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ABSTRACT 

Development of therapeutics is an extensive process, consuming significant 

amounts of time and requiring herculean synthetic efforts.  A new therapeutic is most often 

designed from a previously commercialized scaffold, to increase the chance of success.  

Designing new molecular scaffolds can be extremely high risk and time consuming, yet at 

the same time the reward can be substantial.  Accessing new molecular scaffolds, with 

efficient and ñgreenò methods, is important in modern medicinal chemistry to diversify 

chemical space for therapeutic targets.  There may be significant quantities of therapeutic 

candidates that have been over-looked due to synthetic challenges.  There is a need for 

methodologies to synthesize challenging molecular scaffolds that are underexplored in 

commercialized therapeutics. 

The work described herein employs two distinct methodologies to access complex 

molecular scaffolds:  1) by developing a titanium (II) mediated Kulinkovich de-Meijere 

reaction arrested by Bredtôs rule and a suitable aryl sulfonyl moiety to afford diverse 

molecular scaffolds with potential for medicinal chemistry applications and 2)  utilizing a 

[4 + 4] photocycloaddition of 2-pyridone-enolynes to access functionally rich 

cyclooctanoids that are capable of further photochemical transformations into even more 

complex molecular scaffolds.   

The titanium (II) mediated Kulinkovich reaction traditionally yields 

cyclopropylamines and cyclopropanols from amides and esters, respectively.  The reaction 

involves two consecutive carbon-carbon bond forming steps.  The bridged tricyclic 

intermediates would violate Bredtôs Rule and prevent the final carbon-carbon bond 
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formation.  This transformation can access a wealth of cyclic amino-ketones from olefin-

tethered lactams.  In addition, appropriate selection of an electron withdrawing group on 

nitrogen achieves the same bond sequestration.  Interception of the titanafuran intermediate 

allows for electrophilic trapping of the titanium-carbon bond.  The electronically arrested 

second carbon-carbon bond forming step adds generality to the interrupted Kulinkovich 

de-Meijere reaction to access the challenging molecular scaffolds of trans-Ŭ,Ŭô-

disubstituted cyclic ketones. 

Intramolecular [4 + 4] photoreaction of 2-pyridones with silyl 3-enol-1-ynes yields 

a highly reactive 1,2,5-cyclooctatriene.  In the presence of a silanol proton source the allene 

is converted into a 1,3-diene.  Without the combination of silyl 3-enol-1-ynes and silanol, 

as previously reported with 1,3-enynes, complex mixture of products is observed.  Use of 

more nucleophilic solvents results in near quantitative yield of the cyclooctadienone 

through loss of silicon.  Further photochemical manipulations of the cyclooctanoids allows 

for rapid scaffold diversification into Bullvalene-like structures through a di- -́methane 

rearrangement. 
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CHAPTER 1 

1. CHALLENGING MOLECULAR SCAFFOLDS :  AN OVERVIEW  

 

1.1. Introduction and motivation  

Small molecules are an important part of modern synthetic organic chemistry.  

Small molecules play an unparalleled role in targeting proteins and cellular functions.  

Often, natural products contain within their skeletal structure, novel molecular motifs that 

directly control subsequent interactions in biological systems. Heroic labors were 

unleashed into the understanding of the roles played by natural products in these systems.   

Decades of elegant syntheses of natural products have resulted in a wealth of therapeutics 

and commercialized pharmaceuticals.  From a historical perspective, these Herculean 

efforts have afforded numerous novel methods to construct and functionalize these unique 

motifs.1  Possessing significant biological activity, challenging molecular scaffolds have 

also expanded the knowledge of numerous areas of organic chemistry such as 

conformational analysis2 and reactivity.3   In addition, the excitement, intrigue and the lure 

of transforming simple ideas into reality, inspires method development of challenging 

molecular scaffolds for therapeutic applications. 

Development of pharmaceuticals, often inspired by Mother Nature, generally starts 

with a core structural feature that possesses some significant quantity of biological activity.  

Elaboration of the motif requires significant effort in synthetic chemistry, affording lead 

compounds that may or may not evolve into commercialized therapeutics.  It has been 

estimated that, per new medical entity, the cost to develop from hit-to-lead is $166 million; 

further elaboration in lead optimization is estimated at an additional $414 million.4  
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Development of therapeutics suffers from high attrition rates, as unanticipated side effects 

can prove disastrous in drug discovery.  The need to start with exceptional scaffolds to 

increase chances of success, becomes apparent when considering these numbers.5  It has 

been estimated that the number of potential drug-like molecules is more than 1060 

compounds.  Although vast, many of these compounds most likely lack significant 

biological activity and would suffer from poor pharmacokinetics.  With such a vast quantity 

of potential candidates, work has been done to identify potential privileged scaffolds.  The 

concept of ñislandsò of biologically useful scaffolds has been well documented.6-7  Of all 

the privileged scaffolds, nearly 300 unique combinations of mono, bi and tricyclic ring 

systems are present in FDA approved therapeutics.7  Of all these unique combinations of 

ring systems, the lionôs share contain five and six-member rings.8  Previous analysis 

indicated that over the past 30 years, 70% of new drugs contained similar ring systems to 

previous candidates.7  Building from prior efficacious skeletons generally leads to high 

success rates in new drug candidates as these molecular motifs have already been screened 

for potency, absorption, distribution, metabolism, excretion and toxicity.9  Poor prospects 

for drug efficacy, toxicology and physiological characteristics plague exploration into 

novel chemical space for unique therapeutic candidates, inherently creating a high-risk, 

low probability of success environment.  Accessing new and efficacious drug candidates 

is important for therapeutic diversity, often one novel ring system that is successful in one 

therapeutic area is transposed into another.  Expansion of molecular motifs and ring 

systems into less explored and synthetically challenging ring systems has the potential for 

the discovery of new and powerful therapeutics.  For example, analysis of kinase scaffolds 

demonstrated that a wealth of chemical space is largely unexplored by molecular systems,10 
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demonstrating that efficacious routes to synthetically challenging molecular scaffolds is 

paramount for success in unexplored therapeutic space.   

 

1.2. Challenging molecular motifs 

One such molecular scaffold underrepresented in pharmaceuticals,8 and notoriously 

synthetically difficult to access, are cyclooctanoids.  Cyclooctane ring systems suffer from 

high levels of ring strain developing during cyclizations, due to transannular interactions 

of substituents.  Rates of formation for an 8-member ring, therefore, are the most 

energetically disfavored, Figure 1.1.11    

 

 

 
Figure 1.1 Lactonization rates relative to ring size.  Reprinted with permission from Illuminati, 

G.; Mandolini, L. "Ring closure reactions of bifunctional chain molecules," Acc. Chem. 

Res. 1981, 14, 95-102. Copyright 1981, American Chemical Society. 

 



33 

 

Cyclooctanoids are underrepresented in pharmaceuticals; they are absent from the 

top 100 ring systems in therapeutics.9  Natural products that do contain this moiety, such 

as Taxol®, possess extremely potent and desirable therapeutic qualities. These ring 

systems potentially offer a vast array of therapeutic possibilities from a chemical space that 

is largely unexplored.   

Expanding access to these molecular scaffolds in therapeutics requires novel and 

efficient routes to reduce the overall cost and risk involved in the development of more 

complex pharmaceuticals.  Prior art to access natural products containing an 8-member 

ring, such as the colossal efforts to prepare Asteriscanolide,12-13 Fusicosin,14-15 

Ophiobolin,15-16 Steganone,17-21 and Taxol22-23, are as elegantly diverse as they are 

intellectually stimulating.  Representative strategies to access these motifs include ring 

expansions,24 metal-mediated cyclizations,21 metal-mediated cycloadditions and 

photochemical cycloadditions.13, 25-26   Synthetic strategies in the modern era, to be 

successful, should be atom economical, use non-toxic and abundant reagents, and be highly 

efficient.  

In 1997, Wender and co-workers reported an elegant method for construction of the 

8-membered ring in Taxol.27  The core of the taxane AB-ring system was elaborated 

through a sequential oxidation and elimination event from the tricyclic moeity 101.  

Formation of the epoxide afforded 102.  Subsequent DABCO-induced fragmentation 

furnished the highly decorated bicyclic cyclooctane 103 contained within Taxol, Scheme 

1.1.28  This demonstrated the power of ring fragmentation and expansion methodology, and 

an atom economical strategy, to construct these notoriously challenging rings.  
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In addition to bond fragmentation approaches, construction of the cyclooctane ring 

system is possible through direct cyclizations.  Ring closing metathesis (RCM), a powerful 

tool for the cyclization of di-olefins, has proved to be an efficacious method for the 

synthesis of 8-member rings.  In 2004 Martinôs report of the total synthesis of Manzamine 

A highlighted the power of RCM in the construction of medium and large sized rings.29  

The macrocyclization through RCM with 104 afforded the 13-member azocine 105 in a 

good 67% yield.  Subsequent functional group manipulation afforded 106 and set the stage 

for the second RCM and construction of the 8-member ring.  The final RCM proceeded 

smoothly, albeit in lower yield, to afford the cyclooctanoid 107 which was further 

elaborated to Manzamine A, Scheme 1.2.29   

 

 

Scheme 1.1 Wenderôs ring fragmentation strategy in the synthesis of TaxolÈ. 
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In addition to ring fragmentation and ring closing metathesis, cycloadditions of 1,3-

dienes and homologs thereof readily form cyclooctanoids and other ring systems.  

Cycloadditions such as the Diels-Alder reaction are potent methods for ring construction.   

Diels-Alder reactions exhibit high stereoselectivity and are extremely atom economical, a 

principle of green chemistry.  Higher order cycloadditions, such as a [4 + 4] cycloaddition, 

are just as efficient in ring construction and are mediated by metals or light.  Metal 

mediated cycloadditions selectively access four, six, eight and twelve-member rings, and 

are highly dependent on the substitution present.  In 1986 Wender and co-workers reported 

a potent method for the construction of cyclooctanoids through a nickel (0) catalyzed [4 + 

4] cycloaddition.25  A year later, they reported an elegant and concise synthesis of (+)-

Asteriscanolide.12  Using the nickel-catalyzed cycloaddition, cyclization of the highly 

 

Scheme 1.2 Martinôs elegant use of ring closing metathesis in the synthesis of 

Manzamine A. 
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decorated carbon framework of 108 efficiently afforded the corresponding 1,5-

cyclooctadiene skeleton, 109, which was then further elaborated to (+)-Asteriscanolide, 

Scheme 1.3. 

 

 

 

Ring fragmentations, ring closing metathesis and cycloadditions have become 

ubiquitous synthetic tools for the construction of challenging molecular scaffolds.  These 

methods for the construction of medium sized rings follow several principles of green 

chemistry.  Reactions that are mediated by abundant non-toxic reagents and 

environmentally sound processes now dominate the literature, reflecting efforts to reduce 

toxic waste and increase efficiencies.   

 

 

Scheme 1.3 Wenderôs nickel-catalyzed [4 + 4] cycloaddition strategy for the 

synthesis of (+)-Asteriscanolide. 
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Although many metal-mediated reactions are done in a catalytic fashion, remnants 

of these metals pose a significant challenge to the clinical use of therapeutics as they can 

be toxic.  In Table 1.1, the permitted daily exposure (PDE) of metals in therapeutics is 

listed.30    

 

 

 

Table 1.1 Permitted daily exposure (PDE) of metals in active pharmaceuticals.  
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As shown in Table 1.1, many metals, have extremely low thresholds for exposure 

in the micrograms per day in pharmaceutical dosing.  Generally, synthetic transformations 

using these metals are best performed early in a synthetic route and removed by subsequent 

purification steps.  Methods have been developed to efficiently remove toxic metals prior 

to clinical use.31  It should be noted that transition metal-mediated transformations can be 

exceptionally powerful and have almost no synthetic parallel, their use should not be 

discouraged.  

Transformations that access complex scaffolds, using non-toxic metals could serve to 

benefit and complement current methodologies.  In addition, transformations mediated 

through photochemical means avoid the use of potentially toxic substances and afford 

complex molecular scaffolds in an inherently green way.  The need for new methods that 

are biologically and environmentally friendly to access synthetically challenging molecular 

scaffolds in an efficacious manner is always present. 

 

1.3. Setting the stage 

Photochemistry is an underrepresented methodology in industrial synthesis.  

Photochemical reactions offer unique advantages over corresponding thermal analogs such 

as offering different chemical reactivity in the excited state and mild generation of reactive 

intermediates from green precursors.  Pathways and products derived from a photo-

initiated process sometimes have no parallel in thermal chemistry.  Green processes are not 

limited to photochemical transformations.  Metal mediated processes can also be green.  

Processes using non-toxic, abundant and environmentally friendly metals are consistent 
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with the principles of green chemistry.  The work described herein includes photochemical 

and metal-mediated methods approaches to challenging molecular scaffolds, consistent 

with several of the principles of green chemistry.  In Chapter 2, a novel method for the 

stereoselective conversion of simple ene-lactams to carbocyclic amino-ketones, with the 

abundant and biologically inert metal, titanium, is described.  Following that, a general 

approach to an interrupted Kulinkovich de-Meijere reaction to access trans-Ŭ,Ŭô-

carbocyclic amino-ketones is discussed in Chapter 3.  Diversification of the amino-

ketones synthesized in Chapters 2 and 3 to give new bicyclic systems in short synthetic 

sequences, is demonstrated in Chapter 4.  Accessing more challenging substrates, such as 

cyclooctanoids, through a photochemical mediated [4 + 4] cycloaddition with silyl-3-enol-

1-ynes and aromatic systems such as 2-pyridones is described in Chapter 5.  Finally, 

further photochemical transformations of the [4 + 4] adducts, previously unreported in 

these systems to give complex bullvalene scaffolds is discussed in Chapter 6. 
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CHAPTER 2 

2. DEVELOPMENT OF A BREDTôS RULE ARRESTED KULINKOVICH DE-

MEIJERE REACTION  

 

 

2.1. The History of the Kulinkovich Reaction 

An extraordinary low valent titanium-mediated reductive coupling of alkenes and 

carboxylic esters to yield cyclopropanols has been extensively studied since its 

enumeration in the literature by Kulinkovich in 1989.1  Shortly thereafter, de-Meijere 

reported that alkenes would undergo a similar transformation with tertiary amides to yield 

cyclopropylamines.2  Titanium-based reactions and processes have the benefit of using 

inexpensive and non-toxic reagents, an important advantage over other transition metal-

based transformations. 

 

2.1.1. Seminal Discovery: The Carboxylic Acid Ester 

First reported in 1989 by Kulinkovich and co-workers, carboxylic esters and 

alkenes are transformed into 1-hydroxycyclopropanols in the presence of one equivalent 

of titanium (IV) tetraisopropoxide and an excess of ethylmagnesium bromide.1  The 

reaction readily occurs at temperatures of -78 °C to -40 °C and upon hydrolytic workup 

yields 1-hydroxycyclopropanols in excellent yields, Scheme 2.1a.  Shortly thereafter in 

1991, Kulinkovich reported that the same transformation could be achieved using catalytic 

amounts of titanium (IV) isopropoxide (5 ï 10 mol%) and only two equivalents of 

ethylmagnesium bromide, Scheme 2.1b.3-4 
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The transformation proceeds through a low valent titanium (II) species that is 

formed in the presence of the Grignard reagent, Figure 2.1.  The proposed mechanism is 

shown in Figure 2.2, proposed by Kulinkovich and backed by DFT calculations made by 

Wu and Yu.3-5  Initial attack of two equivalents of the Grignard reagent on the titanium 

(IV) tetraisopropoxide renders the unstable dialkyltitanium species A, that rapidly 

undergoes ɓ-hydride elimination to form the dialkoxytitanacyclopropane species B.3-4 

 

 

 

Scheme 2.1 Original Kulinkovich conditions and the catalytic variant. 

 

Figure 2.1 Reduction of titanium (IV) to titanium (II) with ethylmagnesium bromide, 

formation of the active titanacyclopropane. 
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This dianionic titanacyclopropane intermediate B has been proposed to be in 

resonance with the ɖ2-ethylene structure Bô above in Figure 2.2, favoring B.  The 

titanacyclopropane coordinates to the ester shown as C.  The titanacyclopropane 

irreversibly undergoes a 1,2-insertion into the carbonyl affording titanafuran intermediate 

D, with insertion favored via the less hindered carbon.  Collapse of the titanafuran via 

alkoxide elimination to form ɓ-metallated ketone species E precedes the second carbon-

carbon bond forming step.6  The rate determining step of the catalytic cycle is an 

intramolecular Lewis acid-assisted 1,2 nucleophilic insertion into the carbonyl moiety 

resulting in titanacyclopropanol F.  At this stage, the titanium (IV) cyclopropoxide F can 

 

Figure 2.2 Proposed mechanism of the Kulinkovich reaction between an ester and 

Grignard reagent. 
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play the same role as the alkoxides in the starting titanium species.  Two additional 

equivalents of Grignard can attack the titanium alkoxycyclopropanol to regenerate A, 

rendering the cycle complete and catalytic.  The cyclopropoxide G is stable in solution and 

hydrolytic workup affords the 1-hydroxycyclopropanol.3-4 

The Kulinkovich reaction, using substituted Grignard reagents, can also produce 

di-substituted 1,2-alkylcyclopropanols with excellent diastereoselectivity and excellent 

yields.  The high diastereoselectivity is attributed to the rate determining second carbon ï 

carbon bond forming step yielding the cyclopropane product.  It has been proposed that in 

transition states leading to (E) and (Z) ï cyclopropanes, shown in Figure 2.3, steric 

interactions between the alkyl substituents (cis) and the alkyl substituent and ɓ-

alkoxytitanium (trans) destabilize the intermediates and determine the product ratios 
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The destabilization of the cis-transition state is overcome by an agostic interaction 

of the titanium and the h-hydrogen.5  It should be noted that Kulinkovich proposed that the 

diastereoselectivity could be understood as a consequence of steric interactions between R 

and the bulky titanium ñateò complex.7   

Interestingly, the transformation is not highly sensitive to the species of titanium 

(IV) used.  Cha and coworkers reported that in the presence of Ti(OCH2CF3)4 and Ti[O(p-

OMe)-C6H4]4, with very different oxygen ligands, the reaction of methyl 

cyclohexanecarboxylate with ethylmagnesium bromide gives similar yields of 68% to 

93%.8  The transformation is only slightly sensitive to the Grignard reagent employed.  The 

few notable exceptions were studied by Ollivier and coworkers who noted that using cyclo-

 

Figure 2.3 Rationale of the observed diastereoselectivity, the agostic interaction of 

the cis transition state is favorable. 
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propylmagnesium bromide and cyclo-hexylmagnesium bromide directly resulted in little 

or none of the expected products.9-11   

 

 

 

Although almost any Grignard reagent could be employed in the Kulinkovich 

reaction, complex Grignard reagents would be prohibitively expensive.  The need for a 

more economical way of generating the reactive titanacyclopropane led to the discovery 

by Kulinkovich that styrene would undergo ligand exchange with the ɖ-ethylene titanium 

species shown in Figure 2.4.12 

Ligand exchange with styrene was an important development in Kulinkovich 

chemistry as it allowed complex olefins to become coupling partners instead of sacrificial 

Grignard reagents.  There are limitations, however, because 1-heptene, ethyl vinyl ether 

and several other olefins are unable or are slow to undergo ligand exchange with the 

titanacyclopropane.12  An important discovery by Cha and coworkers was that cyclo-

pentylmagnesium bromide and cyclo-hexylmagnesium bromide gave cyclo-pentene and 

hexene complexes that favored ligand exchange with other alkenes over 1,2-insertion.  This 

ligand exchange was attributed to a more unstable disubstituted titanacyclopropane product 

 

Figure 2.4 Ligand exchange of titanium ethylene with substituted olefins. 



50 

 

that resulted from reduction of the previously mentioned Grignard reagents, Scheme 2.2.10, 

12     

 

 

 

With the exception of norbornene, ligand exchange of cyclo-pentene is limited to 

monosubstituted olefins.10  This ligand exchange allowed intramolecular variants to be 

developed for the first time.  The development by Cha10, 13-14 and Sato15-17 allowed for the 

synthesis of bicyclic cyclopropanols in good yield, Scheme 2.3.  In Chaôs case, the yields 

were modest when the ring size was 5 ï 6 carbons.   

 

 

Scheme 2.2 Chaôs ligand exchange on terminal olefins with c-hexylmagnesium bromide. 
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As expected, when the distance between the olefin and the ester was increased, 

formation of the larger ring intermediate faced higher entropic barriers and the yields 

decreased dramatically.13  This can be attributed to decreased interaction of the distal 

reactive ends.  When an oxygen atom was part of the tether and therefore within the ring, 

Ollivier demonstrated that synthesis of larger ring sizes (7 member and 8 member rings) 

were possible, presumably due to a Thorpe Ingold effect as shown in Scheme 2.4.18-21 

 

 

Scheme 2.3 (a) Chaôs intramolecular variant of the Kulinkovich reaction.  (b)  Satoôs 

intramolecular variant on homoallylic esters. 
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2.1.2. The Kulinkovich de-Meijere Reaction:  The amide 

  A modified Kulinkovich reaction, first reported by de-Meijere in 1996, led to the 

synthesis of 1-aminocyclopropanes from carboxylic acid amides, is analogous to the 

cyclopropanols from carboxylic acid esters.2, 11, 22  Treatment of N,N-dialkylamides with 

stoichiometric quantities of titanium (IV) tetraisopropoxide or another suitable titanium 

(IV) reagent (i.e. chloro or methyl titanium triisopropoxide), and an excess of a Grignard 

reagent results in the isolation of 1-aminocyclopropanes in excellent yield, as shown in 

Scheme 2.5.2, 23-26  These reactions are robust as amides are traditionally less reactive 

towards Grignard reagents, although the reaction is quite sensitive to the alkyl or aryl 

groups bound to nitrogen.  Bulkier alkyl or aryl nitrogen substituents decrease reactivity 

towards the titanacyclopropane, requiring higher temperatures and sometimes increased 

reaction times.  Interestingly in a competition, while amides are less reactive than esters, if 

the ester moiety is sterically hindered (i.e. tert-butyl esters), reaction of the amide can be a 

major pathway.27   

 

Scheme 2.4 Ollivierôs synthesis of 8-member rings using an intramolecular Kulinkovich 

reaction and the Thorpe Ingold effect. 
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  A significant difference between the de-Meijere variant as compared to the original 

Kulinkovich reaction is the need for stoichiometric titanium.  With ester substrates, 

titanium (IV) can be regenerated with additional equivalents of the Grignard reagent, 

Figure 2.2.  With amide substrates, titanium (IV) cannot be regenerated and is lost as 

titanium oxide, this can be explained by the mechanism of the de-Meijere variant, Figure 

2.5.  

 

 

Scheme 2.5 Kulinkovich de-Meijere reactions on tertiary amides and formamides. 
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  In the presence of a titanium (IV) substrate, two equivalents of a Grignard reagent 

will displace two alkoxy groups resulting in dialkyltitanium species A.  This 

dialkyltitanium species undergoes a ɓ-hydride elimination to release an alkane (as ethane 

shown above) and form the reactive di-iso-propyloxytitanacyclopropane complex B with 

the alkene.  The amide coordinates to the titanium complex C and titanium adds to the 

carbonyl as previously proposed for the standard Kulinkovich mechanism.  The result of 

the insertion is titanafuran D which now has two potential pathways.  One of the pathways, 

similar to the ester reaction, would have the amine leave forming an oxonium ion (not 

shown). That pathway is not observed.  The other pathway involves fragmentation of the 

titanafuran via the lone pair on nitrogen to form the zwitterionic iminium intermediate E.  

At this stage the carbon ï titanium bond adds to the iminium ion, forming the 1-

 

Figure 2.5 Proposed mechanism of the Kulinkovich de-Meijere reaction. 
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aminocyclopropane F.2, 24, 26  The cyclization releases a titanium oxide species that on 

workup is presumably hydrolyzed to titanium dioxide.  The titanium oxide species cannot 

be reduced by Grignard reagents and therefore renders the reaction stoichiometric in 

titanium.  However de-Meijere has reported that in the presence of trimethylsilylchloride, 

substoichiometric quantities of titanium have been used with promising results.28  

  When Grignard reagents larger than ethyl are used, the intermolecular Kulinkovich 

de-Meijere reaction generally suffers from modest diastereoselectivity which is attributed 

to an acyclic intermediate E in Figure 2.5.  The energy difference is small for the 

diastereomeric conformers leading to either cis or trans products, Figure 2.6.  It has been 

noted that diastereoselectivity is highly substrate dependent.11 
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  As shown in Figure 2.6 if R1 is a hydrogen, in the case of formamides; the cis 

transition state is favored.  This is due to the reduced steric interactions of the R1 and R2 

groups.  The trans product is favored with most amides.  Due to the open transition state, 

there is rotation around the first carbon ï carbon bond to minimize steric interactions. 

The development of ligand exchange allowed for significant study of the 

intramolecular Kulinkovich de-Meijere reaction by de-Meijere22, 25, 29-30, Six26, 31-35, Cha14, 

36 and Joullié23 groups. 

 

 

 

Figure 2.6 Diastereoselectivity based on the W shaped transition states of the 

intermolecular Kulinkovich de-Meijere reaction. 
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2.1.3. Interrupted Kulinkovich de -Meijere reactions 

There have been several reports of Kulinkovich de-Meijere reactions in which the 

traditional mechanism has been subverted, including prevention of the second carbon ï 

carbon bond formation.  The groups of Cha14, 27, 36-38 and Sato16, 39 have reported that imides 

and Oppolzerôs camphorsultam based systems readily react under standard Kulinkovich 

de-Meijere conditions, Scheme 2.6.   

 

 

 

In the case of N-alkylated imides, Scheme 2.6a; after ligand exchange with the 

reactive titanium (II) species, 1,2-insertion into the carbonyl would result in a tricyclic 

 

Scheme 2.6 (a) Chaôs initial work on intramolecular N-substituted imides.  (b) Satoôs 

work on N-acylated camphorsultams to yield cyclopropanols in high 

enantioselectivity. 
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intermediate.  This intermediate would be unique, as compared to traditional amide systems 

in that the lone pair of the nitrogen would be unable to assist in the cleavage of the 

titanafuran.  The titanafuran would be persistent until hydrolytic workup or 

functionalization.  Deuterium and oxygen trapping studies have indicated such 

persistence.36  Sato reported a different outcome with use of Oppolzerôs camphorsultam.  

Formation of the cyclopropanol proceeded smoothly with high diastereoselectivity and 

enantioselectivity, Scheme 2.6b.  It was argued that the excellent stereoselectivity was due 

to a cooperative effect of the sultam and alkyl substituent, whereas with use of the other 

diastereomer of camphorsultam or Evanôs N-acyloxazolidinone the diastereoselectivity 

decreased significantly.39  There were no detectable quantities of N-

cyclopropylsulfonamide which would arise from nitrogen assisted cleavage of the 

titanafuran.  Interruption of the Kulinkovich de-Meijere reaction through substrate derived 

electronic control will be discussed in Chapter 3.  The benefit of an interrupted 

Kulinkovich de-Meijere reaction and sequestration of the second carbon ï carbon bond has 

potential to access a variety of unique products traditionally inaccessible through the 

standard transformation. 

 

2.2. The Seminal Discovery 

  A review of the literature reveals that the amide has been extensively explored as 

the reactive carbonyl in the Kulinkovich de-Meijere reaction, but itôs cyclic cousin the 

lactam, has not.  This presented an opportunity to expand the wealth of knowledge in 

chemical space of the Kulinkovich de-Meijere reaction.  Preceding the initial idea, as 
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performed by Paul Finn, a suitable precursor was synthesized using the Sieburth40-43 

groupôs Pyridone ï Enyne [2 + 2] photocycloaddition chemistry shown in Scheme 2.7.   

 

 

 

Irradiation of pyridone ï enyne 201 in toluene provided the [2 + 2] product 202 as 

a single diastereomer.43  This product was subjected to a gold catalyzed 5-exo-dig44 

cyclization to yield the pentacyclic hydroxy lactam 203 in excellent yield.  Methanolysis 

of the hydroxylactam followed by allylation using BF3·OEt2 and allyltrimethylsilane 

resulted in the isolation of the allylated polycyclic lactam 204.  Treatment of this ene-

lactam with titanium (IV) tetraisopropoxide and cyclo-pentylmagnesium bromide, standard 

Kulinkovich de-Meijere conditions,10 did not yield the expected standard Kulinkovich de-

 

Scheme 2.7 Paul Finnôs pyridone ï enyne [2 + 2] cycloaddition followed by a gold 

catalyzed 5-exo-dig44 cyclization and functional group manipulation and 

Kulinkovich de-Meijere test reaction. 
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Meijere aminocyclopropane product 205 but instead gave the hemi-aminal 206, shown in 

Scheme 2.8, isolated in an excellent 92% yield!45  

 

 

 

This interruption of the traditional Kulinkovich de-Meijere reaction was a 

consequence of the need for a violation of Bredtôs rule.  Mechanistically, a nitrogen assisted 

cleavage of the titanafuran to form a reactive iminium ion is required for the second carbon 

ï carbon bond to form and complete the cyclopropanation, see Figure 2.5.  This iminium 

ion, within the tricyclic intermediate; would be in clear violation of Bredtôs rule and 

significantly too high in energy to form.  To test whether this was unique to a complex 

structure or potentially more synthetically useful, a simple model ene-lactam substrate was 

prepared by Finn.  After ligand exchange in the presence of titanium (II) and 1,2-insertion 

of the titanacyclopropane into the lactam carbonyl of 207 the intermediate titanafuran was 

formed.  At this stage titanafuran 208 could undergo a nitrogen assisted cleavage of the 

metallocycle forming iminium 209.  This species would undergo a second carbon ï carbon 

bond forming step to complete the reaction and forming aminocyclopropane 210.  This 

 

Scheme 2.8 Paul Finnôs synthesis of hemi-aminal 206 using Kulinkovich de-Meijere 

conditions. 
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pathway proved to be too high in energy, constrained by Bredtôs rule.  In fact, the only 

isolated product upon hydrolysis of the intermediate was cis-amino-ketone 212, in an 

excellent 85% yield and as a single diastereomer, Scheme 2.9!  This demonstrates 

intermediate 208 or the titanium ñateò species 211 are stable.  This synthetic transformation 

clearly demonstrated that an interrupted Kulinkovich de-Meijere reaction is not limited to 

highly complex and strained polycyclic ring systems and has great potential. 

 

 

 

2.3. Results and Discussion 

The interesting observation that Bredtôs rule could influence the outcome of the 

reaction and interrupt the second carbon ï carbon bond forming step in the Kulinkovich 

reaction warranted further investigation.  The synthesis of amino ï ketones from simple 

 

Scheme 2.9 Paul Finnôs ene-lactam model substrate and Kulinkovich de-Meijere 

reaction. 
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and robust ene-lactams would be a valuable addition to the library of synthons available to 

chemists.  Furthermore, this unique interruption of the Kulinkovich de-Meijere reaction 

expands the possibilities and synthetic versatility this reaction presents.  Herein, the 

discovery of a Bredtôs rule arrested Kulinkovich de-Meijere reaction is discussed. 

 

2.3.1. Exploration of Varying Ene-Lactam Tethers 

After the initial success of the ene-lactam 207, demonstrating that the initial carbon 

ï carbon bond forming step of the Kulinkovich de-Meijere reaction is feasible despite the 

requirement of a trans-annular attack, several other examples of ene-lactams were 

prepared.  These examples varied the olefin tether around the ring and in each case would 

result in a tricyclic intermediate with a five ï carbon tether forming a five-member 

carbocycle after initial carbon ï carbon bond formation, Figure 2.7. 

 

 

 

Figure 2.7 Ene-lactams designed for initial screening of an interrupted Kulinkovich de-

Meijere reaction.  The five-member carbocycle is shown in each case. 
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2.3.1.1. Synthesis of Ene-Lactams 

The synthesis of the substituted lactam C3 was accomplished using well established 

procedures.  Starting from commercially available ŭ-valerolactam, the dianion was formed 

at cryogenic temperatures and trapped with 1-bromo-3-butene to yield known alkylated 

lactam 213.46  Protection of the lactam with p-methoxybenzylchloride afforded the C3 

substituted lactam 214 in excellent yield, Scheme 2.10.   

 

 

 

The C4 substituted lactam was synthesized in a three-step sequence.  Again, starting 

from commercially available ŭ-valerolactam, the amide was alkylated in the presence of 

sodium hydride and p-methoxybenzylchloride to afford alkylated lactam 215, Scheme 

2.11.47  The N-protected lactam was subjected to a three step selenium oxidation protocol48, 

using phenylselenium chloride and m-CPBA to produce the Ŭ,Ç-unsaturated lactam 21649 

in excellent yield.  A 1,4-conjugate addition of the cuprate formed from allylmagnesium 

bromide and copper (I) iodide in the presence of TMEDA and TMSCl at -78 °C, afforded 

the C4 allylated piperdinone 217.50-51 

 

 

Scheme 2.10 Synthesis of 3-butenyl piperidinone 214. 
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Synthesis of the C5 substituted piperidone was performed by Paul Finn and was 

achieved from methyl propiolate using known conditions in four steps to the piperidone 

alcohol 218.52-53  Parikh ï Doering oxidation of the alcohol to the corresponding aldehyde 

followed by a Wittig olefination afforded the desired ene-lactam 220 in good yield, 

Scheme 2.12.54 

 

 

Scheme 2.11 Synthesis of C4 substituted lactam 217. 
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Synthesis of the C6 substituted piperidone, also completed by Paul Finn, was 

accomplished through treatment of glutarimide with benzyl bromide in the presence of 

potassium carbonate.  Reduction of one carbonyl with sodium borohydride, followed by 

methanolysis of the alcohol provided the methoxy N-acyl aminal 221 in 54% yield, 

Scheme 2.13.  Allylation with boron trifluoride diethyl etherate and allyltrimethylsilane 

afforded the desired ene-lactam 207 in 53% yield. 

 

 

 

 

Scheme 2.12 Paul Finnôs synthesis of C5 lactam 220. 

 

Scheme 2.13 Paul Finnôs synthesis of C6 lactam. 
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2.3.1.2. Interrupted Kulinkovich de -Meijere Results 

As previously stated, when ene-lactam 207 was subjected to standard Kulinkovich 

de-Meijere reaction conditions the exclusive product was amino-ketone 209 and not the 

traditional aminocyclopropane 208, Scheme 2.9.   

Moving from the C6 position to the C5 position, Scheme 2.14; the ene-lactam 220 

when subjected to the standard conditions (performed by Paul Finn) resulted in the 

formation of the amino-ketone 222 in a modest 33% yield and excellent 

diastereoselectivity, after hydrolysis of tricyclic intermediate 221.45   

 

 

 

Interestingly amino-cyclopropanol 223 was also isolated in approximately a 1:1 

ratio with the amino-ketone 222.  This was drastically different than the first ene-lactam 

207, which exclusively provided the amino-ketone.  This result suggested that placement 

of the olefin relative to the amide carbonyl would have a significant effect on the reactivity 

of the intermediate titanafuran. 

 

 

Scheme 2.14 Paul Finnôs synthesis of amino-ketone 222 and amino-cyclopropanol 223. 
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Moving from the C5 to C4 substitution of the ene-lactam, Scheme 2.15, gave a 

similar and equally as surprising result.  Again, following standard Kulinkovich de-Meijere 

procedure, ene-lactam 217 gave amino-ketone 225 and amino-cyclopropanol 226 in 

modest yield but with excellent diastereoselectivity.  This confirmed our initial thought 

that the position of the olefin relative to the carbonyl has a significant impact on product 

distribution.  In both substrates, as shown in Scheme 2.14 and Scheme 2.15, nitrogen 

assisted cleavage of the titanafuran intermediate, 221 and 224 respectively; is forbidden in 

accordance to Bredtôs rule.  The resulting iminium species, which would accept the second 

carbon ï carbon bond formation normally, would be in a ring system too strained to form.   

In the case of the C3 substituted piperidinone 214, as shown in Scheme 2.16, no 

detectable traces of either the amino-ketone or amino-cyclopropanol were found.  Amino-

cyclopropane 228 was isolated in good yield and excellent diastereoselectivity as the only 

product.  In this case the tricyclic intermediate 227 was not bound to the rules described by 

Bredt.  The nitrogen can readily assist in the cleavage of the titanafuran, setting up the 

iminium for nucleophilic attack by the remaining carbon ï titanium bond. 

 

Scheme 2.15 C4 substituted ene-lactam Kulinkovich de-Meijere reaction, highlighting a 

1:1 ratio of amino-ketone to amino-cyclopropanol. 
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2.3.2. Bredtôs Rule 

The observation that double bonds cannot include bridgehead atoms in polycyclic 

systems has been a foundation of organic chemistry since first enumerated in 1924.55  This 

rule has rarely been used to steer reaction pathways outside of elimination and enolization 

chemistry, although it is routinely used to illustrate the concepts of orbital overlap and 

reactivity in polycyclic molecules.  The exploration of Bredtôs rule as a method to control 

the product formation of the Kulinkovich de-Meijere reaction is described herein. 

 

 

 

 

 

 

 

 

Scheme 2.16 Not bound by Bredtôs rule, ene-lactam readily cyclizes to form tricyclic 

amino-cyclopropane. 
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2.3.2.1. The History of Bredtôs Rule 

 

 

In 1902 Bredt and coworkers described the relative ease of dehydrohalogenating -h

halocamphoric acid derivatives such as 229, Figure 2.8.56  In contrast, in the presence of 

quinoline and heat camphoric acid derivative 231 was unchanged after 48 hours.  The 

desired tricyclic dehydrohalogentated anhydride 232 was not observed.  However, the 

anhydride linker was readily opened to the corresponding di-ester 230 which readily 

converted to the dehydrohalogenated product.  Attempts to cyclize the dehydrohalogenated 

di-ester 230 were futile and, just as in the case of the original dehydrohalogenation of 231, 

the desired anhydride 232 was not observed.  It was concluded that anhydride 232 cannot 

exist as the cyclic anhydride with the olefin in the bridgehead position.  Bredtôs rule, as 

 

Figure 2.8 Bredt and coworkers attempt to isolate compound 230. 
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known today; was not formally stated in the original paper, it was the collection of 

observations over many investigations that lead to its enumeration. 

In 1950, in his seminal review; Fawcett elegantly described Bredtôs rule.57  In this 

review, he stated: 

 

In polycyclic systems having atomic bridges, the existence of a compound 

having a carbon ï carbon or carbon ï 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.  As a corollary, reactions which should lead to such 

compounds will be hindered or will give products having other structures. 

 

Fawcett described several bicyclic systems to avoid the ambiguous nomenclature 

previously reported in the literature.  In addition, he proposed a qualitative value, denoted 

as S; to describe the scope of Bredtôs rule.  The S value is defined as the summation of all 

non-bridgehead atoms within a bicyclic system, Figure 2.9.  The convention for 

nomenclature of bicyclic compounds is that the numbers (i.e. atoms of a ring) are in 

decreasing order.  Bredtôs rule is only applicable to compounds that fall under the category 

of a bridged system such as the bicyclo[2.2.2]octane shown in Figure 2.9.  In the case of 

the fused bicyclo[4.4.0]decane, Bredtôs rule would not be applicable as z = 0.    
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Fawcett proposed a value for when there is indeed a limit to Bredtôs rule.  

Eventually, as the ring size increased the strain present in a bicyclic system would be 

sufficiently low so that a carbon ï carbon or carbon ï nitrogen double bond would be stable.  

Fawcett proposed that when S > 9, the strain caused by formation of a bridgehead double 

bond would be low enough that it would readily form.  In both cases of Bredtôs initial 

observation and Fawcettôs attempt to assign a qualitative value, a clear lack of quantitative 

data was present. 

To assign numerical values to Fawcettôs S, Maier and Schleyer attempted to 

quantify what would be coined as olefinic strain (OS).58  The strain energy of a bridgehead 

olefin was first described by Lesko and Turner59 in comparison of the extra strain of an 

olefin to the fully saturated carbon skeleton.  Based on extensive calculations, three classes 

of bridgehead olefins were proposed.  Isolable olefins are stable at room temperature, at 

least for significant amount of time to manipulate chemically or view spectroscopically.  

Observable olefins cannot be isolated at room temperature and are generally only visible 

 

Figure 2.9 Fawcettôs S value and structural description of bicyclic systems. 
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spectroscopically at low temperature.  Finally, unstable olefins are not spectroscopically 

stable at low temperature, although they are not necessarily chemically forbidden; they are 

only determined to have existed based on trapping experiments.  These classes of olefins 

were assigned numerical ranges of olefinic strain, Table 2.1.  

 

 

 

2.3.2.2. Comparison of calculated OS values 

The olefinic strain values calculated by Maier and Schleyer presents an opportunity 

to compare the results from the initial interrupted Kulinkovich de-Meijere reactions of 

substituted lactams to quantitative strain energies.  The calculated values of the 

hydrocarbon systems clearly match the results that were obtained.  In the first example, the 

tricyclic intermediate 208 is considered a [3.2.1] bicyclic system with the double bond 

potentially forming on the one atom bridge with an S = 6.  This system has a calculated OS 

value of 37 kcal/mol, Table 2.2.  As expected, when the olefinic strain is significantly 

higher than the observable or isolable range, the iminium does not form and what is 

observed is amino-ketone 212 upon hydrolysis.  The C4 substituted ene-lactam, in the 

presence of Ti(II) readily forms intermediate 224, a [3.2.1] bicycle with S = 6.  Although 

Table 2.1 Olefinic strain of bridgehead olefins, values measured in kcals.57  

 

ἓἻἷἴἩἪἴἭ ἪἺἱἬἯἭἰἭἩἬ ἷἴἭἮἱἶἻ                 Ἓἡ  ἳἫἩἴȾἵἷἴ 

ἛἪἻἭἺἾἩἪἴἭ ἪἺἱἬἯἭἰἭἩἬ ἷἴἭἮἱἶἻ           Ἓἡ  ἳἫἩἴȾἵἷἴ 

ἣἶἻἼἩἪἴἭ ἪἺἱἬἯἭἰἭἩἬ ἷἴἭἮἱἶἻ               Ἓἡ   ἳἫἩἴȾἵἷἴ 
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the potential iminium would form on the three-atom bridge, the olefinic strain was 

calculated in the hydrocarbon system to be either 29 or 42 kcal/mol (E or Z respectively).  

Again, these values lay well outside of the observable or isolable ranges, which after 

hydrolysis amino-ketone 225 and amino-cyclopropanol 226 are isolated exclusively.  

Intermediate 221, where S = 5 with an OS value of 35 kcal/mol, is again unable to undergo 

cleavage of the titanafuran ring.  The resulting amino-ketone 222 and amino-cyclopropanol 

223 are isolated exclusively after hydrolysis.  Finally, intermediate 227 which is not bound 

by the limitations proposed by Bredt since it is a [4.4.0] bicyclic system and one bridge has 

zero atoms.  It has a calculated hydrocarbon system olefinic strain of zero.  As expected, 

the iminium 227a readily forms and allows for the second carbon ï carbon bond to afford 

the tricyclic cyclopropylamine 228. 
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The strain energies calculated for hydrocarbon systems correlated well with the 

lactams although it should be noted that these generalizations of trisubstituted olefins may 

not be directly applicable to tetrasubstituted olefins or iminium species.58  All of the 

examples detailed above, except for z = 0, had olefinic strain values out of the observable 

or isolable range which prevented the iminium from forming and halted the Kulinkovich 

de-Meijere reaction.  As the ring size increases, S > 8, the olefinic strain should decrease 

accordingly, allowing the normal iminium to form and, in the process, violate Bredtôs rule.   

Table 2.2 Kulinkovich de-Meijere intermediates compared to hydrocarbon systems and 

relative olefinic strain. 
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2.4. Violation of Bredts Rule 

Homologues of 208 and 224 were therefore synthesized to test the hypothesis of a 

limit to Bredtôs rule.  Synthesis of the C6 allylated-lactams was accomplished by Sieburth 

group member Paul Finn, Scheme 2.17.  Starting from the commercially available imides 

228a and 228b, were first N-alkylated with benzyl bromide.  The N-benzylated imides were 

then reduced and treated with p-toluenesulfonic acid in methanol.  The corresponding 

methoxy-N-acyl lactams 229a and 229b were isolated in good yield, Scheme 2.17.  Lewis 

acid assisted allylation of the lactams provided ene-lactams 230a and 230b, in good yield.  

The larger ring systems (7 ï 9 member rings) required a different approach, using a one-

pot Beckmann rearrangement to install the amide moiety.  Starting from commercially 

available ketones 228c-e, using lithium diisopropylamide in a THF/HMPA mixture at -78 

°C the ketones were monoalkylated with allyl bromide resulting in uniformly good yields 

of -hallyl ketones 229c-e, Scheme 2.17.  Finally, a one-pot Beckmann rearrangement in 

the presence of hydroxylamine-O-sulfonic acid in refluxing formic acid gave the ɤ-allyl 

lactams.  These lactams were N-benzylated to yield the Kulinkovich de-Meijere substrates 

230c-e.  With substrates in hand they were subjected to the Kulinkovich de-Meijere 

conditions, Scheme 2.18.45   
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Even with the requirement of a trans-annular cyclization the ɤ-allyl lactams in the 

presence of Ti(II) performed uniformly well (Paul Finn).45 For lactams 230a-c, the 

predominant products were amino-ketones 231a-c, Table 2.3.  In the unique case of 230b 

(207), (6-member ring); the amino ketone 231b (212) comprised 100% of the reaction 

mixture and was isolated after column chromatography in 85% yield!  No amino-

cyclopropanol 232b was detected in this case.  For compounds 230a and 230c, (5 and 7-

member rings), the amino-ketones 231a and 231c were the major products, isolated along 

with the corresponding amino-cyclopropanols 232a and 232c, in excellent yields.  In the 

first three cases tricyclic cyclopropylamines 233a-c were not detected.  These compounds, 

with original ring size of 5 ï 7, would have required the formation of an iminium via 

titanafuran fragmentation that would be too highly strained as a bicyclic compound.  There 

 

Scheme 2.17 Paul Finnôs synthesis of ɤ-substituted lactams 
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was a drastic change in product ratios when the ring size is 8 and 9.  When compounds 

230d and 230e were exposed to Ti(II), the only detectable products isolated were 

cyclopropylamines 233d and 233e in 73% and 34% yield respectively.  

 

 

 

Switching from ɤ-allyl lactams 230a-e to the ɓ-allylated lactams was equally 

intriguing.  Synthesis of these lactams was readily achieved in several steps, Scheme 2.18.  

The enones were purchased, as with 235a, or were synthesized via a two-step -h

bromination and subsequent elimination in the presence of lithium hydroxide with the 

Table 2.3 Paul Finnôs Synthesis of Kulinkovich products.45 
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larger ketones, 234b and 234c to yield enones 235b and 235c respectively.60-62  A Sakurai 

reaction with titanium (IV) tetrachloride and allyltrimethylsilane furnished the ɓ-allylated 

ketones 236a-c in excellent yields.61-62  Initial attempts to use a one-pot, traditional 

Beckmann rearrangement was met with extremely poor yields, despite its successful use to 

prepare 230c-e.  It was found that a two-step Beckmann rearrangement procedure worked 

significantly better.  The ɓ-allylated ketones were first converted to their corresponding 

oximes using hydroxylamine hydrochloride and sodium acetate in ethanol.  Isolation of the 

crude oximes proceeded smoothly and the mixture of E/Z oximes readily underwent a 

Beckmann rearrangement in the presence of a catalytic amount of p-toluenesulfonyl 

chloride in refluxing acetonitrile.  The crude lactams were alkylated using sodium hydride 

and p-methoxybenzyl chloride prior to separation of the regioisomers to furnish 

Kulinkovich de-Meijere precursors 237a-c.  The synthesis of the 6-member ring ene-

lactam 217 was described in Scheme 2.11.   
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 With the ɓ-allylated substrates in hand, they were screened in similar fashion to the 

ɤ-allylated lactams.  As previously described in Scheme 2.15, the ɓ-allylated piperidinone 

217 underwent ligand exchange followed by 1,2-insertion into the lactam carbonyl.  After 

hydrolysis, only amino-ketone 238 and amino-cyclopropanol 239 were isolated, in a 1:1 

ratio.  The isolation of amino-cyclopropanols supports Kulinkovichôs argument that the 

intermediate in these reactions is the titanium ñateò species.  Departure of the nitrogen and 

formation of the carbonyl coordinated to the titanium would activate the former to promote 

a Lewis acid addition of the carbon-titanium bond forming amino-cyclopropanol 239 upon 

hydrolysis.  Increasing the ring size, as with ɓ-allylated caprolactone 237a, a 7-member 

ring, on reaction with Ti(II) gave a crude mixture that proved difficult to purify.  High 

resolution mass spectrometry, in combination with high performance liquid 

chromatography indicated that the product was mainly amino-cyclopropanol 239a.  As 

 

Scheme 2.18 Synthesis of C4 substituted piperidinones  
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with the previous ɤ-lactams, when the ring size = 8 or larger there is a complete shift in 

product ratios from amino-ketones and amino-cyclopropanols to cyclopropylamines.   

 

 

 

For ɓ-allylated azocanone 237b and azonanone 237c, with an 8-member ring and 

9-member ring, respectively; the exclusive products were not 238b-c or 239b-c but instead 

the corresponding cyclopropylamines, Table 2.4.  When the bicyclic intermediate has 

sufficiently large rings, the olefinic strain is lessened to the point where the iminium can 

be readily formed by fragmentation of the titanafuran.  After fragmentation, the remaining 

Table 2.4 Kulinkovich de-Meijere reaction on beta substituted lactams.  
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carbon-titanium bond adds to the iminium, completing the second carbon-carbon bond 

forming step of the Kulinkovich de-Meijere reaction.  Cyclopropylamine 240b was isolated 

in 64% yield as a single diastereomer.  Surprisingly, cyclopropylamine 240c was also 

isolated in an excellent 74% yield as a single diastereomer!  The stereochemistry was 

determined to be cis through nOe differential nuclear magnetic resonance.  This analysis 

was unambiguously confirmed for 240b through single crystal X-ray diffraction, Figure 

2.10.  

 

 

 

2.5. Conclusion 

The Kulinkovich de-Meijere aminocyclopropanation was demonstrated to be 

ñarrestedò by Bredtôs rule.  This novel transformation utilizes a substrate-controlled 

interruption of the normal Kulinkovich de-Meijere reaction; locking the intermediate 

titanafuran and preventing formation of the second carbon ï carbon bond.  The use of this 

 

Figure 2.10 X-ray structure of 240b. 
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Bredtôs rule control of simple ene ï lactams demonstrates a powerful method for the 

synthesis of carbocyclic amino ï ketones.  Furthermore, the reaction is readily scalable and 

relies on relatively inexpensive and largely non-toxic reagents. 

This study suggests that Bredtôs rule facilitates the persistence of the titanafuran 

intermediate in appropriately designed substrates.  With bridged bicyclic intermediates that 

are sufficiently small, high energy bridghead double bonds are prohibited with trans 

alkenes smaller than 8.  These systems have too much strain to allow iminium ion formation 

by titanium alkoxide departure and leads to a reductive cyclization of the ene ï lactams, 

yielding carbocyclic amino ï ketones in moderate to excellent yields and good to excellent 

diastereoselectivity.  An interesting by-product that was present in many of the described 

reactions was the amino-cyclopropanol.  These moieties are additional evidence that 

Bredtôs rule is directing the outcome of the reaction.  In these cases of the amino-

cyclopropanol production, avoiding nitrogen assisted cleavage of the carbon ï oxygen 

bond as prohibited by Bredtôs rule can lead instead to cleavage of the nitrogen ï carbon 

bond through formation of the ñateò species.63  This cleavage can be rationalized as a strain 

relief from a highly congested bridged tricyclic system to a more planar bicyclic (non-

bridged) titanium ñateò intermediate.  Consummation of the second carbon ï carbon bond 

formation via nucleophilic insertion of the titanium ï carbon bond would then yield the 

amino-cyclopropanols.   

When the trans alkene is greater than or equal to eight, there is a drastic change in 

product ratios because the bridged bicyclic intermediates are no longer constrained by 

Bredtôs rule and the standard Kulinkovich de-Meijere pathway can proceed uninhibited.  
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Departure of the alkoxide through formation of the iminium species would then allow 

consummation of the second carbon ï carbon bond formation to afford cyclopropylamines 

in excellent yield and diastereoselectivity.   

The discovery of what could be coined as a new ñsynthonò, conversion of ene ï 

lactams into carbocyclic amino ï ketones; has broad synthetic applicability.  Although this 

transformation has great potential, Bredtôs rule must be invoked for the proper reaction 

path to be followed.  When substrates have systems where Bredtôs rule cannot be invoked, 

a standard Kulinkovich de-Meijere reaction will occur, yielding cyclopropylamines.  In 

Chapter 3, the discovery of a more general approach is described. 
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2.6. Experimental 

General Techniques 

Instrumentation.  For all compounds, 1H and 13C NMR spectra were recorded on a 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 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, Oakwood Chemical 
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or Gelest Inc. Liquid reagents such as tetramethylethylenediamine, triethylamine, 

diisopropylamine 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.  Organomagnesium 

reagents were titrated using menthol / 1,10-phenanthroline.  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. 

 

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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General Procedure 2.1 - Lactam Protection:  The lactam was diluted with THF (0.5 M) 

followed by dropwise addition to a suspension of NaH (60%, 1.4 eq) in THF (0.3 M) at 0 

°C and stirred for 30 min.  Benzyl bromide (or p-methoxybenzyl chloride) (1.1 ï 1.5 eq) 

was added at 0 °C and then warmed to room temp (heated if necessary) until complete 

consumption as indicated via TLC.  The resulting mixture was diluted with saturated 

aqueous ammonium chloride and then diluted with ethyl acetate.  The layers were separated 

and the aqueous layer was extracted with ethyl acetate (3x).  The combined organic layers 

were washed with water, brine, dried over anhydrous sodium sulfate, then concentrated in 

vacuo.  Purification with column chromatography gave the title compound as indicated. 

 

 

General Procedure 2.2 ï Beckmann rearrangement:  To a solution of the corresponding 

3-allyl cyclic ketone (1 eq) in EtOH (0.5 M) at room temp was added hydroxylamine 

hydrochloride (1.05 eq), followed by addition of NaOAc (1.1 eq).  The reaction mixture 

was stirred until complete consumption of the starting material was indicated by TLC.  The 

 

 



87 

 

cloudy white reaction mixture was diluted with water until clear and concentrated in vacuo 

to approximately one half the initial volume.  The resulting mixture was diluted with DCM, 

washed with water and brine and dried over anhydrous sodium sulfate, then concentrated 

in vacuo.  The resulting crude product was used without further purification. 

To a mixture of the crude oximes (1 eq) in acetonitrile (0.3 M) at room temp was added p-

TsCl (0.3 eq).  The mixture was heated to reflux and monitored by TLC until completion. 

After the reaction was complete it was cooled to room temp and the mixture was diluted 

with saturated ammonium chloride and ethyl acetate.  The layers were separated and the 

aqueous layer was extracted with ethyl acetate (3x).  The combined organic layers were 

washed with brine, dried over anhydrous sodium sulfate and concentrated in vacuo.  The 

crude lactams were used without further purification.   

 

 

General Procedure 2.3 ï Kulinkovich -de Mejiere reaction:  To a solution of the 

corresponding ene-lactam (1 eq) in THF (0.03 M) was added Ti(O-iPr)4 (1.1 eq).  The 

reaction mixture was stirred for five minutes at room temp before a solution of 

cyclopentylmagnesium bromide (3.4 ï 4.5 eq) was added dropwise over 40 ï 60 minutes 

until starting material was consumed (TLC).  After dilution with water the resulting 

mixture was stirred for 10 minutes followed by dilution with ethyl acetate.  The resulting 
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suspension was filtered through a pad of celite and the layers were separated.  The aqueous 

layer was extracted with ethyl acetate (3x) then the combined organics were washed with 

water, brine, dried over anhydrous sodium sulfate, then concentrated in vacuo.      

Purification was achieved via column chromatography to yield the title compound as 

indicated or the crude product was tosylated without purification following general 

procedure 6. 

 

 

3-(But-3-en-1-yl)piperidin -2-one (213):46  To a solution of 2-piperidone (1.20 g, 12.1 

mmol) in THF (60 mL) at -78 °C was added n-butyl lithium (17.5 mL, 25.6 mmol) 

dropwise.  The reaction mixture was stirred for one hour at -78 °C to completely form the 

dianion.  A solution of 4-bromo-butene (1.52 mL, 15 mmol) in THF (20 mL) was added to 

the dianion solution dropwise with stirring.  The reaction mixture was stirred for five hours 

at -78 °C and then allowed to warm to room temperature.  After completion of the reaction 

by TLC the reaction mixture was pour into a saturated solution of ammonium chloride.  

The organic solvent was removed in vacuo and the aqueous layer extracted with ethyl 

acetate (3x).  The combined organic layer was washed with water and brine, dried over 

anhydrous sodium sulfate and concentrated in vacuo.  Purification by recrystallization in 

1:1 Ethyl acetate/hexanes afforded the title compound as a colorless solid (94%).  Rf = 0.29 

(100%  EtOAc).  1H NMR (500 MHz, CDCl3) ŭ = 5.87 (s, 1H), 5.82 (ddt, J=16.8, 10.0, 
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6.5, 1H), 5.07 ï 4.94 (m, 2H), 3.34 ï 3.25 (m, 2H), 2.33 ï 2.25 (m, 1H), 2.24 ï 2.13 (m, 

1H), 2.12 ï 2.01 (m, 2H), 1.97 (dddd, J=13.4, 6.3, 3.2, 1.0, 1H), 1.91 ï 1.83 (m, 1H), 1.76 

ï 1.69 (m, 1H), 1.53 (dtdd, J=12.6, 10.7, 9.1, 5.2, 2H). 

 

 

3-(But-3-en-1-yl)-1-(4-methoxybenzyl)piperidin-2-one (214):  Prepared according to 

general procedure 2.1 from 3-(but-3-en-1-yl)piperidin-2-one with p-methoxybenzyl 

chloride.  Purification with column chromatography with 20% EtOAc/hexanes gave the 

title compound as an oil (77%).  Rf = 0.58 (30%  EtOAc/hexanes).  IR (neat): 3072, 2929, 

2861, 2836, 1630, 1510, 1241, 1173, 1032, 813 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 

7.18 (d, J = 8.7 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 5.84 (ddt, J = 16.6, 10.2, 6.5 Hz, 1H), 

5.14 ï 4.89 (m, 2H), 4.51 (dd, J = 46.5, 14.4 Hz, 2H), 3.79 (s, 3H), 3.23 ï 3.07 (m, 2H), 

2.42 ï 2.27 (m, 1H), 2.25 ï 2.03 (m, 3H), 1.93 (dtd, J = 12.8, 6.3, 3.1 Hz, 1H), 1.89 ï 1.76 

(m, 1H), 1.75 ï 1.43 (m, 3H).  13C NMR (125 MHz, CDCl3) ŭ = 172.6, 159.1, 138.6, 129.9, 

129.6, 114.9, 114.1, 55.4, 49.9, 47.3, 41.2, 31.4, 31.4, 26.6, 21.8.  Exact mass for 

C17H23NO2 [M+H]+; calcd: 274.1807, found: 274.1810.  
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1-(4-Methoxybenzyl)piperidin-2-one (215):47  Prepared according to general procedure 

2.1 from piperidin-2-one with p-methoxybenzyl chloride.  Purification with column 

chromatography with 30% EtOAc/hexanes gave the title compound as a colorless solid 

(99%).  Rf = 0.31 (50%  EtOAc/hexanes).  1H NMR (500 MHz, CDCl3) ŭ = 7.19 (d, J=8.8, 

2H), 6.85 (d, J=8.7, 2H), 4.53 (s, 2H), 3.79 (s, 3H), 3.17 (t, J=6.1, 2H), 2.45 (t, J=6.4, 2H), 

1.85 ï 1.66 (m, 4H). 

 

 

1-(4-Methoxybenzyl)-5,6-dihydropyridin -2(1H)-one (216):49  To a solution of di-

isopropyl amine (1.35 mL, 9.58 mmol) in THF (25 mL) at -78 °C was added n-butyl lithium 

(6.41 mL, 9.35 mmol) dropwise and stirred for 30 minutes.  A solution of 215 (1.01g, 4.56 

mmol) in THF (10 mL) was then added dropwise and stirred for one hour at -78 °C.  

Phenylselenyl bromide (1.08g, 4.56 mmol) was dissolved in THF (10 mL) and HMPA 

(0.95 mL) and added to the reaction mixture dropwise.  The reaction was slowly allowed 

to warm to room temperature over two hours.  After completion of the reaction as indicated 

by TLC the mixture was poured into water and extracted with ether (3x).  The combined 

organic layer was washed with 15% aqueous sodium hydroxide, water, 15% aqueous 
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hydrochloric acid, water and brine then dried over anhydrous sodium sulfate and 

concentrated in vacuo.  The crude Ŭ-selenide was used without further purification. 

The crude selenide (600 mg, 1.6 mmol) was dissolved in DCM (10 mL) and slowly added 

to a cooled solution of m-CPBA (470 mg, 2.1 mmol) in DCM (10 mL) at 0 °C.  The reaction 

mixture was allowed to warm to room temperature over two hours and monitored by TLC.  

After completion of the reaction the mixture was poured into aqueous sodium bicarbonate 

and extracted with ether (3x).  The combined organic layer was washed with saturated 

aqueous sodium bicarbonate, water and brine, dried over anhydrous sodium sulfate and 

concentrated in vacuo.  Purification with column chromatography with 30% 

EtOAc/hexanes gave the title compound as a colorless solid (82%).  Rf = 0.20 (50% 

EtOAc/hexanes).  mp = 63-64 °C.  1H NMR (500 MHz, CDCl3) ŭ = 7.22 (d, J=8.7, 2H), 

6.86 (d, J=8.7, 2H), 6.53 (dt, J=9.8, 4.2, 1H), 5.98 (dt, J=9.8, 1.9, 1H), 4.56 (s, 2H), 3.80 

(s, 3H), 3.30 (t, J=7.2, 2H), 2.31 (tdd, J=7.2, 4.2, 1.8, 2H). 

 

 

4-Allyl -1-(4-methoxybenzyl)piperidin-2-one (217):  To a suspension of copper (I) iodide 

(1.84 g, 9.68 mmol) in THF (10 mL) was added TMEDA (1.38 mL, 9.22 mmol) and then 

cooled to -78 °C.  To the suspension was added allylmagnesium bromide (9.2 mL, 9.22 

mmol) dropwise over 30 minutes, which caused the solution to turn brown.  The reaction 

was stirred for 1 hour at -78 °C to completely form the cuprate.  To solution of the cuprate, 
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TMSCl (0.59 mL, 4.61 mmol) was added rapidly and immediately followed by a solution 

of 216 (271 mg, 0.92 mmol) in THF (5 mL).  The reaction was stirred at -78 °C for 5 hours 

until consumption of the starting material as indicated by TLC.  After warming to room 

temperature, the reaction mixture was diluted with a 10% solution of HCl and stirred for 

20 minutes.  The layers were separated and the aqueous layer was extracted with ethyl 

acetate (3x).  The combined organic layers were washed with saturated sodium 

bicarbonate, water then brine and dried over anhydrous sodium sulfate and concentrated in 

vacuo.  Purification with column chromatography with 50% EtOAc/hexanes gave the title 

compound as a colorless solid (73%).  Rf = 0.33 (50% EtOAc/hexanes)  mp = 59-60 °C  IR 

(neat): 3048, 2933, 2836, 1660, 1603, 1510, 1438, 1240, 1029, 814, 731 cm-1,  1H NMR 

(500 MHz, CDCl3) ŭ = 7.17 (d, J=8.7, 2H), 6.84 (d, J=8.7, 2H), 5.84 ï 5.62 (m, 1H), 5.13 

ï 4.90 (m, 2H), 4.60 (d, J=14.4, 1H), 4.43 (d, J=14.4, 1H), 3.78 (s, 3H), 3.34 ï 2.98 (m, 

2H), 2.56 (ddd, J=17.4, 5.0, 2.2, 1H), 2.16 ï 1.94 (m, 3H), 1.94 ï 1.76 (m, 2H), 1.39 (dtd, 

J=13.5, 11.4, 5.8, 1H).  13C NMR (125 MHz, CDCl3) ŭ = 169.5, 159.1, 135.5, 129.6, 129.5, 

117.1, 114.1, 55.4, 49.4, 46.2, 39.9, 38.6, 32.9, 28.7.  Exact mass for C16H22NO2 [M+H] +; 

calcd: 260.1651, found: 260.1652.  

 

 

3-Allylcyclohexan-1-one (236a):64  A solution of cyclohexenone (5.01 mL, 51.6 mmol) 

and titanium tetrachloride (5.7 mL, 52.2 mmol) in DCM (100 mL) was cooled to -78 °C.   
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A solution of allyl trimethylsilane (9.8 mL, 61.9 mmol) in DCM (50 mL) was added 

dropwise with stirring over 20 minutes.  The reaction mixture was stirred at -78 °C for 1 

hour then warmed to -30 °C.  After completion of the reaction, as indicated by TLC the 

mixture was diluted with water and extracted with DCM (3x).  The combined organic layer 

was washed with aqueous sodium bicarbonate, water and brine then dried over anhydrous 

sodium sulfate and concentrated in vacuo.  Purification via Kugelrohr distillation gave the 

title compound as a colorless oil (97%).  Rf = 0.54 (15%  EtOAc/hexanes).  1H NMR (500 

MHz, CDCl3) ŭ = 5.74 (ddd, J=18.3, 16.1, 7.2, 1H), 5.06 ï 4.97 (m, 2H), 2.41 (ddt, J=13.9, 

4.1, 2.0, 1H), 2.39 ï 2.30 (m, 1H), 2.25 (dddd, J=7.1, 4.7, 4.2, 1.1, 1H), 2.13 ï 1.99 (m, 

3H), 1.94 ï 1.80 (m, 3H), 1.70 ï 1.59 (m, 2H), 1.35 (tdd, J=13.1, 10.7, 3.7, 1H). 

 

 

3-Allylcycloheptan-1-one (236b):62  A round bottom flask was charged with cyclo-

heptanone (1.12g, 9.98 mmol) and DCM (20 mL) then cooled to 0 °C.  Sequentially, NBS 

(2.14g, 12.0 mmol) and p-TsOH (174mg, 1.01 mmol) were added with stirring.  The 

reaction mixture was allowed to warm to RT over one hour and then heated at reflux for 

three hours.  After complete consumption of the starting materials, as indicated by TLC the 

reaction mixture was cooled to RT and diluted with water.  The layers were separated and 

the aqueous layer was extracted with DCM (3 x 20 mL).  The combined organic layer was 

washed with aqueous sodium bicarbonate, water and brine then dried over anhydrous 
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sodium sulfate and concentrated in vacuo.  The crude material was used without further 

purification.  The crude Ŭ-bromo-ketone from step 1 was dissolved in DMF (25 mL) in a 

round bottom flask.  To the solution was added Li2CO3 (1.87g, 25.3 mmol), in one portion 

at RT.  The reaction mixture was heated to reflux for 5 hours until complete consumption 

of the Ŭ-bromo-ketone.  The reaction mixture was cooled to RT and diluted with water then 

extracted with ethyl acetate (5 x 50 mL).  The combined organic layer was washed with 

brine (5 x 25 mL) then dried over anhydrous sodium sulfate and concentrated in vacuo. 

Purification via Kugelrohr distillation gave the Ŭ,ɓ-unsaturated ketone as a colorless oil 

(95%).   A solution of cycloheptenone (0.74g, 6.72 mmol) and titanium tetrachloride (0.75 

mL, 6.8 mmol) in DCM (10 mL) was cooled to -78 °C.   A solution of allyl trimethylsilane 

(1.14 mL, 7.2 mmol) in DCM (5 mL) was added dropwise with stirring over 10 minutes.  

The reaction mixture was stirred at -78 °C for 1 hour then warmed to -30 °C.  After 

completion of the reaction, as indicated by TLC the mixture was diluted with water and 

extracted with DCM (3x).  The combined organic layer was washed with aqueous sodium 

bicarbonate, water and brine then dried over anhydrous sodium sulfate and concentrated in 

vacuo.  Purification via Kugelrohr distillation gave the title compound as a colorless oil 

(99%).  Rf = 0.52 (15% EtOAc/hexanes).  1H NMR (500 MHz, CDCl3) ŭ = 5.74 (ddt, 

J=17.3, 10.3, 7.1, 1H), 5.03 (dddd, J=13.1, 4.9, 2.7, 1.5, 2H), 2.53 ï 2.44 (m, 2H), 2.38 

(dd, J=14.4, 11.0, 1H), 2.10 ï 2.00 (m, 2H), 1.96 ï 1.84 (m, 2H), 1.83 ï 1.70 (m, 2H), 1.68 

ï 1.54 (m, 2H), 1.44 ï 1.34 (m, 1H), 1.31 ï 1.21 (m, 1H). 
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3-Allylcyclooctan-1-one (236c):65  A round bottom flask was charged with cyclo-

octaanone (5.02g, 39.8 mmol) and DCM (80 mL) then cooled to 0 °C.  Sequentially, NBS 

(8.49g, 47.7 mmol) and p-TsOH (685 mg, 3.98 mmol) were added with stirring in several 

portions.  The reaction mixture was warmed to RT over one hour and then heated at reflux 

for three hours.  After complete consumption of the starting materials, as indicated by TLC 

the reaction mixture was cooled to RT and diluted with water.  The layers were separated 

and the aqueous layer was extracted with DCM (3 x 50 mL).  The combined organic layer 

was washed with aqueous sodium bicarbonate, water and brine then dried over anhydrous 

sodium sulfate and concentrated in vacuo.  The crude material was used without further 

purification.  The crude Ŭ-bromo-ketone from step 1 was dissolved in DMF (75 mL) in a 

round bottom flask.  To the solution was added Li2CO3 (7.35g, 99.5 mmol), in one portion 

at RT.  The reaction mixture was heated to reflux for 5 hours until complete consumption 

of the Ŭ-bromo-ketone.  The reaction mixture was cooled to RT and diluted with water then 

extracted with ethyl acetate (5 x 75 mL).  The combined organic layer was washed with 

brine (5 x 50 mL) then dried over anhydrous sodium sulfate and concentrated in vacuo.  

The crude material was used without further purification.   A solution of cycloocteneone 

(3.05g, 24.6 mmol) and titanium tetrachloride (2.72 mL, 24.8 mmol) in DCM (60 mL) was 

cooled to -78 °C.   A solution of allyl trimethylsilane (4.2 mL, 26.6 mmol) in DCM (20 

mL) was added dropwise with stirring over 20 minutes.  The reaction mixture was stirred 
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at -78 °C for 1 hour then warmed to -30 °C.  After completion of the reaction, as indicated 

by TLC the mixture was diluted with water and extracted with DCM (3x).  The combined 

organic layer was washed with aqueous sodium bicarbonate, water and brine then dried 

over anhydrous sodium sulfate and concentrated in vacuo.  Purification via Kugelrohr 

distillation 100 °C at 5 Torr gave the title compound as a colorless oil (73%).  Rf = 0.71 

(15% EtOAc/hexanes).  1H NMR (500 MHz, CDCl3) ŭ = 5.78 (ddt, J=17.0, 10.4, 6.9, 1H), 

5.03 (dd, J=13.6, 6.6, 2H), 2.43 (ddd, J=15.1, 10.1, 3.0, 2H), 2.32 (dt, J=13.0, 4.6, 2H), 

2.04 (tdd, J=19.6, 15.1, 6.5, 2H), 1.97 ï 1.78 (m, 2H), 1.75 ï 1.60 (m, 2H), 1.56 (ddd, 

J=12.1, 10.6, 6.4, 1H), 1.44 (ddd, J=16.2, 7.2, 4.3, 2H), 1.39 ï 1.30 (m, 1H), 1.23 ï 1.13 

(m, 1H). 

 

 

Tosylated amino-ketone (225) and amino-cyclopropanol (226):  Isolated from 

compound 217 using general procedure 2.3.  Initially isolated as amine 225 (40%) then 
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subjected to tosyl derivatization to aid in characterization of 225-Ts and 226-Ts.  To a 

solution of crude aminoketone (1 eq) in a 1:1 mixture of DCM and pyridine (0.1 M) at 

room temperature 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 

quenched with saturated aqueous sodium bicarbonate and the aqueous layer was extracted 

with ethyl acetate (3x).  The combined organics were washed with water, brine, dried over 

anhydrous sodium sulfate, then concentrated in vacuo.  Purification by column 

chromatography with 50 ï 100% DCM/hexanes gave the title compound as an inseparable 

mixture (1:1) of diastereomers (24% - 2 steps). 

 

 

4-(2-((4-Methoxybenzyl)amino)ethyl)-2-methylcyclopentanone (225-Ts).  Rf = 0.56 

(100% DCM).  IR (neat): 3018, 2928, 2871, 1734, 1611, 1512, 1334, 1246, 1155, 1089, 

1032, 911, 814, 745, 655 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.72 (d, J=8.3, 4H), 7.32 

(d, J=7.9, 4H), 7.18 (d, J=8.6, 4H), 6.83 (d, J=8.6, 4H), 4.22 (s, 4H), 3.79 (s, 6H), 3.15 ï 

2.96 (m, 4H), 2.44 (s, 6H), 2.28 (dd, J=18.6, 7.6, 1H), 2.22 ï 1.99 (m, 5H), 1.95 ï 1.83 (m, 

1H), 1.74 ï 1.30 (m, 10H), 1.02 (d, J=6.9, 3H), 0.99 (d, J=7.4, 3H).  13C NMR (125 MHz, 

CDCl3) ŭ = 221.3, 220.2, 159.5, 143.5, 136.7, 129.9, 129.9, 128.3, 128.3, 127.4, 127.3, 

114.1, 114.1, 55.4, 52.2, 52.1, 46.7, 46.7, 45.2, 44.1, 44.1, 41.6, 38.5, 36.8, 34.7, 34.3, 32.1, 
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30.9, 21.7, 15.5, 13.9.  Exact mass for C23H29NO4S [M+Na]+; calcd: 438.1715, found: 

438.1704.  

 

 

3-(2-((N-(4-Methoxybenzyl)-4-methylphenyl)sulfonamido)ethyl)bicyclo[3.1.0]hexan-

1-yl 4-methylbenzenesulfonate (226-Ts).  Rf = 0.25 (100% DCM).  IR (neat): 3029, 2931, 

2858, 1512, 1359, 1336, 1248, 1171, 1156, 1092, 1033, 843, 812, 745, 699, 655 cm-1.  1H 

NMR (500 MHz, CDCl3) ŭ = 7.74 (d, J=8.3, 2H), 7.68 (d, J=8.3, 2H), 7.36 ï 7.29 (m, 4H), 

7.15 (d, J=8.7, 2H), 6.83 (d, J=8.7, 2H), 4.17 (s, 2H), 3.80 (s, 3H), 2.92 (t, J=7.5, 2H), 2.44 

(d, J=1.6, 6H), 2.10 (dd, J=12.0, 6.5, 1H), 1.66 ï 1.52 (m, 2H), 1.47 (ddd, J=14.3, 10.5, 

5.4, 2H), 1.37 ï 1.12 (m, 4H), 0.89 (ddd, J=9.6, 6.6, 1.7, 1H), 0.59 (dd, J=6.5, 5.1, 1H).  

13C NMR (125 MHz, CDCl3) ŭ = 159.4, 144.9, 143.4, 136.8, 134.8, 129.9, 129.9, 128.3, 

128.1, 127.3, 114.1, 71.1, 55.4, 51.9, 46.9, 37.8, 33.8, 32.8, 32.1, 22.5, 21.8, 21.7, 14.6.  

Exact mass for C30H35NO6S2 [M+H] +; calcd: 570.1984, found: 570.1990.  
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1-(4-Methoxybenzyl)octahydro-1H-cyclopropa[1,5]cyclopenta[1,2-b]pyridine (228):  

From compound 214 using general procedure 2.3.  Purification by column chromatography 

with 15% EtOAc/hexanes gave the title compound as an oil (74%).  Rf = 0.25 (15% 

EtOAc/hexanes).  IR (neat): 3036, 3031, 2922, 2852, 1510, 1455, 1245, 1169, 1038, 840, 

796 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.19 (d, J = 8.5 Hz, 2H), 6.83 (d, J = 8.6 Hz, 

2H), 3.87 (d, J = 13.2 Hz, 1H), 3.81 ï 3.71 (m, 4H), 2.73 (ddd, J = 7.6, 3.5, 2.0 Hz, 1H), 

2.63 (td, J = 13.1, 2.1 Hz, 1H), 2.07 (dt, J = 11.9, 6.1 Hz, 1H), 2.01 ï 1.84 (m, 2H), 1.78 ï 

1.67 (m, 1H), 1.48 (dd, J = 12.4, 7.9 Hz, 1H), 1.40 ï 1.14 (m, 5H), 0.61 (t, J = 4.3 Hz, 1H), 

0.53 (dd, J = 8.5, 4.8 Hz, 1H).  13C NMR (125 MHz, CDCl3) ŭ = 158.7, 132.8, 130.1, 113.8, 

55.4, 55.1, 54.3, 47.9, 32.6, 30.7, 27.5, 24.9, 24.7, 18.7, 15.7.  Exact mass for C17H23NO 

[M+H] +; calcd: 258.1852, found: 258.1859.  

 

 

4-Allyl -1-(4-methoxybenzyl)azepan-2-one (237a):  Prepared according to general 

procedure 2.2 followed by general procedure 2.1 from 3-allylcyclohexan-1-one.  
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Purification by column chromatography with 20% EtOAc/hexanes gave the title compound 

as a colorless oil.  Rf = 0.51 (50% EtOAc/hexanes).  IR (neat): 3072, 2923, 2837, 1636, 

1510, 1441, 1244, 1174, 1032, 914, 813 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.18 (d, 

J=8.7, 2H), 6.84 (d, J=8.7, 2H), 5.53 (dddd, J=16.8, 10.1, 7.8, 6.3, 1H), 5.04 ï 4.88 (m, 

2H), 4.56 (d, J=14.3, 1H), 4.41 (d, J=14.3, 1H), 3.79 (s, 3H), 3.14 ï 3.05 (m, 1H), 2.62 ï 

2.48 (m, 2H), 1.96 ï 1.73 (m, 5H), 1.65 ï 1.51 (m, 1H), 1.39 ï 1.17 (m, 2H).  13C NMR 

(125 MHz, CDCl3) ŭ = 175.8, 159.1, 136.3, 130.1, 129.9, 116.9, 113.9, 55.4, 52.7, 50.6, 

38.8, 38.2, 37.2, 36.7, 22.9.  Exact mass for C17H23NO2 [M+H] +; calcd: 274.1802, found: 

274.1811.  

 

 

4-Allyl -1-(4-methoxybenzyl)azocan-2-one (237b):  Prepared according to general 

procedure 2.2 followed by general procedure 2.1 from 3-allylcycloheptanone.  Purification 

with column chromatography with 20% EtOAc/hexanes gave the title compound as an oil 

(53%).  Rf = 0.43 (20% EtOAc/hexanes).  IR (neat): 3071, 2925, 2859, 2836, 1635, 1511, 

1466, 1244, 1194, 1035, 916 cm-1.   1H NMR (500 MHz, CDCl3) ŭ = 7.21 (d, J=8.7, 1H), 

6.84 (d, J=8.7, 1H), 5.88 ï 5.71 (m, 1H), 5.10 ï 4.95 (m, 1H), 4.89 (d, J=14.3, 1H), 4.21 ï 

4.02 (m, 1H), 3.79 (s, 2H), 3.58 ï 3.45 (m, 1H), 3.23 (dt, J=15.4, 4.2, 1H), 2.46 (ddd, 

J=22.7, 12.5, 6.9, 1H), 2.20 ï 2.03 (m, 1H), 1.94 (ddt, J=13.7, 7.0, 3.4, 1H), 1.83 ï 1.71 

 



101 

 

(m, 1H), 1.71 ï 1.55 (m, 2H), 1.47 ï 1.33 (m, 1H), 1.30 ï 1.09 (m, 1H).  13C NMR (125 

MHz, CDCl3) ŭ = 174.8, 159.1, 136.5, 130.1, 129.9, 116.8, 114.0, 55.4, 51.4, 48.1, 38.3, 

37.7, 33.5, 30.4, 28.6, 22.9.  Exact mass for C18H25NO2 [M+H] +; calcd: 288.1958, found: 

288.1973.  

 

 

4-Allyl -1-(4-methoxybenzyl)azonan-2-one (237c):  Prepared according to general 

procedure 2.2 followed by general procedure 2.1 from 3-allylcyclooctanone.  Purification 

with column chromatography with 20% EtOAc/hexanes gave the title compound as an oil 

(23%).  Rf = 0.57 (30% EtOAc/hexanes).  IR (neat): 3073, 2923, 1624, 1510, 1454, 1243, 

1172, 1033, 911, 818, 751 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.21 (d, J=8.7, 2H), 6.84 

(d, J=8.7, 2H), 5.81 (ddt, J=17.2, 10.2, 7.0, 1H), 5.14 ï 5.02 (m, 2H), 4.99 (d, J=14.9, 1H), 

4.03 (d, J=14.9, 1H), 3.79 (s, 3H), 3.60 ï 3.49 (m, 1H), 3.24 (dt, J=6.5, 4.2, 1H), 2.54 (dd, 

J=12.8, 9.8, 1H), 2.41 (dd, J=12.9, 3.7, 1H), 2.17 (t, J=6.8, 2H), 2.11 ï 2.00 (m, 1H), 1.68 

ï 1.38 (m, 8H).  13C NMR (125 MHz, CDCl3) ŭ = 174.5, 159.0, 137.1, 129.9, 116.6, 113.9, 

77.2, 55.4, 47.4, 47.2, 41.4, 39.0, 36.4, 30.6, 26.5, 25.2, 23.9.  Exact mass for C19H27NO2 

[M+Na]+; calcd: 324.1934, found: 324.1950.  
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4-(3-((4-Methoxybenzyl)amino)propyl)-2-methylcyclopentanone (238a)  From 

compound 237a using general procedure 2.3.  Due to difficulty isolating (column 

chromatography) and converting to the tosyl derivative, LC-MS was used to determine the 

ratio of the title compound and the corresponding bicyclic aminocyclopropanol (239a).  

The crude product was analyzed by a QTOF mass spectrometer in sequence with reverse 

phase liquid chromatography using 2.1 x 50 mm column (Agilent, Extended-C18, 1.8 mm) 

at a flow rate of 0.4 mL min-1, and the sample was eluted by gradient mobile phase (5% to 

95% acetonitrile with 0.1% formic acid in water) over 10 minutes.    
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2-(4-Methoxybenzyl)-2-azatricyclo[5.3.1.01,9]undecane (240b):  From compound 237b 

using general procedure 2.3.  Purification by column chromatography with 20% 

EtOAc/hexanes gave the title compound as a solid (64%).  Rf = 0.64 (20% EtOAc/hexanes).  

mp = 41-43 °C.  IR (neat): 3058, 2911, 2855, 2839, 1509, 1452, 1242, 1168, 1037, 819 cm-
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1.  1H NMR (500 MHz, CDCl3) ŭ = 7.20 (d, J=8.7, 2H), 6.83 (d, J=8.7, 2H), 3.84 (d, J=13.3, 

1H), 3.79 (s, 3H), 3.72 (d, J=13.3, 1H), 2.87 ï 2.70 (m, 2H), 2.30 (dt, J=11.0, 5.7, 1H), 

2.21 (d, J=13.6, 1H), 1.98 ï 1.83 (m, 2H), 1.83 ï 1.70 (m, 1H), 1.70 ï 1.47 (m, 6H), 1.44 

ï 1.31 (m, 2H), 1.06 (dd, J=9.3, 3.2, 1H), 0.28 (t, J=4.1, 1H).  13C NMR (125 MHz, CDCl3) 

ŭ = 158.5, 132.7, 130.2, 113.5, 57.3, 55.4, 53.9, 53.8, 43.6, 38.4, 38.1, 35.5, 34.9, 27.5, 

25.8, 24.5.  Exact mass for C18H25NO [M+H]+; calcd: 272.2014, found: 272.2019.  

 

 

2-(4-Methoxybenzyl)-2-azatricyclo[6.3.1.01,10]dodecane (240c):  From compound 237c 

using general procedure 2.3.  Purification by column chromatography with 20% 

EtOAc/hexanes gave the title compound as an oil (75%).  Rf = 0.73 (20% EtOAc/hexanes).  

IR (neat): 3057, 2979, 2917, 2858, 1585, 1509, 1455, 1243, 1036, 830, 818, 802 cm-1.  1H 

NMR (500 MHz, CDCl3) ŭ = 7.19 (d, J=8.4, 2H), 6.83 (d, J=8.5, 2H), 3.85 (d, J=13.1, 1H), 

3.79 (s, 3H), 3.73 (d, J=13.1, 1H), 2.83 (ddd, J=14.8, 6.4, 3.9, 1H), 2.71 (ddd, J=14.9, 8.1, 

3.4, 1H), 2.38 ï 2.19 (m, 2H), 1.99 ï 1.86 (m, 1H), 1.86 ï 1.74 (m, 2H), 1.74 ï 1.65 (m, 

1H), 1.65 ï 1.31 (m, 8H), 1.06 (d, J=7.7, 1H), 0.27 (t, J=3.8, 1H).  13C NMR (125 MHz, 

CDCl3) ŭ = 158.5, 132.4, 130.3, 113.5, 56.6, 55.9, 55.4, 47.9, 43.4, 37.3, 36.8, 35.3, 34.4, 

30.1, 28.9, 23.2, 20.8.  Exact mass for C19H27NO [M+H]+; calcd: 286.2165, found: 

286.2186. 
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CHAPTER 3 

3. DISCOVERY OF A SULFONE MEDIATED INTERRUPTION OF THE 

KULINKOVICH DE -MEIJERE REACTION  

 

 

3.1. Interrupted Kulinkovich de -Meijere reactions 

As discussed in the previous chapter, the Kulinkovich de-Meijere reaction is a 

powerful transformation for the conversion of carboxylic esters and amides into the 

corresponding cyclopropanols and cyclopropylamines.  The literature on this 

transformation is quite rich in examples and interestingly, as previously stated; there have 

been several reports of non-traditional products (i.e. non-cyclopropane moieties) 

dominating the reaction mixtures.  These non-traditional Kulinkovich de-Meijere products 

present opportunities to access unique and interesting building blocks for chemical 

synthesis.  The discovery and subsequent study of a unique and powerful ñinterruptedò 

Kulinkovich de-Meijere reaction is described herein.  The prior art and examples of 

inspiration will be discussed to set the stage. 

 

3.1.1. Szymoniakôs Work 

First reported in 2001 and with several reports thereafter, Szymoniak discovered 

that nitriles will react with titanium (II) to yield primary cyclopropyl amines.1-3  

Interestingly it was reported that this transformation required an additional Lewis acid to 

form the second carbon ï carbon bond.  In absence of the Lewis acid and upon hydrolytic 

workup the corresponding ketone was isolated in 70% yield, Scheme 3.1.1  This example 
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is one of the few examples of a Kulinkovich de-Meijere reaction that, without further 

modification of conditions; would result in a ketone.  

 

 

 

3.1.2. Chaôs Work 

As described in Chapter 2, Cha and coworkers reported in 1997 that an imide 

would readily react with titanium (II) reagents without cyclopropane formation.4  This 

unique transformation was one of the first examples of an interrupted Kulinkovich de-

Meijere reaction.  In this report Cha proposed that the marginally basic nitrogen contained 

in an amide, after addition to an imide carbonyl, would be averse to the cyclopropanation 

and yield acylaminals.  In both inter and intra-molecular reactions, the acylaminals were 

indeed isolated in good yields, Scheme 3.2.4  Interestingly, when glutarimide was the 

substrate it was observed that after workup the acylaminal was in a five to one equilibrium 

with the corresponding amido-ketone, presumably due to transannular strain and the poor 

 

Scheme 3.1 Szymoniakôs synthesis of ketones and primary cyclopropylamines from the 

corresponding nitriles. 
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leaving group ability of the amide.  This is one of the first examples of an amide or 

derivative thereof, transformed under Kulinkovich de-Meijere conditions into an amido (or 

amino) ketone, Scheme 3.2.5  

 

 

 

 The synthetic potential of an interrupted Kulinkovich de-Meijere reaction has been 

demonstrated elegantly by Cha and coworkers.4, 6-7  The conversion of imides to 

acylaminals could be further functionalized in a single operation by intercepting the 

titanium-carbon bond of the titanafuran intermediate with various electrophiles such as 

deuterium and molecular oxygen.4, 6  The functionalization of the titanium ï carbon bond 

adds additional synthetic potential for this powerful transformation.   

 Cha elegantly demonstrated that with the reductive cyclization occurred readily 

with the N-alkylated imide, 306.  The resulting titanafuran was trapped by molecular 

 

Scheme 3.2 Chaôs work on N-tethered olefins with symmetrical imides. 
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oxygen and, on hydrolytic workup, 311 was isolated in good yield, Scheme 3.3.  Protection 

of the hydroxymethyl moiety with triisopropylsilyl triflate and lutedine afforded the 

protected primary alcohol 312 in 85% yield.  Stereoselective reduction of the acylaminal 

with hydrogen and platinum oxide yielded the lactam 313.  Finally, lithium aluminum 

hydride reduction afforded amine 314 in good yield followed by TBAF deprotection of the 

silyl group gave 5-epitashiromine, 315; in 83% yield.  This short synthetic sequence 

demonstrated that an interrupted Kulinkovich de-Meijere could be a useful tool in the early 

stages of natural product synthesis.  

 

 

 

 In another elegant example, Cha demonstrated that even ñremoteò olefins could 

react and be involved in this transformation.  In previous imide examples the olefin was 

tethered at the nitrogen.4, 6, 8  In his synthesis towards gelsemine, Cha installed the olefin 

 

Scheme 3.3 Chaôs synthesis of 5-epitashiromine using an interrupted Kulinkovich de-

Meijere reaction and trapping with molecular oxygen. 
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in a remote position not directly bound to the imide nitrogen.9-11  This allowed for a rapid 

construction of the tricyclic core of Gelsemine in an efficient manner.7  Starting from 

compound 316, a relatively complex system; an interrupted Kulinkovich de-Meijere 

reaction followed by in-situ trapping with molecular oxygen afforded the framework of 

Gelsemine, 317.  Reduction of the tertiary alcohol of the acylaminal afforded the desired 

functionality of the tricyclic core 318.  This powerful transformation of an interrupted 

Kulinkovich de-Meijere reaction has great potential for the rapid assembly of complex ring 

systems in late stage synthetic schemes.   

 

 

  

 

 

 

Scheme 3.4 Chaôs synthetic use of an interrupted Kulinkovich de-Meijere reaction 

towards (+)-Gelsemine. 
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3.1.3. Satoôs Work 

As stated in Chapter 2, Sato and coworkers reported extensively on the use of 

titanium (II)12-14, the Kulinkovich15-17 and Kulinkovich de-Meijere reactions.17-18  An 

interesting observation that sulfonamides, such as those based on Oppolzerôs sultam, would 

deviate from the typical Kulinkovich de-Meijere (amide) pathway leading to a 

cyclopropylamine.18  It was proposed that the sultam made the nitrogen a better leaving 

group.  After 1,2-insertion of a nucleophilic titanacyclopropane into the sulfonamide 

carbonyl and formation of the titanafuran, the lone pair on nitrogen would be unable to 

cleave the intermediate.  Instead, the camphorsultam would depart, allowing for formation 

of cyclopropanols from amides.18  First tested on N-acylated sultam 319, Scheme 3.5; it 

was reported that the yield was excellent although the desired asymmetric induction 

without additional stereocontrol was poor.19-20   

 

 

 

In addition to an intra-molecular cyclization, Sato and coworkers reported a similar 

synthesis of cyclopropanols using trimethylvinylsilane as the olefin precursor.17  Although 

 

Scheme 3.5 Satoôs synthesis of cyclopropanols using Oppolzerôs camphorsultam. 
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the Kulinkovich de-Meijere reaction performed remarkably well and Oppolzerôs 

camphorsultam prevented the formation of the cyclopropylamine, it did not provide the 

desired asymmetric induction.17  The observation that a sulfur based auxiliary would be 

sufficiently electron withdrawing to prevent cyclopropylamine formation was the catalyst 

for the work described herein.   

 

3.2. Constrained by Bredtôs Rule ï Expansion of the Methodology 

As described in Chapter 2, the Kulinkovich de-Meijere reaction in a polycyclic 

system could be arrested by Bredtôs rule, resulting in the formation of carbocyclic amino-

ketones.21  This reaction worked extremely well in bridged polycyclic systems and highly 

rigid systems. Although as previously stated, when the bicyclic intermediate had zero 

bridging atoms (i.e. Z = 0); the system was no longer bound by Bredtôs rules and there was 

no energy barrier to iminium formation.  The reactions, as expected; proceeded along a 

standard Kulinkovich de-Meijere pathway.22-23   

An alternative and largely unexplored strategy to interrupt the Kulinkovich de-

Meijere reaction, with the exception of the work of Sato;17-18 would use a readily available 

and robust electron withdrawing group on nitrogen.  As shown in Figure 3.1, formation of 

the titanafuran A would proceed normally with a titanium (II) species.  At this point, if the 

nitrogen substituent Rô was an alkyl group there would be no effect on the lone pair of the 

nitrogen.  The nitrogen would readily form iminium D, which would undergo nucleophilic 

addition of the remaining titanium-carbon bond to afford cyclopropylamine C after 

hydrolytic workup.  However, if a sufficiently electron withdrawing group (Rô) was 
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attached to the amide nitrogen, as in B; the lone pair on the nitrogen would no longer be 

able to participate in the departure of the titanium alkoxide and hydrolytic workup would 

afford the amino-ketone E. 

 

 

 

3.3. The Seminal Discovery 

The ability to synthesize carbocyclic amino-ketones from non-Bredtôs rule bound 

substrates has the potential to expand upon the previously discussed interrupted 

Kulinkovich de-Meijere reaction in Chapter 2.  A more generalized approach to these 

unique building blocks would provide this methodology to synthesize carbocyclic amino-

ketones.  Commercially available or readily synthesized tosylate congeners can be used.  

The development of a non-Bredtôs rule, sulfonyl arrested Kulinkovich de-Meijere reaction 

is described herein. 

 

Figure 3.1 Proposed interruption of the Kulinkovich de-Meijere reaction with an 

electron withdrawing group. 
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3.3.1. Arresting the reaction with a tosylate 

 

 

 

As proposed in Figure 3.1, an electron withdrawing group bound to the nitrogen 

on an ene-lactam could prevent the departure of a titanium alkoxide in the Kulinkovich de-

Meijere intermediate.  A simple search of protecting groups that readily bind to nitrogen 

led to use of the para-toluenesulfonyl moiety.  The para-methoxybenzyl homologue 321, 

as previously reported, exclusively affords the tricyclic aminocyclopropane 322 in 73% 

yield.21  Reaction of the tosyl ene-lactam 323, resulted in a disappointing yet exciting 

observation.  The reaction mixture was quite complex and contained mostly de-

sulfonylated ene-lactam, 324, the desired amino-ketone 325 was isolated as a single 

diastereomer, Scheme 3.6, albeit in less than 10% yield.  No amino-cyclopropanol or 

cyclopropylamine were detected.  It should be noted that standard Kulinkovich de-Meijere 

procedures at room temperature were inappropriate with these more reactive sulfonylated 

 

Scheme 3.6 First study of an electron withdrawing group effect on the Kulinkovich de-

Meijere reaction. 
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lactams, lower temperatures gave the best results consistent with Chaôs imide examples.4-

7  The low yield of the desired amino-ketone, was thought to be due to tosylates which are 

known to react with Grignard reagents as in Scheme 3.6.  Tuning the arylsulfone to prevent 

de-sulfonlylation was considered.24  It should be noted that without nitrogen substitution, 

the secondary lactam with an acidic hydrogen on nitrogen, does not react under standard 

Kulinkovich de-Meijere conditions.  The major product observed was the reduced alkene.   

Careful analysis of product 325 determined that it was the trans-Ŭ,Ŭô-disubstituted 

cyclic ketone.  The observation that a simple sulfonylated ene-lactam would afford an Ŭ,Ŭô-

trans-disubstituted ketone in a single transformation warranted additional scrutiny.  An 

extensive search of the literature uncovered few direct methods for the synthesis of this 

class of ketones, and will be briefly discussed.   

 

3.3.2. Diastereoselective and regioselective ketone synthesis 

Significant advances in ketone alkylation methodology was reported beginning in 

the 1960ôs with the development of metalloenamines,25-28 lithium enolates29-30 and silyl 

enol ethers31-33 by Stork, Corey and Nakamura to name a few major contributors.  

Regioselective and stereoselective alkylation to yield an unsymmetrical ketone posed 

additional synthetic challenges.34-37  To access an unsymmetrical ketone using standard 

methodologies would require the differentiation between the thermodynamic and kinetic 

enolates.  Differentiation of the enolates is easily achievable through the choice of base, 

quantity of base and the temperature at which the reaction occurs.38  Undesired 

isomerization of the kinetic enolate to the thermodynamic enolate is also avoidable.  
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Although formation of the enolate is readily achievable, the diastereoselectivity of the 

subsequent alkylation is highly substrate and reactant dependent.   

Houk and coworkers reported that alkylation of the kinetic enolate of trans-3-butyl-

2-methylcyclopentanone favored the cis-Ŭ,Ŭô-product in an 85:15 ratio, Scheme 3.7.  In 

the presence of potassium hexamethyldisilazide in THF at -78 °C, the kinetic enolate of 

326 was generated.  Subsequent alkylation with benzyl iodide resulted in a mixture of 

products, favoring cis-substituted cyclopentanone 327 over trans-substituted 

cyclopentanone 328.  However, even under equilibrating conditions, such as sodium 

methoxide in methanol at room temperature, 327 was the major product with a 2:1 ratio of 

327 to 328.  This evidence supported the previous calculations, by Houk and co-workers, 

that the cis-Ŭ,Ŭô-product 327 would be favored.39 

 

 

 

3.3.2.1. trans ï Ŭ,Ŭô ï Disubstituted cyclic ketones 

 Synthesis of trans-Ŭ,Ŭô-disubstituted cyclic ketones using alkylation is 

synthetically challenging as the diastereoselectivity is largely a function of the resident 

stereocenters.  Ketones readily enolize and without careful control of reaction conditions, 

 

Scheme 3.7 Diastereoselective alkylation of cyclopentanones under kinetic conditions. 
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stereogenic centers can potential epimerize after their formation.   In the case of Ŭ,Ŭô-

disubstituted cyclohexanones the thermodynamically favored stereoisomer would have 

both substituents equatorial and cis.37  There are several examples of diastereoselective and 

regioselective synthesis of trans-Ŭ,Ŭô-disubstituted cyclohexanones.  Building on previous 

enamine chemistry, Nakamura reported a simple system for a site-selective alkylation of 

cyclohexanones.  Formation of imine 329, followed by selective deprotonation of the less 

hindered alpha proton resulted in the corresponding metalloenamine 330, Scheme 3.8.  

Addition of an electrophile, in this case an alkylfluoride or chloride, led to selectively 

alkylation in the Ŭô position.  The diastereoselectivity was low:  the cis isomer of 331 was 

favored in an approximate three to one ratio for the alkyl fluoride.  With the alkyl chloride 

the alkylation was unselective, giving a one to one ratio of cis and trans products.40     

 

 

 

 Under slightly more mild conditions Miyata reported that site-selective arylation of 

2-methylcyclohexanone was successful using an isoxazolidine-based enamine, Scheme 

3.9.  Condensation of isoxazolidine with the ketone formed the desired N-alkoxyenamine 

 

Scheme 3.8 Nakamuraôs metalloenamide alkylation. 
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333 in-situ.  Addition of a triaryaluminum species activated the enamine, resulting in an 

umpolung nucleophilic addition to the electrophilic carbon center with the trans 

diastereomer 334 being the exclusive product.41  It should be noted that with smaller 

nucleophiles such as triethylaluminum the trans isomer was favored in a 5:2 ratio. 

 

 

 

 In 2014 Kobayashi and coworkers described a synthetic route to trans-Ŭ,Ŭô-

disubstituted cyclohexanones through a SN2ô reaction of cuprates and allylic picolinates, 

Scheme 3.10.37  Stereoselective addition to the allylic picolinate, 338; with the alkylcuprate 

resulted in exo-cyclic olefin 339 as a mixture of E and Z isomers through SN2ô displacement 

of the picolinate.  Subsequent ozonolysis of olefin 339 at -78 °C afforded the desired trans-

disubstituted cyclohexanones 340.  The reported yields were good, ranging from 67 ï 92% 

for the SN2ô substitutions and 72 ï 88% for the ozonolysis with excellent 

diastereoselectivity.  The method was also demonstrated with enantioenriched allylic 

picolinates, with comparable yields and diastereoselectivity. 

 

Scheme 3.9 Miyataôs umpolung alkyl and arylation of 2-methylcyclohexanone. 
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3.3.3. Proposed transition state 

The interrupted Kulinkovich de-Meijere reaction has substantial synthetic potential 

as the products were isolated with extremely good diastereoselectivity.  Two possible 

intermediates, as shown in Figure 3.2.    The intermediate titanacyclopropane of 323 could 

insert into the mixed imide carbonyl in two distinct ways.  Axial approach would produce 

a titanafuran with the oxygen equatorial A.  Hydrolysis of this intermediate would yield 

the trans-disubstituted ketone, Figure 3.2a.  If the titanacyclopropane favored equatorial 

approach, B, the resulting titanafuran oxygen would be axial.  It is known that 1,3-diaxial 

interactions are normally disfavored energetically.  Upon hydrolytic workup, the resulting 

cis-disubstituted cyclic ketone would be isolated Figure 3.2b.  The cis isomer is not 

observed. 

 

 

Scheme 3.10 Kobayashiôs synthetic route to trans-disubstituted cyclohexanones. 



127 

 

 

 

3.3.4. Stability of the intermediate 

In the standard Kulinkovich reaction of an ester, nucleophilic addition to form the 

second carbon-carbon bond of the cyclopropane occurs readily, which can also be said 

about the amide variant.  When the iminium cannot form readily, the interrupted 

Kulinkovich de-Meijere reactions, the carbon-titanium bond persists until the hydrolytic 

workup or can be trapped with electrophiles.4, 6, 42-44  It is possible that in the N-tosyl ene-

lactam 323 the sulfone group could help increase the persistence of the titanafuran 

intermediate by coordinating to the titanium in a Zimmerman-Traxler intermediate, Figure 

3.3.45   

 

 

Figure 3.2 Intermediates of the interrupted Kulinkovich de-Meijere reaction. 
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There has been significant debate on the constitution of the intermediate of 

Kulinkovich reactions (both original variants and de-Meijere).  The widely accepted 

titanafuran dominates the literature, whereas it has been argued by Kulinkovich that it is 

actually a titanium ñateò complex.46-47   In the two examples, 319 and 323, containing a 

sulfonyl, the Lewis basic sulfone coordinates to the Lewis acidic titanium (IV) species A, 

Figure 3.3.  Normally, the lone pair on nitrogen would assist in carbon-oxygen bond 

cleavage.   With nitrogen attached to the sulfonyl, delocalization of the nitrogen lone pair 

would stabilize intermediate B, similarly to Chaôs imide examples preventing iminium 

formation.  Relevant reports by Gais and coworkers found examples of titanium (IV) 

alkoxide species coordinated to sulfones.48-50  This evidence supports the contribution of 

A in Figure 3.3.  Explanation for the observed formation of cyclopropanol could arise from 

Kulinkovichôs titanium ñateò species.  Extrusion of the nitrogen with assistance of the 

Lewis acid coordination of the titanium to the carbonyl, C, would lead to cyclopropanol 

formation, Figure 3.3.   

 

Figure 3.3 Proposed Zimmerman-Traxler coordination of the sulfonyl oxygen to the 

titanium. 
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 Analysis of the proposed intermediates was consistent with the observation that the 

major product and diastereomer was the trans-Ŭ,Ŭô-disubstituted cyclic ketone 325.  A 

review of the literature illustrated that this procedure provides an excellent method to 

prepare this notoriously difficult moiety. 

 

3.4. Results and Discussion 

The ability to turn an olefin tethered to a lactam into trans-Ŭ,Ŭô-disubstituted 

carbocyclic amino-ketones has clear potential for small molecule synthesis.  This method 

can be thought of as complimentary to the Bredtôs rule arrested Kulinkovich de-Meijere 

reaction discussed in Chapter 2.  The use of readily available aryl sulfones allows for rapid 

reaction optimization in synthetic routes and a tunable system to obtain the desired product.  

In the following section, the synthesis of C3 substituted ɤ-alkenyl sulfonimides is 

discussed along with their application in this general approach to an interrupted 

Kulinkovich de-Meijere reaction. 

 

3.4.1. Synthesis of sulfonimides 

The synthesis of the C3 substituted ɤ-alkenyl sulfonimides was straightforward, 

allowing for rapid access to the test substrates.  Starting from the commercially available 

2-pyrrolidinone or  ŭ-valerolactam using well established dianion chemistry,51 treatment of 

the lactam with excess n-butyl lithium, in THF at -78 °C formed the dianion.  Dropwise 

addition of the ɤ-alkenyl bromide gave alpha alkylation upon warming to 0 °C.  Hydrolytic 

workup afforded the alkylated lactam in modest to excellent yield, Scheme 3.11.  The 
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secondary ene-lactams were then converted to the sulfonimides using the corresponding 

aryl sulfonyl chlorides after treatment with sodium hydride or n-butyl lithium at either 0 

°C or -78 °C, respectively.  The aryl sulfonyl chlorides were either purchased or 

synthesized via electrophilic aromatic substitution with chlorosulfonic acid.52 

 

 

 

3.4.2. Changing the aryl substitution 

Subjection of tosylate 323 to the Kulinkovich de-Meijere reaction conditions at 

room temperature gave the desired results but in very low yield.  As previously discussed, 

lowering the temperature to 0 °C and dropwise addition of Grignard reagent to a solution 

of the sulfonimide and titanium (IV) tetraisopropoxide over the course of 40 minutes 

resulted in a black solution and complete consumption of the starting material.  Hydrolytic 

workup afforded the desired amino-ketones and amino-cyclopropanols in good to excellent 

yields.  Five examples were examined to evaluate the effect of varying electron densities 

and steric bulk on protecting the sulfone from nucleophilic attack by the Grignard reagent, 

Table 3.1.   

 

Scheme 3.11 Synthesis of ɤ-alkenyl sulfonimides 
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The para-methoxysulfone 346a, has more electron donating character that the 

tosylate 325.  After the Kulinkovich reaction, analysis of the crude reaction mixture by 

nuclear magnetic resonance spectroscopy found a 2:1 ratio of amino-ketone 347a to amino-

cyclopropanol 348a.  No traces of the desulfonylated ene-lactam 324 was detected.   

Amino-ketone 347a was isolated in 40% yield as essentially a single diastereomer  

(> 20:1)!  This interesting result shows that modification of the aryl ring electron density 

deactivates the sulfone towards nucleophilic attack.  Changing from the electron rich aryl 

ring to a slightly more sterically shielded sulfone, the ortho-tosylate 346b was tested.  The 

results were also promising:  NMR analysis of the crude reaction mixture indicates that the 

ratio of amino-ketone 347b to amino-cyclopropanol 348b is three to one!  In this example, 

as before, no desulfonylated lactam 324 was detected and the amino-ketone 347b was 

isolated in 45% yield as essentially a single diastereomer (20:1).  The addition of an ortho 

methyl group was sufficient enough to shield the sulfone.   
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Addition of more steric bulk surrounding the sulfone by employing the mesitylene 

sulfonyl 346c led to even better results.  Analysis of the crude reaction mixture indicated 

an amino-ketone 347c to amino-cyclopropanol 348c ratio of seven to one!  Amino-ketone 

347c was isolated in 73% yield, also as essentially a single diastereomer!  Subsequent 

Table 3.1 Effects of arylsulfonyl substitution on the formation of amino-ketones. 
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single crystal X-ray analysis of 347c confirmed the product as the trans-Ŭ,Ŭô-disubstituted 

ketone, Figure 3.4.   

 

 

 

Interestingly, the 4-methoxy-2,6-dimethylbenzene sulfonimide 346d afforded the 

highest ratio of amino-ketone to amino-cyclopropanol:  >20:1 based on NMR analysis.  

The amino-ketone 347d was isolated, after column chromatography, in 79% yield, as 

essentially a single diastereomer!  The superiority of this aryl sulfone to afford the desired 

amino-ketone seems to derive from additive steric and electronic effects.  The electron rich 

aryl ring (para-methoxy), in combination with the steric shielding from the flanking methyl 

groups presumably stabilizes the intermediate titanafuran Figure 3.3.  The increased 

persistence of this intermediate as the titanafuran affords an increased yield of the ketone.  

Drastically increasing the steric bulk on the aryl ring with triisopropylbenzene sulfonyl 

ene-lactam 346e had intriguing results.  Nuclear magnetic resonance spectroscopic analysis 

 

Figure 3.4 X-ray structure of trans- ,hŬô-cyclopentanone 347c. 



134 

 

found that the amino-ketone 347e dominated the corresponding amino-cyclopropanol 348e 

by 10:1. Amino-ketone 347e was isolated in 52% yield as almost a single diastereomer.  

Notably even with the highly hindered isopropyl substitution of 346e, the interrupted 

Kulinkovich de-Meijere reaction proceeds smoothly.  It should be noted that the ortho-

nitro and 2,4-dinitro substrates were prepared and found to be incompatible with the 

Kulinkovich de-Meijere reaction conditions, leading to decomposition. 

 

3.4.3. Rationale for observed product ratios 

The observed product ratios follow a general trend with more sterically hindered 

and electron rich the aryl sulfones yielding greater ratios amino-ketone to amino-

cyclopropanol.  Carbon-13 nuclear magnetic resonance chemical shifts of the aryl groups 

were analyzed because Whitehead and coworkers have demonstrated the use of carbon-13 

chemical shifts to determine electron density on carbon atoms.53  It was proposed that the 

electron density on the arene could correlate the observed product ratios.  The more 

electron rich and sterically congested arenes resulted in significantly higher quantities of 

amino-ketones, as with 347c-e.  Literature values of the aryl sulfonyl chlorides used to 

compare 347a-e were compared, but unfortunately there was no correlation between 

relative electron density and the observed product ratios.   

Electron density of the aryl group appears to play a role in protecting the sulfone 

from attack by the Grignard reagent, however there is no clear correlation of the electron 

density with the observed diastereoselectivity and product ratios.  Therefore, the steric 

effect of the aryl substituents flanking the sulfonyl moiety are responsible for these results.  
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Approach of titana-cyclopropane to the sulfonyl is presumably blocked by larger aryl group 

substitution.  Highly polarized, the sulfone and amide would presumably adopt a ground-

state conformation that would minimize the dipole moment effectively locking the aryl ring 

in place below the ring, Figure 3.5.54  The titana-cyclopropane would approach from the 

top face through axial attack, aided by coordination with the sulfone; and undergo a 1,2-

insertion into the carbonyl to afford the oxygen in the equatorial position bound in the 

titanafuran.  Subsequent hydrolysis would afford the trans diastereomer.  Approach from 

the bottom face through equatorial attack would be blocked by the bulky substituents on 

the arene ring preventing an alternative 1,2-insertion of the titana-cyclopropane. 

 

 

 

3.4.4. Varying chain and ring size 

The size of the lactam ring was also probed to determine if the size of the ring 

would have any effect on the persistence of the titanafuran or resulting product ratios.  

Changing from a six-membered lactam to a 5-membered lactam with a 3-(3-butenyl) 

substituent gave 349a and 349b.  Two sulfonyl groups were selected based on the previous 

 

Figure 3.5 Steric shielding by the substituted arene. 
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results with 346a and 346c.  The para-methoxyphenyl sulfonyl group was the least 

sterically hindered substituent that led to the ketone product, while the mesitylene group 

gave high proportions of the ketone.  In addition, the para-methoxybenzyl analogs were 

also prepared to compare the interrupted systems to the standard Kulinkovich de-Meijere 

products, Scheme 3.12. 

 

 

  

 Two analogs containing varying ring and chain lengths were prepared, Scheme 

3.12.  Without an electron withdrawing group on the nitrogen, the non-interrupted 

Kulinkovich de-Meijere products were expected.  Appending para-methoxybenzyl to the 

 

Scheme 3.12 Non-interrupted Kulinkovich de-Meijere reaction analogs.  a) Analog of 

Table 3.2 compounds.  b) Analog of Table 3.3 compounds. 
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previously prepared butenyl pyrrolidinone afforded 349 in excellent yield.  Upon treatment 

with titanium (II) none of the amino-ketone 351, or amino-cyclopropanol 352, were 

detected.  The exclusive product isolated was aminocyclopropane 350 in a very good 67% 

yield, Scheme 3.12a.   Changing the chain length of the olefin tether to see if the larger 

bicyclic intermediate would also form via titanium insertion required synthesis of 353.  In 

the presence of titanium (II), as with the previous example, no amino-ketone, 355, or 

amino-cyclopropanol, 356, were detected.  The exclusive product isolated was 

aminocyclopropane 354 in an excellent 73% yield, Scheme 3.12b.  These results were 

consistent with the previous example in Chapter 2.  Approach of the titanacyclopropane 

is unhindered by the benzyl group leading to uniformly good yields of the tricyclic 

aminocyclopropanes. 
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The mesitylene and para-methoxy groups were compared.  Appending the para-

methoxyphenyl sulfonyl to the previously prepared butenyl pyrrolidinone afforded 357a in 

excellent yield.  In the presence of titanium (II) the corresponding amino-ketone 358a and 

amino-cyclopropanol 359a, where the amine appendage was now one carbon shorter than 

before, were formed in a 2:1 ratio with 358a isolated in a modest 45% yield.  No loss of 

the sulfonyl group was detected.  The mesitylene substituted pyrrolidinone 357b afforded 

a slightly improved ratio of amino-ketone to amino-cyclopropanol at a ratio of 3 to 1.  The 

amino-ketone 358b was isolated in a modest 55% yield after column chromatography, 

Table 3.2.   

 

Table 3.2 Kulinkovich de-Meijere reactions on substituted pyrrolidinones. 
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The length of the olefin tether was also probed to determine if a larger bicyclic 

intermediate would form during the titanium cyclopropane-carbonyl insertion step.  

Substitution of the piperidone with a pentenyl group gave a substrate with a one carbon 

extended tether, 360, Scheme 3.14.  The result of the cyclization of 360a were quite 

surprising.  The amino-ketone 361a was isolated in 18% yield.  Changing the sulfonyl 

moiety to the mesitylene 360b gave similar results.  Upon cyclization of the pentenyl 

tethered olefin, the amino-ketone 361b was only isolated in 30% yield, Table 3.3.  The 

addition of one carbon between the reacting carbonyl and the olefin drastically alters the 

outcome of the reaction.  This result is inconsistent with the non-interrupted example, 353, 

when the N-alkyl group was para-methoxybenzyl, the aminocyclopropane 354 was 

isolated in an excellent yield.   However, previous reports found greater lengths between 

Table 3.3 Piperidinone derivatives containing a pentenyl tether. 
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olefin and amide (> 6 carbons) decreased the yield of intramolecular Kulinkovich de-

Meijere reactions.55-56  The low yield in these cases are a consequence of the geometric 

constrains of the decalin based intermediate.  Transannular interactions, as the 

titanacyclopropane approaches the carbonyl, may cause significant strain on the 

developing tricyclic intermediate, making it too high in energy to form readily.   

 

3.5. Conclusion 

A novel method, use of an electron-withdrawing group, to stabilize the Kulinkovich 

de-Meijere intermediates has been discovered.  This method compliments the previous 

discovery of a Bredtôs rule interrupted Kulinkovich de-Meijere reaction.  The powerful 

Kulinkovich de-Meijere reaction proceeds through two carbon-carbon bond forming steps, 

resulting in cyclopropanation of amides and esters.  The second carbon-carbon bond 

cyclopropanation step can be halted by an electron-withdrawing aryl sulfone on the lactam 

nitrogen, preventing elimination of the alkoxide.  The use of aryl sulfone, building on the 

use of imide substrates by Cha, is a general solution for interrupting the intramolecular 

Kulinkovich de-Meijere reaction.  The tricyclic intermediates involved in this 

transformation enforce a high level of diastereoselectivity and produce trans-Ŭ,Ŭô-

disubstituted carbocyclic amino-ketones which are otherwise difficult to prepare. 

 The results are consistent with the lone pair on nitrogen being prevented from 

forming an iminium ion by a sufficient electron withdrawing group such as an aryl sulfonyl 

moiety.  The diverse sulfones studied indicates that the effect of aryl ring substitution is an 

interplay of electronic and steric effects.  Grignard reagents are reactive with the 
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electrophilic sulfone.  A flanking substituent can shield the reactive sulfur center.  

Alternatively, electron rich aryl sulfones (methoxy-substituted) do not require such lateral 

flanking to achieve the same effect.  A combination of an electron rich aryl ring and a 

sterically shielded sulfonyl (4-methoxy-2,6-dimethylphenyl) result in the highest 

selectivity.  The polycyclic intermediate enforces formation of trans-Ŭ,Ŭô-disubstituted 

carbocyclic amino-ketones.  Changes in the olefinic tether length and lactam ring size had 

substantial impact on the yields of trans-Ŭ,Ŭô-disubstituted carbocyclic amino-ketone 

products.  The change in olefin tether length results in different cycloalkanone ring sizes.  

The length of the amino alkyl substituent is a consequence of the starting lactam ring size. 

Interestingly, varying amounts of the amino-cyclopropanol products were formed, 

a result of nitrogen departure from the polycyclic intermediate.  Sterically hindered aryl 

sulfones appear to minimize this pathway whereas the use of less hindered, aryl sulfones 

result in a higher proportion of amino-cyclopropanols.  Formation of the amino-

cyclopropanol is further evidence that the titanate species C, Figure 3.3, proposed by 

Kulinkovich, is present after titanium insertion into the carbonyl. 

 The synthesis of trans-Ŭ,Ŭô-disubstituted cyclic ketones is notoriously challenging, 

generally requiring a multi-step synthetic route to control the stereocenters.  The ability to 

set the relative stereochemistry of the Ŭ and Ŭô carbons of a carbocycle in one synthetic 

step, with further functionalization of the titanaium-carbon bond discussed in Chapter 4.  

The use of an olefin tethered to a lactam to create an amino-ketone with high stereocontrol 

from readily available, inexpensive and non-toxic reagents is unique and a novel synthetic 

disconnection. 
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3.6. Experimental 

A summary of general experimentation techniques, instrumentation, purification 

procedures and reagent handling can be found on pages 84 ï 85. 

 

 

General Procedure 3.1 - Lactam Protection:  A solution of the ene-lactam (1 eq) in THF 

(0.2 M) was cooled to -78 °C.  To the solution was added n-butyl lithium (1.05 eq) over 30 

minutes.  The reaction mixture was stirred for an additional 30 minutes at -78 °C.  A 

solution of the arylsulfonyl chloride (1.1 eq) in THF (0.4 M) was added dropwise over 30 

minutes.  The mixture was stirred for 1 hour at -78 °C then warmed to room temperature 

and monitored by TLC.  After completion of the reaction, by TLC, the reaction was diluted 

with saturated aqueous ammonium chloride and then ethyl acetate.  The layers were 

separated and the aqueous layer was extracted with ethyl acetate (3x).  The combined 

organic layers were washed with water, brine and dried over anhydrous sodium sulfate, 

then concentrated in vacuo.  Purification with column chromatography gave the title 

compound as indicated. 
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General Procedure 3.2 ï Interrupted Kulinkovich -de Mejiere reaction:  To a solution 

of the corresponding ene-lactam (1 eq) in THF (0.03 M) was added titanium 

tetraisopropoxide (1.1 eq).  The reaction mixture was cooled to 0 °C with stirring before a 

solution of cyclo-pentylmagnesium bromide (3.4 eq) was added dropwise over 40 minutes 

until starting material was consumed as indicated by TLC.  After the reaction was 

complete, the black solution was diluted with water and the resulting mixture was stirred 

for 10 minutes followed by dilution with ethyl acetate.  The resulting suspension was 

filtered through a pad of celite and the layers were separated.  The aqueous layer was 

extracted with ethyl acetate (3x).  The combined organics were washed with water and 

brine then dried over anhydrous sodium sulfate, then concentrated in vacuo. Purification 

was achieved via column chromatography to yield the title compound as indicated. 

 

 

3-(But-3-en-1-yl)pyrrolidin -2-one:51  A solution containing 2-pyrrolidinone (5.1 g, 59.9 

mmol) in THF (200 mL) was cooled to 0 °C under an atmosphere of argon.  To this solution 

was added a solution of n-butyl lithium (52.7 mL, 131.7 mmol) in hexanes dropwise over 

1 hour.  The reaction mixture was stirred at 0 °C for an additional 1 hour.  A solution of 4-
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bromobutene (7.30 mL, 71.8 mmol) in THF (100 mL) was added dropwise over 1 hour and 

stirred for an additional 1 hour.  The resulting solution was warmed to room temperature 

and stirred until complete consumption of the starting material as indicated by TLC.  The 

reaction was diluted with saturated aqueous ammonium chloride and ethyl acetate.  The 

layers were separated and the aqueous layer was extracted with ethyl acetate (3x).  The 

combined organic layers were washed with water and brine, dried over anhydrous sodium 

sulfate then concentrated in vacuo.  Purification by column chromatography with 70% 

EtOAc/hexanes gave the title compound as a clear oil, 45%.  Rf = 0.10 (20% 

EtOAc/hexanes).  1H NMR (500 MHz, CDCl3) ŭ = 5.90 (s, 1H), 5.85 ï 5.75 (m, 1H), 5.02 

ï 4.88 (m, 2H), 3.48 ï 3.35 (m, 2H), 2.19 ï 2.10 (m, 2H), 1.90 ï 1.75 (m, 5H). 

 

 

3-(Pent-4-en-1-yl)piperidin -2-one:51  A solution containing 2-piperidone (5.21 g, 52.6 

mmol) in THF (200 mL) was cooled to 0 °C under an atmosphere of argon.  To this solution 

was added a solution of n-butyl lithium (46.3 mL, 115.7 mmol) in hexanes dropwise over 

1 hour.  The reaction mixture was stirred at 0 °C for an additional 1 hour.  A solution of 5-

bromopentene (7.52 mL, 63.1 mmol) in THF (100 mL) was added dropwise over 1 hour 

and stirred for an additional 1 hour.  The resulting solution was warmed to room 

temperature and stirred until complete consumption of the starting material as indicated by 

TLC.  The reaction was diluted with saturated aqueous ammonium chloride and ethyl 

acetate.  The layers were separated and the aqueous layer was extracted with ethyl acetate 
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(3x).  The combined organic layers were washed with water and brine, dried over 

anhydrous sodium sulfate then concentrated in vacuo.  Purification by column 

chromatography with 60% EtOAc/hexanes gave the title compound as a clear oil, 40%.  Rf 

= 0.17 (50% EtOAc/hexanes).  1H NMR (500 MHz, CDCl3) ŭ = 5.88 ï 5.70 (m, 1H), 5.66 

(s, 1H), 5.06 ï 4.89 (m, 2H), 3.60 (dd, J=11.1, 5.0, 1H), 3.33 ï 3.20 (m, 1H), 2.11 ï 1.99 

(m, 2H), 1.76 ï 1.67 (m, 1H), 1.63 ï 1.55 (m, 1H), 1.55 ï 1.42 (m, 3H), 1.36 ï 1.18 (m, 

4H). 

 

 

3-(But-3-en-1-yl)-1-(4-methoxybenzyl)pyrrolidin -2-one (349):  Prepared according to 

general procedure 2.1 from 3-(but-3-en-1-yl)pyrrolidin-2-one with para-methoxybenzyl 

chloride.  Purification with column chromatography with 0 ï 10% EtOAc/hexanes gave 

the title compound as a colorless oil (78%).  Rf = 0.28 (30% EtOAc/hexanes).  IR (neat): 

2935, 1672, 1512, 1244, 908, 727 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.13 (d, J=8.5, 

2H), 6.82 (d, J=8.5, 2H), 5.79 (ddt, J=16.9, 10.2, 6.6, 1H), 5.09 ï 4.81 (m, 2H), 4.41 ï 4.26 

(m, 2H), 3.76 (s, 3H), 3.28 ï 3.04 (m, 2H), 2.42 (qd, J=9.0, 4.3, 1H), 2.24 ï 1.90 (m, 4H), 

1.59 (dq, J=12.6, 8.6, 1H), 1.51 ï 1.12 (m, 1H).  13C NMR (125 MHz, CDCl3) ŭ = 176.4, 

159.0, 138.0, 129.4, 128.7, 115.0, 114.0, 55.2, 46.0, 44.6, 41.3, 31.3, 30.5, 24.8.  Exact 

mass for C16H21NO2 [M+Na]+; calcd: 282.1470, found: 282.1462.  
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1-(4-Methoxybenzyl)-3-(pent-4-en-1-yl)piperidin -2-one (353):  Prepared according to 

general procedure 2.1 from 3-(pent-4-en-1-yl)piperidin-2-one with para-methoxybenzyl 

chloride.  Purification with column chromatography with 0 ï 20% EtOAc/hexanes gave 

the title compound as a colorless oil (82%).  Rf = 0.53 (30% EtOAc/hexanes).  IR (neat): 

2929, 2861, 1627, 1511, 1242, 1173, 1033, 909, 728 cm-1.  1H NMR (500 MHz, CDCl3) ŭ 

= 7.17 (d, J=8.5, 2H), 6.83 (d, J=8.5, 2H), 5.82 (ddt, J=16.9, 10.2, 6.7, 1H), 4.97 (ddd, 

J=13.7, 11.2, 1.3, 2H), 4.50 (dd, J=39.6, 14.4, 2H), 3.83 ï 3.63 (s, 3H), 3.16 (dd, J=7.6, 

5.1, 2H), 2.38 ï 2.27 (m, 1H), 2.16 ï 2.03 (m, 2H), 2.01 ï 1.86 (m, 2H), 1.86 ï 1.72 (m, 

1H), 1.72 ï 1.61 (m, 1H), 1.59 ï 1.35 (m, 4H).  13C NMR (125 MHz, CDCl3) ŭ = 172.6, 

158.9, 138.8, 129.7, 129.5, 114.5, 113.9, 55.3, 49.7, 47.2, 41.6, 33.9, 31.7, 26.6, 26.5, 21.7.  

Exact mass for C18H25NO2 [M+H] +; calcd: 288.1964, found: 288.1963. 

 

 

3-(But-3-en-1-yl)-1-tosylpiperidin -2-one (323):  Prepared according to general procedure 

3.1 from 3-(but-3-en-1-yl)piperidin-2-one with tosyl chloride.  Purification with column 
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chromatography with 0 ï 10% EtOAc/hexanes gave the title compound as a colorless oil 

(56%).  Rf = 0.78 (70% EtOAc/hexanes).  IR (neat): 2924, 1688, 1347, 1164, 1118, 1088, 

812, 752, 732, 680 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.89 (d, J=8.4, 2H), 7.31 (d, 

J=8.0, 2H), 5.69 (ddt, J=17.0, 10.2, 6.5, 1H), 4.94 (dddd, J=19.5, 10.2, 3.2, 1.4, 2H), 4.00 

ï 3.92 (m, 1H), 3.92 ï 3.81 (m, 1H), 2.42 (s, 3H), 2.36 ï 2.29 (m, 1H), 2.11 ï 1.89 (m, 5H), 

1.83 (tdd, J=15.7, 10.3, 5.6, 1H), 1.51 ï 1.41 (m, 2H).  13C NMR (125 MHz, CDCl3) ŭ = 

173.3, 144.6, 137.7, 136.3, 129.4, 128.6, 115.3, 46.7, 42.7, 30.8, 29.9, 25.6, 22.4, 21.7.  

Mass for C16H21NO3S [M+H]+; calcd: 308.1320, found: 308.1.  

 

 

3-(But-3-en-1-yl)-1-(o-tolylsulfonyl)piperidin -2-one (346a):  Prepared according to 

general procedure 3.1 from 3-(but-3-en-1-yl)piperidin-2-one with 2-

methylbenzenesulfonyl chloride.  Purification with column chromatography with 0 ï 20% 

EtOAc/hexanes gave the title compound as a clear oil (99%).  Rf = 0.34 (30% 

EtOAc/hexanes).  IR (neat): 3071, 2953, 1678, 1603, 1334, 1161, 737 cm-1.  1H NMR (500 

MHz, CDCl3) ŭ = 8.13 (d, J=8.0, 1H), 7.44 (td, J=7.5, 1.1, 1H), 7.34 (t, J=7.6, 1H), 7.24 

(d, J=7.6, 1H), 5.66 (ddt, J=17.0, 10.2, 6.5, 1H), 4.97 ï 4.85 (m, 2H), 4.03 ï 3.97 (m, 1H), 

3.91 ï 3.84 (m, 1H), 2.53 (s, 3H), 2.30 (tdd, J=8.2, 6.3, 4.7, 1H), 2.10 ï 1.79 (m, 6H), 1.54 

ï 1.38 (m, 2H).  13C NMR (125 MHz, CDCl3) ŭ = 173.1, 138.3, 137.6, 137.0, 133.5, 132.2, 
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131.6, 126.4, 115.4, 45.7, 42.6, 30.8, 30.0, 25.6, 22.3, 20.2.  Mass for C16H21NO3S [M+H]+; 

calcd: 308.1320, found: 308.1.  

 

 

3-(But-3-en-1-yl)-1-((4-methoxyphenyl)sulfonyl)piperidin-2-one (346b):  Prepared 

according to general procedure 3.1 from 3-(but-3-en-1-yl)piperidin-2-one with 4-

methoxybenzenesulfonyl chloride.  Purification with column chromatography with 20% 

EtOAc/hexanes gave the title compound as a colorless oil (73%).  Rf = 0.36 (30% 

EtOAc/hexanes).  IR (neat): 2975, 2938, 1728, 1593, 1355, 1260, 1159, 1089, 803, 663 

cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.95 (d, J=9.0, 2H), 6.96 (d, J=9.0, 2H), 5.69 (ddt, 

J=16.9, 10.2, 6.5, 1H), 4.94 (dddd, J=11.9, 10.2, 2.5, 1.3, 2H), 3.94 (ddd, J=12.2, 6.0, 1.3, 

1H), 3.86 (s, 3H), 3.89 ï 3.82 (m, 1H), 2.36 ï 2.28 (m, 1H), 2.12 ï 1.88 (m, 5H), 1.88 ï 

1.77 (m, 1H), 1.53 ï 1.39 (m, 2H).  13C NMR (125 MHz, CDCl3) ŭ = 173.3, 163.7, 137.7, 

131.0, 130.7, 115.4, 113.9, 55.7, 46.6, 42.8, 30.9, 30.0, 25.6, 22.4.  Exact mass for 

C16H22NO4S [M+H]+; calcd: 324.1270, found: 324.1267.  
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3-(But-3-en-1-yl)-1-(mesitylsulfonyl)piperidin -2-one (346c): Prepared according to 

general procedure 3.1 from 3-(but-3-en-1-yl)piperidin-2-one with 2,4,6-

trimethylbenzenesulfonyl chloride.  Purification with column chromatography with 0 ï 

10% EtOAc/hexanes gave the title compound as a colorless oil (91%).  Rf = 0.65 (20% 

EtOAc/hexanes).  IR (neat): 2938, 2872, 1687, 1338, 1163, 938, 793, 679, 658 cm-1.  1H 

NMR (500 MHz, CDCl3) ŭ = 6.93 (s, 2H), 5.69 (ddt, J=16.9, 10.1, 6.6, 1H), 4.99 ï 4.88 

(m, 2H), 4.04 ï 3.93 (m, 1H), 3.86 (ddd, J=12.5, 8.9, 4.5, 1H), 2.62 (s, 6H), 2.34 ï 2.29 

(m, 1H), 2.28 (s, 3H), 2.11 ï 1.81 (m, 6H), 1.55 ï 1.41 (m, 2H).  13C NMR (125 MHz, 

CDCl3) ŭ = 173.6, 143.1, 140.2, 137.7, 134.1, 131.9, 115.5, 45.0, 42.6, 30.8, 30.0, 25.6, 

22.5, 22.1, 21.1. Exact mass for C18H25NO3S [M+Na]+; calcd: 358.1453, found: 358.1418.  

 

 

3-(But-3-en-1-yl)-1-((4-methoxy-2,6-dimethylphenyl)sulfonyl)piperidin -2-one (346d):  

Prepared according to general procedure 3.1 from 3-(but-3-en-1-yl)piperidin-2-one with 4-
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methoxy-2,6-dimethylbenzenesulfonyl chloride.  Purification with column 

chromatography with 0 ï 10% EtOAc/hexanes gave the title compound as colorless oil 

(56%).  Rf = 0.58 (30% EtOAc/hexanes).  IR (neat): 3075, 2942, 1682, 1591, 1335, 1156, 

1084, 680 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 6.62 (s, 1H), 5.69 (ddt, J=16.9, 10.2, 6.5, 

1H), 5.00 ï 4.88 (m, 1H), 4.02 ï 3.94 (m, 1H), 3.89 ï 3.82 (m, 1H), 3.80 (s, 1H), 2.63 (s, 

3H), 2.36 ï 2.26 (m, 1H), 2.10 ï 1.79 (m, 3H), 1.55 ï 1.41 (m, 1H).  13C NMR (125 MHz, 

CDCl3) ŭ = 173.5, 161.7, 142.9, 137.7, 128.8, 116.1, 115.4, 55.4, 45.1, 42.6, 30.8, 30.0, 

25.6, 23.0, 22.1.  Exact mass for C18H26NO4S [M+H]+; calcd: 352.1583, found: 352.1588.  

 

 

3-(But-3-en-1-yl)-1-((2,4,6-triisopropylphenyl)sulfonyl)piperidin -2-one (346e):  

Prepared according to general procedure 3.1 from 3-(but-3-en-1-yl)piperidin-2-one with 

2,4,6-triisopropylbenzenesulfonyl chloride.  Purification with column chromatography 

with 5% EtOAc/hexanes gave the title compound as a colorless solid (49%).  mp = 83-84 

°C.  Rf = 0.63 (20% EtOAc/hexanes).  IR (neat): 2960, 2928, 2866, 1682, 1331, 1168, 

1118, 1109, 677, 650 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.14 (s, 2H), 5.71 (ddt, J=16.7, 

10.2, 6.4, 1H), 4.99 ï 4.90 (m, 2H), 4.05 ï 3.93 (m, 3H), 3.82 (ddd, J=18.1, 9.5, 4.9, 1H), 

2.96 ï 2.80 (m, 1H), 2.32 ï 2.22 (m, 1H), 2.15 ï 1.93 (m, 5H), 1.89 ï 1.79 (m, 1H), 1.55 ï 
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1.34 (m, 3H), 1.29 (d, J=6.8, 6H), 1.25 (dd, J=6.9, 4.0, 18H).  13C NMR (125 MHz, CDCl3) 

ŭ = 173.2, 153.2, 151.0, 137.7, 133.3, 123.9, 115.4, 44.5, 42.6, 34.2, 31.1, 30.0, 29.2, 25.8, 

24.9, 24.5, 23.6, 23.6, 22.3.  Mass for C24H37NO3S [M+H]+; calcd: 420.2572, found: 420.2.  

 

 

3-(But-3-en-1-yl)-1-((4-methoxyphenyl)sulfonyl)pyrrolidin -2-one (357a):  Prepared 

according to general procedure 3.1 from 3-(but-3-en-1-yl)pyrrolidin-2-one with 4-

methoxybenzenesulfonyl chloride.  Purification with column chromatography with 20% 

EtOAc/hexanes gave the title compound as a colorless oil (58%).  Rf = 0.26 (20% 

EtOAc/hexanes).  IR (neat): 2946, 1687, 1594, 1497, 1348, 1259, 1157, 1089, 1022, 832, 

804, 683 cm-1.   1H NMR (500 MHz, CDCl3) ŭ = 7.98 (d, J=9.1, 2H), 6.99 (d, J=9.0, 2H), 

5.76 ï 5.64 (m, 1H), 5.05 ï 4.87 (m, 2H), 3.95 (ddd, J=9.9, 8.6, 2.6, 1H), 3.87 (s, 3H), 3.67 

(td, J=9.5, 7.1, 1H), 2.42 (ddd, J=19.1, 9.1, 4.8, 1H), 2.26 ï 2.17 (m, 1H), 2.11 (ddd, 

J=15.2, 12.7, 6.1, 1H), 2.07 ï 1.97 (m, 1H), 1.89 (dddd, J=13.6, 8.8, 7.2, 4.7, 1H), 1.72 

(ddd, J=19.0, 12.6, 9.2, 1H), 1.46 ï 1.35 (m, 1H).  13C NMR (125 MHz, CDCl3) ŭ = 175.3, 

164.1, 137.3, 130.5, 129.7, 115.8, 114.3, 55.8, 45.4, 42.6, 31.0, 29.4, 25.1.  Exact mass for 

C15H19NO4S [M+H] +; calcd: 310.1113, not obtained.  
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3-(But-3-en-1-yl)-1-(mesitylsulfonyl)pyrrolidin -2-one (357b):  Prepared according to 

general procedure 3.1 from 3-(but-3-en-1-yl)pyrrolidin-2-one with 2,4,6-

trimethylbenzenesulfonyl chloride.  Purification with column chromatography with 15% 

EtOAc/hexanes gave the title compound as a colorless oil (52%).  Rf = 0.52 (20% 

EtOAc/hexanes).  IR (neat): 3021, 2977, 2939, 1727, 1342, 1161, 1111, 750, 656 cm-1.  1H 

NMR (500 MHz, CDCl3) ŭ = 6.96 (s, 2H), 5.78 ï 5.65 (m, 1H), 4.99 (ddq, J=16.4, 10.2, 

1.4, 2H), 4.04 ï 3.96 (m, 1H), 3.82 (td, J=9.8, 6.9, 1H), 2.63 (s, J=2.3, 6H), 2.55 ï 2.48 (m, 

1H), 2.34 ï 2.30 (m, 2H), 2.29 (s, 3H), 2.17 ï 2.02 (m, 2H), 1.89 (dddd, J=13.7, 8.9, 7.2, 

4.7, 1H), 1.77 (ddd, J=19.2, 12.6, 9.2, 1H), 1.41 (dtd, J=14.1, 8.7, 5.7, 1H).  13C NMR (125 

MHz, CDCl3) ŭ = 175.8, 143.8, 140.9, 137.3, 132.1, 115.7, 44.7, 42.6, 31.0, 29.3, 25.6, 

22.7, 21.2.  Mass for C17H23NO3S [M+H] +; calcd: 322.1477, found: 322.2.  
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1-((4-Methoxyphenyl)sulfonyl)-3-(pent-4-en-1-yl)piperidin -2-one (360a):  Prepared 

according to general procedure 3.1 from 3-(pent-4-en-1-yl)piperidin-2-onewith 4-

methoxybenzenesulfonyl chloride.  Purification with column chromatography with 0 ï 

30% EtOAc/hexanes gave the title compound as a colorless oil (56%).  Rf = 0.26 (30% 

EtOAc/hexanes).  IR (neat): 2942, 1687, 1594, 1497, 1347, 1259, 1157, 1088, 832, 807, 

693 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.95 (d, J=9.0, 2H), 6.96 (d, J=9.0, 2H), 5.72 

(ddt, J=16.9, 10.2, 6.7, 1H), 5.04 ï 4.79 (m, 2H), 4.02 ï 3.69 (m, 2H), 3.86 (s, 3H), 2.36 ï 

2.19 (m, 1H), 2.07 ï 1.91 (m, 4H), 1.86 ï 1.76 (m, 2H), 1.57 ï 1.16 (m, 4H).   13C NMR 

(125 MHz, CDCl3) ŭ = 173.3, 163.7, 138.4, 130.9, 130.7, 114.8, 113.9, 55.7, 46.7, 43.5, 

33.7, 30.6, 26.1, 25.8, 22.4.  Mass for C17H23NO4S [M+H] +; calcd: 338.1426, found: 338.2.  

 

 

1-(Mesitylsulfonyl)-3-(pent-4-en-1-yl)piperidin -2-one (360b):  Prepared according to 

general procedure 3.1 from 3-(pent-4-en-1-yl)piperidin-2-one with 2,4,6-
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trimethylbenzenesulfonyl chloride.  Purification with column chromatography with 0 ï 

20% EtOAc/hexanes gave the title compound as a colorless oil (64%).  Rf = 0.54 (30% 

EtOAc/hexanes).  IR (neat): 2940, 2862, 1685, 1337, 1161, 1117, 752, 678 cm-1.  1H NMR 

(500 MHz, CDCl3) ŭ = 6.93 (s, 2H), 5.71 (ddt, J=16.9, 10.2, 6.6, 1H), 5.08 ï 4.74 (m, 2H), 

3.98 (ddd, J=10.7, 5.9, 1.0, 1H), 3.85 (ddd, J=12.5, 8.9, 4.5, 1H), 2.62 (s, 6H), 2.27 (s, 3H), 

2.13 ï 1.93 (m, 4H), 1.89 ï 1.82 (m, 1H), 1.82 ï 1.73 (m, 1H), 1.52 (dtd, J=14.3, 10.1, 4.0, 

1H), 1.45 ï 1.18 (m, 4H).  13C NMR (125 MHz, CDCl3) ŭ = 173.5, 143.0, 140.1, 138.4, 

134.0, 131.9, 114.8, 45.0, 43.3, 33.6, 30.5, 26.1, 25.7, 22.4, 22.0, 21.1.  Mass for 

C19H27NO3S [M+H] +; calcd: 350.1790, found: 350.2. 

 

 

4-Methyl-N-(3-(3-methyl-2-oxocyclopentyl)propyl)benzenesulfonamide (325):  From 

compound 323 using general procedure 3.2.  Purification by column chromatography with 

20% EtOAc/hexanes gave the title compound as a colorless solid (11%).  Rf = 0.53 (30% 

EtOAc/hexanes).  mp = 70-73 °C.  IR (neat): 3276, 2930, 2869, 1728, 1326, 1157, 1093, 

815, 662 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.73 (d, J=8.3, 2H), 7.30 (d, J=7.9, 2H), 

4.70 (s, 1H), 2.91 (s, J=5.0, 2H), 2.42 (s, 3H), 2.21 ï 2.13 (m, 1H), 2.13 ï 2.06 (m, 1H), 

2.05 ï 1.98 (m, 1H), 1.95 (tdd, J=11.0, 7.1, 4.1, 1H), 1.74 ï 1.65 (m, 1H), 1.57 ï 1.48 (m, 

2H), 1.37 ï 1.24 (m, 3H), 1.08 (d, J=7.0, 3H).  13C NMR (125 MHz, CDCl3) ŭ = 222.6, 
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143.5, 137.0, 129.8, 127.2, 48.3, 44.3, 43.2, 30.0, 27.7, 27.6, 27.2, 21.6, 14.5.  Exact mass 

for C16H24NO3S [M+H]+; calcd: 310.1477, found: 310.1477.  

 

 

2-Methyl-N-(3-(3-methyl-2-oxocyclopentyl)propyl)benzenesulfonamide (347a):  From 

compound 346a using general procedure 3.2.  Purification by column chromatography with 

0 ï 20% EtOAc/hexanes gave the title compound as colorless solid (45%).  Rf = 0.30 (30% 

EtOAc/hexanes).  mp = 64-67 °C.  IR (neat): 3295, 2930, 2869, 1728, 1455, 1322, 1157, 

761 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.94 (dd, J=8.1, 1.2, 1H), 7.44 (tt, J=12.2, 6.1, 

1H), 7.30 (dt, J=10.8, 3.5, 2H), 4.79 (t, J=6.1, 1H), 2.93 (ddd, J=13.2, 6.8, 4.0, 2H), 2.64 

(s, 3H), 2.21 ï 2.12 (m, 1H), 2.08 (ddd, J=14.1, 10.1, 6.4, 1H), 2.04 ï 1.96 (m, 1H), 1.96 ï 

1.88 (m, 1H), 1.74 ï 1.64 (m, 1H), 1.52 (dt, J=14.7, 7.2, 2H), 1.36 ï 1.23 (m, 3H), 1.08 (d, 

J=7.0, 3H).  13C NMR (125 MHz, CDCl3) ŭ = 222.7, 137.9, 137.1, 132.8, 132.7, 129.6, 

126.2, 48.3, 44.3, 42.9, 29.9, 27.7, 27.6, 27.2, 20.4, 14.6.  Exact mass for C16H24NO3S 

[M+H] +; calcd: 310.1477, found: 310.1474.  
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N-(3-(1-Hydroxybicyclo[3.1.0]hexan-2-yl)propyl) -2-methylbenzenesulfonamide 

(348a):  From compound 346a using general procedure 3.2.  Purification by column 

chromatography with 0 ï 20% EtOAc/hexanes gave the title compound as colorless oil 

(45%).  Rf = 0.15 (30% EtOAc/hexanes).  IR (neat): 3450, 3296, 2943, 2866, 1317, 1156, 

1086, 759, 689 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.97 (dd, J=8.2, 1.2, 1H), 7.46 (td, 

J=7.5, 1.3, 1H), 7.32 (dd, J=7.2, 6.6, 2H), 4.65 (t, J=5.9, 1H), 3.04 ï 2.90 (m, 2H), 2.65 (s, 

3H), 2.05 ï 1.92 (m, 2H), 1.79 (tdd, J=12.3, 8.1, 4.4, 1H), 1.74 ï 1.66 (m, 1H), 1.63 ï 1.52 

(m, 2H), 1.46 (ddt, J=13.1, 10.8, 6.7, 1H), 1.40 ï 1.34 (m, 2H), 1.31 (dd, J=13.5, 8.0, 1H), 

1.26 ï 1.19 (m, 1H), 1.19 ï 1.10 (m, 1H), 0.79 (dd, J=9.1, 5.4, 1H), 0.60 ï 0.52 (m, 1H).  

13C NMR (125 MHz, CDCl3) ŭ = 138.1, 137.1, 132.8, 132.6, 129.6, 126.3, 66.2, 43.4, 42.2, 

28.0, 27.0, 25.9, 24.5, 20.4, 16.4.  Exact mass for C16H24NO3S [M+H]+; calcd: 310.1477, 

not obtained. 

 

 

4-Methoxy-N-(3-(3-methyl-2-oxocyclopentyl)propyl)benzenesulfonamide (347b):  

From compound 346b using general procedure 3.2.  Purification by column 
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chromatography with 10 ï 30% EtOAc/hexanes gave the title compound as a colorless 

solid (40%).  Rf = 0.19 (30% EtOAc/hexanes).  mp = 76-79 °C.  IR (neat): 3278, 2929, 

2869, 1729, 1596, 1498, 1258, 1153, 1024, 834 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 

7.81 ï 7.75 (m, 2H), 7.00 ï 6.92 (m, 2H), 4.64 (t, J=6.1, 1H), 2.91 (ddd, J=13.3, 6.8, 3.0, 

2H), 2.21 ï 2.14 (m, 1H), 2.13 ï 2.07 (m, 1H), 2.05 ï 1.98 (m, 1H), 1.98 ï 1.90 (m, 1H), 

1.75 ï 1.65 (m, 1H), 1.56 ï 1.48 (m, 2H), 1.38 ï 1.25 (m, 4H), 1.08 (d, J=7.0, 3H).  13C 

NMR (125 MHz, CDCl3) ŭ = 222.6, 162.9, 131.5, 129.3, 114.3, 55.7, 48.3, 44.3, 43.1, 30.0, 

27.7, 27.5, 27.2, 14.5.  Exact mass for C16H24NO4S [M+H]+; calcd: 326.1426, found: 

326.1423.  

 

 

N-(3-(1-Hydroxybicyclo[3.1.0]hexan-2-yl)propyl) -4-methoxybenzenesulfonamide 

(348b):  From compound 346b using general procedure 3.2.  Purification by column 

chromatography with 0 ï 30% EtOAc/hexanes gave the title compound as colorless oil.  Rf 

= 0.16 (30% EtOAc/hexanes).  IR (neat): 3457, 3276, 2943, 2865, 1597, 1498, 1322, 1301, 

1259, 1151, 1095, 833, 668 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.80 (d, J=9.0, 2H), 

6.98 (d, J=9.0, 2H), 4.39 (t, J=6.1, 1H), 3.87 (s, 3H), 3.02 ï 2.90 (m, 2H), 2.04 ï 1.97 (m, 

1H), 1.88 (s, 1H), 1.84 ï 1.76 (m, 1H), 1.75 ï 1.69 (m, 1H), 1.63 ï 1.58 (m, 1H), 1.52 ï 

1.42 (m, 1H), 1.41 ï 1.35 (m, 2H), 1.33 (dd, J=12.0, 5.9, 1H), 1.28 ï 1.20 (m, 1H), 1.20 ï 

1.11 (m, 1H), 0.80 (dd, J=9.0, 5.4, 1H), 0.58 (dd, J=5.2, 4.4, 1H).  13C NMR (125 MHz, 
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CDCl3) ŭ = 163.0, 131.7, 129.3, 114.3, 66.3, 55.7, 43.6, 42.2, 27.8, 27.0, 25.9, 24.6, 24.5, 

16.4.  Exact mass for C16H24NO4S [M+H]+; calcd: 326.1426, not obtained. 

 

 

2,4,6-Trimethyl -N-(3-(3-methyl-2-oxocyclopentyl)propyl)benzenesulfonamide 

(347c):  From compound 346c using general procedure 3.2.  Purification by column 

chromatography with 30% EtOAc/hexanes gave the title compound as a colorless solid 

(73%).  Rf = 0.65 (20% EtOAc/hexanes).  mp = 72 ï 73 °C.  IR (neat): 3343, 2938, 2868, 

1720, 1452, 1324, 1150, 1079, 811, 651 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 6.95 (s, 

2H), 5.04 (s, 1H), 3.04 (dt, J=12.5, 6.3, 1H), 2.93 (td, J=13.1, 6.0, 1H), 2.63 (s, 6H), 2.29 

(s, 3H), 2.22 ï 2.15 (m, 1H), 2.14 ï 2.01 (m, 3H), 1.80 (tt, J=7.7, 6.3, 1H), 1.55 (dt, J=20.4, 

6.4, 1H), 1.41 ï 1.32 (m, 2H), 1.09 (d, J=7.0, 3H).  13C NMR (125 MHz, CDCl3) ŭ = 222.9, 

194.6, 142.1, 139.1, 133.8, 132.0, 47.0, 44.3, 41.1, 30.1, 30.0, 28.0, 23.0, 21.0, 14.6.  Exact 

mass for C18H27NO3S [M+H]+; calcd: 338.1790, found: 338.1795.  
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N-(3-(1-Hydroxybicyclo[3.1.0]hexan-2-yl)propyl) -2,4,6-

trimethylbenzenesulfonamide (348c):  From compound 346c using general procedure 

3.2.  Purification by column chromatography with 0 ï 30% EtOAc/hexanes gave the title 

compound as colorless oil (51%).  Rf = 0.25 (30% EtOAc/hexanes).  IR (neat): 3435, 3305, 

2941, 2866, 1319, 1151, 1058, 655 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 6.96 (s, 2H), 

4.51 (t, J=6.3, 1H), 3.00 ï 2.86 (m, 2H), 2.64 (s, 6H), 2.30 (s, 3H), 2.02 ï 1.94 (m, 1H), 

1.84 (s, 1H), 1.78 (tdd, J=12.2, 8.1, 4.4, 1H), 1.73 ï 1.65 (m, 1H), 1.60 ï 1.53 (m, 1H), 

1.45 (ddd, J=17.4, 13.1, 6.7, 1H), 1.40 ï 1.33 (m, 2H), 1.32 ï 1.27 (m, 1H), 1.26 ï 1.19 

(m, 1H), 1.17 ï 1.08 (m, 1H), 0.79 (dd, J=9.1, 5.4, 1H), 0.57 (dd, J=5.0, 4.5, 1H).  13C 

NMR (125 MHz, CDCl3) ŭ = 142.2, 139.2, 133.9, 132.1, 66.3, 43.0, 42.2, 27.9, 27.1, 25.9, 

24.6, 24.5, 23.1, 21.0, 16.4.  Exact mass for C18H27NO3S [M+H]+; calcd: 338.1790, not 

obtained.  
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4-Methoxy-2,6-dimethyl-N-(3-(3-methyl-2-

oxocyclopentyl)propyl)benzenesulfonamide (347d):  From compound 346d using 

general procedure 3.2.  Purification by column chromatography with 10 ï 30% 

EtOAc/hexanes gave the title compound as a colorless solid (80%).  Rf = 0.33 (50% 

EtOAc/hexanes).  mp = 87-89 °C.  IR (neat): 3321, 2964, 2929, 2865, 1722, 1592, 1307, 

1152, 1085, 667, 611 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 6.64 (s, 2H), 4.55 (t, J=6.3, 

1H), 3.82 (s, 3H), 2.95 ï 2.80 (m, 2H), 2.64 (s, 6H), 2.21 ï 2.13 (m, 1H), 2.12 ï 2.06 (m, 

1H), 2.02 (ddd, J=11.1, 8.0, 4.0, 1H), 1.93 (dtd, J=11.2, 8.3, 5.1, 1H), 1.74 ï 1.64 (m, 1H), 

1.56 ï 1.47 (m, 2H), 1.36 ï 1.25 (m, 3H), 1.08 (d, J=7.0, 3H).  13C NMR (125 MHz, CDCl3) 

ŭ = 222.6, 161.2, 141.8, 128.6, 116.2, 55.4, 48.3, 44.4, 42.5, 30.0, 27.8, 27.6, 27.3, 23.6, 

14.6.  Exact mass for C18H28NO4S [M+H]+; calcd: 354.1739, found: 354.1736. 
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2,4,6-Triisopropyl -N-(3-(3-methyl-2-oxocyclopentyl)propyl)benzenesulfonamide 

(347e).  From compound 346e using general procedure 3.2.  Purification by column 

chromatography with 10 ï  20% EtOAc/hexanes gave the title compound as a colorless 

solid (52%).  Rf = 0.64 (30% EtOAc/hexanes).  mp = 91-96 °C.  IR (neat): 3301, 2958, 

1732, 1318, 1149, 878, 657 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.20 (s, 2H), 4.41 (t, 

J=6.2, 1H), 4.19 (hept, J=6.7, 2H), 3.01 (ddd, J=13.4, 6.8, 2.5, 2H), 2.98 ï 2.89 (m, 1H), 

2.25 ï 2.20 (m, 1H), 2.19 ï 2.11 (m, 1H), 2.11 ï 1.98 (m, 2H), 1.82 ï 1.72 (m, 1H), 1.64 ï 

1.56 (m, 2H), 1.43 ï 1.34 (m, 3H), 1.33 ï 1.22 (m, 18H), 1.13 (d, J=7.0, 3H).  13C NMR 

(125 MHz, CDCl3) ŭ = 222.4, 152.8, 150.3, 132.4, 123.9, 48.4, 44.3, 42.8, 34.2, 30.0, 29.7, 

27.9, 27.8, 27.4, 25.0, 23.7, 14.6.  Exact mass for C24H40NO3S [M+H]+; calcd: 422.2729, 

found: 422.2728. 

 

 

1-(4-Methoxybenzyl)octahydrocyclopropa[1,5]cyclopenta[1,2-b]pyrrole (350):  

Prepared according to general procedure 2.3 from 349.  Purification with column 

chromatography with 0 ï 20% EtOAc/hexanes gave the title compound as a colorless oil 

 



162 

 

(67%).  Rf = 0.30 (30% EtOAc/hexanes).  IR (neat): 2935, 2858, 1511, 1245, 1034, 814, 

699 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.22 (d, J=8.5, 2H), 6.83 (d, J=8.6, 2H), 3.79 

(s, 3H), 3.50 (d, J=12.8, 1H), 3.31 (d, J=12.8, 1H), 2.85 (ddd, J=10.2, 8.0, 5.2, 1H), 2.60 

(td, J=9.4, 6.6, 1H), 2.37 (dtd, J=9.1, 7.0, 2.0, 1H), 2.05 ï 1.89 (m, 2H), 1.66 ï 1.55 (m, 

1H), 1.56 ï 1.37 (m, 3H), 1.05 (dd, J=9.0, 6.0, 1H), 0.53 (dd, J=5.7, 4.7, 1H).  13C NMR 

(125 MHz, CDCl3) ŭ = 158.6, 131.9, 130.0, 113.6, 62.5, 56.8, 55.3, 52.8, 42.1, 29.5, 28.9, 

26.5, 19.8, 11.9.  Exact mass for C16H21NO [M+Na]+; calcd: 266.1521, found: 266.1504. 

 

 

4-Methoxy-N-(2-(3-methyl-2-oxocyclopentyl)ethyl)benzenesulfonamide (358a):  From 

compound 357a using general procedure 3.2.  Purification by column chromatography with 

30% EtOAc/hexanes gave the title compound as a colorless foam (45%).  Rf = 0.17 (30% 

EtOAc/hexanes).  IR (neat): 3274, 2933, 2869, 1727, 1596, 1323, 1149, 832, 666 cm-1.  1H 

NMR (500 MHz, CDCl3) ŭ = 7.78 (d, J=9.0, 2H), 6.96 (d, J=9.0, 2H), 5.01 (t, J=6.1, 1H), 

3.86 (s, 3H), 3.14 ï 3.00 (m, 1H), 2.97 (ddd, J=12.7, 7.0, 3.9, 1H), 2.20 ï 2.04 (m, 3H), 

1.81 (dd, J=14.0, 7.7, 1H), 1.58 ï 1.51 (m, 2H), 1.43 ï 1.29 (m, 2H), 1.09 (d, J=7.0, 3H).  

13C NMR (125 MHz, CDCl3) ŭ = 223.0, 162.9, 131.6, 129.3, 129.2, 114.3, 55.7, 46.9, 44.3, 

41.7, 30.0, 27.8, 14.5.  Exact mass for C17H21NO4S [M+Na]+; calcd: 334.1089, found: 

334.1078. 
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2,4,6-Trimethyl -N-(2-(3-methyl-2-oxocyclopentyl)ethyl)benzenesulfonamide (358b):  

From compound 357b using general procedure 3.2.  Purification by column 

chromatography with 15% EtOAc/hexanes gave the title compound as a colorless solid 

(55%).  Rf = 0.51 (30% EtOAc/hexanes).  mp = 126 ï 128 °C.  IR (neat): 3268, 2960, 2871, 

1721, 1323, 1154, 653 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 6.95 (s, 2H), 5.07 (t, J=6.1, 

1H), 3.05 (dd, J=12.7, 6.4, 1H), 2.98 ï 2.86 (m, 1H), 2.63 (s, 6H), 2.29 (s, 3H), 2.18 (dd, 

J=13.6, 5.6, 1H), 2.14 ï 2.00 (m, 3H), 1.81 (td, J=14.1, 6.3, 1H), 1.55 (dt, J=20.3, 6.4, 1H), 

1.43 ï 1.29 (m, 2H), 1.09 (d, J=7.0, 3H).  13C NMR (125 MHz, CDCl3) ŭ = 223.0, 142.1, 

139.1, 133.8, 132.0, 47.0, 44.3, 41.1, 30.1, 30.0, 28.0, 23.0, 21.0, 14.6.  Exact mass for 

C17H25NO3S [M+Na]+; calcd: 346.1453, found: 346.1431.  

 

 

1-(4-Methoxybenzyl)decahydrocyclopropa[i]quinoline (354):  Prepared according to 

general procedure 2.3 from 353.  Purification with column chromatography with 0 ï 20% 

EtOAc/hexanes gave the title compound as a colorless oil (73%).  Rf = 0.52 (20% 
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EtOAc/hexanes).  IR (neat): 2925, 2854, 1509, 1457, 1241, 1168, 1037. 830, 801 cm-1.  1H 

NMR (500 MHz, CDCl3) ŭ = 7.16 (d, J=8.5, 2H), 6.82 (d, J=8.6, 2H), 3.90 (d, J=13.5, 1H), 

3.78 (s, 3H), 3.71 (d, J=13.5, 1H), 2.67 ï 2.55 (m, 2H), 2.26 ï 2.19 (m, 1H), 2.09 ï 2.00 

(m, 1H), 2.00 ï 1.89 (m, 1H), 1.71 (ddd, J=25.1, 12.7, 4.4, 2H), 1.66 ï 1.61 (m, 1H), 1.60 

ï 1.50 (m, 2H), 1.44 ï 1.35 (m, 1H), 1.24 ï 1.14 (m, 3H), 1.12 ï 1.06 (m, 1H), 0.57 (dd, 

J=9.8, 4.5, 1H), 0.48 (t, J=4.9, 1H).  13C NMR (125 MHz, CDCl3) ŭ = 158.4, 133.1, 129.7, 

113.6, 55.4, 52.7, 46.9, 46.2, 27.3, 26.7, 22.9, 21.1, 19.2, 19.0, 15.1.  Exact mass for 

C18H26NO [M+H]+; calcd: 272.2014, found: 272.2033.  

 

 

4-Methoxy-N-(3-(3-methyl-2-oxocyclohexyl)propyl)benzenesulfonamide (361a).  

From compound 360a using general procedure 3.2.  Purification by column 

chromatography with 0 ï 30% EtOAc/hexanes gave the title compound as a colorless oil 

(18%).  Rf = 0.48 (50% EtOAc/hexanes).  IR (neat): 3273, 2925, 2854, 1701, 1596, 1325, 

1257, 1153, 1095, 1024, 833, 668 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.79 (d, J=8.9, 

2H), 6.97 (d, J=8.9, 2H), 4.46 (t, J=5.9, 1H), 3.87 (s, 3H), 2.91 (tt, J=12.7, 6.2, 2H), 2.54 

ï 2.42 (m, 1H), 2.40 ï 2.28 (m, 1H), 1.97 ï 1.89 (m, 1H), 1.86 (dt, J=13.0, 6.7, 1H), 1.75 

ï 1.65 (m, 3H), 1.59 (dt, J=11.5, 5.2, 2H), 1.54 ï 1.43 (m, 2H), 1.43 ï 1.30 (m, 3H), 1.05 

(d, J=6.8, 3H).   13C NMR (125 MHz, CDCl3) ŭ = 216.6, 163.0, 131.6, 129.3, 114.3, 55.7, 
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48.2, 43.1, 42.9, 35.0, 32.8, 27.6, 27.4, 20.5, 15.7.  Mass for C17H25NO4S [M+H]+; calcd: 

340.1583, found: 340.2. 

 

 

2,4,6-Trimethyl -N-(3-(3-methyl-2-oxocyclohexyl)propyl)benzenesulfonamide (361b).  

From compound 360b using general procedure 3.2.  Purification by column 

chromatography with 0 ï 15% EtOAc/hexanes gave the title compound as a colorless oil 

(30%).  Rf = 0.50 (30% EtOAc/hexanes).  IR (neat): 3304, 2931, 2861, 1699, 1603, 1452, 

1151, 734, 653 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 6.95 (s, 2H), 4.64 (t, J=6.2, 1H), 

2.97 ï 2.78 (m, 2H), 2.63 (s, 6H), 2.50 ï 2.41 (m, 1H), 2.36 ï 2.26 (m, 1H), 2.29 (s, 3H), 

1.98 ï 1.88 (m, 1H), 1.87 ï 1.78 (m, 1H), 1.74 ï 1.63 (m, 2H), 1.62 ï 1.54 (m, 2H), 1.54 ï 

1.45 (m, 1H), 1.43 ï 1.30 (m, 3H), 1.03 (d, J=6.8, 3H).  13C NMR (125 MHz, CDCl3) ŭ = 

216.4, 142.1, 139.0, 133.7, 131.9, 48.1, 42.8, 42.4, 34.9, 32.7, 27.6, 27.3, 23.0, 20.9, 20.3, 

15.6.  Mass for C19H29NO3S [M+H] +; calcd: 352.1946, found: 352.2.  
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CHAPTER 4 

4. ENHANCING THE INTERRUPTED KULINKOVICH DE -MEIJERE 

REACTION:  ACCESSING MOLECULAR MOTIFS  

 

 

4.1. Introduction  

Synthesis of molecular scaffolds has been a cornerstone of organic chemistry as a 

challenging motif can present an intriguing target for the synthetic chemist.  Not only are 

challenging molecular structures targeted for the pure excitement of the synthetic 

challenge, these skeletal systems sought after by medicinal chemists to explore 

pharmacophore space.  Well-defined scaffolds, that contain reactive sites that can be 

readily elaborated or used to further develop more complex structures, are desirable in 

many ways to a medicinal chemist.  More importantly the synthesis of these molecular 

scaffolds, especially in the modern era, are desirable when the transformations are 

controlled by abundant, inexpensive and non-toxic reagents.  When used in synthetic routes 

for biologically active compounds, such as pharmaceuticals or molecular probes, toxic 

reagents with extremely low thresholds for percent composition can require additional, 

expensive purification steps as well as generating significant waste.  The use of non-toxic 

reagents to dramatically transform one substrate into another is paramount in modern 

synthetic ñgreenò methodology. 

In Chapter 2 and Chapter 3 the ability to transform simple olefin tethered lactams 

into functionally rich cyclic amino-ketones through a Bredtôs rule arrested and sulfonyl 

interrupted Kulinkovich de-Meijere reactions was described.  The sulfonyl arrested 
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Kulinkovich de-Meijere reaction afforded trans-Ŭ,Ŭô-disubstituted cyclic ketones which 

are notoriously difficult scaffolds to synthesize.  These transformations afforded products 

with two synthetic handles, an amine and carbonyl, with which to add further 

functionalization and that are capable of a plethora of transformations.1  In this chapter the 

stability of the tricyclic titanafuran intermediate is further functionalized and diversified 

into several product pathways.  Also discussed are several transformations of the trans-

Ŭ,Ŭô-disubstituted cyclic ketones that can rapidly diversify and further enhance their 

synthetic potential. 

 

4.2. Titanium (II) ï A 1,2-dicarbanion 

Originally proposed by Kulinkovich, the titanium (II) species present in the 

Kulinkovich and Kulinkovich de-Meijere reactions is a 1,2-dicarbanionic titanium alkoxy 

species that can be envisioned as the dialkoxytitanacycloproane A1 or the dialkoxy-(ɖ2-

alkene) titanium complex A2, Figure 4.1.  These species are formed by the addition of a 

Grignard reagent to titanium (IV) tetraisopropoxide or another suitable titanium (IV) 

species.2-4  The resulting dialkyltitanium (IV) complex undergoes disproportionation to 

produce equimolar amounts of a reduced alkane species derived from the Grignard reagent 

and a Ti(II)-alkene complex with resonance structures A1 and A2, Figure 4.1a.  The 

related structure B1 has an X-ray crystal structure, Figure 4.1b.5  The bond lengths and 

angles of the complex suggests substantial electron back donation from the titanium into 

the carbons, resulting in significant cyclopropane like character shown as B2.5  Although 
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it should be noted that alkoxy and alkyl groups exhibit different backbonding 

characterisitcs. 

 

 

 

4.2.1. Reactivity of the 1,2-dicarbanion 

 The 1,2-dicarbanionic nature of the dialkoxytitanacyclopropane species varies in 

reactivity depending on the substitution on the carbon atoms, Figure 4.2.  Silyl 

titanacyclopropanes A and monosubstituted titanacyclopropanes B and C tend to favor 

direct 1,2-insertion into the reactive electrophile.6-9  Disubstituted, bicyclic 

titanacyclopropanes D and E, on the other hand, react poorly with electrophiles and tend 

to favor ligand exchange onto less substituted olefins.6-7, 10-11  If the postulated intermediate 

is actually 1,2-dicarbanionic, the ability to synthetically diversify molecules through two 

sequential additions of an electrophile in a single step would be extremely beneficial.  

 

 

Figure 4.1 Titanium (II) complexes showing ɖ2-bridging and cyclopropane character. 
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The 1,2-dicarbanionic character of the titanacyclopropane is further supported by 

the experiments of Shi and coworkers12 in which an alternative method of generating a 

titanium (II) species was reported.  Starting with titanium tetraisopropoxide, two 

equivalents of n-butyl lithium were added, reducing the metal to titanium (II), A, Scheme 

4.1.  Addition of ethylene gas to the reduced titanium (II) species afforded 

titanacyclopropane B.  This titanacyclopropane reacted with benzonitrile to give 

intermediate C, hydrolysis of which gave ketone 401, Scheme 4.1.  The 1,2-dianionic 

nature of the initial species was further demonstrated by addition of a second electrophile, 

carbon dioxide to give D.  Hydrolysis of this intermediate afforded the keto-acid 402 in 

modest yield.13   

 

 

Figure 4.2 Reactivity of varying 1,2-dianionic titanacyclopropanes. 
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4.2.2. Sixôs work with 1,2-dicarbanion trapping 

In 2006 Six and coworkers reported that diisopropyloxy(ɖ2-cyclopentene)titanium 

could be used for the synthesis of 1,2-disubstituted cyclopentanes with high 

diastereoselectivity, Scheme 4.2.13  Electrophilic trapping of the 1,2-dicarbanion was first 

demonstrated with carbon dioxide and iodine gave trans-2-iodocyclopentanecarboxylic 

acid 403 in an excellent 88% yield, Scheme 4.2.  Six and coworkers also demonstrated that 

electrophiles such as nitriles, n-bromosuccinamide, esters and even allyl bromide were 

suitable for trapping this 1,2-dicarbanion.13-14   

 

 

Scheme 4.1 Sequential electrophilic trapping of the 1,2-dianion of the 

titanacyclopropane. 
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4.3. Deuterium Trapping of the Carbon ï Titanium Bond. 

 The availability of the titanium ï carbon bond in the titanafuran for further 

functionalization after the initial cyclization with the carbonyl has been demonstrated by 

Cha.15  As previously proposed in Chapter 3, the intermediate titanafuran is persistent 

until further functionalization or hydrolysis.  Incorporation of deuterium was used to 

demonstrate the existence of 405, Scheme 4.3.  When subjected to titanium (II) conditions, 

ene-lactam 346d was converted entirely to the presumed titanafuran 404, Scheme 4.3 

(TLC), deuterium oxide was added.  Deuterium incorporation into the product was greater 

than 70%!  This suggests that the titanafuran is persistent until hydrolysis and might be 

further intercepted by other electrophiles. 

 

 

Scheme 4.2 Sixôs trapping of the 1,2-dianion of the titanacyclopropane. 
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4.4. Oxidation of the Carbon ï Titanium bond. 

In addition to deuterium trapping experiments, previous literature approaches to 

functionalization of the Kulinkovich de-Meijere intermediates presented strong evidence 

that the carbon-titanium bond is persistent until hydrolytic workup.15-17  Organotitanium 

compounds are sensitive to oxygen, affording the corresponding alcohols in high yields.18  

To demonstrate that the carbon ï titanium bond persists and can be intercepted in our 

systems, molecular oxygen was used to oxidize the metallocycle and install an alcohol on 

the remaining carbanion.   

 

 

Scheme 4.3 Deuterium trapping of the persistent intermediate 404. 
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Compound 346d was subjected to the standardized interrupted Kulinkovich de-

Meijere conditions and upon complete consumption of the starting material the reaction 

mixture was cooled to -10 °C.  The argon atmosphere was replaced by oxygen, which 

slowly turned the black solution to bright yellow.  Hydrolysis of the mixture gave the ɓ-

hydroxy ketone 406 in a modest 45% yield after column chromatography, Scheme 4.4.  

Interestingly, THF as solvent was reported to disfavor oxidation of the titanafuran 

intermediate.16  The sulfonimide-interrupted Kulinkovich de-Meijere reactions were 

inefficient and poor yielding in diethyl ether, but performed well in THF, in contrast with 

Cha's examples. 

 

4.5. Lewis acid activation  

In addition to functionalization of the remaining carbon-titanium bond in the 

titanafuran intermediate, the reaction pathway could be redirected.  If the substituent on the 

amide nitrogen is an alkyl group the lone pair on the nitrogen promotes departure of the 

 

Scheme 4.4 Oxygen trapping of the titanafuran to yield ɓ-hydroxy ketone 405.  
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titanium alkoxide to afford iminium A, Figure 4.3.  This standard Kulinkovich de-Meijere 

pathway affords the aminocyclopropane 407.  As discussed in Chapter 3, if the 

functionality on the amide nitrogen is an aryl sulfonyl, as with intermediate B, it is 

proposed to be stable until hydrolysis to give amino-cyclopentanone 408.  Interestingly, 

several examples of both Bredtôs rule-arrested and the aryl sulfonyl-arrested substrates, 

yield amino-cyclopropanol D as the minor product in varying ratios and yields.19  The 

formation of amino-cyclopropanol derives extrusion of the nitrogen from B yielding C and 

thus amino-cyclopropanol D.  An ability to make amino-cyclopropanol D the major 

product could add value to this chemistry. 

 

 

 

Figure 4.3 Possible reaction pathways of N-substituted Ŭ-alkylated lactams. 
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In 2001 Szymoniak and coworkers reported the conversion of nitriles to primary 

cyclopropylamines by addition of BF3·OEt2 or TiCl4 to Kulinkovich de-Meijere 

reactions.20-22  Several years later it was reported that interrupted Kulinkovich de-Meijere 

reactions of imides, such as N-ɤ-alkenyl imides, that would normally result in N-acyl 

aminals, afforded the corresponding cyclopropanes when BF3·OEt2 was added.23  In the 

case of the nitriles, the Lewis acid would coordinate to the nitrogen in the ring and activate 

it for nucleophilic attack by cleavage of the carbon-titanium bond and subsequent collapse 

of the azatitanacyclopentane, Chapter 3, Scheme 3.1. 
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A similar effect was observed for the sulfonyl-interrupted Kulinkovich de-Meijere 

reactions.  Treatment of intermediate titanafuran A with BF3·OEt2 at -30 °C gave amino-

cyclopropanol 348b in a ratio of 1.5:1 to amino-ketone 347b, which is a drastic increase in 

ratio of the amino-cyclopropanols.  Mesitylene substituted ene-lactam 346c gave amino-

cyclopropanol 348c in a ratio of 3:1 to amino-ketone 347c, an even greater increase in the 

ratio of amino-cyclopropanols! 

  

 

Scheme 4.5 Controlling the reaction pathway with a Lewis acid. 
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4.6. Intramolecular reactions of the Amino-Ketones 

These functionally rich sulfonamide tethered trans-Ŭ,Ŭô-disubstituted cyclic 

ketones can be converted into bicyclic hydrocyclopenta[b]pyridines through condensation 

reactions and a Mitsunobu cyclization demonstrates the synthetic utility of this 

methodology for use in pharmacological library diversification, Scheme 4.6 and Scheme 

4.7.  

 

4.6.1. Self-condensation 

Amino-ketone 410 underwent self-condensation under acidic conditions in the 

presence of 4 Å molecular sieves.  The mixture was heated until complete consumption of 

starting material was observed yielding an inseparable mixture of regioisomers 412 and 

413.  The thermodynamically equivalent structures were formed in an approximate 1:1 

ratio. 

 

 

 

 

Scheme 4.6 Self condensation of amino-ketone 410. 
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4.6.2. Reduction and Mitsunobu cyclization 

 Alternatively, reduction of the trans-Ŭ,Ŭô-cyclopentanone 410 with sodium 

borohydride in methanol afforded the corresponding alcohol 414 in near quantitative yield 

as a 1:1 mixture of diastereomers, Scheme 4.7.  The sterically hindered L-selectride  

changed the diastereomeric ratio to 2:1. Attempts to reduce the ketone more selectively 

through Meerwein-Pondorf-Verley reduction were unsuccessful in this case.24   

 

 

 

The crude mixture of diastereomers 414 were subjected to Mitsunobu conditions in 

an attempt to close the piperidine ring.  The Mitsunobu reaction proceeds through an SN2 

displacement of an activated alcohol and therefore it was unsurprising that only a single 

diastereomer reacted to afford the cis-fused piperidine 415 in excellent yield, 90% from 

the reactive diastereomer, Scheme 4.7.  The cis-fusion of the piperidine ring fusion was 

unambiguously confirmed via single crystal X-ray diffraction, Figure 4.4.  Only the cis-

fused piperidine was possible because SN2 displacement of the alcohol cis to the amine 

would be energetically disfavored.  Instead, this diastereomer underwent elimination to 

 

Scheme 4.7 Reduction and Mitsunobu cyclization of the amino-ketone 410. 
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afford cyclopentene 416, also in good yield.  The elimination was regioselective as only 

one hydrogen was anti-periplanar to the alcohol and therefore compatible with E2 

elimination. 

 

 

 

4.7. Conclusion 

The transformations reported herein has utilized substrate-based approaches to 

interrupt the Kulinkovich de-Meijere reaction through Bredtôs rule in Chapter 2 and 

through an electronic approach in Chapter 3.  Building on the initial success, stabilization 

of the tricyclic titanafuran intermediate has allowed installation of functionality in place of 

the last carbon-titanium bond.   The ɓ-hydroxy cyclic ketone resulting from oxidation of 

this bond is reminiscent of a stereo selective aldol reaction.   

Modification of the reaction pathway to yield a different product also adds 

significant utility to this transformation.  Addition of a Lewis acid to the stabilized tricyclic 

titanafuran coaxes the intermediate to eliminate nitrogen and form an amino-

 

Figure 4.4 Single crystal X-ray structure of fused piperidine 415.   
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cyclopropanol.  This ring contraction is similar to the traditional Kulinkovich reaction of 

esters to form cyclopropanols but from an amide rather than an ester.  These cyclopropanols 

have tremendous synthetic potential for additional carbon-carbonyl bond formation and 

further functionalization with the benefit of amine tether which can act as an additional 

synthetic handle.25 

Transforming the amino-ketone products to bicyclic amines further enhances this 

powerful transformation.  In one or two elementary steps, post-interrupted-Kulinkovich de-

Meijere reaction can convert simple N-sulfonylated olefin-lactams into bicyclic piperidines 

that can be used in substrate diversification for the synthesis of small molecules, modified 

natural products and pharmaceuticals. 
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4.8. Experimental 

A summary of general experimentation techniques, instrumentation, purification 

procedures and reagent handling can be found on pages 84 ï 85. 

 

 

4-Methoxy-2,6-dimethyl-N-(3-(3-(methyl-d)-2-

oxocyclopentyl)propyl)benzenesulfonamide (406-D):  To a solution of the 

corresponding ene-lactam 404 (1 eq) in THF (0.03 M) was added titanium 

tetraisopropoxide (1.1 eq).  The reaction mixture was cooled to 0 °C with stirring before a 

solution of cyclo-pentylmagnesium bromide (3.4 eq) was added dropwise over 40 minutes 

until starting material was consumed as indicated by TLC.  After the reaction was 

complete, the black solution was diluted with deuterium oxide and the resulting mixture 

was stirred for 10 minutes followed by dilution with ethyl acetate.  The resulting suspension 

was filtered through a pad of celite and the layers were separated.  The aqueous layer was 

extracted with ethyl acetate (3x).  The combined organics were washed with water and 

brine then dried over anhydrous sodium sulfate, then concentrated in vacuo. Purification 

was achieved via column chromatography with 0 ï 20% EtOAc/hexanes to yield the title 
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compound as a colorless solid (70%).   Rf = 0.65 (20% EtOAc/hexanes).  mp = 86 ï 88 °C.  

IR (neat): 3322, 2937, 2868, 1721, 1592, 1307, 1151, 1085, 873, 667 cm-1.  1H NMR 1H 

NMR (500 MHz, CDCl3) ŭ = 6.64 (s, 2H), 4.54 (t, J=6.2, 1H), 3.82 (s, 3H), 2.95 ï 2.82 (m, 

2H), 2.64 (s, 6H), 2.21 ï 2.14 (m, 1H), 2.13 ï 2.06 (m, 1H), 2.06 ï 1.98 (m, 1H), 1.94 (ddt, 

J=8.2, 6.0, 4.1, 1H), 1.74 ï 1.65 (m, 1H), 1.55 ï 1.48 (m, 2H), 1.36 ï 1.30 (m, 3H), 1.08 

(d, J=7.0, 1H), 1.07 ï 1.03 (m, 2H).  13C NMR (125 MHz, CDCl3) ŭ = 222.4, 161.1, 141.7, 

128.5, 116.1, 55.3, 48.2, 44.2, 44.1, 42.4, 27.6, 27.4, 27.2, 23.4, 14.3, 14.2, 14.1.  Mass for 

C18H26DNO4S [M+H] +; calcd: 355.1802, found: 355.2. 

 

 

N-(3-(3-(Hydroxymethyl)-2-oxocyclopentyl)propyl)-4-methoxy-2,6-

dimethylbenzenesulfonamide (406):  To a solution of the corresponding ene-lactam 404 

(1 eq) in THF (0.03 M) was added titanium tetraisopropoxide (1.1 eq).  The reaction 

mixture was cooled to 0 °C with stirring before a solution of cyclo-pentylmagnesium 

bromide (3.4 eq) was added dropwise over 40 minutes until starting material was consumed 

as indicated by TLC.  The reaction solution was cooled to -10 °C.  The argon atmosphere 

was replaced with an oxygen atmosphere and the reaction temperature was maintained for 

several hours.  After four hours, as indicated by TLC the reaction mixture was warmed to 
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room temperature and diluted with water and ethyl acetate and stirred for 15 minutes.  The 

resulting suspension was filtered through a pad of celite and the layers were separated.  The 

aqueous layer was extracted with ethyl acetate (3x).  The combined organics were washed 

with water and brine then dried over anhydrous sodium sulfate, then concentrated in vacuo. 

Purification was achieved via column chromatography with 0 ï 50% EtOAc/hexanes to 

yield the title compound as a colorless foam (50%).   Rf = 0.44 (100% EtOAc).  IR (neat): 

3479, 3305, 2939, 2867, 1727, 1592, 1464, 1309, 1146, 1086, 733, 659 cm-1.  1H NMR 

(400 MHz, CDCl3) ŭ = 6.64 (s, 2H), 4.64 (t, J=6.3, 1H), 3.86 ï 3.78 (m, 1H), 3.82 (s, 3H), 

3.69 (dd, J=10.9, 6.2, 1H), 2.94 ï 2.82 (m, 2H), 2.64 (s, 6H), 2.28 (dd, J=12.7, 7.1, 1H), 

2.23 ï 2.05 (m, 2H), 2.03 ï 1.90 (m, 1H), 1.75 ï 1.63 (m, 3H), 1.63 ï 1.47 (m, 2H), 1.38 

(ddd, J=24.3, 12.2, 6.4, 2H).  13C NMR (100 MHz, CDCl3) ŭ = 222.9, 161.4, 142.0, 120.0, 

116.4, 62.3, 55.6, 51.3, 49.6, 42.7, 27.9, 27.7, 27.1, 24.2, 23.8.  Mass for C18H26NO5S 

[M+H] +; calcd: 370.1688, found: 370.2. 
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N-(3-(1-hydroxybicyclo[3.1.0]hexan-2-yl)propyl) -2-methylbenzenesulfonamide 

(348b) and N-(3-(1-Hydroxybicyclo[3.1.0]hexan-2-yl)propyl) -2,4,6-

trimethylbenzenesulfonamide  (348c):   

To a solution of the corresponding ene-lactam 346b-c (1 eq) in THF (0.03 M) was added 

titanium tetraisopropoxide (1.1 eq).  The reaction mixture was cooled to 0 °C with stirring 

before a solution of cyclo-pentylmagnesium bromide (3.4 eq) was added dropwise over 40 

minutes until starting material was consumed as indicated by TLC.  The reaction solution 

was cooled to -30 °C.  Freshly distilled BF3·OEt2 (2 eq) was added dropwise over 10 

minutes.  The reaction was stirred at -30 °C for one hour and warmed to rt.  After two 

hours, as indicated by TLC the reaction mixture was diluted with water and ethyl acetate 

and stirred for 15 minutes.  The resulting suspension was filtered through a pad of celite 

and the layers were separated.  The aqueous layer was extracted with ethyl acetate (3x).  

The combined organics were washed with water and brine then dried over anhydrous 

sodium sulfate, then concentrated in vacuo. Purification was achieved via column 

chromatography with 0 ï 30% EtOAc/hexanes to yield the title compound as a colorless 

foam, 348b yield (45%), 348c yield (41%). 
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To a 3-dram vial was added activated 4Å molecular sieves and a stir bar.  Amino ï ketone 

410 (21.2 mg, 61 µmol) and p-toluene sulfonic acid (2.5 mg, 15 µmol) were added and the 

vial purged with argon (3x) then dissolved in anhydrous toluene (2.5 mL).  The reaction 

mixture was heated in an oil bath with stirring at 90 °C for 20 hours.  After completion of 

the reaction (TLC) the sieves were filtered through celite and the solvent removed in vacuo.  

Purification by column chromatography with 10% EtOAc/hexanes afforded an inseparable 

mixture of regioisomers as a clear oil (59%).   

 

1-(Mesitylsulfonyl)-7-methyl-2,3,4,5,6,7-hexahydro-1H-cyclopenta[b]pyridine and 1-

(mesitylsulfonyl)-7-methyl-2,3,4,4a,5,6-hexahydro-1H-cyclopenta[b]pyridine 

Rf = 0.74 (20% EtOAc/hexanes).  IR (neat): 2929, 2847, 1441, 1147, 1058, 777, 658 cm-1.  

1H NMR (500 MHz, CDCl3) ŭ = 6.93 (s, 2H), 6.91 (s, 2H), 4.26 (ddt, J=13.9, 3.8, 1.8, 1H), 

3.98 (dt, J=13.4, 3.4, 1H), 3.04 ï 2.99 (m, 1H), 2.96 (ddd, J=14.8, 8.9, 2.2, 1H), 2.86 (td, 

J=13.6, 2.7, 1H), 2.63 (s, 6H), 2.57 (s, 6H), 2.29 (s, 3H), 2.28 (s, 3H), 2.14 ï 2.06 (m, 2H), 

2.05 ï 1.95 (m, 3H), 1.68 (ddt, J=17.1, 13.3, 6.0, 2H), 1.53 (dddd, J=15.3, 14.1, 9.6, 6.1, 

2H), 1.43 (ddt, J=12.9, 8.6, 2.3, 1H), 1.35 ï 1.27 (m, 2H), 1.16 (ddd, J=24.9, 12.8, 3.8, 

1H), 1.01 (s, 3H), 0.75 (d, J=6.8, 3H).  13C NMR (125 MHz, CDCl3) ŭ = 142.3, 142.1, 

140.2, 139.9, 139.6, 135.0, 134.4, 134.3, 132.1, 131.9, 129.6, 123.8, 48.5, 46.5, 41.1, 39.6, 
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34.9, 34.6, 31.8, 29.5, 28.2, 24.6, 24.1, 23.1, 22.8, 21.7, 21.5, 21.0, 18.6, 13.2.  Mass for 

C18H25NO2S [M+H] +; calcd: 320.1684, found: 320.2. 

 

 

To a solution of 410 (171 mg, 0.50 mmol) in anhydrous MeOH (2.5 mL) and DCM 

(0.5 mL) in a round bottom flask with a stir bar was added NaBH4 (150 mg, 2.5 mmol) in 

portions.  The mixture was stirred at 0 °C for 1 hour with monitoring by TLC.  The mixture 

was diluted with NH4Cl and DCM and stirred until gas evolution ceased.  The aqueous 

layer was extracted with DCM (3x) and the combined organics were washed with water, 

brine and dried over anhydrous Na2SO4, then concentrated in vacuo.  The alcohols were 

isolated as an inseparable mixture of diastereomers and used without further purification, 

solid (171 mg, 99%).  Rf = 0.76 (30% EtOAc/hexanes). 

To a solution of the crude alcohols (50.5 mg, 0.147 mmol) and 

triphenylphosphine (51.3 mg, 0.176 mmol) in THF (1.0 mL) was added DIAD (41.2 µL) 

dropwise at 0 °C.  The reaction mixture was stirred for 2 hours at 0 °C and monitored by 

TLC.  After completion of the reaction the solvent was removed in vacuo and the residue 

taken up in DCM.  The crude reaction mixture was loaded onto a preparatory TLC plate 

and eluted in 20% EtOAc/hexanes. 
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1-(Mesitylsulfonyl)-7-methyloctahydro-1H-cyclopenta[b]pyridine:  Isolated as a 

colorless solid (45%).  Rf = 0.74 (20% EtOAc/hexanes).  mp = 90-93 °C.  IR (neat): 2924, 

2868, 1312, 1146, 990, 821, 656cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 6.92 (s, 2H), 3.56 

ï 3.43 (m, 2H), 2.90 (td, J=13.4, 2.6, 1H), 2.61 (s, 6H), 2.28 (s, 3H), 2.23 ï 2.14 (m, 1H), 

2.10 (td, J=12.3, 6.2, 1H), 1.99 ï 1.89 (m, 1H), 1.79 (ddt, J=13.6, 11.0, 6.9, 1H), 1.65 ï 

1.60 (m, 1H), 1.52 ï 1.45 (m, 1H), 1.41 ï 1.22 (m, 3H), 1.16 (dddd, J=13.2, 11.0, 8.4, 4.7, 

1H), 0.79 (d, J=6.6, 3H).  13C NMR (126 MHz, CDCl3) ŭ = 142.1, 140.2, 133.6, 131.9, 

63.6, 40.0, 36.4, 30.9, 29.5, 27.9, 27.7, 24.8, 22.9, 21.1, 18.3.  Exact mass for C18H28NO2S 

[M+H] +; calcd: 322.1841, found: 322.1845.  

 

 

2,4,6-Trimethyl -N-(3-(3-methylcyclopent-1-en-1-yl)propyl)benzenesulfonamide:  

Isolated as a colorless solid (41%).  Rf = 0.38 (30% EtOAc/hexanes).  mp = 80-82 °C.  IR 

(neat): 3283, 2922, 2848, 1315, 1148, 1075, 851, 651 cm-1.  1H NMR (500 MHz, CDCl3) 
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ŭ = 6.96 (s, J=9.1, 2H), 5.13 (d, J=1.5, 1H), 4.43 (s, 1H), 2.88 (dd, J=11.8, 6.4, 1H), 2.67 

ï 2.60 (m, 1H), 2.63 (s, 3H), 2.30 (s, 3H), 2.19 ï 1.95 (m, 4H), 1.59 (p, J=7.2, 2H), 1.33 

ï 1.27 (m, 1H), 0.94 (d, J=6.9, 3H).  13C NMR (126 MHz, CDCl3) ŭ = 142.35, 142.26, 

139.23, 132.86, 132.09, 130.96, 42.46, 39.94, 34.60, 32.54, 28.22, 27.57, 23.11, 21.34, 

21.06.  Exact mass for C18H28NO2S [M+H]+; calcd: 322.1841, found: 322.1843.  
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CHAPTER 5 

5. INTRAMOLECULAR [4 + 4] PHOTOCYCLOADDITIONS OF  

2-PYRIDONE AND SILYL -3-ENOL-1-YNES 

 

 

5.1. Introduction and Motivation  

One of the most powerful synthetic transformations and a foundation of organic 

chemistry is the cycloaddition.  A cycloaddition is defined as the formation of at least two 

new bonds forming a cyclic structure (ring) and frequently these reactions can create as 

many as six new stereocenters.1  These processes can occur in a stepwise or concerted 

manner and are generally photochemical or thermal in nature.  Concerted pericyclic 

reactions are governed by the orbital symmetry rules proposed by Woodward and 

Hoffman.2  The most ubiquitous pericyclic reaction is the [4 + 2] thermal cycloaddition 

known as the Diels-Alder reaction.3  This reaction is a fundamental component of modern 

synthetic organic chemistry, it is completely atom economical, highly stereoselective and 

is inherently a ñgreenò process. 

Cycloadditions are extremely synthetically useful, especially in the modern era as 

chemists strive to reduce waste and create more efficient transformations.  One process that 

meets these requirements and has been ñgreenò from its discovery, the photocycloaddition. 

Photocycloadditions are powerful transformations that have great synthetic 

potential.  The first photocycloaddition reaction was reported in 1867 by Fritzche, a [4 + 

4] reaction of anthracene to give its dimer 501, Scheme 5.1.4  Since this first report 150 

years ago of a photochemical reaction there have been a wealth of transformations that 
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demonstrate the tremendous synthetic potential of photochemistry.  Out of the many 

examples of photocycloadditions one class of substrate, 2-pyridones will be discussed 

herein, highlighting 2-pyridone cycloadditions with conjugated dienes and enynes, 

discerning the [2 + 2] and [4 + 4] pathways and the synthetic potential of this highly 

stereoselective higher order cycloaddition towards the synthesis of cyclooctanoids. 

 

 

 

5.2. General Principles of Photochemistry 

Fundamentally, an organic photochemical reaction occurs between two reactive 

species, one in the ground state and one in the excited state.  Photons of light are absorbed 

by a molecule directly or energy is transferred from another molecule known as a 

photosensitizer.  To be photochemically reactive a molecule must have an empty orbital 

above a filled orbital that is energetically accessible.  The wavelength of light required to 

excite a molecule is determined by the absorbance spectrum of the substrate.  The 

wavelength of the light used can be controlled by light source and filters.  The wavelength 

needed is highly substrate dependent, which can be modified through structure 

manipulation, and can vary from the far ultraviolet (UV) to the visible region of the 

 

Scheme 5.1 [4 + 4] Photoisomerization of anthracene, the first reported 

photoreaction. 
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electromagnetic spectrum.  Upon absorption of a photon at the correct wavelength an 

electronic transition occurs.  These transitions, where an electron is excited to a higher 

energy orbital, are typically ˊ to ˊ* with alkenes or n to ˊ* with carbonyls.  Once excited 

to a higher orbital level the electronic spin is maintained (singlet state) with multiple 

relaxation pathways possible such as vibrational relaxation, fluorescence and possible 

intersystem crossing (IC) to the triplet state, discussed further in Chapter 6.  Electronically 

excited molecules that collide with ground state molecules can result in fundamental 

structural changes such as the formation of new bonds.   

 

 

 

Figure 5.1 Frontier molecular orbital diagram of 1,3-butadiene.  a) photoexcitation of 

an electron into the excited state.  b) HOMO/LUMO interactions of the 

ground state and excited states. 
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Frontier Molecular Orbital Theory (FMO), Figure 5.1, is often used to describe the 

interactions between two molecules, one in the excited state and the other molecule in the 

ground state, Figure 5.1a.  These molecules may be identical or substantially different.  

Arguments based on FMO typically use two energetically profitable frontier orbital 

interactions: (1) interactions between the singly-occupied ˊ* orbital of the excited molecule 

and the LUMO in the ground state, and (2) interactions between the singly-occupied n or 

ˊ orbital of the excited molecule and the HOMO of the molecule in the ground state, Figure 

5.1b.  These interactions are most favorable when the energies of the orbitals interacting 

are similar.  In this case two 1,3-butadiene molecules are shown in Figure 5.1b and depicts 

the [4 + 4] cycloaddition which is photochemically allowed but thermally forbidden in 

orbital symmetry rules. 

The source of light for a photoreaction is extremely important, as excitation of a 

compound occurs best at the maximum absorption of the chromophore.  Common sources 

of light are traditionally mercury vapor lamps of the low-, medium-, and high-pressure 

variety, although light emitting diodes have recently become popular.  The major 

absorption bands for 2-pyridones generally fall within the range of 300 ï 310 nm.  The 

source of light used for this study was a medium-pressure mercury vapor lamp which emits 

primarily at 265, 310 and 365 nm.  The wavelength selection can be controlled using glass 

filters such as Vycor or Pyrex and even further filtered by the use of solutions.5  If Pyrex  

is used approximately 90% of the light below 290 nm is not transmitted through the glass 

and  wavelengths of 300 nm and above are unfiltered.   
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5.3. Historical Perspective of 2-Pyridone photocycloadditions 

In 1960, nearly a century after the photodimerization of anthracene was reported, 

Taylor and co-workers reported the photocycloaddition of 2-pyridones, Scheme 5.1.6  

Initially irradiation of N-methyl-2-pyridone 503 was reported to give the  [2 + 2] photo-

dimer (not shown) based on infrared spectroscopy, later corrected by Paquette as the head-

to-tails trans dimer 504, using 1H NMR spectroscopy, Scheme 5.2.  The corrections were 

accepted in a later report by Taylor.6-7   

The photochemistry of 2-pyridones is highly concentration dependent.  In 1964, a 

report by Corey and Streith described the formation of 2-methyl-2-azabicyclo[2.2.0]hex-

5-en-3-one 502 (Dewar-pyridone) when extremely dilute solutions 503 in ether were 

irradiated.8  Interestingly 2-pyrones undergo similar photocycloadditions to afford similar 

products. 

 

 

 

 In 1974, Nakamura and co-workers rigorously studied the [4 + 4] 

photocycloadditions of 2-pyridones.  All four possible [4 + 4] photoisomers were reported, 

 

Scheme 5.2 Concentration dependent 2-pyridone photoisomerization and 

photodimerization. 
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in addition to confirming that these photochemical processes were concentration 

dependent.  Nakamura reported that at concentrations less than 10 mM the Dewar-pyridone 

502 dominated the reaction mixture.9  At higher concentrations (>100 mM) photo-

dimerization dominated the processes.  These photo-dimerizations would afford four 

possible [4 + 4] adducts dependent on the approach of the 2-pyridone 503.  Approach in a 

head-to-tail A or head-to-head C fashion where the carbonyls were distal to one another 

would afford trans photo-dimers 505 and 508, respectively.  Approach in head-to-tail B or 

head-to-head D fashion would afford the cis photo-dimers 506 and 509 respectively.10  A 

simple method was used by Nakamura to differentiate the cis and trans photo-dimers, a 

[3,3] sigmatropic (Cope) rearrangement upon heating the reaction mixtures to ca. 60 °C 

which afforded cyclobutanes 507, 510 and 511.11  As the trans photo-dimers lacked the 

necessary proximity of the alkenes they were thermally stable.  Careful analysis of the 

resulting products allowed for a complete assignment of 2-pyridone photodimerization 

products, Scheme 5.3.9-10  
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 In 1970, Sharp and Hammond reported a mechanistic study on the photochemistry 

of 2-pyridones.  In this report, they identified a short-lived singlet excited state that was 

responsible for the photochemistry of 2-pyridone.  They determined that the life time of 

the excited state was less than 0.2 ns.  They, also concluded that unsensitized dimerization 

of 2-pyridone does not involve a triplet excited state.12   

 

Scheme 5.3 [4 + 4] photodimerization of N-methyl-2-pyridone showing the all the 

possible cis and trans products and potential Cope rearrangements.  
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A report by Matsushima and co-workers in 1985 postulated a bimolecular 

association of 2-pyridones to explain the dominance of trans, head-to-tail products, Figure 

5.2.  They suggested that a pre-equilibrium of the 2-pyridones must occur to afford the 

observed photo-dimerized products.  Without bimolecular pre-association, the necessary 

molecular interactions during the short lived excited state would not occur.13  The 

formation of the trans head-to-tail adduct 505 or 513 could occur through two major 

pathways, dependent on the substitution on the 2-pyridone nitrogen.  If the 2-pyridone was 

not substituted on the nitrogen (N ï H), pre-association could occur through hydrogen 

bonding, especially in non-polar solvents as seen in A.  Upon irradiation, 

photodimerization of 512 affords the trans photoadduct 513 as the major product, Figure 

5.2.  Interestingly, substitution on the nitrogen of 2-pyridone, as in the case of N-methyl-

 

Figure 5.2 Proposed bimolecular association of 2-pyridones. 
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2-pyridone 503, irradiation also affords the trans-adduct 505.  In this case, the N-methyl-

2-pyridone 503 cannot form the hydrogen bond pair, A, prior to irradiation as it lacks the 

necessary hydrogen bond donor.  These studies indicate a strong dipole-dipole association, 

B, controls the resulting regioselectivity, Figure 5.2.13 

 

5.4. Cross [4 + 4] photocycloadditions of conjugated systems and 2-pyridones 

In 1977, Nagano and co-workers reported a [4 + 4] photocycloaddition of 2-methyl-

1,2,5-triazolo-pyridine 514 with 2-pyridone, Scheme 5.4.14  Irradiation of a one-to-one 

mixture of 514 and 512 gave the cross-[4 + 4] photo-adduct of 515 with the 2-pyridone 

513.  Increasing the ratio of triazole 514 to the 2-pyridone to 3:1, the [4 + 4] adduct 515 

was isolated in a higher yield, Scheme 5.4a.  When N-methyl-2-pyridone was used the 

cross [4 + 4] photo-adduct 516 was reported in a much higher 66% yield.  In the absence 

of 2-pyridone, upon irradiation 2-methyl-1,2,4-triazolo-pyridine afforded the [4 + 4] photo-

dimer 517, Scheme 5.4b.   
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Over the past 40 years, the photoreactivity of 2-pyridones with other conjugated 

systems has received significant attention.15-20  The [4 + 4] photocycloaddition of 2-

pyridones has been extensively reported on in the last 20 years by the Sieburth lab and 

extended to other conjugated systems such as 1,3-dienes,21 furans,22 naphthalene, 

anthracene22-23 and enynes.24-25  The conjugated enyne as a [4 + 4] cycloaddition partner 

had not been studied previously and has received significant attention, which will be 

discussed herein. 

 

5.4.1. Thermal [4 + 2] cycloadditions of conjugated enynes 

The conjugated enyne has received significant attention over the years since the 

first reported use of an enyne almost 125 years ago.  Enynes have been reported to undergo 

thermal [4 + 2] cycloaddition reactions.  In 1895 Michael and Bucker reported a thermal 

 

Scheme 5.4 Cross photocycloaddition of 2-pyridones and 1,2,4-triazolo-pyridines. 
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[4 + 2] cycloaddition of 3-phenylpropiolic acid in the presence of acetic anhydride.26  The 

postulated intermediate, a strained  6-membered ring containing an allene, underwent 1,3-

hydrogen migration to afford 518, Scheme 5.5a.  Nearly 100 years later in 1994, Danheiser 

and co-workers reported an intramolecular [4 + 2] thermal cycloaddition of an enyne 

tethered to an ynone.  On heating, enyne 519 afforded the highly strained allene 

intermediate which isomerized to furnish bicycle 520 in an excellent 78% yield, Scheme 

5.5b.27  These thermal [4 + 2] reactions are examples of ñdehydro-Diels Alderò reactions 

of alkynes with alkynes or alkenes and are a powerful method for the construction of 

polycyclic molecules containing aromatic rings.28   

 

 

 

 

 

Scheme 5.5 Cycloadditions of conjugated enynes. 



210 

 

5.4.2. Photochemical [4 + 4] cycloadditions of enynes 

Despite the inherent strain in cyclic allene intermediates resulting from 

cycloadditions of enynes, expansion of the use of enynes as reactive partners was unabated.  

In 2011 Margaretha and co-workers reported a photochemical [4 + 4] cycloaddition of an 

enyne, Scheme 5.6.  The enyne 521, part of a coumarin, in the presence of 2,3-

dimethylbutadiene, after irradiation afforded [2 + 2] adduct 522 as the major product.  The 

coumarin derivative 521 also underwent a [4 + 4] photocycloaddition, leading to the 1,2,5-

cyclooctatriene and rapid isomerization to 1,3,5-cyclooctatriene 523 in a modest 25% 

yield, Scheme 5.6.29  Around the same time as Margaretha, the Sieburth lab reported a 

powerful [4 + 4] photocycloaddition of enynes with 2-pyridones and will be discussed in 

great detail.24 

 

 

 

 

Scheme 5.6 Margarethaôs [4 + 4] photocycloaddition of courmarin 521. 
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5.5. [4 + 4] Photocycloadditions of 2-Pyridones and Enynes 

In 2010, Sieburth and Kulyk were the first to report the ability of 2-pyridones and 

conjugated enynes to form a wealth of products, largely a result of a [4 + 4] 

photocycloaddition, Scheme 5.7.24  The complex mixture of products resulted from a 

competition between [2 + 2] and [4 + 4] pathways with the inherent regio-selective issues 

deriving from head-to-head and head-to-tail complications, Scheme 5.7.  When a mixture 

of N-methyl-2-pyridone 503 and an enyne (R = H, CH2OH) were irradiated, [2 + 2] 

cycloaddition gave cyclobutane adducts 524, 525 and 526, as minor products.  When the 

enynes reacted with 503 through a [4 + 4] pathway, intermediate 1,2,5-cyclooctatriene 527 

was the result.  This allene is highly strained and rapidly dimerized via a thermal [2 + 2] 

cycloaddition to afford a complex mixture of dimers, Scheme 5.7.  It should be noted that 

[2 + 2] adducts 524 ï 526 could potentially arise from a [3,3] sigmatropic (Cope) 

rearrangement of 1,2,5-cyclooctatriene 527 although computational studies suggest this 

path is disfavored.24  The intermolecular [4 + 4] photocycloaddition of 2-pyridones and 

enynes, due to the high reactivity of allene 527 and formation of cyclobutanoids 524 ï 526, 

had the potential to form 72 different products!  While this demonstrated that 2-pyridones 

and enynes have the potential to be a powerful method for cyclooctanoid synthesis the 

complexity of the reaction product mixture was not promising. 
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5.5.1. Intramolecular 2-pyridone enyne photocycloadditions 

Shortly after the initial report of 2-pyridone enyne photocycloadditions, Sieburth 

and Kulyk reported that the product distribution was simplified using intramolecular 

reactions.25  Tethering the enyne to the 2-pyridone had an additional effect of partitioning 

the [2 + 2] and [4 + 4] reaction pathways.  With use of a three-atom tether and 

arrangement of the ñeneò as closest to the 2-pyridone, 528, upon irradiation the exclusive 

product was [2 + 2] adduct 529, Scheme 5.8a.30  On the other hand, with a three-atom 

tether and the enyne was presented through the ñyneò, 530, the [2 + 2] pathway was 

eliminated.  Pyridone 530 exclusively resulted in a [4 + 4] photocycloaddition to give 

1,2,5-cyclooctatriene 531, Scheme 5.8b.  This  highly unstable intermediate rapidly  

dimerized to give a mixture of thermal allene-allene [2 + 2] dimeric products.25     

 

Scheme 5.7 Svitlana Kulykôs 2-pyridone enyne intermolecular cycloadditions. 
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5.5.2. Strained cyclic allenes 

Cycloadditions of enynes, either thermally or photochemically, leads to highly 

strained cyclic allenes.  Cumulated double bonds, where the central carbon is sp hybridized, 

are reactively fascinating molecules.  Cyclic allenes are particularly intriguing as they can 

be extremely high energy molecules.  Depicted in Figure 5.3 are several examples of cyclic 

allenes.  Normally, an allene is a linear structure with the adjacent -́bonds orthogonal to 

the other.  Small cyclic allenes on the other hand are bent, described with the ű bending 

angle and the twisting angle ɝ, Figure 5.3a. These values measure the relative strain in 

bending and twisting of the p-orbitals relative to the acyclic homologue.31    For allenes in 

small-to-medium sized rings (i.e. 6 ï 9) the bending and torsional strain energies are shown 

in Figure 5.3b.   

 

Scheme 5.8 Svitlana Kulykôs partitioning of the [2 + 2] and [4 + 4] pathways. 
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Remarkably, these highly strained moieties have been observed and even isolated, 

for example 1,2-cyclononadiene is stable at room temperature and will only thermally 

dimerize when exposed to temperatures greater than 100 °C.32  Johnson has reported a 

stable 8-member ring with a sterically shielding tert-butyl group branched at the allene, 

isolable at room temperature.33  Several additional examples of highly sterically shielded 

cyclic allenes in six and seven member rings have been reported.34-35  These literature 

examples demonstrated that the allenes formed as a result of 2-pyridone-enyne 

photochemistry might also be stabilized by steric shielding. 

 

 

 

Figure 5.3 a) Bending and twisting angles of cyclic allenes.  b) Relative strain energy 

of small-to-medium sized allenes. 
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5.5.3. Silicon as a blocking group 

 Several years after the initial reports, Sieburth and Kulyk reported that the allene 

formed from the 2-pyridone-enyne [4 + 4] photocycloadditions could be stabilized through 

steric bulk.36  As Johnson had previously achieved with a tert-butyl group, Kulyk installed 

a diisopropylsilyl moiety, 532, in the 3-atom bridge used to tether the enyne to the 2-

pyridone, Scheme 5.9.  On irradiation, the [4 + 4] cycloaddition led to the 1,2,5-

cyclooctatriene, 533, flanked by a large diisopropylsilyl group.  This was observed to 

undergo a 1,3-hydrogen migration to the 1,3,5-cyclooctatriene 534 in near quantitative 

yield.36  The mechanism of this isomerization, important for the work reported herein is 

discussed in Section 5.6.2.1. Sterically flanking the allene intermediate even further with 

additional silicon groups and the fascinating transformations of those photosubstrates will 

be discussed in greater detail in Chapter 6.  

 

 

5.6. Results and Discussion 

The ability to make a 1,2-cyclooctadiene more persistent by shielding the reactive 

allene with a diisopropylsilyl group proved to be a powerful strategy for the photochemical 

synthesis of cyclooctanoids through [4 + 4] 2-pyridone ï enyne cycloadditions, Scheme 

 

Scheme 5.9 Sterically shielding the 1,2,5-cycloctatriene 532 with silicon. 
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5.9.  To expand on the previous work by the Sieburth group, it was proposed that the allene 

could be sufficiently shielded at other positions on the enyne, Scheme 5.10.  It was 

envisioned that a silyl-3-enol-1-yne cycloaddition partner, would provide sufficient steric 

bulk and lead to additional synthetic utility.  The ability to access cyclooctanoids using a 

silyl-3-enol-1-yne such as 535 to afford 536 would further enhance the 2-pyridone [4 + 4] 

cycloaddition methodology as silyl enol ethers are rich in potential transformations for 

synthetic diversification. 

 

 

 

5.6.1. Synthesis of starting materials 

 Synthesis of the photosubstrate 535 was straightforward as outlined in Scheme 

5.11.  Starting from hydroxymethyl pyridone 537, transformation into the corresponding 

chloride 538 proceeded smoothly in the presence of thionyl chloride in dichloromethane 

and this was used without purification, Scheme 5.11a.  The Williamson ether synthesis of 

coupling partner 540 was achieved in three steps from commercially available starting 

materials.  The starting 3-butyne-2-ol was protected as the tert-butyldimethylsilyl ether 539 

 

Scheme 5.10 Photochemistry of silyl-3-enol-1-ynes with 2-pyridones. 
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using standard protecting protocols.37  The alkyne was then hydroxymethylated with para-

formaldehyde to afford 540, Scheme 5.11b. 

 

 

 

A Williamson ether synthesis, using sodium hydride in tetrahydrofuran with 

chloromethyl pyridone 538 and the hydroxymethyl alkyne 540 in the presence of sodium 

iodide (in situ Finklestein) afforded the coupled product 541 in an excellent 95% yield.  A 

one-pot tandem deprotection and oxidation protocol was used to access the substrate 

precursor.38  Scadium (III) triflate deprotection of the secondary tert-butyldimethylsilyl 

ether 541 afforded the secondary alcohol 542.  Oxidation of the alcohol to the ynone using 

(diacetoxyiodo)benzene and TEMPO afforded the ynone 543 in an excellent 91% yield for 

the two steps.38  The ynone 543 was converted into the corresponding tert-

butyldimethylsilyl enol ether with tert-butyldimethylsilyl triflate and triethylamine in 

dichloromethane affording photosubstrate 535 in an excellent 86% yield, Scheme 5.12.  

 

Scheme 5.11 Synthesis of the photosubstrate precursors. 
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The triisopropylsilyl enol ether derivative was prepared using the same conditions with 

triisopropylsilyl trifluoromethanesulfonate and triethylamine affording 544 in 70% yield. 

 

 

 

5.6.2. Initial test of 2-pyridone silyl-3-enol-1-ynes 

With photosubstrate 535 in hand, a 0.025 M solution in anhydrous deuterated 

benzene was prepared, transferred to a 5 mm NMR spectrometer tube and deoxygenated 

with a gentle stream of argon, Scheme 5.13.  Irradiation of the photosubstrate with light 

above 290 nm (nominally 300 nm) was achieved with a 450 W medium-pressure mercury 

 

Scheme 5.12 Synthesis of photosubstrates 535 and 544. 
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lamp in a water-cooled jacket with a Pyrex filter.  After one hour of irradiation (monitoring 

by NMR) all the starting material 535 was consumed and resulted in a complex mixture of 

products.  Disappointingly, the photosubstrate 535 was presumed not to be sterically 

hindered enough to shield the reactive allene intermediate 545.  Photochemically, 1,3-

hydrogen migrations are allowed, whereas thermal antarafacial 1,3-hydrogen migration are 

geometrically disallowed.  In this case, a photochemical suprafacial 1,3-hydrogen 

migration is not observed.    

 

 

 

5.6.2.1.  1,3-Hydrogen migration 

Two mechanisms might explain 1,3-hydrogen migration of an allene to the 

corresponding 1,3-diene.  Thermal processes involving an antarafacial 1,3-hydrogen shift 

are theoretically possible, the high energy required to facilitate this process generally 

requires flash vacuum pyrolysis.39-41  Photochemically, a suprafacial 1,3-hydrogen 

migration is allowed under orbital symmetry rules.2  Johnson and co-workers have reported 

 

Scheme 5.13 Initial test of 2-pyridone silyl-3-enol-1-yne photochemistry. 
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several examples of the photochemical isomerization of allenes.42-43  Isomerization of 

allenes is also possible with Brønsted acids, via an ionic mechanism.33 

 

 

 

Efforts to elucidate the mechanism of the 2-pyridone-enyne photocycloadditon led 

Buddha Khatri in the Sieburth lab to prepare the deuterated version of the silyl-enyne 546.  

Irradiation of 546 in dry benzene gave 547 with a D:H ratio of 86:14, Scheme 5.14.  In the 

water saturated benzene, the D:H ratio was 10:90.  This work demonstrated that the 

isomerization of these allenes is largely ionic in nature. 

 

5.6.2.2. Johnsonôs allene isomerization 

 As previously discussed, 1,2-cyclooctadienes such as 548, Scheme 5.15, are 

unstable and thermally dimerize through a [2 + 2] cycloaddition reaction to afford 

cyclobutane 549.  There have been several reports of preventing [2 + 2] dimerization using 

bulky substituents near the allene.  Johnson and co-workers installed a tert-butyl group 

directly on the allene, 550, Scheme 5.15.  This allene was stable at room temperature, quite 

 

Scheme 5.14 Buddha Khatriôs deuterium study on the isomerization of the allene 

intermediate. 
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rare for an eight-member ring allene.  Johnson demonstrated that in the presence of para-

toluenesulfonic acid, 1,3-dienes 551 and 552 dominated the reaction mixture.33  The 1-tert-

butyl-1,2-cyclooctadiene Johnson prepared is reminiscent of the tert-butyldimethylsilyl-

enol-yne [4 + 4] photocycloaddition adduct 545, Scheme 5.13.  It was proposed that an 

isomerization pathway would be accessible with a Brønsted acid.   

 

 

 

5.6.3. Proton source for photochemistry 

Photocycloaddition of 2-pyridones is largely independent of solvent effects for the 

[4 + 4] cycloaddition, with many solvents compatible with the transformation.44-46  In 

certain cases the choice of solvent can affect regio-selectivity of intermolecular 2-pyridone 

[4 + 4] cycloadditions, but with an intramolecular cycloaddition, approach of the 1,3-enyne 

is substrate controlled.44-45  Using methanol as solvent facilitates the 1,3-hydrogen shift 

after the [4 + 4] photocycloaddition.  Irradiation of 535 in deuterated methanol under 

 

Scheme 5.15 Johnsonôs work with strained 1-tert-butyl-1,2-cyclooctadiene 550. 
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standard photochemical conditions led to 553-d in near quantitative yield, Scheme 5.16.  

Interestingly and delightfully the photoreaction was extremely clean but was not the 

desired 1,3,5-cyclooctatriene 536.  The product that was observed was the de-silylated 

cyclooctadienone 553-d incorporating deuterium at the site of the former reactive allenic 

carbon.  Addition of a Brønsted acid leads to rapid allene protonation to prevent 

dimerization.  Methanol removed the silyl group through either nucleophilic addition to 

silicon or through photochemical formation of formic acid and subsequent hydrolysis of 

the silyl enol ether, Scheme 5.16.47 

 

 

 

Encouraged by these initial results, other protic solvents were screened.  The highly 

polarized and protic solvent hexafluoroisopropanol was tested, Scheme 5.17.  The solution 

was irradiated for one hour and monitored by TLC to confirm complete consumption of 

starting material.  Subsequent NMR analysis, after removal of the solvent, showed 

quantitative de-silylation to the photosubstrate precursor ynone 543.  Removal of the silyl 

enol ether prior to the [4 + 4] photocycloaddition is most likely the result of the acidity of 

hexfluoroisopropanol (pKa = 9.3)48 or the presence of fluoride impurities.49  

 

Scheme 5.16 Photochemistry of 535 in deuterated methanol. 
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 In the presence of ñwetò acetonitrile an interesting result was observed.  After 

irradiation for 1 hour the photosubstrate 535 was completely consumed and afforded near 

quantitative conversion into [4 + 4] photoadducts.  Two products dominated the reaction 

mixture: the previously observed cyclooctadienone 553, in a modest 47% yield and the 

isomerized silyl enol ether 1,3,5-cyclooctatrienol 536, in a modest 45% yield (92% 

combined yield!), Scheme 5.18.  Water present in the acetonitrile proved to be sufficiently 

nucleophilic to partially hydrolyze the tert-butyldimethylsilyl enol affording the enone.  

Hydrolysis of the silyl enol ether in situ afforded 553 which would generate tert-

butyldimethylsilanol, this could account for the presence of the 1,3,5-cycloocatriene 536 

in the reaction mixture, vide infra. 

 

 

 

Scheme 5.17 Attempted photochemistry of 535 in hexafluoroisopropanol. 

 

Scheme 5.18 Photochemistry of 535 in acetonitrile. 
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 Johnson had previously demonstrated that allenes would readily isomerize in the 

presence of an acid,33 a more acidic, sterically hindered and less nucleophilic source of 

proton might afford a clean isomerization of the [4 + 4] cycloadduct.  Several proton 

sources were selected under the criteria that: (1) the proton additive would not interfere 

photochemically with the cycloaddition (absorb light), (2) the proton source was 

sufficiently acidic and (3) the proton source lacked significant nucleophilicity.  Three 

additives were selected, butylated hydroxytoluene (BHT), tert-butyldimethylsilanol and 

diphenylsilanediol.  All three of these compounds lack significant UV absorbance at the 

wavelength required to photoexcite substrate 535.50  As shown in Scheme 5.19 the 

substrates vary in acidity, butylated hydroxytoluene (BHT) with a pKa = 16.8, tert-

butyldimethylsilanol with a pKa = 13, and diphenylsilanediol with the most acidic proton 

at a pKa = 11.4.51  Solutions of the photosubstrate 535 in deuterated benzene were prepared 

as previously described with the addition of one equivalent of additive prior to 

deoxygenation.  After irradiation and complete consumption of the photosubstrate, BHT 

performed no better than ñwetò acetonitrile to yield the 1,3,5-cyclooctatriene 536 in a 

modest 54% yield with significant byproduct formation, no cyclooctadiene 553 was 

observed.  Diphenylsilanediol on the other hand gave the photoproduct 536 in a slightly 

lower 41% yield.  On the other hand, the tert-butyldimethylsilanol performed admirably 

well and after irradiation the desired 1,3,5-cyclooctatriene 536 was isolated in an excellent 

90% yield!   
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 With the significantly larger triisopropylsilyl enol ether, 544 did not prove to be 

more efficacious, as the [4 + 4] photocycloaddition required a three-fold increase in 

irradiation time, Scheme 5.20.  In the presence of butylated hydroxytoluene, after three 

hours, the corresponding triisopropyl silyl enol ether cyclooctatriene 554 was isolated in a 

modest 49% yield.  The silanediol was inefficient for the photocycloaddition and 

isomerization.  Irradiation of this mixture afforded less than 15% yield of the 

cyclooctatriene 554, with a significant decomposition and starting material dominating the 

crude mixture as the reaction mixture solidified during irradiation.  Delightfully the tert-

butyldimethylsilanol performed exceptionally well, even with the increased irradiation 

 

Scheme 5.19 Screening proton sources with 535. 
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time, the cyclooctatriene 554 was isolated in a good 65% yield.  The efficiency of tert-

butyldimethylsilanol in facilitating the silyl allenol isomerization to the corresponding 

diene was demonstrated.  The tert-butyldimethylsilanol proved to be a non-nucleophilic 

source of proton in addition to demonstrating any interference in light transfer from the 

source to the 2-pyridone. 

 

 

 

 

 

 

Scheme 5.20 Screening proton sources with 544. 
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5.6.4. Optimization and trapping experiments 

Initial tests of the 2-pyridone silyl-3-enol-1-ynes on substrates 535 and 544 used 

one equivalent of the corresponding proton source with tert-butyldimethylsilanol providing 

the best yields, Scheme 5.21.  Proton transfer is dependent on proximity of the reactive 

allene to the acid, therefore increasing the quantity of acid should facilitate the 

transformation more efficiently.  With tert-butyldimethylsilyl substrate 535 in the presence 

of five equivalents or greater of the silanol, on irradiation with our standard conditions, the 

yield of the cyclooctatriene was near quantitative and an excellent 95% yield after 

purification!  Delightfully, the triisopropyl enol ether substrate 544 afforded similar results 

when irradiated with five equivalents of silanol, as cyclooctatriene 554 was isolated in an 

excellent 91% yield after purification.   

 

 

 

 

Scheme 5.21 Increasing the ratio of acid to photosubstrate. 
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Demonstrating that the allene intermediate was intercepted with a sufficiently 

acidic and sterically demanding acid such as a silanol, it was thought that additional 

electrophiles could react at the allene carbon, adding additional utility to the [4 + 4] 

cycloaddition.   Addition of an aldehyde to the photocycloaddtion, if successful in trapping 

the allene would present a unique and synthetically useful transformation: a [4 + 4] 

photocycloaddition with in situ aldol condensation, with the potential to set three new 

carbon-carbon bonds and stereocenters.  

Photosubstrates 535 and 544 were irradiated using the standard photochemical 

conditions with varying quantities of acetaldehyde, Scheme 5.22.  In the presence of one, 

five and fifty equivalents of acetaldehyde at 25 mM the results were less than satisfactory.  

Unfortunately, the desired [4 + 4] cycloaddition followed by aldehyde addition to the allene 

carbon did not occur in detectable quantities.  The crude reaction mixtures were complex, 

similar to earlier examples lacking the acidic silanol.  Surprisingly, the silylated 

cyclooctatrienes 536 and 555 were observed as major products.   The observation of these 

1,3-dienes is attributed to an adventitious proton source, such as water or tautomerization 

of the aldehyde.  Tautomerization of the aldehyde to the enol to provide a proton for 

isomerization has been reported to be slow at room temperature and would presumably be 

slower at lower temperatures, making it less likely to be the catalyst.52   

Irradiation of butyraldehyde doped solutions of the pyridone silyl-3-enol-1-ynes 

535 and 544 gave results similar to those containing acetaldehyde, no detectable quantities 

of the intercepted products were detected.  Again, even with pivaldehyde, which lacked an 

enolizable carbon, the trapped aldehyde was not detected.   Trapping the allene 
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intermediate with an aldehyde with a standard silyl enol ether proved to be unreactive 

without further activation.  To afford a more reactive silyl allenol ether, attempts were 

made to use the silacyclobutane chemistry of Denmark53-54 to trap the aldehydes.  

Unfortunately, the silacyclobutane proved to be too unstable to install on the photosubstrate 

543 cleanly, Scheme 5.22. 

 

 

 

 

 

 

Scheme 5.22 Attempts to trap the reactive allene intermediate with various aldehydes. 
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5.6.5.  [4 + 4] Photocycloaddition with an aromatic system 

After demonstrating that silyl-3-enol-1-ynes readily undergo a [4 + 4] 

photocycloaddition with 2-pyridones in the presence of a selective proton source it was 

proposed they would react with other photoexcited systems.  The Sieburth group had 

previously demonstrated that simple enynes would undergo a [4 + 4] photocycloaddition 

with napthalenes to afford benzocycloocatrienes in good yield.55  The addition of silyl-3-

enol-1-ynes would add an additional synthetic handles for these benzocyclooctanoids as 

either the silyl enol ether or ketone.   

The synthesis of the photosubstrate was straightforward and followed the previous 

synthesis of the 2-pyridone substrates and is outlined in Scheme 5.23.  Starting from 2-

methoxy-hydroxymethylnapthalene 558, the alcohol was converted with thionyl chloride 

to the corresponding chloride.  Williamson ether synthesis with the 3-silyl-enol-1-yne 

precursor 540 afforded the coupled product 559 in quantitative yield.  The Lewis acid 

mediated 1-pot deprotection and oxidation methodology previously used was unsuccessful, 

so a two-step deprotection and oxidation protocol was used.  Deprotection of the tert-

butyldimethylsilyl ether with tetrabutylammonium fluoride gave the corresponding alcohol 

560 in 70% yield.  Subsequent oxidation of the alcohol using the Dess Martin reagent 

afforded the ynone 561 in an excellent 94% yield.  Treatment of the ynone with tert-

butyldimethylsilyl trifluoromethanesulfonate and triethylamine afforded the naphthalene 

tethered silyl-3-enol-1-yne 562 in a good 84% yield. 
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In deuterated benzene and absence of tert-butyldimethylsilanol, significant 

byproduct formation without the [4 + 4] adduct, was observed.  In the presence of an excess 

of tert-butyldimethylsilanol, the desired [4 + 4] isomerized product was observed as the 

major product.  Irradiation in methanol, which was expected to provide the enone, as with 

553, proved to be unsuccessful as the starting material exhibited extremely poor solubility 

in the solvent.  Irradiation in acetonitrile or benzene provided the methoxy vinyl ether 563 

in 25% yield, Scheme 5.24.  The structure was determined by careful NMR analysis of the 

isolated product.   

 

 

Scheme 5.23 Synthesis of substituted naphthalene 562. 
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5.6.6. Reactions of the [4 + 4] products. 

Although highly functionalized scaffolds such as 1,3,5-cyclooctatriene 545 and 2,5-

cyclooctadienone 553 are prepared from a planar precursor, further transformations after 

the photocycloaddition would serve to enhance the synthetic utility of this methodology.  

These bridged bicyclic systems contain the carbon framework for many natural products.56  

Attempts to further transform these products into other carbon frameworks was met with 

mixed results, although when successful the results were fascinating none the less. 

 

Scheme 5.24 [4 + 4] photocycloaddition of 2-methoxynapthalenes. 
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 Simple transformations were attempted on these photoproducts, Scheme 525.  It is 

known that, depending on the source of hydride, the reduction of ketones or enones can be 

highly diastereoselective.  Reduction of cyclooctadienone 554 using Luche conditions gave 

the corresponding allylic alcohols 564 and 565 in an excellent 99% yield, Scheme 5.25.  

The stereoselectivity of the reduction was poor as the two diastereomers formed in a 1.1:1 

ratio.  Known to be highly stereoselective reductions, the Meerwein-Ponndorf-Verley 

reduction57-58 was expected to give a much better ratio of the resulting diastereomers.  

Trimethylaluminum in toluene, with an addition of an excess of isopropanol gave a near 

quantitative yield of the thermodynamically favored diastereomer in >20:1 ratio at 93% 

yield after isolation.  Attempts to determine the individual diastereomers through nOe 

 

Scheme 5.25 Reactions of photoproduct 553. 
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nuclear magnetic resonance were unsuccessful.  Derivatization of the alcohols using acetic 

anhydride and triethylamine afforded the two corresponding acetates 566 and 567 in an 

excellent 99% yield, Scheme 5.25.  Subsequent nOe analysis of the acetates indicated the 

thermodynamically favored diastereomer as 567.   

 

 

 

 Interestingly, although not surprisingly as these systems are highly strained and 

reactive, the cyclooctadienone 553 underwent an autoxidation of the furan ring.  Prolonged 

exposure of the cyclooctadienone to air gave lactone 568 in near quantitative yield, Scheme 

5.26.  This was only observed in the solid phase with atmospheric oxygen.  Attempts to 

replicate autoxidation conditions using molecular oxygen in the solution phase using 

various solvents were met with failure.59  The most effective method for the autoxidation 

was to create a thin film of cyclooctadienone 553 on glass and expose to atmospheric 

oxygen for a prolonged period of time (e.g., four weeks).  The product of the autoxidation 

was determined through NMR analysis and unambiguously confirmed with single crystal 

X-ray analysis, Figure 5.4.  Interestingly, the Ŭ,ɓ-unsaturated ketone may suffer from poor 

-́orbital overlap because the dihedral angle is not in plane. 

 

Scheme 5.26 Autoxidation of 553 to the corresponding lactone. 
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 Attempts were made to install additional functionality onto the cyclooctadienone 

553 through conjugate additions and nucleophilic substitutions, Scheme 5.27.  After 

formation of the cuprate from allylmagnesium bromide and copper (I) iodide, 1,4-addition 

into the Ŭ,ɓ-unsaturated carbonyl of 553 failed to produce the desired carbon homologated 

product.  Sakurai conditions to allylate the enone with allyltrimethylsilane and titanium 

(IV) tetrachloride were also unsuccessful.60  Poor orbital overlap of the ˊ-systems in this 

structure may explain the lack of success in the attempted conjugate additions. 

 Direct displacement of either the secondary allylic alcohols or allylic acetates were 

also unsuccessful.  Lewis acid-mediated nucleophilic substitution of the alcohols 564 and 

565 directly with allyltrimethylsilane and titanium (IV) tetrachloride failed to produce the 

desired substitution.  Similarly, nucleophilic displacement of the acetates 566 and 567 with 

allyltrimethylsilane and BF3·OEt2 was unsuccessful in allylating the ring system.  Work is 

                   

Figure 5.4 Autoxidation product 568 (left) viewed from two angles, Ŭ,ɓ-unsaturated 

carbonyl showing poor ˊ-orbital overlap (right). 
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ongoing in this area to install a terminal olefin moiety for subsequent titanium (II) mediated 

intramolecular Kulinkovich de-Meijere reactions as discussed in Chapter 2.   

 

 

 

5.7. Conclusion  

The ability to turn achiral molecules into complex three-dimensional structures 

through a highly atom economical [4 + 4] photocycloaddition was demonstrated.  On 

irradiation 2-pyridones efficiently form a highly strained allene intermediate with silyl-3-

enol-1-ynes that will  isomerize to the corresponding 1,3-diene using a selective and mild 

acid.  Cycloctanoids containing the 1,3-diene silyl enol ether can be accessed directly using 

tert-butyldimethylsilanol as the acid.  The reaction pathway can be controlled through 

 

Scheme 5.27 Attempts to derivatize the cyclooctanoid for an intramolecular 

Kulinkovich de-Meijere reaction. 
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choice of protic media.  Directly accessing a cycloocta-2,5-dienone can be achieved using 

methanol as the solvent. 

These products can be readily transformed using simple chemical reactions.  

Although these systems were relatively inert to many derivatization conditions, further 

transformations to more complex systems can be imagined.  These systems, as with 1,3,5-

cyclooctatriene 545 and 2,5-cyclooctadienone 553, contain unique synthons for further 

photochemical transformations.  The presence of 1,4-dienes and ɓ,ɔ-unsaturated ketones 

suggested potential of these systems to undergo di- -́methane or oxa-di- -́methane 

rearrangements, also known as the Zimmerman rearrangement.61  The work towards a more 

sterically hindered allene system and the exploratory photochemistry into di- -́methane 

and oxa-di- -́methane rearrangements are discussed in Chapter 6. 
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5.8. Experimental 

A summary of general experimentation techniques, instrumentation, purification 

procedures and reagent handling can be found on pages 84 ï 85. 

 

 

General Procedure 5.1 ï Photochemistry:  A solution of the photosubstrate was prepared 

in the indicated solvent (0.025 M) and degassed with a gentle stream of argon for 15 

minutes.  The photosubstrates were irradiated for the indicated time (1 ï 20 hours) using a 

water cooled, Pyrex-filtered 450W medium-pressure mercury vapor lamp contained within 

a wooden box to trap all light.  The reaction was monitored by 1H NMR or TLC and after 

completion the reaction mixture was concentrated in vacuo.  Purification with column 

chromatography gave the title compound as indicated. 

Note:  Due to heat given off by the light source the air temperature within the photoreaction 

container was typically 35 °C (as monitored by a probe inside the container).  Temperature 

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

circulating water and 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 

 



239 

 

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

(irradiation time). Reaction progress was monitored by TLC. 

 

 

3-(Hydroxymethyl)-1-methylpyridin -2(1H)-one (537):24, 62  A flame dried round bottom 

flask was charged with THF (200 mL) and cooled to 0 °C.  With stirring, lithium aluminum 

hydride (4.098g, 107.9 mmol) was added in several portions at 0 °C.  After 15 minutes 2-

hydroxynicotinic acid (10.1g, 71.9 mmol) was added in several small portions taking care 

to allow the gas evolution to cease.  The mixture was stirred and slowly warmed to rt then 

refluxed overnight.  The reaction mixture was cooled to rt, then 0 °C and diluted with ether.  

Slow addition of water (4.09 mL), 15% aqueous sodium hydroxide (4.09 mL) and then 

additional water (12.3 mL) afforded a white suspension.  The suspension was filtered and 

the solid residue was extracted with methanol in a Soxhlet extractor for 3 days.  The solvent 

was removed in vacuo and the crude product was used without further purification.  The 

crude pyridone alcohol was dissolved in anhydrous methanol (150 mL) and potassium 

carbonate (24.8 g, 179.7 mmol) was added with stirring.  To the suspension was added 

methyl iodide (22.4 mL, 359.5 mmol) and stirred overnight.  The solid potassium carbonate 

was removed via filtration and the mother liquor was concentrated in vacuo.  The solid 

potassium carbonate was placed into a Soxhlet extractor and extracted for 3 days with ethyl 

acetate.  The combined organics were concentrated in vacuo and purified by 
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recrystallization in ethyl acetate and hexanes to afford the title compound as a colorless 

solid (65%).  Rf = 0.31 (3% MeOH/DCM).  1H NMR (500 MHz, CDCl3) ŭ = 7.30 (ddt, 

J=6.7, 1.8, 0.8, 1H), 7.26 (dd, J=6.8, 1.9, 1H), 6.19 (t, J=6.8, 1H), 4.57 (s, 2H), 3.57 (s, 

3H). 

 

 

(But-3-yn-2-yloxy)(tert -butyl)dimethylsilane (539):37  To a flame dried flask was added 

2-butyn-1-ol (2.50 mL, 31.8 mmol) and DCM (30 mL).  To the reaction mixture was added 

imidazole (6.31 g, 92.5 mmol) and cooled to 0 °C. A solution of tert-butyldimethylsilyl 

chloride (9.32 g, 61.7 mmol) in DCM (30 mL) was added dropwise over 30 minutes.  The 

reaction was warmed to room temperature and stirred for 5 hours.  Upon completion, as 

indicated by TLC, the mixture was diluted with saturated aqueous ammonium chloride and 

H2O.  The layers were separated and the aqueous layer was extracted with DCM (3x).  The 

combined organics were washed with brine, dried over anhydrous magnesium sulfate and 

then concentrated in vacuo.  The crude product was distilled with a Kugelrohr distillation 

apparatus (50 °C, 0.01 Torr) to afford the title compound as a clear oil (95%).  Rf = 0.49 

(5% EtOAc/hexanes).  1H NMR (500 MHz, CDCl3) ŭ = 4.51 (qd, J=6.5, 2.1, 1H), 2.37 (d, 

J=2.1, 1H), 1.42 (dd, J=6.5, 2.7, 3H), 0.90 (s, 9H), 0.12 (d, J=6.6, 6H). 
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4-((Tert-butyldimethylsilyl)oxy)pent -2-yn-1-ol (540):63  To a flame dried flask charged 

with THF (20 mL) was added 539 (1.02 g, 5.42 mmol) and cooled to -78 °C.  To the 

reaction mixture was added a solution of n-butyl lithium in hexanes (5.51 mL, 6.78 mmol) 

dropwise over 15 minutes.  The reaction mixture was stirred at -78 °C for an additional 30 

minutes.  To the reaction mixture was added solid para-formaldehyde (217 mg, 7.23 mmol) 

via solid addition funnel over 15 minutes.  The reaction was warmed to room temperature 

and stirred for 2 hours.  Upon completion, as indicated by TLC, the mixture was diluted 

with saturated aqueous ammonium chloride and H2O.  The layers were separated and the 

aqueous layer was extracted with ether (3x).  The combined organics were washed with 

brine, dried over anhydrous sodium sulfate and then concentrated in vacuo.  The crude 

product was distilled under reduced pressure to afford the title compound as a clear oil 

(73%).  Rf = 0.24 (5% EtOAc/hexanes).  1H NMR (500 MHz, CDCl3) ŭ = 4.55 (qt, J=6.5, 

1.7, 1H), 4.28 (d, J=1.3, 2H), 1.41 (d, J=6.5, 3H), 0.90 (s, 9H), 0.12 (d, J=6.3, 6H).  

 

 

3-(((4-((Tert-butyldimethylsilyl)oxy)pent -2-yn-1-yl)oxy)methyl)-1-methylpyridin -

2(1H)-one  (541):  To a flame dried flask charged with the pyridone alcohol 537 (1.02 g, 
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7.18 mmol) was added DCM (25 mL).  The reaction flask was vented while thionyl 

chloride (1.04 mL, 14.4 mmol) was added dropwise.  After the evolution of gas ceased, the 

reaction mixture was stirred for an addition 30 minutes.  Upon completion of the reaction, 

as indicated by TLC, the reaction mixture was concentrated in vacuo.  To another flame 

dried flask was added sodium hydride (316 mg, 7.89 mmol) and THF (30 mL) then cooled 

to 0 °C.  A solution of 540 (1.69 g, 7.89 mmol) in THF (10 mL) was added dropwise over 

15 minutes then stirred for an additional 15 minutes.  The previously prepared pyridone 

chloride was dissolved in THF (10 mL) and added to the reaction mixture over 30 minutes.  

The reaction was stirred for 3 hours at room temperature.  Upon completion, as indicated 

by TLC, the reaction mixture was diluted with saturated aqueous ammonium chloride and 

water.  The layers were separated and the aqueous layer was extracted with ethyl acetate 

(3x).  The combined organics were washed with water, brine, then dried over anhydrous 

sodium sulfate and concentrated in vacuo.  The crude product was purified via column 

chromatography to afford the title compound as a colorless oil (88%).  Rf = 0.64 (100% 

EtOAc).  IR (neat): 2981, 2955, 2856, 1651, 1585, 1564, 1150, 1098, 831, 776 cm-1.  1H 

NMR (500 MHz, CDCl3) ŭ = 7.45 (ddt, J=6.8, 2.2, 1.2, 1H), 7.23 (dd, J=6.8, 2.0, 1H), 6.18 

(t, J=6.8, 1H), 4.59 ï 4.53 (m, 1H), 4.52 (s, 1H), 4.29 (d, J=1.7, 2H), 3.55 (s, 3H), 1.40 (d, 

J=6.5, 3H), 0.89 (s, J=2.9, 9H), 0.11 (d, J=6.7, 6H). 13C NMR (125 MHz, CDCl3) ŭ = 

161.8, 136.8, 136.0, 129.3, 105.6, 89.2, 79.1, 67.1, 59.1, 58.7, 37.6, 25.9, 25.4, 18.3, -4.4, 

-4.8.  Exact mass for C18H29NO3Si [M+Na]+; calcd: 358.1814, found: 358.1797.  
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1-Methyl-3-(((4-oxopent-2-yn-1-yl)oxy)methyl)pyridin -2(1H)-one (543): To a flame 

dried flask charged with 541 (2.08 g, 6.21 mmol) was added acetonitrile (50 mL).  To the 

reaction mixture was added Sc(OTf)3 (174 mg, 0.31 mmol) at room temperature.  The 

reaction mixture was stirred for 4 hours until complete disappearance of the starting 

material as indicated by TLC.  Upon completion of the deprotection, as indicated by TLC, 

TEMPO (48 mg, 0.31 mmol) was added in one portion followed immediately by 

bisacetoxyiodobenzene (3.01 g, 9.32 mmol) and sodium bicarbonate (1.51 g, 18.6 mmol) 

in one portion at room temperature.  The reaction mixture was stirred for an additional 4 

hours at room temperature.  Upon completion of the reaction mixture the solvent was 

removed in vacuo and the residue taken up in ethyl acetate.  The organic layer was washed 

with water, brine then dried over anhydrous sodium sulfate and concentrated in vacuo.  The 

crude material was purified via column chromatography to afford the title compound as a 

colorless solid (93%). Rf = 0.44 (100% EtOAc).  IR (neat): 2981, 1675, 1652, 1585, 1561, 

1224, 1092, 767 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.45 (ddd, J=5.7, 2.0, 1.0, 1H), 

7.28 (dd, J=6.7, 2.0 1H), 6.20 (t, J=6.8, 1H), 4.55 (s, 2H), 4.44 (s, 2H), 3.56 (s, 3H), 2.35 

(s, 3H).  13C NMR (125 MHz, CDCl3) ŭ = 184.0, 161.8, 137.3, 136.6, 128.4, 105.6, 87.4, 

85.8, 67.8, 58.2, 37.6, 32.7.  Exact mass for C12H13NO3 [M+Na]+; calcd: 242.0793, found: 

242.0784.    

 

 



244 

 

 

3-(((4-((Tert-butyldimethylsilyl)oxy)pent -4-en-2-yn-1-yl)oxy)methyl)-1-

methylpyridin -2(1H)-one  (535):  To a flame dried flask was added 543 (0.56 g, 2.56 

mmol) and DCM (10 mL).  The reaction mixture was cooled to 0 °C and triethylamine 

(0.51 mL, 3.58 mmol) was added.  With stirring neat TBSOTf (0.55 mL, 3.07 mmol) was 

added dropwise over 15 minutes at 0 °C.  The reaction mixture was slowly warmed to room 

temperature and monitored by TLC.  After completion, as indicated by TLC, the reaction 

mixture was diluted with saturated aqueous sodium bicarbonate and water.  The layers were 

separated and the aqueous layer was extracted with ethyl acetate (3x).  The combined 

organics were washed with water, brine, then dried over anhydrous sodium sulfate and 

concentrated in vacuo.  The crude product was purified by column chromatography with 0 

ï 50% EtOAc/hexanes to afford the title compound as a clear light-yellow oil (85%).   Rf 

= 0.61 (100% EtOAc).  IR (neat): 2929, 2856, 1651, 1600, 1563, 1279, 1253, 1104, 1015, 

829, 782 cm-1 .  1H NMR (500 MHz, CDCl3) ŭ = 7.46 (ddt, J=6.8, 2.2, 1.2, 1H), 7.24 (dt, 

J=7.9, 3.9, 1H), 6.19 (t, J=6.8, 1H), 4.69 (s, 2H), 4.54 (s, J=8.1, 2H), 4.38 (s, 2H), 3.56 (s, 

3H), 0.93 (s, J=3.0, 9H), 0.20 (s, J=3.2, 6H).  13C NMR (126 MHz, CDCl3) ŭ = 161.8, 

139.1, 136.9, 136.2, 129.1, 105.7, 103.3, 84.1, 83.2, 67.4, 58.8, 37.6, 25.7, 18.3, -4.4.  Exact 

mass for C18H27NO3Si [M+Na]+; calcd: 356.1658, found: 356.1654. 
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1-Methyl-3-(((4-((triisopropylsilyl)oxy)pent -4-en-2-yn-1-yl)oxy)methyl)pyridin -

2(1H)-one (544):  To a flame dried flask was added 543 (0.21 g, 0.95 mmol) and DCM (5 

mL).  The reaction mixture was cooled to 0 °C and triethylamine (0.26 mL, 1.91 mmol) 

was added.  With stirring neat TIPSOTf (0.38 mL, 1.43 mmol) was added dropwise over 

15 minutes at 0 °C.  The reaction mixture was slowly warmed to room temperature and 

monitored by TLC.  After completion, as indicated by TLC, the reaction mixture was 

diluted with saturated aqueous sodium bicarbonate and water.  The layers were separated 

and the aqueous layer was extracted with ethyl acetate (3x).  The combined organics were 

washed with water, brine, then dried over anhydrous sodium sulfate and concentrated in 

vacuo.  The crude product was purified by column chromatography with 0 ï 50% 

EtOAc/hexanes to afford the title compound as a clear light-yellow oil (70%).   Rf = 0.47 

(30% EtOAc/hexanes).  IR (neat): 2943, 2865, 1651, 1600, 1563, 1462, 1281, 1104, 1015, 

881, 766, 684 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.44 (ddt, J=6.8, 2.2, 1.2, 1H), 7.23 

(dt, J=10.9, 5.5, 1H), 6.18 (t, J=6.8, 1H), 4.71 (s, J=0.7, 1H), 4.67 (s, 1H), 4.53 (s, J=7.2, 

2H), 4.37 (s, J=3.4, 2H), 3.55 (s, J=6.3, 3H), 1.26 ï 1.16 (m, 3H), 1.09 (d, J=7.2, 18H).  

13C NMR (125 MHz, CDCl3) ŭ = 161.8, 139.4, 136.9, 136.1, 129.1, 105.7, 102.9, 84.3, 

82.9, 67.3, 58.7, 37.6, 17.9, 12.6.   Exact mass for C21H33NO3Si [M+Na]+; calcd: 398.2127, 

found: 398.2119. 
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10-Methyl-6,7-dihydro-3H-6,3a-(epiminomethano)cycloocta[c]furan-8,11(1H)-

dione-9-d (545-d):  A solution of 535 (10.1 mg, 0.030 mmol) in MeOD (1.2 mL) was 

treated according to general procedure 5.1.  Purified by column chromatography with 0 

ï 40% EtOAc/hexanes to afford the title compound as a clear oil (88%).  Rf = 0.26 (30% 

EtOAc/hexanes).  IR (neat): 2925, 1635, 1238, 1079, 940, 731 cm-1.  1H NMR (500 MHz, 

CDCl3) ŭ = 6.26 (dd, J=9.0, 6.2, 1H), 6.14 (dd, J=8.9, 4.5, 1H), 4.89 (d, J=9.0, 1H), 4.52 

(d, J=14.7, 1H), 4.44 (d, J=14.7, 1H), 4.04 (dt, J=6.2, 3.9, 1H), 3.93 (d, J=9.0, 1H), 3.37 ï 

3.25 (m, 1H), 3.09 (s, 3H), 3.08 (dd, J=17.4, 3.8, 1H). 13C NMR (125 MHz, CDCl3) ŭ = 

197.5, 169.4, 158.8, 134.5, 128.5, 76.5, 73.0, 55.9, 55.5, 51.8, 33.0, 29.8.  Mass for 

C12H12DNO3 [M+H] +; calcd: 221.1036, found: 222.1. 

 

 

10-Methyl-6,7-dihydro-3H-6,3a-(epiminomethano)cycloocta[c]furan-8,11(1H)-dione 

(545):  A solution of 535 (595 mg, 1.78 mmol) in MeOH (90 mL) was treated according 

to general procedure 5.1 using the Flow Reaction Setup.  The reaction mixture was 
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concentrated in vacuo and purified by column chromatography with 0 ï 30% 

EtOAc/hexanes to afford the title compound as a colorless solid (95%).  Rf = 0.56 (50% 

EtOAc/hexanes).  mp = 113 ï 116 °C.  IR (neat): 2960, 2843, 1653, 1633, 1235, 1068, 940, 

763, 748 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 6.26 (dd, J=9.0, 6.2, 1H), 6.13 (d, J=9.0, 

1H), 5.91 (t, J=1.9, 1H), 4.88 (d, J=9.0, 1H), 4.51 (dd, J=14.7, 1.9, 1H), 4.44 (dd, J=14.7, 

1.9, 1H), 4.03 (dt, J=6.2, 3.9, 1H), 3.93 (d, J=9.0, 1H), 3.31 (dd, J=17.3, 4.1, 1H), 3.08 (s, 

3H), 3.08 (dd, J=17.3, 3.8, 1H).  13C NMR (125 MHz, CDCl3) ŭ = 197.5, 169.4, 158.8, 

134.4, 128.5, 122.8, 76.5, 73.0, 55.9, 55.5, 51.8, 33.0.  Exact mass for C12H13NO [M+Na]+; 

calcd: 242.0793, found: 242.0772. 

 

 

8-((Tert-butyldimethylsilyl)oxy) -10-methyl-1,6-dihydro-3H-6,3a-

(epiminomethano)cycloocta[c]furan-11-one (536):  A solution of 535 (9.9 mg, 0.03 

mmol) with tert-butyldimethylsilanol (25 ɛL, 0.16 mmol) in C6D6 (1.2 mL) was treated 

according to general procedure 5.1.  The reaction mixture was concentrated in vacuo and 

purified by column chromatography with 0 ï 30% EtOAc/hexanes to afford the title 

compound as a colorless oil (90%).  Rf = 0.56 (50% EtOAc/hexanes).  IR (neat): 2952, 

2928, 2865, 1665, 1402, 1111, 840, 781 cm-1. 1H NMR (500 MHz, CDCl3) ŭ = 5.80 (dd, 

J=8.9, 6.2, 1H), 5.76 (q, J=2.0, 1H), 5.57 (dd, J=8.5, 2.2, 1H), 5.51 (d, J=8.9, 1H), 4.88 (d, 
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J=9.0, 1H), 4.46 ï 4.35 (m, 2H), 4.00 (d, J=9.0, 1H), 3.96 (dd, J=8.5, 6.2, 1H), 2.99 (s, 

3H), 0.91 (s, J=3.0, 9H), 0.13 (s, J=0.5, 6H).  13C NMR (100 MHz, CDCl3) ŭ = 168.1, 

153.7, 149.7, 124.0, 120.6, 118.8, 114.5, 76.6, 74.1, 54.3, 53.3, 32.1, 25.7, 18.1, -4.4, -4.5.  

Exact mass for C18H27NO3Si [M+Na]+; calcd: 356.1658, found: 356.1627. 

 

 

(7E,9E)-10-Methyl-8-((triisopropylsilyl)oxy) -1,6-dihydro-3H-6,3a-

(epiminomethano)cycloocta[c]furan-11-one (554): A solution of 544 (10.5 mg, 27.9 

ɛmol) with tert-butyldimethylsilanol (25 ɛL, 0.16 mmol) in C6D6 (1.1 mL) was treated 

according to general procedure 5.1.  The reaction mixture was concentrated in vacuo and 

purified by column chromatography with 0 ï 30% EtOAc/hexanes to afford the title 

compound as a colorless oil (70%).  Rf = 0.63 (50% EtOAc/hexanes).  IR (neat): 2943, 

2866, 1651, 1463, 1284, 1068, 881, 685 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 5.85 (q, 

J=2.0, 1H), 5.80 (dd, J=8.9, 6.2, 1H), 5.58 (dd, J=8.5, 2.2, 1H), 5.51 (d, J=8.9, 1H), 4.89 

(d, J=9.0, 1H), 4.41 (t, J=1.7, 2H), 4.00 (d, J=9.0, 1H), 3.95 (dd, J=8.5, 6.2, 1H), 2.99 (s, 

3H), 1.20 ï 1.12 (m, 3H), 1.06 (d, J=6.9, 18H). 13C NMR (125 MHz, CDCl3) ŭ = 168.1, 

153.3, 150.1, 124.0, 120.7, 119.0, 113.1, 76.6, 74.1, 54.4, 53.3, 32.2, 18.0, 12.6.  Mass for 

C21H33NO3Si [M+H] +; calcd: 376.2308, found: 376.2. 
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Tert-butyl((5-((2-methoxynaphthalen-1-yl)methoxy)pent-3-yn-2-

yl)oxy)dimethylsilane (559):  To a flame dried flask charged with (2-methoxynaphthalen-

1-yl)methanol (1.01 g, 5.31 mmol) was added DCM (20 mL).  The reaction flask was 

vented and charged with thionyl chloride (0.5 mL, 5.84 mmol).  After the evolution of HCl 

and SO2 gas ceased, the reaction mixture was stirred for an addition 30 minutes.  On 

completion of the reaction, as indicated by TLC, the reaction mixture was concentrated in 

vacuo, to yield the corresponding chloride as a viscous yellow oil.  To another flame dried 

flask was added sodium hydride (254 mg, 10.6 mmol) and THF (20 ml) then cooled to 0 

°C.  A solution of 540 (1.71 g, 7.97 mmol) in THF (5 mL) was added dropwise over 15 

minutes then stirred for an additional 15 minutes.  The previously prepared chloride was 

dissolved in THF (5 mL) and added to the reaction mixture over 30 minutes.  The reaction 

was stirred for 3 hours at room temperature.  Upon completion, as indicated by TLC, the 

reaction mixture was diluted with saturated aqueous ammonium chloride and water.  The 

layers were separated and the aqueous layer was extracted with ethyl acetate (3x).  The 

combined organics were washed with water, brine, then dried over anhydrous sodium 

sulfate and concentrated in vacuo.  The crude product was purified via column 

chromatography to afford the title compound as a colorless oil (98%).  Rf = 0.71 (20% 

EtOAc/hexanes).  IR (neat): 2928, 2855, 1626, 1462, 1249, 1086, 1069, 1023, 830, 806, 

777, 745 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 8.15 (d, J=8.6, 1H), 7.84 (d, J=9.1, 1H), 
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7.78 (d, J=8.2, 1H), 7.54 ï 7.46 (m, 1H), 7.35 (ddd, J=8.0, 6.8, 1.0, 1H), 7.28 (d, J=9.1, 

1H), 5.11 (s, 2H), 4.63 (qd, J=6.5, 4.9, 1H), 4.28 (d, J=1.6, 2H), 3.97 (s, J=4.6, 3H), 1.48 

(d, J=6.5, 3H), 0.92 (s, J=2.9, 9H), 0.15 (d, J=6.4, 6H).  13C NMR (125 MHz, CDCl3) ŭ = 

155.8, 133.9, 130.6, 129.2, 128.3, 127.0, 123.8, 123.6, 118.0, 113.3, 88.9, 79.7, 61.7, 59.2, 

57.8, 56.8, 25.9, 25.6, 18.3, -4.4, -4.8.  Mass for C23H32O3Si [M+Na]+; calcd: 407.2018, 

found: 407.2. 

 

 

5-((2-Methoxynaphthalen-1-yl)methoxy)pent-3-yn-2-ol (560):  To a flame dried flask 

was added 559 (178 mg, 0.46 mmol) and THF (2.0 mL) then cooled to 0 °C.  A solution of 

1 M tetrabutylammonium fluoride (0.5 mL, 0.5 mmol) was added dropwise at 0 °C.  The 

reaction mixture was stirred at 0 °C for 4 hours.  After completion, as indicated by TLC, 

the reaction mixture was diluted with saturated aqueous ammonium chloride and water.  

The layers were separated and the aqueous layer was extracted with ethyl acetate (3x).  The 

combined organics were washed with water, brine then dried over anhydrous sodium 

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

chromatography with 0 ï 10% EtOAc/hexanes to afford the title compound as a colorless 

oil (66%).    Rf = 0.17 (20% EtOAc/hexanes).  IR (neat): 3382, 2978, 2933, 2840, 1625, 

1595, 1512, 1268, 1249, 1146, 1063, 1022, 995, 807, 746 cm-1.  1H NMR (500 MHz, 
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CDCl3) ŭ = 8.16 (d, J=8.2, 1H), 7.84 (d, J=9.0, 1H), 7.80 (t, J=7.2, 1H), 7.53 (ddd, J=8.4, 

6.8, 1.3, 1H), 7.37 (ddd, J=8.0, 5.4, 1.0, 1H), 7.27 (d, J=9.0, 1H), 5.13 (s, 2H), 4.59 (qt, 

J=6.6, 1.6, 1H), 4.27 (d, J=1.6, 2H), 3.96 (s, 3H), 2.35 (s, 1H), 1.48 (d, J=6.6, 3H).  13C 

NMR (125 MHz, CDCl3) ŭ = 155.9, 133.9, 130.7, 129.2, 128.3, 127.1, 123.8, 123.8, 117.9, 

113.4, 88.3, 80.6, 62.0, 58.4, 57.6, 56.9, 24.4.  Mass for C17H18O3 [M+Na]+; calcd: 

293.1154, found: 293.1. 

 

 

5-((2-Methoxynaphthalen-1-yl)methoxy)pent-3-yn-2-one (561):  To a flame dried flask 

was added 560 (40.2 mg, 0.15 mmol) and DCM (1.0 mL).  The reaction mixture was cooled 

to 0 °C and Dess Martin Periodinane (75 mg, 0.17 mmol) was added.  The reaction mixture 

was slowly warmed to room temperature and monitored by TLC.  After completion, as 

indicated by TLC, the reaction mixture was diluted with a 2:1:1 mixture of saturated 

sodium thiosulfate, saturated aqueous sodium bicarbonate and water.  The layers were 

separated and the aqueous layer was extracted with DCM (3x).  The combined organics 

were washed with water, brine, then dried over anhydrous sodium sulfate and concentrated 

in vacuo.  The crude product was purified by column chromatography to afford the title 

compound as a colorless oil (99%).   Rf = 0.42 (5% EtOAc/hexanes).  IR (neat): 2936, 

2841, 2206, 1675, 1268, 1251, 1222, 1075, 810, 749 cm-1.  1H NMR (500 MHz, CDCl3) ŭ 
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= 8.11 (dd, J=10.0, 9.5, 1H), 7.85 (t, J=9.0, 1H), 7.82 ï 7.74 (m, 1H), 7.58 ï 7.48 (m, 1H), 

7.41 ï 7.33 (m, 1H), 7.32 ï 7.23 (m, 1H), 5.14 (d, J=20.5, 2H), 4.36 (s, 2H), 3.97 (d, J=2.7, 

3H), 2.35 (s, 3H).  13C NMR (125 MHz, CDCl3) ŭ = 184.1, 156.0, 133.8, 131.0, 129.1, 

128.4, 127.2, 123.8, 123.5, 117.1, 113.1, 88.6, 85.5, 62.4, 57.0, 56.7, 32.7.  Mass for 

C17H16O3 [M+Na]+; calcd: 291.0997, found: 291.1. 

 

 

Tert-butyl((5-((2-methoxynaphthalen-1-yl)methoxy)pent-1-en-3-yn-2-

yl)oxy)dimethylsilane (562):  To a flame dried flask was added 561 (40.1 mg, 0.15 mmol) 

and DCM (1.0 mL).  The reaction mixture was cooled to 0 °C and diisopropylethylamine 

(31 ɛL, 0.18 mmol) was added.  With stirring neat TBSOTf (38 ɛL, 0.16 mmol) was added 

dropwise at 0 °C.  The reaction mixture was slowly warmed to room temperature and 

monitored by TLC.  After completion, as indicated by TLC, the reaction mixture was 

diluted with saturated aqueous sodium bicarbonate and water.  The layers were separated 

and the aqueous layer was extracted with ethyl acetate (3x).  The combined organics were 

washed with water, brine, then dried over anhydrous sodium sulfate and concentrated in 

vacuo.  The crude product was purified by column chromatography to afford the title 

compound as a clear light-yellow oil (99%).   Rf = 0.87 (10% Et2O/hexanes).  IR (neat): 

2929, 2854, 1715, 1625, 1595, 1348, 1268, 1250, 1093, 810, 782, 747 cm-1.  1H NMR (500 
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MHz, C6D6) ŭ = 8.35 (d, J=8.6, 1H), 7.64 (d, J=8.2, 1H), 7.57 (d, J=9.0, 1H), 7.40 (ddd, 

J=8.4, 6.8, 1.3, 1H), 7.21 (ddd, J=8.0, 6.8, 1.1, 1H), 6.85 (d, J=9.0, 1H), 5.21 (s, 2H), 4.79 

(d, J=11.1, 2H), 4.12 (s, 2H), 3.40 (s, J=3.2, 3H), 0.99 (s, 9H), 0.25 (s, J=3.2, 6H).   13C 

NMR (125 MHz, CDCl3) ŭ = 155.9, 139.4, 133.9, 130.7, 129.2, 128.3, 127.1, 123.8, 123.7, 

117.9, 113.3, 103.2, 84.0, 83.8, 61.9, 57.8, 56.8, 25.7, 18.3, -4.4.  Mass for C23H30O3Si 

[M+H] +; calcd: 383.2042, found: 383.2. 

 

 

Tert-butyl(((3aE,5E)-12-methoxy-3,7-dihydro-1H-7,11b-

ethenobenzo[3,4]cycloocta[1,2-c]furan-5-yl)oxy)dimethylsilane (563):  A solution of 

562 (17.3 mg, 45.2 ɛmol) with tert-butyldimethylsilanol (71 ɛL, 0.45 mmol) in C6D6 (1.8 

mL) was treated according to general procedure 5.1.  The reaction mixture was 

concentrated in vacuo and purified by column chromatography with 0 ï 5% 

EtOAc/hexanes to afford the title compound as a colorless oil (25%).   Rf = 0.81 (10% 

EtOAc/hexanes).  IR (neat): 2954, 2924, 2853, 1462, 1213, 1168, 1071, 836, 777 cm-1.  1H 

NMR (500 MHz, CDCl3) ŭ = 7.46 (dd, J=7.9, 1.1, 1H), 7.25 ï 7.21 (m, 1H), 7.18 (td, J=7.4, 

1.3, 1H), 7.12 (dd, J=7.4, 1.4, 1H), 5.74 (d, J=9.9, 1H), 5.45 (d, J=2.0, 1H), 5.16 (d, J=7.0, 

1H), 4.90 (d, J=9.8, 1H), 4.59 (d, J=9.8, 1H), 4.49 ï 4.38 (m, 2H), 3.75 (dd, J=9.9, 7.0, 
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1H), 3.56 (s, 3H), 0.84 (s, J=2.9, 10H), 0.03 (s, J=18.4, 3H), -0.01 (s, J=9.8, 3H).  13C 

NMR (125 MHz, CDCl3) ŭ = 155.2, 151.9, 145.6, 138.2, 137.3, 126.8, 126.6, 125.8, 122.5, 

122.4, 117.3, 94.7, 74.6, 73.6, 55.3, 52.1, 35.9, 25.8, 18.1, -4.4.  Mass for C23H30O3Si 

[M+H] +; calcd: 383.2042, found: 383.2. 

 

 

To a solution of 545 (29.2 mg, 0.133 mmol) in methanol (1.0 mL) was added cerium (III) 

chloride (49.5 mg, 0.201 mmol) at rt.  In one small portion sodium borohydride (24.5 mg, 

0.201 mmol) was added, a vigorous evolution of gas was observed.  After 5 minutes the 

reaction was complete, as indicated by TLC.  The solvent was removed by concentration 

in vacuo and the crude reaction mixture was diluted with methanol and concentrated in 

vacuo.  The residue was dissolved in ethyl acetate and filtered through celite.  Purification 

by column chromatography gave the title compounds as indicated.   
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8-Hydroxy-10-methyl-1,6,7,8-tetrahydro-3H-6,3a-

(epiminomethano)cycloocta[c]furan-11-one (564):  Colorless foam.  Rf = 0.19 (100% 

EtOAc).  IR (neat): 3360, 2924, 2852, 1716, 1630, 1402, 1067, 1026, 933, 755, 699 cm-1.  

1H NMR (500 MHz, CDCl3) ŭ = 6.19 (d, J=8.9, 1H), 6.14 (dd, J=8.9, 6.3, 1H), 5.46 ï 5.36 

(m, 1H), 4.64 ï 4.59 (m, 1H), 4.58 (d, J=8.9, 1H), 4.42 (dt, J=13.0, 2.0, 1H), 4.28 (dt, 

J=13.0, 2.4, 1H), 4.06 (ddd, J=7.8, 6.3, 1.9, 1H), 3.92 (d, J=8.9, 1H), 3.12 (s, 3H), 2.56 ï 

2.47 (m, 1H), 2.13 (ddd, J=14.0, 9.6, 1.9, 1H), 1.79 (t, J=14.4, 1H).  13C NMR (125 MHz, 

CDCl3) ŭ = 169.3, 147.8, 135.5, 130.1, 123.1, 75.6, 72.0, 68.1, 56.2, 54.9, 39.8, 33.1.  Mass 

for C12H15NO3 [M+H] +; calcd: 222.1130, found: 222.1. 

 

 

8-Hydroxy-10-methyl-1,6,7,8-tetrahydro-3H-6,3a-

(epiminomethano)cycloocta[c]furan-11-one (565):  Colorless foam.  Rf = 0.11 (100% 

EtOAc).  IR (neat): 3411, 2923, 2852, 1640, 1402, 1240, 1174, 1073, 1047, 934, 755, 737 

cm-1. 1H NMR (500 MHz, CDCl3) ŭ = 6.32 (dd, J=9.0, 6.2, 1H), 5.74 (d, J=9.0, 1H), 5.58 
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(s, 1H), 4.84 (ddd, J=7.5, 4.8, 2.3, 1H), 4.79 (d, J=8.6, 1H), 4.44 (dt, J=12.6, 2.3, 1H), 4.29 

ï 4.21 (m, 1H), 3.98 (t, J=6.2, 1H), 3.76 (d, J=8.6, 1H), 2.99 (s, 3H), 2.39 ï 2.28 (m, 1H), 

2.10 (dd, J=13.8, 11.6, 1H).   13C NMR (125 MHz, CDCl3) ŭ = 170.7, 141.3, 129.0, 126.9, 

126.4, 76.2, 72.1, 67.2, 56.9, 54.5, 42.2, 33.7.  Mass for C12H15NO3 [M+H] +; calcd: 

222.1130, found: 222.1. 

 

 

To a solution of diastereomers 564 and 565 (540 mg, 2.46 mmol) in DCM (10 mL) was 

added acetic anhydride (0.46 mL, 4.92 mmol) at rt.  Triethylamine (0.51 mL, 3.69 mmol) 

was added dropwise with a catalytic amount of DMAP.  After 5 minutes the reaction was 

complete, as indicated by TLC.  The solvent was removed by concentration in vacuo and 

the crude reaction mixture was diluted with methanol and concentrated in vacuo.  The 

residue was dissolved in ethyl acetate and filtered through celite.  Purification by column 

chromatography gave the title compounds as indicated.  
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10-Methyl-11-oxo-1,6,7,8-tetrahydro-3H-6,3a-(epiminomethano)cycloocta[c]furan-

8-yl acetate (566):  Colorless solid.  Rf = 0.53 (100% EtOAc).  mp = 88 ï 91 °C.   IR 

(neat): 2931, 2887, 1730, 1646, 1366, 1235, 1070, 1022, 932, 736 cm-1.  1H NMR (500 

MHz, CDCl3) ŭ = 6.18 (d, J=8.9, 1H), 6.06 (dd, J=8.9, 6.5, 1H), 5.70 ï 5.61 (m, 1H), 5.26 

(d, J=1.8, 61H), 4.53 (d, J=8.9, 64H), 4.41 (tt, J=10.0, 5.1, 1H), 4.25 (dt, J=13.1, 2.7, 63H), 

4.05 (tt, J=12.4, 6.2, 1H), 3.93 (d, J=8.9, 1H), 3.18 (s, 199H), 2.52 (dddd, J=13.5, 8.5, 4.7, 

1.0, 63H), 2.02 (s, 3H), 2.03 ï 1.96 (m, 4H).   13C NMR (126 MHz, CDCl3) ŭ = 169.94, 

168.77, 148.31, 135.52, 129.70, 119.00, 75.40, 71.89, 70.10, 55.69, 54.93, 35.45, 33.10, 

21.29.  Mass for C14H17NO4 [M+H]+; calcd: 264.1236, found: 264.1. 

 

 

10-Methyl-11-oxo-1,6,7,8-tetrahydro-3H-6,3a-(epiminomethano)cycloocta[c]furan-

8-yl acetate (567):  Colorless solid.  Rf = 0.34 (100% EtOAc).  mp = 96 ï 98 °C.  IR (neat): 

2925, 2849, 1727, 1651, 1233, 1071, 1020, 728 cm-1. 1H NMR (500 MHz, CDCl3) ŭ = 6.37 

(dd, J=9.0, 6.3, 1H), 5.84 (ddq, J=10.6, 5.3, 2.6, 1H), 5.80 (d, J=9.0, 1H), 5.40 (s, 1H), 
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4.78 (d, J=8.6, 1H), 4.43 (dt, J=12.8, 2.4, 1H), 4.26 (dt, J=12.8, 2.2, 1H), 4.00 (t, J=6.2, 

1H), 3.76 (d, J=8.7, 1H), 2.98 (s, 3H), 2.33 (dt, J=12.8, 5.9, 1H), 2.11 (dd, J=13.6, 11.7, 

1H), 2.04 (s, 3H).  13C NMR (125 MHz, CDCl3) ŭ = 170.5, 170.1, 142.6, 128.9, 127.2, 

122.1, 76.1, 72.0, 69.4, 56.5, 54.5, 38.5, 33.6, 21.3.   Mass for C14H17NO4 [M+H]+; calcd: 

264.1236, found: 264.1. 

 

 

10-Methyl-6,7-dihydro-3H-6,3a-(epiminomethano)cycloocta[c]furan-1,8,11-trione 

(568):  On standing, 553 afforded the autoxidized title compound.  The residue was purified 

by column chromatography with 0 ï 15% EtOAc/DCM affording the title compound as a 

colorless solid (90%).  Rf = 0.45 (25% EtOAc/DCM).  mp = 169°C (decomp).  IR (neat): 

3026, 2956, 1754, 1683, 1661, 1455, 1206 1150, 1026, 765, 712 cm-1.   1H NMR (500 

MHz, CDCl3) ŭ = 6.83 (s, J=20.3, 1H), 6.38 (dd, J=9.0, 6.2, 1H), 6.12 (d, J=9.0, 1H), 5.34 

(d, J=9.0, 1H), 4.24 (d, J=9.1, 1H), 4.16 (ddd, J=6.2, 4.7, 3.1, 1H), 3.30 (dd, J=16.5, 3.1, 

1H), 3.19 (dd, J=16.5, 4.7, 1H), 3.10 (s, 3H).  13C NMR (125 MHz, CDCl3) ŭ = 197.3, 

168.3, 168.1, 137.8, 134.41, 132.7, 130.4, 72.1, 55.6, 51.9, 33.2.  Exact mass for 

C12H11NO4 [M+Na]+; calcd: 256.0586, found: 256.0580. 
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CHAPTER 6 

6. EXPANSION OF INTRAMOLECU LAR [4 + 4] PHOTOCYCLOADDITIONS:   

A DI - -́METHANE REARRANGEMENT  

 

 

6.1. Introduction and Motivation  

As discussed in Chapter 5, photocycloadditions are extremely powerful methods 

for the synthesis of complex systems.  The Sieburth group developed a powerful 

photocycloaddition methodology using the photoexcitation of 2-pyridones and various ˊ-

systems.  These reactions with aromatics, 1,3-dienes, enynes and 3-silyl-enol-1-ynes 

(Chapter 5) have demonstrated a wealth of transformations that incorporate a high degree 

of complexity with excellent stereocontrol in a few synthetic transformations following an 

initial [4 + 4] photocycloaddition.  In addition, the Sieburth group has also demonstrated  

[2 + 2] photocycloadditions that generate highly complex unnatural scaffolds, again with 

a high degree of selectivity.1 

The [4 + 4] photocycloaddition products reported by the Sieburth group exhibit 

interesting synthetic handles that allow for rapid transformation in several synthetic steps 

toward natural product scaffolds.2-3  Accessing distinct molecular scaffolds, inaccessible 

or prohibitively difficult through standard chemical transformations, is a defining feature 

of photochemical transformations.  In addition, many of these photochemical reactions are 

rearrangements and therefore completely atom economical, highly efficient and ñgreen.ò   

These [4 + 4] adducts contain many opportunities for further functionalization.  It 

has been shown that these cyclooctanoids can be transformed through additional 



267 

 

photochemistry.  The work toward further developing the 2-pyridone-silyl-3-enol-1-yne 

photochemistry is discussed below.  The synthesis of a highly sterically shielded and 

functionally rich cyclooctanoid from simple 2-pyridone-bis-silyl-3-enol-1-ynes, through a 

photochemical [4 + 4] cycloaddition and subsequent unique photochemical rearrangement 

to form bullvalene-like scaffolds is discussed herein, Scheme 6.1.   

 

 

 

6.2. Increased persistence of the 1,2,5-cyclooctatriene 

Previous work in the Sieburth lab by Khatri and Kulyk on [4 + 4] 

photocycloadditions discussed in Chapter 5 Section 5.5.3, resulted in exclusive 1,3-

hydrogen migration to afford an exo-cyclic 1,3-diene from the cyclic allene, as seen in 

Scheme 5.9.4  This result was the catalyst for work discussed in Chapter 5 exploring [4 + 

4] photocycloadditions of 2-pyridones tethered to silyl-3-enol-1-ynes and subsequent 

isomerization by mildly acidic silanols  Since sterically hindered allenes are known to be 

stable, it was thought that adding additional bulky silicon groups would sufficiently protect 

the allene from isomerization.3, 5  A shielded and persistent allene could be modified to 

 

Scheme 6.1 Synthesis of Bullvalene-like scaffolds. 
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afford molecular scaffolds containing a high degree of complexity from simple achiral 

molecules.   

6.2.1. Pyridone ï enyne and a [4 + 4 -1] 

In 2017 The Sieburth group reported that 2-pyridones tethered to an enyne 

containing two silicon functionalities would cleanly afford the [4 + 4] cycloaddition adduct 

as the 1,2,5-cyclooctatriene 604 in a solution containing the triplet quenching oxygen, 

Scheme 6.2.  Oxygen would proceed to react with the allene and oxidize the center carbon.  

Subsequent ring closure would afford the cyclopropanone (not shown).  On heating, the 

cyclopropanone would lose carbon monoxide to afford 1,4-cycloheptenone 605, a process 

referred to as the [4 + 4 ï 1] reaction.3   

 

 

 

6.2.2. Pyrone ï enyne and a low temperature Cope rearrangement 

In 2015, Khatri and Sieburth reported a [4 + 4] photocycloaddition of 2-pyrones 

and enynes.2  As with the previously reported 2-pyridone variant, on irradiation the 

resulting [4 + 4] adduct was expected to rapidly isomerize to the corresponding 1,3-diene 

through an ionic 1,3-hydrogen migration.  Substitution on the pyrone, however, was found 

 

Scheme 6.2 Kulyk and Khatriôs [4 + 4 ï 1]. 
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to drastically alter the outcome.  Irradiation of the 2-pyrone enyne 606 when R = H afforded 

the expected 1,3-diene 608 as the exclusive product.  Interestingly, with R = OMe, the 1,3-

diene was not observed in appreciable quantities, instead the cyclobutane species 609 was 

observed as the major product.  This unusual product is explained as a Cope rearrangement 

of allene intermediate 607, affording the cyclobutane species.  On standing at -20 °C for 

an extended period, this species was observed to give 608 (X = OMe) apparently through 

a reversible low temperature Cope rearrangement back to the allene which then gives 608 

through a 1,3-hydrogen migration.   

 

 

 

6.3. [4 + 4] Photocycloaddition of 2-pyridones and bis-silyl enol-ynes 

The ability to transform simple molecules such as 2-pyridones tethered to various 

systems, such as silyl-3-enol-1-ynes, has clear potential for efficient and green synthesis of 

 

Scheme 6.3 Khatriôs photochemistry of 2-pyrone 606 and a low temperature Cope 

rearrangement. 
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complex natural products.6-10  Product distribution affording drastically different skeletal 

structures is highly dependent on the tethered groups, Scheme 6.2 and Scheme 6.3.  In 

addition, further photochemical manipulation of the initial [4 + 4] photoadducts, could 

serve to enhance this methodology as a highly atom economical and a green process for 

complex structure synthesis.  In this section, the synthesis of the photosubstrates and the 

interesting resulting photoreactions will be discussed. 

 

6.3.1. Synthesis of photosubstrate 

 Synthesis of the more complex photosubstrate was straight forward and similar to 

the previously discussed syntheses in Chapter 5.  Starting from the hydroxymethyl 

pyridone 610 and ethynyldiisopropylsilane 611, the silane was first converted to the silyl 

bromide with n-bromosuccinamide.  Coupling of the two species with triethylamine 

afforded the known pyridone silyl alkyne 612 in near quantitative yield.  Deprotonation of 

the alkyne moiety with n-butyl lithium and subsequent addition of acetaldehyde gave the 

secondary alcohol 613 in a good 85% yield.  Oxidation of the alcohol to the ynone 614 was 

achieved using the Dess-Martin periodinane in an excellent 94% yield.  Finally, conversion 

into the silyl enolyne using tert-butyldimethyl trifluoromethanesulfonate and triethylamine 

gave photosubstrate 601 in 82% yield.  It should be noted that the two-step addition of 

acetaldehyde followed by Dess-Martin oxidation was found to be more efficient than a 

single step coupling of the alkyne with N-methoxy-N-methyl acetamide developed by 

Weinreb11 due to difficulty in the separation of  612 and 614. 
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6.3.2. Photochemistry 

Irradiation of the photosubstrate 601 was conducted using the standard conditions 

of irradiation at 300 nm with a Pyrex-filtered 450W medium-pressure mercury lamp, 

Scheme 6.5.  After 1 hour, the reaction was complete as determined by NMR spectroscopy.  

Isomerization of the resulting allene intermediate proceeded smoothly in the presence of 

the silanol acid.  The desired 1,3,5-cyclooctatriene 615 was isolated in an excellent 95% 

yield.  Although this reaction proceeded smoothly and efficiently there was a small, almost 

undetectable quantity of an unknown by-product.  As thermal [2 + 2] dimerization of the 

allene is highly unlikely, the unknown by-product was proposed to be photochemical in 

nature. 

 

Scheme 6.4 Synthesis of photosubstrate 601. 



272 

 

 

 

 These 1,3,5-cycloctatrienes, such as 615 and the 1,5-cycloctadienone 553 exhibit 

unique structures for further photochemical rearrangements.  In the search for application 

of these unique molecular scaffolds and an explanation of the unknown photochemical by-

product found with 615, it was proposed that a di- -́methane (DPM) or oxa-di- -́methane 

(ODPM) rearrangement would afford another molecular scaffold, also inaccessible through 

standard transformations.   The photoproducts, containing the 1,4-dienes necessary for the 

di- -́methane rearrangement and with their rigid ring system had the potential to be highly 

stereo- and regio-selective.  The history, synthetic challenges and derivatives of the di- -́

methane rearrangement are discussed below. In addition, the exploration of a unique 

transformation of the [4 + 4] photoproducts 615 and 553, are discussed herein. 

 

6.3.3. Di- -́methane rearrangements 

The di- -́methane rearrangement was first reported by Zimmerman in 1967 wherein 

irradiation of two vinyl moieties bound to an sp3 carbon center afforded a vinyl 

cyclopropane, Scheme 6.6.12  Triplet-sensitized photoexcitation of then newly synthesized 

 

Scheme 6.5 [4 + 4] photocycloaddition affording 1,3,5-cyclooctatriene 615. 
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barrelene in acetone gave di- -́methane product 617, Scheme 6.6a.12-13  Not limited to 

highly strained bicyclic systems, acyclic structures such as (3,3-dimethylpenta-1,4-diene-

1,1,5,5-tetrayl)tetrabenzene 618 were also found to give the corresponding vinyl 

cyclopropane 619 upon direct irradiation, showing a more general use of this 

rearrangement, Scheme 6.6b.14  In addition to alkenes, vinyl moieties could be contained 

within an aryl ring.  Irradiation of 1,1,3-triphenyl-3-methyl-but-1-ene 620 gave 1,1,2-

triphenyl-3,3-dimethylcyclopropane 621 exclusively, exhibiting regioselectivity within the 

reaction, following a path energetically favored by the rearomatizing of the benzene ring, 

Scheme 6.6c.15-16 

 

 

  

 

Scheme 6.6 Various di- -́methane rearrangements of cyclic and acyclic systems. 
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 These reactions, at first glance, seem like complex transformations, but 

mechanistically these reactions proceed in a straightforward manner.  Their predictability 

has made this transformation synthetically useful since many of these products cannot be 

accessed by alternative routes.  Heteroatom containing analogues of the reaction have also 

been developed, such as the oxa-di- -́methane17 rearrangement and aza-di- -́methane 

rearrangement.18   

 

6.3.3.1. Mechanism of the di- -́methane rearrangement 

The mechanism of the di- -́methane rearrangement proceeds through several basic 

steps.  Excitation of substrates can occur through the singlet or triplet excited state, through 

direct irradiation or use of a sensitizer.14-15  Upon irradiation of barrelene 616, in the 

presence of a sensitizer, two vinyl groups form a cyclopropyl biradical, intermediate A, 

Figure 6.1.  Radical rearrangement cleaves the first formed cyclopropane moiety, 

reforming a divinyl diradical intermediate B.  This divinyl intermediate can be redrawn as 

biradical C.  Consummation of the final carbon-carbon bond affords the di- -́methane 

product 617.   
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 Irradiation of acyclic and unsymmetrical 1,4-dienes can proceed through either the 

singlet or triplet excited state.  Excitation to the singlet state can lead to the triplet state 

through ñintersystem crossingò.  The excited state can play an important role in the 

regiochemical outcome of the rearrangement.16, 19  In addition, substituents on the vinyl 

moieties can have a significant influence on product distribution.  For example, irradiation 

of 3,3,5-dimethyl-1,1-diphenyl-1,4-hexadiene 622 affords the cyclopropyl biradical shown 

in Figure 6.2.  Radical rearrangement then affords the second biradical.  Pathway A results 

in an energetically disfavored biradical whereas pathway B produces a biradical 

intermediate stabilized by the neighboring aryl rings.  Tetra-methyl substituted 

cyclopropane 623 is not observed whereas diphenyl substituted cyclopropane 624 is 

produced on irradiation.19   

 

 

Figure 6.1 Mechanism of the di- -́methane rearrangement. 
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 Regioselectivity of the di- -́methane rearrangement can also be controlled by 

electron donating and withdrawing groups.  In general, it has been observed that electron 

donors remain on the vinyl moiety after irradiation.  The cyclopropyl biradical intermediate 

will rearrange to favor electron withdrawing group substitution on the cyclopropane 

product, Scheme 6.7.20   Irradiation of the cyano substituted 1,4-diene 625a selectively 

affords the cyano substituted cyclopropane 626.  Conversely, if the 1,4-diene contains an 

enol ether, such as 625b, irradiation exclusively retains the enol ether, affording 627.20  

Predictable regio-control through substitution enhances the synthetic utility of the di- -́

methane rearrangement. 

 

Figure 6.2 Regioselectivity of the di- -́methane rearrangement. 
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6.3.3.2. Oxa-di- -́methane rearrangements 

The first oxa-di- -́methane rearrangement was first discovered by Tenney and Lutz 

who reported transformation of a ɓ,ɔ-unsaturated ketone to the corresponding cyclopropyl 

ketone, Scheme 6.8.17  Irradiation of the tetra phenyl substituted ɓ,ɔ-unsaturated ketone 

628 using a high pressure mercury arc lamp and Pyrex filtration gave the cyclopropyl 

ketone 629 in 7% yield through an oxa-di- -́methane rearrangement.  

 

 

 

 These ɓ,ɔ-unsaturated ketones can undergo two main photochemical reactions, a 

formal 1,3-acyl migration and the oxa-di- -́methane rearrangement.  Other reactions of ɓ,ɔ-

unsaturated ketones are decarbonylations, ketene formation, [2 + 2] cycloadditions and 

 

Scheme 6.7 Regioselectivity of the di- -́methane rearrangement, controlled by 

substitution on the olefin. 

 

Scheme 6.8 Oxa-di- -́methane rearrangement to afford a cyclopropyl ketone. 
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Norrish type I and type II reactions, to name a few, depending on the substitutions present.  

Such complexity in potential side reactions warranted additional scrutiny of the oxa-di- -́

methane rearrangement and itôs mechanism thereof. 

 

 

 

 The oxa-di- -́methane rearrangement formally consists of two elementary steps 

after initial photoexcitation, a 1,2-acyl migration and subsequent cyclization as seen in 

Figure 6.3.  Photoexcitation of the ɓ,ɔ-unsaturated ketone affords the first biradical 

intermediate A.  Divergence of the mechanistic pathway results in two unique products.  

Restoration of the olefin from A, through cleavage of the cyclopropane, affords less stable 

biradical D.  Cyclization of the oxygen and methyl radicals would result in vinyl epoxide 

E.  Radical reformation of the ketone, which can be considered a formal 1,2-acyl migration, 

affords more stable biradical B.  Closure of this biradical intermediate affords cyclopropyl 

ketone C.21  The selectivity of oxa-di- -́methane rearrangements is accounted for by this 

mechanism as the ketone moiety is always restored. 

 

Figure 6.3 Mechanism of the oxa-di- -́methane rearrangement. 
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 Both di- -́methane and oxa-di- -́methane rearrangements can result in drastically 

different outcomes depending on how the starting material is photoexcited.  Oren and 

Fuchs demonstrated that direct irradiation of keto-ester 630 exclusively forms oxa-di- -́

methane rearranged product 631, whereas irradiation in the presence of a sensitizer 

exclusively forms the ring opened product 632, Scheme 6.9.22  This direct irradiation 

induced oxa-di- -́methane rearrangement was unique as the acyl group was not directly 

part of the ring containing the alkene moiety.  When the alkene is contained within a 7 or 

8-member ring the oxa-di- -́methane rearrangement is suppressed and resulting low yields 

of the cyclopropane moiety.23-24   

 

 

 

 

Scheme 6.9 Product divergence based on direct or sensitized irradiation. 
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 Spirocyclic compounds also can be sensitive to the method of photoexcitation for 

the oxa-di- -́methane rearrangement and yield drastically different products which are 

dependent on the irradiation wavelength or additive, Scheme 6.10.  When an oxa-di- -́

methane rearrangement occurs a high degree of regioselectivity can result, depending on 

the excited state.25  Direct irradiation of 633;, yields a singlet excited state and affords the 

products 634 and 635 respectively, depending on the wavelength Scheme 6.10a.  

Intersystem crossing into the triplet excited state affords a regioselective oxa-di- -́methane 

reaction and 636.  Sensitization of 633 directly into the triplet state yields the other 

regioisomer 637, Scheme 6.10a.  Adding substitution on the vinyl moiety such as an 

electron withdrawing carboxylic ester, 638, leads to 639 exclusively, regardless of the 

photoexcitation method, Scheme 6.10b.22  Irradiation wavelength and substrate 

substitution have drastic effects on product distribution in oxa-di- -́methane 

rearrangements.  This is consistent with the previously reported examples involving 

electron donors and acceptors in the all carbon di- -́methane rearrangement, Scheme 6.7.20   
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 Regioselective formation of the oxa-di- -́methane product is controlled with 

electron donating or withdrawing groups and the wavelength of irradiation.  Although 

product distribution can be highly predictable when evoking either solely the di- -́methane 

or oxa-di- -́methane rearrangement, when both pathways are present the results can vary.26  

 

Scheme 6.10 a) Product distribution and regioselective outcomes at different 

wavelengths of irradiation.  b) regioselective irradiation controlled by 

substitution on the ɓ,ɔ-unsaturated ketone. 
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Substrates containing both a 1,4-diene and a ɓ,ɔ-unsaturated ketone, when irradiated, result 

in products that are highly substrate dependent as discussed below. 

 

6.3.3.3. Competition between the DPM and ODPM pathways 

Substrates containing both a 1,4-diene and ɓ,ɔ-unsaturated ketone moiety have the 

potential to undergo either a di- -́methane rearrangement or oxa-di- -́methane 

rearrangement and these systems have been extensively studied.  Luibrand and coworkers 

reported that 3,3-dimethylbicyclo[2.2.2]octa-5,7-dien-2-one 640, when irradiated in 

acetone, selectively affords di- -́methane adduct 641, Scheme 6.11a.27   

 

 

 

 Givens and Oettle reported the acetone-sensitized irradiation of the 

benzobicyclo[2.2.2]octadienone 642, Scheme 6.11b.28  On irradiation, the compound, 

 

Scheme 6.11 a) A selective di- -́methane rearrangement, b) A selective oxa-di- -́

methane rearrangement.  
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exclusively affords 643 via an oxa-di- -́methane rearrangement.  The associated energies 

required to break vinyl, aryl and carbonyl ˊ-bonds follow the same trend as the observed 

reactivities of these di- -́methane and oxa-di- -́methane rearrangements, as vinyl-vinyl > 

keto-vinyl > benzo-vinyl bridging.  Competition between di- -́methane and oxa-di- -́

methane rearrangements appear to be dependent on the most stable biradical intermediate 

and does not always follow the general order above.29   

 In 1983 Cerfontain and co-workers reported the competition between the di- -́

methane pathway and oxa-di- -́methane pathways within the same structure, 644, Scheme 

6.12.26  The products were 645, from a di- -́methane rearrangement, and a retro oxa-di- -́

methane rearrangement30-32 affording 646, showcasing that these cyclopropyl moieties can 

thermally isomerize easily. 

 

 

 

 

 

 

Scheme 6.12 Competition between the di- -́methane and oxa-di- -́methane. 
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6.3.4. Results and Discussion 

As previously stated, the photo induced [4 + 4] cycloaddition of 601, affords 1,3,5-

cyclooctatriene 615 in an excellent 95% yield, Scheme 6.5.  The 1,3,5-cyclooctatriene 615 

dominated the reaction mixture, but a small almost undetectable quantity (< 5%) of an 

unknown product was also observed.  Although not observed in previous 2-pyridone-enyne 

photochemistry, 1,3,5-cyclooctatriene contained the necessary ˊ-systems for both di- -́

methane rearrangement and oxa-di- -́methane rearrangements.12, 17  Analysis of the 

potential products, mechanisms and synthetic challenges are discussed herein. 

 

6.3.4.1. Di- -́methane and oxa-di- -́methane rearrangements. 

Irradiation of photosubstrate 615 results in either a direct di- -́methane or an oxa-

di- -́methane rearrangement through the vinyl-vinyl or keto-vinyl bridging.  Analysis of 

possible product outcomes of a di- -́methane rearrangement are shown in Scheme 6.13.  

On irradiation, the two 1,4-dienes, contained within the 1,3,5-triene can be photoexcited 

and form the two biradicals A and B.  In each case, cleavage of the first cyclopropyl moiety 

affords a second biradical.  Divergence occurs in cyclization pathways from A to afford 

A1 or A2.  Ring closure of A1 would afford the highly electron rich cyclopropane moiety, 

647.  This rearrangement pathway would be disfavored based on literature precedent (see 

Scheme 6.7).20  The biradical intermediate A2 closes to afford the cyclopropyl amide 648.   

Rearrangement of biradical B can occur via B1 or B2.  Ring opening to give the 

vinyl moiety in B1 has the diisopropyl silyl ether and the amide carbonyl directly bound to 

the cyclopropane.  Ring closure of B1 would afford 649, with the electron donor on the 
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terminal cyclopropane is disfavored due to electronic effects.  Finally, the last product from 

a direct di- -́methane rearrangement would afford 650 via B2, Scheme 6.13.  Although 

vinyl-vinyl bridging is favored, in certain cases keto-vinyl bridging is preferred, affording 

an oxa-di- -́methane rearrangement.26 

 

 

 

 In bicyclic systems, ɓ,ɔ-unsaturated carbonyls readily afford oxa-di- -́methane 

rearrangements.27, 32  Photoexcitation of the carbonyl in 615 would produce the cyclopropyl 

 

Scheme 6.13 Potential products from a direct di- -́methane rearrangement 
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oxa-biradical A, and consequently 651, Scheme 6.14.  Photoexcitation to biradical B 

affords the allylic radical, potentially stabilized, albeit weakly through the ɓ-silicon 

effect.33  Rearrangement of B affords the barrelene-like structure 652, with an internal 

cyclopropyl moiety highly shielded by the silyl substituents, enhancing stability of the 

highly strained system, Scheme 6.14.34   

 

 

 

6.3.4.2. Rational of observed product ratios 

Analysis of the crude reaction mixture from irradiation of 615 found three products 

resulting from a di- -́methane rearrangement dominating the mixture, Scheme 6.15.  No 

oxa-di- -́methane rearranged products were observed, consistent with the preference for 

 

Scheme 6.14 Potential photoproducts from an oxa-di- -́methane rearrangement. 
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vinyl-vinyl bridging when both 1,4-dienes and ɓ,ɔ-unsaturated carbonyls are present.26  

The three products of the reaction mixture are discussed herein. 

 

 

 

Irradiation of 615 gave a mixture of the shown products with 648, isolated in 30% 

yield after one hour of irradiation.  The structure of 648 was determined through extensive 

NMR analysis with important correlations highlighted in the supporting information.  

Thermally, these compounds are extremely stable.  Heating solutions of these products up 

to 200 °C afforded no observable rearrangements or decomposition.  Although thermally 

 

Scheme 6.15 Product distribution after irradiation of 615. 
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stable, 648 proved to be unstable photochemically, and was consumed on irradiation, 

Scheme 6.15.  After 17 hours, compound 653 dominated the reaction mixture, isolated in 

35% yield.  Preliminary NMR data indicates that compound 649 is also present in a ~1:1 

ratio with 653, work is ongoing to confirm the structure through NMR analysis of this other 

bullvalene-like moiety. 

Formation of 653 proved quite interesting.  The presumed di- -́methane product 

647 is transient due to the highly electron rich cyclopropyl moiety, which undergoes a low 

temperature divinylcyclopropane rearrangement to afford the energetically favorable 

bullvalene-like tricyclic system 653.  Hydrolysis of the enol using a 1:1 mixture of 

trifluoroacetic acid and methanol afforded the bullvalone-like structure, 654, in an 

excellent 86% yield, Scheme 6.16.  This structure was unambiguously confirmed by X-ray 

crystallography, Figure 6.4. 

 

 

 

 

Scheme 6.16 Hydrolysis of the tert-butyldimethylsilyl ether. 
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Irradiation of 615 with wavelengths >300 nm using a medium-pressure mercury 

lamp35 could initiate an n ï ˊ* excitation to access the oxa-di- -́methane pathway.  This 

excitation would afford biradical B, Scheme 6.14, a formal 1,2-acyl shift and subsequent 

cyclization to afford bullvalene-like, tricyclic system 652.  This product was not isolated.  

An idealized bicyclic oxa-di- -́methane substrate is shown in Figure 6.5 showing reactive 

and unreactive species.  The lack of electron withdrawing groups substituted in the ɔ and ŭ 

positions, presumably deactivates the ODPM pathway, favoring di- -́methane 

rearrangement products exclusively. 

 

 

Figure 6.4 X-ray crystal structure of 654. 



290 

 

 

 

6.3.4.3. A Photoexcited state rational of the observed products. 

General principles of photochemistry were discussed in Section 5.2 and will be 

discussed in further detail herein as relevant to the observed di- -́methane and oxa-di- -́

methane rearrangements.  In most examples, di- -́methane rearrangements proceed 

through a triplet excited state.  Singlet excited states are generally short lived (< 0.2 ns), as 

was the case with 2-pyridones,36 and are known to have multiple relaxation pathways such 

as vibrational relaxation, fluorescence, and intersystem crossing into the triplet state.   A 

medium-pressure mercury lamp provides a wealth of emissions bands, with strong bands 

at 296nm, 302 nm, 312nm, and 366 nm.35 

The direct irradiation of 615, as discussed, presented two different mechanistic 

pathways for the subsequent rearrangements.  As the 1,3,5-cyclooctatriene had a UV 

absorbance with a ɚmax = 291 nm, direct photoexcitation was possible through a presumed 

ˊ ï ˊ* transition to the singlet state.  With Pyrex filtration of the light, excitation of the 

diene moiety was possible.  Once photoexcited to the singlet state the di- -́methane 

rearrangement could occur directly or the system could undergo intersystem crossing to 

 

Figure 6.5 Substitution dependent oxa-di- -́methane rearrangements. 
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the triplet state.  Intersystem crossing to the triplet state is most likely necessary as such 

rigid systems would likely not react as a singlet.37  A persistent triplet excited state would 

allow for the biradical intermediate to undergo a conformational relaxation, a feature 

unique to all di- -́methane rearrangements of bicyclic systems, and cyclize to afford the 

products 649 and 653.  Irradiation of 615 was done in acetonitrile and acetone with little 

difference in the resulting product ratios, Scheme 6.15.  Direct irradiation in acetonitrile 

could result in photoexcitation into the singlet state and subsequent intersystem crossing to 

the triplet.  In acetone the photosubstrate could undergo triplet sensitized excitation.  

The oxa-di- -́methane pathway could only occur through the triplet excited state.  

Irradiation of the carbonyl would promote an n ï ́ * transition directly into the triplet state.  

Although possible, this is not as likely, as the n ï ˊ* absorbance is generally extremely 

weak.  In acetonitrile, direct irradiation of the substrate using a medium pressure mercury 

lamp would provide the necessary wavelengths and energy to photoexcite the carbonyl 

directly.  Although possible, no products resulting from an oxa-di- -́methane 

rearrangement have been isolated.   

Divergent product pathways in substrate 615 were a consequence of the 1,3-diene 

present in the ring system.  Irradiation in either acetone or acetonitrile had little effect on 

product distribution.  Increasing the irradiation time afforded two major bullvalene-like 

compounds 649 and 653.  Lacking the 1,3-diene to access the excited state, it was thought 

that photoexcitation of the corresponding enone leads to a more selective di- -́methane 

rearrangement.   
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6.3.5. A selective di- -́methane rearrangement  

Successful transformation of 615 into bullvalone-like structures 649 and 653 led to 

the exploration of this transformation in related cyclooctanoid systems.  In systems with 

both 1,4-dienes and ɓ,ɔ-unsaturated carbonyls as with 553, competition is possible between 

reaction pathways.  Photoexcitation of the Ŭ,ɓ-unsaturated ketone (as part of the 1,4-diene) 

through a singlet or triplet state (ˊ ï ˊ* or n ï ˊ*) could lead to a di- -́methane 

rearrangement.  On the other hand, photoexcitation of the amide carbonyl (n ï ˊ*) directly 

to a triplet state could lead to an oxa-di- -́methane rearrangement.   

Photoexcitation of an enone normally produces an excited triplet state (n ï ˊ* or ˊ 

ï ˊ*).38-40  If E/Z alkene isomerization is possible, energy can be lost and decay into the 

ground state can occur.  Intersystem crossing into the excited triplet state can lead to 

subsequent carbon-carbon bond forming radical intermediates.  This process generally 

cannot occur in acyclic systems or in flexible rings larger than cyclohexane due to cis/trans 

isomerizations that can waste energy,41 although highly rigid bicyclic systems can be an 

exception. 

 

 

 

Scheme 6.17 Di- -́methane rearrangement of 553 
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 Irradiation of enone 553 at 2537 Å (254 nm) could lead to singlet manifold di- -́

methane or oxa-di- -́methane rearrangement but this was not observed.  Irradiation in 

acetonitrile at >300 nm, however, was extremely effective, albeit slow, and after 20 hours 

afforded a single product.  Subsequent NMR analysis would determine that a di- -́methane 

rearrangement occurred exclusively and afforded the single bullvalone-like structure 655, 

Scheme 6.17, in an excellent 88% yield!  Irradiation in acetone under the same conditions 

afforded the same product, equally as selective and efficiently with no significant 

decomposition detectable by nuclear magnetic resonance spectroscopy.  The structure of 

655 was unambiguously confirmed through single crystal X-ray crystallography, Figure 

6.6.  

 

 

 

 

Figure 6.6 X-ray structure of 655. 
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Photoexcitation of the enone moiety of the starting material 553 at >300 nm would 

presumably form the triplet biradical intermediate A, Figure 6.7.  This triplet excited state 

is supported by a weak n ï ˊ* transition in the UV-vis spectrum.  As the tricyclic system 

in 553 is extremely rigid, loss of energy through cis/trans isomerization of the olefin is 

impossible.  Reformation of the carbonyl moiety and subsequent radical cyclization would 

afford the 1,4-biradical cyclopropane B.  Restoration of the vinyl moiety through 

cyclopropane bond cleavage affords C.  Redrawn as Cô consummation of the final carbon-

carbon bond through radical coupling affords the observed product 655.    

 

 

 

 

Figure 6.7 Proposed mechanism to afford di- -́methane adduct 655. 
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 Interestingly, when 655 is treated with potassium carbonate and methanol a bright 

orange solution results.  Unfortunately, subsequent NMR analysis revealed extensive 

decomposition.  Bullvalone, and derivatives thereof, are known to be reactive under basic 

conditions and rapidly rearrange affording numerous isomers.42 

 

 

 

 Other derivatives of enone 553 were also irradiated in an exploratory search to 

determine the generality of this transformation in these complex systems.  Epimeric 

acetates 566 and 567, upon irradiation for 3 hours were completely consumed, significantly 

faster than enone 553.  One major product dominated each of the reaction mixtures.  

Unfortunately, exposure to acidic media gave a complex mixture of products.  Solvolysis 

of the acetate after rearrangement would afford a cation, stabilized by the neighboring 

cyclopropane, leading to a complex mixture of products.  Work is ongoing to optimize 

further di- -́methane rearrangements with derivatives of 553. 

 

Scheme 6.18 Attempted ring opening of 655. 
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6.4. Conclusion 

The ability of more sterically hindered silyl-3-enol-1-ynes to efficiently afford 

stereochemically rich cyclooctanoid molecular scaffolds by an intramolecular [4 + 4] 

photocycloaddition with 2-pyridones was demonstrated.  Acidic, sterically hindered 

silanols isomerize the intermediate allene to the 1,3-diene.  The resulting 1,3,5-

cyclooctatriene is further transformed through photochemical manipulation.  Irradiation of 

the 1,3-diene product yields a di- -́methane rearrangement affording two major bullvalene 

like scaffolds containing a sterically hindered cyclopropane.  One of the rearranged 

products is derived exclusively from a di-vinyl cyclopropane rearrangement of the primary 

di- -́methane product.  Hydrolysis under acidic conditions affords a silyl-substituted 

bullvalone moiety, unambiguously confirmed by X-ray crystallography. The di- -́methane 

adducts are thermally stable when heated up to 200 °C.  Further photochemical 

rearrangement of these compounds 648 and 650 leads to bullvalene-like 649 and 653. 

 

Scheme 6.19 Initial results of a di- -́methane on acetates 566 and 567. 
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Less sterically hindered substrates, also, on irradiation yield di- -́methane 

rearrangement products.  Substrates containing an enone, or allylic acetates, readily afford 

di- -́methane adducts.  Enone 553 results in formation of a bullvalone-like scaffold in near 

quantitative conversion.   

It has been shown that from simple 2-pyridones, through a six-step sequence, a 

highly diastereoselective [4 + 4] photocycloaddition afforded a 1,3,5-cyclooctatriene with 

several synthetic handles.  In one photochemical step from an achiral starting material, a 

several interesting scaffolds are accessible, many in excellent yields.  Work is ongoing to 

probe this unique example of a di- -́methane rearrangement and to further access 

synthetically interesting scaffolds. 
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6.5. Experimental 

A summary of general experimentation techniques, instrumentation, purification 

procedures and reagent handling can be found on pages 84 ï 85. 

 

 

3-(((Ethynyldiisopropylsilyl)oxy)methyl) -1-methylpyridin -2(1H)-one (612):4 Prepared 

according to the literature procedure from 537 and diisopropylethynylsilane.  Purification 

by column chromatography with 50% EtOAc/hexanes gave the title compound as a 

colorless solid.  Rf = 0.47 (70% EtOAc/hexanes).  1H NMR (500 MHz, CDCl3) ŭ = 7.46 

(dd, J=6.7, 1.5, 1H), 7.17 (d, J=6.0, 1H), 6.21 ï 6.13 (m, 1H), 4.76 (s, 2H), 3.50 (s, 3H), 

2.67 (s, J=9.7, 1H), 1.19 ï 0.95 (m, 14H). 

 

 

3-((((3-Hydroxybut-1-yn-1-yl)diisopropylsilyl)oxy)methyl) -1-methylpyridin -2(1H)-

one (613):  To a solution of pyridone silyl-yne 612 (738 mg, 2.66 mmol) in THF (10 mL) 
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at -78 °C was added a solution of n-butyl lithium in hexanes (1.27 mL, 3.19 mmol) 

dropwise over 30 minutes.  The resulting dark red solution was stirred for 1 hour at -78 °C.  

After 1 hour, a solution of acetaldehyde (0.31 mL, 5.32 mmol) in THF (5 mL) was added 

dropwise over 15 minutes.  The reaction mixture was stirred for 1 hour at -78 °C and 

monitored by TLC.  After completion of the reaction, the mixture was warmed to room 

temperature and diluted with saturated aqueous ammonium chloride and ethyl acetate.  The 

layers were separated and the aqueous layer was extracted with ethyl acetate (3x).  The 

combined organics were washed with water and brine then dried over anhydrous sodium 

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

chromatography with 50% EtOAc/hexanes to afford the title compound as a colorless solid 

(81%).  Rf = 0.51 (100% EtOAc).  IR (neat): 3345, 2943, 2864, 2161, 1649, 1581, 1564, 

1462, 1115, 1093, 937, 881, 765 cm-1.  1H NMR (500 MHz, CDCl3) ŭ = 7.52 (ddd, J=6.8, 

3.4, 1.5, 1H), 7.24 ï 7.16 (m, 1H), 6.23 (t, J=6.8, 1H), 4.80 (s, 2H), 4.55 ï 4.46 (m, 1H), 

3.55 (s, 3H), 2.47 (d, J=5.2, 1H), 1.44 (d, J=6.6, 3H), 1.14 ï 0.99 (m, 14H).  13C NMR (125 

MHz, CDCl3) ŭ = 161.4, 135.8, 134.4, 132.2, 110.4, 105.9, 82.4, 61.5, 58.5, 37.4, 24.3, 

17.2, 17.1, 12.9.  Mass for C17H27NO3Si [M+H] +; calcd: 322.1838, found: 322.2.  
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3-(((Diisopropyl(3-oxobut-1-yn-1-yl)silyl)oxy)methyl)-1-methylpyridin -2(1H)-one 

(614):  A solution of pyridone silyl-yn-ol 613 (178 mg, 0.55 mmol) in DCM (2 mL) was 

cooled to 0 °C in an ice bath.  With stirring, Dess-Martin Periodinane (282 mg, 0.66 mmol) 

was added in one portion as a solid.  The reaction mixture was removed from the ice bath 

and stirred at room temperature for 30 minutes.  Once the reaction was complete, as 

indicated by TLC, it was diluted with a 2:1:1 ratio of saturated sodium sulfite, saturated 

sodium bicarbonate and water and stirred for 15 minutes.  The layers were separated and 

the aqueous layer was extracted with DCM (3x).  The combined organics were washed 

with brine and dried over anhydrous sodium sulfate then concentrated in vacuo.  

Purification by column chromatography with 0 ï 70% EtOAc/hexanes gave the title 

compound as a clear oil.  Rf = 0.49 (70% EtOAc/hexanes).  IR (neat): 2945, 2866, 1682, 

1652, 1595, 1563, 1194, 1107, 1091, 881, 830, 764, 681 cm-1.  1H NMR (500 MHz, CDCl3) 

ŭ = 7.47 (ddd, J=6.8, 3.4, 1.6, 1H), 7.21 (ddd, J=19.7, 10.3, 9.4, 1H), 6.20 (dt, J=12.8, 4.8, 

1H), 4.79 (s, J=18.4, 2H), 3.54 (s, J=8.5, 3H), 2.34 (s, J=3.5, 3H), 1.15 ï 1.05 (m, 14H).  

13C NMR (125 MHz, CDCl3) ŭ = 184.1, 161.3, 136.0, 133.9, 131.6, 105.8, 103.6, 91.6, 

62.0, 37.3, 32.9, 17.2, 17.1, 12.9.  Mass for C17H25NO3Si [M+H]+; calcd: 320.1682, found: 

320.1.  
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3-(3,3-Diisopropyl-8,8,9,9-tetramethyl-6-methylene-2,7-dioxa-3,8-disiladec-4-yn-1-

yl)-1-methylpyridin -2(1H)-one (601):  To a solution the ynone 614 (330 mg, 1.03 mmol) 

in DCM (5 mL) at 0 °C was added triethylamine (0.29 mL, 2.06 mmol) dropwise.  After 5 

minutes tert-butyldimethylsilyl trifluoromethanesulfonate (0.36 mL, 1.55 mmol) was 

added dropwise at 0 °C.  The reaction was warmed to room temperature over 4 hours and 

monitored with TLC.  After completion of the reaction it was diluted with saturated 

aqueous sodium bicarbonate.  The layers were separated and the aqueous layer was 

extracted with DCM (3x).  The combined organics were washed with water and brine then 

dried over anhydrous sodium sulfate and concentrated in vacuo.  The residue was purified 

by column chromatography with 0 ï 40% EtOAc/hexanes to afford the title compound as 

a clear light-yellow oil (67%).  Rf = 0.26 (30% EtOAc/hexanes).  IR (neat): 2929, 2863, 

2142, 1653, 1599, 1564, 1462, 1254, 1114, 1018, 824, 764 cm-1.  1H NMR (500 MHz, 

CDCl3) ŭ = 7.49 (dd, J=6.8, 1.7, 1H), 7.19 (dd, J=6.3, 1.2, 1H), 6.20 (t, J=6.8, 1H), 4.79 

(s, J=13.1, 2H), 4.74 (s, J=10.9, 1H), 4.72 (s, 1H), 3.54 (s, 3H), 1.15 ï 0.98 (m, 14H), 0.91 

(s, J=8.5, 9H), 0.18 (s, J=3.0, 6H). 13C NMR (125 MHz, CDCl3) ŭ = 161.4, 139.1, 135.7, 

133.8, 132.2, 105.8, 104.7, 103.9, 87.0, 61.8, 37.3, 29.8, 25.6, 18.2, 17.3, 17.2, 13.1, -4.5.  

Mass for C23H39NO3Si2 [M+H] +; calcd: 434.2547, found: 434.2. 
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(7E,9E)-8-((Tert-butyldimethylsilyl)oxy) -1,1-diisopropyl-10-methyl-1,6-dihydro-3H-

6,3a-(epiminomethano)cycloocta[c][1,2]oxasilol-11-one (615):  A solution of 601 (10.5 

mg, 27.9 ɛmol) with tert-butyldimethylsilanol (25 ɛL, 0.16 mmol) in C6D6 (1.1 mL) was 

treated according to general procedure 5.1.  The reaction mixture was concentrated in 

vacuo and purified by column chromatography with 0 ï 30% EtOAc/hexanes to afford the 

title compound as a colorless oil (70%).  Rf = 0.45 (30% EtOAc/hexanes).  IR (neat): 2928, 

2862, 1648, 1612, 1462, 1165, 1031, 863, 838, 800, 778, 671 cm-1.  1H NMR (500 MHz, 

CDCl3) ŭ = 6.11 (d, J=1.8, 1H), 5.76 ï 5.65 (m, 2H), 5.53 (d, J=9.0, 1H), 5.05 (d, J=9.9, 

1H), 4.09 (d, J=9.9, 1H), 3.89 (dd, J=8.1, 6.3, 1H), 2.96 (s, 3H), 1.15 ï 0.98 (m, 14H), 0.92 

(s, J=9.7, 9H), 0.13 (d, J=3.4, 6H).  13C NMR (125 MHz, CDCl3) ŭ = 169.1, 154.5, 149.8, 

134.5, 124.7, 118.7, 118.6, 74.7, 54.1, 54.0, 32.2, 29.8, 25.7, 18.1, 17.4, 17.3, 17.2, 17.1, 

12.8, 12.6, -4.4.  Mass for C23H39NO3Si2 [M+H] +; calcd: 434.2547, found: 434.2. 
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7-((Tert-butyldimethylsilyl)oxy) -5,5-diisopropyl-1-methyl-2a1,5,8a,8b-tetrahydro-

3H-4-oxa-1-aza-5-silacyclopenta[i]cyclopropa[cd]azulen-2(1H)-one (648):  A solution 

of 615 (101 mg, 0.23 mmol) was prepared in anhydrous acetonitonitrile-d3 (1 mL) and 

placed in a Pyrex NMR sample tube then deoxygenated for 15 minutes by bubbling the 

solution with a gentle stream of argon.  After deoxygenation, the NMR tube was placed in 

irradiation chamber and cooled with a water and ice bath.  Irradiation of the starting 

material was achieved with a 450W medium pressure mercury lamp for one hour.  After 

the reaction was complete, as indicated by NMR spectroscopy the solvent was removed in 

vacuo.  The crude material was purified by column chromatography with 0 ï 10% 

EtOAc/hexanes to afford the title compound as a clear oil (25%).  Rf = 0.57 (30% 

EtOAc/hexanes).  IR (neat): 2926, 2863, 1689, 1672, 1462, 1193, 1046, 782 cm-1.  1H NMR 

(500 MHz, CDCl3) ŭ = 6.00 (d, J=0.9, 1H), 5.32 (dd, J=4.2, 1.3, 1H), 4.36 (d, J=10.0, 1H), 

4.04 (d, J=10.0, 1H), 2.87 (s, 3H), 2.87 ï 2.81 (m, 1H), 1.85 (t, J=7.1, 1H), 1.57 ï 1.45 (m, 

 

 


































































































































































































































































