl signals at 2.9 ppm (340), 2.85 

ppm (339), 2.6 ppm (341) and 2.5 ppm (342) indicates that there is a 2:1 cis/trans ratio for 

the [4+4] photocycloaddition.  One could imagine an intramolecular hydrogen bond 

between the oxygen of the ketone and the pyridone hydrogen steering the approach of the 

pyridone, Scheme 3.15 inset.  This hydrogen bonding would not be possible in a pro-trans 

approach of the pyridone, and is dependent on the conformation of the ketone.  A solvent 

study would need to be conducted to determine if this were indeed the case, e.g., in 

methanol.                   
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Figure 3.10 NMR monitoring of [4+4] photocycloaddition of 339. Reaction monitor: (a) 

irradiation time = 0 hr (b) irradiation time = 1.5 hr (c) irradiation time = 1.5 

hr then 12 hr at 60 °C. 

With the results of the model ketone study indicating that a photosubstrate with a 

conjugated carbonyl-containing tether (e.g., 339) can undergo [4+4] photocycloaddition, 

attention turned to the C3 methoxy methyl installation and the synthesis of photosubstrate 

326.   

3.2.3 Synthesis of keto-tethered bis-2-pyridone 

Copper-assisted 1,4-addition of a methyl dimethylphenylsilane unit to 

commercially available cyclopenten-2-one was accomplished in the presence of TMSCl 

for in situ trapping to give the TMS enol ether 343, Scheme 3.16.  The dimethylphenyl 

silane moiety was expected to undergo Tamao-Fleming oxidation to give the primary 
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alcohol when needed.62  Formation of the lithium enolate of 343 followed by alkylation 

with ethyl formate afforded the lithium salt 344.  A modified-Guareschi pyridone 

condensation of 344 and 2-cyanoacetamide resulted in 3-cyano-2-pyridone 345.63,64  This 

three step sequence provides 2-pyridone 345 in 25% yield.     

 

Scheme 3.16 Synthesis of racemic pyridone 345:  installation of C3 methoxy methyl. 

Protection of the 2-pyridone as a O-benzyl ether was accomplished using 

Tiecklemanôs silver salt procedure,65 which selectively O-alkylates to give O-benzyl 

protected pyridone 346 in excellent yield,  Scheme 3.17.  The 2-pyridone could also be 

O-PMB protected, using the same conditions, but the product was extremely labile and 

hydrolyzed during column chromatography.66   Reduction of the nitrile with DIBAL to 

generate aldehyde 347 provided the completed western pyridone fragment in five steps 

from commercially available starting material.           
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Scheme 3.17 Synthesis of aldehyde pyridone 347. 

The Mukaiyama aldol coupling of aldehyde 347 and silyl enol ether 333 was first 

attempted in the presence of BF3·OEt2, resulting in a 2:1 mixture of protected and 

deprotected aldol adduct 348, Scheme 3.18.67  Use of a catalytic amount of TBSOTf 

afforded 348 as a 1:1 mixture of diastereomers with no deprotected product.68  Note:  

Attempts to perform an aldol coupling with an unprotected pyridone-aldehyde (viz. 347) 

was unsuccessful in all cases, e.g., LDA, LiHMDS, BF3·OEt2 and TiCl4.  However, an 

aldol condensation with aqueous NaOH was possible.60       

 

Scheme 3.18 Mukaiyama aldol reaction:  pyridone-pyridone coupling. 

With the carbonyl-tether completed and bis-2-pyridone 348 in hand, debenzylation 

was accomplished with catalytic hydrogenation using 5% Pd/C, however, the ketone also 

underwent reduction to give 349 as a mixture of six diastereomers, Scheme 3.19.  The 
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debenzylation of 348 was much slower than 321(Scheme 3.10).  The reduction of the 

ketone was faster than debenzylation, with no debenzylated ketone product observed. The 

secondary alcohol could be oxidized to the ketone using Dess-Martin periodinane.  

Attempts to oxidize the alcohol with TPAP or Parikh-Doering oxidation failed. 

 

Scheme 3.19 Synthesis of bis-2-pyridone photosubstrate 350. 

With the synthesis of photosubstrate 350 complete, carrying all the desired 

functionality, focus turned to the [4+4] photocycloaddition, Scheme 3.20.  The expectation 

was that one of the diastereomers would not undergo [4+4] photocycloaddition due to a 

steric interaction between the bulky dimethylphenyl silane and the approaching 2-pyridone 

(i.e., 352 vs 351).  This face selectivity was previously observed during the tethered 

pyridone-furan [4+4] photocycloaddition work on crinipellin.69 In addition, the other face 

of 352 (not shown) might be inaccessible due to a pseudoequatorial preference of the bulky 
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OTBS group, known to influence facial selectivity.  These two steric factors could inhibit 

[4+4] photocycloaddition of one of the diastereomers.             

 

Scheme 3.20 [4+4] Photocycloaddition attempts of photosubstrate 350. 

Photosubstrate 350 proved to be quite difficult to solubilize in both benzene-d6 and 

toluene at 25 mM.  At slightly elevated temperatures compound 350 would completely 

dissolve but on cooling it would slowly precipitate, giving a gelatinous mixture in the NMR 

tube. However, subjecting the tube to elevated temperatures re-solubilizes the substance.  

This made irradiation of the solution at low temperatures (i.e., 0 ï 5 °C) very difficult.  

Irradiating a solution of 350 at ambient temperature resulted in possible decomposition of 

the starting material, with no discernable NMR peaks observed.  The same result was 

obtained when irradiating 350 at 10 ï 15 °C.     



90 

 

 

Figure 3.11 p-stacking of the dimethylphenyl silane. 

 Complications in the irradiation of compound 350 could be due to stacking of the 

phenyl ring of the dimethylphenylsilane, Figure 3.11.  The three atom tether between the 

benzene ring and the 2-pyridone (C5) could invoke stacking of the p-systems, shown in 

red.  The Sieburth groupôs extensive work on tethered bis-2-pyridones determined that 

three and four atom tethers allow for [4+4] photocycloaddition while other tether lengths 

lead to photoisomerization, or in the case N,Nô-pyridones, [2+2] and [4+2] photoadducts 

can result.70 If p-stacking is possible, charge transfer and/or additional photocycloadditions 

could be complicating the reaction.71  Further work to remove the dimethylphenyl silane, 

by oxidation, is needed to probe this possibility.  In addition, it would be interesting to see 

if 2-pyridone 345 (or without the nitrile) could undergo intramolecular [4+4] 

photocycloaddition with the tethered silyl benzene.  Preliminary results of [4+4] 

photocycloaddition of tethered silylbenzene indicates that this might be possible.72     

3.3 Conclusion 

  A modified strategy for the synthesis of fusicoccin A 301 has been proposed.  The 

key transformation of this approach to the 5-8-5 molecular scaffold of the fusicoccane 

family of natural products features an intramolecular [4+4] photocycloaddition of a 
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tethered bis-2-pyridone molecule.  Intelligent design of the tether and proper choice of 

solvent affords rapid assembly of the polycyclic framework and sets the relative 

stereochemistry of five stereogenic centers.  In this work the capability of [4+4] 

photocycloaddition to handle an sp2 center (conjugated to a pyridone) on the carbon tether 

was demonstrated.  A model system (339) was synthesized and shown to undergo [4+4] 

photocycloaddition with preliminary results indicating that the conjugated-carbonyl might 

have an effect on the cis/trans selectivity, favoring cis selectivity.  Furthermore, the ketone 

was envisioned to be a handle for further manipulation to install the C14 substituent of 

fusicoccin A.    

The synthesis of highly decorated photosubstrate 350 was achieved in eight steps 

(10% overall yield) by a convergent approach utilizing a Mukaiyama aldol coupling of the 

pyridone fragments.  The described method for incorporation of the C3 substitution of 

fusicoccin A (via copper-assisted 1,4-addition) and construction of western pyridone 

fragment 345 is a significant improvement, in both step-economy and yield, as compared 

to previous approaches involving a ring-closing/ring-opening protocol (e.g., Scheme 3.9 

and nucleophilic ring opening of an activated cyclopropane).73  Moreover, the three-step 

sequence should be amendable for an enantioselective synthesis of 3-cyano-2-pyridone 

345.   

Future work focused on oxidative dimethylphenylsilane removal, prior to [4+4] 

photocycloaddition, could prove successful for synthesis of advanced 5-8-5 polycyclic 

intermediates and discovery of more potent biologically active compounds. 
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3.4 Experimental 

Summary of general experimental techniques, instrumentation, purification 

procedures and reagent handling can be found on pages 39-40. 

 

 

6-Bromo pyridine (329 and 330).74  To a flame dried flask charged with NaH (1.09 g. 

27.5 mmol) was added THF (12.5 mL) and cooled to 0 °C.  To the suspension was added 

benzyl alcohol or p-methoxybenzyl alcohol (1 equiv.) over 30 min.  The mixture was 

diluted with THF (12.5 mL), followed by addition of a solution of 2,6-dibromopyridine 

(5.76 g, 24.6 mmol) in THF (20 mL) was added over 10 min and the mixture was warmed 

to rt and stirred for 18 hrs.  Upon completion the mixture was quenched with saturated 

NH4Cl and diluted with H2O.  The aqueous layer was extracted with EtOAc (3x), the 

combined organics were washed with brine, dried over anhydrous MgSO4, and then 

concentrated in vacuo to give the title compound as an oil.  The crude product was purified 

by column chromatography (silica gel, 1:20 EtOAc/hexanes) as needed.  329 (98%):  Rf = 

0.81 (1:10 EtOAc/hexanes).  1H NMR (400 MHz, CDCl3) ŭ = 7.37 ï 7.31 (m, 2H), 7.28 ï 

7.23 (m, 3H), 7.23 ï 7.18 (m, 1H), 6.93 (dd, J=7.5, 0.6, 1H), 6.60 (dd, J=8.2, 0.7, 1H), 

5.23 (s, 2H).  330 (96%):  Rf = 0.30 (1:10 EtOAc/hexanes).  mp = 46 °C.  IR (neat):  2954, 

2924, 2851, 1585, 1515, 1438, 1292, 1248, 1156, 982, 785 cm-1
.  

1H NMR (400 MHz, 

CDCl3) ŭ = 7.47 ï 7.35 (m, 3H), 7.06 (dd, J=7.5, 0.7, 1H), 6.95 ï 6.88 (m, 2H), 6.71 (dd, 
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J=8.2, 0.7, 1H), 5.29 (s, 2H), 3.82 (s, 3H).  13C NMR (100 MHz, CDCl3) ŭ = 163.3, 159.7, 

140.6, 138.5, 130.3, 128.7, 120.4, 114.0, 109.9, 68.4, 55.4.   

 

 

1-(6-(Benzyloxy)pyridin-2-yl)ethanone (331).  To a solution of the 

329 (407 mg, 1.54 mmol) in THF (4 mL) at -78 °C was added, 

dropwise, n-BuLi (1.45 mL, 1.6 mmol, 1.1 M soln in hexanes) and 

allowed to stirred for 30 min.  N-methoxy-N-methylacetamide (180 mL, 1.70 mmol) was 

added at -78 °C and the mixture was stirred for 1 hr and then allowed to warm to -10 °C.  

After quenching with saturated NH4Cl at 0 °C and diluted with H2O the mixture was 

warmed to rt.  The aqueous layer was extracted with EtOAc (3x) and the organics were 

combined, washed with brine, dried over anhydrous Na2SO4, and then concentrated in 

vacuo.    The crude product was purified by column chromatography (silica gel, 0 -> 10% 

EtOAc/hexanes) to give the title compound 331 (296 mg, 85%).  Rf = 0.45 (1:5 

EtOAc/hexanes).  IR (neat): 3032, 2944, 1698, 1593, 1571, 1446, 1357, 1332, 1269, 1253, 

991, 808, 773, 696 cm-1.    1H NMR (400 MHz, CDCl3) ŭ = 7.64 (dd, J=8.1, 7.3, 1H), 7.57 

(dd, J=7.3, 1.0, 1H), 7.46 ï 7.37 (m, 2H), 7.37 ï 7.23 (m, 3H), 6.92 (dd, J=8.1, 1.0, 1H), 

5.39 (s, 2H), 2.60 (s, 3H).  13C NMR (100 MHz, CDCl3) ŭ = 200.0, 162.8, 151.1, 139.4, 
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137.3, 128.6, 128.2, 128.1, 115.7, 115.2, 67.9, 26.1.  Exact Mass for C14H13NO2 [M+H] +; 

calcd: 250.0838, found: 250.0840.    

 

1-(6-((4-Methoxybenzyl)oxy)pyridin-2-yl)ethanone (332).  To a 

solution of the 330 (1.00 g, 3.42 mmol) in THF (8.5 mL) at -78 °C 

was added, dropwise, n-BuLi (2.3 mL, 3.7 mmol, 1.6 M soln in 

hexanes) and allowed to stirred for 30 min.  N-methoxy-N-methylacetamide (450 mL, 4.24 

mmol) was added at -78 °C and the mixture was stirred for 1 hr and then allowed to warm 

to -10 °C.  After quenching with saturated NH4Cl at 0 °C and diluted with H2O the mixture 

was warmed to rt.  The aqueous layer was extracted with EtOAc (3x) and the organics were 

combined, washed with brine, dried over anhydrous Na2SO4, and then concentrated in 

vacuo.  The crude product was purified by column chromatography (silica gel, 1:15 -> 1:10 

EtOAc/hexanes) to give the title compound 331 (569 mg, 65%).  mp = 67-69 °C. Rf = 0.50 

(1:5 EtOAc/hexanes).  IR (neat):  3001, 2932, 2836, 1697, 1591, 1515, 1448, 1329, 1269, 

1248, 1174, 989, 808 cm-1.  1H NMR (400 MHz, CDCl3) ŭ = 7.62 ï 7.46 (m, 2H), 7.30 (d, 

J=8.5, 2H), 6.90 ï 6.69 (m, 3H), 5.26 (s, 2H), 3.67 (s, 3H), 2.57 (s, 3H).  13C NMR (100 

MHz, CDCl3) ŭ = 199.8, 162.7, 159.4, 150.9, 139.2, 129.8, 129.1, 115.6, 114.9, 113.9, 

67.5, 55.2, 25.9.  Exact Mass for C15H15NO3 [M+H] +; calcd: 280.0966, found: 280.0949.    

   



95 

 

 

 

t-Butyldimethylsilyl enol ether (333).  To a solution of 331 

(100 mg, 0.36 mmol) in DCM (4.4 mL) at 0 °C was added TBSOTf 

(115 mL, 0.50 mmol) followed by Et3N (125 mL, 0.90 mmol), the 

mixture was allowed to warm to rt and stirred for 3 hrs.  After dilution with saturated 

NaHCO3, the aqueous layer was extracted with Et2O (3x) and the organics were combined, 

washed with brine, dried over anhydrous Na2SO4, and then concentrated in vacuo.  The 

crude product was purified by column chromatography (silica gel, 1:20 -> 1:10 

EtOAc/hexanes, if needed) to give the title compound 333 (122 mg, 98%).  Rf = 0.56 (1:10 

EtOAc/hexanes).  IR (neat):  2955, 2929, 2857, 1576, 1454, 1435, 1321, 1261, 1163, 1019, 

830 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.58 (dd, J=8.2, 7.4, 1H), 7.51 ï 7.45 (m, 2H), 

7.41 ï 7.34 (m, 2H), 7.34 ï 7.28 (m, 1H), 7.23 (dd, J=7.4, 0.7, 1H), 6.72 (dd, J=8.2, 0.8, 

1H), 5.66 (d, J=0.6, 1H), 5.41 (s, 2H), 4.52 (s, 1H), 1.02 (s, 9H), 0.25 (s, 6H).  13C NMR 

(125 MHz, CDCl3) ŭ = 162.4, 154.5, 152.1, 139.1, 137.6, 128.4, 128.1, 127.7, 112.1, 110.9, 

92.8, 67.3, 25.8, 18.3, -4.7.  Exact Mass for C20H27NO3Si [M+H] +; calcd: 364.1703, found: 

364.1684.       
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t-Butyldimethylsilyl enol ether (334).  To a solution of 332 

(256 mg, 1.00 mmol) in DCM (10 mL) at 0 °C was added TBSOTf 

(255 mL, 1.11 mmol) followed by Et3N (275 mL, 1.99 mmol), the 

mixture was allowed to warm to rt and stirred for 3 hrs.  After dilution with saturated 

NaHCO3, the aqueous layer was extracted with Et2O (3x) and the organics were combined, 

washed with brine, dried over anhydrous Na2SO4, and then concentrated in vacuo.  The 

crude product was purified by column chromatography (silica gel, 1:10 EtOAc/hexanes) 

to give the title compound 331 (351 mg, 95%).  Rf = 0.48 (1:10 EtOAc/hexanes).  IR (neat):  

2955, 2931, 2857, 1631, 1577, 1515, 1445, 1322, 1249, 1163, 1004, 830 cm-1.    1H NMR 

(500 MHz, CDCl3) ŭ = 7.60 (dd, J=8.2, 7.4, 1H), 7.50 ï 7.41 (m, 2H), 7.29 (dd, J=7.4, 0.7, 

1H), 6.96 ï 6.91 (m, 2H), 6.73 (dd, J=8.2, 0.8, 1H), 5.75 (d, J=0.5, 1H), 5.40 (s, 2H), 4.59 

(s, 1H), 3.82 (s, J=1.7, 3H), 1.08 (s, 9H), 0.31 (s, 6H).  13C NMR (125 MHz, CDCl3) ŭ = 

162.6, 159.5, 154.7, 152.2, 139.2, 130.1, 129.8, 114.0, 112.2, 111.1, 92.9, 67.2, 55.4, 26.0, 

18.4, -4.5.  Exact Mass for C21H29NO3Si [M+H] +; calcd: 372.1989, found: 372.1992.    

     

 

1-Methyl-2-oxo-1,2-dihydropyridine -3-carbaldehyde (336).75  To a solution of 33576 

(200 mg, 1.44 mmol) in DCM (30 mL) at 0 °C was added 4 A molecular sieves (740 mg), 

NMO (252 mg, 2.15 mmol) followed by TPAP in one portion.  The mixture was stirred at 

0 °C for 10 min, then allowed to warm to rt and stirred for 1.5 hrs.  The reaction was 

concentrated in vacuo and directly purified by column chromatography (silica gel, 3% 
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MeOH/DCM) to give the title compound 336 as a yellow solid (160 mg, 81%).  Rf = 0.31 

(5% MeOH/DCM).  mp = 101 °C.  1H NMR (500 MHz, CDCl3) ŭ = 10.36 (d, J=0.7, 1H), 

8.04 (dd, J=7.1, 2.2, 1H), 7.62 (dd, J=6.6, 2.2, 1H), 6.32 (t, J=6.9, 1H), 3.63 (s, 3H).   

 

     

Mukaiyama aldol adduct (337).  To a mixture of 336 (110 mg, 0.8 mmol) and 334 

(306 mg, 1.0 mmol) in DCM (8.1 mL) at -78 C was added BF3·OEt2 (150 mL, 1.2 mmol) 

and stirred for 2 hrs.  After quenching with saturated NaHCO3 (3 mL) at -78 °C the mixture 

was warmed to rt.  The aqueous layer was extracted with DCM (3x) and the organics were 

combined, washed with brine, dried over anhydrous Na2SO4, and then concentrated in 

vacuo.  The crude product was purified by column chromatography (silica gel, 1:2 -> 2:1 

EtOAc/hexanes) to give the title compound 337 as a yellow oil (174 mg, 56%).  Rf = 0.34 

(2:1 EtOAc/hexanes).  IR (neat):  3383 br, 2932, 1694, 1647, 1586, 1246, 1031, 872 cm-1.    

1H NMR (400 MHz, CDCl3) ŭ = 7.68 (dd, J=8.0, 7.4, 1H), 7.61 (dd, J=7.3, 0.9, 1H), 7.46 

(dd, J=6.9, 1.7, 1H), 7.43 ï 7.36 (m, 2H), 7.25 (dd, J=6.9, 2.1, 1H), 6.94 (dd, J=8.1, 0.9, 

1H), 6.92 ï 6.86 (m, 2H), 6.21 (t, J=6.8, 1H), 5.35 (s, 2H), 5.30 (dd, J=12.6, 6.8, 1H), 4.72 

(d, J=6.6, 1H), 3.87 (dd, J=17.5, 5.2, 1H), 3.80 (s, 3H), 3.65 ï 3.53 (m, 4H).  13C NMR 

(100 MHz, CDCl3) ŭ = 200.8, 162.9, 162.2, 159.5, 150.6, 139.3, 136.9, 135.7, 133.1, 130.1, 

129.1, 116.0, 115.3, 114.0, 106.1, 68.2, 67.9, 55.4, 44.3, 37.6.  Exact Mass for C22H22N2O5 

[M+H] +; calcd: 395.1601, found: 395.1605.       
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Bis-2-pyridone (338).  To a solution of 337 (174 mg, 0.44 mmol) in DCM (4.4 mL) at 

0 °C was added TBSOTf (160 mL, 0.53 mmol) followed by Et3N (130 mL, 0.94 mmol), the 

mixture was allowed to warm to rt and stirred for 3 hrs.  After dilution with saturated 

NaHCO3 (4 mL), the aqueous layer was extracted with DCM (3x) and the organics were 

combined, washed with brine, dried over anhydrous MgSO4, and then concentrated in 

vacuo.  The crude product was purified by column chromatography (silica gel, 1:2 -> 1:1 

EtOAc/hexanes) to give the title compound 338 as a yellow oil (174 mg, 78%).  Rf = 0.56 

(1:1 EtOAc/hexanes).  IR (neat):  2929, 2856, 1698, 1652, 1589, 1248, 1096, 834 cm-1.    

1H NMR (400 MHz, CDCl3) ŭ = 7.75 ï 7.60 (m, 3H), 7.44 (d, J=8.6, 2H), 7.29 (dd, J=6.7, 

1.9, 1H), 6.95 (dd, J=7.9, 0.9, 1H), 6.93 ï 6.86 (m, 2H), 6.27 (t, J=6.8, 1H), 5.65 (dd, 

J=7.6, 3.6, 1H), 5.43 (q, J=12.0, 2H), 3.82 (s, J=3.0, 3H), 3.60 ï 3.50 (m, 5H), 0.84 (s, 

9H), -0.00 (s, 3H), -0.04 (s, 3H).  13C NMR (125 MHz, CDCl3) ŭ = 198.9, 162.7, 161.2, 

159.4, 151.4, 139.2, 136.5, 135.8, 134.9, 129.9, 129.4, 115.2, 115.2, 113.9, 105.6, 67.6, 

66.7, 55.3, 45.6, 37.4, 25.8, 18.1, -4.6, -5.2.  Exact Mass for C28H36N2O5Si [M+H] +; calcd: 

509.2472, found: 509.2480.         
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Carbonyl-tethered photosubstrate (339).  To a solution of 338 (48 mg, 0.094 mmol) in 

DCM (1 mL) at 0 °C was added H2O (50 mL) followed by DDQ (26 mg, 0.11 mmol).  The 

mixture was allowed to stir overnight at rt.  Upon completion the mixture was filtered with 

celite and washed with DCM (3x), concentrated in vacuo and directly purified by column 

chromatography (silica gel, 3% MeOH/DCM) to give the title compound 339 as a yellow 

oil (160 mg, 81%).  Rf = 0.41 (7% MeOH/DCM).  IR (neat):  2953, 2927, 2855, 1650, 

1589, 1561, 1460, 1254, 1097, 836, 810, 778 cm-1.    1H NMR (500 MHz, CDCl3) ŭ = 9.52 

(s br, 1H), 7.59 ï 7.52 (m, 2H), 7.43 (dd, J=6.7, 0.8, 1H), 7.30 (dd, J=6.4, 2.2, 1H), 6.82 

(dd, J=9.2, 0.9, 1H), 6.28 (t, J=6.8, 1H), 5.34 (d, J=7.3, 1H), 3.61 (s, 3H), 3.54 (dd, J=13.3, 

2.4, 1H), 2.76 (dd, J=13.3, 9.2, 1H), 0.84 (s, 9H), -0.14 (s, 3H), -0.16 (s, 3H).  13C NMR 

(100 MHz, CDCl3) ŭ = 191.2, 161.4, 140.2, 138.4, 137.1, 135.1, 134.4, 110.9, 106.2, 68.5, 

45.7, 37.8, 25.8, 18.2, -4.7, -5.2.  Exact Mass for C20H28N2O4Si [M+H] +; calcd: 389.1891, 

found: 389.1909.         
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3-Cyano 2-pyridone (345).  Step 1 ï Trimethylsilyl enol ether (343):  To a flame dried 

round bottom flask was added magnesium (4.00 g, 166 mmol) and THF (216 mL) with 

vigorous stirring, then 1,2-dibromoethane (2.8 mL), immediately followed by 

(chloromethyl)dimethylphenylsilane (20.0 g, 108 mmol).  CAUTION:   Very exothermic 

if done on large scale, control the temperature by cooling the RBF with ice until under 

control.  Once under control the ice was removed and allowed to stir at rt for 2 hrs.   The 

mixture was added via cannula to a second flame dried round bottom flask charged with 

recrystallized CuI (1.40 g, 7.35 mmol) and THF (420 mL), rinse with 50 mL THF and 

transfer via cannula.  After cooling the mixture to -78 °C TMEDA (13.5 mL, 20.2 mmol) 

was added.  A solution of cyclopenten-2-one (6.2 mL, 72 mmol) and TMSCl (18.3 mL, 

144 mmol) in THF (50 mL) was added dropwise over 2 hrs (syringe pump).  Note:  Final 

reaction concentration is ~0.1 M.  After completion (TLC, vanillin) the mixture was diluted 

with Et3N and hexanes and allowed to warm to room temperature.  The organics layer was 

washed with saturated NaHCO3 (3x), H2O (2x), brine (2x), dried over anhydrous Na2SO4, 

then concentrated in vacuo.  The crude product 343 was distilled at 95 °C (5 torr) to give a 
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dark liquid (~21 g, 90-99%) and used immediately without further purification.  1H NMR 

(500 MHz, CDCl3) ŭ = 7.53 ï 7.50 (m, 2H), 7.36 ï 7.34 (m, 3H), 4.49 (q, J=1.8, 1H), 2.78 

ï 2.70 (m, 1H), 2.24 ï 2.19 (m, 2H), 2.05 (ddt, J=13.0, 7.8, 6.5, 1H), 1.39 ï 1.30 (m, 1H), 

0.94 (dd, J=14.6, 7.4, 1H), 0.87 (dd, J=14.6, 7.3, 1H), 0.29 (s, 3H), 0.28 (s, 3H), 0.16 (s, 

9H).   

Step 2 - lithium salt (344):  To a solution of 343 (~21g, 69 mmol) in Et2O (350 mL) at rt 

was added MeLi (52 mL, 83.2 mmol) and vigorously stirred for 1 hr.  Upon complete 

consumption of 343 the mixture was cooled to -78 °C.  Note:  if 343 is not completely 

consumed via TLC (vanillin) add MeLi (0.2 equiv. portions) until all of 343 is consumed 

via TLC.   To the mixture at -78 °C was added ethyl formate (11.5 mL, 140 mmol) and the 

reaction was allowed to warm to rt and stir for 10 hr.  The reaction was concentrated in 

vacuo and the residue 344 was used immediately without further purification. 

Step 3 ï 3-cyano-2-pyridone (345):  To a vigorously stirred suspension of 344 and 

2-cyanoacetamide (11.6 g, 138 mmol) in dry toluene (345 mL) at rt was added a solution 

of 1:1 (1 M) acetic acid and piperidine in DCM (28 mL) and heated to reflux.  After 2 hrs 

the mixture was cooled to 0 °C and acidified with 1.5 mL of AcOH (pH~5), concentrated 

in vacuo, then a series of dilutions and concentrations to remove all solvents, i.e., diluted 

with toluene - concentrated in vacuo (repeat 2x), then diluted with EtOAc - concentrated 

in vacuo (repeat 2x), followed by overnight on high vacuum pump (~0.01 torr).  

Purification by column chromatography (silica gel, 1:1 -> 2:1 EtOAc/hexanes) to give the 

title compound 345 (3.1-5.1 g, 15-25%).  Rf = 0.32 (1:1 EtOAc/DCM).  IR (neat):  3006, 

2952, 2223, 1564, 1593, 1573, 1248, 835, 822, 702 cm-1.    1H NMR (500 MHz, CDCl3) ŭ 

= 13.50 (s, 1H), 7.59 (d, J=0.6, 1H), 7.53 ï 7.49 (m, 2H), 7.40 ï 7.36 (m, 3H), 3.10 ï 3.00 
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(m, 1H), 2.98 ï 2.81 (m, 2H), 2.33 ï 2.23 (m, 1H), 1.66 ï 1.55 (m, 2H), 1.31 (dd, J=14.6, 

3.5, 1H), 0.88 (dd, J=14.6, 11.1, 1H), 0.36 (d, J=5.3, 6H).  13C NMR (125 MHz, CDCl3) 

ŭ = 163.6, 157.2, 144.4, 138.5, 133.6, 129.5, 128.2, 126.7, 116.5, 100.6, 38.4, 32.9, 30.8, 

22.9, -2.0, -2.3.  Exact Mass for C18H20N2OSi [M+H] +; calcd: 309.1423, found: 309.1454.     

 

 

O-benzyl protected pyridone (346).  To a suspension of 345 (593 mg, 2.09 mmol) and 

toluene (10.4 mL) at rt was added benzyl bromide (510 mL, 4.21 mmol) followed by 

Ag2CO3 (345 mg, 1.25 mmol).  The mixture was protected from light and stirred at rt for 

4-5 days.  Upon completion the mixture was filtered through a pad of celite and the 

combined organics were concentrated in vacuo.  The crude product was purified by column 

chromatography (silica gel, 1:20 -> 1:10 EtOAc/hexanes) to give the title compound 346 

as an oil (830 mg, 99%).  Rf = 0.26 (1:10 EtOAc/hexanes).  IR (neat):  3067, 2954, 2223, 

1598, 1566, 1455, 1421, 1365, 1321, 1249, 1216, 1113, 1086, 858, 732 cm-1.    1H NMR 

(500 MHz, CDCl3) ŭ = 7.64 ï 7.57 (m, 2H), 7.53 (d, J=10.0, 3H), 7.46 ï 7.37 (m, 5H), 

7.34 (t, J=7.3, 1H), 5.57 ï 5.45 (m, 2H), 3.23 ï 3.10 (m, 1H), 3.00 ï 2.81 (m, 2H), 2.38 ï 

2.26 (m, 1H), 1.62 (dq, J=12.5, 9.1, 1H), 1.44 (dd, J=14.6, 3.3, 1H), 0.96 (dd, J=14.5, 

11.2, 1H), 0.44 (d, J=4.7, 6H).  13C NMR (125 MHz, CDCl3) ŭ = 167.9, 163.5, 138.6, 

137.3, 136.4, 135.5, 133.5, 129.2, 128.4, 127.9, 127.9, 127.6, 116.2, 93.5, 68.3, 38.2, 33.8, 
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33.0, 22.5, -2.1, -2.3.  Exact Mass for C25H26N2OSi [M+H] +; calcd: 399.1893, found: 

399.1920.     

 

Aldehyde (347).  To a solution of 346 (830 mg, 2.08 mmol) in DCM (21 mL) at -78 °C 

was added DIBAL (4.16 mL, 4.16 mmol, 1 M soln in hexanes) over 15-20 min and the 

mixture was stirred at -78 °C for 1 hr.  The mixture was quenched with 10% HCl (2 mL) 

and allowed to warm to rt over 1 hr, then stirred at rt for 1 hr.  The mixture was diluted 

with saturated Rochelle salt and extracted with DCM (3x).  The combined organics were 

washed with H2O, brine, dried over MgSO4, and then concentrated in vacuo.  The crude 

product was purified by column chromatography (silica gel, 1:10 -> 1:5 EtOAc/hexanes) 

to give the title compound 347 as an oil (746 mg, 91%).  Rf = 0.61 (1:5 EtOAc/hexanes).  

IR (neat):  3065, 2952, 2860, 1681, 1597, 1414, 1363, 1315, 1250, 836, 731 cm-1.    

1H NMR (500 MHz, CDCl3) ŭ = 10.43 (s, 1H), 7.95 (s, 1H), 7.59 (d, J=3.2, 2H), 7.51 (d, 

J=7.3, 2H), 7.46 ï 7.31 (m, 6H), 5.60 ï 5.46 (m, 2H), 3.19 (dd, J=16.2, 7.8, 1H), 3.00 ï 

2.82 (m, 2H), 2.37 ï 2.25 (m, 1H), 1.66 ï 1.57 (m, 1H), 1.55 (dd, J=14.7, 2.8, 1H), 0.95 

(dd, J=14.4, 11.6, 1H), 0.43 (s, 6H).  13C NMR (125 MHz, CDCl3) ŭ = 189.3, 169.80, 

164.3, 138.9, 136.8, 136.5, 133.6, 131.9, 129.1, 128.5, 128.0, 127.9, 127.9, 116.66, 68.1, 

38.2, 33.9, 33.1, 22.6, -2.0, -2.2.  Exact Mass for C25H27N2O2Si [M+H]+; calcd: 402.1889, 

found: 402.1923.      
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Mukaiyama aldol adduct (348).  To a mixture of 347 (358 mg, 0.89 mmol) and 333 

(359 mg, 1.05 mmol) in DCM (9 mL) at -78 °C was added TBSOTf (100 mL, 0.43 mmol) 

and stirred at -78 °C for 15-20 min.  Upon completion the mixture was diluted with 

NaHCO3 and warmed to rt.  The aqueous layer was extracted with DCM (3x) and the 

compound organics were washed with brine, dried anhydrous Na2SO4, and then 

concentrated in vacuo.  The crude product was purified by column chromatography (silica 

gel, 1:20 -> 1:10 EtOAc/hexanes) to give the title compound 348 as a 1:1 inseparable 

mixture of diastereomers, an oil (589 mg, 90 %).  Rf = 0.26 (1:10 EtOAc/hexanes).  IR 

(neat):  2952, 2855, 1697, 1592, 1447, 1416, 1316, 1265, 1080, 835, 750 cm-1.    1H NMR 

(500 MHz, CDCl3) ŭ = 7.78 (s, 1H), 7.75 (s, 1H), 7.71 ï 7.67 (m, 4H), 7.64 ï 7.60 (m, 4H), 

7.57 ï 7.50 (m, 1H), 7.46 ï 7.42 (m, 14H), 7.38 ï 7.30 (m, 12H), 6.98 (ddd, J=6.2, 2.9, 

1.2, 2H), 5.86 (td, J=8.3, 3.5, 2H), 5.47 (qd, J=12.8, 3.3, 5H), 5.37 (ddd, J=15.5, 12.3, 4.1, 

4H), 3.74 (ddd, J=15.2, 8.6, 6.4, 2H), 3.37 (ddd, J=28.1, 15.3, 3.6, 2H), 3.27 ï 3.19 (m, 

2H), 2.96 ï 2.87 (m, 4H), 2.38 ï 2.29 (m, 2H), 1.68 ï 1.59 (m, 2H), 1.55 (ddd, J=14.6, 

11.4, 3.0, 2H), 0.98 (ddd, J=14.5, 10.9, 2.4, 2H), 0.90 (d, J=2.3, 18H), 0.45 ï 0.43 (m, 

12H), 0.03 (d, J=1.4, 6H), -0.04 (s, 3H), -0.06 (s, 3H).  13C NMR (125 MHz, CDCl3) ŭ = 

198.99, 198.95, 162.68, 162.67, 159.82, 159.72, 158.77, 158.70, 151.29, 151.26, 139.37, 

139.34, 139.23, 139.22, 137.91, 137.89, 137.20, 137.18, 135.52, 135.39, 133.60, 133.57, 

131.35, 131.21, 129.05, 128.50, 128.35, 128.19, 128.15, 128.05, 127.97, 127.96, 127.94, 
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127.93, 127.72, 127.43, 127.36, 127.33, 124.89, 124.86, 115.40, 115.38, 115.37, 115.36, 

67.82, 67.24, 67.22, 66.30, 66.17, 47.28, 47.27, 38.53, 38.44, 33.51, 33.37, 33.16, 33.11, 

25.90, 22.85, 18.22, -1.81, -1.89, -2.07, -2.09, -4.57, -4.66, -5.09, -5.11.  Exact Mass for 

C45H54N2O4Si2 [M+H] +; calcd: 743.3695, found: 743.3696.       

 

 

Bis-2-pyridone (349).  To a solution of 348 (162 mg, 0.22 mmol) in a 3:5 mixture of EtOH 

and EtOAc (4.3 mL) was added Pd/C (25 mg, 0.024 mmol), the atmosphere was replaced 

with H2 (1 atm) and stirred for 18 hrs.  Upon completion the mixture was filtered with a 

pad of celite and the combined organics were concentrated in vacuo.  The crude product 

was purified by column chromatography (silica gel, 5% MeOH/DCM) to give the title 

compound 349 as complex mixture of diastereomers, a foam (101 mg, 81%).  Rf = 0.30 

(8% MeOH/DCM).  IR (neat): 2952, 2927, 2855, 1650, 1612, 836 cm-1.    1H NMR (500 

MHz, CDCl3) ŭ = 14.14 (s br, 1.5H), 13.87 (s br, 0.5H), 7.68 (s, 0.84H), 7.64 (s, 1H), 7.61 

ï 7.46 (m, 9H), 7.43 ï 7.30 (m, 15H), 6.43 (dd, J=8.9, 5.7, 3H), 6.23 ï 6.16 (m, 2H), 6.13 

(dd, J=10.1, 6.9, 1H), 5.46 ï 5.37 (m, 2H), 5.34 (d, J=10.0, 1H), 4.81 ï 4.71 (m, 1H), 4.62 

(d, J=10.0, 2H), 3.15 ï 2.97 (m, 4H), 2.92 ï 2.70 (m, 7H), 2.46 ï 2.15 (m, 7H), 2.12 ï 1.99 

(m, 2H), 1.67 ï 1.48 (m, 5H), 1.44 ï 1.30 (m, 4H), 1.00 ï 0.95 (m, 11H), 0.95 ï 0.87 (m, 

24H), 0.42 ï 0.25 (m, 24H), 0.19 (d, J=8.1, 3H), 0.11 (d, J=2.9, 7H), 0.01 ï -0.08 (m, 

11H).  13C NMR (125 MHz, CDCl3) ŭ = 166.16, 165.38, 164.45, 164.10, 163.25, 159.62, 
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152.51, 151.62, 147.75, 147.68, 146.92, 146.31, 142.00, 141.95, 141.64, 140.57, 139.12, 

139.10, 139.06, 139.04, 139.02, 135.40, 135.30, 133.59, 133.57, 133.55, 132.03, 131.85, 

131.02, 130.86, 129.17, 129.16, 129.12, 128.01, 127.98, 127.96, 126.70, 126.56, 117.86, 

117.65, 103.69, 102.65, 69.21, 69.17, 67.37, 67.34, 65.62, 47.20, 47.08, 38.58, 38.43, 

33.06, 32.91, 32.86, 29.91, 29.83, 29.79, 29.73, 26.06, 25.95, 25.92, 23.10, 23.04, 22.86, 

22.82, 18.41, 18.14, -1.73, -1.75, -1.92, -1.96, -2.00, -2.03, -2.07, -2.17, -2.20, -2.24, -2.31, 

-4.49, -4.53, -4.56, -4.66, -4.88, -4.90, -5.15, -5.17.  Exact Mass for C31H44N2O4Si2 

[M+H] +; calcd: 565.2912, found: 565.2904.       

 

    

Carbonyl-tethered photosubstrate (350).  To a solution of 349 (94 mg, 0.17 mmol) in 

DCM (2 mL) at rt was added Dess-Martin periodinane (78 mg, 0.18 mmol) and the mixture 

was stirred at rt for 2 hrs.  Upon completion a 1:1 mixture of saturated NaHCO3 and 

saturated sodium thiosulfate (1 mL) was added and the mixture was stirred for 1 hr.  The 

aqueous layer was extracted with DCM (3x) and the combined organics where washed with 

brine, dried over anhydrous MgSO4, and then concentrated in vacuo.  The crude product 

was purified by column chromatography (silica gel, 3 -> 5% MeOH/DCM) to give the title 

compound 350 as an inseparable mixture of diastereomers (58 mg, 62%).  Rf = 0.30 (5% 

MeOH/DCM).  IR (neat):  2952, 2926, 2855, 1650, 1604, 1292, 1251, 1113, 835, 780 cm-1.    
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1H NMR (500 MHz, CDCl3) ŭ = 7.60 ï 7.44 (m, 9H), 7.36 (dt, J=6.5, 2.0, 5H), 6.84 (dd, 

J=9.1, 2.5, 1.7H), 5.33 (d, J=9.1, 1.7H), 3.53 (d, J=13.2, 1.7H), 3.11 ï 3.01 (m, 1.7H), 

2.84 ï 2.73 (m, 5H), 2.31 ï 2.21 (m, 1.7H), 1.62 ï 1.51 (m, 2H), 1.36 (dd, J=14.7, 2.9, 

2H), 0.90 ï 0.74 (m, 19H), 0.36 (s, 4.2H), 0.34 (s, 6H), -0.14 (s, 2.1H), -0.15 (s, 3H), -0.16 

(s, 2.1H), -0.18 (s, 3H).  13C NMR (125 MHz, CDCl3) ŭ = 191.74, 191.68, 163.34, 162.49, 

162.44, 146.94, 146.86, 140.27, 139.09, 139.03, 138.98, 133.88, 133.70, 133.64, 133.60, 

130.74, 130.60, 129.36, 129.23, 128.12, 128.05, 128.03, 127.64, 127.56, 126.06, 125.90, 

110.96, 110.93, 68.73, 68.62, 46.12, 38.64, 38.53, 32.95, 32.74, 30.02, 29.95, 29.82, 25.82, 

23.08, 22.97, 18.22, 18.21, -1.84, -2.03, -2.13, -2.20, -4.70, -4.80, -5.09, -5.12.  Exact Mass 

for C31H42N2O4Si2 [M+H] +; calcd: 585.2575, found: 585.2570.      

 

 

[4+4] photocycloaddition - General procedure (3.1).  A solution of photosubstrate 322,61 

339 or 350 (0.025 M) in C6D6, was irradiated for 1 ï 4 hr at ambient temperature or 0-5 °C 

using a water-cooled, Pyrex©-filtered 450 W medium-pressure mercury lamp. Reaction 

progress was monitored by TLC and/or 1H NMR.  [3,3] Rearrangement - The resulting 

mixtures were heated to 45 ï 60 °C for 12 ï 18 hr.  Reaction progress was monitored by 

TLC and/or 1H NMR.    After evaporation of the solvent the product(s) were purified by 
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column chromatography.  See Appendix 7.6 for model ketone 339 study: results and 

preliminary data. 

 

Cope product (324).61  Purified by column chromatography (silica 

gel, 15% THF/DCM).  1H NMR (500 MHz, CDCl3) ŭ = 8.44 (s, 1H), 

7.34 (s, 1H), 6.30 (dd, J=10.1, 5.2, 1H), 5.89 (dt, J=10.2, 1.5, 1H), 

5.08 (dd, J=8.9, 5.9, 1H), 3.51 (dd, J=9.6, 1.2, 1H), 3.19 (dd, J=8.6, 

5.2, 1H), 3.04 (dd, J=6.9, 3.2, 1H), 2.56 (ddd, J=13.4, 6.0, 3.3, 1H), 

2.48 ï 2.31 (m, 2H), 2.25 (ddd, J=13.4, 8.9, 7.1, 1H), 2.21 ï 2.13 (m, 1H), 2.13 ï 2.04 (m, 

1H), 1.96 ï 1.85 (m, 2H), 0.84 (s, 9H), 0.06 (s, 3H), -0.03 (s, 3H).  13C NMR (100 MHz, 

CDCl3) ŭ = 167.6, 163.7, 136.9, 135.6, 123.3, 117.2, 108.2, 73.8, 67.0, 60.0, 41.9, 40.3, 

37.1, 35.4, 33.5, 31.3, 25.8, 21.3, 17.9, -4.8, -4.9. 
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CHAPTER 4                                                                                          

DEVELOPMENT OF A BRED TôS RULE-ARRESTED KULINKOVICH -DE 

MEIJERE REACTION  

4.1 History of the Kulinkovich Reaction 

The extraordinary coupling of an alkene and an ester to give cyclopropanols, 

mediated by low-valent titanium, has been extensively studied since its discovery in 1989 

by Kulinkovich, Section 4.1.1, and was extended in 1997 by de Meijere to tertiary amides 

that yield cyclopropyl amines, Section 4.1.2. These transformations have been used in the 

synthesis of natural products and pharmaceutical agents.1 

4.1.1 Initial Discovery:  reaction with esters 

In 1989, Kulinkovich and coworkers discovered the ready conversion of a 

carboxylic ester moiety into a 1-hydroxycyclopropane upon treatment with one equivalent 

of titanium (IV) tetraisopropoxide and an excess (3 equivalents) of ethyl magnesium 

bromide.2,3 The reaction occurred at low temperatures (-78 to -40 ↔C) and with excellent 
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yields, Scheme 4.1a.  The discovery was improved to include a catalytic variant, Scheme 

4.1b, that was carried out at room temperature using 5-10 mol% of titanium (IV) 

isopropoxide and requiring only 2 equivalents of Grignard reagent.4 

 

Scheme 4.1  Cyclopropanation of esters. (a) Classical Kulinkovich reaction (b) catalytic 

Kulinkovich reaction (c) comparison of yield between a and b. 

In the currently accepted mechanism (Figure 4.1), the transformation occurs via 

attack of the carbonyl by a 1,2-dicarbanionic, titanacyclopropane intermediate B formed 

upon ligand exchange with two equivalents of the Grignard reagent.  Upon Grignard 

addition a thermally unstable dialkyl titanium intermediate A is formed, Figure 4.1a.  

Eicsh and coworkers determined that the dialkyl titanium was the intermediate leading to 

titanacyclopropane formation, as opposed to a titanium (II) diisopropoxide species.5  

Ligand elimination occurs to give a coordinatively unsaturated dialkyltitanium 

intermediate which further undergoes b-hydride elimination and transfer of the resulting 

alkene to the vacant coordination site to give an alkenealkylhydrido complex.  Re-addition 

of the ligand and subsequent reductive elimination of an alkane leads to alkene titanium 

complex Bô.6  Computational studies of transition metal alkene p-complexes and 
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metallacyclopropane intermediates have concluded that titanacyclopropane B is the 

dominating resonance structure and thus the active intermediate for carbonyl attack.7     

 

Figure 4.1  Proposed mechanism of the Kulinkovich reaction with an ester. (a) formation 

of the titanacyclopropane intermediate B (b) catalytic reaction cycle. 

The active intermediate B irreversibly inserts across the carbonyl of the ester, 

Figure 4.1b, triggered by addition of Grignard reagent to the titanium of a 

titanacyclopropane-ester complex C,8 to form the first carbon-carbon bond giving the ring 

expanded intermediate D.  The second carbon-carbon bond is formed by elimination of the 
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alkoxy group of the original ester and subsequent intramolecular cyclopropanation to give 

titanium cyclopropoxide F.  Alkylation at titanium by Grignard reagent regenerates the 

dialkyltitanium intermediate A, to complete the catalytic cycle, and the magnesium 

cyclopropoxide product G is formed.  Hydrolysis of the magnesium salt gives the 1-

cyclopropanol product.    

1,2-Disubstituted cyclopropanols could also be prepared from esters using the 

appropriate 2-substituted Grignard reagent.  In the absence of any chelating substituents on 

the starting material or Grignard reagent, the 1,2-disubstituted cyclopropanols were formed 

in high diastereoselectivity with a preference for the cis relationship.  The high cis 

selectivity was attributed to the rate determining step:  the formation of the second carbon-

carbon bond leading to cyclopropane formation.9  A favorable Ti-H agostic interaction 

found in the pro-cis transition state results in a lower energy (-2.9 kcal/mol) transition state 

as compared to the pro-trans transition state.  E. J. Corey and coworkers reported a 

diastereoselective transformation using a TADDOL-based pre-catalyst.10  They reported a 

preference for cis cyclopropanols along with better yields when Grignard reagents with 

groups larger than ethyl were reacted with chloro titanium (IV) triisopropoxide.  
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Figure 4.2  Diastereoselectivity of Kulinkovich Reaction. (a) preference for cis 

selectivity (b) agnostic interaction of cis transition state is favored. 

 As stated above (Figure 4.1), the titanacyclopropane is the dominating resonance 

structure of the alkenetitanium complex.  Based on this assessment, Kulinkovich and 

coworkers demonstrated the ability of the titanacyclopropane to undergo ligand exchange 

(Figure 4.3) by displacement of the ethylene of the alkenetitanium complex with styrene 

that led to a more economical method for the formation of 1,2-disubstituted 

cyclopropanols.11     

 

Figure 4.3  Titanium olefin ligand exchange. 
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The ligand exchange had limitations with 1-heptene, ethyl vinyl ether and some 

other alkenes unable to undergo rapid ligand exchange with the titanacyclopropane.11 This 

was attributed to an unfavorable equilibrium. Switching to cyclopentyl or cyclohexyl 

Grignard reagents shifted the equilibrium from a less stable, disubstituted 

titanacyclopropane to the desired monosubstituted titanacyclopropane.12,13  Due to steric 

requirements of the olefin exchange step, olefins were limited to terminal14 

(monosubstituted) with the exception of norbornene.12 Disubstituted olefins with 

homoallylic alcohols are able undergo ligand exchange by virtue of the Ti-O linker 

generated in situ, Scheme 4.2.15  The temporary tether overrides the unfavorable steric 

effects and allows rapid ligand exchange to provide sterically demanding 

1,2,3-trisubstituted cyclopropanols. 

 

Scheme 4.2  Hydroxy-directed cyclopropanation of esters with disubstituted olefins. 

The ability to utilize an olefin reagent through ligand exchange allowed for the 

development of intramolecular variants by Cha12,14,16 and Sato,17-19 gaining access to 

bicyclic cyclopropanol products.  The preparation of 1-hydroxybicyclo[n.1.0]alkanols (n = 

3 and 4) could be achieved from w-vinyl tethered esters in good yield, Scheme 4.3a, but 

attempts to prepare larger rings (n = 5, 6 or 7) was met with a drastic decrease in yields, 

with only the 7-membered ring (n = 5) forming in 11% yield.14  Attachment of an oxo-w-
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alkenoic tether, Scheme 4.3b, afforded the 7 and 8-membered rings is higher yields as 

compared to the all-carbon tethered counterpart.20 

  

Scheme 4.3  Bicyclic hydroxycyclopropane formation. (a) intramolecular tether 

limitations (b) oxygen tether increase ring size formation. 

4.1.2 Extension to the Amide (De Meijere Variation)  

In 1997, De Meijere reported the preparation of amine-substituted cyclopropanes 

from N,N-dialkylamides.21,22  Treatment of a tertiary amide with excess Grignard reagent 

and a stoichiometric amount of titanium (IV) tetraisopropoxide, chloro titanium (IV) 

triisopropoxide, or methyl titanium (IV) triisopropoxide results in the formation of 

cyclopropylamines in good to excellent yields.  Treatment with methyl titanium (IV) 

triisopropoxide was an improvement to the classical conditions with only one equivalent 

of Grignard reagent needed to give the requisite dialkyltitanium intermediate.  This is 

especially favorable when a valuable or functionally substituted Grignard reagent is 

required for cyclopropanol or cyclopropylamine formation.23   The reaction is sensitive to 

the R groups attached to the nitrogen (R2 and R3, Scheme 4.4), bulkier groups tend to 
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require elevated temperatures.  In addition, competition experiments have determined the 

amides to be less reactive than esters, under similar conditions.  However, bulky groups 

attached to the oxygen of the ester can reverse the reactivity.24 

 

Scheme 4.4  Formation of N,N-dialkylcyclopropylamines.     

A major difference in the mechanism leading to aminocyclopropanes compared to 

cyclopropanol formation (Figure 4.1), is the need for a stoichiometric amount of titanium 

reagent to obtain high yields due to the titanium being consumed during the reaction and 

converted to titanium oxide (Figure 4.4).22  Upon formation of oxatitanacyclopentane 

intermediate B, which is formed by insertion of the carbonyl group (of the amide) into the 

Ti-C bond of titanacyclopropane A, ring opening occurs to give iminium-titanium oxide 

zwitterion C.  The poor leaving group ability of the dialkylamino group compared to the 

alkoxide group inhibits ring contraction (see D -> F, Figure 4.1b).  Cyclization to the 

cyclopropylamine occurs by loss of an oxatitanium diisopropoxide species D, which 

further decomposes to titanium oxide upon work up.  Attempts have been made to develop 

a catalytic transformation utilizing trimethylsilyl chloride.25        
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Figure 4.4  Mechanism of aminocyclopropanation. 

 The diastereoselectivity of the transformation with amides varies and is typically 

modest, Scheme 4.5, favoring the trans-1,2-dialkyl isomer (when R Í H).  However, in the 

case of formamides (R = H), the cis isomer is the major product.16   The stereochemistry 

can be explained by formation of a W-shaped transition state to reduce steric effects.26 

When R Í H the bulkier R group prefers to avoid steric interactions with the 2-substituted 

alkene group while in the case of formamides (R = H) the iminium group is the bulkier 

group.  A cis preference is observed when R Í H and bulky groups are attached to the 

nitrogen.  An inversion of configuration of the carbon bound to titanium is observed during 

the final ring-closing step.27,28  This is in contrast to the retention of configuration observed 

during the cyclopropanation of esters.  The strong oxophilic nature of titanium results in a 

coordinated transition state structure and retention of configuration.         
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Scheme 4.5  Diastereoselectivity of aminocyclopropanation. Formamides give cis 

selectivity and bulkier amides give trans selectivity. 

The aminocyclopropane formation was expanded to intramolecular systems by the 

de Meijere,21,23,29,30 Cha,16 and Joullié31 groups to give both exo and endo 

aminobicyclo[n.1.0] alkanes, Scheme 4.6a.  The ligand exchange modification can be 

utilized for both inter- and intramolecular cyclopropanations.  Yields tend to be higher than 

the corresponding ester counterparts, due to lower reactivity of the amide to competing 

nucleophilic attack by the Grignard reagent or corresponding titanium reagents.  This trend 

can be seen in the cyclization of a 7-membered ring from conformationally constrained 

w-vinyl amides, Scheme 4.6b.32  
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Scheme 4.6  Intramolecular aminocyclopropanation.  (a) formation of endo and exo 

aminobicyclic systems.  (b) comparison of formation of a 7-membered ring.  

The more commonly found and less reactive cyclic amides (lactams) have seen 

fewer synthetic applications compared to the analogous imide and acyclic amides.33,34  

There are only a handful of examples in literature involving the intermolecular coupling of 

a lactam and olefin (or equivalent) to give spirocyclopropylamines, Scheme 4.7, and only 

two examples of intermolecular reactions (see Scheme 4.12).   

 

Scheme 4.7  Intermolecular lactam-olefin aminocyclopropanation. 
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De Meijere and coworkers utilized the Ti(II)-mediated conditions to prepare 

analogues containing cyclopropylamine moieties of known drugs and natural products.  

(S)-Cotinine, a metabolite of nicotine possessing antidepressant activity, could be easily 

modified to the cyclopropylamine in one-step without affecting the stereochemistry, 

Scheme 4.4.  To the same effect, a 3-pyridyl ether derivative of a nicotinic acetylcholine 

receptor (nAChR) ligand, known to exhibit subnanomolar affinities for nAChRs, was also 

successfully modified to a spirocyclopropanated analogue.35 

     

Scheme 4.8  Spirocyclopropanation of biologically active lactams. 

4.1.3 Interruption of the Kulinkovich de Meijere Reaction 

In 1997, the Cha group demonstrated that the Kulinkovich reaction pathway could 

be interrupted if an imide substrate like 401 was employed, Scheme 4.1.36 With an imide 

substrate, following the initial carbonyl addition (402) delocalization of the electron 
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density on the amide nitrogen stabilizes intermediate 403.  Intermediate 403 is sufficiently 

stabilized by the adjacent electron withdrawing amide moiety allowing for capture of this 

intermediate after hydrolysis to give N-acylaminal 404.   

 

Scheme 4.9  Imide-based interruption of Kulinkovich-de Meijere reaction. 

Studies into the regio and stereochemistry of this transformation, using 

unsymmetrically substituted imide 405 indicated a preference for attack at the less hindered 

carbonyl, Scheme 4.10.37  Complete regiocontrol was observed, compound 406, but with 

no apparent diastereoselectivity, even with more sterically demanding substituents (i.e., 

Me vs OTIPS).  In contrast, there was no regiocontrol when the reaction was performed in 

an intermolecular fashion.  Catalytic hydrogenation with platinum oxide in the presence of 

a small amount of HCl gave a stereo-controlled reduction of the N-acylaminal moiety to 

provide 407.  Further reduction of the carbonyl allowed access to pyrrolizidine and 

indolizidine alkaloid skeletons.38 
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Scheme 4.10 Regio- and stereochemical control of imide-based Kulinkovich-de Meijere 

reaction. 

Cha demonstrated the ability for the transformation to handle olefins at a óremoteô 

position, compound 408, by attaching the olefin at a position other than at nitrogen.39  The 

synthetically challenging tricyclic core of (+)-gelsemine was rapidly accessed from 408 by 

titanium-mediated intramolecular coupling of the ɤ-vinyl imide moiety followed by 

subsequent oxidation to install the requisite primary alcohol.  This two-step sequence 

assembled tricyclic lactam 410, similar to advanced intermediates towards the synthesis of 

(+)-gelsemine,40-42 showing the synthetic potential of an interrupted Kulinkovich-de 

Meijere reaction43, Scheme 4.11.   

 

Scheme 4.11 Synthetic potential of interrupted Kulinkovich-de Meijere reaction. 
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For comparison to the imide reactivity, Cha and coworkers applied their conditions 

to N-alkylated lactam 415 which gave a mixture of 416 and 417, Scheme 4.12a.36  The 

difference in outcome, as compared to Scheme 4.9, was attributed to the greater lability of 

the aminal intermediate (derived from 415) towards elimination and the avoidance of 

severe strain, due to the additional phenyl ring, present in a transition state associated with 

cyclopropane formation.  Further application to N-alkylated lactam 418, Figure 4.12b, 

resulted in a surprising cyclopropanol 419 formation, with no cyclopropylamine formation 

being observed.  The transannular strain in the transition state is presumed to be the driving 

force for departure of the anionic amine group to give cyclopropanol formation.13 

 

Scheme 4.12 Interrupted intramolecular lactam-olefin Kulinkovich de Meijere reaction. 

4.2 Seminal Discovery 

An alternative, previously unexplored strategy for interruption of cyclopropane 

formation involves preventing departure of a bridged polycyclic titanium alkoxide 
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intermediate (e.g., 421) due to the need for formation of a high energy iminium 

intermediate 422, Scheme 4.13.  Polycyclic intermediate 421 would require formation of 

a bridgehead double bond to proceed to cyclopropane product 423.  The readily prepared 

6-allyl-2-piperidinone 420 (Scheme 4.19) was discovered to undergo cyclization under 

standard Kulinkovich conditions to yield tricyclic intermediate 421.  A nitrogen-assisted 

elimination of the titanium alkoxide to give 422 would violate Bredtôs rule.  Thus confined, 

intermediate 421 gave, on workup, the cis-4-amino-2-methyl cycloheptanone 425 as the 

only product in 85% yield.  No trace of a cyclopropylamine product 423 was detected.   

 

Scheme 4.13 Polycyclic strain-based interruption of Kulinkovich-de Meijere reaction. 

4.3 Results and Discussion 

The ability to transform heterocyclic lactams into carbocyclic amino ketones has 

clear potential for broad application in synthesis and small molecule library development.  

In addition, utilizing Bredtôs rule as a method to steer reaction pathways is an interesting 
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method for product control.  In this section the synthesis of olefin-substituted piperidinones 

is discussed and their application to a Bredtôs rule-arrested Kulinkovich de Meijere reaction 

is explored. 

4.3.1 Dancing the olefin:  vary the olefin attachment  

Following the demonstration that olefin-substituted piperidinone 420 would 

undergo the initial carbon-carbon bond forming reaction of the Kulinkovich-de Meijere 

cyclization, despite the need for a transannular attack, focus turned to investigate examples 

in which the olefin was tethered to other positions around the piperidinone ring.  For better 

comparison, we assembled olefin-substituted piperidinones (Figure 4.6) that would 

involve a tricyclic intermediate and formation of a five-membered carbocycle upon 

formation of the initial carbon-carbon bond, by attack of the olefin onto the amide carbonyl.  

The synthesis of each piperidinone is discussed in the following section.   

 

Figure 4.5  Olefins at all positions of the piperidinone. 

4.3.1.1 Synthesis of olefin-substituted piperidinones 

The synthesis of 5-substituted piperidinone 428 was accomplished using known 

conditions to give alcohol 427 in four steps from methyl propiolate.44,45 Parikh-Doering 
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oxidation46 of the primary alcohol to an aldehyde followed by Wittig olefination gave 

5-vinyl piperidinone 428, Scheme 4.14. 

 

Scheme 4.14 Synthesis of 5-vinyl piperidinone 428. 

Synthesis of the 4-substituted piperidinone 432 was completed by Brenden Derstine 

(a graduate student in the Sieburth group) and easily achieved from the starting d-lactam 

429.  N-Alkylation with p-methoxybenyl chloride followed by a three-step selenium 

oxidation protocol47 to afford the a,b-unsaturated amide 431.  Copper-assisted 1,4-addition 

of the allyl group was accomplished in the presence of TMSCl and TMEDA to give 4-allyl 

piperidinone 432, Scheme 4.15.48   
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Scheme 4.15 Brenden Derstineôs synthesis of 4-allyl piperidinone 432. 

Synthesis of the 3-substituted piperidinone 434 was accomplished by Brenden 

Derstine by addition of 3-butenyl bromide to the dianion of d-lactam 429 at low 

temperature to give compound 433, followed by N-alkylation with PMBCl to provide 3-

(3-butenyl) piperidinone 434, Scheme 4.16.48  Initial attempts using an inverse addition 

sequence (i.e., N-alkylation followed by a-alkylation) met with low yields. 

 

Scheme 4.16 Brenden Derstineôs synthesis of 3-(3-butenyl) piperidinone 434. 

4.3.1.2 Interrupted Kulinkovich de Meijere results  

The 5- and 4-substituted piperidinones 428 and 432 were subjected to standard 

Kulinkovich conditions:  slow addition over (40 ï 60 min) of cyclopentylmagnesium 



135 

 

bromide (3.2 - 4.5 equiv) to the ene-amide at room temperature in THF in the presence of 

Ti(Oi-Pr)4, Scheme 4.17.48    It should be noted that room temperature conditions are 

needed for reaction with a lactam, in contrast to the 0 °C temperature conditions for 

reactivity with Chaôs imides.36  No reaction was observed at 0 °C with the lactam 

substrates.  Upon workup, two products were formed, the expected amino ketones 436 and 

439, as well as unexpected amino cyclopropanols 437 and 440 in a 1:1 mixture of 

aminoketone to cyclopropanol for both the C5 and C4 piperidinones, respectively, 

(Brenden Derstine preformed Scheme 4.17b).  A high diastereoselectivity was identified 

in both reactions, indicating a strong influence by the ring system on the coordination of 

the 3-membered titanacycle to the carbonyl and preference for subsequent formation of a 

cis-oxapentanetitanacycle (435 and 438).   

  

Scheme 4.17 Reaction of tethered alkenes at (a) C5 and (b) C4 positions of the 

piperidinone. 
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For the 3-(3-butenyl) substituted piperidinone 434, the normal cyclopropylamine 

442 (performed by Brenden Derstine) was isolated in good yield (73%) with high 

diastereoselectivity (20:1), Scheme 4.1848  nOe experiments (performed with Brenden 

Derstine) determined the major diastereomer to be the cis fused 6-5 ring system, indicating 

a preference for formation of cis-oxatitano intermediate 441 and an initial attack of the 

olefin chain in a cis fashion.     

 

Scheme 4.18 Brenden Derstineôs reaction of tethered alkenes at C3 position of the 

piperidinone. 

These examples further illustrate the Bredtôs rule effect.  Substrate 434 leads to an 

intermediate that can readily eliminate the titanium alkoxide and form an unstrained 

iminium 444, leading to cyclopropylamine 442, Figure 4.7a.  In contrast, the bridged, 

polycyclic intermediates 435 and 438, formed from 428 and 432 cannot eliminate the 

alkoxide leading to amino ketones 436 and 439, respectively.  Figure 4.7b illustrates the 

4-substituted piperidinone 432 example with a highly strained bridgehead iminium 

required to form for cyclopropylamine formation.   The surprising formation of amino 

cyclopropanol products 437 and 440 are also consequence of Bredtôs rule reactivity.  These 

are among the first examples of amino cyclopropanols formed during a Kulinkovich-de 

Meijere reaction (Scheme 4.12).  The proportion of cyclopropanol products are also the 
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highest among the substrates examined to date, vide infra.  In these reactions, the departure 

of an anionic amine group is surprising but the intermediate oxonium, leading to the 

cyclopropanol, is expected to be unstrained and therefore accessible.  The diminished 

yields for the reaction of 428 and 432 are likely a consequence of the strain of the 

intermediates 435 and 438.   

 

Figure 4.6  Bridgehead iminium formation and Bredtôs Rule influence on the reaction 

pathway. 

4.3.2 Exploration of Bredtôs rule reaction control 

Bredtôs rule, the observation that double bonds cannot be made to bridgehead 

atoms, has been a cornerstone of organic chemistry since itôs enumeration in 1924.49,50 This 

ñruleò is routinely used to illustrate the concepts of orbital overlap and to explain reactivity 

in polycyclic molecules, but it has rarely been utilized to steer reaction pathways outside 

of elimination and enolization chemistry.51  The above examples indicate that Bredtôs rule 

is controlling the outcome of the reaction pathway.  To prove this hypothesis the size of 
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the lactam rings were increased to determine when Bredtôs rule can be violated and allow 

the formation of aminocyclopropanes. 

4.3.2.1 Bredtôs rule Background 

Bredtôs rule was an observation initially made in 1902 by Bredt and coworkers52 

while studying the ease of dehydrohalogenation of a-halocamphoric acid derivations, 

Figure 4.8.  It was observed that anhydride 446 was quite stable to removal of hydrogen 

bromide, while cleavage of the anhydride linkage to phenyl ester 448 allowed for ease of 

removal of hydrogen bromide to give compound 449.  In addition, anhydride 447 failed to 

form from the unsaturated acid derivative of 449, while the corresponding saturated 

compound readily cyclized.  Bredt and coworkers initially offered a stereochemical 

limitation for the hindrance of formation of compound 447 and it wasnôt until 1924 in 

which a statement, pertaining to a bridgehead position limitation was mentioned by Bredt 

and coworkers.49 In his 1950 seminal review53 of Bredtôs rule, Fawcett provided a 

statement of the rule:  

In polycyclic systems having atomic bridges, the existence of a compound having a 

carbon-carbon or carbon-nitrogen double bond at a bridgehead position is not 

possible, except when the rings are large, because of the strain which would be 

introduced in its formation by the distortion of bond angles and/or distances. 
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Figure 4.7  Initial observations leading to formulation of Bredt's rule. 

The bicyclic nomenclature convention [x.y.z] indicates the number of atoms 

contained within each bridge, listed in decreasing order.  The bridgehead positions are the 

atoms at points of ring junction and are not included in the bridge lengths, Figure 4.9.  The 

rule is usually only applied to bridged-bicyclic structures, i.e., having three or more atoms 

in common (i.e., z Í 0).  Structures with z = 0 containing a double bond at an atom common 

to both fused rings is outside the scope of Bredtôs rule, but could be covered by rules 

analogous to Bredtôs rule.53 

 

Figure 4.8  Bicyclic nomenclature and S value determination.   
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A term S was introduced by Fawcett and defined as the sum of the atoms in the 

bridges of a bicyclic system, x + y + z, Figure 4.8.  In Fawcettôs analysis, when the sum 

of S totaled less than nine (S < 9), providing that none of the bridges had a length of zero, 

the strain would be too great for the olefin to form.  Further work by Wiseman54 introduced 

another qualitative rule by recognizing that all isolable bridgehead olefins were present in 

the trans geometry and contained within a ring of at least eight carbon atoms.   For bicyclic 

intermediate 443 the iminium ion potentially derived from intermediate 438 (S = 6), the 

ring system is too small to be accommodated, Figure 4.10.  This is also the case for both 

intermediates 450 and 422, with S values of 5 and 6, respectively.  In contrast, for iminium 

444 derived from 441, bridge z has a length of zero and the iminium is therefore is easily 

formed and affords cyclopropylamine 442. 

 

Figure 4.9  Potential iminium ions formed. 

For a more quantitative study of bridgehead olefins, Lesko and Turner first pointed 

out that the strain energy of a bridgehead olefin is the difference between the extra strain 

associated with the double bond and the initial strain associated with the carbon framework, 

a so-called olefinic strain (OS).55  Based on this hypothesis, Wilhem F. Maier and 

Paul von Ragué Schleyer calculated the OS values of various bicyclic frameworks to 
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develop an index of bridgehead olefin stability,56 several predictions were later 

experimentally verified.57,58 By comparing the OS values to experimental data, a 

classification system was developed for bridgehead olefins.  Bridgehead olefins can be 

classified into three groups depending on the OS value, as shown in Table 4.1.  The 

categories are defined as: óisolableô olefins are kinetically stable at room temperature, 

óobservableô olefins are not isolable at room temperature but can be detected at lower 

temperatures, and óunstableô olefins cannot be isolated or observed.    

Table 4.1  Bridgehead classification system 

Bridgehead Olefin Group OS range[a] 

Isolable OS < 17 

Observable 17 Ò OS Ò 21 

Unstable OS > 21 

[a] ï olefin strain (OS) range in kcal/mol. 

 

A comparison of the tricyclic intermediates to the corresponding alkene 

hydrocarbon system, with an assumption that imine values mimic the alkene values,51 

shows that formation of an iminium from tricyclic intermediates 443, 422 and 450 would 

lead to intermediates with high OS values in the óunstableô range, Table 4.2.  In contrast, 

elimination of the alkoxide and subsequent formation of an iminium from intermediate 

444, leads to an intermediate with an OS value of zero (Isolable).  It should be noted that 

there is a difference in OS value between a cis (42 kcal/mol) and trans (29 kcal/mol) 

bridgehead olefin (Table 4.2, entry 2).54 For these intermediates it is assumed that the 
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conformation of the piperidinone ring controls the orientation of the potentially formed 

iminium intermediate.  For example, a preference for a chair over a boat conformation of 

443 is assumed, which would lead to a cis iminium ion.  Isomerization of the amine lone 

pair could be possible however, especially in larger ring systems. 

Table 4.2  Comparison of OS values 

Bicyclic System Intermediate Hydrocarbon System OS[a] 

 

 

 
0 

 

 
 

29, 42 

 

 

 

37 

 

 

 

35 

[a] ï olefin strain (OS) calculated in kcal/mol. 
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If Bredtôs rule is indeed controlling the reaction pathway, intermediates with S 

values greater than 8 (S > 8) and/or OS values within the isolable range should readily form 

the required iminium ion and ultimately lead to formation of a cyclopropylamine.  To test 

this hypothesis and the limits of this approach, for interception of the Kulinkovich-de 

Meijere intermediate, alternative S values in homologues of 420 and 432 (Sections 4.3.2.2 

and 4.3.2.3) were probed.    

4.3.2.2 Alpha series 

Beginning with the ɤ-allyl lactams, varying the lactam ring size from five to nine, 

455a to 455e, changes the S value for the intermediate 456 from five to nine, respectively, 

Table 4.3.  The synthesis of the 455a-e was easily accomplished from the corresponding 

imide 451 in a four-step sequence or from the cyclic ketone 453, via a classical Beckman 

rearrangement of a-alkylated ketone 454, Scheme 4.19. 

 

Scheme 4.19 Synthesis of ɤ-allyl lactams 451a-e. 
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Table 4.3  Kulinkovich-de Meijere reaction with ɤ-allyl lactams 451a-e 

 

 n S[a] Yield [%][b] Ratio 457:458:459 

a 0 5 65 5 : 1 : 0 

b 1 6 85 1 : 0 : 0 

c 2 7 60 2 : 1 : 0 

d 3 8 73 0 : 0 : 1 

e 4 9 34 0 : 0 : 1 

[a] ï Total number of bridging atoms in 456, [b] Isolated yields.  In some cases the amines were 

derivatized before isolation, see experimental section 4.5 for details.     

 

 

Lactams 455a-e were subjected to Ti(II) conditions and the results are summarized 

in Table 4.3.  With the exception of the nine-membered lactam substrate 455e, the yields 

are uniformly good.  For lactam ring sizes between five and seven membered (S = 5, 6 and 

7), the amino ketone 457 dominates the amino cyclopropanol product 458, making up 66-

100% of the product mixture.  When the S value reaches 8 (455d) and 9 (455e), however, 

Bredtôs rule can be violated and there is an abrupt changeover with the aminocyclopropanes 
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459d and 459e becoming the sole product.  In addition, nOe experiments of 457a 

determined the major diastereomer (dr = 10:1) to be the cis product, with the methyl group 

on the same face as the amino group. 

4.3.2.1 Beta series 

Moving to the position b to the carbonyl, with an allyl substituent attached, 432, 

cyclization in these cases also forms a five-membered ring between the alkene and the 

amide carbonyl, intermediate 462, Table 4.4 (performed by Brenden Derstine).  Varying 

the lactam ring size from six to nine, 432a to 432d, changes the S value for the intermediate 

462 from six to nine, respectively, Table 4.4.48   

 

Scheme 4.20 Brenden Derstineôs synthesis of b-allyl lactams 432b-d. 

The syntheses of 432b-d were easily achieved by Brenden Derstine from the 

corresponding cyclic a,b-unsaturated ketones 460 by Michael addition of an allyl group 

followed by a two-step Beckman rearrangement and PMB protection of the amide nitrogen, 

Scheme 4.20.48  A mixture of regioisomers was formed during the Beckman rearrangement 

sequence, which were easily separated with column chromatography after PMB alkylation.  

A two-step Beckman sequence was needed for the b-allyl ketone 461 as the classical 
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method (i.e., Scheme 4.19) met with low yields.  In contrast, the a-allyl ketone 454 was 

only successful with the classical method.  Other two-step conditions were screened but 

resulted only in low yield and unidentified products.    

Table 4.4  Brenden Derstineôs Kulinkovich-de Meijere reaction with b-allyl lactams 

432a-d 

 

 n S[a] Yield [%][b] Ratio 463:464:465 

a 1 6 52 1 : 1 : 0 

b 2 7 See Text 1 : 2 : 0 

c 3 8 64 0 : 0 : 1 

d 4 9 75 0 : 0 : 1 

[a] ï Total number of bridging atoms in 462, [b] Isolated yields.  In some cases the amines were 

derivatized before isolation, see experimental section 4.5 for details.     

 

The cyclization of 432 (performed by Brenden Derstine), when interrupted, leads 

to a cyclopentanone product 463 with a side chain carrying a secondary amine.  In the case 
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of intermediate 462a with S = 6, Bredt's rule prevents formation of a cyclopropylamine.  

Only amino ketone 463a and cyclopropanol 464a are observed, with the former comprising 

50% of the mixture.  With 432c and 432d, S = 8 and 9 respectively, the S value is 

compatible with imine formation and cyclopropylamines 465c and 465d are the only 

products formed.  For the intermediate case of 432b where S = 7, the product mixture is 

more difficult to purify and based on LCMS, appears to be largely cyclopropanol 464b. 

4.4  Conclusion 

A novel method for reaction interruption (Bredtôs rule) was discovered and applied 

to the Kulinkovich-de Meijere reaction to prevent cyclopropane formation.  The 

intermediate structure of the powerful Kulinkovichïde Meijere reaction can be prevented 

from consummating the second step of the transformation by utilizing a substrate design 

leading to a bicyclic structure incapable of elimination of the alkoxide.  This Bredt's rule 

constraint allows for the conversion of alkene-substituted lactams into amine-substituted 

carbocyclic ketones under mild conditions and in some cases with high degree of 

stereocontrol. 

The results of this study suggest that the outcome of the reaction is dependent on 

an ability to form a bridgehead (Bredtôs rule) iminium ion by utilizing bicyclic systems 

with S values larger than seven.  Bicyclic systems that are incapable of overcoming the 

high strain associated with a bridgehead olefin (S < 8) afford a scaffold rearrangement of 

the heterocyclic lactam to give amino-substituted carbocyclic ketones in high yield with 

excellent to good diastereoselectivity.  In contrast, when the S value is greater than 7, the 

bridgehead iminium is capable of forming and cyclopropane formation is the sole product.  
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The method described shows the potential to build medium to large sized carbocyclic rings 

in good to excellent yield.   

The surprising formation of amino cyclopropanols is a byproduct of the strain 

associated with the transannular attack and subsequent formation of a bicyclic system.  

Departure of the amino group alleviates the bicyclic strain and allows formation of the 

second carbon-carbon bond needed for cyclopropanation.  The formation of 

cyclopropanols is more evidence that Bredtôs rule is guiding the reaction pathway of the 

transformation. 

The ability to transform heterocyclic rings (lactams) into carbocyclic rings has clear 

potential for broad application.  In addition, the newly formed structures contain both 

amino and keto functionality which can be used for additional scaffold manipulation.  The 

next two chapters describe the synthetic utility of this transformation (Chapter 5) and 

expand upon these unique building blocks for access to 3D chemical space (Chapter 6). 

 

4.5 Experimental 

Summary of general experimental techniques, instrumentation, purification 

procedures and reagent handling can be found on pages 39-40. 
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6-oxo-1,4,5,6-tetrahydropyridine -3-carboxylate (426).45  To a solution of methyl 

propiolate (890 mL, 9.9 mmol) in Et2O (10 mL) at 0 °C was added benzyl amine (1.1 mL, 

10 mmol) and the mixture was warmed to rt and stir for 1 hr.  The solvent was evaporated 

and the resulting residue was dissolved in THF (60 mL) at rt.  To the mixture was added 

acryloyl chloride (860 mL, 10 mmol) and the heated to reflux for 12 hrs.  Upon completion 

the reaction was cooled to rt and diluted with saturated NaHCO3 (20 mL) the aqueous layer 

was extracted with Et2O (3 x 20 mL).  The combined organics were washed with brine, 

dried over anhydrous MgSO4, and then concentrated in vacuo.  The crude product was 

purified with column chromatography (silica gel, 1:5 EtOAc/hexanes) to give the title 

compound 426 as an oil (1.44 g, 60%).  Rf = 0.20 (1:5 EtOAc/hexanes).  1H NMR (500 

MHz, CDCl3) ŭ = 7.37 ï 7.22 (m, 6H), 4.75 (s, 2H), 3.72 (s, 3H), 2.64 (s, 4H).    

 

 

1-Benzyl-5-(hydroxymethyl)piperidin -2-one (427).44  To a stirring solution of 426 

(1.44 g, 5.87 mmol) in anhydrous EtOH (59 mL) was added anhydrous Na2CO3 (1.86 g, 

17.6 mmol), Pd/C (633 mg, 0.59 mmol) and subjected to an atmosphere of H2 for 18 hrs.  

Upon completion the mixture was filtered through a pad of celite and concentrated in 
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vacuo.  The residue was dissolved in THF (30 mL), cooled to -10 °C, and to the mixture 

was added LiAlH4 (125 mg, 3.13 mmol) in two portions and stirred at -10 °C for 20 min.  

Upon completion the mixture was slowly quenched with 1 M NaOH (0.25 mL) at -10 °C, 

warmed to rt and filtered through a pad of celite.  The precipitate was washed with Et2O 

(2x).  The organics were washed with brine, dried over anhydrous MgSO4, and then 

concentrated in vacuo.  The crude product was purified with column chromatography 

(silica gel, 1:9 MeOH/EtOAc) to give the title compound 427 as an oil (663 mg, 52 % - 2 

steps).  Rf = 0.10 (4:1 EtOAc/hexanes).  1H NMR (500 MHz, CDCl3) ŭ = 7.35 ï 7.23 (m, 

5H), 4.66 ï 4.55 (m, 2H), 3.60 (dd, J = 10.5, 5.6 Hz, 1H), 3.50 (dd, J = 12.1, 5.8 Hz, 1H), 

3.32 (ddd, J = 12.1, 5.2, 1.7 Hz, 1H), 3.02 (dd, J = 12.1, 10.0 Hz, 1H), 2.57 (ddd, J = 17.8, 

5.9, 3.5 Hz, 1H), 2.51 ï 2.40 (m, 1H), 2.09 ï 1.97 (m, 1H), 1.95 ï 1.85 (m, 1H), 1.58 ï 

1.46 (m, 1H).     

 

 

 

1-Benzyl-5-vinylpiperidin -2-one (428).  To a solution of 427 (153 mg, 0.70 mmol) in 

DCM (3.55 mL) was added DMSO (0.99 mL, 13.9 mmol) followed by Et3N (0.96 mL, 

6.9 mmol) and the mixture was cooled to 0 °C.  In two portions was added SO3·pyr (50%, 

842 mg, 2.63 mmol) and the resulting mixture was stirred for 1 h at 0 °C, then at rt for 1 hr.  

After quenching with H2O and dilution with EtOAc the organic phase was washed with 

H2O (3x), brine, dried over anhydrous Na2SO4, and then concentrated in vacuo.  The crude 
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aldehyde was used without purification.  To a suspension of PPh3MeBr (375 mg, 1.05 

mmol) in THF (3.6 mL) at 0 °C was added dropwise n-BuLi (1.42 M, 1.62 mL, 1.14 mmol) 

and then stirred for 20 min.  To this mixture was added the crude aldehyde in THF (3.6 

mL) and allowed to stir for 1 hr at 0 °C.  After quenching with saturated NH4Cl at 0 °C and 

diluted with EtOAc the aqueous layer was extracted with EtOAc (3x) and the organics were 

combined, washed with brine, dried over anhydrous Na2SO4, and then concentrated in 

vacuo.  The crude product was purified by column chromatography (silica gel, 1:2 -> 1:1 

EtOAc/hexanes) to give the title compound 428 as an oil (64 mg, 42% - 2 steps).  Rf = 0.58 

(2:1 EtOAc/hexanes).  IR (neat): 2925, 1641, 1493, 1453, 1418, 1361, 1256, 702 cm-1.  

1H NMR (500 MHz, CDCl3) ŭ = 7.34 ï 7.21 (m, 5H), 5.73 ï 5.62 (m, 1H), 5.07 ï 4.99 (m, 

2H), 4.64 (d, J = 14.6 Hz, 1H), 4.52 (d, J = 14.6 Hz, 1H), 3.21 (ddd, J = 12.1, 5.2, 1.7 Hz, 

1H), 3.00 (dd, J = 12.0, 10.1 Hz, 1H), 2.57 (ddd, J = 17.9, 5.8, 3.6 Hz, 1H), 2.53 ï 2.39 (m, 

2H), 1.97 ï 1.86 (m, 1H), 1.70 ï 1.59 (m, 1H).  13C NMR (125 MHz, CDCl3) ŭ = 169.5, 

138.4, 137.2, 128.6, 128.2, 127.4, 115.8, 51.7, 50.2, 37.8, 31.3, 27.1.  Exact Mass For 

C14H17NO [M+H]+; calcd: 216.1383, found: 216.1389. 

 

 

1-Benzyl-5-hydroxypyrrolidin -2-one (452a-OH).59  To a solution of succinimide 451a 

(1.03g, 10.4 mmol) in acetone (14 mL) was added K2CO3 (1.74g, 12.6 mmol) followed by 

benzyl bromide (1.5 mL, 12.6 mmol) and the mixture was heated to reflux for 3 hrs.  Upon 
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completion the mixture was cooled to rt, filtered and concentrated in vacuo.  The crude 

produce was recrystallized with EtOAc and light petroleum ether to give 

1-benzylpyrrolidine-2,5-dione60 as colorless platelets (1.64 g, 83%).  Rf = 0.54 (1:1 

EtOAc/hexanes).  mp = 102-103 °C.  1H NMR (500 MHz, CDCl3) ŭ = 7.41 ï 7.37 (m, 1H), 

7.34 ï 7.28 (m, 1H), 4.66 (s, 1H), 2.71 (s, 2H).     

To a solution of 1-benzylpyrrolidine-2,5-dione (508 mg, 2.69 mmol) in MeOH (50 mL) at 

-5 °C was added NaBH4 (417 mg, 11.0 mmol) in two portions and the mixture was stirred 

at 0 °C for 3 hrs.  Upon completion the mixture was poured into 60 mL of a 1:2 

DCM/saturated NaHCO3 mixture and stirred until bubble formation stopped.  The aqueous 

layer was extracted with DCM (3x), and the combined organics were washed with brine, 

dried with anhydrous Na2SO4, and then concentrated in vacuo to give the title compound 

452a-OH as a while solid (460 mg, 89%).  Rf = 0.19 (1:1 EtOAc/hexanes).  mp = 109 °C.  

1H NMR (500 MHz, CDCl3) ŭ = 7.36 ï 7.31 (m, 2H), 7.30 ï 7.27 (m, 3H), 5.12 ï 5.06 (m, 

1H), 4.83 (d, J = 14.8 Hz, 1H), 4.23 (d, J = 14.8 Hz, 1H), 2.68 ï 2.59 (m, 1H), 2.39 (ddd, J 

= 17.0, 10.0, 3.9 Hz, 1H), 2.34 ï 2.25 (m, 2H), 1.89 (dddd, J = 13.8, 9.8, 3.9, 2.2 Hz, 1H). 

  

  

1-Benzyl-5-methoxypyrrolidin -2-one (452a-OMe).61  To a solution of 452a-OH (246 

mg, 1.29 mmol) in MeOH (12 mL) at -10 °C was added p-toluenesulfonic acid (68 mg, 

0.39 mmol, pH ~1-2) and the mixture was stirred for 30 min.  Upon completion the mixture 
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was neutralized with saturated NaHCO3 (pH ~7) and the aqueous layer was extracted with 

EtOAc (3x).  The combined organics were washed with brine, dried over anhydrous 

MgSO4, and then concentrated in vacuo.  The crude product was purified by column 

chromatography (silica gel, 1:5 -> 1:2 EtOAc/hexanes) to give the title compound 452a-

OMe as an oil (248 mg, 91%).  Rf = 0.52 (1:1 EtOAc/hexanes).  1H NMR (500 MHz, 

CDCl3) ŭ = 7.35 ï 7.26 (m, 5H), 4.96 (d, J = 14.7 Hz, 1H), 4.73 (dd, J = 6.4, 1.5 Hz, 1H), 

4.01 (dd, J = 14.7, 0.8 Hz, 1H), 3.22 (s, 3H), 2.63 ï 2.54 (m, 1H), 2.39 (ddd, J = 17.4, 10.0, 

3.2 Hz, 1H), 2.13 ï 2.03 (m, 1H), 1.99 (dddd, J = 14.2, 9.7, 3.2, 1.5 Hz, 1H). 

 

 

1-Benzyl-6-methoxypiperidin-2-one (452b).62  To a solution of glutarimide 451b (1.14 

g, 9.88 mmol) in DMF (12 mL) at 0 °C was added powdered anhydrous KOH (0.63 g, 

11.25 mmol) and the mixture was stirred at 0 °C for 30 min.  Benzyl bromide (1.25 mL, 

10.0 mmol) was added and stirring continued for 15 hrs (or until completion by TLC, heat 

at 50 °C if needed).  Upon completion the mixture was diluted with H2O and the aqueous 

layer was extracted with EtOAc (3x).  The combined organics were washed with 2N 

NaOH, saturated NH4Cl, H2O (3x), brined (2x), dried over anhydrous MgSO4, and then 

concentrated in vacuo.  The crude product was recrystallized with Et2O to afford 

1-benzylpiperidine-2,6-dione63 as a colorless solid (1.8 g, 90%).  Rf = 0.55 (1:1 
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EtOAc/hexanes).  mp = 51 °C.  1H NMR (500 MHz, CDCl3) ŭ = 7.39 ï 7.34 (m, 2H), 7.31 

ï 7.22 (m, 3H), 4.95 (s, 2H), 2.73 ï 2.65 (m, 4H), 1.98 ï 1.88 (m, 2H).   

To a solution of 1-benzylpiperidine-2,6-dione (539 mg, 2.65 mmol) in MeOH (53 mL) at 

-5 °C was added NaBH4 (429 mg, 11.3 mmol) in two portions and the mixture was stirred 

at 0 °C for 3 hrs.  NaBH4 (430 mg, 11.3 mmol) was added and the mixture was stirred for 

an additional 2 hrs.  Upon completion the mixture was poured into 60 mL of a 1:2 

DCM/saturated NaHCO3 mixture and stirred until bubble formation stopped.  The aqueous 

layer was extracted with DCM (3x), and the combined organics were washed with brine, 

dried with anhydrous Na2SO4, and then concentrated in vacuo to give 1-benzyl-6-

hydroxypiperidin-2-one64 as a while solid (533 mg, 98%).  Rf = 0.13 (1:1 EtOAc/hexanes).  

mp = 102-104 °C.  1H NMR (500 MHz, CDCl3) ŭ = 7.34 ï 7.24 (m, 5H), 5.06 (d, J = 14.9 

Hz, 1H), 4.93 (dt, J = 6.4, 3.4 Hz, 1H), 4.39 (d, J = 14.9 Hz, 1H), 2.60 ï 2.55 (m, 1H), 2.55 

ï 2.51 (m, 1H), 2.47 ï 2.37 (m, 1H), 2.12 ï 2.01 (m, 1H), 1.95 ï 1.80 (m, 2H), 1.77 ï 1.69 

(m, 1H), 1.63 (s, br, 1H). 

To a solution of 1-benzyl-6-hydroxypiperidin-2-one (256 mg, 1.25 mmol) in MeOH 

(12 mL) at -10 °C was added p-toluenesulfonic acid (47 mg, 0.27 mmol, pH ~1-2) and the 

mixture was stirred for 30 min.  Upon completion the mixture was neutralized with 

saturated NaHCO3 (pH ~7) and the aqueous layer was extracted with EtOAc (3x).  The 

combined organics were washed with brine, dried over anhydrous MgSO4, and then 

concentrated in vacuo to give the title compound 452b as an oil (272 mg, 99%), used 

without further purification.  Rf = 0.51 (2:1 EtOAc/hexanes).  1H NMR (500 MHz, CDCl3) 

ŭ 7.35 ï 7.23 (m, 7H), 5.39 (d, J = 14.9 Hz, 1H), 4.42 ï 4.34 (m, 1H), 4.00 (d, J = 14.9 Hz, 



155 

 

1H), 3.29 (s, 3H), 2.61 ï 2.50 (m, 1H), 2.45 ï 2.35 (m, 1H), 2.07 ï 1.97 (m, 2H), 1.72 ï 

1.56 (m, 2H).   

 

 

5-Allyl -1-benzylpyrrolidin -2-one (455a).65  To a solution of 452a-OH (111 mg, 0.52 

mmol) in DCM (5.2 mL) at -78 °C was added BF3·OEt2 (105 mL, 0.83 mmol) and stirred 

for 10 min.  Allyltrimethylsilane (260 ml, 1.6 mmol) was added dropwise, and the reaction 

was allowed to warm to rt and stirred for 2.5 hrs.  Upon completion the mixture was diluted 

with saturated NaHCO3 (5 mL), the aqueous layer was extracted with DCM (3x), washed 

with brine, dried over anhydrous Na2SO4, and then concentrated in vacuo.  The crude 

product was purified by column chromatography (silica gel, 1:5 -> 1:2 EtOAc/hexanes) to 

give the title compound 455a as an oil (108 mg, 87%).  Rf = 0.54 (1:1 EtOAc/hexanes).  

1H NMR (500 MHz, CDCl3) ŭ = 7.35 ï 7.27 (m, 3H), 7.25 ï 7.22 (m, 2H), 5.70 ï 5.56 (m, 

1H), 5.14 ï 5.07 (m, 3H), 5.02 (d, J = 15.1 Hz, 1H), 3.99 (d, J = 15.0 Hz, 1H), 3.51 (tdd, J 

= 8.1, 4.8, 3.6 Hz, 1H), 2.52 ï 2.43 (m, 1H), 2.43 ï 2.34 (m, 2H), 2.22 ï 2.14 (m, 1H), 2.10 

ï 2.00 (m, 1H), 1.81 ï 1.72 (m, 1H). 
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6-Allyl -1-benzylpiperidin-2-one (455b).66  To a solution of 452b (101 mg, 0.46 mmol) in 

DCM (4.6 mL) at -78 °C was added BF3·OEt2 (90 mL, 0.71 mmol) and the mixture was 

stirred for 10 min.  Allyltrimethylsilane (220 mL, 1.38 mmol) was added dropwise, and the 

reaction was allowed to warm to room temp and stirred for 2.5 hrs.  The reaction was 

quenched with 5 mL saturated NaHCO3, the aqueous layer was extracted with DCM (3x), 

washed with brine, dried over anhydrous Na2SO4, then concentrated in vacuo.  The crude 

product was purified by column chromatography (silica gel, 1:5 -> 1:2 EtOAc/hexanes) to 

give the title compound 455b as a clear oil (55.3 mg, 53%).  Rf = 0.23 (1:2 EtOAc/hexanes).  

1H NMR (500 MHz, CDCl3) ŭ = 7.37 ï 7.16 (m, 5H), 5.68 ï 5.58 (m, 1H), 5.40 (d, J = 15.2 

Hz, 1H), 5.12 ï 5.04 (m, 2H), 3.97 (d, J = 15.2 Hz, 1H), 3.34 (td, J = 9.1, 4.2 Hz, 1H), 2.54 

ï 2.37 (m, 3H), 2.26 (dt, J = 14.2, 8.8 Hz, 1H), 1.96 ï 1.83 (m, 1H), 1.83 ï 1.60 (m, 3H). 

 

 

a-Allylation ï General Procedure (4.1).  To a solution of the corresponding cyclic ketone 

453c-e (1 equiv., 0.4 M) in a 4:1 mixture of THF and HMPA at -78 °C was added a freshly 

prepared solution of LDA (1.2 equiv., 1 M soln in THF) and the mixture was stirred 

at -78 °C for 1 hr.  The mixture was warmed to -40 °C, allylbromide (1.2 equiv.) was added 
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and then warmed to rt and stirred for 18 hrs.  Upon completion the reaction was quenched 

with 5% HCl and the aqueous layer was extracted with Et2O (3x).  The combined organics 

were washed with 3% HCl, brine, dried over anhydrous MgSO4, and then concentrated in 

vacuo.  The crude product was purified by column chromatography to give the title 

compound.   

 

2-Allylcyclohexanone (453c).67  The crude product was purified by 

column chromatography (silica gel, 1:20 -> 1:10 EtOAc/hexanes) to give 

the title compound 453c as a liquid (75%).  Rf = 0.57 (1:5 

EtOAc/hexanes).  1H NMR (500 MHz, CDCl3) ŭ = 5.83 ï 5.70 (m, 1H), 5.08 ï 4.91 (m, 

2H), 2.60 ï 2.47 (m, 1H), 2.45 ï 2.24 (m, 3H), 2.18 ï 2.09 (m, 1H), 2.09 ï 2.02 (m, 1H), 

2.02 ï 1.94 (m, 1H), 1.89 ï 1.82 (m, 1H), 1.72 ï 1.60 (m, 2H), 1.41 ï 1.31 (m, 1H). 

 

2-Allylcycloheptanone (453d).68  The crude product was purified by 

column chromatography (silica gel, 0% -> 5% EtOAc/hexanes) to give 

the title compound 453d as a liquid (93%).  Rf = 0.54 (1:5 

EtOAc/hexanes).  1H NMR (500 MHz, CDCl3) ŭ = 5.79 ï 5.65 (m, 1H), 5.08 ï 4.94 (m, 

2H), 2.63 ï 2.51 (m, 1H), 2.51 ï 2.38 (m, 3H), 2.11 ï 2.00 (m, 1H), 1.91 ï 1.77 (m, 4H), 

1.67 ï 1.57 (m, 1H), 1.42 ï 1.28 (m, 3H).     

 

2-Allylcyclooctanone (453e).69  The crude product was purified by 

column chromatography (silica gel, 0% -> 5% EtOAc/hexanes) to give 
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the title compound 453e as a liquid (95%).  Rf = 0.24 (1:10 EtOAc/hexanes).  1H NMR 

(500 MHz, CDCl3) ŭ = 5.74 ï 5.64 (m, 1H), 5.05 ï 4.95 (m, 2H), 2.70 ï 2.62 (m, 1H), 2.44 

ï 2.35 (m, 2H), 2.32 (ddd, J=13.7, 7.0, 3.6, 1H), 2.11 ï 2.03 (m, 1H), 2.03 ï 1.95 (m, 1H), 

1.89 ï 1.76 (m, 2H), 1.69 ï 1.57 (m, 3H), 1.54 ï 1.45 (m, 2H), 1.43 ï 1.34 (m, 1H), 1.27 ï 

1.17 (m, 1H). 

 

 

Beckmann rearrangement - General Procedure (4.2).  To a solution of hydroxylamine-

O-sulfonic acid (1.1 equiv., 1 M) in formic acid at room temp was slowly added (over 25 

min) a solution of the corresponding cyclic ketone 454c-e (1 equiv., 1 M) in formic acid.  

The reaction was then heated to reflux for 1-2 hrs and monitored by TLC.  Upon completion 

the mixture was cooled to rt and added to a 1:1 mixture of NH4Cl and H2O.  The aqueous 

layer was extracted with chloroform (3x) and the combined organics were washed with 

NaHCO3 (2x), brine, dried over anhydrous Na2SO4, then concentrated in vacuo.  The 

residue was dissolved in THF and added dropwise to a suspension of NaH (60%, 1.4 equiv, 

0.1 M) and THF at 0 °C and stirred for 30 min.  Benzyl bromide (1.1 ï 1.5 equiv) was 

added at 0 °C and the mixture was warmed to rt (heated if necessary) until complete 

consumption (TLC).  Upon completion the mixture was diluted with saturated NH4Cl.  The 

aqueous layer was extracted with EtOAc (3x) and the combined organic layers were 
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washed with H2O, brine, dried over anhydrous Na2SO4, and then concentrated in vacuo.  

The crude product was purified by column chromatography to give the title compound. 

 

7-Allyl -1-benzylazepan-2-one (455c).  The crude product was 

purified by column chromatography (silica gel, 1:10 -> 1:5 

EtOAc/hexanes) to give the title compound 455c as an oil (45% - 

2 steps).  Rf = 0.48 (1:2 EtOAc/hexanes).  IR (neat): 3062, 3028, 

2929, 2858, 1632, 1474, 1436, 1355, 1197, 702 cm-1.  1H NMR (400 MHz, CDCl3) ŭ = 

7.31 ï 7.07 (m, 5H), 5.55 (ddt, J = 17.1, 10.0, 7.1 Hz, 1H), 5.05 ï 4.85 (m, 3H), 4.06 (d, J 

= 14.7 Hz, 1H), 3.42 ï 3.28 (m, 1H), 2.72 ï 2.58 (m, 1H), 2.57 ï 2.45 (m, 1H), 2.33 (t, J = 

7.4 Hz, 2H), 1.79 ï 1.66 (m, 1H), 1.66 ï 1.40 (m, 4H), 1.40 ï 1.27 (m, 1H).  13C NMR (100 

MHz, CDCl3) ŭ = 175.3, 138.3, 134.6, 128.4, 128.2, 127.2, 117.6, 57.9, 51.6, 37.8, 36.2, 

31.4, 24.0, 23.4.  Exact Mass For C16H21NO [M+H]+; calcd: 266.1515, found: 266.1532. 

 

8-Allyl -1-benzylazocan-2-one (455d).  The crude product was 

purified by column chromatography (silica gel, 1:5 -> 1:2 

EtOAc/hexanes) to give the title compound 455d as a solid (11% - 

2 steps).  Rf = 0.60 (1:2 EtOAc/hexanes).  mp = 72-73 °C.  IR 

(neat): 3064, 3029, 2927, 2855, 1634, 1453, 1411, 1341, 1236, 731, 695 cm-1.  1H NMR 

(500 MHz, CDCl3) ŭ = 7.37 ï 7.09 (m, 5H), 5.72 ï 5.44 (m, 1H), 5.01 ï 4.82 (m, 2H), 4.72 

(d, J = 15.2 Hz, 1H), 4.25 (d, J = 15.3 Hz, 1H), 4.11 ï 3.91 (m, 1H), 2.71 (t, J = 12.3 Hz, 

1H), 2.50 (d, J = 9.8 Hz, 1H), 2.46 ï 2.33 (m, 1H), 2.18 ï 2.04 (m, 1H), 1.97 (d, J = 13.8 
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Hz, 1H), 1.93 ï 1.81 (m, 1H), 1.75 ï 1.56 (m, 2H), 1.56 ï 1.37 (m, 2H), 1.26 ï 1.11 (m, 

1H), 1.02 ï 0.85 (m, 1H).  13C NMR (125 MHz, CDCl3) ŭ = 176.3, 139.4, 134.9, 128.2, 

127.9, 126.8, 117.3, 56.5, 43.8, 38.3, 35.2, 34.4, 29.4, 27.0, 23.8.  Exact Mass For 

C17H23NO [M+H]+; calcd: 258.1852, found: 258.1877. 

 

9-Allyl -1-benzylazonan-2-one (455e).  The crude product was 

purified by column chromatography (silica gel, 1:5 -> 1:2 

EtOAc/hexanes) to give the title compound 455e as an oil (8% - 2 

steps).  Rf = 0.60 (1:2 EtOAc/hexanes).  IR (neat): 2926, 2864, 

1631, 1456, 1432, 1409, 1343, 1184, 915, 729, 698 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 

7.33 ï 7.15 (m, 5H), 5.66 ï 5.47 (m, 1H), 5.04 ï 4.81 (m, 3H), 4.16 (d, J = 5.7 Hz, 1H), 

3.90 (d, J = 15.3 Hz, 1H), 2.60 (dt, J = 23.9, 12.4 Hz, 2H), 2.36 ï 2.24 (m, 1H), 2.15 ï 2.00 

(m, 2H), 1.92 (s, 1H), 1.79 ï 1.66 (m, 1H), 1.65 ï 1.35 (m, 6H), 1.17 ï 1.02 (m, 1H).  

13C NMR (125 MHz, CDCl3) ŭ = 176.9, 139.2, 134.9, 128.3, 127.9, 126.8, 117.4, 58.3, 

43.8, 39.2, 37.3, 32.7, 29.5, 27.5, 24.9, 20.1.  Exact Mass For C18H25NO [M+H]+; calcd: 

272.2009, found: 272.2035. 
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Kulinkovich-de Meijere reaction - General Procedure (4.3).  To a solution of the 

corresponding ene-lactam 455a-e (1 equiv., 0.03 M) in THF was added Ti(O-iPr)4 

(1.1 equiv).  The reaction mixture was stirred for five minutes at rt before a solution of 

cyclopentylmagnesium bromide (3.4 ï 4.5 equiv, 0.2 ï 0.4 M soln in Et2O) was added 

dropwise over 40 ï 60 min until starting material was consumed (TLC, KMnO4 Stain).  

After quenching with H2O the resulting mixture was stirred for 10 min followed by dilution 

with EtOAc.  The resulting suspension was filtered through a pad of celite and the layers 

were separated.  The aqueous layer was extracted with EtOAc (3x) and the combined 

organics were washed with H2O, brine, dried over anhydrous Na2SO4, and then 

concentrated in vacuo.      The crude product was purified by column chromatography to 

give the title compound or the crude product was N-tosylated following general 

procedure 4.4. 

N-tosyl derivatization ï General Procedure (4.4).  To a solution of crude aminoketone 

(1 equiv., 0.1 M) in a 1:1 mixture of DCM and pyridine at rt was added p-TsCl (2eq) and 

stirred at room temp until complete conversion of the starting material as indicated by TLC.  

The reaction mixture was diluted with saturated NaHCO3 and the aqueous layer was 

extracted with EtOAc (3x).  The combined organics were washed with water, brine, dried 

over anhydrous Na2SO4, and then concentrated in vacuo.  The crude product was purified 

by column chromatography to give the title compound. 
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4-Amino-2-methyl cycloheptanone (457b).  The crude product was 

purified by column chromatography (silica gel, 5% MeOH/DCM) to 

give the title compound 457b as an oil (85%).  Rf = 0.24 (6% 

MeOH/EtOAc).  IR (neat): 2929, 2869, 1700, 1451, 734, 699 cm-1.  

1H NMR (500 MHz, CDCl3) ŭ = 7.38 ï 7.23 (m, 5H), 4.01 (d, J = 11.8 Hz, 1H), 3.83 (d, J 

= 13.5 Hz, 1H), 2.98 (s, 1H), 2.34 (s, 2H), 2.03 ï 1.87 (m, 3H), 1.85 ï 1.75 (m, 1H), 1.66 

ï 1.52 (m, 4H), 1.10 (d, J = 7.0 Hz, 3H).  Exact Mass For C15H21NO [M+Na]+; calcd: 

254.1515, found: 254.1533.  

 

4-Benzenesulfonamide-2-methyl cycloheptanone (457b-Ts).  The 

crude product was purified by column chromatography (silica gel, 10 

ï> 20% EtOAc/hexanes) to give the title compound 457b-Ts as an 

oil (40% - 2 steps).  Rf = 0.13 (1:5 EtOAc/hexanes).  IR (neat): 2930, 

1702, 1335, 1156, 1091, 660 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.70 (d, J = 8.0 Hz, 

2H), 7.38 ï 7.22 (m, 7H), 4.44 (d, J = 15.9 Hz, 1H), 4.25 (d, J = 15.9 Hz, 1H), 3.91 ï 3.80 

(m, 1H), 2.52 ï 2.32 (m, 5H), 2.32 ï 2.19 (m, 1H), 1.78 (d, J = 11.7 Hz, 2H), 1.61 ï 1.47 

(m, 1H), 1.42 (t, J = 8.6 Hz, 2H), 1.35 ï 1.24 (m, 1H), 0.88 (d, J = 6.8 Hz, 3H).  13C NMR 

(125 MHz, CDCl3) ŭ = 214.5, 143.5, 138.4, 138.3, 129.9, 128.7, 128.1, 127.7, 127.1, 60.7, 

48.1, 43.5, 42.3, 38.9, 35.4, 22.1, 21.6, 17.6.  Exact Mass For C22H27NO3S [M+H]+; calcd: 

386.1784, found: 386.1799. 
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 3-Aminomethyl-2-methyl cyclopentanone (436).  The crude product 

was purified by column chromatography (silica gel, 5 -> 10% 

MeOH/EtOAc) to give the title compound 436 as an oil (33%).  Rf = 

0.25 (10% MeOH/EtOAc).  IR (neat): 2956, 2926, 2871, 2852, 1738, 

1453, 1119, 1028, 739, 699 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.36 

ï 7.30 (m, 5H), 3.83 (q, J = 13.3 Hz, 2H), 2.91 (dd, J = 11.7, 4.3 Hz, 1H), 2.64 (dd, J = 

11.7, 7.5 Hz, 1H), 2.42 ï 2.32 (m, 1H), 2.20 ï 2.09 (m, 2H), 1.91 ï 1.81 (m, 2H), 1.55 ï 

1.46 (m, 2H), 1.09 (d, J = 6.6 Hz, 3H).  13C NMR (100 MHz, CDCl3) ŭ = 140.4, 128.6, 

128.2, 127.2, 54.5, 53.4, 48.4, 45.2, 37.3, 25.9, 13.2.  Exact Mass For C14H19NO [M+H]+; 

calcd: 218.1539, found: 218.1540.  

 

Bicyclic 4-aminomethyl cyclopropanol (437).  Rf = 0.15 (10% 

MeOH/EtOAc).  IR (neat): 3307, 2927, 1558, 1543, 1507, 1456, 741, 699 

cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.38 ï 7.26 (m, 5H), 3.85 (d, J = 

3.2 Hz, 2H), 2.68 (dd, J = 11.7, 6.9 Hz, 1H), 2.61 (dd, J = 11.7, 7.2 Hz, 

1H), 2.01 ï 1.90 (m, 3H), 1.56 ï 1.48 (m, 1H), 1.34 ï 1.26 (m, 2H), 0.95 ï 

0.85 (m, 1H), 0.60 (dd, J = 5.6, 4.2 Hz, 1H).  13C NMR (125 MHz, CDCl3) ŭ = 128.7, 

128.6, 128.61, 127.5, 64.2, 53.6, 53.4, 39.6, 31.6, 27.8, 25.5, 16.0.  Exact Mass For 

C14H19NO [M+Na]+; calcd: 240.1359, found: 240.1377. 
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4-Benzenesulfonamide-2-methyl cyclopentanone (436-Ts).  The 

crude product was purified by column chromatography (silica gel, 

1:5 EtOAc/hexanes) gave the title compound 436-Ts as an oil (21% 

- 2 steps).  Rf = 0.73 (1:10 EtOAc/hexanes).  IR (neat): 2963, 2925, 

1739, 1336, 1159, 1092, 740, 656, 551 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.78 ï 7.70 

(m, 2H), 7.37 ï 7.32 (m, 2H), 7.32 ï 7.22 (m, 5H), 4.38 (d, J = 14.5 Hz, 1H), 4.20 (d, J = 

14.5 Hz, 1H), 3.19 ï 3.10 (m, 2H), 2.46 (s, 3H), 2.29 ï 2.15 (m, 1H), 2.00 ï 1.83 (m, 2H), 

1.70 ï 1.62 (m, 1H), 1.61 ï 1.53 (m, 1H), 1.36 ï 1.25 (m, 1H), 0.90 (d, J = 6.9 Hz, 3H).  

13C NMR (125 MHz, CDCl3) ŭ = 219.7, 143.7, 136.5, 136.2, 129.9, 128.9, 128.8, 128.3, 

127.5, 53.9, 53.2, 48.3, 43.8, 37.0, 25.9, 21.7, 13.2.  Exact Mass For C21H25NO3S [M+H]+; 

calcd: 372.1628, found: 372.1641.  

 

 

 4-Amino-2-methyl cyclohexanone (457a).  The crude product was 

purified by column chromatography (silica gel, 5% MeOH/DCM) 

to give the title compound 457a as an oil (65%).  Rf = 0.33 (10% 

MeOH/EtOAc).  IR (neat): 2929, 2860, 1742, 1692, 1452, 1122, 

737, 700 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.39 ï 7.22 (m, 5H), 3.86 (s, 2H), 3.05 (tt, 
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J = 11.1, 3.7 Hz, 1H), 2.47 ï 2.23 (m, 5H), 1.58 ï 1.48 (m, 1H), 1.35 ï 1.26 (m, 1H), 1.03 

(d, J = 6.5 Hz, 3H).  13C NMR (100 MHz, CDCl3) ŭ = 212.5, 140.4, 128.6, 128.1, 127.2, 

54.7, 51.5, 42.7, 41.9, 39.5, 33.5, 14.6.  Exact Mass For C14H19NO [M+H]+; calcd: 

218.1539, found: 218.1549.  

 

Bicyclic 4-aminocyclopropanol (458a).  Rf = 0.08 (10% 

MeOH/EtOAc).  IR (neat): 3316 br, 2926, 2855, 1462, 1451, 1368, 

1202, 1162, 748, 699 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.35 

ï 7.23 (m, 5H), 3.77 (s, 2H), 2.64 ï 2.43 (m, 3H), 2.42 ï 2.33 (m, 1H), 2.33 ï 2.25 (m, 1H), 

1.98 ï 1.85 (m, 1H), 1.82 ï 1.72 (m, 1H), 1.18 ï 1.05 (m, 2H), 0.96 ï 0.85 (m, 2H), 0.42 

(t, J = 5.7 Hz, 1H).  13C NMR (100 MHz, CDCl3) ŭ = 139.5, 128.7, 128.4, 127.3, 55.5, 

53.3, 50.9, 32.5, 31.1, 27.9, 19.7, 18.4.  Exact Mass For C14H19NO [M+Na]+; calcd: 

240.1356, found: 240.1376.  

 

4-Benzenesulfonamide-2-methyl cyclohexanone (457a-Ts).  The 

crude product was purified by column chromatography (silica gel, 

1:10 -> 1:5 EtOAc/hexanes) to give the title compound 457a-Ts as 

an oil (43% - 2 steps).  Rf = 0.17 (1:5 EtOAc/hexanes).  IR (neat): 

2930, 2869, 1713, 1337, 1158, 1091, 815, 701, 657, 545 cm-1.  1H NMR (500 MHz, CDCl3) 

ŭ = 7.77 ï 7.71 (m, 6H), 7.38 ï 7.26 (m, 23H), 4.44 ï 4.26 (m, 9H), 2.47 ï 2.34 (m, 16H), 

2.35 ï 2.22 (m, 6H), 1.87 ï 1.76 (m, 6H), 1.63 (ddd, J = 25.4, 12.7, 5.5 Hz, 5H), 1.38 (dd, 

J = 25.3, 12.6 Hz, 4H), 0.87 (d, J = 6.5 Hz, 9H).  13C NMR (125 MHz, CDCl3) ŭ =210.1, 
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143.6, 138.2, 129.9, 128.7, 127.9, 127.1, 56.4, 47.9, 43.7, 40.1, 39.4, 31.4, 21.7, 14.4.  

Exact Mass For C21H25NO3S [M+H]+; calcd: 372.1628, found: 372.1628.  

 

 

 4-Amino-2-methyl cyclooctanone (457c).  The crude product was 

purified by column chromatography (silica gel, 1:7 EtOAc/hexanes) 

to give the title compound 457c as an oil (73%).  Rf = 0.25 (9% 

MeOH/DCM).  IR (neat): 3396 br, 2926, 2856, 1700, 1629, 1452, 

1354, 729, 700 cm-1.  Note:  1HNMR and 13CNMR of purified 457c were difficult to obtain 

due to equilibrium with the bicyclic hemiaminal.  However, the methyl signal was present 

and identifiable.  Exact Mass For C16H23NO [M+H]+; calcd: 246.1852, found: 246.1855.  

 

 Bicyclic 4-aminocyclopropanol (458c).  Rf = 0.08 (9% 

MeOH/DCM).  IR (neat): 3362 br, 2932, 2856, 1585, 1458, 1217, 

1073, 751, 699 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 9.57 (s, 1H), 

7.71 ï 7.62 (m, 2H), 7.42 ï 7.37 (m, 2H), 7.37 ï 7.32 (m, 1H), 4.09 

(s, 2H), 3.02 (s, 1H), 2.45 (dt, J=16.0, 3.0, 1H), 2.33 (dt, J=15.2, 3.2, 1H), 2.15 ï 1.93 (m, 

3H), 1.88 ï 1.72 (m, 1H), 1.72 ï 1.57 (m, 1H), 1.54 ï 1.39 (m, 1H), 1.13 ï 1.02 (m, 2H), 

1.02 ï 0.95 (m, 1H), 0.10 (t, J=5.7, 1H).  13C NMR (125 MHz, CDCl3) ŭ = 130.6, 130.1, 
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129.6, 129.3, 56.4, 55.6, 48.3, 33.6, 29.4, 28.7, 24.3, 21.9, 19.6, 18.9.  Exact Mass For 

C16H23NO [M+Na]+; calcd: 268.1672, found: 268.1652.  

 

11-Benzyl-11-azatricyclo[5.3.1.01,9]undecane (455d).  The crude product was purified by 

column chromatography (silica gel, 1:7 EtOAc/hexanes) to give the title compound 455d 

as an oil (73%).  Rf = 0.73 (1:10 EtOAc/hexanes).  IR (neat): 2919, 2850, 1451, 1439, 1355, 

1146, 1002, 740, 724, 698 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.51 ï 7.11 (m, 6H), 

3.74 (d, J = 13.6 Hz, 1H), 3.44 (d, J = 13.6 Hz, 1H), 3.07 ï 2.89 (m, 1H), 2.20 (ddd, J = 

14.2, 11.8, 4.5 Hz, 1H), 2.04 ï 1.96 (m, 1H), 1.94 ï 1.80 (m, 5H), 1.61 ï 1.42 (m, 4H), 

1.41 ï 1.34 (m, 1H), 1.29 ï 1.19 (m, 2H), 1.01 ï 0.94 (m, 1H), 0.92 (t, J = 4.5 Hz, 1H), 

0.57 (dd, J = 8.5, 4.7 Hz, 1H).  13C NMR (125 MHz, CDCl3) ŭ = 142.3, 128.9, 128.1, 126.5, 

69.2, 57.1, 54.2, 38.6, 35.1, 34.9, 29.9, 27.0, 25.5, 25.1, 24.8.Exact Mass For C17H23N 

[M+H]+; calcd: 242.1903, found: 242.1928.  

 



168 

 

 

12-Benzyl-12-azatricyclo[6.3.1.01,10]dodecane (459e).  The crude product was purified 

by column chromatography (silica gel, 3 -> 5% EtOAc/hexanes) to give the title compound 

459e as an oil (34%).  Rf = 0.95 (1:20 EtOAc/hexanes).  1H NMR (500 MHz, CDCl3) ŭ = 

7.38 ï 7.20 (m, 5H), 3.76 (d, J = 12.7 Hz, 1H), 3.42 (d, J = 12.8 Hz, 1H), 2.98 ï 2.88 (m, 

1H), 2.34 ï 2.22 (m, 1H), 2.06 ï 1.91 (m, 2H), 1.81 (dd, J = 13.4, 6.8 Hz, 1H), 1.71 ï 1.59 

(m, 3H), 1.51 ï 1.40 (m, 3H), 1.37 ï 1.30 (m, 2H), 1.14 ï 1.06 (m, 1H), 0.90 ï 0.77 (m, 

3H), 0.47 (dd, J = 8.4, 4.5 Hz, 1H).  13C NMR (125 MHz, CDCl3) ŭ = 142.3, 128.9, 128.1, 

126.5, 69.2, 57.1, 54.2, 38.6, 35.1, 34.9, 29.9, 27.0, 25.5, 25.1, 24.8.  Exact Mass For 

C18H25N [M+H]+; calcd: 254.1879, found: 254.1900.  
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CHAPTER 5                                                                                                   

SYNTHESIS OF A HIGHL Y FUNCTIONALIZED  UNNATURAL  

MOLECULAR SCAFFOLD  

5.1 Introduction  

As discussed in the previous chapters, photocycloaddition is a powerful method for 

the rapid assembly of molecular scaffolds.   Over the past decade, the Sieburth Group has 

demonstrated the synthetic potential of the photocycloaddition of 2-pyridones with various 

p-systems to assemble functionally rich complex scaffolds (Chapter 2) with a limited 

number of required synthetic transformations.  In addition, approaches to the core 

molecular scaffolds of natural products fusicoccin A, crinipellin, halicyclamine, taxol, and 

sarine by the Sieburth group have involved [4+4] photocycloaddition of  2-pyridone.   

The [2+2] photocycloadduct, a polycyclic cyclobutanoid (Chapter 2), has received 

far less attention and application in the construction of molecular scaffolds, despite a 

plethora of synthetic transformations documented for cyclobutanes.1  In addition, the newly 

formed cyclobutane is highly decorated with useful functionality (e.g., 1,5 enyne) with the 

potential to assemble a library of diverse cyclobutane scaffolds.  The cyclobutane unit is 

commonly found as a basic structural unit in a wide range of compounds in marine 

invertebrates, bacteria, plants and fungi with more than 200 compounds shown to exhibit 

biological activity including antimicrobial, antibacterial, and anticancer activities.  

Synthetic approaches to the synthesis of cyclobutanes of interest has frequently involved 

[2+2] photocycloadditions.2,3 The cyclobutane unit, contained within amino acids, peptides 

and nucleosides often exhibits protective properties against ultraviolet (UV) radiation.4     
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  A common functionality present in the photoadducts of a 2-pyridone 

photocycloaddition reaction is a fused or bridged, unsaturated piperidinone.   The presence 

of this moiety presented the opportunity to apply the Ti(II) chemistry, described in  

Chapter 4, to a more complex system.  Here in this chapter the stereoselective preparation 

of a highly functionalized tetracyclic cyclobutane molecular scaffold from a simple achiral 

2-pyridone enyne in a rapid six step sequence is reported, Scheme 5.1.   

 

Scheme 5.1  Rapid regio- and stereoselective synthesis of polycyclic skeletons. 

5.2 Results and Discussion 

The ability to form functionally rich polycyclic cyclobutanoid molecular scaffolds 

(Figure 5.1) with excellent regio- and stereoselectivity has been demonstrated in 

Chapter 2.   To expand upon previous work and develop synthetic applications for a 

2-pyridone [2+2] photocycloaddition transformation, the tricyclic-cyclobutanoid 

photoproducts were converted into complex tetracyclic frameworks.  In this section further 

manipulations of these interesting products for the rapid assembly of novel cyclobutane 

scaffolds is described.   
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Figure 5.1  Polycyclic cyclobutanes 230 and 252 - 256. 

5.2.1 Cyclization of the 1,5-enyne   

With the functionally rich tricyclic cyclobutane products in hand (230 and 252 - 256, 

Chapter 2), focus turned to investigating the reactivity of the 1,5-enyne moiety, 

Figure 5.1.    Non-conjugated enynes can cyclize when treated with a variety of reagents, 

such as gold and radicals, with enyne cycloisomerization being the most widely studied 

subfield of gold/p-acid catalysis.5 The substrates 230, 252, 253, 255 and 256 containing a 

cyclobutane adjacent to the alkyne, could participate in these reactions based on precedent 

of substrate 502, for example, Figure 5.2.6  For substrates 252 and 256 in particular, 

containing an alkyne flanked by both a cyclopropane and a cyclobutane, the potential for 

new reaction pathways through participation of these strained rings was obvious with the 

possibility for ring expansion and subsequent scaffold rearrangement.7  Alternatively, the 

electron-rich ene-amide group nearby might intercept the coordinated alkyne and its 

reaction intermediates, much like other nucleophiles have been shown, e.g., 504.8   
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Figure 5.2  Gold-catalyzed cyclization of 1,5-enynes.  

5.2.1.1 Gold Cyclization 

The screening of several gold and silver salts led to a 5-endo-dig cyclization with 

both the cyclopropane and cyclobutane rings left untouched.  It was determined that a 

mixed gold-silver salt catalyst in ówetô acetonitrile afforded the most reproducible 

transformation.9 Treatment of 252 with a mixture of Au(I)/Ag(I) in wet acetonitrile gave 

tetracycle 508 in high yield, Scheme 5.2, with no change in the strained rings.  This is not 

completely unexpected, as the ring expansions of cyclopropanes and cyclobutanes usually 

require activation10,11 (e.g., hydroxyl group), however, ôunactivatedô examples have been 

reported.12   
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Scheme 5.2  Gold-catalyzed cyclization of 1,5-enynes. 

This reaction presumably starts by coordination of the gold with the alkyne, 

Scheme 5.2, with the resulting intermediate 506 possibly electronically biased by the 

cyclopropane (R = cPr).  Fensterbank and Malacria found that platinum-catalyzed reactions 

of non-conjugated enynes were compatible with terminal cyclopropane substitution similar 

to 252.13  Trapping of this electrophile by the electron-rich enamide in a 5-endo-dig 

cyclization yields iminium 507 which is then intercepted by water, yielding tetracyclic 

N-acylaminal 508.  The structure of 508 was confirmed by Svitlana Kulyk by X-ray 

crystallography, Figure 5.3.14  A single diastereomer was isolated, with the water having 

approached from the more accessible bottom face due to the top face being blocked by the 

newly formed cyclopentene ring and the pendent cyclopropane ring blocking the angle of 

attack to the iminium. 
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Figure 5.3  Svitlana Kulykôs crystal structure of 508. 

Not surprisingly, cyclization is possible only when the ene and yne are cis to each 

other.  Subjecting a mixture of trans-253 and cis-253 to the same gold-catalyzed 

cyclization conditions led to quantitative recovery of trans cyclobutane cis-253 and 

formation of cyclization product 510 in good yield.   

 

Scheme 5.3  Only cis enynes cyclize. 
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Further investigation of the Au(I) catalyzed 5-endo-dig cyclization with a terminal 

alkyne 508 (Scheme 5.2) indicates an increased selectivity for internal (252) vs. terminal 

(230) alkynes, 87% and 23% yield, respectively.14  While the gold-catalyzed cyclization 

was promoted by substitution of the alkyne by phenyl and cyclopropane, unfortunately 

attempts to elicit cyclization of trimethylsilyl substrate 254 led only to recovered starting 

material.  Surprisingly, with no competing 5-endo-dig cyclization process present, there 

was no involvement by the adjacent cyclobutane observed, e.g., ring expansion.  Low 

reactivity for platinum-catalyzed reactions of an alkyne terminated by a trimethylsilyl 

group has been noted.13  

Investigation of the bromide substituted enamines 255 and 256 by gold catalysis 

lead to interesting products, with both substrates undergoing cyclization but with a twist.   

Subjecting terminal alkyne 255 to the established conditions resulted in loss of the bromine 

with the hemiaminal functionality being replaced with a carbonyl, imide 513, Scheme 5.4.  

It is likely that 513 results from initial trapping of the iminium by water, 511, followed by 

dehydrohalogenation to give 512.  The latter is presumably an E2-like process, with 

solvolysis of the initially formed allylic bromide initiating the dehydrohalogenation, 

followed by tautomerization to give 513. 
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Scheme 5.4  Additional gold-catalyzed cyclizations:  dehydrohalogenation leads to an 

imide product. 

Substrate 256 with a cyclopropyl terminated alkyne resulted in a rather interesting 

1,4-dioxane dimer 517, Scheme 5.5, isolated as a single diastereomer.  The structure of 

517 was confirmed by x-ray analysis, Figure 5.4, confirming that the dimerization 

occurred between two different enantiomers to form a 1,4-dioxane.  This is presumably 

due to a steric and shape mismatch between identical stereoisomers.  The formation of 

1,4-dioxane 517 suggests that an epoxy enamide (515) could be the monomer capable of 

this dimerization, and/or via a 1,3 zwitterion (516) with the positive charge sufficiently 

stabilized by the adjacent methylamido group.    There is literature precedent for the 

formation of 1,4-dioxane dimers from the corresponding a-amido epoxide.15,16    
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Scheme 5.5  Gold-cyclized 1,4-dioxane dimerization. 

 

Figure 5.4  Crystal structure of 517. 
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A possible mechanistic rationale for the formation of 513 (R = H) and 517 

(R = c-Pr) is summarized in Scheme 5.6.  The trapping of the initially formed iminium 

intermediate (e.g., 507) gives bromohydrins 511 and 514, which upon solvolysis of the 

allylic bromide results in the formation of an allylic carbocation.  Proton loss (pathway a) 

affords enol 512.  The formation of the olefin results in a slight flattening of the 6-5 rings 

system bringing the R group into the same plane as the hydroxyl group, leading to a 

possible syn pentane interaction.  The smaller hydrogen allows formation of the enol while 

the larger cyclopropyl group could result in a greater steric clash, and a higher energy 

pathway.  Deprotonation of the hydroxyl hydrogen (pathway b) would lead directly to a-

amido epoxide 515 and subsequent dimerization would give 1,4-dioxane 517.  The 

presence of H2O in the reaction mixture means that one cannot rule out the possibility of 

diol formation (pathway c) followed by nitrogen-assisted loss of water to give a-amido 

epoxide 515 or 1,4-dioxane 517 directly.         
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Scheme 5.6  Mechanistic rationale for 1,4-dioxane dimer formation. 

5.2.1.2 Sulfur Radical Cyclization 

As previously stated (Section 5.2.1.1), the trimethylsilyl terminated alkyne 254 

resulted in no reactivity under gold-catalysis conditions, this is presumably due to siliconôs 

preference to stabilize electron density at the Ŭ-position,17 which would direct the 

formation of a highly strained 4-membered ring in a disfavored 4-exo-dig ring closure.18  

In order to utilize siliconôs directing abilities, attention turned to radical chemistry to take 

advantage of this phenomenon.19,20 Radical chemistry has found an expansive use in both 

industrial processes and natural product synthesis.  Thiyl radicals can be easily generated 

from thiols and disulfides, and are cost effective and non-toxic compared to tin based 

methodologies.21 In addition, the newly formed products containing a phenylthio moiety 

are useful reactive intermediates for further manipulations.22   
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Figure 5.5  Radical cyclization of 1,5-enynes. 

Based on literature precedent, Figure 5.5, 1,5-enynes of the type 254 could 

participate in a radical cyclization.23  In the event, treatment of 254 with thiophenol in the 

presence of AIBN led to clean cyclization and formation of product 520. In contrast to the 

ionic gold-cyclization mechanism (Scheme 5.2), the silicon group stabilizes the initially 

formed a-sp2 radical (518), which subsequently undergoes cyclization in a 5-endo-trig 

fashion with the electron rich enamide, followed by termination via hydrogen abstraction 

from the thiophenol, Scheme 5.6, to give phenylthio tetracycle 520.   

The newly formed tetracyclic lactam 520 retains the same functional diversity as 

the gold-catalyzed method (Scheme 5.2), albeit losing the hydroxyl group alpha to the 

amide nitrogen, but gaining a vinylic phenylthio moiety.  Attempts to extend this method 

with a disulfide reagent (i.e., diphenyl disulfide), to retain the lost functionality in 520 

(compared to 508), met with no success. 
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Scheme 5.7  Thiol radical cyclization. 

5.2.2 Further manipulations of the N-acylaminal 

Several reactions of tetracyclic N-acylaminal 508 were explored to probe the 

capability towards functional group manipulation.  Reduction of the aminal hydroxyl was 

readily accomplished by treatment with sodium cyanoborohydride under acidic conditions 

to give 521.24 Alternatively, the hydroxyl group could be replaced by a methoxy group in 

acidic methanol to provide compound 522.  The methoxy group allows for more stability 

of the N-acylaminal9 (508 vs. 522), along with being a more general leaving group, 

including the efficient replacement with an allyl group by reaction with allyl 

trimethylsilane in the presence of boron trifluoride, to give w-allyl piperidinone 523 in an 

efficient two step sequence.25,26  In all cases, the nucleophiles were found to cleanly add to 

the convex face of the system, resulting in isolation of a single diastereomer. 
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Scheme 5.8  Elaboration of N-acylaminal 508. 

5.2.3 Titanium mediated molecular scaffold rearrangement 

The efficient formation of w-allyl piperidinone 523 afforded the opportunity to test 

the Ti(II) -mediate reductive ring expansion of lactams on a highly functionalized 

polycyclic system.  In addition to the terminal olefin and amide group, compound 523 

contains a tertiary olefin flanked by a cyclopropane and cyclobutane along with a 

coordinating tetrahydrofuran ring. Subjecting lactam-olefin 523 to the established reducing 

conditions (See Chapter 4) afforded a single product in 93% yield, Scheme 5.8.  NMR 

and X-ray analysis (Figure 5.6) determined the structure to be bicyclic hemiaminal 526.  

As expected, the two newly formed stereocenters are cis to each other, with the olefin 

having approached from the convex face of the tetracyclic scaffold and providing evidence 

for complete stereocontrol of the allyl addition (522 -> 523). A cis relationship indicates 
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the formation of cis-oxatitancycle intermediate 526 upon insertion of the carbonyl into the 

titanacyclopropane of intermediate 525.   The reaction required the addition of 6.2 ï 6.4 

equivalents of Grignard reagent to achieve complete conversion of piperidinone 523.  

Treating substrate 523 with only 3.2 - 3.5 equivalents followed by stirring overnight 

resulted in only 50% conversion to 527.   

 

Scheme 5.9  Ti(II) -mediate bicyclic hemiaminal formation. 
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Figure 5.6  Crystal structure of 527. 

The high yield of the transformation may be attributed to the additional structural 

rigidity afforded by the 5-4-5 fused ring system, as compared to the conformationally 

ambiguous lactam examples of Chapter 4.  The structural stability of the bicyclic 

hemiaminal moiety of compound 527 may also be attributed to the fused ring system.  The 

structural integrity of 527 presumably forces the amino group in close proximity to the 

labile carbonyl, effectively inhibiting relaxation to an amino cycloheptanone, and 

stabilizing the aminal species.  

 

Scheme 5.10 Ring opening of hemiaminal 528. 
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The hemiaminal (527) could be forced open upon treatment with an acyl chloride 

in the presence of a triethylamine, to give amino cycloheptanone 528 in 70% yield in two 

steps from piperidinone 523.  There was no observed epimerization of the methyl group 

under basic conditions as confirmed by x-ray analysis, Figure 5.7. 

 

 

Figure 5.7  Crystal structure of 528. 

5.3 Conclusion 

The utility of functionally rich polycyclic cyclobutanoid molecular scaffolds 

formed by the intramolecular [2+2] photocycloaddition of an enyne tethered with 2-

pyridone (Chapter 2) as useful templates to access interesting unnatural molecular 

scaffolds was demonstrated.   The alkyne moiety, when cis to the alkene of the N-acyl 

enamide, undergoes efficient gold-catalyzed or radical-initiated cyclization to give an 

additional cyclopentene ring.  The former, results in formation of an N-acylaminal which 
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can undergo reduction or nucleophilic substitution.  Substitution with an allyl group leads 

to an w-allyl piperidinone, capable of undergoing a powerful titanium-mediated scaffold 

rearrangement.  Application of a Ti(II) -mediate reductive scaffold rearrangement results in 

ring expansion of the 6-membered heterocyclic ring to a 7-membered carbocyclic ring.   

Overall, this high yielding, stereoselective, six step sequence creates a tetracyclic 

product with up to eight stereogenic centers from an achiral starting material with a single 

aromatic ring.   Further work is needed to take advantage of these functionally rich 

compounds for both synthetic and biological studies. 

5.4 Experimental 

Summary of general experimental techniques, instrumentation, purification 

procedures and reagent handling can be found on pages 39-40 

 

 

Gold Catalyzed Cyclization - General Procedure (5.1): To a 4.4 µM solution of 

chloro(triphenylphosphine)gold(I) (5 mol %) in acetonitrile was added a solution of enyne 

substrate 220 ï 223 or 227 (1 equiv., 0.02 M) in acetonitrile followed by addition of 

silver(I)triflate or silver(I)hexafluoroantimonate (5 mol %). The mixture was stirred in the 

dark at room temperature for 30 min and an additional 5 mol % of gold catalyst was 
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introduced along with 5 mol % of silver catalyst followed by 0.5 ï 20 hrs of stirring at rt. 

Upon complete consumption of starting enyne (TLC), the solvent was evaporated. The 

solid residue was washed with benzene (6 × 3 mL) and the resulting washings were filtered 

with celite and then concentrated in vacuo. The residue was purified by column 

chromatography as indicated. 

 

Cyclopropyl N-acylaminal (508).14   The crude product was 

purified by column chromatography (silica gel, 1:3 -> 1:1 

Et2O/DCM) to give the title compound 508 as a colorless solid 

(87%).  Rf = 0.30 (THF/DCM 1:3).  mp 144-145 °C.  IR (neat): 3373 

br, 3083, 2959, 2916, 2859, 1623 cm-1.  1H NMR (500 MHz, C6D6) ŭ = 5.11 ï 5.03 (m, 

1H), 4.81 (d, J=2.7, 1H), 4.14 (d, J=8.3, 1H), 4.02 (d, J=8.3, 1H), 3.83 (d, J=9.0, 1H), 

3.48 (d, J=9.1, 1H), 3.00 ï 2.90 (m, 2H), 2.86 (s, 3H), 2.74 ï 2.65 (m, 1H), 1.39 ï 1.25 (m, 

2H), 0.94 (s, 3H), 0.77 ï 0.69 (m, 1H), 0.48 ï 0.42 (m, 3H), 0.16 ï 0.09 (m, 1H).  13CNMR 

(125 MHz, CDCl3) ŭ = 170.5, 146.6, 125.0, 83.6, 80.7, 77.8, 56.3, 53.6, 52.5, 49.5, 38.6, 

34.1, 29.7, 15.3, 9.8, 8.2, 4.6.  Exact Mass Calculated For C16H22NO3 [M+H] +; calcd: 

276.1594, found: 276.1594. 

 

N-acylaminal (509).14  Purification by prep TLC on silica gel with 

EtOAc/DCM (1:2) to give the title compound 509 (23%).  Rf = 0.25 

(2:1 EtOAc/DCM).  1HNMR (500 MHz, CDCl3) ŭ = 5.87 (dtd, J = 

5.5, 2.4, 0.5 Hz, 1H), 5.67 (dddd, J = 5.5, 1.9,1.2 Hz, 0.5 Hz, 1H), 
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5.12 (t, J = 2.7 Hz, 1H), 3.99 (d, J = 9.1 Hz, 1H), 3.94 (d, J = 8.6Hz, 1H), 3.82 (d, J = 8.6 

Hz, 1H), 3.50 (dd, J = 9.1, 0.5 Hz, 1H), 3.32 (dpent, J = 8.7, 2.4Hz, 1H), 3.06 (m, 1H), 

3.03 (m, 1H), 3.03 (s, 3H) 2.45 (d, J = 2.7 Hz, OH), 0.98 (s, 3H).   

 

Phenyl N-acylaminal (510).  The crude product was purified by 

column chromatography (silica gel, 10% -> 40% EtOAc/DCM) to 

give the title compound 510 as an oil (52%) and cis-253.  Rf = 0.29 

(60% EtOAc/DCM).  IR (neat): 3367 br, 2956, 2923, 2853, 1625, 

1489, 1260, 1073, 1032, 1018, 934, 760, 698 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.38 

ï 7.33 (m, 3H), 7.33 ï 7.27 (m, 2H), 6.01 (t, J = 2.3 Hz, 1H), 5.12 (d, J = 2.6 Hz, 1H), 4.04 

(d, J = 9.1 Hz, 1H), 3.98 (d, J = 8.5 Hz, 1H), 3.87 ï 3.79 (m, 2H), 3.54 (d, J = 9.1 Hz, 1H), 

3.24 (dd, J = 8.8, 7.0 Hz, 1H), 3.18 ï 3.10 (m, 1H), 2.74 (s, 3H), 1.10 (s, 3H).  13C NMR 

(125 MHz, CDCl3) ŭ = 170.9, 144.21, 135.6, 131.2, 128.9, 128.1, 126.6, 83.1, 80.9, 77.9, 

56.3, 54.1, 50.6, 50.5, 38.5, 34.1, 15.8.  Exact Mass For C19H21NO3 [M+H] +; calcd: 

312.1594, found: 312.1595.   

 

Trans 2+2 Adduct (cis-253).  Rf = 0.65 (2:1 EtOAc/Hexanes).  IR (neat): 

2954, 2922, 2848, 1656, 1442, 1384, 1255, 1069 cm-1.  1H NMR (500 

MHz, CDCl3) ŭ = 7.45 ï 7.41 (m, 2H), 7.31 ï 7.27 (m, 3H), 5.94 (dd, J = 

8.0, 0.7 Hz, 1H), 5.14 (ddd, J = 8.0, 4.9, 0.5 Hz, 1H), 4.41 (d, J = 9.4 Hz, 

1H), 4.07 (d, J = 8.9 Hz, 1H), 3.96 (d, J = 8.9 Hz, 1H), 3.38 (d, J = 9.4 

Hz, 1H), 3.11 (s, 3H), 2.98 (dd, J = 7.4, 4.9 Hz, 1H), 2.92 (d, J = 7.5 Hz, 1H), 1.25 (s, 3H).  

13C NMR (100 MHz, CDCl3) ŭ = 167.0, 131.8, 129.6, 128.4, 128.1, 123.4, 105.9, 87.2, 
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87.1, 76.7, 76.6, 57.9, 53.5, 43.1, 41.2, 34.9, 20.3.  Exact Mass For C19H19NO2 [M+H] +; 

calcd: 294.1489, found: 294.1488.  Note:  Purified compound cis-253 used for irradiation 

study of Table 2.2. 

 

Tetracyclic imide (513).  The crude product was purified by column 

chromatography (silica gel, 2% -> 5% MeOH/DCM) to give the title 

compound 513.  Rf = 0.21 (5% MeOH/DCM).  IR (neat): 2923, 2852, 

1736, 1637, 1457, 1064, 926 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 

6.43 (dd, J = 9.3, 6.3 Hz, 1H), 6.15 (dd, J = 9.3, 5.3 Hz, 1H), 4.12 (t, J = 9.8 Hz, 2H), 3.91 

(dd, J = 6.3, 2.7 Hz, 1H), 3.89 (d, J = 9.4 Hz, 1H), 3.69 (d, J = 9.6 Hz, 1H), 3.24 (dd, J = 

7.6, 2.6 Hz, 1H), 3.20 (dd, J = 7.8, 5.4 Hz, 1H), 3.08 (s, 3H), 1.07 (s, 3H).  13C NMR (125 

MHz, CDCl3) ŭ = 202.7, 166.9, 135.0, 129.2, 81.1, 74.2, 63.5, 59.0, 51.1, 47.2, 42.4, 34.9, 

17.3.  Exact Mass For C13H15NO3 [M+H] +; calcd: 234.1125, found: 234.1108. 

 

1,4-dioxane dimer (517).  The crude product was purified 

by column chromatography (silica gel, 1:2 -> 1:1 

EtOAc/hexanes) to give the title compound 517 (34%).  Rf 

= 0.24 (1:1 EtOAc/hexanes).  mp = decomposition.  IR 

(neat): 2917, 2851, 1651, 1335, 1248, 1067, 1036, 1021, 

1004, 944, 927 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 5.54 (d, J=1.7, 1H), 5.24 (s, 1H), 

4.00 (d, J=9.2, 1H), 3.97 (d, J=8.8, 1H), 3.91 (d, J=8.8, 1H), 3.51 (d, J=9.2, 1H), 3.22 (d, 

J=6.4, 1H), 3.09 ï 3.04 (m, 1H), 3.00 (s, 3H), 1.32 ï 1.27 (m, 1H), 0.86 (s, J=7.5, 3H), 








































































































































































































































































