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ABSTRACT 

 

 Aromatic 2-pyridones and 2-pyrones are known to undergo a facile [4+4] 

photocycloaddition with themselves and other conjugated molecules.  The unifying 

objective of this work is to explore the potential of conjugated enynes as a 

photocycloaddition partner with a variety of unsaturated systems and establish it as a path 

for the synthesis of valuable natural products and molecular scaffolds.  With a 1,3-enyne 

as a reactant, the immediate photocycloadduct, a highly strained cyclic allene, was 

stabilized and functionalized to give advanced intermediates in natural product synthesis.  

Participation of substituted benzenes in higher order photocycloaddition with 2-pyridones 

was also discovered. 

 Intramolecular enyne-pyridone [4+4] photocycloaddition led to the formation of 

cyclic, strained allenic products that undergo rapid dimerization through various modes 

leading to complex mixtures.  Such allene-allene dimerization was suppressed by 

introducing steric shielding.   With reactive tethered functional group present, the 

intermediate allene can undergo a secondary cycloaddition with either the proximal or 

distal double bond, depending on the tether length.  In the absence of such functional 

groups, the allene can isomerize to a 1,3-diene.  Oxidation of the allene led to a 

cyclopropanone, a bicyclo-[5.1.0]-octane, which was transformed into pseudoguaiane-like 

7-5 ring systems. 

  Participation of enynes in the photocycloaddition of other unsaturated systems was 

also investigated.  Anthracene, naphthalene derivatives and 2-pyrones were all found to 

undergo quantitative photocycloaddition with an enyne.  During this investigation, a low 
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temperature Cope rearrangement was also discovered.  In addition, meta-substituted 

benzenes were reluctant partners in [4+4] photocycloaddition with enynes but underwent 

efficient [4+4] photocycloaddition with 2-pyridones. 

 The synthetic utility of enyne photocycloaddition was applied in the synthesis of 

the cyclooctanoid containing natural product, (+)-dactylol.  The intramolecular enyne ï 2-

pyrone [4+4] photocycloaddition-isomerization gave a lactone bridged-cyclooctanoid 

product which serves as an advanced intermediate for sesquiterpene synthesis. 
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CHAPTER 1                                                                                                   

CYCLOADDITION OF CON JUGATED ENYNES: AN OVERVIEW  

1.1 Introduction  and Motivation 

 Cyclic compounds, both carbocyclic and heterocyclic, constitute an extremely 

important category of molecules with vital roles in medicine and therapeutics.  One of the 

most efficient ways to construct cyclic molecules is cycloaddition.  On the most 

fundamental level, cycloaddition forms at least two new bonds, a cycle (ring) and as many 

as four new stereocenters.1  The two new bonds formed during cycloaddition can arise 

either in a stepwise manner or in a concerted fashion.   Concerted cycloadditions are a 

subset of pericyclic reactions and thus are governed by the Woodward-Hoffmann orbital 

symmetry rules.2  The (4́ +2ˊ) Diels-Alder reaction is the most widely used cycloaddition 

for construction of six membered rings.  

 Higher order cycloadditions (cycloadditions forming larger than six membered 

rings) are receiving increased attention due to the growing number of natural products 

containing medium rings (7 ï 12 atoms).3-6  Eight-membered carbocyclic rings in particular 

are widespread and found in a variety of biologically significant and structurally complex 

natural products.7  The combination of challenges associated with the formation of eight-

membered rings8 and their interesting biological activities, prompted the development of 

several elegant strategies towards the construction of this ring systems.4-6, 9-10  

Mechanistically, a [4+4] cycloaddition forming two ů bonds between the termini of a pair 

of four-carbon fragments is arguably the most efficient method for the construction of the 
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cyclooctanoid skeleton.11  The work presented here is focused on [4+4] photocycloaddition 

of conjugated enynes with 2-pyridones, 2-pyrones, polycyclic aromatics and manipulation 

of the cycloadduct directed towards the synthesis of natural products and valuable 

molecular scaffolds. 

1.2 General principles of photochemistry 

 An organic photochemical reaction typically involves the reaction between a 

ground state molecule with a molecule in an excited state.  A molecule becomes excited 

either by the direct absorption of a light of a particular wavelength, or by the energy transfer 

from another molecule (a sensitizer).  For light to be absorbed, a molecule must contain an 

empty and accessible orbital above a filled orbital with an accessible energy gap.  The 

choice of the light source for irradiation (or filters) depends upon the absorption spectra of 

a molecule.  The combination of conjugated and unsaturated bonds and functional groups 

determines the electronic absorption bands, which can lie from the far ultraviolet (UV) to 

the visible region of the electromagnetic spectra. 

 Upon absorption of light of a suitable wavelength, an electronic transition occurs.  

Electronic transitions are typically  ́to ́ * (e.g., alkene) and/or n to ́ * (e.g., carbonyl), as 

an electron is excited to a higher orbital level, Figure 1.1a. The electronic spin is 

maintained for this excited electron (e.g., singlet state) and multiple relaxation pathways 

are available, including vibrational relaxation, fluorescence, intersystem crossing (ISC) to 

the triplet state and phosphorescence.  
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Figure 1.1 Frontier molecular orbital diagram of [4+4] photocycloaddition of 1,3-

butadiene. (a) Excitation of electron and (b) HOMO/LUMO interactions of 

ground and excited state molecules. 

 

 Frontier Molecular Orbital Theory (FMO), Figure 1.1 is often used to describe 

interactions between the molecule in the ground state and another molecule in an excited 

state.  These molecules may either be identical or non-identical.  There are typically two 

energetically profitable frontier orbital interactions: (1) interaction between the singly-

occupied ́* orbital of the excited molecule and the LUMO of the molecule in the ground 

state, and (2) interaction of the singly-occupied n or ́ orbital of the excited molecule and 
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the HOMO of the molecule in the ground state, Figure 1.1b. These interactions are usually 

strongest when the energies of the interacting orbitals are similar. Figure 1.1 depicts the 

[4+4] cycloaddition reaction of two 1,3-butadiene molecules, the concerted process that is 

photochemically allowed but thermally forbidden. 

 Light Sources: As mentioned above, the light required for excitation is determined 

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

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

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

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

controlled by use of filters. The filters can be glass-based or solution-based.12  Commonly 

used glass-based filters and their cutoffs will be discussed in Chapter 4. 

1.3  Historical perspective of 2-pyridone and 2-pyrone photocycloaddition 

 Higher order cycloadditions are very powerful step- and atom-economical strategic 

tools for the rapid and efficient constructions of cyclooctanoids.11, 13  The first organic 

photochemical reaction reported was the [4+4] photodimerization of anthracene in 1867 

by Fritzsche, Scheme 1.1.14 

 

Scheme 1.1 Photodimerization of anthracene. 
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 About a century after the anthracene dimerization report, Taylor and coworkers 

reported the first photoreaction of 2-pyridone in 1960, Scheme 1.2a.15  Initially they 

reported the photoproduct of N-methyl-2-pyridone 103 to be dimer 104 by UV spectrum 

analysis but later in 1961, Paquette corrected Taylorôs initial report and proposed the 

structure to be head-to-tail dimer 105 based on 1H NMR studies16 and Taylor subsequently 

accepted the correction.17 

 In 1964 de Mayo reported the [4+4] dimerization of 2-pyrone giving cis and trans 

adducts such as 108 and 109 both of which convert into 1,3,5,7-cyclooctatetraene upon 

heating, Scheme 1.2c.18 In the same year, E. J. Corey reported the photoisomerizations of 

N-methyl-2-pyridone 103 and 2-pyrone 111 to give a corresponding Dewar-pyridone 106 

and  Dewar-pyrone 112, Scheme 1.1 by irradiating dilute solutions in ether.19 
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Scheme 1.2 Photochemical reactions of 2-pyridone and 2-pyrone (a) [4+4] Photo-

dimerization of 2-pyridone (b) Photoisomerization of 2-pyridone (c) Photo-

dimerization of 4,6-dimethyl-2-pyrone (d) Photoisomerization of 2-pyrone. 

 

 In 1978, Nakamura and co-workers did extensive studies on the pyridone photo-

dimerization reaction, identifying of all four [4+4] isomers and also showing that formation 

of Dewar-pyridone 106 was concentration dependent, Scheme 1.3.20  Nakamura reported 

that photoisomerization to give 106 was the major process at concentrations below 0.01M, 
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whereas the [4+4] dimerization dominates at concentrations higher than 0.1M.  Four years 

later, Nakamura reported a simple method of differentiating cis and trans products, by 

finding that cis cycloadducts 113 and 115 smoothly undergo [3,3] sigmatropic 

rearrangement whereas the trans isomers 105 and 114 do not, Scheme 1.3.21 

 

 

Scheme 1.3 [4+4] Photocycloaddition of N-methyl-2-pyridone and Cope rearrangement 

of cis-adducts. 

 

 In 1970, Sharp and Hammond reported a mechanistic study of 2-pyridone 

photochemistry and identified the presence of a short lived (<0.2 ns) singlet excited state 

and concluded that unsensititzed 2-pyridone [4+4] dimerization does not involve a triplet 

intermediate.22  In 1985, Matsushima and Terada suggested that a preliminary association 
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of two 2-pyridones via strong dipole-dipole interaction would explain the dominance of 

trans product formation over cis, rather than hydrogen bonding, Figure 1.2.23 

 

 

Figure 1.2 Matsushimaôs proposed bimolecular association for the formation of trans-

head-to-tail dimer. 

1.4 Cross [4+4] photocycloaddition with conjugated dienes 

 In 1977, Nagano reported the ability of 2-pyridones to participate in [4+4] 

photocycloaddition with triazolo-pyridine 120 to give cross [4+4] adducts 122 and 123.  In 

the absence of 2-pyridone, triazolo-pyridine 120 would undergo dimerization resulting in 

121, Scheme 1.4.24 The product ratio can be altered to favor the cross product by increasing 
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the ratio of 120 to 119.  In the last two decades, the Sieburth group has been exploring both 

inter-and intramolecular photoreactivity of 2-pyridones with 1,3-dienes,25 furan, 

naphthalene derivatives,26  and enynes.27-28  Simultaneously the West group29 has been 

exploring the [4+4] photocycloaddition of 2-pyrones.30-34 

 

 

Scheme 1.4 Naganoôs photocycloaddition of triazolopyridine 120 (a) Dimerization and 

(b) Cross [4+4] cycloaddition with 2-pyridone 119. 

 

 In 2001, Bach and co-workers demonstrated that asymmetric cross [4+4] 

cycloaddition of 2-pyridones with cyclopentadiene can be achieved using chiral host 124, 

a derivative of Kempôs triacid,35 Scheme 1.5.36 The absolute configuration of 

enantiomerically enriched cycloadduct 125 was confirmed by single crystal X-ray 

crystallography of an N-menthyl derivative of cycloadduct 125.36 
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Scheme 1.5 Bachôs enantioselective [4+4] photocycloaddition of 2-pyridone with 

cyclopentadiene using a chiral host.36  

1.5  [4+4] Cycloaddition with conjugated enynes 

 Conjugated enynes have been utilized as cycloaddition partners in organic synthesis 

in two broad categories.  First, where all four atoms participate in the cycloaddition, and 

second where only the alkene or the alkyne participates in the cycloaddition.  The majority 

of the literature examples are of second type, [2+2] and [4+2] cycloadditions.  Recalling 

the Woodward-Hoffmann rules,2 [2+2] cycloaddition between alkynes or alkenes with 

alkenes are thermally forbidden but photochemically allowed.  Bronsted or Lewis acid, or 

transition metal catalyzed [2+2] cycloadditions can be an alternative thermal conditions.37  

Photo [2+2] cycloaddition of 1,3 enynes with an enone,38-39 simple alkenes and dienes40 

were studied by Margaretha group. 

 The use of conjugated enynes as a ódieneô was discovered early in 1895 by Michael 

and Bucker during thermal dimerization of phenylpropiolic acid and was later described as 

a ñdehydro-Diels-Alderò reaction.41  Heating the solution of phenylpropiolic acid in acetic 

anhydride yields dimeric compound 128 by a [4+2] addition of the enyne portion of the 

phenylpropiolic acid with the alkyne of another molecule, followed by hydrogen migration, 
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Scheme 1.6.41  Over the years ñdehydro-Diels-Alderò reactions of enynes with an alkyne 

or alkenes have been a very useful method for the synthesis of aromatic and polyaromatic 

compounds despite the strained intermediates involved.42-43  More recently, the use of 

transition metals such as palladium,44 cobalt,45 cobalt-zinc,46 and gold,47 in enyne [4+2] 

cycloaddition, has added to the synthetic utility of conjugated enynes. 

 

 

Scheme 1.6 The first reported [4+2] cycloaddition of enyne.41 

 

 There are only few examples of enynes participating in higher order 

photocycloadditions.  In addition to reports from the Sieburth group,27-28, 48 Margaretha has 

shown that enynes, such as ethynyl-coumarin 12949 and enynone50 can undergo [4+4] 

photocycloaddition with 2,3-dimethyl-1,3-butadiene 130 but the [4+4] products only were 

isolated after H-migration of the intermediate allene and in modest yield  (24 ï 25%),  

Scheme 1.7. 
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Scheme 1.7 Margarethaôs [4+4] photocycloaddition of ethynyl-coumarin 129 with 2,3-

dimethyl-1,3-butadiene 130.49 

1.6 Strained cyclic allenes 

 Cycloaddition of enynes can lead to very strained, cyclic allenes.  Cyclic molecules 

containing cumulated double bonds, i.e. cyclic allenes, are intriguing moieties.  Idealized 

small to medium sized cyclic allenes are depicted in Figure 1.3 along with bending and 

estimated strain energies relative to acyclic homologues.51  Ring strains for small and 

medium sized cycloalkanes include angle bending, torsional and transannular interaction 

contributions.  In addition to these strain components, cyclic allenes also suffer from the 

additional distortion of bending the normally linear allene structure and the twisting of two 

orthogonal planes of adjacent ́-bonds towards planarity as depicted in Figure 1.4. 

 

Figure 1.3 Small and medium sized cyclic allenes and their corresponding bending angle 

and estimated total strain.51 

 

 A 1,2-cyclononadiene and higher homologues can be stored at ambient 

temperatures and undergo dimerization only upon heating above 100 °C.52  The more 
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strained cyclic allenes can be stabilized by introducing sterically demanding groups to 

shield the alkenes.  Johnson synthesized stable eight-membered cyclic allene 135 with a 

tert-butyl group at position 1.53  Unlike unsubstituted 1,2-octadiene, 135 does not dimerize 

at room temperature even after prolonged times.53  In addition to steric impediments, 

strained cyclic allenes can be stabilized by complexing with metals such as in 13454 and 

incorporating in heterocyclic systems such as 133, Figure 1.5.55  Allenes formed in 

pyridone-enyne [4+4] cycloaddition ï 1,2,5-cyclooctatrienes ï fall to the borderline area 

of isolable cyclic allenes and thus can be stabilized by steric shielding.48   

 

 

Figure 1.4 Types of distortion in cyclic allenes. 

 

 

 

 

Figure 1.5 Example of stable cyclic allenes. 
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1.7 [4+4] Cycloaddition of conjugated enyne with 2-pyridone 

 In 2010, Sieburth and Kulyk reported the ability of enynes to undergo [4+4] 

photocycloaddition with 2-pyridones.27  When a mixture of enynes 136 and N-methyl-2-

pyridone 103 was irradiated, the apparent [2+2] adducts 137 ï 139 and dimeric compounds 

like 140 were isolated, Scheme 1.8.  Isolation of dimeric compounds like 140 was evidence 

that [4+4] cycloaddition between 2-pyridone and enyne was taking place, giving highly 

reactive ñalleneò intermediates.  Four different regio-and stereoisomers of the allene 

adducts are possible.  The photoadducts can undergo several different [2+2] dimerizations, 

possibly leading to seventy-two different dimeric products, resulting in a complex mixture.  

In principle, the apparent [2+2] cycloadduct 137 ï 139 could also arise from a reversible 

Cope rearrangement of the allene intermediates, but computational studies suggested 

otherwise.27   
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Scheme 1.8 Svitlana Kulykôs intermolecular [4+4] and [2+2] cycloaddition between N-

methyl-2-pyridone 103 and enynes 136.27 

 

 Less complex product mixtures, as well as partitioning of the [2+2] and [4+4] 

pathways, was reported a year later using intramolecular reactions.28  Irradiation of an 

enyne tethered to the 2-pyridone through the alkyne end with a three atom tether 141, gave 

dimerized [4+4] products such as 143 whereas tethering through the alkene end, compound 

144, resulted in exclusively [2+2] products, Scheme 1.7.  Irradiation of pyridones tethered 

through the alkene resulted in highly decorated cyclobutane structures,56  but when the 

enyne was reversed, isolation of the direct [4+4] cycloadducts remained problematic due 

to the strain associated with the cyclic allene and its facile [2+2] dimerizations and 

isomerizations.  Only dimeric products such as 143 were isolated.28 
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Scheme 1.9 Partitioning of [4+4] and [2+2] pathways of pyridone-enyne 

photocycloaddition by Svitlana Kulyk.28 

 

 Stabilization of the strained pyridone ï enyne [4+4] cycloadducts was achieved by 

introducing the bulky silyl groups, Scheme 1.10.  Steric shielding of the allene with silyl 

groups slowed the dimerization process and allowed observation of the [4+4] 

cycloadducts.48  Flanking the allene with a combination of diisopropylsilyl and TMS 

groups, 147c was sufficient enough to stabilize the intermediate allene for several days at 

room temperature without noticeable changes.   This stabilized allene allowed 

investigations into its reactivity, such as an acid catalyzed Cope rearrangement, photo-

oxidative decarbonylation and 1,3-hydrogen shifts.57  When an allylic, exocyclic proton 

was available in the allene (147a and 147b), a 1,3-hydrogen shift to give the more stable 

1,3-diene was observed, Scheme 1.10.48  Photosubstrate 147a, upon irradiation for 3 h, 

gave 1,3-diene 148a quantitatively.  The intermediate allene was not detected in this case.  

In case of 148b, this hydrogen shift occurred only after further irradiation.  Without further 
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irradiation, allene 147b underwent several strain releasing processes including 

dimerization.  The intermediate allene in this case was detected by IR spectroscopy 

following 1 h of irradiation of 146b.48 

 

Scheme 1.10 Productive [4+4] photocycloaddition of pyridone-enyne through steric 

shielding of allene and facile 1,3-hydrogen migration. 

 

1.8 Setting the stage 

 The elegant experiments discussed in Schemes 1.8 ï 1.10 perfectly set the stage for 

further continuation of this exciting field of research.  It was important to understand the 

mechanism of 1,3-hydrogen shift observed in above Scheme 1.10.  With partial 

stabilization of the cycloadduct allene by the diisopropylsilyl group, other functional group 

such as azides, enones, allenes were introduced to potentially trap the cycloadduct in a 

fruitful way.  Studies to decipher the mechanism of the 1,3-hydrogen shift, and trapping 

and functionalization of primary cycloadduct allene is described in Chapter 2.   In 

Chapter 3, oxidation of stable allene 147c and its further transformations into 
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pseudoguiane-like 7ï5 ring systems is discussed.  The versatility of the enyne as a [4+4] 

photocycloaddition partner was explored with other unsaturated molecules known to 

undergo [4+4] cycloadditions, which is presented in Chapter 4.  Photocycloaddition of 2-

pyrone with enynes, its implementation in sesquiterpene synthesis and the discovery of an 

unusual, low temperature Cope rearrangement is discussed in Chapter 5. The para [4+4] 

photocycloaddition of substituted benzenes with 2-pyridones is presented in Chapter 6. 
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CHAPTER 2                                                                                                                       

ENYNE ï 2-PYRIDONE [4+4] PHOTOCYCLOADDITION : ALLENE 

TRAPPING AND FUNCTION ALIZATION  

2.1 Introduction  

 Enyneï2-pyridone [4+4] photocycloaddition results in an eight-membered ring 

allene.  As discussed in Chapter 1, such allenes tend to undergo dimerization and other 

strain relief processes such as 1,3-hydrogen migration.  Allenes are well known to 

participate in cycloaddition reactions.  For example, thermal [2+2] cycloaddition of allenes 

have been described with electron deficient olefins like acrylonitrile, olefins activated with 

esters, styrene, and alkyne such as hexafluoro-2-butyne.1  Allenes also undergo [2+2] 

cycloaddition with enones, ketones and aldehydes under photochemical conditions and this 

reaction has been utilized in many natural product total syntheses.1-8  Diels-Alder [4+2] 

cycloadditions of allenes is a powerful way to prepare six-membered ring systems.  Simple 

allenes can act as dienophiles in [4+2] cycloadditions whereas vinylallenes and conjugated 

bisallenes can participate as the diene component.1  Participation of allene dienophiles in 

Diels-Alder and hetero Diels-Alder cycloadditions have been utilized in the total syntheses 

of complex natural products.9-12  Allenes also undergo [3+2] cycloaddition with azides and 

nitrones.1  Participation of allenes in cyclizations such as the Nazarov rearrangement and 

by intramolecular nucleophilic additions are also well documented.1  Typical nucleophiles 

used are alcohols, thiols, amines etc.  Experiments performed to understand the mechanism 

of the 1,3-hydrogen shift and our attempts to functionalize and trap the intermediate allene 



27 
 

formed by [4+4] photocycloaddition of enynes with 2-pyridones using cycloadditions and 

intramolecular nucleophilic additions are discussed here. 

2.2 Mechanistic study of the 1,3-hydrogen shift 

 When 146a underwent photocycloaddition, it gave 148a, Scheme 2.1. Several 

different mechanisms were possible for isomerization of the intermediate allenes into 

corresponding 1,3-dienes. 

 

Scheme 2.1 Pyridone-enyne [4+4] cycloaddition and 1,3-hydrogen shift.13 

 

 

o Thermal Process:  In principle, antarafacial 1,3-hydrogen shift is possible but the 

thermal version of this reaction has very high energy barrier and requires flash 

vacuum pyrolysis.14-16 

o Photochemical Transformation:  A photochemical, suprafacial 1,3-hydrogen 

shift is allowed under orbital symmetry rules.17  Johnsonôs group has reported 
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several examples of photochemical isomerization of allenes.18-19  This 

photochemical isomerization route is consistent with the cyclopropyl-substituted  

example 147b, Scheme 2.1 where isomerization occurs only upon further 

irradiation.13  Without further irradiation, 147b underwent other strain release 

processes including dimerization.  The intermediate allene 147b was detected by 

IR spectroscopy after 1 h of irradiation.20 

o Ionic Mechanism:  Johnsonôs group also reported that the addition of Bronsted 

acid promotes 1,3-hydrogen migration in allenes,21  an ionic mechanism where 

exogenous hydrogen adds to either the ground or excited state allene followed by 

proton loss from the methyl group, rather than hydrogen migration from the methyl 

group. 

Deuterium labelling experiments were employed to identify the origin of the hydrogen 

adding to the central carbon of allene and thereby help to understand the mechanism of the 

1,3-hydrogen shift.  For that purpose, photosubstrate 201 carrying a trideuteromethyl group 

was prepared and its photochemistry is discussed in the results and discussion section 

2.2.1. 

2.2.1 Results and Discussion 

 Photocycloaddition of 201 carrying a trideuteromethyl group was expected to form 

allene 202, and then rearrange to 203, Scheme 2.2. If the 1,3-hydrogen migration was a  

photochemical sigmatropic rearrangement, deuterium  migration from the exocyclic 

trideuteromethyl would yield only 203a regardless of the solvent conditions.  On the other 
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hand, if the reaction were ionic, protons would be incorporated to give 203b when protic 

solvents were used or water was present, Scheme 2.2. 

 

Scheme 2.2 Proposed photocycloaddition of 201 and hydrogen migration. 

 

2.2.1.1 Synthesis of Photosubstrate 

 Trideuteromethyl substituted photosubstrate 201 was prepared in a straightforward 

way.   Careful addition of the lithium acetylide of alkyne 204 to ethyl acetate-d3 at -78 °C 

gave alkynone 205 in excellent yield.  Wittig olefination of alkynone 205 then gave 

trideuteromethyl enyne 206. Enyne silane 206 was converted into the corresponding 

bromosilane in situ using NBS and tethered with a pyridone alcohol 207 using our standard 

procedure, Scheme 2.3.13 
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Scheme 2.3 Synthesis of trideuteromethyl pyridone-enyne 201. 

 

2.2.1.2 Photocycloaddition 

 With trideuteromethyl pyridone-enyne 201 in hand, 0.025 M solutions in dry and 

wetÀ C6D6 were prepared, transferred to 3.2 mm NMR tubes and irradiated under our 

standard conditionsÿ.  Photocycloadditions proceeded smoothly, similar to our findings 

with non-deuteromethyl photosubstrate 146a, and complete conversion was observed after 

3 h of irradiation.  When reactions were run in dry benzene, isomerized product 203 was 

found to be a mixture of 86% trideuterated and 14% dideuterated products.  When wet 

benzene was used, 203 was found to contain only 10% of the trideuterated product, Scheme 

                                                 

À Freshly opened ampules of C6D6 were considered as dry benzene and C6D6 saturated with water was 

considered as wet benzene. 
ÿ Standard photochemical conditions: 450 W medium-pressure mercury lamp with a Pyrex© filter housed in 

a water-cooled jacket sitting in a Dewar flask in which ice cold water was circulated.  Reaction solutions 

were submersed in the cold water and temperature ranged from 0-8 °C. 
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2.4.  The observed products were therefore consistent with a largely ionic mechanism.  In 

both cases, thermodynamically more favorable isomer 203c was not detected.13 

 

 

Scheme 2.4 Photocycloaddition of trideuteromethyl enyne 201. 

 

2.3 Allene trapping and functionalization 

2.3.1 Allenyl -azide [3+2] cycloaddition 

 1,3-Dipolar cycloaddition of azides with allenes was reported in the literature in 

early 1990s by Wedegaertner.22  In the last decade, Feldman has studied the allenyl azide 

cycloaddition cascade and utilized this reaction in the synthesis of pyrrolidine containing 

bicyclic and tricyclic structures,23 annelated indoles,24-25 and dihydropyrroles.26  In 2012, 

Feldman also reported the total synthesis of (±)-meloscine using intramolecular allenyl 

azide cycloaddition of 208 as a key transformation, Scheme 2.15.27 
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Scheme 2.5 Allenyl-azide cycloaddition in Feldmanôs total synthesis of (±)-Meloscine.27 

  

 Inspired by Feldmanôs successful observations, and considering the reactivity of 

the intermediate allenes in our case, a set of experiments to trap and functionalize 

cycloadducts with azides were performed.  If the trapping was successful, two additional 

rings would be formed including a nitrogen heterocycle, with potential for alkaloid 

synthesis. 

2.3.1.1 Results and discussion 

 Initially, allene trapping experiments with azides were performed intermolecularly 

with a photosubstrate 146a.  Benzene solutions of 146a with a ten-fold excess of TMS-

azide 210 were irradiated for 3 h.  These conditions yielded only 1,3-diene 148a, isolated 

in a yield comparable to the reactions in the absence of TMS-azide, Scheme 2.6.  A 1,3-

hydrogen shift of transient allene 147a was either too fast for TMS-azide addition to 

compete or the TMS-azide addition was not possible.  To more efficiently probe the 
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potential allene-azide cycloaddition in competition with allene-allene dimerization and 1,3-

hydrogen shift (isomerization), we turned to intramolecular reactions with a series of chain 

lengths between the azide and the allene, with and without the bulky diisopropylsilyl, 

Figure 2.1. 

 

 

Scheme 2.6 Intermolecular 1,3-hydrogen shift vs allene-azide [3+2] cycloaddition. 

 

 

  

 

Figure 2.1 Azide traps 211 ï 215 with variable chain lengths. 
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2.3.1.1.1 Synthesis of pyridone-enynes tethered to a azide 

 Photosubstrates 211 ï 215 were assembled using Sonogashira cross coupling 

reactions of alkynes 216 and 217 and vinyl iodides 218a ï 218c carrying the azide group, 

Figure 2.2.  Pyridone alkynes 216 and 217 with and without a bulky disiopropylsilyl group 

were synthesized following literature procedures.13  Vinyl iodides 218a ï 218c were 

synthesized from their corresponding alkynols by adaption of the literature procedures. 

 

Figure 2.2 General approach for the synthesis of azide tethered photosubstrate. 

 

 Starting from corresponding alkyne-1-ols 219a ï 219c, hydroiodination was 

performed using two methods.  3-Butyn-1-ol (219a) and 5-hexyn-1-ol (219c) gave the 

corresponding hydroiodinated alcohols 220a and 220c by Markovnikov addition of 

hydrogen iodide generated in situ from a TMSCl/NaI/H2O system, Scheme 2.7.28-29  For 

pentyn-1-ol (219b), a nickel-catalyzed Ŭ-selective hydroalumination followed by 

iodination was required to produce 4-iodopent-4-en-1-ol (220b).30  Alcohols 220a ï 220c 

were converted into corresponding azides 218a ï 218c in good yields following standard 
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procedures.29  Sonogashira cross-coupling of vinyl iodides 218a ï 218c with pyridone 

alkynes 216 and 217 proceeded in moderate to good yields, Scheme 2.8. 

 

Scheme 2.7 Synthesis of vinyliodo azides 218a ï 218c.  

 

 

Scheme 2.8 Synthesis of photosubstrates 211 ï 215 carrying an azide trap. 

 

2.3.1.1.2 Photocycloadditions of azide substrates 

 Photosubstrates 211 ï 215 as 0.025 M solutions in C6D6 (or toluene-d8) in 3.2 mm 

NMR tubes were irradiated using our standard conditions.  Irradiation progress was 
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monitored by 1H NMR and continued until the consumption of photosubstrate was 

complete. 

 Photosubstrates 211 and 212 without the bulky diisopropylsilyl group took nearly 

three hours for the starting material to be consumed, but this resulted in only complex 

mixtures, Scheme 2.9.  These complex mixture presumably resulted because azide 

cycloaddition did not compete with alternative reaction pathways such as dimerization.31  

Intramolecular allene-azide [3+2] cycloaddition in this case seems to be slower than 

intermolecular allene dimerization and other isomerizations. 

 

Scheme 2.9 [4+4] Photocycloaddition of azide substrates without a bulky diisopropylsilyl 

group resulted in complex product mixtures. 

 

 Photosubstrates 213 ï 214 that had the bulky diisopropylsilyl group underwent 

photocycloaddition followed by successful allene trapping by the azides, Schemes 2.10 ï 

2.11.  Cycloadducts were isolated and characterized in several cases.  When photosubstrate 

214, with the azide on the end of a three carbon chain was irradiated, the starting material 

was consumed in 1.5 h.  1H NMR studies of the crude product mixture suggested that only 
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two compounds 223a and 223b were present resulting from cycloaddition with the 

proximal and distal double bonds of allene 222.  These compounds were, however, unstable 

on silica gel, complicating their isolation.  When the crude photoproduct mixture was 

treated at 0 °C with a solution of methyl Grignard reagent, the Grignard reagent opened the 

cyclic silyl ether, releasing some ring strain.  Purification of the resulting products gave 

aziridines 224a and 224b as the major and minor products, respectively.  These aziridines 

presumably resulted by N2 expulsion from the intermediate adduct 223.  The major 

regioisomer 224a was isolated in 36% yield in 3 steps and the isolated yield for minor 

isomer 224b was 12%.  These products indicate that the participation of distal double bond 

of allene in [3+2] cycloaddition with azide was the major pathway for the substrate with 

three atoms separating the azide and the allene, Scheme 2.10.  Nitrogen expulsion is 

commonly observed for allene-azide [3+2] cycloadditions.22-27  Aziridine product 224b 

was a crystalline compound and single X-ray crystallography proved the structure 

unequivocally, Figure 2.3.  Major regio-isomer 224a was characterized by NMR.  
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Scheme 2.10 Tandem [4+4]/ [3+2] cycloadditions; intramolecular allene trapping with a 

three-carbon away azide. 

  

Figure 2.3 X-ray crystal structure of aziridine 224b. 

 

 Similar results were observed when the azide was placed at the end of a four-carbon 

chain.  In this case, [3+2] cycloaddition with the proximal double bond of the allene 
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appeared to be the major pathway, consistent with the facility of seven and six-membered 

ring formation, Scheme 2.15.  Similar to substrate 214, tandem [4+4]/ [3+2] cycloadducts 

226a and 226b were unstable on silica gel, therefore the crude photoproduct mixture was 

treated methyl Grignard reagent.  Methyl Grignard reagent opened the cyclic silyl ether of 

major regioisomer giving aziridine 227b in 38% isolated yield over 3 steps.  Interestingly, 

the minor regioisomer in this case was isolated as a cyclic silyl ether.  Regioselectivity is 

better in this case compared to substrate 214.  When photosubstrate 213, with a two-carbon 

tether, was irradiated, a product formed with no alkene protons!  Unfortunately, this 

photoproduct proved to be unstable on silica gel, neutral alumina, and several other 

chromatography substances.  Treatment with a Grignard reagent, which gave more stable 

products for substrates 214 and 215, was ineffective.  Isolation and characterization of this 

product remains in progress. 
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Scheme 2.11 Allene trapping with a four-carbon away azide. 

 

2.3.2 All ene-enone [2+2] cycloaddition 

 As mentioned earlier, allenes undergo photochemical [2+2] cycloaddition with 

enones.  A photo [2+2] reaction of an allene with an enone can give a highly substituted 

cyclobutane ring structure in high yield.  The presence of alkene and a ketone functional 

groups in the resulting adduct provides a handle for further functionalization into desired 

molecular structures.  An example can be seen in Learôs synthesis of bielschowkysin, 

Scheme 2.12.4  The synthetic utility of this reaction has been utilized in the total synthesis 

of many complex natural products, solanoeciepin A, pentalenene, allocyathin B-3, to name 

a few.2  

 

 

Scheme 2.12 Learôs enone-allene [2+2] photocycloaddition approach for the total 

synthesis of Bielschowskysin.4 
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 The standard photochemical conditions for enyne-pyridone [4+4] cycloaddition are 

to irradiate the photosubstrate with a medium-pressure mercury lamp using Pyrex© 

filtration, which passes only light with wavelengths above 290 nm.   The major absorption 

band for enones is in the range of 230 ï 260 nm, and thus a Rayonet photo-reactor equipped 

with 254 nm lamps is commonly used for these enone photocycloadditions.32-33  Therefore, 

for our proposed trapping experiments using enones, the source of light or the light filter 

had to be changed after the initial pyridone-enyne [4+4] photocycloaddition to facilitate a 

subsequent [2+2] allene-enone cycloaddition. 

2.3.2.1 Attempted enone-allene [2+2] trappings 

 Considering the strain, and thus reactivity of intermediate allenes in pyridone-

enyne cycloadducts, and their successful trappings with azides, several photosubstrates 

listed in Table 2.1 carrying enones traps in a suitable place were synthesized using a 

common method in the hope that these too would react with the allene.   Vinyl iodides 

carrying an enone were cross coupled with pyridone alkyne 217 using Sonogashira 

conditions (see experimental for complete procedure). 

 

Table 2.1 List of photosubstrates with an enone trap. 

 

Entry Photosubstrate Structure Irradiation Time 

(hours) 
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1. 230 

 

2.5 

2. 231 

 

2.5 

3. 232 

 

3.0 

4. 233 

 

3.0 

5. 234 

 

3.0 

6. 235 

 

2.5 

 

 Photosubstrates 230 ï 235 were irradiated under our standard photochemical 

conditions until the starting materials were fully consumed.  The photoreactions were 

sufficiently clean to conclusively say that [4+4] cycloadditions were achieved, based on 
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1H NMR analysis of the crude mixtures.  Several attempts were made to engage the 

intermediate allene cycloadduct in [2+2] cycloaddition with the tethered enone, such 

irradiating longer, changing to shorter wavelengths after completion of the initial 

cycloaddition, however these were unsuccessful.   Heating the crude photoproduct caused 

its slow degradation, presumably through dimerization and isomerization pathways.  

Treating the cycloadduct with BF3·OEt2 promoted a Cope rearrangement to give 

cyclobutanes such as 239, Scheme 2.13.  Such [3,3] sigmatropic rearrangements were 

previously observed in these system where the products were treated with mild acid or 

silica gel.13  Heating cycloadduct allene 236 alone was not sufficient enough for the Cope 

rearrangement to occur.  It, therefore appears that, mild acid or Lewis acid such as 

BF3·OEt2 promoted a Cope rearrangement and followed by hydrolysis of the clearly 

strained nine-membered ring incorporating an alkyne on it, Scheme 2.14.  The same 

outcomes were observed for all the photosubstrates 230 ï 235. 

 



44 
 

 

 

Scheme 2.13 Photocycloaddition of 230 and its treatment with BF3·OEt2. 
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Scheme 2.14 Acid catalyzed Cope rearrangement of intermediate allene 236. 

 

2.3.3 Allene-allene [2+2] 

 Dimerization of the strained allenes resulting from our enyne [4+4] cycloadditions 

via several [2+2] cycloaddition combinations was the major pathway for releasing strain 

the allenes.31  In the literature there are numerous examples of intramolecular [2+2] 

cycloadditions of bisallenes having two or three carbon atoms between the allenes giving 

respective cyclobutane compounds.1  When the bisallene 240 is heated to 390 °C, a [2+2] 

cycloaddition occurs at the inner carbon-carbon double bonds to give 6,7-

dimethylenebicyclo[3.2.0]heptane 241, Scheme 2.15.34  On the other hand, bisallene 242 

having a two carbon tether between the allenes, undergoes [2+2] cycloaddition of the 

terminal carbon-carbon double bonds to give aromatic 243 after the loss of ethanol and 

aromatization, Scheme 2.16.35  Considering the ability of either double bond of an allene 

to participate in [2+2] cycloaddition, photosubstrates 244 and 245 were designed, with the 

allene attached two and three carbon atoms away from the anticipated allene that would be 

formed by irradiation, Figure 2.4. 

 

 

Scheme 2.15 [2+2] Cycloaddition of a bisallene between the inner carbon-carbon double 

bonds.34 
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Scheme 2.16 [2+2] Cycloaddition of a bisallene at the terminal carbon-carbon double 

bond.35 

 

  

 

Figure 2.4 Photosubstrates with an allene trap in a suitable position. 

 

2.3.3.1 Attempted allene-allene [2+2] trappings 

 A common linear sequence employed for synthesis of photosubstrates 244 and 245 

are depicted in Schemes 2.17 and 2.18.  Previously synthesized vinyl iodides 220b and 

220c were utilized here.  A Sonogashira cross coupling of 220b with TMS acetylene gave 

a good yield of enyne 246.  Alcohol 246 was converted to aldehyde 248 by Swern 

oxidation36 and addition of ethynylmagnesium bromide at 0 °C resulted in the 

corresponding propargylic alcohol 250.  Propargylic alcohol  250 was converted to allene 

252 in a single operation following the protocol developed by Myers using NBSH.37  

Removal of the TMS group with K2CO3/MeOH gave a volatile hydrocarbon, which 
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required careful work up procedure (see the experimental for details).  Thus, such volatile 

hydrocarbon was not isolated but instead treated with n-BuLi followed by 

chlorodiisopropyl silane to yield the desired silane 254, Scheme 2.18.  The sequence was 

repeated with 220c to get silane 255.  Oxidative bromination of allenic enyne silanes 254 

and 255 with NBS and their coupling with pyridone alcohol 207 using our standard 

procedure13 completed the synthesis of photosubstrates 244 and 245, Scheme 2.19. 

 

 

Scheme 2.17 Synthesis of allenic enynes 254 and 255. 
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Scheme 2.18 Synthesis of photosubstrates 244 and 245. 

 

2.3.3.2 Photoreaction pyridone ï enynes tethered to an allene 

 Allenic photosubstrates 244 and 245 were irradiated in C6D6 using the standard 

photochemical conditions, anticipating formation of intermediate bisallenes 256 and 257, 

respectively.  Intermediate bisallene 256 in which there are two carbon atoms between the 

allenes (n=1) was anticipated to undergo [2+2] cycloaddition with the terminal carbon-

carbon double bond resulting cyclobutane 258 whereas bisallene 257 (n=2) was expected 

to give 259 after [2+2] cycloaddition with the inner carbon-carbon double bond.  

Unfortunately, in our hands, bisallenes 256 and 257 were not detected but instead 

isomerized to 1,3-dienes 260 and 261 quantitatively, indicating that in these case the 1,3-

hydrogen shift rapidly occurs after the initial [4+4] cycloaddition, Scheme 2.19. 
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Scheme 2.19 Photocycloaddition with tethered allene. 

 

2.3.4 Trappings with an intramolecular  nucleophile 

 Cycloisomerizations of alkenes and alkynes is a prominent method for making 

carbo-and heterocyclic compounds, and utilizing an allene in the place of the alkene or 

alkyne benefits from the higher reactivity of allenes.2, 38  Activating one of the allene double 

bonds by coordination with an electrophilic metal allows for a nucleophilic attack, with 

intramolecular attacks yielding heterocycle.  Commonly used electrophilic metals are Hg 

(II), Ag (I), Pd (II), Rh (I), Cu (I) and Au (III) and nucleophiles include alcohols, aldehydes, 

ketones, carboxylic acids, amines and amides.38 
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 When an allene carrying a hydroxyl group two or three carbon atoms away is 

activated by a transition metal, the alcohol attacks either at the proximal or distal double 

bond of allene to give a cycloisomerized heterocyclic product.  This strategy has been 

frequently used in natural product synthesis.2  For example, Fürstner and coworkers used 

cycloisomerization of allene 262 to prepare tetrahydrofuran 263 in the total synthesis of 

cytotoxic macrolide leiodolide B, Scheme 2.20.39 

 

 

Scheme 2.20 Fürstnerôs leiodolide B total synthesis prepared tetrahydrofuran 

intermediate 263 by cycloisomerization of allenol 262.39 

 

2.3.4.1 Cycloisomerization by intramolecular nucleophilic addition 

 Inspired by the cycloisomerizations of allenes with alcohol nucleophiles utilized in 

the total synthesis of complex natural products,2 photosubstrates 264 ï 266 were prepared 

with a hydroxyl functional group two ï four carbon atoms away from the enyne.  These 

photosubstrates were assembled in a straightforward way by a Sonogashira cross coupling 
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reaction between alkyne 217 and the previously synthesized vinyl iodides 220a ï 220c, 

Scheme 2.21. 

  

 

 

Scheme 2.21 Synthesis of photosubstrates 264 ï 266 carrying an alcohol. 

 

 Photosubstrates 264 ï 266 were irradiated under our standard photochemical 

conditions for 2 ï 3.5 hours until the starting material was fully consumed.  These photo-

[4+4]-cycloadditions were complete in standard time frame and were clean 

transformations.  Cycloisomerizations at the proximal or distal allenic double bonds were 

expected to depend on the length of the carbon chain between the allene and the hydroxyl 

group, Scheme 2.22.  In an attempt to cyclize these products, addition of AuCl3, AgNO3 

in a series of solvents did not lead to the desired cyclization.    When the C6D6 solutions of 

cycloadducts were treated with a catalytic amount of HgCl2 however, a rapid reaction 

occurred.  In the case of photosubstrate 265, with three carbon atoms between the hydroxyl 

and allenic unit, addition of the alcohol occurred at the proximal carbon-carbon double 

bond of the allene intermediate giving two diastereomers of spirocycle 268.  In all other 

cases, a 1,3-hydrogen shift occurred giving compounds 269, 270 and 271, Scheme 2.23. 
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Scheme 2.22  Desired cycloisomerization of allenic alcohols with various chain length. 

 

 

Scheme 2.23 Observed cycloisomerization of 264 and 1,3-hydrogen shift of 264 and 266. 
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2.4 Experimental 

General Techniques and Instrumentation: 

 For all compounds, 1H and 13C NMR spectra were recorded on a Bruker Avance 

400 or Bruker Avance III 500 spectrometer. Chemical shifts were measured relative to the 

residual solvent resonance for 1H and 13C NMR. Coupling constants J were reported in 

hertz (Hz). The following abbreviations were used to designate signal multiplicity: s, 

singlet; d, doublet; t, triplet; q, quartet; dd, doublet of doublets; tt, triplet of triplets; ddt, 

doublet of doublet of triplets; dt, doublet of triplets; m, multiplet; br, broad. 

 IR spectra were recorded on Jasco FT-IR 4700. Mass spectra were obtained on an 

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

UNI-MELT capillary melting point apparatus was used for melting point measurement; 

melting points are uncorrected. Reactions were monitored by TLC using hexane/ethyl 

acetate or dichloromethane/methanol solvent mixtures for elution unless otherwise stated. 

Glassware were oven-dried at 120 °C or flame dried under vacuum, 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 argon atmosphere. 

 Photoreactions were conducted with a 450W medium-pressure mercury lamp 

housed in a water cooled jacket with Pyrex© filtration. Solutions were prepared in benzene-

d6 or anhydrous toluene typically in 3.5 mm diameter NMR spectroscopy tubes and 

monitored by NMR and/or TLC. Alternatively, photoreactions of similarly prepared 
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samples were irradiated using a Southern New England Rayonet RPR-100 reactor equipped 

with 3000Å bulbs. 

 Single-crystal X-ray crystallography was performed on a Bruker KAPPA APEX II 

DUO diffractometer using MoK(alpha) radiation from a sealed tube with a TRIUMPH 

monochromator. During data collection, the sample was cooled to 100K using an Oxford 

Cryostream. 

Reagents and solvents. 

 Reagents and solvents were purchased from Aldrich Chemical Company, Fisher 

Scientific, Strem, Alfa Aesar, Acros Organics, TCI, Oakwood, Combi Blocks or Gelest 

Inc. Liquid reagents such as triethylamine or diisopropylethylamine were purified by 

distillation when necessary. Unless otherwise noted, solid reagents were used without 

further purification. Organolithium reagents were titrated using the menthol/2,2ô-

bipyridine system. Reaction solvents THF, dichloromethane, DMF, toluene and diethyl 

ether were taken from a ñGrubbs-styleò Solvent Dispensing System purchased from Glass 

Contour or distilled as described in the literature. 

Chromatography: 

 Combiflash Rf 200 using silica redi sep Rf high performance gold columns were 

used for purification. Also, 60 Å Silica gel (170ï400 mesh) or basic alumina (aluminum 

oxide, 50ï200 micron, activated) was used for flash column chromatography. Thin layer 

chromatography (TLC) was performed using Merck KGaA Silica Gel 60 F254 pre coated 

glass plates detected by 254 nm UV lamp, iodine, or treatment with vanillin, para-

anisaldehyde and phosphomolybdic acid solution followed by heating. 
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Mechanistic study of 1,3 H shift 

 

 

4-(Diisopropylsilyl)but -3-yn-2-one-d3 205: n-BuLi (0.23 mL, 1.54 M in hexanes, 0.36 

mmol) was added to a THF (0.8 mL) solution of ethynyldiisopropylsilane 204 (50 mg, 0.36 

mmol) at -78 °C slowly. The resulting mixture was stirred for 30 min at the same 

temperature. To this mixture, THF (1.0 mL) solution of ethyl acetate-d3 (32 mg, 0.36 

mmol) and BF3·OEt2 (121 mg, 0.85 mmol) were added in rapid succession.  The reaction 

was stirred for additional 30 min at -78 °C, diluted with saturated aqueous ammonium 

chloride (1 mL) and ether (2 mL) and was slowly allowed to warm to RT.  Layers were 

separated and aqueous layer was extracted ether (2x2 mL).  Combined organics were 

washed with brine, dried over anhydrous sodium sulfate, filtered, concentrated in vacuo, 

and purified by flash column chromatography on residue gave the title compound 205 (55.8 

mg, 85%) as a colorless oil.  1H NMR  (500 MHz, CDCl3): ŭ 3.77 (s, 1H), 1.04 ï 1.17 (m, 

14H).  13C NMR (125 MHz, CDCl3): ŭ 184.0, 105.1, 92.0, 31.9, 18.5, 18.3, 10.7.   IR  

(neat): 2946, 2866, 2359, 2130, 1680, 1209, 805 cm-1.  Exact Mass Calculated For 

C10H16D3OSi+ (M+H) 186.1393, found 186.1383. 
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Diisopropyl(3-methylbut-3-en-1-yn-1-yl)silane-d3 206: To the well stirred THF (2 mL) 

solution of methyltriphenylphosphonium bromide (106 mg, 0.30 mmol) at 0 °C, n-BuLi 

(0.19 mL, 1.54 M in hexanes, 0.296 mmol) in hexanes was added dropwise.  The reaction 

mixture was slowly warmed to RT.  Stirring at the ambient temperature for additional 45 

min resulted an orange colored solution.  The resulting solution was cooled to -78 °C, and 

the eynone 205 solution (50 mg, 0.27 mmol in 1.0 mL THF) was added drop wise and 

stirred for 30 min.  The reaction mixture was quenched with saturated aqueous NH4Cl, 

layers were separated and aqueous layer was extracted with hexanes (5 mL).  Combined 

organics were washed with brine and dried over anhydrous magnesium sulfate, 

concentrated in vacuo and the residue was purified by column chromatography using 

hexanes furnished the enyne 206 (40 mg, 82%) as a colorless oil.  1H NMR  (500 MHz, 

CDCl3): ŭ 5.37 (m, 1H), 5.26 (m, 1H), 3.76 (S, 1H; Si-H), 1.06 ï 1.09 (m, 14H).  13C NMR 

(125 MHz, CDCl3): ŭ 126.9, 123.1, 109.4, 86.9, 22.6, 18.5, 18.4, 11.1.  IR  (neat): 2942, 

2865, 2363, 2342, 2115, 803, 788 cm-1. 
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3-(((Diisopropyl(3-methylbut-3-en-1-yn-1-yl)silyl)oxy)methyl)-1-methylpyridin -

2(1H)-one-d3 201: To a DCM (1.2 mL)solution of enyne 206 (50 mg, 0.27 mmol) was 

added NBS (53.4 mg, 0.30 mmol) in two portions and the mixture was stirred for 30 min 

to generate corresponding bromosilane.  This bromosilane solution was transferred to a 

flask containing the mixture of hydroxymethyl pyridone 207 (38 mg, 0.27 mmol), 

triethylamine (42 µl, 0.30 mmol) and DMAP (3.3 mg, 0.03 mmol) in DCM (1.2 mL).  After 

stirring for 4 h at the RT, the reaction mixture was transferred into a separatory funnel, 

diluted with DCM (2.5 mL) and washed successively with saturated aqueous ammonium 

chloride solution and brine.  The organic layer was dried over anhydrous sodium sulfate, 

filtered and concentrated in vacuo.  Flash column chromatography purification on residue 

using 20 ï 50% ethyl acetate in hexanes furnished the title compound 201 (70 mg, 80%) 

as a colorless oil.  1H NMR  (500 MHz, CDCl3): ŭ 7.52 (dd, J = 6.8, 1.4 Hz, 1H), 7.19 (d, 

J = 6.4 Hz, 1H), 6.21 (t, J = 6.8 Hz, 1H), 5.36 (d, J = 1.7 Hz, 1H), 5.26 (d, J = 1.7 Hz, 1H), 

4.80 (s, 2H), 3.54 (s, 3H), 1.07 ï 1.10 (m, 14H).  13C NMR (125 MHz, CDCl3): ŭ 161.5, 

135.6, 133.8, 132.6, 126.6, 123.6, 108.7, 105.8, 87.3, 61.8, 37.2, 22.5, 17.5, 17.3, 13.3, 

13.2.  IR  (neat): 2944, 2865, 2363, 2143, 1655, 1599, 1564, 1116 cm-1.  Exact mass 

calculated for C18H24D3NO2SiNa+ (M+Na) 343.1897, found 343.1891. 

Photoreaction: 
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Argon was bubbled through the anhydrous§ and wet**  C6D6 (0.8 mL) solutions of pyridone 

enyne 201 (7 mg each, 0.022 mmol) in a 3.2 mm NMR for 30 min.  The photosubstrate 

solutions were irradiated in 450 W medium pressured mercury lamp in our standard 

conditions for 1.5 ï 2 hours.  1H NMR spectra were recorded on the crude cycloadduct on 

the same NMR tubes without further purification. 

 

Trideutero-cycloadduct 203a: Use of dry C6D6 as solvent resulted cycloadduct 203a with 

86% deuterium incorporation.  1H NMR  (500 MHz, C6D6) ŭ 6.44 (s, 0.14 H), 5.80 (d, J = 

9.1 Hz, 1H), 5.51 (dd, J = 9.1, 6.3 Hz, 1H), 5.31 (d, J = 9.7 Hz, 1H), 3.99 (d, J = 9.7 Hz, 

1H), 3.15 (ddd, J = 6.3, 5.1, 3.1 Hz, 1H), 2.66 (s, 3H), 2.54 (dd, J = 15.4, 5.1 Hz, 1H), 2.23 

(dd, J = 15.4, 3.1 Hz, 1H), 1.26 ï 1.02 (m, 14H). 

 

 

                                                 

§ Freshly open ampule of C6D6  
**  C6D6 saturated with a drop of water 
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Dideutero-cycloadduct 203b: Use of wet C6D6 as solvent resulted cycloadduct 203b with 

only 10% deuterium incorporation.  1H NMR  (500 MHz, C6D6) ŭ 6.44 (s, 0.9 H), 5.79 (d, 

J = 9.1 Hz, 1H), 5.50 (dd, J = 9.1, 6.3 Hz, 1H), 5.29 (d, J = 9.7 Hz, 1H), 3.98 (d, J = 9.7 

Hz, 1H), 3.14 (ddd, J = 6.3, 5.1, 3.2 Hz, 1H), 2.65 (s, 3H), 2.52 (dd, J = 15.4, 5.1 Hz, 1H), 

2.22 (dd, J = 15.4, 3.1 Hz, 1H), 1.26 ï 1.03 (m, 14H). 

 

Synthesis of vinyl-iodo azides 218a ï 218c 

 

3-Iodobut-3-en-1-ol 220a:  Known vinyl iodide 220a was prepared by following the 

literature procedure.29  To the CH3CN (30 mL) solution of sodium iodide (6 g, 40 mmol), 

TMSCl (5.08 mL, 40 mmol) was added followed by H2O (0.36 mL, 20 mmol).  After 10 

min CH3CN (5 mL) solution of commercially available but-3-yn-1-ol 219a (1.4 g, 20 

mmol) was added dropwise via a syringe pump over 10 min.  The mixture was stirred for 

1 h, quenched with water (60 mL) and extracted with ether (3x50 mL).  Combined organics 

were dried over anhydrous MgSO4, concentrated under reduced pressure and purification 

with flash column chromatography using gradient elution 10-20% ethyl acetate in hexanes 

furnished the title compound 220a (3.7 g, 93%) as a light yellow oil.  1H NMR  (500 MHz, 

CDCl3): ŭ 6.18 (t, J = 1.2 Hz, 1H), 5.85 (s, 1H), 3.75 (t, J = 5.6 Hz, 2H), 2.63 (J = 5.6 Hz, 

2H), 1.53 (bs, 1H). 13C NMR (125 MHz, CDCl3): ŭ 128.4, 107.4, 61.1, 48.2. 
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4-Iodopent-4-en-1-ol 220b:  Vinyl iodide 220b is also a known compound and was 

prepared by following the literature procedure.30  Ni(dppp)Cl2 (174mg, 0.32 mmol) and 

THF (12 mL) were added to a flask and mixed for 15 min under argon. DIBAL -H (24.71 

mL, 1.0 M in THF) was slowly added at the RT.  The reaction mixture was cooled to 0 °C.  

Pent-4-yn-1-ol 219b (1.0 mL, 10.74 mmol) was added slowly (exothermic reaction). The 

reaction mixture was warmed to the RT and stirred for additional 2 h, and again cooled to 

0 °C.  To this, THF (30 mL) solution of NIS (7.24g, 32.23 mmol) was added slowly by via 

an addition funnel and was stirred for 1 h before quenching with saturated potassium 

sodium tartrate solution (50 mL).  Layers were separated and aqueous layer was extracted 

with ether (3x50 mL).  Combined organics were dried over magnesium sulfate, 

concentrated in vacuo and the residue was purified by a flash column chromatography on 

resulted the title compound 220b (0.94 g, 85%) as a yellowish oil.  1H NMR  (500 MHz, 

CDCl3): ŭ 6.06 (J = 1.4 Hz, 1H), 5.70 (dt, J = 0.6, 1.4 Hz, 1H), 3.65 (t, J = 6.4 Hz, 2H), 

2.51 (td, J = 7.4, 0.9 Hz, 2H), 1.79 ï 1.74 (m, 2H), 1.66 (bs, 1H).  13C NMR  (125 MHz, 

CDCl3): ŭ 126.1, 111.6, 61.2, 41.8, 32.0. 

 

 



61 
 

5-Iodohex-5-en-1-ol 220c:  Following the procedure for vinyl iodo-alcohol 220a, vinyl 

iodo-alcohol 220c was synthesized from 5-hexynol 219c as a colorless oil (61% yield).  

Spectral data are in consistent with the literature.40  1H NMR  (400 MHz, CDCl3): ŭ 6.04 

(q, J = 1.2 Hz, 1H), 5.70 (d, J = 1.0 Hz, 1H), 3.66 (t, J = 5.9 Hz, 2H), 2.42 (t, J = 6.4 Hz, 

2H), 1.61 ï 1.56 (m, 4H), 1.26 (t, J = 5.2 Hz, 1H).  13C NMR (125 MHz, CDCl3): ŭ 125.3, 

112.2, 62.8, 45.2, 31.4, 25.6. 

 

 

3-Iodobut-3-en-1-yl methanesulfonate 221a:  Vinyl iodo-alcohol 220a was converted 

into corresponding mesylate 221a by following the literature procedure.41 To a DCM (125 

mL) of vinyl iodo-alcohol 220a (3.0 g, 15.15 mmol) 0 °C were added triethylamine (3.4 

mL, 24.24 mmol) and methanesulfonyl chloride (1.88 mL, 24.24 mmol) and the reaction 

mixture was stirred for 1 h at the same temperature before diluting with water (60 mL).  

The layers were separated and aqueous layer was extracted with DCM (3x50 mL). 

Combined organics were washed with brine and dried over anhydrous magnesium sulfate, 

concentrated in vacuo and the residue was purified by a flask column chromatography to 

yield the title compound 221a (3.84 g, 92%) as a colorless oil.  1H NMR  (500 MHz, 

CDCl3): ŭ 6.22 (q, J = 1.4 Hz, 1H), 5.88 (d, J = 1.7 Hz, 1H), 4.33 (t, J = 6.1 Hz, 2H), 3.04 

(s, 3H), 2.81 (td, J = 6.2, 0.8Hz, 2H).  13C NMR (125 MHz, CDCl3): ŭ 129.6, 103.7, 67.8, 

44.8, 37.8. 

 



62 
 

 

4-Iodopent-4-en-1-yl methanesulfonate 221b: Following the above procedure, title 

compound 221b was synthesized from alcohol 220b in 78% yield as a colorless oil.  

Spectral data are in consistent with literature values.41  1H NMR  (500 MHz, CDCl3): ŭ 6.12 

(q, J = 1.5 Hz, 1H), 5.78 (d, J = 1.5 Hz, 1H), 4.24 (t, J = 6.2 Hz, 2H), 3.02 (s, 3H), 2.54 (t, 

J = 7.2 Hz, 2H), 1.98 (quin, J = 7.2 Hz, 2H).  13C NMR (125 MHz, CDCl3): ŭ 127.3, 109.5, 

68.1, 41.3, 37.6, 28.7. 

 

 

5-Iodohex-5-en-1-yl methanesulfonatee 221c:  Following the above procedure, title 

compound 221c was synthesized from alcohol 220c in 96% yield as a colorless oil.  1H 

NMR  (400 MHz, CDCl3): ŭ 6.05 (q, J = 1.2 Hz, 1H), 5.72 (d, J = 1.2 Hz, 1 H), 4.24 (t, J = 

6.4 Hz, 2H), 3.01 (s, 3H), 2.42 (td, J = 7.0, 0.8 Hz, 2H), 1.78 ï 1.71 (m, 2H), 1.67 ï 1.61 

(m, 2H,).  13C NMR  (125 MHz, CDCl3): ŭ 126.4, 111.2, 69.5, 44.6, 37.7, 27.8, 25.2.  IR  

(neat): 3022, 2938, 1614, 1348, 1170, 933, 799 cm-1. 
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4-Azido-2-iodobut-1-ene 218a: General procedure: 

To a DMF (80 mL) solution mesylate 221a (1.09 g, 3.94 mmol), sodium azide (1.28g, 

19.74 mmol) was added and the mixture was heated to 50 °C for 2 h. The reaction mixture 

was cooled to the ambient temperature, diluted with water and extracted with ether.  The 

combined organics were washed with water several times, dried over anhydrous sodium 

sulfate and concentrating in vacuo furnished the title compound 218a (0.66 g, 75%) as a 

colorless oil.  The spectral data are in consistent with reported values.29  1H NMR  (500 

MHz, CDCl3): ŭ 6.20 (q, J = 1.4 Hz, 1H), 5.85 (d, J = 1.4 Hz, 1H), 3.45 (t, J = 6.6 Hz, 2H), 

2.65 (td, J = 6.6, 0.8 Hz, 2H). 

 

 

5-Azido-2-iodopent-1-ene 218b: Following the general procedure, azide 218b was 

synthesized in 71% yield as a stinky colorless oil from mesylate 221b.  1H NMR  (500 

MHz, CDCl3): ŭ 6.09 (q, J = 1.4 Hz, 1H), 5.75 (d, J = 1.4 Hz, 1H), 3.31 (t, J = 6.7 Hz, 2H), 

2.49 (td, J = 7.2, 1.2 Hz, 2H), 1.81 (quin, J = 7.2 Hz, 2H).  13C NMR (125 MHz, CDCl3): 

ŭ 126.9, 110.3, 49.8, 42.3, 28.4.  IR  (neat): 2930, 2867, 2360, 2341, 2097, 1616, 1448, 

1256, 898 cm-1.   
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6-Azido-2-iodohex-1-ene 218c: Following the general procedure, azide 218c was 

synthesized in 85% yield from mesylate 221c as a colorless oil.  1H NMR  (500 MHz, 

CDCl3): ŭ 6.04 (q, J = 1.4 Hz, 1H), 5.72 (dd, J = 1.5, 0.6 Hz, 1H), 3.30 (t, J = 6.4 Hz, 2H), 

2.42 ï 2.40 (m, 2H), 1.61 ï 1.58 (m, 4H).  13C NMR (125 MHz, CDCl3): ŭ 126.1, 111.5, 

51.4, 44.9, 27.6, 26.4.  IR  (neat): 2932, 2864, 2097, 1615, 1454, 1349, 1268, 1177, 1129, 

894, 745 cm-1. 

 

 

1-Methyl-3-((prop-2-yn-1-yloxy)methyl)pyridin -2(1H)-one 216: To the suspension of 

sodium hydride (54 mg, 60% in mineral oil, 1.35 mmol) in THF (3 mL) at 0 °C, propargyl 

alcohol (58 µL, 1.0 mmol) was added followed by drop wise addition of THF (4 mL) 

solution of pyridone bromide B 2.1 (181 mg, 0.9 mmol).  The reaction mixture was stirred 

for 2 hours at RT before adding aqueous saturated ammonium chloride (3 mL).  The 

resulting mixture was extracted with ethyl acetate, combined organics were dried over 

anhydrous magnesium sulfate, filtered, concentrated in reduced pressure and the residue 

was purified with a flash column chromatography to get title compound 216 (143 mg, 89%) 

as a colorless oil.  1H NMR  (400 MHz, CDCl3) ŭ 7.46 (dd, J = 6.8, 2.0 Hz, 1H), 7.26 ï 

7.22 (m, 1H), 6.19 (t, J = 6.8 Hz, 1H), 4.56 (s, 2H), 4.28 (d, J = 2.4 Hz, 2H), 3.56 (s, 3H), 
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2.46 (t, J = 2.4 Hz, 1H). 13C NMR (125 MHz, CDCl3) ŭ 161.9, 137.0, 136.2, 129.2, 105.7, 

79.8, 74.7, 67.3, 58.4, 37.6. 

 

 

3-(((Ethynyldiisopropylsilyl)oxy)methyl) -1-methylpyridin -2(1H)-one 217:  To the 

DCM (30 mL) solution of ethynyldiisopropyl silane B 2.2 (0.92 g, 6.55 mmol) was added 

NBS (1.16 g, 7.15 mmol) in three portions and stirred for 30 min to generate corresponding 

bromosilane.  In a separate flask, to the DCM (40 mL) solution of hydroxylmethyl pyridone 

alcohol 219 (0.77 g, 5.56 mmol) was aded triethylamine (0.92 mL, 6.55 mmol) and DMAP 

(80 mg, 0.65 mmol) successively.  To this, bromosilane was added through cannula slowly.  

The resulting mixture was stirred for 4 h at RT, diluted with DCM (80 mL) and washed 

with aqueous saturated ammonium chloride and brine, dried over anhydrous sodium sulfate 

and the residue was purified by flash column chromatography to get the title compound 

227 (1.31 g, 85%) as a colorless solid.  m.p. 62 °C, 1H NMR  (500 MHz, CDCl3) ŭ 7.48 

(dd, J = 6.8, 1.4 Hz, 1H), 7.19 (dd, J = 6.8, 1.4 Hz, 1H), 6.21 (t, J = 6.8 Hz, 1H), 4.80 (s, 

2H), 3.54 (s, 3H), 2.41 (s, 1H), 1.09 (m, 14H). 

 

Sonogashira cross coupling 

General Method:  Synthesis of 212 is given as a general procedure. 
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To the suspension of Pd(PPh3)2Cl2 (7.4 mg, 0.01 mmol) in anhydrous THF (0.5 mL), argon 

was bubbled through for 15 min.  Azido vinyl iodide 218b (50 mg, 0.21 mmol) followed 

by copper (I) iodide (2 mg, 0.01 mmol) and triethylamine (205µL, 1.47 mmol) were added.  

To this mixture, was added THF (0.5 mL) solution of pyridone alkyne 216 (41 mg, 0.23 

mmol) drop wise via a syringe pump over 15 min.  Argon bubbling was continued during 

the whole time.  The reaction mixture was stirred for 4 ï 6 h before diluting with ether (1 

mL) and saturated ammonium chloride solution (1 mL).   Layers were separated and 

aqueous layer was extracted with ether.  Combined organics were washed with brine (2 

mL) and dried over anhydrous magnesium sulfate, concentrated under reduced pressure 

and the residue was purified by flash column chromatography to furnish  212 (50.4 mg, 

84%) as a colorless oil. 

 

 

3-(((6-Azido-4-methylenehex-2-yn-1-yl)oxy)methyl)-1-methylpyridin -2(1H)-one 211: 

Synthesized by using the general method, yield (86%).  1H NMR (400 MHz, CDCl3) ŭ 7.49 

ï 7.43 (m, 1H), 7.24 (dd, J = 6.8, 2.0 Hz, 1H), 6.20 (t, J = 6.8 Hz, 1H), 5.47 (s, 1H), 5.38 

(dd, J = 2.7, 1.3 Hz, 1H), 4.55 (s, 2H), 4.41 (s, 2H), 3.56 (s, 3H), 3.47 (t, J = 6.9 Hz, 2H), 

2.44 (t, J = 6.9 Hz, 2H). 
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3-(((7-Azido-4-methylenehept-2-yn-1-yl)oxy)methyl)-1-methylpyridin -2(1H)-one 

212: Synthesized by using the general method, yield (84%).  1H NMR  (400 MHz, Tol) ŭ 

7.26 (d, J = 6.8 Hz, 1H), 6.15 (d, J = 6.6 Hz, 1H), 5.53 (t, J = 6.8 Hz, 1H), 5.26 (s, 1H), 

4.97 (s, 1H), 4.62 (s, 2H), 4.14 (s, 2H), 2.85 (s, 3H), 2.73 (t, J = 6.8 Hz, 2H), 1.93 (t, J = 

7.5 Hz, 2H), 1.57 ï 1.43 (m, 2H). 

 

 

3-((((5-Azido-3-methylenepent-1-yn-1-yl)diisopropylsilyl)oxy)methyl) -1-

methylpyridin -2(1H)-one 213: Synthesized by using general method, yield (72%).  1H 

NMR  (400 MHz, C6D6): ŭ 7.55 (dd, J = 6.6, 1.7 Hz, 1H), 6.16 (d, J = 6.6 Hz, 1H), 5.64 (t, 

J = 6.6 Hz, 1H), 5.36 (m, 1H), 5.20 (s, 2H), 4.96 (dd, J = 2.7, 1.3  Hz, 1H), 3.04 (t, , J = 

6.8 Hz, 2H),  2.87 (s, 3H), 1.97 (t, J = 6.8 Hz, 2H), 1.20 ï 1.16 (dd, J = 8.6, 6.8 Hz, 12H), 

1.14 ï 1.14 (m, 2H). 13C NMR (100 MHz, CDCl3): ŭ 161.4, 135.8, 133.8, 132.3, 127.5, 

125.6, 106.1, 105.9, 89.7, 61.7, 49.6, 37.3, 36.67, 17.5, 17.3, 13.2.  IR  (neat): 2943, 2864, 

2095, 1653, 1596, 1562, 1461, 1248, 1227, 1113, 1092, 993, 881, 764, 678 cm-1.  Exact 

mass calculated for C19H29N4O2Si+ [M+H], 373.2060, found 373.2053. 
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3-((((6-Azido-3-methylenehex-1-yn-1-yl)diisopropylsilyl)oxy)methyl) -1-

methylpyridin -2(1H)-one 214: Synthesized by using general method, yield (67%).  1H 

NMR  (400 MHz, C7D8): ŭ 7.48 (dd, J = 6.8, 2.0 Hz, 1H), 6.18 (dd, J = 6.8, 1.1 Hz, 1H), 

5.63 (dt, J =1.6, 0.7 Hz, 1H), 5.33 (dt, J = 1.6, 0.7 Hz, 1H), 5.07 (s, 2H), 4.97 (q, J = 1.6 

Hz, 1H), 2.87 (s, 3H), 2.77 (t, J = 6.8 Hz, 2H), 1.93 ( t, J = 7.4 Hz, 2H), 1.57 ï 1.52 (m, 

2H), 1.23 ï 1.06 (m, 14H).  13C NMR  (125 MHz, CDCl3): ŭ 161.5, 135.7, 133.8, 132.5, 

130.8, 124.0, 107.1, 105.8, 89.1, 61.9, 50.6, 37.2, 34.1, 27.4, 17.5, 17.3, 13.3.  IR  (neat): 

3456, 2943, 2864, 2356, 2339, 2096, 1653, 1596, 1563, 1461, 1250, 1113, 1091, 881, 764 

cm-1.  Exact mass calculated for C20H30N4O2SiNa+ [M+Na] 409.2036, found 409.2044. 

 

 

3-((((7-Azido-3-methylenehept-1-yn-1-yl)diisopropylsilyl)oxy)methyl) -1-

methylpyridin -2(1H)-one 215: Synthesized by using general method, yield 63%.  1H 

NMR  (400 MHz, CDCl3): ŭ 7.51 (ddd, J = 6.8, 3.5, 1.7 Hz, 1H), 7.19 (dd, J = 6.7, 1.0 Hz, 

1H), 6.22 (t, J = 6.8 Hz, 1H), 5.41 (d, J = 1.8 Hz, 1H), 5.28 (dd, J = 1.8, 1.0  Hz, 1H), 4.79 

(s, 2H), 3.54 (s, 3H), 2.17 (t, J = 6.4 Hz, 2H), 1.62 ï 1.57 (m, 4H), 1.10 ï 1.04 (m, 14H).  
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13C NMR (100 MHz, CDCl3): ŭ 161.5, 135.7, 133.8, 132.4, 130.8, 123.5, 107.3, 105.9, 

89.5, 61.8, 51.4, 37.4, 36.5, 28.1, 25.1, 17.5, 17.3, 17.1, 17.0, 13.3, 13.2.  IR (neat): 3317, 

2943, 2865, 2095, 1655, 1599, 1565, 1462, 1246, 1116, 882, 765, 678 cm-1.  Exact mass 

calculated for C21H32N4O2SiNa+ [M+Na] 423.2193, found 423.2184. 

 

Photo-reaction: 

A solution of the photosubstrate 214 (100 mg, 0.258 mmol) in anhydrous toluene (10 mL) 

was degassed by bubbling argon through the solution for 30 min, transferred to 3.2 mm 

NMR tubes and irradiated for 1.5 h maintaining the temperature around 4 ï 5 °C.  Crude 

photoproduct was concentrated in vacuo and was taken in anhydrous THF (10 mL), cooled 

to 0 °C, and was added CH3MgBr (95 µl, 3 M in THF, 0.28 mmol) drop wise.  After stirring 

the mixture for 1 h at 0 °C, saturated ammonium chloride solution (3 mL) and water (3 

mL) was added.  The resulting mixture was extracted with ethyl acetate, combined organics 

were washed with brine, dried over anhydrous magnesium sulfate and concentrated under 

reduced pressure.  Upon column chromatographic purification on residue, following 

compounds were isolated. 

 

Cycloadduct 224a: Isolated yield (35 mg, 36% over three steps).  1H NMR  (500 MHz, 

CDCl3): ŭ 6.25 (dd, J = 9.4, 5.2 Hz, 1H), 6.12 (d, J = 9.4 Hz, 1H), 4.66 (d, J = 10.5 Hz, 
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1H), 3.94 (td, J = 5.2, 1.0 Hz, 1H), 3.54 (t, J = 9.4 Hz, 1H), 3.28 (dd, J= 11.7, 7.2 Hz, 1H),  

3.17 (td, J = 11.9, 5.7 Hz, 1H), 2.83 (s, 3H), 2.38 (bs, 1H), 2.32 (dd, J = 12.7, 7.3 Hz, 1H), 

2.19 (dd, J = 14.6, 5.1 Hz, 1H), 2.05 (d, J = 14.6 Hz, 1H), 1.76 (td, J = 12.4, 7.0 Hz, 1H), 

1.68 (dd, J = 12.6, 5.9 Hz, 1H), 1.35 ï 1.15 (m, 2H), 1.0 (d, J = 7.4, 3H), 0.96 (d, J = 7.4, 

3H), 0.89 (d, J = 7.4, 3H), 0.84 (d, J = 7.4, 3H), 0.19 (s, 3H).  13C NMR (125 MHz, CDCl3): 

ŭ 173.5, 149.3, 135.1, 129.5, 113.0, 66.4, 60.2, 57.1, 55.8, 50.5, 39.4, 37.9, 33.2, 24.1, 19.0, 

18.7, 18.4, 18.0, 13.8, 12.2, -8.8.  IR  (neat): 3418, 2937, 2861, 1702, 1225, 1461, 1400, 

1316, 1247, 1175, 1063, 1030, 779, 733, 651 cm-1. Exact mass calculated for 

C21H35N2O2Si+ [M+H] 375.2468, found 275.2465. 

 

 

Cycloadduct 224b: Crystalline solid, m.p. 82 °C, isolated yield (12 mg, 12% over three 

steps).  1H NMR  (500 MHz, CDCl3): ŭ 6.00 (d, J = 9.4 Hz, 1H), 5.86 (dd, J = 9.4, 6.3 Hz, 

1H), 4.13 (dd, J = 11.0, 7.6 Hz, 1H), 4.08 (dd, J = 7.4, 6.5 Hz, 1H), 3.78 (dd, J = 11.0, 5.7 

Hz, 1H), 3.54 (t, J= 6.8 Hz, 1H),  3.25 (dd, J = 11.6, 7.1 Hz, 1H), 3.11 (s, 3H), 2.52 (dd, J 

= 14.1, 7.7 Hz, 1H),  2.20 (dd, J = 12.3, 7.4 Hz, 1H), 1.79 (d, J = 14.1 Hz, 1H), 1.70 ï 1.66 

(m, 1H), 1.62 ï 1.54 (m, 1H),  1.53 ï 1.43 (m, 1H), 1.30 ï 1.25 (m, 1H), 1.05 ï 0.92 (m, 

14H), 0.16 (s, 3H).  13C NMR (125 MHz, CDCl3): ŭ 176.7, 144.4, 137.3, 128.3, 121.6, 

66.3, 57.6, 56.5, 55.3, 50.5, 36.0, 35.4, 33.6, 25.0, 19.1, 18.9, 18.3, 18.0, 14.2, 12.1, -8.31.  
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IR  (neat): 3419, 2941, 2862, 1712, 1626, 1465, 1397, 1324, 1236, 1037, 791, 722 cm-1. 

Exact mass calculated for C21H34N2O2SiNa+ [M+Na] 397.2288, found 397.2209. 

 

By following the above procedure, photosubstrate 215 (100 mg, 0.25 mmol) resulted 

following compounds. 

 

 

Cycloadduct 227b: Isolated yield (37 mg, 38% over three steps).  1H NMR  (500 MHz, 

CDCl3): ŭ 6.3 (dd, J = 9.4, 5.2 Hz, 1H), 6.18 (d, J = 9.4 Hz, 1H), 4.67 (d, J = 10. 7 Hz, 1H), 

3.90 (td, J = 5.3, 0.8 Hz, 1H), 3.56 (d, J = 10.4 Hz, 1H), 3.34 ï 3.26 (m, 1H),  3.17 ï 3.12 

(m, 1H), 3.80 (s, 3H), 2.31 (bs, 1H),  2.25 (dd, J = 14.2, 5.3 Hz, 1H), 1.79 ï 1.69 (m, 3H), 

1.54 ï 1.38 (m, 4H), 1.12 ï 1.08 (m, 2H), 1.01 (d, J = 7.2 Hz, 3H), 0.97 (d, J = 7.2 Hz, 

3H), 0.91 (d, J = 7.2 Hz, 3H), 0.84 (d, J = 7.2 Hz, 3H),  0.20 (s, 3H).  13C NMR  (125 MHz, 

CDCl3): ŭ 174.1, 147.8, 135.9, 129.8, 105.4, 66.6, 60.4, 57.4, 46.6, 45.9, 40.1, 33.1, 32.1, 

21.1, 19.1, 18.8, 18.6, 18.2, 17.9, 14.3, 12.0, -8.76.  IR  (neat): 3418, 2938, 2861, 1633, 

1462, 1399, 1247, 1072, 1028, 880, 781, 719 cm-1.  Exact mass calculated for 

C22H37N2O2Si+ [M+H] 389.2624, found 389.2619. 
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Cycloadduct 227a: Isolated yield (6 mg, 6% over three steps).  1H NMR  (500 MHz, 

CDCl3): ŭ 6.17 (dd, J = 9.1, 6.0 Hz, 1H), 6.88 (d, J = 9.1 Hz, 1H), 4.77 (d, J = 9.5 Hz, 1H), 

4.22 (dd, J = 14.3, 4.6 Hz, 1H), 4.04 (td, J = 5.4, 0.9 Hz, 1H), 3.83 (d, J = 9.5, 1H), 3.29 ï 

3.23 (m, 1H),  2.92 (s, 3H), 2.79 (dd, J = 14.8, 5.4 Hz, 1H), 2.35 (d, J = 14.1, 1H), 2.17 (d, 

J = 14.8, 1H), 1.68 ï 1.60 (m, 4H), 1.35 ï 1.29 (m, 1H), 1.22 ï 1.12 (m, 2H), 1.09 (d, J = 

7.4 Hz, 3H), 1.05 (d, J = 7.4 Hz, 3H), 1.02 (d, J = 7.4 Hz, 3H), 0.99 (d, J = 7.4 Hz, 3H).  

13C NMR (100 MHz, CDCl3): ŭ 172.5, 165.8, 139.0, 132.0, 129.3, 74.1, 64.7, 58.7, 54.3, 

45.6, 34.6, 34.5, 33.5, 26.6, 18.9, 18.6, 17.7, 17.6, 17.3, 14.2, 12.9.  IR  (neat): 2939, 2862, 

1656, 1462, 1404, 1315, 1237, 1114, 1041, 891, 851, 792, 774, 627 cm-1.  Exact mass 

calculated for C21H35N2O2Si+ [M+H] 375.2468, found 375.2460. 

 

Synthesis of vinyl-iodo enones: 

 

3-((3-Iodobut-3-en-1-yl)oxy)cyclopent-2-enone B 2.3: To the toluene (20 mL) solution 

of vinyl-iodo alcohol 220a (500 mg, 2.52 mmol) in a 100 mL r.b. flask equipped with dean 
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stark condenser were added PTSA (23 mg, 0.13 mmol) and cyclopentane-1,3-dione (272 

g, 2.77 mmol).  The resulting mixture was refluxed 3 h, cooled to ambient temperature and 

concentrated in vacuo.  The residue was dissolved in ether (15 mL), washed with 10% 

NaHCO3 (10 mL) and brine, dried over anhydrous magnesium sulfate, filtered and purified 

by flash chromatography using 20% ethyl acetate in DCM to get the title compound B 2.3 

(430 mg, 61%) as colorless oil. 1H NMR  (500 MHz, CDCl3) ŭ 6.19 (dd, J = 2.8, 1.3 Hz, 

1H), 5.86 (d, J = 1.7 Hz, 1H), 5.35 (t, J = 1.0 Hz, 1H), 4.11 (t, J = 6.3 Hz, 2H), 2.87 ï 2.81 

(m, 2H), 2.61 (ddd, J = 6.2, 2.6, 1.0 Hz, 2H), 2.47 ï 2.42 (m, 2H).  13C NMR  (125 MHz, 

CDCl3) ŭ 205.6, 189.6, 128.8, 105.3, 104.4, 70.1, 44.2, 34.2, 28.6.  IR  (neat): 3479, 3088, 

2923, 1702, 1677, 1587, 1344, 1247, 1180, 1007, 829 cm-1.  Exact mass calculated for 

C9H11IO2Na+ [M+Na] 300.9702, found 300.9700. 

 

 

3-((3-Iodobut-3-en-1-yl)oxy)cyclohex-2-enone  B 2.4:  Compound B 2.4 was synthesized 

following the above procedure using cyclohexane-1,3-dione as a colorless oil in 79% yield.  

1H NMR  (400 MHz, CDCl3) ŭ 6.16 (dd, J = 2.9, 1.3 Hz, 1H), 5.84 (d, J = 1.7 Hz, 1H), 

5.39 (s, 1H), 3.96 (t, J = 6.3 Hz, 2H), 2.81 (td, J = 6.3, 0.8 Hz, 2H), 2.40 (t, J = 6.3 Hz, 

2H), 2.35 (dd, J = 7.3, 6.0 Hz, 2H), 2.03 ï 1.93 (m, 2H).  13C NMR (100 MHz, CDCl3) ŭ 

199.8, 177.6, 128.6, 105.1, 103.2, 66.8, 44.1, 36.90, 29.0, 21.3. IR  (neat): 2944, 1649, 
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1602, 1365, 1218, 1181, 1134 cm-1.  Exact mass calculated for C10H13IO2Na+ [M+Na] 

314.9858, found 314.9858. 

 

 

5-Iodopent-1-yne B 2.5: Compound B 2.5 was synthesized adapting the known 

procedure.42  To the well stirred DCM (15 mL)s olution of triphenylphosphine (1.23 g, 

4.92 mmol), were added imidazole (0.335 g, 4.92 mmol) and iodine (1.25 g, 4.92 mmol) 

in rapid succession.  After 30 min, DCM (5 mL) of pent-4-yn-1-ol 219b (0.4 mL, 4.27 

mmol) was added dropwise over 10 min. The resulting mixture was stirred for additional 

3 h, after which volatiles were carefully evaporated in vacuo, and the residue was triturated 

in ether, filtered and filtrate was purified by flash column chromatography using hexanes 

to get title compound B 2.5 as a colorless oil (0.6 g, 72%).  1H NMR  (500 MHz, CDCl3) ŭ 

3.31 (t, J = 6.7 Hz, 2H), 2.34 (td, J = 6.7, 2.7 Hz, 2H), 2.05 ï 1.97 (m, 3H).  13C NMR (125 

MHz, CDCl3) ŭ 82.4, 69.6, 32.1, 19.6, 4.9. 

 

 

3-Iodocyclopent-2-enone B 2.6: Compound B 2.6 was synthesized adapting the known 

procedure.43  To the well stirred solution of triphenylphosphine (1.51 g, 5.75 mmol) in 
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anhydrous acetonitrile (51 mL), iodine (1.46 g, 5.75 mmol) was added in one portion.  The 

slurry was stirred for two h, then cyclopentane-1,3-dione (0.5 g, 5.1 mmol) and 

triethylamine (0.8 ml, 5.71 mmol) were added in rapid succession.  The reaction mixture 

was refluxed overnight, cooled to ambient temperature and concentrated in vacuo.  Flash 

column chromatographic purification on residue furnished the compound B 2.6 as a 

colorless solid (0.94 g, 89%).  1H NMR  (500 MHz, CDCl3) ŭ 6.69 (td, J = 1.9, 0.6 Hz, 1H), 

3.12 ï 3.02 (m, 2H), 2.54 ï 2.44 (m, 2H).  13C NMR (100 MHz, CDCl3) ŭ 205.3, 143.8, 

136.1, 41.9, 37.6. 

 

 

3-Iodocyclohex-2-enone B 2.7: Compound B 2.7 was synthesized by following the known 

procedure.44  To the well stirred solution of triphenylphosphine (2.57 g, 9.81 mmol) in 

anhydrous acetonitrile (80 mL), iodine (2.49 g, 9.81 mmol) was added in one portion. The 

slurry was stirred for 2 h. Then, cyclohexanedione (1.0 g, 8.92 mmol) and triethylamine 

(1.37 mL, 9.81 mmol) were added in rapid succession.  The reaction mixture was refluxed 

overnight, cooled to ambient temperature and concentrated in vacuo.  Flash column 

chromatography (1: 9, ethyl acetate: hexanes) on residue resulted title compound B 2.7 as 

a colorless solid (1.93 g, 98%).  1H NMR  (500 MHz, CDCl3) ŭ 6.80 (t, J = 1.7 Hz, 1H), 

2.90 (td, J = 6.1, 1.7 Hz, 2H), 2.49 ï 2.35 (m, 2H), 2.08 ï 1.92 (m, 2H).  13C NMR  (125 

MHz, CDCl3) ŭ 195.1, 141.0, 126.79, 40.8, 36.8, 24.2. 
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3-(Pent-4-yn-1-yl)cyclopent-2-enone B 2.8: Compound B 2.8 was synthesized by 

adapting the known procedure.42  Zinc dust (401 mg, 6.14 mmol), THF (0.8 mL) and 1,2 

dibromoethane (40 µl) were taken in a flask.  The resulting mixture was stirred at 60 °C 

for 10 min, cooled to RT and TMSCl (40 µl) was added.  Heating the resulting mixture at 

60 °C for 15 min resulted the activated zinc dust.  To this was added the THF (1.2 mL) 

solution of 5-iodo-pen-1-yne B 2.5 (540 mg, 2.78 mmol).  The reaction mixture was stirred 

for 1.5 h at 30 °C and was allowed to settle.  The supernant liquid was withdrawn into a 

syringe equipped with filter and transferred into another flask containing the stirred 

solution of CuCN (248 mg, 2.78 mmol), LiCl (236 mg, 5.56 mmol) in THF (2 mL) at -20 

°C dropwise.  Stirring the resulting reaction mixture for 20 min at the same temperature, 

the solution turned red. Then the mixture was cooled to -60 °C and was added THF (2 mL) 

solution of 3-iodocyclopentenone B 2.6 (200 mg, 0.96 mmol), warmed to -30°C for 1 h 

and stirred overnight at 0 °C.  Reaction was quenched with aqueous saturated ammonium 

chloride (3 mL) and water (3 ml), extracted with ether (3 x 10 mL).  Combined organics 

were washed with brine, dried over anhydrous magnesium sulfate, filtered and 

concentrated in vacuo and the residue was purified with flash column chromatography 

(30% ethyl acetate in hexanes) to get the title compound B 2.8 (130 mg,  91%).as a colorless 

oil.  1H NMR  (500 MHz, CDCl3) ŭ 5.99 ï 5.96 (m, 1H), 2.60 (dd, J = 4.7, 3.0 Hz, 2H), 
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2.55 (t, J = 7.7 Hz, 2H), 2.44 ï 2.39 (m, 2H), 2.27 (td, J = 6.9, 2.6 Hz, 2H), 2.00 (t, J = 2.6 

Hz, 1H), 1.83 (dt, J = 14.2, 7.0 Hz, 2H).  13C NMR  (125 MHz, CDCl3) ŭ 209.7, 181.4, 

130.0, 83.3, 69.4, 35.4, 32.5, 31.7, 26.0, 18.3. 

 

 

3-(Pent-4-yn-1-yl)cyclohex-2-enone B 2.9: Compound B 2.9 was synthesized following 

the above procedure using iodocyclohexenone B 2.7 as a colorless oil in 79% isolated 

yield.45  1H NMR  (500 MHz, CDCl3) ŭ 5.89 (p, J = 1.3 Hz, 1H), 2.39 ï 2.32 (m, 4H), 2.31 

ï 2.27 (m, 2H), 2.23 (td, J = 6.9, 2.7 Hz, 2H), 2.04 ï 1.95 (m, 3H), 1.73 (ddt, J = 13.9, 8.8, 

6.9 Hz, 2H).  13C NMR  (125 MHz, CDCl3) ŭ 199.6, 165.0, 126.3, 83.5, 69.3, 37.5, 36.9, 

29.9, 25.9, 22.9, 18.2. 

 

 

3-(4-Iodopent-4-en-1-yl)cyclopent-2-enone B 2.10:  To the well stirred solution of 

sodium iodide (758 mg, 5.06 mmol) in anhydrous acetonitrile (13 mL), TMSCl (0.64 mL, 

5.06 mmol) was added and stirred for 15 min. Then water (45.5 µl, 2.53 mmol) was added 

and stirred additional 15 min. Finally, acetonitrile (2 mL) solution of 3-(pent-4-yn-1-
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yl)cyclopent-2-enone B 2.8 (300 mg, 2.02 mmol) was added and the reaction was stirred 

overnight.  Water (10 mL) was added, layers were separated and aqueous layer was 

extracted with ether (3 x 10 mL).  Combined organics were washed with brine, dried over 

anhydrous magnesium sulfate, filtered and concentrated in vacuo.  Flash column 

chromatographic purification on residue (10% ethyl acetate in DCM) resulted in compound 

B 2.10 (480 mg, 91% BRSM, 94% conversion) as a colorless oil.  1H NMR  (500 MHz, 

CDCl3) ŭ 6.06 (dt, J = 2.8, 1.0 Hz, 1H), 5.97 (ddd, J = 2.6, 1.5, 0.9 Hz, 1H), 5.77 ï 5.72 

(m, 1H), 2.61 ï 2.58 (m, 2H), 2.44 ï 2.39 (m, 6H), 1.82 (dt, J = 18.6, 7.5 Hz, 2H). Exact 

mass calculated for C10H13IONa+ [M+Na] 298.9909, found 298.9904. 

 

 

3-(4-iodopent-4-en-1-yl)cyclohex-2-enone B 2.11:  Compound B 2.11 was synthesized 

by following the above procedure using B 2.9 as a colorless oil (108 mg, 92%, 66% 

conversion).  1H NMR  (500 MHz, CDCl3) ŭ 6.05 (dt, J = 2.8, 1.0 Hz, 1H), 5.89 (d, J = 1.0 

Hz, 1H), 5.74 ï 5.71 (m, 1H), 2.38 (dt, J = 13.5, 6.9 Hz, 4H), 2.30 (dd, J = 9.0, 3.4 Hz, 

2H), 2.20 (t, J = 7.6 Hz, 2H), 2.03 ï 1.97 (m, 2H), 1.77 ï 1.68 (m, 2H).  13C NMR  (125 

MHz, CDCl3) ŭ 199.6, 165.2, 126.4, 126.4, 111.3, 44.7, 37.5, 36.5, 29.8, 26.5, 22.9.  Exact 

mass calculated for C11H15IONa+ [M+Na] 313.0066, found 313.0063. 

 



79 
 

 

Ethyl 3-((3-iodobut-3-en-1-yl)oxy)acrylate B 2.12:  To the DCM (2 mL solution of vinyl-

iodo alcohol 220a (198 mg, 1.0 mmol) and P(n-Bu)3 in) at 0 °C, was added DCM (3 mL) 

solution of ethyl propiolate (98 mg, 1.0 mmol) drop wise over 10 min.  The resulting 

mixture was warmed to RT and stirred for 2 h before concentrating in vacuo.  The residue 

was purified by flash column chromatography to get the compound B 2.12 (180 mg, 61%) 

as a colorless oil.  1H NMR  (500 MHz, C6D6) ŭ 7.59 (d, J = 12.7 Hz, 1H), 5.57 (d, J = 1.3 

Hz, 1H), 5.49 (d, J = 1.0 Hz, 1H), 5.26 (d, J = 12.6 Hz, 1H), 4.08 (q, J = 7.1 Hz, 2H), 3.26 

(t, J = 6.2 Hz, 2H), 2.11 (t, J = 6.0 Hz, 2H), 1.02 (dd, J = 8.3, 5.9 Hz, 3H).  13C NMR  (125 

MHz, C6D6) ŭ 167.0, 161.8, 128.4, 105.4, 97.7, 68.8, 59.9, 44.4, 14.4.  IR  (neat) 2978, 

2938, 1706, 1624, 1325, 1204, 1230, 1044, 826.  Exact mass calculated for C9H13IO3Na+ 

[M+Na] 318.9807, found 318.9803. 

 

  

2-Iodocyclopent-2-enone B 2.13: Iodocyclopentenone B 2.13 was prepared by following 

the literature procedure (72% yield).46  1H NMR  (500 MHz, CDCl3) ŭ 8.03 ï 8.00 (m, 1H), 

2.86 ï 2.69 (m, 2H), 2.53 ï 2.46 (m, 2H). 
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2-(Pent-4-yn-1-yl)cyclopent-2-enone B 2.14:  (Negishi cross coupling reaction) Zinc dust 

(423 mg, 4.48 mmol) was flushed with argon and was taken in DMF (5 mL). Then 1,2 

dibromoethane (100 µl) was added and heated to 60 °C for 15 min, cooled to room 

temperature, TMSCl (100 µl) was added and stirred for another 15 min to get activated 

zinc. To this solution was added DMF (1 mL) solution of 5-iodo-pent-1-yne B 2.5 (503 

mg, 2.60 mmol). The reaction mixture was stirred for 1.5 h at 30 °C and was allowed to 

settle.  In a separate flask Pd(dba)2 (55 mg, 0.096 mmol) and tri(2-furyl)phosphine (45 mg, 

0.192 mmol) were taken in DMF (4 mL) and stirred for few minutes until it turned clear 

then, 2-iodocyclopent-2-enone B 2.13 (400 mg, 1.92 mmol) was added followed by 

dropwise addition of DMF solution of pent-4-yn-1-ylzinc(II) iodide prepared above.  

Stirring was continued overnight and the reaction was quenched with saturated ammonium 

chloride (10 mL), extracted with ether (3 x 10 mL).  Combined organics were washed with 

water and brine, dried over anhydrous magnesium sulfate, filtered, concentrated in reduced 

pressure and the residue was purified by flash column chromatography using 10% ethyl 

acetate in hexanes to get the title compound B 2.14 as a colorless oil (85 mg, 30%).  1H 

NMR  (500 MHz, CDCl3) ŭ 7.35 (s, 1H), 2.57 (d, J = 2.1 Hz, 2H), 2.40 (dd, J = 5.4, 3.1 

Hz, 2H), 2.31 (t, J = 7.5 Hz, 2H), 2.20 (td, J = 6.9, 2.3 Hz, 2H), 1.96 (s, 1H), 1.73 (dd, J = 

14.7, 7.4 Hz, 2H).  13C NMR (100 MHz, CDCl3) ŭ 209.9, 158.1, 145.5, 84.0, 68.9, 34.7, 

26.6, 26.6, 24.1, 18.2. 
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2-(4-iodopent-4-en-1-yl)cyclopent-2-enone B 2.15: Compound B 2.15 was synthesized 

by usual Markovnikov addition of HI into alkyne B 2.14. Yield 72%.  1H NMR  (500 MHz, 

CDCl3) ŭ 7.34 (t, J = 7.4 Hz, 1H), 6.04 (d, J = 1.0 Hz, 1H), 5.71 (s, 1H), 2.57 (dd, J = 10.9, 

8.9 Hz, 2H), 2.44 ï 2.36 (m, 4H), 2.18 (t, J = 7.1 Hz, 2H), 1.77 ï 1.66 (m, 2H).  13C NMR 

(100 MHz, CDCl3) ŭ 210.0, 157.9, 145.8, 125.8, 111.8, 45.0, 34.7, 27.3, 26.6, 23.5. 

Synthesis of Photosubstrates 230 ï 235: 

Photosubstrates 230 ï 235 were synthesized using Sonogashira cross coupling reaction 

between alkyne 217 and corresponding vinyl iodides using general method used in azide 

examples. 

 

 

3-(((Diisopropyl(3-methylene-5-((3-oxocyclopent-1-en-1-yl)oxy)pent-1-yn-1-

yl)silyl)oxy)methyl)-1-methylpyridin -2(1H)-one 230: Isolated yield 60%, dark yellow 

oil.  1H NMR  (400 MHz, C6D6) ŭ 7.54 (dq, J = 6.8, 1.8 Hz, 1H), 6.26 (d, J = 6.8 Hz, 1H), 

5.67 (t, J = 6.8 Hz, 1H), 5.43 ï 5.38 (m, 1H), 5.29 (t, J = 1.1 Hz, 1H), 5.18 (s, 2H), 5.02 
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(dd, J = 2.8, 1.3 Hz, 1H), 3.72 (t, J = 6.3 Hz, 2H), 3.00 (s, 3H), 2.17 (t, J = 6.3 Hz, 2H), 

2.04 (ddd, J = 5.9, 3.4, 1.0 Hz, 2H), 2.01 ï 1.94 (m, 2H), 1.21 ï 1.05 (m, 14H).  13C NMR  

(100 MHz, C6D6): ŭ 203.4, 188.5, 161.1, 136.1, 133.2, 132.2, 127.3, 125.4, 106.9, 105.3, 

104.4, 90.0, 69.0, 62.8, 36.31, 36.3, 34.3, 28.2, 17.6, 17.4, 13.5.  IR  (neat): 3472, 2944, 

2885, 2141, 1651, 1590, 1564, 1344, 1247, 1179, 1113, 881, 829, 677 cm-1.  Exact mass 

calculated for C24H33NO4SiNa+ [M+Na] 450.2077, found 450.2077. 

 

 

3-(((Diisopropyl(3-methylene-5-((3-oxocyclohex-1-en-1-yl)oxy)pent-1-yn-1-

yl)silyl)oxy)methyl)-1-methylpyridin -2(1H)-one 231: Isolated yield 57%, dark yellow 

oil.  1H NMR (500 MHz, CDCl3) ŭ 7.49 (d, J = 6.5 Hz, 1H), 7.20 (d, J = 6.0 Hz, 1H), 6.21 

(t, J = 6.8 Hz, 1H), 5.51 (s, 1H), 5.38 (s, 1H), 5.31 (s, 1H), 4.78 (s, 2H), 3.97 (t, J = 6.4 Hz, 

2H), 3.54 (s, 3H), 2.56 (t, J = 6.4 Hz, 2H), 2.38 (t, J = 6.2 Hz, 2H), 2.31 (t, J = 6.6 Hz, 2H), 

1.95 (p, J = 6.4 Hz, 2H), 1.12 ï 1.01 (m, 14H).  13C NMR (125 MHz, CDCl3) ŭ 199.8, 

177.8, 161.4, 135.8, 133.7, 132.2, 126.8, 125.5, 106.2, 105.9, 102.9, 89.4, 66.2, 61.8, 37.3, 

36.9, 36.0, 29.0, 21.3, 17.5, 17.3, 13.2.  IR  (neat): 3469, 3075, 2945, 2865, 2142, 1650, 

1601, 1462, 1367, 1220, 1182, 1116, 882, 827, 765 cm-1.  Exact mass calculated for 

C25H35NO4SiNa+ [M+Na] 464.2233, found 464.2234. 
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3-(((Diisopropyl(3-methylene-6-(3-oxocyclopent-1-en-1-yl)hex-1-yn-1-

yl)silyl)oxy)methyl)-1-methylpyridin -2(1H)-one 232: Isolated yield 84%, light yellow 

oil.  1H NMR  (500 MHz, C6D6) ŭ 7.55 (dd, J = 6.7, 1.5 Hz, 1H), 6.22 (d, J = 6.7 Hz, 1H), 

5.85 (s, 1H), 5.66 (t, J = 6.7 Hz, 1H), 5.40 (d, J = 0.8 Hz, 1H), 5.19 (s, 2H), 5.00 (s, 1H), 

2.92 (s, 3H), 2.09 ï 2.04 (m, 2H), 1.89 (dt, J = 24.8, 7.8 Hz, 6H), 1.58 (dd, J = 15.2, 7.6 

Hz, 2H), 1.20 (dd, J = 9.0, 7.1 Hz, 12H), 1.16 ï 1.08 (m, 4H).  13C NMR (125 MHz, C6D6) 

ŭ 207.4, 179.8, 161.1, 135.9, 133.2, 132.5, 131.1, 130.0, 123.6, 108.0, 104.4, 89.4, 62.7, 

36.7, 36.4, 35.3, 32.4, 31.2, 25.6, 17.6, 17.5, 13.6.  Exact mass calculated for 

C25H35NO3SiNa+ [M+Na] 448.2284, found 448.2285. 

 

 

3-(((Diisopropyl(3-methylene-6-(3-oxocyclohex-1-en-1-yl)hex-1-yn-1-

yl)silyl)oxy)methyl)-1-methylpyridin -2(1H)-one 233: Isolated yield 84%, light yellow 

oil.  1H NMR  (500 MHz, C6D6) ŭ 7.57 (d, J = 6.5 Hz, 1H), 6.17 (d, J = 6.0 Hz, 1H), 5.94 

(s, 1H), 5.65 (t, J = 6.6 Hz, 1H), 5.40 (s, 1H), 5.22 (s, 2H), 5.00 (s, 1H), 2.88 (s, 3H), 2.15 

(t, J = 6.5 Hz, 2H), 1.90 (t, J = 7.3 Hz, 2H), 1.76 (t, J = 7.6 Hz, 2H), 1.71 (t, J = 5.7 Hz, 
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2H), 1.58 ï 1.45 (m, 4H), 1.24 ï 1.18 (m, 12H), 1.17 ï 1.07 (m, 2H).  Exact mass calculated 

for C26H37NO3SiNa+ [M+Na] 462.2441, found 462.2435. 

 

 

Ethyl 3-((5-(diisopropyl((1-methyl-2-oxo-1,2-dihydropyridin -3-yl)methoxy)silyl)-3-

methylenepent-4-yn-1-yl)oxy)acrylate 234: Isolated yield 72%, light yellow oil.  1H 

NMR  (500 MHz, CDCl3) ŭ 7.55 (d, J = 12.6 Hz, 1H), 7.51 (dd, J = 6.8, 1.4 Hz, 1H), 7.20 

(dd, J = 6.7, 1.0 Hz, 1H), 6.21 (t, J = 6.8 Hz, 1H), 5.51 (s, 1H), 5.38 (s, 1H), 5.19 (d, J = 

12.6 Hz, 1H), 4.80 (s, 2H), 4.15 (q, J = 7.1 Hz, 2H), 3.99 (t, J = 6.6 Hz, 2H), 3.54 (s, 3H), 

2.53 (t, J = 6.5 Hz, 2H), 1.26 (t, J = 7.1  Hz, 4H), 1.08 (dd, J = 16.8, 3.2 Hz, 14H).  13C 

NMR  (125 MHz, CDCl3) ŭ 167.8, 162.2, 161.5, 135.8, 133.9, 132.4, 126.8, 125.5, 106.4, 

105.8, 97.1, 89.6, 68.9, 61.9, 59.8, 37.2, 36.6, 17.5, 17.3, 14.5, 13.3. Exact mass calculated 

for C24H35NO5SiNa+ [M+Na] 468.2182, found 468.2179. 
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3-(((Diisopropyl(3-methylene-6-(6-oxocyclohex-1-en-1-yl)hex-1-yn-1-

yl)silyl)oxy)methyl)-1-methylpyridin -2(1H)-one 235: Isolated yield 76%, light yellow 

oil.  1H NMR  (500 MHz, CDCl3) ŭ 7.52 (d, J = 5.2 Hz, 1H), 7.20 (d, J = 6.1 Hz, 1H), 6.71 

(s, 1H), 6.21 (t, J = 6.8 Hz, 1H), 5.39 (s, 1H), 5.27 (s, 1H), 4.79 (s, 2H), 3.54 (s, 3H), 2.44 

ï 2.38 (m, 2H), 2.33 (d, J = 4.4 Hz, 2H), 2.20 ï 2.06 (m, 4H), 1.97 (dd, J = 12.8, 6.4 Hz, 

2H), 1.63 (dd, J = 14.7, 7.2 Hz, 2H), 1.08 (d, J = 16.5 Hz, 14H). 

 

Photocycloaddition: 

General Procedure:  Solution of Photosubstrate 230 (36 mg, 0.08 mmol) in benzene (2.8 

mL) was irradiated for 2.5 h maintaining the temperature around 4 ï 5 °C.  Crude 

cycloadduct was treated with BF3·OEt2 (30 µl, 4 equivalent) and mixed vigorously for 5 

min with the aid of vortex.  Finally, diluted with 10% NaHCO3 solution (5 mL) and 

extracted with ethyl acetate (3 x 5 mL). Combined organics were washed with brine (5 

mL), dried over anhydrous sodium sulfate and concentrated in reduced pressure and the 

residue was purified with a flash column chromatography (using 5 ï 10% MeOH/EtOAc) 

to get a Cope rearranged products 239. 
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Cyclobutane 239a: Isolated yield 53%. 1H NMR  (400 MHz, C6D6) ŭ 6.11 (d, J = 3.7 Hz, 

1H), 5.21 (d, J = 1.2 Hz, 1H), 4.57 (d, J = 13.1 Hz, 1H), 4.41 (d, J = 13.2 Hz, 1H), 3.72 

(dt, J = 10.3, 6.8 Hz, 1H), 3.60 (dt, J = 10.4, 6.2 Hz, 1H), 3.09 (dt, J = 9.1, 7.3 Hz, 1H), 

2.52 (s, 3H), 2.18 ï 2.05 (m, 3H), 2.04 ï 1.96 (m, 2H), 1.72 (ddd, J = 11.9, 7.3, 2.5 Hz, 

1H), 1.53 ï 1.36 (m, 2H), 1.23 ï 1.13 (m, 1H), 1.10 ï 1.00 (m, 12H), 0.95 (d, J = 1.1 Hz, 

2H).  13C NMR (100 MHz, C6D6) ŭ 202.9, 187.9, 163.0, 134.1, 131.7, 127.4, 108.6, 105.3, 

68.8, 63.6, 50.6, 42.9, 41.7, 38.3, 37.7, 34.3, 31.3, 28.3, 16.7, 16.6, 12.9, 12.8.  IR  (neat): 

3448, 2947, 2866, 2360, 2342, 2162, 1675, 1587, 1464, 1349, 1248, 1184, 835 cm-1.  Exact 

mass calculated for C24H35NO5SiNa+ [M+Na] 468.2182, found 468.2171. 

 

 

Cyclobutane 239b: Isolated yield 41%.  1H NMR  (400 MHz, C6D6) ŭ 6.14 (d, J = 3.6 Hz, 

1H), 5.45 (s, 1H), 4.59 (d, J = 13.1 Hz, 1H), 4.42 (d, J = 13.5 Hz, 1H), 3.70 (dt, J = 10.2, 

6.8 Hz, 1H), 3.58 (dt, J = 10.2, 6.0 Hz, 1H), 3.49 (bs, 1H), 3.12 (dt, J = 8.8, 7.3 Hz, 1H), 

2.60 (dd, J = 7.4, 3.4 Hz, 1H), 2.53 (d, J = 4.5 Hz, 3H), 2.15 (dd, J = 12.7, 7.0 Hz, 3H), 

1.94 (t, J = 6.4 Hz, 2H), 1.78 ï 1.71 (m, 1H), 1.55 ï 1.33 (m, 4H), 1.12 ï 1.03 (m, 12H), 

1.00 ï 0.93 (m, 2H).  13C NMR (100 MHz, C6D6) ŭ 197.0, 175.6, 163.0, 133.9, 132.0, 

108.7, 108.7, 103.5, 65.6, 63.6, 50.6, 43.0, 41.9, 38.3, 37.7, 37.1, 31.3, 28.9, 21.4, 16.7, 
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16.6, 12.9, 12.8.  IR  (neat): 3421, 2946, 2867, 2360, 2161, 1604, 1462, 1370, 1221, 1183, 

1136, 835 cm-1. 

 

Allene-allene trappings: 

 

4-Methylene-6-(trimethylsilyl)hex -5-yn-1-ol 246:  To the THF (3 mL)solution of iodo-

alcohol 220b (300 mg, 1.42 mmol), were added copper (I) iodide (7 mg, 0.035 mmol) and 

triphenylphosphine (9.2 mg, 0.035 mmol) and the argon was bubbled through the solution 

for 15 min.  To this solution were added Pd(PPh3)Cl2 (25 mg, 0.035 mmol), triethylamine 

(0.295 mL, 2.12 mmol) and TMS-acetylene (0.3 mL, 2.13 mmol).  The resulting mixture 

was stirred for 5 h, diluted with saturated aqueous ammonium chloride, extracted with 

ether.  Combined organics were dried over anhydrous magnesium sulfate, filtered and 

purified by column chromatography over silica gel to get the title compound 246 (190 mg, 

73%) as colorless oil.  1H NMR  (500 MHz, CDCl3) ŭ 5.39 (dd, J = 1.8, 0.8 Hz, 1H), 5.29 

(dd, J = 3.2, 1.4 Hz, 1H), 3.69 (dd, J = 11.8, 6.3 Hz, 2H), 2.25 (t, J = 7.5 Hz, 2H), 1.86 ï 

1.76 (m, 2H), 0.19 (s, 9H).  13C NMR (100 MHz, CDCl3) ŭ 131.1, 122.6, 105.5, 94.4, 62.2, 

33.5, 31.2, 0.1. IR  (neat): 3332, 2957, 2899, 2145, 1604, 1442, 1410, 1251, 1055, 842 cm-

1.  Exact mass calculated for C10H19OSi+ [M+H] 183.1205, found 183.1195. 
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5-Methylene-7-(trimethylsilyl)hept -6-yn-1-ol 247:  Enyne-alcohol 247 was synthesized 

by following the above procedure using iodo-alcohol 220c in 77% yield.  1H NMR  (500 

MHz, CDCl3) ŭ 5.40 ï 5.35 (m, 1H), 5.25 (dd, J = 3.3, 1.4 Hz, 1H), 3.66 (s, 2H), 2.18 (dt, 

J = 7.0, 2.9 Hz, 2H), 1.62 ï 1.54 (m, 5H), 0.18 (s, 9H).  13C NMR (125 MHz, CDCl3) ŭ 

131.8, 122.2, 105.8, 94.2, 62.9, 36.8, 32.2, 24.3, 0.1. IR  (neat): 3333, 3091, 2941, 2865, 

2145, 1604, 1251, 1060, 975, 900, 842, 760 cm-1.  Exact mass calculated for C11H21OSi+ 

[M+H] 197.1361, found 197.1347. 

 

 

4-Methylene-6-(trimethylsilyl)hex -5-ynal 248: To the DCM (5 mL) solution of  oxalyl 

chloride (107 µL, 1.24 mmol) in  ï 78 °C was added DMSO (177 µL, 2.49 mmol).  After 

stirring for 15 min at ï 78 °C, DCM (2 mL) solution of enyne alcohol 246 (190 mg, 1.04 

mmol) was added and stirred for additional 30 min. at the same temperature.  Finally, 

triethylamine (0.72 mL, 5.2 mmol) was added and the resulting mixture warmed to ambient 

temperature and stirred for 30 min before diluting with water (7 mL).  Layers were 

separated and aqueous layer was extracted with DCM.  Combined organics were washed 

with brine, dried over anhydrous sodium sulfate and concentrated in reduced pressure.  
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Silica gel flash column chromatographic purification of residue furnished the title 

compound 248 (163 mg, 87%) as a colorless oil.  1H NMR  (400 MHz, CDCl3) ŭ 9.81 (t, J 

= 1.4 Hz, 1H), 5.42 ï 5.39 (m, 1H), 5.32 (q, J = 1.4 Hz, 1H), 2.73 ï 2.62 (m, 2H), 2.52 ï 

2.45 (m, 2H), 0.19 (s, 9H).  13C NMR  (100 MHz, CDCl3) ŭ 201.6, 129.8, 123.1, 104.6, 

95.4, 42.4, 29.7, 0.0. IR  (neat): 3433, 2960, 2897, 2169, 2144, 1715, 1406, 1251, 1092, 

1037, 976, 845, 761 cm-1. 

 

 

5-Methylene-7-(trimethylsilyl)hept -6-ynal 249:  Enyne-aldehyde 249 was synthesized 

following the above Swern oxidation procedure using enyne-alcohol 247 in  76% yield.  

1H NMR  (500 MHz, CDCl3) ŭ 9.78 (t, J = 1.6 Hz, 1H), 5.42 ï 5.37 (m, 1H), 5.25 (dd, J = 

3.1, 1.4 Hz, 1H), 2.46 (td, J = 7.3, 1.6 Hz, 2H), 2.19 (t, J = 7.3 Hz, 2H), 1.87 (p, J = 7.4 

Hz, 2H), 0.18 (s, 9H).  13C NMR (125 MHz, CDCl3) ŭ 202.1, 130.8, 122.9, 105.2, 94.8, 

42.9, 36.3, 20.6, 0.1. 

 

 

6-Methylene-8-(trimethylsilyl)octa -1,7-diyn-3-ol 250: To the THF (2 mL) solution of 

enyne aldehyde 248 (50 mg, 0.277 mmol) at 0 °C, ethynylmagnesium bromide (0.61 mL, 
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0.5 M solution in THF, 0.30 mmol) was added dropwise and the reaction mixture was 

slowly warmed to the RT.  After stirring for 2 h at RT, the reaction was neutralized by 

saturated ammonium chloride solution, diluted with water and extracted with ether.  

Combined organics were dried over anhydrous magnesium sulfate, filtered and 

concentrating in vacuo resulted in the title compound 250 (57 mg, 99%) as a colorless 

liquid.  1H NMR  (400 MHz, CDCl3) ŭ 5.42 ï 5.39 (m, 1H), 5.31 (dd, J = 3.1, 1.4 Hz, 1H), 

4.43 (ddd, J = 12.4, 6.6, 2.1 Hz, 1H), 2.49 (d, J = 2.1 Hz, 1H), 2.35 (t, J = 7.5 Hz, 2H), 

2.01 ï 1.91 (m, 2H), 1.83 (d, J = 5.7 Hz, 1H), 0.19 (s, 9H).  13C NMR (100 MHz, CDCl3) 

ŭ 130.5, 123.0, 105.2, 94.7, 84.6, 73.4, 61.6, 36.0, 32.7, 0.1. IR  (neat): 3391, 3302, 2958, 

2144, 1604, 1446, 1408, 1251, 1059, 903, 843, 760 cm-1. Exact mass calculated for 

C12H19OSi+ [M+H] 207.1205, found 207.1200. 

 

 

7-Methylene-9-(trimethylsilyl)nona -1,8-diyn-3-ol 251:  Propargylic alcohol 251 was 

synthesized following the above procedure using enyne-aldehyde 249 in 93% yield. 1H 

NMR  (500 MHz, CDCl3) ŭ 5.38 (dd, J = 1.7, 0.8 Hz, 1H), 5.26 (dd, J = 3.2, 1.4 Hz, 1H), 

4.39 (dd, J = 7.4, 3.7 Hz, 1H), 2.47 (d, J = 2.1 Hz, 1H), 2.23 ï 2.16 (m, 2H), 1.82 (d, J = 

5.5 Hz, 1H), 1.72 (qdd, J = 7.2, 3.6, 1.8 Hz, 4H), 0.19 (s, 9H).  13C NMR (125 MHz, 

CDCl3) ŭ 131.5, 122.3, 105.6, 94.4, 85.1, 73.1, 62.4, 37.0, 36.6, 23.6, 0.1. IR  (neat):  3405, 

3305, 2898, 2865, 2143, 1607, 1251, 902, 874, 843, 761 cm-1.  Exact mass calculated for 

C13H219OSi+ [M+H] 221.1361, found 221.1356. 
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Trimethyl(3-methyleneocta-6,7-dien-1-yn-1-yl)silane 252: To the THF (1.5 mL) 

solution of PPh3 (101 mg, 0.39 mmol) at ï 15 °C,  DEAD (60 µL, 0.39 mmol) was added.  

After stirring for 10 min, THF (1 mL) solution of propargylic alcohol 250 (53 mg, 0.26 

mmol) was added.  The resulting mixture was stirred for 10 min at the same temperature 

before adding NBSH (84 mg, 0.39 mmol) and stirring for 1 h at ï 15 °C and overnight at 

RT.  The resulting mixture was concentrated in a reduced pressure and purified by column 

chromatography resulted in the title compound 252 (23 mg, 45%) as a clear oil.  1H NMR  

(400 MHz, CDCl3) ŭ 5.40 (d, J = 1.9 Hz, 1H), 5.29 ï 5.25 (m, 1H), 5.16 ï 5.09 (m, 1H), 

4.68 (dt, J = 3.1, 2.6 Hz, 2H), 2.28 ï 2.19 (m, 4H), 0.19 (s, 9H).  13C NMR (100 MHz, 

CDCl3) ŭ 208.7, 131.0, 122.7, 105.4, 94.3, 89.2, 75.3, 36.5, 26.9, 0.1. 

 

 

Trimethyl(3-methylenenona-7,8-dien-1-yn-1-yl)silane 253:  Enyne-allene 253 was 

synthesized following the above procedure using propargylic alcohol 251 in 53% yield.  

1H NMR  (500 MHz, CDCl3) ŭ 5.38 ï 5.35 (m, 1H), 5.26 ï 5.21 (m, 1H), 5.10 (p, J = 6.7 

Hz, 1H), 4.67 (dt, J = 6.6, 3.2 Hz, 2H), 2.19 (t, J = 7.5 Hz, 2H), 2.07 ï 1.97 (m, 2H), 1.66 
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(dt, J = 9.1, 7.1 Hz, 2H), 0.19 (s, 9H).  13C NMR  (125 MHz, CDCl3) ŭ 208.9, 131.7, 122.2, 

105.9, 94.1, 89.8, 74.9, 36.5, 27.6, 27.5, 0.1.  IR  (neat): 3096, 2958, 2943, 2860, 2145, 

1956, 1606, 1441, 1251, 978, 902, 842, 760 cm-1. 

 

 

Diisopropyl(3-methyleneocta-6,7-dien-1-yn-1-yl)silane 254:  To the solution of enyne-

allene 252 (100 mg, 0.53 mmol) in an anhydrous methanol (2 mL), at  0 °C, K2CO3 (7 mg, 

0.05 mmol) was added.  Reaction mixture was warmed slowly to ambient temperature and 

stirred for 3 h before diluting with H2O (2 mL).  The resulting mixture was extracted with 

pentanes.  Combined organics were dried over anhydrous sodium sulfate, filtered and 

carefully concentrated in vacuo with ice on rotavapor-bath until the total volume was down 

to approximately 2 mL.  Concentrated pentane solution of hydrocarbon was diluted with 

THF (2 mL) and cooled to ï 78 °C.  To this solution, n-BuLi (0.57 mL, 0.91 mmol) was 

added at ï 78 °C and stirred for 1 h, then diisopropylchlorosilane (0.16 mL, 0.91 mmol) 

was added and stirred for 30 min at ï 78 °C and overnight at RT before diluting with 

saturated ammonium chloride.  Layers were separated and aqueous layer was extracted 

with ether.  Combined organics were dried over anhydrous magnesium sulfate, filtered, 

concentrated in vacuo and purified by flash column chromatography to get the title 

compound 254.  Isolated yield 83%.  1H NMR  (400 MHz, CDCl3) ŭ 5.43 (d, J = 1.9 Hz, 

1H), 5.33 ï 5.29 (m, 1H), 5.16 ï 5.08 (m, 1H), 4.68 (dt, J = 3.1, 2.5 Hz, 2H), 3.75 (d, J = 
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2.1 Hz, 1H), 2.30 ï 2.23 (m, 4H), 1.09 ï 1.05 (m, 14H).  13C NMR (125 MHz, CDCl3) ŭ 

208.9, 131.1, 122.9, 108.3, 89.2, 88.1, 75.2, 36.7, 27.0, 18.7, 18.4, 11.1.  IR  (neat): 2944, 

2892, 2865, 2121, 1958, 1678, 1603, 1462, 1067, 1002, 903, 881, 843, 799, 663 cm-1. 

 

 

Diisopropyl(3-methylenenona-7,8-dien-1-yn-1-yl)silane 255:  Compound 255 was 

synthesized using the above procedure using enyne-allene 253 in 95% yield.  1H NMR  

(500 MHz, CDCl3) ŭ 5.43 ï 5.37 (m, 1H), 5.30 ï 5.24 (m, 1H), 5.09 (p, J = 6.7 Hz, 1H), 

4.66 (dt, J = 6.6, 3.2 Hz, 2H), 3.75 (t, J = 2.2 Hz, 1H), 2.21 (t, J = 7.5 Hz, 2H), 2.02 (dtd, 

J = 10.1, 6.8, 3.2 Hz, 2H), 1.73 ï 1.63 (m, 2H), 1.11 ï 1.02 (m, 14H).  13C NMR  (125 

MHz, CDCl3) ŭ 208.9, 131.6, 122.6, 108.5, 89.7, 87.9, 74.9, 36.5, 27.6, 27.5, 18.9, 18.4, 

11.1. IR  (neat): 3454, 2944, 2893, 2865, 2124, 1956, 1680, 1462, 1058, 1002, 881, 797, 

664 cm-1. 

 

Synthesis of photosubstrates 244 and 245: General Procedure 
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3-(((Diisopropyl(3-methyleneocta-6,7-dien-1-yn-1-yl)silyl)oxy)methyl)-1-

methylpyridin -2(1H)-one 244:  To the solution of DCM (2.5 mL) enyne 254 (40 mg, 0.17 

mmol) was added NBS (34 mg, 0.19 mmol) in two portions and the resulting mixture was 

stirred for 30 min to generate corresponding bromosilane.  This bromosilane solution was 

transferred to a flask containing the mixture of hydroxymethyl pyridone 207 (26.5 mg, 0.19 

mmol), triethylamine (30 µl, 0.20 mmol) and DMAP (2 mg, 0.018 mmol) in DCM (2.5 

mL).  After stirring for 4 h at RT, the reaction mixture was transferred into a separatory 

funnel, diluted with DCM (5 mL) and washed with saturated aqueous ammonium chloride 

solution followed by brine.  The organic layer was dried over anhydrous sodium sulfate, 

filtered and concentrated in vacuo.  The residue was purified by flash column 

chromatography using 50% ethyl acetate in hexanes to get the title compound 244 (50 mg, 

80%) as a colorless oil.  1H NMR  (500 MHz, C6D6) ŭ 7.58 ï 7.53 (m, 1H), 6.20 ï 6.13 (m, 

1H), 5.63 (td, J = 6.7, 2.1 Hz, 1H), 5.40 (d, J = 1.1 Hz, 1H), 5.22 (s, 2H), 5.07 ï 4.99 (m, 

2H), 4.60 (dt, J = 6.6, 3.1 Hz, 2H), 2.86 (s, 3H), 2.27 ï 2.18 (m, 2H), 2.17 ï 2.10 (m, 2H), 

1.25 ï 1.07 (m, 14H).  13C NMR (125 MHz, CDCl3) ŭ 208.6, 161.5, 135.7, 133.8, 132.4, 

130.6, 123.6, 107.4, 105.9, 89.1, 88.4, 75.3, 61.8, 37.3, 36.5, 26.8, 17.5, 17.4, 13.2.  IR  

(neat): 2994, 2894, 2865, 1954, 1655, 1600, 1565, 1463, 1117, 1092, 1071, 994, 934, 882, 

766, 680 cm-1.  Exact mass calculated for C22H31NO2SiNa+ [M+Na] 392.2022, found 

392.2016. 
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3-(((Diisopropyl(3-methylenenona-7,8-dien-1-yn-1-yl)silyl)oxy)methyl)-1-

methylpyridin -2(1H)-one 210:  Photosubstrate 245 was synthesized in 89% yield as a 

colorless oil using above procedure from enyne 255.  1H NMR  (400 MHz, C6D6) ŭ 7.58 

(dd, J = 6.8, 2.0 Hz, 1H), 6.17 ï 6.09 (m, 1H), 5.63 (t, J = 6.8 Hz, 1H), 5.44 ï 5.36 (m, 

1H), 5.23 (s, 2H), 5.07 ï 4.98 (m, 2H), 4.62 (dt, J = 4.8, 3.2 Hz, 2H), 2.86 (s, 3H), 2.06 (t, 

J = 7.5 Hz, 2H), 1.95 ï 1.85 (m, 2H), 1.72 ï 1.62 (m, 2H), 1.27 ï 1.12 (m, 14H).  13C NMR 

(125 MHz, CDCl3) ŭ 208.7, 161.5, 135.7, 133.8, 132.4, 131.1, 123.3, 107.6, 105.9, 89.7, 

88.2, 74.9, 61.8, 37.4, 36.3, 27.4, 27.4, 17.5, 17.4, 13.2.   IR  (neat): 2943, 2893, 2865, 

2144, 1954, 1656, 1600, 1565, 1600, 1565, 1463, 1117, 1092, 882, 765 cm-1.  Exact mass 

calculated for C23H33NO2SiNa+ [M+Na] 406.2179, found 406.2173. 

 

Photoreaction: 

Photoreaction took only 1 hour to complete in both cases and desired trapping was not 

observed but 1,3 H shift occurred as a sole pathway. 
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1H NMR  (500 MHz, C6D6) ŭ 6.43 (d, J = 1.5 Hz, 1H), 5.84 (d, J = 9.0 Hz, 1H), 5.50 (dd, 

J = 9.0, 6.4 Hz, 1H), 5.29 ï 5.21 (m, 2H), 5.06 (dd, J = 13.4, 6.7 Hz, 1H), 4.66 (dt, J = 6.6, 

1.9 Hz, 2H), 4.02 (d, J = 9.6 Hz, 1H), 3.20 (td, J = 6.2, 2.7 Hz, 1H), 2.72 (ddd, J = 8.1, 6.5, 

3.2 Hz, 2H), 2.68 ï 2.66 (m, 3H), 2.42 (dd, J = 14.1, 5.7 Hz, 1H), 2.17 (dd, J = 14.5, 1.3 

Hz, 1H), 1.25 ï 1.02 (m, 14H).  13C NMR (125 MHz, C6D6) ŭ 209.3, 170.9, 149.1, 135.2, 

134.1, 133.9, 132.8, 127.6, 88.5, 75.8, 74.5, 57.0, 56.5, 43.2, 32.6, 28.0, 17.8, 17.79, 17.7, 

17.6, 13.5, 13.3. IR  (neat): 2943, 2890, 2865, 1956, 1643, 1463, 1241, 1033, 795 cm-1. 

Exact mass calculated for C22H32NO2Si+ [M+H] 370.2202, found 370.2180. 

 

 

Intramolecular nucleophilic cycloisomerization 

Synthesis of Photosubstrates 264 ï 266: 

Photosubstrates 264 ï 266 were synthesized using a Sonogashira cross coupling reaction 

between alkyne 217 and corresponding vinyl iodides 220a ï 220c using general method 

used in azide examples.  
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3-((((5-Hydroxy-3-methylenepent-1-yn-1-yl)diisopropylsilyl)oxy)methyl) -1-

methylpyridin -2(1H)-one 264:  Isolated yield 82%.  1H NMR  (500 MHz, CDCl3) ŭ 7.53 

(ddd, J = 6.9, 3.6, 1.6 Hz, 1H), 7.23 ï 7.18 (m, 1H), 6.24 (t, J = 6.8 Hz, 1H), 5.50 ï 5.48 

(m, 1H), 5.38 (dd, J = 3.1, 1.3 Hz, 1H), 3.81 (t, J = 6.1 Hz, 2H), 3.55 (s, 3H), 2.46 ï 2.37 

(m, 3H), 1.12 ï 1.03 (m, 14H).  13C NMR (125 MHz, CDCl3) ŭ 161.6, 135.8, 134.1, 132.5, 

128.2, 125.1, 107.5, 106.1, 89.2, 62.0, 60.8, 40.6, 37.4, 17.5, 17.3, 13.3.  IR  (neat): 3386, 

2945, 2866, 2143, 1651, 1584, 1566, 1463, 1117, 1065, 882, 766, 681 cm-1.  Exact mass 

calculated for C19H29NO3SiNa+ [M+Na] 370.1815, found 370.1803. 

 

 

3-((((6-Hydroxy-3-methylenehex-1-yn-1-yl)diisopropylsilyl)oxy)methyl) -1-

methylpyridin -2(1H)-one 265: Isolated yield 70%.  1H NMR  (500 MHz, C6D6) ŭ 7.54 

(dd, J = 6.8, 1.6 Hz, 1H), 6.07 (d, J = 6.7 Hz, 1H), 5.62 (t, J = 6.8 Hz, 1H), 5.36 (d, J = 1.8 

Hz, 1H), 5.24 (s, 2H), 5.03 (d, J = 1.2 Hz, 1H), 3.73 (t, J = 6.9 Hz, 2H), 2.81 (s, 3H), 2.23 

ï 2.16 (m, 2H), 2.04 ï 1.95 (m, 2H), 1.22 ï 1.17 (m, 12H), 1.14 ï 1.06 (m, 2H).  13C NMR 

(125 MHz, CDCl3) ŭ 161.6, 135.7, 134.0, 132.6, 131.2, 123.0, 108.2, 106.2, 88.5, 62.2, 
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62.1, 37.4, 33.7, 31.8, 17.4, 17.3, 13.3. IR  (neat): 3398, 2945, 2892, 2866, 2224, 2141, 

1651, 1585, 1566, 1463, 1118, 1069, 882, 680 cm-1. Exact mass calculated for 

C20H31NO3SiNa+ [M+Na] 384.1971, found 384.1966. 

 

 

3-((((7-Hydroxy-3-methylenehept-1-yn-1-yl)diisopropylsilyl)oxy)methyl) -1-

methylpyridin -2(1H)-one 266:  Isolated yield 96%.  1H NMR  (500 MHz, C6D6) ŭ 7.58 ï 

7.53 (m, 1H), 6.08 (dd, J = 6.7, 0.9 Hz, 1H), 5.63 (t, J = 6.8 Hz, 1H), 5.39 (dd, J = 1.3, 0.7 

Hz, 1H), 5.24 (s, 2H), 5.05 (dt, J = 2.0, 1.3 Hz, 1H), 3.75 (m, 3H), 2.81 (s, 3H), 2.09 (t, J 

= 7.4 Hz, 2H), 1.85 ï 1.76 (m, 2H), 1.63 ï 1.54 (m, 2H), 1.24 ï 1.18 (m, 12H), 1.17 ï 1.09 

(m, 2H).  IR  (neat): 3408, 2943, 2865, 2141, 2063, 1652, 1586, 1463, 1118, 1094, 1068, 

883, 766 cm-1. Exact mass calculated for C21H33NO3SiNa+ [M+Na] 398.2128, found 

398.2133. 

 

Photocycloaddition: 

General Procedure:  Solution of Photosubstrate 265 (22 mg, 0.06 mmol) in benzene (2.4 

mL) was irradiated for 1.75 h maintaining the temperature around 4 ï 5 °C.  Crude 

cycloadduct was treated with HgCl2 (3 mg, 0.2 equivalent) and mixed vigorously for 20 

min with the aid of vortex.  Finally, diluted with water (3 mL) and extracted with ethyl 
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acetate (3 x 3 mL). Combined organics were washed with brine (3 mL), dried over 

anhydrous sodium sulfate and concentrated in reduced pressure.  Flash column 

chromatography (using 2 ï 5% MeOH/DCM) of the residue gave spirocyclic compound 

268 (total of 10 mg, 46%). 

 

 

Spirocyclic compound 268 (major diasteromer):  1H NMR  (500 MHz, CDCl3) ŭ 6.27 

(dd, J = 9.1, 6.2 Hz, 1H), 6.01 (s, 1H), 5.80 (d, J = 9.1 Hz, 1H), 4.75 (d, J = 9.6 Hz, 1H), 

3.90 (td, J = 5.7, 2.1 Hz, 1H), 3.84 ï 3.77 (m, 3H), 2.96 (s, 3H), 2.52 (dd, J = 14.8, 2.1 Hz, 

1H), 2.22 (ddd, J = 14.8, 5.6, 0.9 Hz, 1H), 2.04 (ddd, J = 12.4, 7.8, 6.1 Hz, 1H), 1.98 ï 1.87 

(m, 3H), 1.08 ï 0.96 (m, 14H).  13C NMR (100 MHz, CDCl3) ŭ 172.0, 147.1, 140.5, 131.9, 

130.0, 86.2, 74.8, 66.7, 57.8, 56.0, 47.6, 43.3, 33.5, 26.7, 17.7, 17.5, 17.4, 17.2, 13.5, 12.6. 

IR  (neat): 2940, 2890, 2864, 1655, 1463, 1088, 1036, 881, 792 cm-1.  Exact mass 

calculated for C20H31NO3SiNa+ [M+Na] 384.1971, found 384.1967. 

Spirocyclic compound 268 (minor diasteromer):  1H NMR (400 MHz, CDCl3) ŭ 6.23 (d, 

J = 8.8 Hz, 1H), 6.01 (dd, J = 8.8, 6.5 Hz, 1H), 5.83 (s, 1H), 4.78 (d, J = 9.9 Hz, 1H), 4.05 

ï 3.98 (m, 1H), 3.93 (d, J = 9.9 Hz, 1H), 3.89 ï 3.82 (m, 1H), 3.77 (dd, J = 15.5, 8.0 Hz, 

1H), 3.11 (s, 3H), 2.40 ï 2.27 (m, 2H), 2.19 ï 2.11 (m, 1H), 2.00 ï 1.90 (m, 2H), 1.77 (dt, 

J = 11.7, 8.9 Hz, 1H), 1.10 ï 0.99 (m, 14H).  13C NMR (125 MHz, CDCl3) ŭ 171.0, 144.8, 
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144.4, 137.1, 128.5, 87.6, 73.3, 66.3, 56.7, 55.4, 42.5, 42.0, 34.8, 26.7, 17.6, 17.6, 17.4, 

17.4, 13.3, 12.6. 

 

 

Exocyclic diene 269:  Isolated as a major product from photosubstrate 264 in 39% yield.  

1H NMR  (400 MHz, CDCl3) ŭ 6.39 (s, 1H), 6.07 (d, J = 9.0 Hz, 1H), 6.01 ï 5.98 (dd, J = 

9.0, 6.4 Hz, 1H), 5.64 (t, J = 6.4 Hz, 1H), 4.74 (d, J = 9.7 Hz, 1H), 4.18 (dd, J = 13.0, 7.3 

Hz, 1H), 4.06 ï 3.97 (m, 2H), 3.93 (d, J = 9.7 Hz, 1H), 2.97 (s, 3H), 2.93 ï 2.86 (1H, m, ), 

2.59 (d, J = 14.1 Hz, 1H). 1.10 ï 1.03 (m, 14H).  13C NMR (125 MHz, CDCl3) ŭ 172.4, 

149.7, 136.1, 134.4, 134.3, 133.5, 127.8, 73.7, 59.3, 57.2, 56.3, 42.5, 33.2, 17.6, 17.6, 17.5, 

17.4, 13.3, 12.9. IR  (neat): 3409, 2940, 2864, 1632, 1462, 1236, 1081, 1032, 985, 880, 

792, 752 cm-1.  Exact mass calculated for C19H29NO3SiNa+ [M+Na] 370.1815, found 

370.1823. 
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Endocyclic diene 270:  Isolated as a minor product from photosubstrate 264 in 8% yield.  

1H NMR  (500 MHz, CDCl3) ŭ 6.24 (d, J = 7.7 Hz, 1H), 6.11 (d, J = 1.3 Hz, 1H), 5.70 (dd, 

J = 9.0, 6.1 Hz, 1H), 5.56 (d, J = 9.0 Hz, 1H), 5.05 (d, J = 9.9 Hz, 1H), 4.11 (d, J = 9.9 Hz, 

1H), 3.98 (dd, J = 7.7, 6.1 Hz, 1H), 3.69 (t, J = 6.5 Hz, 2H), 2.96 (s, 3H), 2.43 (dt, J = 7.4, 

6.5 Hz, 2H), 1.13 ï 0.97 (m, 141H).  13C NMR (125 MHz, CDCl3) ŭ 169.3, 158.3, 136.1, 

135.5, 134.1, 125.3, 117.6, 74.7, 62.4, 56.0, 54.3, 45.3, 32.4, 17.5, 17.5, 17.4, 17.4, 13.1, 

12.8.  Exact mass calculated for C19H29NO3SiNa+ [M+Na] 370.1815, found 370.1813. 

 

 

Exocyclic diene 271:  Isolated as the only product from photosubstrate 266 in 39%.  1H 

NMR  (500 MHz, CDCl3) ŭ 6.41 (s, 1H), 6.08 (d, J = 9.0 Hz, 1H), 5.95 (dd, J = 9.0, 6.5 

Hz, 1H), 5.41 (t, J = 7.2 Hz, 1H), 4.74 (d, J = 9.7 Hz, 1H), 3.98 (td, J = 7.1, 1.9 Hz, 1H), 

3.93 (d, J = 9.6 Hz, 1H), 3.60 (dd, J = 6.8, 5.7 Hz, 2H), 2.96 (s, 3H), 2.89 (dd, J = 14.3, 7.2 

Hz, 1H), 2.56 (d, J = 14.1 Hz, 1H), 2.23 (dt, J = 15.2, 7.6 Hz, 1H), 2.02 (td, J = 13.0, 6.5 

Hz, 1H), 1.72 ï 1.68 (m, 1H), 1.60 ï 1.54 (m, 1H), 1.12 ï 1.03 (m, 14H).  13C NMR  (125 

MHz, CDCl3) ŭ 172.3, 148.2, 136.2, 134.7, 134.3, 134.1, 127.7, 73.6, 61.8, 57.1, 56.0, 42.6, 

32.9, 32.0, 25.2, 17.6, 17.6, 17.6, 17.4, 13.3, 12.9. IR  (neat): 3421, 2940, 2864, 1640, 1463, 

1031, 986, 881, 794, 751 cm-1.  Exact mass calculated for C21H33NO3SiNa+ [M+Na] 

398.2128, found 398.2118.  
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CHAPTER 3                                                                                                              

OXIDATION OF THE STA BLE ALLENE AND THE S YNTHESIS OF 

PSEUDOGUAIANE STRUCTURES 

3.1 Introduction  

 Photocycloaddition of a 2-pyridone with an enyne resulted in eight-membered ring 

allenes with a propensity to dimerize or isomerize to more stable products.1  Introduction 

of sterically demanding substituents on the ends of the allene ï a diisopropylsilyl group 

and a TMS group ï resulted in the relatively stable allene 147c that could be stored in 

solution at ï 20 °C for several months, Scheme 3.1.2  This stability allowed for the 

investigation of reactivity of this 1,2,5-cyclooctatriene molecule and exploration of the 

molecular scaffolds that could be derived from it.  Allene 147c was formed in sufficient 

purity which allowed for characterization by NMR spectroscopy but it was not stable to 

silica or other chromatographic media to allow for its purification.  Silica gel or other mild 

acids promoted a Cope rearrangement leading to cyclobutane 302, while bromination 

yielded dibromide 301 by a transannular ring closing, Scheme 3.2.3 

 

 

Scheme 3.1 Photo-[4+4]-cycloaddition of bulky enyne with pyridone yielding a stable 

allene 147c quantitatively.2 
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Scheme 3.2 Bromination and acid catalyzed Cope rearrangement of stable allene 147c 

studied by Svitlana Kulyk.3 

3.1.1 Oxidation of the stable allene and its general reactivity 

 Allene 147c, when oxidized with DMDO, furnished cyclopropanone 304 in very 

good yield, Scheme 3.3.  Cyclopropanone 304 was also not stable to silica gel and related 

chromatographic purification methods.  Hydride reduction of 304 gave tertiary alcohol 305 

and its relative stereochemistry was established by nOe studies.  Cyclopropanone 304 also 

underwent decarbonylation, resulting in 306, under both thermal and photochemical 

conditions, Scheme 3.4.3  Standing on these prior results, our exploration of cyclopropyl 

ring openings and chemistries leading cyclopropanone 304 to pseudoguaiane-like 

molecular scaffolds are described here. 

 

 

Scheme 3.3 DMDO oxidation of stable allene 147c gave cyclopropanone 304.3 
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Scheme 3.4 Svitlana Kulykôs reduction and photo-or thermal decarbonylation of 

cyclopropanone.3 

3.2 Results and discussion 

3.2.1 Structural complexity of cyclopropanone 304 

 Cyclopropane-containing natural products are very interesting molecular moieties 

and because of their important biological properties several elegant strategies have been 

developed for the synthesis of these structures.4-5  The bicyclo-[5.1.0]-octane is a 

carbocyclic core embedded in many natural products.**   In an attempt to elaborate this 

product, many nucleophilic additions to cyclopropanone 304 were attempted, but these 

reactions either did not yield a product or led to the complex mixture, Table 3.1.  The only 

nucleophile that was able to add to the cyclopropanone carbonyl of 304 was hydride, a 

reduction performed by Svitlana Kulyk, Scheme 3.4.  Treatment of 304 with vinyl 

                                                 

**  Dictionary of Natural Products returned 547 matches for bicyclo-[5.1.0]-octane query as of March 22, 

2016. 
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Grignard reagent at 0 °C or room temperature did not furnish the desired vinyl-cyclopropyl 

alcohol.  When that mixture was heated to 60 °C, rather than undergo nucleophilic addition, 

304 underwent decarbonylation to give 306 in excellent yield.  This slugish reactivity can 

be appreciated with the SPARTAN-minimized model of 304, both the space-filling and 

tube models, Figure 3.1.  The carbonyl of cyclopropanone 304 is completely shielded by 

the surrounding diisopropylsilyl, TMS and bridging alkene groups giving virtually no 

chance for nucleophilic addition. 

Table 3.1 Attempted nucleophilic addition to cyclopropanone 304. 

 

Reagent Observation 

Ethynylmagnesium bromide No reaction 

Ethynylmagnesium bromide, TiCl4 Complex mixture 

Allyl magnesium bromide No reaction 

NaCN No reaction for 3 ï 4 h, complex mixture 

after overnight. 

Diazomethane No reaction 

Vinylmagnesium bromide No reaction 

Vinylmagnesium bromide at 60 °C Decarbonylation (306) 

 



112 
 

  

 
 

 

Figure 3.1 Steric congestion of cyclopropanone 304 is apparent in the space-filling and 

tube models of this SPARTAN-minimized structure. 

3.2.2 Full  desilylation 

 In an attempt to remove the steric congestion of the bulky diisopropylsilyl and TMS 

groups, cyclopropanone 304 was treated with TBAF.  TBAF has been used to remove the 

TMS group from cyclopropane 307 in a reasonable yield, Scheme 3.5.6-7  When TBAF was 

added to a THF solution of 304, aldehyde 309 was isolated in good yield (51% over three 

steps) as the only observed product, Scheme 3.6.  Despite the surprising product, isolation 

of aldehyde 309 was very exciting for several reasons:  1) It was very clean and high 

yielding reaction 2) The product was stable and the aldehyde would give a extra handle to 

add functional groups for target directed synthesis 3) Mechanistically the rearrangement of 

cyclopropanone 304 to aldehyde 309 was very interesting. 
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Scheme 3.5 Liuôs desilylation of cyclopropane 307.6 

 

 

 

 

 

Scheme 3.6 Desilylation and rearrangement of cyclopropanone 304. 

 

 

 

 

Scheme 3.7 Plausible mechanism for desilylation of 304 and its rearrangement to 309. 
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 Desilylation of 304 by fluoride presumably proceeded by the mechanism depicted 

in Scheme 3.7.  First, fluoride reacts with the TMS group of 304 to generate a cyclopropyl-

anion 311b.   Cyclopropyl-anion 311b undergoes electrocyclic ring opening to give an allyl 

anion that then rearranges to ketene 311c.  The anion at ketene 311c is presumably 

stabilized by the Ŭ-silicon effect.8  Protonation of 311c then yields 312.  Exposure of ketene 

312 to excess fluoride resulted in loss of the diisopropylsilyl group also, leading to 

aldehyde 309 after work up.  Isomeric product 310 was not detected, consistent with the 

postulated mechanism. 

 The Woodward-Hoffmann Conservation of Orbital Symmetry rules for 

electrocyclic transformations predicted that cyclopropyl anions would proceed in a 

conrotatory fashion.9  Several examples of electrocyclic ring openings of cyclopropyl 

anions to allyl carbanions have been described and there are computational studies 

supporting this process.10-18  However, there are structural limitations for electrocyclic ring 

opening of cyclopropyl anions.  At least one anion stabilizing substituent must be present 

at each terminus of the allyl anion.13  Electron-stabilizing substituents such as aryl, nitrile 

and carbonyl are frequently engineered into cyclopropyl anions to facilitate an electrocyclic 

ring opening.  Our 304 Ÿ 309 example may be a new example of this type of electrocyclic 

reaction.  If so, it demonstrates that silicon substituents can be both anion-generating 

groups and anion-stabilizing groups for the electrocyclic ring opening of cyclopropyl 

anions. 
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Scheme 3.8 Literature examples demonstrating the structural requirements for 

electrocyclic ring opening of cyclopropyl anions.11, 13, 18 

3.2.3 Lithium a cetylide addition 

 One of the challenges of our bicyclo-[5.1.0]-octane system was the steric 

congestion around cyclopropanone 304.  The carbonyl of 304 was completely shielded by 

two bulky silyl groups and the bridging alkene, making hydride the only nucleophile to 

reach the carbonyl carbon.  Acetylides and nitriles are amoung the smallest nucleophiles, 

and therefore lithium acetylide was added to cyclopropanone 304, anticipating that it might 
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be small enough to also reach the sterically congested cyclopropyl-carbonyl of 304.  

Addition of lithium acetylide to a solution of cyclopropanone 304 did indeed result in new 

products, but not the anticipated addition.  Instead, a mixture of aldehyde 317 and 

compound 318 resulted.  Compound 318 appeared to result from addition of the acetylide 

to 317.  The combined yield for these two products was 41% over 3 steps, Scheme 3.9. 

 The reaction presumably proceeds by the mechanism depicted in Scheme 3.9.  The 

lithium acetylide nucleophile added to the diisopropylsilyl ether of cyclopropanone 304, 

creating a pentavalent silicon species 319.  The Si ï C bond generates a cyclopropyl anion 

320, that initiates electrocyclic ring opening to generate ketene species 321 in which the 

anion is stabilized by the Ŭ-silicon effect.  The only obvious acid available for protonation 

of the ketene anion was excess acetylene in the solution.  Double acetylide addition product 

318 presumably forms by TMS acetylide reaction with aldehyde 317.  The fact that 317 

and 318 were both isolated from the same reaction meant that ketene 321 must have been 

formed in situ.   During this reaction, 1.3 equivalents of TMS acetylene and 1 equivalent 

of n-BuLi had been used, meaning that 0.3 equivalents of acetylene was present in the 

mixture.  Intriguingly, if acetylene is the acid that quenches the ketene anion, perhaps less 

than one equivalent of n-BuLi were required.  Notably this cyclopropane ring opening is 

complementary to that provided by fluoride. 
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Scheme 3.9 Lithium acetylide addition and a possible mechanism for the derived 

products 317 and 318. 

 

 To probe the possibility and consequences of the alkyne proton from TMS 

acetylene quenching the ketene anion 321, a set of optimization reactions were run with 
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varying equivalents of n-BuLi in the presence of an excess of TMS acetylene (3 

equivalents).  It was found that the ratio of 317 and 318 varied with the equivalents of n-

BuLi being used in the reaction, Table 3.2.  When 2 equivalents of n-BuLi were used, a 

diastereomeric mixture of 318 was isolated as the only product (42% yield over 3 steps).  

Less than 1 equivalent of n-BuLi was used in decreasing amounts until aldehyde 317 was 

isolated as the sole product.  It was found that using 0.7 equivalents of n-BuLi gave the 

optimum yield of 317 (37%) with only a trace amount of 318 present.  We quickly realized 

that 318 maps to a very common bicyclo-[5.3.0]-decane core shared by > 4500 natural of 

products.  Bicyclo-[5.3.0]-decane is a common backbone of the carotanne, lactarane, 

guaianae, pseudoguaiane, pachoulane, seychellane and trixane families of sequiterpenes.19 

 

Table 3.2 Optimization of lithium acetylide addition to cyclopropanone 304.  

 

Entry TMS Acetylene 

(equivalence) 

n-BuLi 

(equivalence) 

Isolated Yield (%) 

Aldehyde 317 Alcohol 318 

1 1.3 1 20 21 

2 3 2 - 42 

3 3 0.7 37 4 

 

3.2.4 Synthesis of bicyclo-[5.3.0]-decane systems 

 As mentioned earlier, the ultimate goal of the enyne photocycloaddition would be 

to transform the cycloadducts to natural products or advanced intermediates for natural 
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product synthesis.  Soon after the complementary electrocyclic ring opening of 

cyclopropanone 304 by fluoride and acetylide additions were realized, chemistries for 

transformation of products 309, 317 and 318 to the bicyclo-[5.3.0]-decane ring system was 

investigated.  There are thousands of bicyco-[5.3.0]-decane based natural products.  Many 

of them possesses simple substitution around the seven-membered ring such as damsinic 

acid, Figure 3.2. 

 

Figure 3.2 Damsinic acid, a sesquiterpene with a bicyclo-[5.3.0]-decane skeleton. 

  

3.2.4.1 Route A (the desilylation route) 

 Aldehyde 309, obtained from desilylation of cyclopropanone 304 discussed in 

section 3.2.2, was considered for further investigation, taking it to a bicyclo-[5.3.0]-

decane.  The presence of an Ŭ, ɓ ï unsaturated aldehyde in 309 was targeted for two carbon 

extension to divinyl ketone 322, followed by Nazarov cyclization to produce 7-5 ring 

system 323, Scheme 3.10. 
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Scheme 3.10 Proposed 2 carbon homologation and Nazarov cyclization. 

 

 Working towards proposed Scheme 3.10, treatment of aldehyde 309 with two 

equivalents of vinyl Grignard reagent furnished a 1:1.6 diasteromeric mixture of divinyl 

alcohols 324, Scheme 3.11.  Selective oxidation of the allylic secondary alcohol in the 

presence of primary alcohol of 324 was achieved with MnO2, resulting in the desired 

divinyl ketone 322.  With ketone 322 in hand, several Lewis acids were screened for 

Nazarov cyclization.20  FeCl3 and Sc(OTf)3 did not accomplish the desired cyclization, 

however, BF3·OEt2 cleanly cyclized the divinyl ketone 322 to the desired 7-5 ring system 

as 1:2 mixture of isomers 325 and 323 in good yield.  Separation of isomers 325 and 323 

was not easy.  To our delight, when a methanol solution of 325 and 323 was stirred in the 

presence of potassium carbonate for 12 h, minor isomer 325 isomerized to the 

thermodynamically more stable isomer 323 giving a single product, Scheme 3.11. 
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Scheme 3.11 Synthesis of bicyclo [5.3.0] decane 323 from aldehyde 309. 

 

3.2.4.2 Route B (the acetylide addition route) 

 After the successful synthesis of bicyclo-[5.3.0]-decane 323 from aldehyde 309, 

reaction conditions required to transform the isomeric 318, derived from lithium acetylide 

addition to cyclopropanone 304, to bicyclo-[5.3.0]-decane 327 were explored.  Initially, 

isomerization of secondary enynol 318 to dienone 326, a Nazarov cyclization substrate, 

was explored, Scheme 3.12. 
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Scheme 3.12 Proposed synthesis of 7-5 ring system 327 from 318. 

 

 Initially, several attempts were made to isomerize vinyl propargylic alcohol 318 by 

using Wilkinsonôs catalyst but this failed to deliver the desired product.  While there is 

literature precedence for isomerization and cyclization of Ŭ ï aryl propargyl alcohols to 

indanones using Wilkinsonôs catalyst, unfortunately these did not work in our system 

forcing us to pursue a relatively longer route.21  Removal of the alkyne-TMS group from 

318 was achieved by stirring a methanol solution of 318 in the presence of catalytic 

potassium carbonate and the diisopropylsilyl group was removed by subsequent 

hydrolysis, Scheme 3.13.  The proton NMR spectrum of propargylic-vinyl alcohol 329 

contained surprisingly sharp and distinct peaks for two alcohol protons, indicating the 

presence of a strong hydrogen bonding system as shown in Figure 3.3. 
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Scheme 3.13 Attempted synthesis of Nazarov precursor 326 from propargylic-vinyl 

alcohol 318. 

 

 

Figure 3.3 A sequential strong H-bonding in 329. 

 

 

 Propargylic-vinyl alcohol 329 was partially hydrogenated to the desired divinyl 

alcohol 330 using Lindlarôs catalyst in good yield.  Attempted allylic oxidation of divinyl 

alcohol to the desired divinyl ketone 326 unexpectedly resulted in cyclization and loss of 

the vinyl carbons to lactone 331, Scheme 3.13.  During the MnO2 oxidation, starting 

material 330 was fully consumed over 4 h yielding a single product on TLC but had a very 

messy 1H-NMR spectrum suggesting that it was a mixture of divinyl ketone 326 and 

hemiacetal 332, Scheme 3.14.  Lactone 331 presumably arises from the alcohol 

transposition and a Babler-Dauben22-23 type of oxidative rearrangement of hemiacetal 332 

as depicted in Scheme 3.15. 
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Scheme 3.14 Proposed divinyl ketone 326 and hemiacetal 332. 

 

 

 

Scheme 3.15 Proposed alcohol transposition mechanism and synthesis of lactone 331. 
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 Although selective protection of the primary alcohol of 330 followed by MnO2 

oxidation and Nazarov cyclization possibly would have delivered the desired 7-5 fused 

compound 327, use of aldehyde 317 was gauged to be a shorter path to the desired 327.  

Aldehyde 317 required two carbon homologation, oxidation and Nazarov cyclization to get 

the desired 327.  Therefore, vinyl Grignard reagent was added to a THF solution of 

aldehyde 217 at 0 °C.  Surprisingly, the desired divinyl alcohol 333 was isolated in only 

trace amounts and a 1:1 diasteromeric mixture of hydrolyzed product 330 was the major 

product.  Careful optimization allowed the isolation of one diasteromer of the desired 

divinyl alcohol 333 while another diasteromer was hydrolyzed to 330 when the reaction 

was run in diethyl ether at ï 78 °C.  Needless to say only one diasteromer of divinyl alcohol 

333 was taken towards the Nazarov cyclization direction. 

 

Table 3.3 Vinyl Grignard addition to aldehyde 317 and optimization. 

 

 

Solvent 

 

Temperature Product ratio 

333 330 

THF 0 °C Trace 1 : 1 
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THF -78 °C Trace 1 : 1 

DCM -78 °C Trace (but 1:1) 1 : 1 

Ether -78 °C Single isomer Single isomer  

 

 

 With one diasteromer of divinyl alcohol 333 in hand, its allylic oxidation with 

MnO2 proceeded smoothly giving divinyl ketone 334, a precursor for Nazarov cyclization, 

Scheme 3.16.  Nazarov cyclization of 334 was much faster than that of the non-silyated 

divinyl ketone 322 (see Scheme 3.11) and delivered only one isomer 327, consistent with 

Denmarkôs early exploration of the silicon-directed Nazarov cyclization.24-25 

 

 

 

Scheme 3.16 Completion of the bicyclo-[5.3.0]-decane synthesis from lithium acetylide 

product. 
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3.3 Conclusion 

 A stable allene obtained from photocycloaddition of a conjugated enyne with a 2-

pyridone provided an opportunity to explore its reactivity through a sequence of oxidation, 

transannular cyclization and Cope rearrangement.  Oxidation of the stable allene gave a 

bicyclo-[5.1.0]-octane cyclopropanone, whose very interesting electrocyclic ring opening 

provided two different cycloheptenals nicely set up for conversion to a 7-5 fused ring 

system.  Overall, an electrocyclic ring opening of a cyclopropyl anion followed by single 

functional group transformation and Nazarov cyclization, opens up avenues for total 

synthesis of the pseudoguaiane family of natural products. 
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3.4 Experimental 

 Summary of general techniques and instrumentation, reagents, purification can be 

found on pages 53 ï 54. 

 

 

3-(((Diisopropyl(3-(trimethylsilyl)but -3-en-1-yn-1-yl)silyl)oxy)methyl)-1-

methylpyridin -2(1H)-one 146c: The THF (30 mL) suspension of Pd(PPh3)2Cl2 (63 mg, 

0.09 mmol) in a 100 mL two neck r.b. flask, argon was bubbled for 15 min before cooling 

to 0 °C.  Then (1-bromovinyl)trimethylsilane (0.33 mL, 2.16 mmol) was added followed 

by triethylamine (1.25 mL, 9.0 mmol).  To this mixture, copper (I) iodide (17.1 mg, 0.09 

mmol) was added.  The solution turned dark from yellowish.  Finally, THF (20 mL) 

solution of pyridone alkyne 227 (0.5 g, 1.8 mmol) was added dropwise over 30 min via a 

syringe pump.  The reaction mixture was stirred for additional 1 h at 0 °C and bubbling of 

argon was continued during the whole reaction period.  The reaction mixture was quenched 

with saturated ammonium chloride (25 mL), layers were separated and aqueous layer was 

extracted with ethyl acetate (3x20 mL).  Combined organics were washed with brine and 

dried over anhydrous magnesium sulfate, filtered and concentrated under the reduced 

pressure, and the residue was purified with flash column chromatography using 1:1 mixture 

of hexanes and ethyl acetate furnished the title compound 146c (0.62 g, 91%) as a colorless 
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oil. Rf. = 0.25 in 1:1 ethyl acetate/hexanes. 1H NMR  (500 MHz, CDCl3) ŭ 7.53 (dq, J = 

6.9, 1.7 Hz, 1H), 7.19 (ddd, J = 3.6, 1.9, 0.9 Hz, 1H), 6.21 (t, J = 6.8 Hz, 1H), 6.15 (d, J = 

3.4 Hz, 1H), 5.74 (d, J = 3.4 Hz, 1H), 4.80 (s, 2H), 3.55 (s, 3H), 1.16 ï 1.02 (m, 14H), 0.14 

(s, 9H).  13C NMR (125 MHz, CDCl3) ŭ 161.5, 136.0, 135.6, 134.8, 133.9, 132.8, 108.8, 

105.8, 92.3, 61.8, 37.2, 17.6, 17.4, 13.4, -2.1. 

 

 

Bis-silyl pyridone-enyne 146c (1.27 g, 3.39 mmol) solution in an anhydrous toluene (135 

mL) was injected in a flow reactor via a syringe pump with a 20 mL/hour flow rate.  Crude 

photo product was diluted with DCM (135 mL), cooled to 0 °C and DMDO (67.8 mL, 

0.1M) was added slowly and stirred for 2 h at the same temperature and concentrating the 

resulting solution in reduced pressure gave the cyclopropanone 304.  The cyclopropanone 

304 was not stable in silica gel and other related chromatographic purification. 

 

 



130 
 

The oxidative-decarbonylated [4+4-1] product 306 was obtained while attempting the vinyl 

Grignard addition to the cyclopropanone 304. 

To the THF (1.5 mL) solution of cyclopropanone 304 (15 mg, 0.038 mmol) at 0 °C was 

added vinylmagnesium bromide (42 µL, 1 M solution in THF, 0.042 mmol).  The reaction 

was slowly warmed to RT and heated to 60 °C and was stirred for 1 h at 60 °C.  The 

resulting mixture was cooled to ambient temperature was added aqueous saturated 

ammonium chloride solution.  Layers were separated and aqueous layer was extracted with 

ether.  Combined organics were dried over anhydrous magnesium sulfate, filtered and 

concentrated in vacuo and the residue was purified by flash column chromatography using 

1:3 ethyl acetate in hexanes to yield the title compound 304 (12 mg, 87%) as a colorless 

solid.  Rf. = 0.35 in 3:7 ethyl acetate/hexanes.  1H NMR  (500 MHz, C6D6) ŭ 6.00 (dd, J = 

8.3, 1.5 Hz, 1H), 5.63 (dd, J = 8.3, 6.4 Hz, 1H), 5.38 (dd, J = 10.1, 0.3 Hz, 1H), 4.01 (dd, 

J = 10.1, 0.3 Hz, 1H), 3.00 ï 2.95 (m, 1H), 2.71 ï 2.66 (s, 3H), 2.16 (dd, J = 18.8, 4.4 Hz, 

1H), 1.81 (dd, J = 18.8, 2.5 Hz, 1H), 1.30 ï 1.03 (m, 14H), 0.04 (s, 9H).  13C NMR  (125 

MHz, CDCl3) ŭ 171.9, 153.5, 149.3, 140.2, 126.2, 72.4, 57.9, 56.1, 32.1, 28.4, 19.6, 19.26, 

18.4, 18.3, 15.7, 15.2, -0.3. 
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Aldehyde 309:  To the THF (50 mL) solution of cyclopropanone 304 (665 mg, 1.70 mmol) 

at ï 40 °C was added TBAF (2.55 mL, 1.0 M solution in THF, 2.55 mmol) dropwise over 

10 min and resulting mixture was stirred for 1 h at the same temperature.  Progress of the 

reaction was monitored by TLC and was complete in 1.  The reaction mixture was 

concentrated in vacuo, diluted with brine and extracted with ethyl acetate.  Combined 

organics were dried over anhydrous sodium sulfate and purified by flash column 

chromatography to yield the title compound 309 (180 mg, 51% over 3 steps) as a yellowish 

oil.  Rf. = 0.36 in 100% ethyl acetate.  1H NMR  (500 MHz, CDCl3) ŭ 9.30 (s, 1H), 7.01 (t, 

J = 1.8 Hz, 1H), 6.26 (dd, J = 8.3, 6.3 Hz, 1H), 6.04 (dd, J = 8.3, 1.0 Hz, 1H), 4.09 (dd, J 

= 11.1, 4.2 Hz, 1H), 4.08 ï 4.05 (m, 1H), 3.87 (dd, J = 11.1, 9.5 Hz, 1H), 3.80 (dd, J = 9.5, 

4.2 Hz, 1H), 3.03 (s, 3H), 2.68 (ddd, J = 19.0, 4.6, 1.8 Hz, 1H), 2.40 (dt, J = 19.0, 2.0 Hz, 

1H).  13C NMR  (100 MHz, CDCl3) ŭ 194.7, 174.0, 150.5, 140.3, 134.9, 129.3, 64.5, 55.8, 

50.3, 32.4, 24.4.  IR  (neat) 3415, 2952, 2918, 2848, 1681, 1653, 1472, 1399, 1046 cm-1.  

HRMS (ESI-TOF) m/z: [M+H]+ Calcd for C11H14NO3; 208.0973 found 208.0973. 

 

 

Divinyl alcohol 324:  To the THF (6 mL) solution of aldehyde (40 mg, 0.19 mmol) at ï 

30 °C, vinylmagnesium bromide (0.42 mL, 0.92 M solution in THF, 0.38 mmol) was added 

dropwise.  The resulting mixture was stirred for 30 min at the same temperature and 
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warmed to the RT, and was stirred for additional 30 min before adding saturated aqueous 

ammonium chloride solution.  The resulting mixture was extracted with ethyl acetate, 

combined organics were dried over anhydrous magnesium sulfate, filtered, concentrated in 

vacuo and residue was purified by flash column chromatography to get divinyl alcohol 324 

(38 mg, 85%, 1:1.6 mixture of diastereomers) as a colorless oil.  Rf. = 0.27 in 100% ethyl 

acetate.  13C NMR (100 MHz, CDCl3) ŭ 175.9, 139.2, 138.4, 136.8, 128.1, 125.6, 116.1, 

77.4, 65.4, 56.3, 48.9, 32.2, 25.6.  IR (neat) 3388, 2924, 2877, 1642, 1401, 1244, 1045, 

993, 710 cm-1.  HRMS (ESI-TOF) m/z: [M+H]+ Calcd for C13H18NO3; 236.1286 found 

236.1307. 

 

 

Divinyl Ketone 322:  To the DCM (3 mL) solution of divinyl alcohol 324 (30 mg, 0.128 

mmol) was added MnO2 (75 mg, 0.77 mmol) and the resulting suspension was stirred for18 

h.  Excess MnO2 was filtered off through celite and the filtrate was concentrated in reduced 

pressure and purification by flash column chromatography resulted the title compound 322 

(26 mg, 87%) as a colorless oil.  Rf. = 0.54 in 100% ethyl acetate.  1H NMR  (500 MHz, 

CDCl3) ŭ 7.12 (t, J = 1.8 Hz, 1H), 6.89 (dd, J = 17.0, 10.6 Hz, 1H), 6.27 ï 6.23 (m, 2H), 

6.02 (dd, J = 8.3, 1.1 Hz, 1H), 5.75 (dd, J = 10.6, 1.8 Hz, 1H), 4.11 ï 4.03 (m, 2H), 3.88 ï 

3.81 (m, 2H), 3.03 (s, 3H), 2.77 (ddd, J = 19.1, 4.6, 1.8 Hz, 1H), 2.49 (dt, J = 19.1, 2.1 Hz, 
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1H).  13C NMR (100 MHz, CDCl3) ŭ 191.6, 174.3, 141.2, 139.0, 134.9, 130.8, 129.4, 

129.1, 64.9, 56.0, 49.6, 32.3, 25.3.  IR  (neat) 3434, 2922, 2846, 1652, 1604, 1402, 1045, 

688 cm-1.  HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C13H15NO3Na; 256.0950 found 

256.0942. 

 

 

General procedure for Nazarov cyclization: 

To the DCM (2.2 mL) solution of divinyl ketone 322 (25 mg, 0.107 mmol) was added 

BF3·OEt2 (132 µL, 1.07 mmol) dropwise.  The reaction mixture was stirred for 6 h at the 

RT, diluted with DCM (3 mL) and quenched with saturated sodium bicarbonate solution.  

The resulting mixture was extracted with ethyl acetate, dried over anhydrous magnesium 

sulfate, filtered and concentrated in vacuo.  Crude NMR on residue showed that it is 2:1 

mixture of title compound 323 and isomer 325.  The crude product was dissolved in 

anhydrous methanol (4 mL) and potassium carbonate (180 mg, 1.3 mmol) was added and 

stirred for 12 h.  The resulting mixture was diluted with brine and extracted with ethyl 

acetate (3x4 mL).  Combined organics were dried over anhydrous magnesium sulfate, 

filtered and the residue was purified by flash column chromatography to yield the title 

compound 323 (20 mg, 80%) as a colorless oil.  Rf. = 0.20 in 100% ethyl acetate.  1H NMR  

(500 MHz, CDCl3) ŭ 6.23 (dd, J = 8.4, 6.3 Hz, 1H), 6.09 (dd, J = 8.4, 1.1 Hz, 1H), 4.24 



134 
 

(dd, J = 11.6, 8.2 Hz, 1H), 4.10 (dddd, J = 6.5, 4.4, 2.2, 1.2 Hz, 1H), 4.05 (dd, J = 11.6, 5.3 

Hz, 1H), 3.91 (dd, J = 8.0, 5.5 Hz, 1H), 3.14 ï 3.06 (m, 1H), 3.03 (s, 3H), 2.78 ï 2.70 (m, 

1H), 2.70 ï 2.62 (m, 1H), 2.39 ï 2.34 (m, 1H), 2.33 ï 2.28 (m, 2H).  13C NMR (125 MHz, 

CDCl3) ŭ 209.5, 173.6, 170.5, 137.0, 135.2, 128.8, 63.1, 55.9, 51.9, 33.3, 32.5, 28.2, 24.7.  

IR  (neat) 3418, 2959, 2920, 2848, 1685, 1648, 1376, 1303, 1239, 1048, 749 cm-1.  HRMS 

(ESI-TOF) m/z: [M+H]+ Calcd for C13H16NO3; 234.1130 found 234.1125. 

 

 

 

General Procedure: Please refer to Table 3.2 for yield in different conditions. 

To the THF (14 mL) solution of TMS-acetylene (275 µL, 1.96 mmol) at ï 78 °C, n-BuLi 

was added (360 µL, 0.54 mmol) dropwise.  The reaction was stirred for 30 min to generate 

lithium TMS acetylide.  Finally, THF (10 mL) solution of cyclopropanone 304 (300 mg, 

0.77 mmol) was added in a one shot.  The reaction was stirred for additional 1.5 h at the 

same temperature before quenching with saturated ammonium chloride solution.  Layers 

were separated and aqueous layer was extracted with ethyl acetate (3x10 mL).  Combined 

organics were washed with brine and dried over anhydrous magnesium sulfate, filtered and 
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concentrated in vacuo.  The flash column chromatography of residue using 10-25% ethyl 

acetate in hexanes resulted the following aldehyde 317 and alcohol 318. 

 

 

Aldehyde 317:  Rf. = 0.35 in 1:4 ethyl acetate/hexanes.  1H NMR  (500 MHz, CDCl3) ŭ 

9.69 (s, 1H), 6.53 (dd, J = 8.4, 1.3 Hz, 1H), 6.18 (dd, J = 8.4, 6.3 Hz, 1H), 4.82 (d, J = 11.1 

Hz, 1H), 4.10 (d, J = 11.1 Hz, 1H), 3.75 (ddd, J = 8.1, 4.0, 2.2 Hz, 1H), 3.00 (s, 3H), 2.70 

(dd, J = 20.0, 4.3 Hz, 1H), 2.43 (dd, J = 20.0, 2.4 Hz, 1H), 1.05 ï 0.97 (m, 14H), 0.18 (s, 

9H), 0.10 (s, 9H).  13C NMR (125 MHz, CDCl3) ŭ 191.9, 172.8, 155.8, 144.0, 137.5, 126.8, 

117.8, 107.4, 63.1, 55.6, 52.3, 32.6, 32.3, 17.4, 17.2, 17.1, 13.0, 12.9, 0.6, 0.0.  IR  (neat) 

2948, 2897, 2845, 1750, 1671, 1222, 1157, 1043, 845 cm-1.  HRMS (ESI-TOF) m/z: 

[M+Na]+ Calcd for C25H43NO3Si3Na; 512.2449 found 512.2440. 
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 Alcohol 318:  Rf. = 0.30 and 0.25 for two diasteromers in 1:4 ethyl acetate/hexanes.  1H 

NMR  (400 MHz, CDCl3) ŭ 6.39 (dd, J = 8.5, 1.4 Hz, 1H), 6.08 (dd, J = 8.5, 6.3 Hz, 1H), 

5.22 (d, J = 3.0 Hz, 1H), 5.05 (d, J = 9.5 Hz, 1H), 4.69 (d, J = 9.6 Hz, 1H), 3.69 (dd, J = 

4.0, 2.3 Hz, 1H), 2.99 (s, 3H), 2.54 (m, 2H), 2.21 (dd, J = 19.1, 2.2 Hz, 1H), 1.08 ï 0.97 

(m, 14H), 0.19 (s, 18H), 0.15 (s, 9H).  13C NMR (125 MHz, C6D6) ŭ 173.4, 146.6, 139.8, 

138.2, 124.9, 116.5, 109.9, 106.5, 92.2, 67.8, 64.8, 55.8, 55.3, 32.5, 32.2, 17.8, 17.7, 13.7, 

0.5, 0.1, 0.0.  IR  (neat) 3350, 3056, 2958, 2899, 2867, 2171, 1650, 1250, 1085, 1049, 844 

cm-1.  HRMS (ESI-TOF) m/z: [M+H]+ Calcd for C30H54NO3Si4; 588.3181 found 

588.3169. 

 

 

 

Divinyl alcohol 333:  To diethyl ether (3.5 mL) solution of aldehyde 317 (80 mg, 0.163 

mmol) at ï 78 °C was added vinyl magnesium bromide (245 µL, 1.0 M in THF, 0.245 

mmol) dropwise and stirred for only 10 min at the same temperature.  The reaction was 

quenched with saturated ammonium chloride solution, warmed to the ambient temperature, 

layers were separated and aqueous layer was extracted with ethyl acetate (3x3 mL).  

Combined organics were washed with brine, dried over anhydrous magnesium sulfate, 

filtered and concentrated in vacuo.  Flash column chromatography on residue resulted title 
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compound 333 (34 mg, 40%) and addition/hydrolysis product 330 (19 mg, 38%).  Rf. = 

0.25 in 3:7ethyl acetate/hexanes.  1H NMR  (500 MHz, CDCl3) ŭ 6.34 (dd, J = 8.5, 1.4 Hz, 

1H), 6.05 (dd, J = 8.5, 6.3 Hz, 1H), 5.96 (ddd, J = 17.9, 10.6, 2.5 Hz, 1H), 5.23 (td, J = 3.1, 

1.3 Hz, 1H), 5.20 (ddd, J = 3.9, 2.6, 1.3 Hz, 1H), 5.06 (dd, J = 4.8, 2.4 Hz, 1H), 4.92 (d, J 

= 9.6 Hz, 1H), 4.26 (d, J = 9.6 Hz, 1H), 3.71 ï 3.67 (m, 1H), 3.00 (s, 3H), 2.57 (dd, J = 

19.0, 4.4 Hz, 1H), 2.22 (dd, J = 19.0, 2.2 Hz, 1H), 2.13 (d, J = 2.0 Hz, 1H), 1.05 (t, J = 6.8 

Hz, 6H), 0.99 ï 0.88 (m, 8H), 0.20 (s, 9H), 0.10 (s, 9H).  13C NMR (125 MHz, CDCl3) ŭ 

173.9, 147.0, 140.0, 139.8, 138.6, 124.1, 116.2, 115.4, 109.0, 77.4, 63.8, 55.9, 54.8, 32.5, 

32.4, 17.5, 17.4, 17.3, 13.5, 12.6, 1.0, 0.1.  IR  (neat) 3958, 1654, 913, 844, 747 cm-1.  

HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C27H47NO3Si3Na; 540.2762 found 540.2751. 

 

 

Divinyl ketone 334:  To DCM (2.3 mL) solution of divinyl alcohol 333 (30 mg, 0.058 

mmol) was added MnO2 (57 mg, 0.58 mmol) and the resulting suspension was stirred 6 h 

at RT.  The reaction mixture was directly subjected to flash column chromatography to get 

title compound 334 (26 mg, 87%) as a colorless oil.  Rf. = 0.45 in 3:7 ethyl acetate/hexanes.  

1H NMR  (500 MHz, CDCl3) ŭ 6.52 (dd, J = 8.5, 1.4 Hz, 1H), 6.41 (dd, J = 17.7, 10.5 Hz, 

1H), 6.18 (dd, J = 8.4, 6.3 Hz, 1H), 6.11 (dd, J = 17.7, 0.9 Hz, 1H), 6.02 (dd, J = 10.5, 0.9 

Hz, 1H), 4.11 (d, J = 10.2 Hz, 1H), 4.06 (d, J = 10.2 Hz, 1H), 3.82 ï 3.74 (m, 1H), 3.04 (s, 
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3H), 2.56 (dd, J = 18.8, 4.3 Hz, 1H), 2.22 (dd, J = 18.8, 2.4 Hz, 1H), 1.03 ï 0.92 (m, 14H), 

0.17 (s, 9H), -0.01 (s, 9H).  13C NMR (125 MHz, CDCl3) ŭ 197.6, 172.1, 147.2, 138.8, 

138.0, 137.8, 131.9, 126.3, 117.0, 107.9, 63.6, 55.9, 52.3, 32.4, 28.8, 17.3, 17.2, 17.2, 12.9, 

12.9, 0.0, -0.1.  IR  (neat) 2954, 2895, 2868, 1664, 1464, 1398, 1248, 1103, 881, 845 cm-1.  

HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C27H45NO3Si3Na; 538.2605 found 538.2608. 

 

 

 

Nazarov product 327:  Compound 327 was prepared by following the general procedure 

for Nazarov cyclization using 334 in 89% isolated yield.  Rf. = 0.10 in 100% ethyl acetate.  

1H NMR  (500 MHz, CDCl3) ŭ 6.62 (dd, J = 8.5, 1.1 Hz, 1H), 6.20 (dd, J = 8.4, 6.4 Hz, 

1H), 4.65 (dd, J = 12.5, 5.8 Hz, 1H), 4.02 ï 3.95 (m, 2H), 3.59 (dd, J = 9.4, 6.2 Hz, 1H), 

3.00 (s, 3H), 2.84 (dd, J = 19.8, 4.4 Hz, 1H), 2.55 (dd, J = 19.8, 1.9 Hz, 1H), 2.47 ï 2.41(m, 

2H), 2.38 ï 2.27 (m, 2H).  13C NMR (125 MHz, CDCl3) ŭ 207.6, 174.5, 173.0, 138.5, 

138.2, 126.8, 61.7, 55.0, 50.5, 33.5, 33.4, 32.4, 31.3.  IR  (neat) 3458, 2924, 2884, 2847, 

1657, 1601, 1440, 1396, 1298, 1238, 1066 cm-1.  HRMS (ESI-TOF) m/z: [M+Na]+ Calcd 

for C13H15NO3Na; 256.0950 found 256.0952. 
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To methanol (6 mL) solution of 318 (176 mg, 0.3 mmol) at 0°C was added potassium 

carbonate (20.7 mg, 0.15 mmol) and the reaction mixture was slowly warmed to room 

temperature and was run with TLC monitoring.  After 4 h, reaction was diluted with brine 

and extracted with DCM (4x5 mL).  Combined organics were dried over anhydrous sodium 

sulfate, filtered and concentrated in reduced pressure.  Purification using column 

chromatography furnished the title compound 328 (100 mg, 75%) as a colorless solid.  Rf. 

0.2 in 1:2 ethyl acetate/hexanes.  m.p. 148 ï 150 °C.  1H NMR  (500 MHz, CDCl3) ŭ 6.46 

(dd, J = 8.5, 1.4 Hz, 1H), 6.08 (dd, J = 8.5, 6.3 Hz, 1H), 5.25 (t, J = 2.2 Hz, 1H), 5.08 (d, 

J = 9.6 Hz, 1H), 4.83 (d, J = 9.6 Hz, 1H), 3.72 ï 3.66 (m, 1H), 3.01 (s, 3H), 2.65 (d, J = 

2.5 Hz, 1H), 2.64 (broad, 1H), 2.56 (dd, J = 19.1, 4.3 Hz, 1H), 2.44 (s, 1H), 2.20 (dd, J = 

19.1, 2.3 Hz, 1H), 1.13 ï 1.04 (m, 7H), 1.04 ï 0.95 (m, 7H), 0.16 (s, 9H).  13C NMR (125 

MHz, CDCl3) ŭ 173.7, 145.1, 139.6, 139.4, 124.4, 94.9, 85.3, 83.0, 77.4, 75.9, 66.9, 63.5, 

55.8, 54.5, 32.6, 32.2, 17.3, 17.3, 17.2, 17.2, 13.4, 12.7, 0.6.  IR  (neat) 3286, 2947, 2029, 

2848, 1651, 1466, 1250, 1084, 845 cm-1.  HRMS (ESI-TOF) m/z: [M+H]+ Calcd for 

C24H38NO3Si2; 444.2390 found 444.2374. 
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To methanol (5 mL) solution of 328 (30 mg, 0.068 mmol) at RT was added HCl (0.5 mL, 

3N in MeOH) and the resulting mixture was stirred for 0.5 h.  Reaction mixture was 

concentrated in reduced pressure and the residue was purified with flash column 

chromatography using 1/1 mixture of hexanes and ethyl acetate as eluting solvent.  The 

product 329 was carried to further step without complete characterization.  Rf. = 0.5 in 2:1 

ethyl acetate/hexanes.  1H NMR  (500 MHz, CDCl3) ŭ 7.21 (d, J = 10.7 Hz, 1H), 6.89 (dd, 

J = 10.7, 1.3 Hz, 1H), 6.11 (dd, J = 8.4, 6.2 Hz, 1H), 5.94 (dd, J = 8.4, 1.2 Hz, 1H), 3.90 

(dd, J = 12.6, 1.2 Hz, 1H), 3.75 ï 3.72 (m, 1H), 3.05 (s, 3H), 2.62 (dd, J = 19.1, 4.3 Hz, 

1H), 2.58 (d, J = 2.5 Hz, 1H), 2.17 (dd, J = 19.1, 2.6 Hz, 1H), 0.19 (s, 9H). 

 

 

Common product from hydrogenation of 339 and vinyl Grignard addition/hydrolysis of 

317 (please see Table 3.3).  The crude product 339 form HCl/MeOH hydrolysis was 

dissolved in EtOH (3 mL) and Lindlarôs catalyst (20 mg) was added, and charged with a 

balloon filled with hydrogen.  Partial hydrogenation was complete in 12 hours.  Solids were 
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filtered off through a plug of celite and purification using flash column chromatography 

resulted the title compound 330 (16 mg, 78% over two steps) as colorless oil.  Rf. = 0.4 in 

4:1 ethyl acetate/hexanes.  1H NMR  (500 MHz, CDCl3) ŭ 6.42 (dd, J = 8.4, 1.4 Hz, 1H), 

6.18 (dd, J = 8.4, 6.2 Hz, 1H), 6.05 (ddd, J = 17.5, 10.8, 2.9 Hz, 1H), 5.33 (ddd, J = 17.5, 

2.5, 1.1 Hz, 1H), 5.27 (ddd, J = 10.8, 2.7, 1.1 Hz, 1H), 5.09 (q, J = 2.6 Hz, 1H), 4.42 (d, J 

= 11.8 Hz, 1H), 4.15 (d, J = 11.8 Hz, 1H), 3.72 (ddd, J = 4.5, 2.6, 0.9 Hz, 1H), 3.01 (s, 3H), 

2.50 (dd, J = 19.0, 4.4 Hz, 1H), 2.31 (dd, J = 19.0, 2.4 Hz, 1H), 0.14 ï 0.12 (m, 9H).  13C 

NMR (125 MHz, CDCl3) ŭ 174.2, 147.0, 139.3, 139.3, 138.1, 126.5, 115.4, 77.6, 63.2, 

56.0, 54.1, 32.4, 32.0, 1.1.  IR  (neat) 3319, 2949, 2925, 2898, 1639, 1252, 1039, 843 cm-

1.  HRMS (ESI-TOF) m/z: [M+H]+ Calcd for C16H26NO3Si; 308.1682 found 308.1683. 

 

 

Lactone 331:  To DCM (1.5 mL) solution of divinyl alcohol 330 (20 mg, 0.066 mmol) 

was added MnO2 (57 mg, 0.58 mmol) was added and the resulting suspension was stirred 

at room temperature with TLC monitoring.  Starting materials were all consumed in 4.5 h 

giving a slightly non polar single product (Rf. 0.33 in 7:3 ethyl acetate/hexanes).  1H NMR 

revealed that it was the mixture of divinyl ketone 326 and hemiacetal 332.  The reaction 

mixture was subjected with initial conditions for additional 14 h.  Solids were filtered off 

and flash column chromatography on residue resulted the lactone 331 (14.8 mg, 81%) as a 

colorless oil.  Rf. = 0.38 in 7:3 ethyl acetate/hexanes.  1H NMR  (400 MHz, CDCl3) ŭ 6.33 
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ï 6.18 (m, 2H), 5.41 (d, J = 9.4 Hz, 1H), 4.28 (d, J = 9.5 Hz, 1H), 3.89 (s, 1H), 3.06 (s, 

3H), 2.72 (dd, J = 20.3, 4.4 Hz, 1H), 2.51 (dd, J = 20.3, 2.2 Hz, 1H), 0.17 (s, 9H). 13C 

NMR  (125 MHz, CDCl3) ŭ 171.4, 167.9, 156.6, 138.7, 135.3, 129.1, 70.7, 56.6, 51.6, 33.0, 

30.7, -0.9.  IR  (neat) 2952, 2916, 2848, 1749, 1670, 1222, 1157, 1043, 845 cm-1.  HRMS 

(ESI-TOF) m/z: [M+H]+ Calcd for C14H20NO3Si; 278.1212 found 278.1214. 
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CHAPTER 4                                                                                    

PHOTOCYCLOADDITION OF CONJUGATED ENYNES WITH 

POLYCYCLIC AROMATICS                          

4.1 Introduction  

 Our exploration of conjugated enynes as photocycloaddition partners with 2-

pyridones led to the discovery of its participation in both [4+4] and [2+2] pathways.1  

Conjugated enynes tethered with 2-pyridones at the C-3 position on the ene end of the 

enyne gave exclusively cyclobutane structures via a [2+2] cycloaddition pathway.1  These 

cyclobutane products have been elaborated into diverse molecular scaffolds.2  In contrast, 

irradiation of conjugated enynes tethered through the yne  with 2-pyridones, gave 

exclusively [4+4] cycloaddition resulting an unstable allene.1  Stabilization of such allenes 

were realized by steric shielding around the allenic double bonds which suppresses 

dimerizations.3  With the combination of diisopropylsilyl and methyl groups on the enyne 

unit, a 1,3-hydrogen shift of cycloadduct allene 147a results in quantitative conversion to 

1,3-diene 148a, Scheme 4.1.3  The versatility of this enyne sustitution in [4+4] 

photocycloaddition with other unsaturated molecules such as anthracene and naphthalene 

derivatives are discussed in this chapter. 
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Scheme 4.1 Intramolecular pyridone-enyne [4+4] cycloaddition and 1,3-hydrogen shift. 

4.2 Result and discussion 

 Photo-dimerization of anthracene 401 was the first organic photoreaction and the 

first example of [4+4] photocycloaddition.  It therefore occupies a prestigious position in 

the field of photocycloaddition.4  Both inter- and intramolecular [4+4] cycloadditions of 

anthracenes are well studied.5-6 

 The intermolecular photoreaction of enynes with anthracene was studied previously 

in the Sieburth lab.7  Irradiation of a mixture of anthracene 401 with 50 equivalents of 

enyne 402 at ambient temperature for 2 h gave anthracene dimer 403 as the major product 

(isolated yield 50%).  An apparent [4+2] cycloadduct 404 was isolated in 17% yield 

alongside a very small amount of a symmetric dimeric compound 406 in 3% yield, Scheme 

4.2.7  Isolation of the dimeric compound 406 suggested that cross [4+4] cycloaddition 

between anthracene and enyne to give allenic product 405 occurred as a minor pathway.7 
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Scheme 4.2 Intermolecular photocycloaddition of anthracene and enyne.7 

 

 Before moving into intramolecular anthracene-enyne photocycloaddition, 

photoreactivity of anthracene with a 2-pyridone was investigated in an intramolecular 

setting using 409 as a substrate.  Anthracene-pyridone photosubstrate 409 was synthesized 

by Wil liamson ether synthesis between known pyridone bromide 407 and commercially 

available 9-anthracenemethanol 408, Scheme 4.3.  Irradiation of anthracene-pyridone 409 

with a Pyrex-filtered mercury lamp for 1 h led to its quantitative conversion into the cross 

[4+4] adduct 410, Scheme 4.4.  Although both pyridone and anthracene are well known 

for self-dimerization, dimers were not observed when the photoreaction of 409 was 

conducted under the moderately dilute (0.025M) conditions.  
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Scheme 4.3 Synthesis of anthracene-pyridone photosubstrate 409. 

 

 

 

 

Scheme 4.4 Intramolecular anthracene-pyridone [4+4] photocycloaddition. 

 

 For the study of intramolecular photoreactivity between anthracene and an enyne, 

diisopropylsilyl ether photosubstrate 413 was prepared.  Preparation of diisopropylsilyl 

ether 413 began with the oxidative bromination of diisopropylsilane 411 using NBS to give 

the corresponding bromosilane 412.  Bromosilane 412, without isolation, was added to a 

mixture of 9-anthracenemethanol 408, triethylamine and DMAP to give photosubstrate 413 

in good yield, Scheme 4.5. 
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Scheme 4.5 Synthesis of anthracene-enyne photosubstrates 413. 

 

 Irradiation of a benzene-d6 solution of 413 for one hour using a Pyrex-filtered 

medium pressure mercury lamp converted it into cycloadduct 415.  In contrast to the 

intermolecular reaction in which the [4+4] product was formed in very low yield (3% 

isolated yield), the intramolecular reaction with diisopropylsilyl enyne 413 gave a 

quantitative yield of [4+4] adduct, Scheme 4.6.  Analogous to our finding for cycloaddition 

with 2-pyridone 146a, intermediate allene 414 was not detected.  Isomerization of 414 by 

1,3-hydrogen shift was too fast to observe, resulting in 1,3-diene 415 as the only product.    

 

 

Scheme 4.6 Intramolecular anthracene-enyne [4+4] photocycloaddition. 
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 With a very promising [4+4] photocycloaddition of anthracene-enyne 413, photo-

reactivity of lower homologue of anthracene; such as naphthalene derivatives were 

investigated next.  Diisopropylsilyl ethers of both 1- and 2-naphthyl methanols 416 and 

417, were prepared analogously with anthracene silyl ether 413, Figure 4.1.  Irradiation of 

416 and 417 did not result in productive photochemistry with a Pyrex-filtered medium 

pressure mercury lamp.  This is presumably because 1-and 2-alkyl substituted naphthyl 

derivatives do not absorb the light above 290 nm.  In the literature, 1-and 2- alkyl 

substituted naphthyl compounds are reported to absorb in the range of 260 ï 281 nm.8-9  

So, a Vycor-filtered medium pressure mercury lamp was used instead.  A Vycor-filter 

allows wavelengths above 220 nm to reach the sample.10  Commonly used filters and their 

light cutoffs are shown in Figure 4.2.  Irradiation of CD3CN or THF-d8 solutions of silyl 

ethers 416 and 417 with a Vycor-filtered medium pressure mercury lamp, even for 

extended periods of time, gave no change in the starting material.  A similar result was 

obtained with a Rayonet photoreactor equipped with 254 nm lamps.  Starting materials 

were completely recovered in every case. 

 

 

 

Figure 4.1 Naphthalene derivatives 416 ï 418 tethered with diisopropylsilyl enyne. 
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Figure 4.2 Transmission of commonly used photochemistry filters.11 

 

 In the naphthalene series, 2-methoxy naphthalene is known to undergo [4+4] 

dimerization and its [4+4] photocycloaddition with 2-pyridone was studied earlier in the 

Sieburth lab.12-13  Therefore, diisopropylsilyl ether of 2-methoxy-naphthyl methanol 418 

was synthesized utilizing the protocol used for anthracene silyl ether 413.  When a benzene 

solution of 2-methoxy silyl ether 418 was irradiated with a Pyrex-filtered mercury lamp, a 

rapid photoreaction was observed and a clean intramolecular [4+4] cycloaddition product 

420 was observed by 1H-NMR, Scheme 4.7.  The 1,3-hydrogen shift in intermediate allene 

419 was too quick to detect, similar to the anthracene 413 and pyridone 146a examples.  

However, purification of cycloadduct 420 by chromatography over silica gel did not 

yield 420 but instead gave the corresponding ketone 421, Scheme 4.7.  The very facile 

hydrolysis of enol ether 420 is well precedented in the literature of naphthalene 

photodimerization reactions, and reflects the strain inherent in these [4+4] photoproducts.14 
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Scheme 4.7 Cycloaddition of 2-methoxy naphthalene with tethered enyne and subsequent 

hydrolysis. 

 

 With mixed results in the naphthalene series, we turned our attention to 

photochemical reactivity of substituted benzenes with a tethered enyne. The 

photochemistry of benzene has been intensively studied for more than fifty years.15-17  In 

the presence of alkene or alkyne, three modes of cycloaddition, ortho [2+2], meta [3+2], 

para [4+2] are possible.17  Among them, meta-cycloaddition has been widely studied and 

used in the synthesis of complex natural products in a very step economical fashion.18-19   

However, examples of para [4+4] photocycloaddition of benzene or substituted benzenes 

are rare (See Chapter 6).  Okumura and Gilbert reported the para [4+4] photocycloaddition 

of benzonitrile 422 with 2,3-dimethyl-1,3-butadiene 423 in a very regioselective fashion to 

yield 424.20-21  This irradiation with an array of six 18W low pressure 254 nm mercury 
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lamps required 36 hours to achieve the cycloaddition across the C-2 and C-5 positions of 

benzonitrile, Scheme 4.8.21 

 

 

Scheme 4.8 para [4+4] Photocycloaddition of benzonitrile with 2,3 dimethyl-1,3-

butadiene21. 

 

 Inspired by Okumura and Gilbertôs report,20-21 a silyl ether of meta-benzonitrile 425 

was prepared along with the lower homolog of 2-methoxy naphthalene silyl ethers, 426 ï 

428 and furan silyl ether 429, Figure 4.3.  Furan is known to undergo [4+4] 

photocycloaddition with both 2-pyridones and 2-pyrones.13, 22  Unfortunately, 

photosubstrates 425 ï 429 did not result in any fruitful photochemistry.  All these 

compounds were found to be photochemically inert to both Pyrex and Vycor-filtered 

medium-pressure mercury lamp irradiation as well as a Rayonet photoreactor equipped 

with 254 nm lamps.  
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Figure 4.3 Nitrile and methoxy-substituted benzenes and furan silyl ethers 425 ï 429. 

 

 In this chapter the participation of diisopropylsilyl enyne unit in higher order 

photocycloaddition with unsaturated molecules other than 2-pyridone was described.  

Anthracene enyne 411 and 2-methoxy naphthyl enyne 418 resulted in efficient 

intramolecular [4+4] adducts.  In both cases, a diisopropylsilyl group was found to be 

sufficiently bulky enough to suppress the dimerization of the intermediate allene, allowing 

1,3-hydrogen migration to compete as a strain-relief path yielding 1,3-dienes in high yields.  

This allowed the investigation of the participation of other unsaturated molecules in [4+4] 

cycloaddition with conjugated enynes, opening up new avenues for the application of this 

cycloaddition chemistry.  Utilization of this diisopropylsilyl enyne unit in [4+4] 

photocycloaddition with 2-pyrones and its application in sesquiterpene synthesis is 

discussed in Chapter 5. 
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4.3 Experimental  

 Summary of general techniques and instrumentation, reagents, purification can be 

found on pages 53 ï 54. 

 

 

Diisopropyl(3-methylbut-3-en-1-yn-1-yl)silane 411: n-Butyllithium (2.61 mL of 1.54 M 

solution in hexanes, 4.03 mmol) was slowly added to a solution of 2-methylbut-1-en-3-yne 

(0.4 mL, 4.2 mmol) in THF (6 mL) at -78 °C.  The reaction mixture was stirred at the same 

temperature for 30 min. Then, diisopropylchlorosilane (0.72 mL, 4.2 mmol) was added 

dropwise.  The reaction was slowly warmed to the room temperature and stirred overnight, 

quenched with aqueous saturated ammonium chloride solution (5 mL) and extracted with 

ether (3 x 5 mL).  Washing the combined organics with brine and concentrating in vacuo 

gave compound 411 (0.758 g, 100%) as a colorless oil which required no further 

purification.  1H NMR  (500 MHz, CDCl3) ŭ 5.37 (dd, J = 2.0, 1.0 Hz, 1H), 5.31 ï 5.21 (m, 

1H), 3.75 (t, J = 2.3 Hz, 1H), 1.90 (dd, J = 1.5, 1.1 Hz, 3H), 1.13 ï 0.89 (m, 14H). 13C 

NMR  (125 MHz, CDCl3): ŭ 126.9, 123.0, 109.3, 86.8, 23.2, 18.5, 18.2, 10.9. 
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3-((anthracen-9-ylmethoxy)methyl)-1-methylpyridin -2(1H)-one 409: To a suspension 

of sodium hydride (38 mg, 60% suspension in mineral oil, 0.97 mmol) in THF (3 mL) at 0 

°C, 9-anthracenemethanol (150 mg, 0.72 mmol) was added.  The mixture was stirred for 1 

h at 0 °C, then pyridone-bromide 407 (160 mg, 0.80 mmol) in THF (3 mL) was added 

dropwise.  The reaction mixture was allowed to slowly warm to RT and stirred for 

additional 3 h before quenching with saturated aqueous ammonium chloride solution.  The 

reaction mixture was extracted with ethyl acetate.  The combined organics were washed 

with brine, concentrated in vacuo and purified by flash column chromatography to give 

409 (200 mg, 84%) as a yellow solid, m.p. 119 °C,  Rf  = 0.25 (methanol / dichloromethane; 

1:33)  1H NMR  (500 MHz, C6D6) ŭ 8.41 (d, J = 8.9 Hz, 2H), 8.17 (s, 1H), 7.79 (d, J = 8.3 

Hz, 2H), 7.35 ï 7.30 (m, 2H), 7.28 ï 7.22 (m, 2H), 7.20 (d, J = 6.3 Hz, 1H), 6.06 (d, J = 

6.5 Hz, 1H), 5.40 (s, 2H), 5.38 (t, J = 6.8 Hz, 1H), 4.89 (s, 2H), 2.86 (s, 3H).  13C NMR 

(100 MHz, CDCl3) ŭ 161.91, 136.65, 136.01, 131.57, 131.15, 129.90, 129.10, 128.86, 

128.53, 126.34, 125.07, 124.55, 105.77, 67.75, 65.50, 37.60.  IR  (neat): 3448, 3059, 2925, 

2865, 2233, 1653, 1594, 1564, 1091, 733 cm-1.  Exact mass calculated for C22H19NO2Na+ 

(M+Na) 352.1314, found 352.1305. 

 

General Procedure to Synthesize Photosubstrates 413, 416 ï 418, 425 ï 429  

 



158 
 

 

 

 

(Anthracen-9-ylmethoxy)diisopropyl(3-methylbut-3-en-1-yn-1-yl)silane 413: To a 

solution of 411 (190 mg, 1.06 mmol) in DCM (5 mL), was added NBS (205 mg, 1.15 

mmol) in two portions and the mixture was stirred for 25 min to generate corresponding 

bromosilane.  This bromosilane solution was transferred to a flask containing the mixture 

of 9-anthracenemethanol 408 (200 mg, 0.96 mmol), triethylamine (147 µL, 1.06 mmol) 

and DMAP (11.7 mg, 0.09 mmol) in DCM (5 mL).  The reaction mixture was stirred for 

additional 4 h, transferred into a separatory funnel, diluted with DCM (10 mL), washed 

with saturated aqueous ammonium chloride and brine, dried over anhydrous sodium 

sulfate, filtered and concentrated in vacuo.  The residue was purified by column 

chromatography using hexanes furnishing 413 (250 mg, 67%) as a yellow solid, m.p. 53 

°C, Rf  = 0.46 (ethyl acetate / hexanes; 1:40).  1H NMR  (500 MHz, C6D6) ŭ 8.73 (d, J = 8.9 

Hz, 2H), 8.17 (s, 1H), 7.81 (d, J = 8.4 Hz, 2H), 7.46 ï 7.34 (m, 2H), 7.26 (dd, J = 7.7, 7.2 

Hz, 2H), 5.90 (s, 2H), 5.52 (d, J = 0.8 Hz, 1H), 5.12 (d, J = 1.4 Hz, 1H), 1.82 (s, 3H), 1.16 

ï 0.91 (m, 14H).  13C NMR (125 MHz, CDCl3) ŭ 131.82, 131.65, 130.80, 129.03, 128.02, 

126.94, 125.90, 125.07, 125.01, 123.62, 109.41, 88.00, 59.32, 23.46, 17.47, 17.31, 13.53, 

13.45.  IR  (neat): 2943, 2864, 2362, 2149, 1461, 1080, 1031, 883, 850 cm-1. 
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Diisopropyl(3-methylbut-3-en-1-yn-1-yl)(naphthalen-1-ylmethoxy)silane 416:  

Colorless liquid, 73% yield, Rf  = 0.40 (ethyl acetate / hexanes; 1:33)  1H NMR  (400 MHz, 

C6D6) ŭ 8.13 (d, J = 8.3 Hz, 1H), 7.69 (d, J = 7.1 Hz, 1H), 7.66 (d, J = 8.1 Hz, 1H), 7.59 

(d, J = 8.1 Hz), 7.25 ï 7.35 (m, 3H), 5.41 ï 5.42 (m, 3H), 5.02 (m, 1H), 1.72 ï 1.73 (dd, J 

= 1.5, 1.0 Hz, 3H), 1.12 ï 1.20 (m, 14H).  13C NMR (100 MHz, CDCl3) ŭ 136.48, 133.69, 

131.19, 128.65, 127.91, 126.75, 125.96, 125.68, 125.56, 124.70, 123.85, 123.68, 108.94, 

87.50, 64.81, 23.47, 17.46, 17.32, 13.36, 12.27.  IR  (neat): 2954, 2944, 2865, 2149, 1462, 

1088, 847, 791, 759 cm-1.  Exact mass calculated for C22H29OSi (M+H)+ 337.1987, found 

337.1987. 

 

 

Diisopropyl(3-methylbut-3-en-1-yn-1-yl)(naphthalen-2-ylmethoxy)silane 417: 

Colorless liquid, 77% yield, Rf  = 0.40 (ethyl acetate / hexanes; 1:33)  1H NMR  (400 MHz, 

C6D6) ŭ 7.82 (s, 1H), 7.62 ï 7.69 (m, 3H), 7.50 (dd, J = 8.5, 1.6 Hz, 1H), 7.24 ï 7.27 (m, 

2H), 5.41 ï 5.40 (dd, J = 2.0, 1.0 Hz, 1H), 5.08 (s, 2H), 5.01 ï 5.04 (m, 1H), 1.71 ï 1.72 
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(m, 3H), 1.15 ï 1.24 (m, 14H).  13C NMR (125 MHz, CDCl3) ŭ 138.66, 133.51, 132.91, 

128.02, 127.97, 127.80, 126.71, 126.03, 125.64, 125.19, 125.06, 123.66, 108.88, 87.48, 

66.54, 23.42, 17.45, 17.32, 13.36.  IR  (neat): 2943, 2864, 2149, 1462, 1092, 848, 811, 749 

cm-1.  Exact mass calculated for C22H29OSi (M+H)+ 337.1987, found 337.2003. 

 

 

Diisopropyl((2-methoxynaphthalen-1-yl)methoxy)(3-methylbut-3-en-1-yn-1-yl)silane 

418:  Colorless solid, 70% yield,  m.p.56 °C, Rf  = 0.31 (ethyl acetate / hexanes; 1:40)  1H 

NMR  (500 MHz, C6D6) ŭ 8.56 (d, J = 8.6 Hz, 1H), 7.65 (d, J = 8.2 Hz, 1H), 7.56 (d, J = 

9.0 Hz, 1H), 7.44 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H), 7.22 (ddd, J = 8.0, 6.8, 1.1 Hz, 1H) 6.88 

(d,J = 9.1 Hz, 1H), 5.62 (s, 2H), 5.42ï 5.47 (m, 1H), 5.05 ï 5.07 (m, 1H), 3.44 (s, 3H), 

1.78 (dd, J = 1.6, 1.1 Hz, 3H), 1.71 ï 1.72 (m, 3H), 1.16 ï 1.21 (m, 14H).  13C NMR (100 

MHz, CDCl3) ŭ 154.95, 133.91, 130.00, 129.40, 128.20, 126.96, 126.54, 124.71, 123.60, 

123.37, 121.47, 113.91, 108.55, 88.03, 57.04, 56.92, 23.55, 17.44, 17.30, 13.29, 13.20.  IR  

(neat): 2942, 2864, 2149, 1596, 1514, 1462, 1269, 1250, 1069, 1045, 847, 802 cm-1.  Exact 

mass calculated for C23H31O2Si (M+H)+ 367.2093, found 367.2090. 
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3-(((Diisopropyl(3-methylbut-3-en-1-yn-1-yl)silyl)oxy)methyl)benzonitrile 425:  

Colorless liquid, 83% yield, Rf  = 0.25 (ethyl acetate / hexanes; 1:40)  1H NMR  (500 MHz, 

CDCl3) ŭ 7.67 (m, 1H), 7.54 ï 7.59 (m, 2H), 7.43 (t, J = 7.7 Hz, 1H), 5.39 ï 5.40 (m, 1H), 

5.31 (p, J = 1.7 Hz, 1H), 4.88 (s, 2H), 1.90 (dd, J = 1.6, 1.1 Hz, 3H), 1.07 ï 1.09 (m, 14H).  

13C NMR (100 MHz, CDCl3) ŭ 142.73, 130.86, 130.80, 130.04, 129.08, 126.50, 124.01, 

119.20, 112.38, 109.22, 86.80, 65.26, 23.37, 17.37, 17.21, 13.21. IR  (neat): 2944, 2866, 

2230, 2150, 1464, 1106, 1086, 848, 686 cm-1.  Exact mass calculated for C19H26NOSi+ 

(M+Na)+ 312.1783, found 312.1774. 

 

 

Diisopropyl((3-methoxybenzyl)oxy)(3-methylbut-3-en-1-yn-1-yl)silane 426:  Colorless 

oil, 79% yield, Rf  = 0.40 (ethyl acetate / hexanes; 1:33).  1H NMR  (500 MHz, CDCl3)  ŭ 

7.29 (dd, J = 8.3, 7.4 Hz, 1H), 7.03 (s, 1H), 6.99 (d, J = 7.5 Hz, 1H), 6.85 (dd, J = 8.0, 2.4 

Hz, 1H), 5.50 ï 5.37 (m, 1H), 5.35 (dd, J = 2.6, 1.0 Hz, 1H), 4.92 (s, 2H), 3.86 (s, 3H), 

1.96 (dd, J = 1.5, 1.1 Hz, 3H), 1.18 ï 1.07 (m, 14H).  13C NMR (125 MHz, CDCl3) ŭ 

159.77, 142.88, 129.27, 126.70, 123.63, 118.74, 112.79. 111.85, 108.81, 87.38, 66.17, 
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55.23, 23.41, 17.41, 17.27, 13.30.  IR  (neat):  2945, 2866, 2160, 1603, 1463, 1267, 1105, 

1062, 848 cm-1. 

 

 

Diisopropyl((4-methoxybenzyl)oxy)(3-methylbut-3-en-1-yn-1-yl)silane 427:  Colorless 

oil, 81% yield, Rf  = 0.40 (ethyl acetate / hexanes; 1:33)1H NMR  (500 MHz, CDCl3) ŭ 7.32  

(d, J = 8.7 Hz, 2H), 6.89 (d, J = 8.7 Hz , 2H), 5.48 ï 5.37 (m, 1H), 5.33 ï 5.31 (m, 1H), 

3.81 (s, 3H), 1.97 ï 1.88 (m, 3H), 1.11ï 1.02  (m, 14H).  13C NMR (125 MHz, CDCl3) ŭ 

158.88, 133.36, 128.22, 126.74, 123.54, 113.70, 108.73, 87.58, 66.09, 55.33, 23.43, 17.36, 

17.26, 13.30.  IR  (neat):  2944, 2867, 2150, 1613, 1514, 1464, 1246, 1038, 848 cm-1. 

 

 

Diisopropyl((2-methoxybenzyl)oxy)(3-methylbut-3-en-1-yn-1-yl)silane 428:  Colorless 

oil, 78% yield, Rf  = 0.40(ethyl acetate / hexanes; 1:33) 1H NMR  (500 MHz, CDCl3) ŭ 7.58 

(d, J = 7.5 Hz, 1H), 7.29 (dd, J = 8.6, 6.9 Hz, 1H), 7.04 (t, J = 7.5 Hz, 1H), 6.89 (d, J = 8.2 

Hz, 1H), 5.49 ï 5.40 (m, 1H), 5.39 ï 5.27 (m, 1H), 4.98 (s, 2H), 3.88 (d, J = 0.7 Hz, 3H), 

2.04 ï 1.87 (m, 3H), 1.27 ï 1.07 (m, 14H).  13C NMR (125 MHz, CDCl3) ŭ 156.25, 129.63, 
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127.75, 127.20, 126.83, 123.43, 120.48, 109.67, 108.45, 87.69, 61.34, 55.22, 23.42, 17.46, 

17.32, 13.31.  IR  (neat):  2945, 2866, 2160, 1604, 1492, 1240, 1086, cm-1. 

 

 

(Furan-2-ylmethoxy)diisopropyl(3-methylbut-3-en-1-yn-1-yl)silane 429:  Colorless 

oil, 79% yield, Rf  = 0.46 (ethyl acetate / hexanes; 1:40).  1H NMR  (500 MHz, CDCl3) ŭ 

7.38 (dd, J = 1.8, 0.9 Hz, 1H), 6.32 (dd, J = 3.2, 1.8 Hz, 1H), 6.28 (ddd, J = 3.2, 1.4, 0.6 

Hz, 1H), 6.28 (ddd, J = 3.2, 1.4, 0.6 Hz, 1H), 5.42 (dq, J = 2.1, 1.0 Hz, 1H), 5.31 (dq, J = 

3.3, 1.6 Hz, 1H),, 4.78 (s, 2H), 1.93 (dd, J = 1.6, 1.1 Hz, 3H), 1.08 ï 0.98 (m, 14H). 13C 

NMR  (125 MHz, CDCl3) ŭ 154.21, 142.23, 126.72, 123.64, 110.29, 108.98, 107.73, 87.10, 

59.28, 23.42, 17.23, 17.11, 13.24. IR  (neat):  2945, 2925, 2866, 2150, 1463, 1275, 1151, 

1061, 848, 740 cm-1. 

 

Photocycloadditions: 

General Procedure: A solution of the photosubstrate in benzene-d6 or toluene (c= 0.025 ï 

0.030 M) was deoxygenated by bubbling argon through the solution for 30 min, loaded 

into NMR tubes and irradiated for 1 ï 15 hours at 4 ï 8 °C with a water cooled Pyrex-

filtered 450 W medium pressure mercury lamp.  The progress of the reaction was 

periodically monitored by 1H-NMR and/or TLC. For compounds 416, 417, 425, 426, 427, 
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428 and 429 the photoreaction was also investigated using a Vycor-filtered 450 W medium 

pressure mercury lamp and Rayonet reactor equipped with 254 nm lamps.  After the 

reaction was complete, solvent was evaporated in vacuo and the residue was purified by 

flash column chromatography using the solvent mixtures specified. 

 

 

Cycloadduct 410: Reaction was complete within 1 h and the photoproduct was isolated in 

quantitative yield as a colorless solid, m.p, 56 °C, Rf  = 0.18 (ethyl acetate / hexanes; 1:33)  

1H NMR  (500 MHz, CDCl3) ŭ 7.48 (dd, J = 7.7, 0.6 Hz, 1H), 7.37 (dd, J = 7.5, 0.8 Hz, 

1H), 7.25 - 7.10 (m, 6H), 5.93 (dd, J = 8.3, 6.8 Hz, 1H), 5.47 (dd, J = 8.3, 1.4 Hz, 1H), 4.86 

(d, J = 9.1 Hz, 1H), 4.70 (q, J = 10.2 Hz, 2H), 4.46 (d, J = 10.0 Hz, 1H), 4.17 (ddd, J = 

10.0, 6.8, 1.4 Hz, 1H), 3.78 (d, J = 9.1 Hz, 1H), 2.44 (s, 3H).  13C NMR  (100 MHz, CDCl3) 

ŭ 172.81, 144.31, 142.72, 142.11, 142.08, 135.93, 133.08, 127.24, 127.06, 127.03, 126.67, 

126.57, 124.78, 124.36, 75.96, 71.60, 64.89, 64.14, 61.36, 53.75, 34.79.  IR  (neat): 3467, 

2921, 2247, 1656, 1473, 1081, 911, 727 cm-1.  Exact mass calculated for C22H19NO2Na+ 

(M+Na) 352.1314, found 352.1302. 
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Cycloadduct 415:  Reaction was complete in 1 h. The crude reaction mixture was 

concentrated and purification by column chromatography using 5% ethyl acetate in 

hexanes furnished 417 as a white solid (isolated yield 67%), m.p.82 °C, Rf  = 0.7 (ethyl 

acetate / hexanes; 1:100).  1H NMR  (500 MHz, CDCl3) ŭ 7.57 (dd, J = 5.6, 3.6 Hz, 2H), 

7.29 ï 7.27 (m, 2H), 7.20 ï 7.22 (m, 4H), 6.20 (t, J = 1.3 Hz, 1H), 4.90 (s, 2H), 4.71 ï 4.72 

(m, 1H), 4.56 (t, J = 1.7 Hz, 1H), 4.34 (t, J = 4.9 Hz, 1H), 2.98 (d, J = 4.9 Hz, 2H), 1.07 ï 

1.11 (m, 8H), 1.00 ï 1.02 (m, 6H).  13C NMR (100 MHz, CDCl3) ŭ 148.54, 144.69, 142.00, 

141.16, 136.71, 127.53, 126.89, 126.60, 126.41, 119.86, 74.46, 53.77, 49.54, 46.02, 17.86, 

17.64, 13.94.  IR  (neat): 2941, 2863, 2362, 1480, 1456, 1032, 993, 881, 789, 745 cm-1.  

Exact mass calculated for C26H31OSi (M+H)+ 387.2144, found 387.2129. 
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Cycloadduct 421: Reaction took 2 h to complete. The crude reaction mixture was 

concentrated in vacuo and purified by flash column chromatography, furnishing 419 as a 

colorless oil (74% isolated yield). Rf  = 0.30 (ethyl acetate / hexanes; 1:20).  1H NMR  (500 

MHz, CDCl3) ŭ 7.58 (dd, J = 7.1, 1.8 Hz, 1H), 7.19 ï 7.26 (m, 3H), 6.43 (s, 1H), 5.18 (m, 

1H),  4.93 (dd, J = 3.0, 1.4 Hz, 1H), 4.90 (d, J = 10.3 Hz, 1H), 4.48 (d, J = 10.3 Hz, 1H), 

3.45 ï 3.48 (m, 1H), 2.87 (dd, J = 14.4, 8.1 Hz, 1H), 2.83 (dd, J = 17.9, 1.6 Hz, 1H), 2.63 

(dd, J = 14.4, 0.9 Hz, 1H), 2.58 (ddd, J = 17.9, 6.4, 1.0  Hz, 1H), 1.13 ï 1.19 (m, 4H), 1.09 

(d, J = 6.0 Hz, 3H), 0.96 ï 1.01 (m, 1H), 0.94 (d, J = 6.8 Hz, 3H), 0.90 (d, J = 6.8 Hz, 3H).  

13C NMR (100 MHz, CDCl3) ŭ 211.84, 147.59, 143.51, 141.41, 140.67, 138.27, 128.43, 

127.24, 127.17, 126.52, 121.91, 74.45, 62.85, 43.91, 42.91, 36.72, 17.81, 17.52, 13.62, 

13.00.  IR  (neat): 2942, 2864, 1706, 1462, 1077, 1004, 881, 793, 763 cm-1.  Exact mass 

calculated for C22H29O2Si (M+H)+ 353.1937, found 353.1952. 
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CHAPTER 5                                                                                                                       

ENYNEï2-PYRONE [4+4] PHOTOCYCLOADDITION: AN APPR OACH TO  

SESQUITERPENE SYNTHESIS 

5.1 Introduction  

 The photochemistry of 2-pyrones has been extensively studied for more than 70 

years.  The aromatic 2-pyrone itself undergoes a wide range of photochemical reactions, 

such as electrocyclic ring opening (501 to ketene 502), valence isomerization (504 to 505) 

and dimerization (501 to 507 and 508), Schemes 5.1 and 5.2.1  Unlike 2-pyridones, 2-

pyrones serves as an excellent diene in Diels-Alder reactions and this reactivity has been 

elegantly utilized in the synthesis of many natural products such as barrelene2 and 

colchicine.3  In this chapter, [4+4] photocycloaddition of 2-pyrones with 1,3-enynes and 

the utilization of the resulting cycloadduct in sesquiterpene synthesis is discussed. 

 

Scheme 5.1 Two modes of photochemical reactivity of 2-pyrones (a) electrocyclic ring 

opening and (b) valence isomerization. 
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Scheme 5.2 Dimerization of 4,6-dimethyl-2H-pyran-2-one 501 and thermal expulsion of 

CO2 yielding cyclooctatetraene 510. 

5.2 [4+4] Photocycloaddition with diene: 

 The ability of 2-pyrones to participate in [4+4] cycloaddition with a diene such as 

furan was first reported by West and coworkers in 1993.  When a pyrone was tethered with 

a furan, 511, was irradiated, a diastereomeric mixture of lactone bridged cross [4+4] 

cycloadducts 512a and 512b were isolated in a good yield, Scheme 5.3a.4  Since this initial 

report, the West group has been continuously exploring pyrone-furan photocycloaddition 

by varying the tethering position (3 or 6) and utilizing different pyrone derivatives.  

Irradiation of pyrone-furan 513, with the furan connected at the pyrone 3-position, resulted 

in an excellent yield of cyclooctanoids 514a and 514b favoring the exo adduct 514b, 

Scheme 5.3b.5  Such a clean photochemical transformation also prompted the design the 

total synthesis of cyclooctanoid containing natural products such as (ï)-traversianal 

utilizing cyclopentane annulated pyrone 515, Scheme 5.4.6  Alternately, the cycloadduct 
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can be tailored for triquinane synthesis after the thermal expulsion of CO2 and treatment 

with a base, like MeLi, Scheme 5.5.7 

 

 

Scheme 5.3 Westôs intramolecular [4+4] cycloaddition of 2-pyrone with pendant furan 

(a) tethered at 6-position (b) tethered 3-position.4-5 

 

 

Scheme 5.4 Westôs approach to (ï)-traversianal synthesis using furan-2-pyrone 

photocycloaddition.6 
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Scheme 5.5 Triquianines synthesis by pyrone-furan [4+4] photocycloaddition.7 

5.3 Enyne ï pyrone [4+4] photocycloaddition 

 As discussed in Chapter 2, irradiation of enynes tethered with pyridones led to the 

highly strained 1,2,5-cyclooctratrienes which that underwent a rapid thermal [2+2] 

intermolecular dimerization giving a complex mixture.  However, dimerization was 

prevented by steric shielding of the reactive allene intermediate.  In the case of substrate 

146a a combination of steric shielding by a bulky diisopropylsilyl group and methyl 

substitution gave an allene intermediate 147a that underwent a 1,3-hydrogen migration 

pathway to release the strain, resulting in the more stable 1,3-diene 148a in quantitative 

yield, Scheme 5.6.8  Intrigued by this clean transformation, this enyne unit was tested with 

other substrates known to participate in [4+4] cycloaddition and found to react cleanly with 

anthracene and naphthalene derivatives (Chapter 4).9 

 

Scheme 5.6 Intramolecular pyridone-enyne [4+4] photocycloaddition followed by a 1,3-

hydrogen shift. 
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 An investigation of a 2-pyrone photoreactivity with an enyne flanked by a 

diisopropylsilyl and a methyl group, to give [4+4] cycloaddition products similar to the 

pyridone example 146a and its application in cyclooctanoid natural product synthesis is 

described here.  Unlike the pyridone example of general reactivity, this investigation of 

pyrone ï enyne photoreactivity started as an approach to the total synthesis of the natural 

product, (+)-dactylol, Scheme 5.7.  Retrosynthetically, (+)-dactylol was envisioned to 

derive from cyclooctanoid 520 after reductive isomerization of the C12 ï C5 diene 

(dactylol numbering), directed hydrogenation of the C7 ï C8 double bond and 

deoxygenations.  Lactone-bridged cyclooctanoid 520, in turn, was anticipated to result 

from an intramolecular photo [4+4] cycloaddition followed by a 1,3-hydrogen shift of a 

pyrone-enyne photosubstrate 522, Scheme 5.7.  This methodology would provide a 

straightforward synthesis of (+)-dactylol and many other cyclooctanoid containing natural 

products.  To study this possibility, we used the simplified pyrone-enyne substrate 523 that 

lacked the C9 methyl group. 

 



175 
 

Scheme 5.7 Retrosynthesis of (+)-dactylol using pyrone-enyne photocycloaddition. 

5.4 (+)-Dactylol 

 The marine sesquiterpene (+)-dactylol was first islolated in 1978 by Schmitz and 

coworkers from the Caribbean sea hare Aplysia dactylomela and was found to inhibit 

pentobarbital metabolism in mice.10  Its structure was confirmed by NMR studies and 

found to possess an uncommon [6.3.0] undecane skeleton.  Its absolute configuration was 

confirmed by ORD/CD studies of its degradation product.10  Several syntheses of (+)-

dactylol have been reported.11-18  Shirahama et al. reported the first synthesis of dactylol 

using a biomimetic approach from humulene in 1985.11  A year later, Gadwood synthesized 

(±)-dactylol in 21 steps using an oxy-Cope rearrangement as a key step to construct the 

cyclooctane ring.12  Furstnerôs16 and Vanderwaalôs18 syntheses of racemic dactylol utilized 

a metathesis approach to construct the eight-membered carbocycle.  Feldman completed 

the synthesis of (±)-dactylol in six steps using a tropane-alkene [6+2] photocycloaddition.14  

In 1995 Molander reported the first asymmetric synthesis of (+)-dactylol in six steps using 

a novel [3+5] annulation approach.15  Harmataôs asymmetric synthesis employed a [4+3] 

cycloaddition of a cyclopentenyl allyl cation with butadiene.17  In spite of the many 

cycloaddition approaches to dactylol, a [4+4] cycloaddition strategy, arguably the best 

strategy19 that dissects the eight membered carbocycle into two halves, has not been 

utilized reported. 



176 
 

5.5 Results and Discussion 

 The first goal of this study was to test the feasibility of intramolecular pyroneï

enyne [4+4] photocycloaddition as a strategy to construct eight-membered rings in the 

context of cyclooctanoid natural products.  In a relevant study, West and coworkers studied 

intramolecular pyroneïfuran photocycloadditions with a set of electron withdrawing 

substituents on C4 of the pyrone, such as OAc, OPiv, OTf, OTs and OMs, (see Scheme 

5.3).  All of these cycloadditions worked well and significant differences in the endo/exo 

product was observed.20  These endo/exo product ratios, however, were inconsequential 

for our synthesis.  A photosubstrate carrying an electron donating methoxy substituent 524 

was elected for study along with the originally proposed photosubstrate 523, Figure 5.1.  

Synthesis of photosubstrates 523 and 524 started with the known 4-hydroxy-6,7-

dihydrocyclopenta[b]pyran-2(5H)-one (525).21  The literature method reporting 525 in 

72% yield, however required 5 fold excess of cyclopentenyl-TMS-enol ether 526.21  

Optimization of this reaction and a search for alternative routes were essential.  

 

  

 

Figure 5.1 Pyrone-enyne photosubstrates with and without an oxygen substituent at the 

pyrone C4 position. 
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5.5.1 Synthesis of the photosubstrates 

 Optimization of the synthesis of 4-hydroxyl pyrone 525 was attempted.21  Adding 

a THF solution of cyclopentenone TMS-enol ether 526 to a THF solution of malonyl 

dichloride at -78 °C allowed the isolation of 4-hydroxyl pyrone 525 in 50% yield after 

recrystallization, Scheme 5.8.  This method was reproducible and was easily scaled up to 

multi-gram quantities without affecting the yield.  One drawback of this method was the 

necessity to use malonyl dichloride, which was very sensitive to moisture.  The use of 

malonyl dichloride could be avoided by utilizing ethyl malonyl chloride to give a 

tricarbonyl 527, which upon refluxing in toluene in the presence of DBU cyclized to the 

desired 4-hydroxy pyrone 525 in slightly higher yield, Scheme 5.9.  West and coworkers 

had utilized a closely related cyclization.6 

 

 

Scheme 5.8 Synthesis of cyclopenyl-annulated 4-hydroxyl 2-pyrone 525. 

 

 

 

Scheme 5.9 An improved synthesis of 525. 
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 This readily prepared intermediate 525 required the installation of 3-

hydroxylmethyl group to reach the required pyrone 3-methanols 530 and 535.  After O-

methylation of pyrone 525 with methyl tosylate, oxidative iodination with NIS resulted in 

aryl-iodide 529, a precursor for a Stille cross coupling reaction.  An attempted palladium 

catalyzed cross coupling reaction however, failed to deliver the desired pyrone methanol 

530.  An alternative route utilizied Rieche formylation.  To our delight, titanium-mediated 

Rieche formylation and subsequent reduction of aldehyde 531 proceeded smoothly and in 

a reasonably satisfying yield, Scheme 5.10. 

 

Scheme 5.10 Preparation of cyclopentyl-annulated pyrone methanol 535 and its 4-

methoxy variant 530. 
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 For the preparation of the 4-unsubstituted-3-hydroxylmethyl pyrone 535, removal 

of 4-hydroxyl group of 525 was readily accomplished in two steps by a palladium-

catalyzed reduction of the corresponding triflate 532.  Bromination of pyrone 533 was best 

achieved by Khannaôs solvent-free method utilizing bromine adsorbed on neutral alumina 

and microwave activation.22  It was later realized that the same bromination could be 

accomplished in a comparable yield without microwave assistance by vigorously mixing a 

mixture of bromine adsorbed on neutral alumina and pyrone 533 adsorbed on neutral 

alumina with the aid of vortex stirrer.  Coupling of bromide 534 with hydroxymethyl-

stannane delivered the desired 3-hydroxylmethyl pyrone 535, Scheme 5.10.  Alternately, 

3-iodo pyrone could be used, but bromide 534 gave a superior yield for the Stille cross-

coupling step.  The synthesis of pyrone 533 was further shortened by using Wittig 

olefination and cyclization of 2-formyl cyclopentenone 536, Scheme 5.11.23 

 

 

 

Scheme 5.11 An improved synthesis of 6,7-dihydrocyclopenta[b]pyran-2(5H)-one 533 

using Wittig olefination. 
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 The 3-hydroxylmethyl pyrones 530 and 535 were coupled with diisopropylsilyl 

enyne 411 using the protocol developed earlier, Scheme 5.12.8  Treatment of 

diisopropylsilyl enyne 411 with NBS oxidatively converted it to the corresponding silyl-

bromide 412, which was added to a solution of 3-hydroxylmethyl pyrones containing 

triethylamine and DMAP to give photosubstrates 523 and 524 in an excellent yields, 

Scheme 5.12. 

 

Scheme 5.12 Syntheses of photosubstrates 523 and 524. 

 

5.5.2 Photocycloaddition 

 With the pyrone-enyne photosubstrates 523 and 524 in hand, benzene-d6 solutions 

were prepared and were irradiated under our standard photochemical conditions as 

described in previous chapters.  To our surprise, the photochemical outcomes were 

completely different, Scheme 5.13.  For pyrone, 523 irradiation for 1.25 h gave complete 

conversion of starting material and the desired 1,3-diene 538 was isolated as a single 

product in 81% yield, consistent with our previously studied substrates.8-9  In contrast, 4-

methoxy pyrone 524 underwent rapid cycloaddition, requiring only 35 min of irradiation 

for complete consumption of starting material, and gave an apparent [2+2] cyclobutane 
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product 539 as the only product in 78% yield.  The structure of both products were 

unequivocally confirmed by X-ray crystallography, Figure 5.2. 

 

 

Scheme 5.13 Divergent photochemical results for 523 and 524. 

 

   

538 X-ray 539 X-ray 

 

Figure 5.2 X-ray crystal structures of 1,3-diene 538 and cyclobutane 539 (dactylol 

numbering).  
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5.5.3 Low temperature Cope rearrangement 

 Surprisingly, when the cyclobutane adduct 539 was allowed to stand at -20 °C in 

CDCl3 it slowly converted to the desired triene 540, Scheme 5.14.  The isolated yield of 

this product was 50% after four weeks at -20 °C in CDCl3 and after column 

chromatographic purification.  Heating the CDCl3 solution of cyclobutane 539 to ca. 60 °C 

for 12 h accelerated the process and led to the complete conversion to 1,3-diene 540 in 

much improved yield (76%). 

 

 

 Scheme 5.14 Low temperature Cope rearrangement of cyclobutane 539. 

 

 Several parameters of the crystal structures of 538 and 539 are relevant to this 

unusual transformation, Table 5.1.  In triene 538, the torsional angle about the central bond 

of the 1,3-diene is out of planarity by 35°.  In the structure of the cyclobutane 539, the 

allylicïpropargylic cyclobutane bond was found to be long (1.616 Å) relative to other 

cyclobutane bonds (1.572, 1.537 and 1.570 Å).  The alkyne was far from linear, with the 

CïCïC and CïCïSi bond angles 165° and 160° respectively. 
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Table 5.1 Key Measurements from Crystal Structures of 538 and 539 

 

structure angle/distances Measurement 

538 C12ïC3ïC4ïC5 144.5° 

539 C1ïC2 1.537 Å 

539 C3ïC8 1.616 Å 

539 C3ïC4ïC5 165.4° 

539 C4ïC5ïSi 159.6° 

539 C5ïC6 3.108 Å 

 

 It seemed unlikely that the cyclobutane 539 resulted from a direct [2+2] 

cycloaddition between remote the pyrone alkene and enyne alkene of 524 leading to a 

clearly strained nine-membered silyl ether.  The dichotomy observed in the photochemistry 

of 523 and 524, as well as conversion of cyclobutane 539 to triene 540 can be explained 

by the mechanism outlined in Scheme 5.15.24  Irradiation of both 523 and 524 led to the 

[4+4] adducts 541 and 542 respectively.  In the case of unsubstituted photosubstrate 523, 

allenic intermediate 541 underwent a 1,3-hydrogen shift resulting in the observed triene 

538.   On the other hand, methoxy-substituted photosubstrate 524 produced allenic 

intermediate 542 which then underwent a Cope rearrangement instead of 1,3-hydrogen 

shift, resulting in cyclobutane 539.  

 Computational studies carried by Houk and Aviyente suggests that electron 

donating alkoxy groups decrease the activation barrier and thus accelerate [3,3] 
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sigmatropic rearrangements while electron withdrawing groups such as cyano and 

trifluoromethyl  increase the activation barrier.25-26  In the case of allene 542, the methoxy 

substituent presumably lowered the activation barrier for [3,3] sigmatropic rearrangement 

yielding cyclobutane 539.  Cope rearrangements are well known for their reversibility since 

their discovery in 1940.27  If the rearrangement of the allene 542 to cyclobutane 539 was 

reversible, allene 542 would eventually undergo an irreversible 1,3-hydrogen shift 

resulting in more stable triene 540.  The long cyclobutane bond found in the crystal 

structure of 539, the rather close positioning of the carbons at the reactive end of the alkyne 

(C5 ï C6, Table 5.1) and distortion of the alkyne are all consistent with the postulated 

reversible Cope rearrangement.   Acceleration of the transformation of 539 to triene 540 is 

consistent with the proposed pathway between cyclobutane 539 to triene 540 via allene 

542.   

 

Scheme 5.15 Mechanism for the observed dichotomy of photoreactivity of 523 and 524, 

and thermal transformations of 538, 539 and 540. 
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5.5.4 Towards the total synthesis of (±)-dactylol 

 For the synthesis of (±)-dactylol, a photosubstrate 522 carrying a methyl substituent 

on the annulated cyclopentane was required, Scheme 5.16.  Use of Effenbergerôs21 pyrone 

synthesis utilizing trimethyl((3-methylcyclopent-1-en-1-yl)oxy)silane (543) and malonyl 

dichloride (see Scheme 5.8) only delivered trace amounts of pyrone 547.  Therefore, a 

Wittig olefination-cyclization strategy (similar to Scheme 5.11) was used as depicted in 

Scheme 5.16.  Synthesis of pyrone 547 started with conjugate addition of methylcuprate 

to cyclopentenone followed by enolate trapping with TMSCl to yield TMS-enol-ether 543 

quantitatively.  Regenerating the enolate and its addition to trimethyl orthoformate gave 

acetal 544 in a reasonably satisfying yield.  Acetal deprotection with Amberlyst® 15 gave 

aldehyde 545 in 72% yield which was added to (carbomethoxymethylene)-

triphenylphosphorane to furnish a dicarbonyl compound 546, a precursor for pyrone 547.  

Refluxing a toluene solution of 546 with two equivalents of DBU cyclized it to pyrone 547.  

C3 Bromination of pyrone 547 was best achieved by vigorously mixing the mixture of 

bromine adsorbed on neutral alumina and pyrone 547 with the aid of a vortex mixer for 5 

min.  Palladium-catalyzed cross coupling of bromide 548 with hydroxymethyl-

tributylstannane delivered the desired 3-hydroxylmethyl pyrone 549.  Tethering of pyrone-

3-methanol 549 with the diisopropylsilyl enyne using our standard protocol used earlier 

completed the synthesis of photosubstrate (±)-522, Scheme 5.16. 
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Scheme 5.16 Preparation of the methyl substituted photosubstrate for the synthesis of 

(±)-dactylol. 

 

 A benzene solution of photosubstrate (±)-522, when irradiated under our standard 

photochemical conditions for 1.5 h, resulted in a nearly 1:1 diastereomeric mixture of 

cycloadducts (±)-520 in excellent yield, Scheme 5.17.  A [4+4] cycloaddition to give allene 

(±)-521 followed by a 1,3-hydrogen shift was the sole pathway in this case, consistent with 

previously studied substrate 523 and pyridone analog 146a. 
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Scheme 5.17 Photocycloaddition of pyrone-enyne (±)-522 resulting in 1:1 diastereomeric 

mixture of cycloadducts (±)-520. 

 

5.5.4.1 Further transformation of the cycloadducts 

 With a successful cycloaddition and 1,3-hydrogen shift of photosubstrates (±)-522 

and 523, with and without a methyl substituent in excellent yields, the adducts(±)-520 and 

538 were both used to explore to the natural product (±)-dactylol.  The cycloadduct without 

a methyl substituent 538 was studied first.  Treating cycloadduct 538 with TBAF cleanly 

removed the silicon, furnishing alcohol 550 in excellent yield, Scheme 5.18. 

 

 

 

Scheme 5.18 Silicon removal and desmethyl dactylol 551. 
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 Conversion of alcohol 550 to desmethyl dactylol 551 seemed potentially 

straightforward.  In principle, alcohol 550 was three major transformations away from 

desmethyl dactylol 551; a reductive isomerization of the C12 ï C5 diene (dactylol 

numbering), directed hydrogenation of the C7 ï C8 alkene and deoxygenation.  An 

attempted directed hydrogenation of the C7 ï C8 double bond using a Crabtree catalyst 

(C8H12IrP(C6H11)3C5H5NPF6) did not reduce the desired alkene, but instead reduced the 

rather remote exocyclic alkene along with the C4 ï C5 double bond upon prolonged 

reaction time (2 days), Scheme 5.19.  Looking at a model of alcohol 550 suggested that 

alcohol was little far way to direct the hydrogenation of the C7 ï C8 alkene.  Therefore, 

the C12 ï C5 diene was reductively isomerized first to see if it would change the 

conformation of the molecule. 

 

Scheme 5.19 Attempted directed hydrogenation of 550. 

 

 Attempted reduction of C12 ï C5 diene under Birch conditions did not give the 

desired product 554 but instead resulted in hemiacetal 555, Scheme 5.20.  When 

cycloadduct 538 was subjected to the same Birch reduction conditions, similar results were 

obtained and hemiacetal 556 was isolated in good yield.  Structures of hemiacetals 555 and 

556 were confirmed by NMR studies.  Hemiacetals were formed because of the close 

proximity of the bridging lactone with the diene as evident in the crystal structure of 538.   
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Scheme 5.20 Birch reduction of alcohol 550 and cycloadduct 538 gave hemiacetals. 

 

 

 Reductive isomerization of the C12 ï C5 diene in 550 was eventually achieved by 

adding thiophenol across the diene followed by desulfurization with Raney-nickel.28  

Unfortunately, when diene 554 was subjected to a directed hydrogenation conditions using 

a Crabtree catalyst (C8H12IrP(C6H11)3C5H5NPF6), compound 553 was isolated again as the 

only product, Scheme 5.21.   The proposed directed hydrogen did not reduce the desired 

C7 ï C8 alkene but reduced the C3 ï C4 alkene instead.  A potential solution to this 

problem would be to design a synthetic route where a C9 methyl group (dactylol 

numbering) carried a directing group for hydrogenation of the C7 ï C8 alkene, such as 558, 

Figure 5.4.  The presence of a hydroxyl group on C9 would also possibly improve the 

diastereoselectivity of the cycloaddition.  A proposed plan to prepare 558 and its 
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retrosynthetic analysis which follows a route similar to Scheme 5.16, utilizing a known 

aldehyde 562, is shown in Figure 5.3. 

 

 

Scheme 5.21 Reductive isomerization of the diene and directed hydrogenation. 

 

 

Figure 5.3 Proposed cycloadduct 559 carrying a directing group at C9 and its 

retrosynthesis to known aldehyde 562. 
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5.5.5 Synthesis of other photosubstrates and photocycloaddition 

 Along with the total synthesis of dactylol, screening of pyrone derivatives that can 

engage in [4+4] photocycloaddition with enynes was another, equally important goal this 

project.  The very interesting dichotomy of pyrone ï enyne cycloaddition described in 

Scheme 5.13 is additional incentive for screening pyrone derivatives for their capablility 

for participation in photocycloaddition with enynes.  A series of photosubstrates were 

therefore, including the simplest pyroneï563a, 6-methyl substituted substrate 563b, 4-

methoxy-6-methyl substituted substrate 563c, cyclohexyl-annulated substrate 563d and 

coumarin based substrate 563e and their photochemistry was investigated. 

 

 

 

Figure 5.4 Photosubstrates prepared for photoreactivity studies. 
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 Syntheses of the 3-hydroxymethyl pyrone and pyrone derivatives required for the 

photosubstrates listed in Figure 5.5 are summarized in Scheme 5.22.  For the preparation 

of photosubstrate 563a, pyrone-3-methanol 564a was required.  Synthesis of 564a began 

with the pyrolysis of commercially available mucic acid to yield 3-hydroxypyrone 565 in 

a modest yield,  a known procedure, which was then converted into corresponding triflate 

566.29  The desired 3-hydoxymethyl pyrone 564a was achieved in 78% yield with a 

palladium-catalyzed Suzuki coupling between triflate 566 and potassium 

acetomethoxyborate.  Potassium acetomethoxyborate was prepared following the literature 

procedure.30  For the synthesis of compound 564b, a reaction sequence similar to that 

described in Scheme 5.10 was used.  Commercially available 4-hydroxy-6-methyl pyrone 

567 was reduced to 6-methyl pyrone 568 by palladium-catalyzed reduction of its 

corresponding triflate.  Oxidative iodination followed by Stille cross coupling furnished 

the desired 3-hydroxymethyl-6-methyl pyrone 564b.  Compound 564c is a known 

compound and was prepared using the literature procedure.31  Reactions utilized in Scheme 

5.16 were repeated starting with cyclohexanone to furnish compound 564d.  3-

Hydroxymethyl coumarin 564e was prepared by solvent free bromination and Stille cross 

coupling with (tributylstannyl)methanol. 

 Tethering of pyrone methanols 564a ï 564e to diisopropylsilyl enyne with our 

standard procedure furnished the desired photosubstrates 563a ï 563e in excellent yields, 

Scheme 5.23. 
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Scheme 5.22 Syntheses of hydroxyl methyl pyrones 563a ï 563d and 3-hydroxylmethyl 

coumarin 563e. 
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Scheme 5.23 Syntheses of photosubstrates 563e ï 563e utilizing pyrone methanols 564a 

ï 564e and their corresponding yields. 

 

 

 With substrates 563a ï 563e in hand, their C6D6 solutions were prepared and 

irradiated with the usual photochemical conditions.  Photosubstrate 563a, which carries no 

substitution on C4 ï C6, after 3.5 h irradiation, isomerized quantitatively to Dewar pyrone 

577.  None of the anticipated photochemistry were observed: [4+4] cycloaddition, pyrone 

dimerization or pyrone ï alkene/alkyne [2+2] cycloadditions.  Similarly, photosubstrate 

563b also resulted in the corresponding Dewar pyrone 578 but required 8 h of irradiation.  

Interestingly, when a C6D6 solution of this Dewar pyrone was stored at ï 20 °C for 12 h, it 

reverted to substrate 563b.  Irradiation of substrate 563c resulted in a complex mixture.  

NMR studies on the crude product mixture suggested multiple products.  Irradiation of 

563d required 3.5 h to fully consume starting materials and it did undergo [4+4] 

cycloaddition and 1,3-hydrogen shift resulting in the desired cycloadduct 579, Scheme 

5.24.  Compared to cyclopentyl-annulated substrate 523, photocycloaddition of 563d 

required a longer irradiation time and gave a lower yield of the product. The final example, 

coumarin substrate 563e was virtually unchanged even after prolonged irradiation. 
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Scheme 5.24  Divergent photoreactivity of substrates 563a ï 563e. 
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5.5.6 Experimental 

Summary of general techniques and instrumentation, reagents, purification can be found 

on pages 53 ï 54.  

 

(Cyclopent-1-en-1-yloxy)trimethylsilane 526: (cyclopent-1-en-1-yloxy)trimethylsilane 

was prepared using literature procedure.32  Sodium iodide (6.35 g, 42.4 mmol) was 

dissolved in 50 mL acetonitrile in a 250 mL rb flask. To this solution was added 

cyclopentanone (3.00 mL, 33.9 mmol), followed by triethylamine (5.9 mL, 42.4 mmol). 

Finally, chlortrimethylsilane (4.95 ml, 39.0 mmol) was added dropwise over 30 min. After 

1 h of stirring at ambient temperature, resulting solution was diluted with pentane (50 mL). 

The biphasic mixture was stirred vigorously for 10 min. The phases were separated and the 

acetonitrile layer was extracted with pentane (3x20 mL). The combined organics were 

successively washed with water, brine and dried over anhydrous sodium sulfate. 

Concentration in vacuo gave the title compound as a colorless oil (4.45 g, 83%) which was 

used without purification. 

 

 

4-Hydroxy-6,7-dihydrocyclopenta[b]pyran-2(5H)-one 525: 4-hydroxy pyrone 525 was 
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prepared by modifying the procedure of Effenberger.21  To a solution of (cyclopent-1-en-

1-yloxy)trimethylsilane (3.32 g 21.28 mmol) in THF (5 mL) at -20 °C was added dropwise 

malonyl dichloride (1.5 g, 10.64 mmol) as a solution in THF (5 mL). The reaction mixture 

was stirred for 1 h at the same temperature and an additional 2 h at RT before quenching 

with water (10 mL). The layers were separated and the aqueous layer was extracted with 

ethyl acetate (3X10 mL). The combined organics were washed with brine, dried over 

anhydrous sodium sulfate, filtered and concentrated in vacuo. Recrystallization using a 1: 

1 mixture of hexane and ethyl acetate yielded 0.8 g (50%) of title compound 525 as 

yellowish solid. m.p. 193 ï 195 °C (lit.33 193 ï 194 °C).  1H NMR  (500 MHz, CDCl3) ŭ 

10.73 (br, 1H), 5.55 (s, 1H), 2.81 (d, J = 7.7 Hz, 2H), 2.72 (tt, J = 7.3, 1.3 Hz, 2H), 2.16 ï 

2.05 (m, 2H).  13C NMR (100 MHz, CDCl3) ŭ 171.0, 169.3, 166.8, 113.4, 89.1, 31.5, 25.5, 

20.1. 

Alternative synthesis of 4-hydroxy pyrone 525 

To cyclopentanone (1.5 mL, 17.4 mmol) as a solution in anhydrous toluene (50 mL) was 

added morpholine (1.65 mL, 19.1 mmol) and pTSA (0.34 g, 1.95 mmol). The reaction 

mixture was refluxed using Dean-Stark apparatus for 4 h until no further water was 

collected. The solvent was removed under reduced pressure and the residue was 

redissolved in ether (50 mL), cooled to -78 °C and ethyl succinyl chloride (1.78 mL, 14.2 

mmol) was added dropwise over 30 min. The resulting mixture was slowly warmed to 

ambient temperature and stirred for 12 h. Water (25 mL) was added and stirred for 

additional 2 h. The phases were separated and the ethereal layer was washed with brine, 

dried over anhydrous magnesium sulfate, and concentrated to give a tricarbonyl compound 

that was used in next step without purification.  The tricarbonyl compound was dissolved 
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in toluene (70 mL), DBU (4.2 mL, 28.4 mmol) was added and the reaction mixture was 

heated to reflux for 4 h. After cooling to rt, the mixture was diluted with DCM (150 mL) 

washed with 1N HCl and brine, dried over anhydrous magnesium sulfate, concentrated and 

the residue was recrystallized using ethylacetate/hexanes to get the 4-hydroxy pyrone 525 

as a yellowish solid (1.12 g, 52% for two steps). 

 

 

4-Methoxy-6,7-dihydrocyclopenta[b]pyran-2(5H)-one 528 :  To the DMF (6.5 mL) 

solution of 4-hydroxy pyrone 525 (200 mg, 1.31 mmol) at 0 °C were added potassium 

carbonate (364 mg, 2.63 mmol) and methyl p-toluenesulfonate (490 mg, 2.63 mmol). The 

reaction mixture was slowly warmed to ambient temperature and stirred overnight before 

diluting with water. The mixture was extracted with ethyl acetate (3 X 5 mL) and the 

combined ethyl acetate fractions were washed with brine, dried over anhydrous magnesium 

sulfate and concentrated in vacuo. The pure product 528 (202 mg, 93%) was obtained after 

column chromatography as a colorless solid.  Rf: = 0.52 in 1:1 ethyl acetate/hexanes.  m.p. 

101 °C.  1H NMR  (500 MHz, CDCl3) ŭ 5.36 (s, 1H), 3.81 (s, 3H), 2.77 (t, J = 7.6 Hz, 2H), 

2.63 (t, J = 7.3 Hz, 2H), 2.08 (q, J = 7.5 Hz, 2H).  13C NMR  (125 MHz, CDCl3) ŭ 170.0, 

166.5, 164.7, 111.5, 86.4, 55.9, 31.3, 25.5, 20.0.  IR  (neat) 3076, 2979, 2959, 2862, 1702, 

1645, 1477, 1458, 1347, 1254, 1075, 945, 846 cm-1
.  HRMS (ESI-TOF) m/z: [M+Na]+ 

Calcd for C9H10O3Na 189.0528; found 189.0551. 
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4-Methoxy-2-oxo-2,5,6,7-tetrahydrocyclopenta[b]pyran-3-carbaldehyde 531:  To the 

solution of 4-methoxy-6,7-dihydrocyclopenta[b]pyran-2(5H)-one 528 (100 mg, 0.6 mmol) 

in dichloromethoxymethane (1.2 mL, 13.25 mmol) at -5 °C, TiCl4 was added dropwise. 

HCl gas produced during the reaction was continuously removed by a slow stream of argon. 

The reaction mixture was slowly warmed to ambient temperature and stirred 12 h at that 

temperature before heating to 65 °C for an additional 2 h. The reaction mixture was cooled 

to room temperature and carefully added to ice-water, extracted with DCM (3X5 mL), 

dried over anhydrous sodium sulfate, concentrated and purified using flash column 

chromatography to get the title compound 531 as a colorless solid (58 mg, 70% BRSM; 

70% conversion)  Rf: = 0.47 in 100% ethyl acetate.  m.p. 139 °C.  1H NMR  (500 MHz, 

CDCl3) ŭ 10.14 (s, 1H), 4.19 (s, 3H), 3.00 (tt, J = 7.3, 1.4 Hz, 2H), 2.90 ï 2.73 (m, 2H), 

2.13 (m, 2H).  13C NMR  (125 MHz, CDCl3) ŭ 187.9, 173.7, 173.3, 164.1, 110.5, 102.4, 

61.5, 32.1, 29.3, 19.9.  IR  (neat) 2915, 2851, 1746, 1507 cm-1.  HRMS (ESI-TOF) m/z: 

[M+Na]+ Calcd for C10H10O4Na; 217.0477 found 217.0459. 
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3-(Hydroxymethyl) -4-methoxy-6,7-dihydrocyclopenta[b]pyran-2(5H)-one 530:  To 

the methanol (5 mL) solution of pyrone-aldehyde 531 (100 mg, 0.52 mmol) in at 0 °C, was 

added NaBH4 (58.4 mg, 1.54 mmol) and the reaction mixture was stirred for 30 min at the 

same temperature. Excess borohydride was quenched by adding acetone, the mixture was 

concentrated in vacuo and was purified by flash column chromatography to give the title 

compound 530 as a colorless solid (81.6 mg, 80%).  Rf: = 0.46 in 100% ethyl acetate.  m.p. 

91 °C.  1H NMR (500 MHz, CDCl3) ŭ 4.55 (s, 2H), 4.03 (s, 3H), 2.98 (ddt, J = 5.8, 4.6, 

1.7 Hz, 2H), 2.92 (bs, 1H), 2.81 ï 2.74 (m, 2H), 2.15 ï 2.05 (m, 2H).  13C NMR  (125 MHz, 

CDCl3) ŭ 166.6, 166.6, 166.3, 110.0, 105.4, 59.2, 55.6, 31.1, 29.7, 20.3.  IR  (neat) 3259 

(broad), 2963, 1703, 1538, 1466, 1369, 1364, 1073 cm-1.  HRMS (ESI-TOF) m/z: [M+Na]+ 

Calcd for C10H12O4Na; 219.0634 found 219.0652. 

 

 

2-Oxo-2,5,6,7-tetrahydrocyclopenta[b]pyran-4-yl trifluoromethanesulfonate 532:  To 

the DCM (2 mL) solution of 4-hydroxy-pyrone 525 (50 mg, 0.33 mmol), was added 

triethylamine (55 µL, 0.39 mmol) followed by triflic anhydride (64 µL, 0.38 mmol) 

dropwise over 7 min (10 µL/min).  After addition was complete, the reaction mixture was 

stirred another 10 min before quenching with saturated ammonium chloride solution (2 

mL). The layers were separated and the aqueous layer was extracted twice with DCM. The 

combined organics were dried over anhydrous sodium sulfate, concentrated in vacuo and 

the residue was purified by a flash column chromatography to give the title compound 532 
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as a yellowish oil (80 mg, 85%).  Rf: 0.4 in 1:4 ethyl acetate/hexanes.  1H NMR  (500 MHz, 

CDCl3) ŭ 6.10 (t, J = 1.1 Hz, 1H), 2.96 ï 2.84 (m, 2H), 2.79 (ddt, J = 7.7, 5.8, 1.7 Hz, 2H), 

2.18 (ddd, J = 14.8, 11.0, 7.6 Hz, 2H).  13C NMR (125 MHz, CDCl3) ŭ 168.6, 163.3, 160.3, 

118.6 (q, 320 Hz), 111.4, 101.4, 32.1, 26.1, 20.1.  IR  (neat) 2960, 1751, 1563, 1433, 1249, 

1218, 990, 815 cm-1.  HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C9H7F3O5SNa; 308.9864 

found 308.9867. 

 

 

6,7-Dihydrocyclopenta[b]pyran-2(5H)-one 533:  To the DMF (15 mL) solution of a 

pyrone triflate 532 (650 mg, 2.28 mmol) were added Pd(PPh3)4 (527 mg, 0.46 mmol) and 

triethylsilane (0.73 mL, 4.56 mmol) successively and the resulting mixture was heated to 

60 °C for 2 h. The reaction mixture was diluted with water and extracted with ethyl acetate. 

The combined organics were washed with water, dried over anhydrous sodium sulfate, 

concentrated under reduced pressure and purified using flash column chromatography to 

give the title compound 533 as a colorless solid (255 mg, 82%).  Rf: = 0.47 in 1:1 ethyl 

acetate/hexanes. m.p. 90 °C (lit.34 83 °C).  1H NMR  (500 MHz, CDCl3) ŭ 7.28 (dt, J = 9.3, 

0.4 Hz, 1H), 6.10 (dt, J = 9.3, 1.1 Hz, 1H), 2.81 ï 2.74 (m, 2H), 2.68 ï 2.61 (m, 2H), 2.16 

ï 2.07 (m, 2H).  13C NMR (125 MHz, CDCl3) ŭ 165.0, 163.8, 142.7, 115.8, 112.4, 31.2, 

28.0, 20.9.  IR  (neat) 2862, 1712, 1550, 1342, 850 cm-1.  HRMS (ESI-TOF) m/z: [M+Na]+ 

Calcd for C8H8O2Na; 159.0422 found 159.0415. 
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An alternative synthesis of pyrone 533 using Wittig olefination-cyclization method: 

 

2-Oxocyclopentanecarbaldehyde 536 was prepared by following a literature procedure 

from cyclopentenone in 68% yield.35  

 

 

Methyl 3-(2-oxocyclopentylidene)propanoate 537: Dicarbonyl compound 537 was 

synthesized using a literature procedure and was used in cyclization with complete 

characterization.23  To a DCM (40 mL) solution of aldehyde 536 (1.26 g, 10 mmol) at RT, 

methyl (triphenylphosphoranylidene)acetate (4.0 g, 12.0 mmol) was added and the 

resulting mixture was stirred for 4 h at the ambient temperature before concentrating the 

volatiles in vacuo.  The residue was purified by flash column chromatography to furnish 

the E/Z mixture of title compound 537 (1.24 g, 74%) as a colorless oil. 

 

 



203 
 

6,7-Dihydrocyclopenta[b]pyran -2(5H)-one 533:  Toluene (30 mL) solution of 

dicarbonyl compound 537 (1.0 g, 6.0 mmol) was heated to reflux, then DBU (1.3 mL, 9.0 

mmol) was added and the resulting mixture was refluxed for 3 h.  Reaction solution was 

cooled to ambient temperature, diluted with DCM and washed with 1N. HCl, and brine, 

dried over anhydrous sodium sulfate, concentrated in reduced pressure and the residue was 

purified by flash column chromatography to furnish the pyrone 533 (0.49 g, 60%) as a 

colorless solid. 

 

 

3-Bromo-6,7-dihydrocyclopenta[b]pyran-2(5H)-one 534:  Bromopyrone 534 was 

prepared by using solvent free protocol developed by Khanna.22   

Preparation of Br2 in a neutral alumina: In a vial, bromine (1 mL) was added to neutral 

alumina (10 g), capped, shaken well and allowed to stand for 2 days. 

Pyrone 533 (136 mg, 1 mmol) was dissolved in DCM (4 mL) and neutral alumina (1 g) 

was added. The DCM was evaporated carefully using a rotavap and the solid was 

transferred to a microwave tube. Then, the Br2 ï Al 2O3 mixture (1 g, 2 mmol) was added 

and the mixture was shaken and the microwave irradiated for 5 min at 30 °C. After adding 

15 mL of acetone, the solids were removed by filtration. The filtrate was concentrated in 

vacuo.  Column chromatographic purification using 1:4 ethyl acetate/hexanes afforded the 

title compound 534 (107 mg, 50%) as a yellowish solid.  Rf = 0.4 in 1.5:8.5 ethyl 
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acetate/hexanes.  m.p. 138 ï 140 °C.  1H NMR  (500 MHz, CDCl3) ŭ 7.67 (s, 1H), 2.79 ï 

2.73 (m, 2H), 2.71 ï 2.66 (m, 2H), 2.15 (td, J = 14.7, 7.5 Hz, 2H).  13C NMR  (125 MHz, 

CDCl3) ŭ 164.4, 159.8, 144.1, 117.0, 108.5, 30.9, 27.9, 21.1.  IR  (neat) 3060, 3015, 2935, 

1717, 1340, 959, 749 cm-1.  HRMS (ESI-TOF) m/z: [M+H]+ Calcd for C8H8BrO2; 

214.9707 found 214.9713. 

 

 

(Tributylstannyl) methanol:  (Tributylstannyl) methanol was prepared using the 

literature procedure.36 

 

 

3-(Hydroxymethyl) -6,7-dihydrocyclopenta[b]pyran-2(5H)-one 535:  Bromo-pyrone 

534 (100 mg, 0.46 mmol) was azeotropically dried using toluene prior to cross coupling 

reaction.  To the 1,4 ï dioxane (9 mL) solution of bromo-pyrone 535, were added 

tetrakis(triphenylphosphine)palladium (53 mg, 0.046 mmol) and (tributylstannyl) 

methanol (443 mg, 1.38 mmol) successively and the resulting mixture was heated to 60 °C 

for 6 h before cooling to ambient temperature and concentrating in vacuo.  The residue was 

purified by column chromatography using 1:1 ethyl acetate/hexanes to furnish the title 

compound 535 as a colorless solid (57 mg, 75%) yield.  Rf: = 0.28 in 3:2 ethyl 

acetate/hexanes.  m.p. 80 ï 81 °C.1H NMR  (500 MHz, CDCl3) ŭ 7.32 (s, 1H), 4.45 (d, J = 
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4.3 Hz, 2H), 2.96 (t, J = 5.3 Hz, 1H), 2.78 (t, J = 7.6 Hz, 2H), 2.65 (t, J = 7.3 Hz, 2H), 2.10 

(q, J = 7.7 Hz, 2H).  13C NMR (125 MHz, CDCl3) ŭ 164.1, 163.2, 138.6, 124.0, 116.2, 

61.5, 31.0, 28.1, 20.8.  IR  (neat) 3421, 2958, 2925, 2862, 1712, 1637, 1571, 1372, 1078, 

1007, 976 cm-1.  HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C9H10O3Na; 189.0528 found 

189.0525. 

 

 

Methyl lithium (112 mL, 1.6 M solution in Et2O, 178.8 mmol) was added to the slurry of 

CuI (17.1 g, 89.6 mmol) in Et2O (500 mL) at ï 5 °C and the resulting mixture was stirred 

for 1 h at the same temperature before adding the Et2O (80 mL) solution of cyclopentenone 

dropwise over 10 min. via addition funnel.  The mixture was stirred for additional 10 min. 

at the same temperature before TMSCl (15.1 mL, 119.4 mmol) and triethylamine (33 mL) 

being added in the interval of 10 min.  The reaction mixture was diluted with aqueous 

saturated NH4Cl and water, extracted with hexanes and combined organics were dried over 

anhydrous Na2SO4, filtered and concentrated in reduced pressure.  The residue was 

dissolved in Et2O (300 mL) and MeLi (47 mL, 1.6 M in Et2O, 75 mmol) was added at RT 

and stirred for 1 h at ambient temperature before cooling to ï 78 °C.  Methyl orthoformate 

(8.53 mL, 78 mmol) and BF3·OEt2 (9.6 mL, 78 mmol) were added at ï 78 °C successively, 

stirred for 1 h at the same temperature before adding aqueous saturated NH4Cl.  The 

resulting mixture was extracted with Et2O, combined organics were dried over anhydrous 

Na2SO4, filtered and concentrated in reduced pressure.  The residue was dissolved in 
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acetone (240 mL), then Amberlyst ® 15 (2.4 g) and H2O (3.6 mL) were added and stirred 

for 24 h.  Solids were filtered off and the filtrated was concentrated in reduced pressure 

and purified by flash column chromatography gave the title compound as a colorless solid.  

Rf: 0.32 in 1:4 ethyl acetate/hexanes. m.p. 55 ï 56 °C. 1H NMR  (400 MHz, CDCl3) ŭ 7.11 

(d, J = 1.7 Hz, 1H), 2.88 (dd, J = 13.6, 7.0 Hz, 1H), 2.37 (ddd, J = 23.8, 11.6, 6.6 Hz, 2H), 

2.20 ï 2.11 (m, 1H), 1.47 (ddd, J = 17.9, 12.5, 8.6 Hz, 2H), 1.15 (d, J = 6.7 Hz, 3H).  13C 

NMR  (100 MHz, CDCl3) ŭ 210.8, 159.6, 119.0, 37.0, 32.7, 30.7, 20.5 

 

 

5-Methyl-6,7-dihydrocyclopenta[b]pyran-2(5H)-one 547: Methyl pyrone was 

synthesized using Witting olefination-cyclization method used for pyrone 533 in 62% yield 

from dicarbonyl compound 546 as a colorless oil.  Rf: = 0.5 in 1:4 ethyl acetate/hexanes  

1H NMR  (500 MHz, CDCl3) ŭ 7.28 ï 7.24 (m, 1H), 6.12 (dt, J = 9.4, 1.1 Hz, 1H), 3.07 ï 

2.95 (m, 1H), 2.81 ï 2.69 (m, 2H), 2.33 (dtd, J = 13.2, 8.3, 5.2 Hz, 1H), 1.63 (dddd, J = 

13.0, 9.2, 7.5, 6.2 Hz, 1H), 1.18 (d, J = 6.9 Hz, 3H).  13C NMR (125 MHz, CDCl3) ŭ 164.6, 

163.8, 141.8, 120.6, 112.6, 35.4, 30.2, 30.2, 20.7.  IR  (neat) 2958, 2869, 1731, 1633, 1546, 

823 cm-1.  HRMS (ESI-TOF) m/z: [M+H]+ Calcd for C9H11O2; 151.0759 found 151.0756. 
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3-Bromo-5-methyl-6,7-dihydrocyclopenta[b]pyran-2(5H)-one 548:  Pyrone bromide 

548 was synthesized from pyrone 547 following the solvent free bromination method used 

to synthesize 534, as a yellowish solid in 50% yield.  Rf: = 0.35 in 1:4 ethyl 

acetate/hexanes, m.p. 51 ï 53 °C.  1H NMR  (500 MHz, CDCl3) ŭ 7.64 (s, 1H), 3.05 (dd, J 

= 14.6, 6.7 Hz, 1H), 2.80 ï 2.67 (m, 2H), 2.36 (dtd, J = 13.2, 8.3, 5.1 Hz, 1H), 1.71 ï 1.61 

(m, 1H), 1.20 (d, J = 6.9 Hz, 3H).   13C NMR (100 MHz, CDCl3) ŭ 163.9, 159.8, 143.2, 

121.7, 108.9, 35.4, 30.5, 30.0, 20.7.  IR  (neat) 2958, 2926, 2869, 1732, 1630, 1531, 1343, 

913, 750 cm-1.  HRMS (ESI-TOF) m/z: [M+H]+ Calcd for C9H10BrO2; 228.9864 found 

228.9865. 

 

 

3-(Hydroxymethyl)-5-methyl-6,7-dihydrocyclopenta[b]pyran-2(5H)-one 549: Pyrone-

3-methanol 549 was synthesized by following a Stille coupling method to synthesize 535 

using bromide 548 in 70% yield as a colorless oil.  Rf: = 0.25 in 1:1 ethyl acetate/hexanes.  

1H NMR  (500 MHz, CDCl3) ŭ 7.32 ï 7.29 (m, 1H), 4.48 (s, 2H), 3.03 (ddd, J = 13.2, 6.6, 

1.5 Hz, 1H), 2.84 ï 2.68 (m, 3H), 2.41 ï 2.27 (m, 1H), 1.63 (dddd, J = 13.1, 9.2, 7.5, 6.2 

Hz, 1H), 1.19 (d, J = 6.9 Hz, 3H).  13C NMR (125 MHz, CDCl3) ŭ 164.2, 163.0, 137.8, 
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124.2, 120.9, 61.9, 35.5, 30.2, 30.0, 20.7.  IR  (neat) 3412, 2957, 2928, 2867, 1715, 1636, 

1571, 1364, 987 cm-1.  HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C10H12O3Na; 203.0684 

found 203.0685. 

 

 

3-Hydroxy-2H-pyran-2-one 565: 3-Hydroxy pyrone 565 was synthesized using literature 

procedure.37  To the finely ground mixture of mucic acid (30 g, 142.7 mmol), potassium 

phosphate monobasic (30 g, 220 mmol) and phosphorous pentoxide (6g), in a 100 mL 

round bottom flask, short path with relatively longer condenser was assembled. The solid 

mixture was heated with meeker burner continuously for a period of 1 h. Collected distillate 

was diluted with 1 M KOH until pH ~6 ï 6.5. The mixture was continuously extracted 

using 2 batches of ether. The ether extract was dried over anhydrous sodium sulfate and 

removal of ether in vacuo afforded 565 as a yellowish solid (6.4 g, 40%).  Rf: 0.36 in 1:1 

ethyl acetate/hexanes.  m.p. 76 °C.  1H NMR  (500 MHz, CDCl3) ŭ 7.15 (dd, J = 5.2, 1.7 

Hz, 1H), 6.67 (dd, J = 7.1, 1.7 Hz, 1H), 6.21 (dd, J = 7.1, 5.2 Hz, 1H), 6.10 (d, J = 5.3 Hz, 

1H).  13C NMR (125 MHz, CDCl3) ŭ 161.8, 142.5, 142.3, 114.5, 107.3. 
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2-Oxo-2H-pyran-3-yl trifluoromethanesulfonate 566: was prepared using literature 

procedure.29  To the 0 °C solution of 3-hydroxy 2H-pyran-2-one  565 (1.0 g, 8.9 mmol) in 

DCM (25 mL), 2,4,6 collidine (1.3 mL, 9.8 mmol) was added followed by dropwise 

addition of triflic anhydride (1.57 mL, 9.35 mmol). The reaction mixture was stirred at the 

same temperature for additional 2 h, concentrated in vacuo and purification by column 

chromatography using 2:3 ethyl acetate/hexanes afforded title compound 566 as a pale 

yellow solid (1.75 g, 80%).  Rf: 0.55 in 1:1 ethyl acetate/hexanes.  m.p. 55 °C.  1H NMR  

(400 MHz, CDCl3) ŭ 7.52 (dd, J = 5.2, 1.8 Hz, 1H), 7.36 (dd, J = 7.2, 1.8 Hz, 1H), 6.31 

(dd, J = 7.2, 5.2 Hz, 1H).  13C NMR (125 MHz, CDCl3) ŭ 156.4, 151.5, 136.2, 133.3, 118.6 

(q, 321 Hz), 105.0. 

 

 

Potassium acetomethoxyborate salt was synthesized using literature procedure.30 

 

 

To the mixture of 566 (244 mg, 1 mmol), potassium acetomethoxyborate (270 mg, 1.5 

mmol), Pd(dba)2 (28.8 mg, 0.05 mmol), Ru-phos (56 mg, 0.12 mmol), sodium carbonate 

(159 mg, 1.5 mmol); 1,4 dioxane (7.5 mL) and water (0.75 mL) were added. The reaction 

mixture was heated to reflux for 6 hours, cooled, concentrated and purified by flash column 
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chromatography using 1:1 ethyl acetate hexanes to get title compound 564a as white solid 

(98 mg, 78%).  Rf: 0.14 in 1:1 ethyl acetate/hexanes.  m.p. 81 ï 83 °C.  1H NMR  (400 

MHz, CDCl3) ŭ 7.47 (dd, J = 5.1, 2.0 Hz, 1H), 7.38 ï 7.31 (m, 1H), 6.27 (dd, J = 6.5, 5.2 

Hz, 1H), 4.52 (d, J = 6.4 Hz, 2H), 2.49 (t, J = 6.5 Hz, 1H).  13C NMR (125 MHz, CDCl3) 

ŭ 162.4, 150.5, 138.1, 128.7, 106.4, 61.3.  IR (neat): 3392, 3113, 2926, 2875, 1699, 1567, 

1633, 778 cm-1.  HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C6H6O3Na; 149.0215 found 

149.0229. 

 

 

6-methyl-2-oxo-2H-pyran-4-yl trifluoromethanesulfonate BK S51:  4-hydroxy-6-

methyl-2H-pyran-one (1.26 g, 10 mmol) was dissolved in methylene chloride (50 mL). 

Triethylamine (1.57 mL, 12 mmol) was added followed by triflic anhydride (1.94 mL, 11.5 

mmol) dropwise over 30 min. After addition was complete, reaction mixture was stirred 

another 30 min before quenching with saturated ammonium chloride solution (50 mL). 

Layers were separated and aqueous layer was extracted twice with DCM. Combined 

organics were dried over anhydrous sodium sulfate, concentrated in vacuo and the residue 

thus obtained was purified using column chromatography to get the title compound as a 

yellowish oil (2.58 g, 100%). The spectral data were identical with those reported in the 

literature.38  Rf: 0.43 in 1:3 ethyl acetate/hexanes.  1H NMR  (500 MHz, CDCl3) ŭ 6.13 ï 
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6.11 (m, 1H), 6.06 (dq, J = 1.8, 0.9 Hz, 1H), 2.33 (t, J = 0.8 Hz, 3H).  13C NMR (125 MHz, 

CDCl3) ŭ 165.7, 161.7, 161.1, 118.5 (q), 102.5, 99.7, 20.5. 

 

 

6-methyl-2H-pyran-one 568 : To the solution 6-methyl-2-oxo-2H-pyran-4-yl 

trifluoromethanesulfonate (2.58 g, 10 mmol) in DMF (66 mL), Pd(PPh3)4 (578 mg, 0.50 

mmol) and triethylsilane (3.1 mL, 20 mmol) were added successively and heated to 60 °C 

for 2 h. Reaction mixture was diluted with water and extracted with ethyl acetate. 

Combined organics were washed with water, dried over anhydrous sodium sulfate, 

concentrated in reduced pressure and purified using flash column chromatography to get 

6-methyl-2H-pyran-one 568 as a colorless solid (815 mg, 74%).  Rf: 0.34 in 2:3 ethyl 

acetate/hexanes.  1H NMR  (500 MHz, CDCl3) ŭ 7.24 (ddd, J = 9.0, 4.7, 1.4 Hz, 1H), 6.14 

(d, J = 9.4 Hz, 1H), 5.99 ï 5.95 (m, 1H), 2.24 (s, 3H).  13C NMR (125 MHz, CDCl3) ŭ 

163.0, 162.8, 143.9, 112.9, 103.4, 20.0.  IR (neat): 3576, 3089, 1732, 1713, 1636, 1558, 

1339, 1096, 856, 798 cm-1.  HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C6H6O2Na; 

133.0266 found 133.0267. 
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3-Iodo-6-methyl-2H-pyran-2-one 569:  To the solution of 6 methyl pyrone  568 (200 mg, 

1.82 mmol) in DMF (4 mL), NIS (818 mg, 3.64 mmol) was added and the mixture was 

heated to 60 °C for 18 h, then cooled to ambient temperature, diluted with water (10 mL), 

extracted with ethyl acetate (3X10 mL). Combined organics were washed successively 

with water, saturated sodium thiosulfate solution and brine, dried over anhydrous sodium 

sulfate, concentrated in vacuo and purification using flash column chromatography gave 

title compound 569 as a yellowish solid (180 mg, 54% BRSM, 78% conversion).  Rf: 0.5 

in 2:3 ethyl acetate/hexanes.  m.p. 109 ï 111 °C.  1H NMR (400 MHz, CDCl3) ŭ 7.83 (d, 

J = 7.0 Hz, 1H), 5.80 (d, J = 7.0 Hz, 1H), 2.23 (s, 3H).  13C NMR (125 MHz, CDCl3) ŭ 

163.6, 159.7, 152.6, 105.2, 81.8, 19.8.  IR  (neat): 3085, 1734, 1628, 1529, 1334, 1106, 833 

cm-1. 

 

 

3-(Hydroxymethyl)-6-methyl-2H-pyran-2-one 564b:  By using same general method of 

Stille-coupling with (tributylstannyl)methanol. Isolated yield: 52%.  Rf: 0.25 in 3:2 ethyl 

acetate/hexanes.  m.p. 65 °C.  1H NMR  (500 MHz, CDCl3) ŭ 7.25 (dt, J = 6.6, 1.1 Hz, 1H), 

6.01 (dq, J = 6.6, 0.9 Hz, 1H), 4.48 (d, J = 6.2 Hz, 2H), 2.55 (t, J = 6.5 Hz, 1H), 2.27 (d, J 

= 0.4 Hz, 3H).  13C NMR  (125 MHz, CDCl3) ŭ 163.4, 161.7, 139.6, 124.7, 103.6, 61.4, 

19.9.  IR  (neat): 3407, 2922, 2864, 1714, 1699, 1637, 1582, 1107 cm -1.  HRMS (ESI-

TOF) m/z: [M+Na]+ Calcd for C7H8O3Na; 163.0371 found 163.0372. 
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4-Methoxy-6-methyl-2H-pyran-2-one 570:  Pyrone 570 was synthesized following the 

procedure.31  The spectral data were identical with reported in literature.  To the solution 

of 4-hydroxy-6 methyl-2H pyran-2-one (2.52 g, 20 mmol) in DMF (100 mL) at 0 °C were 

added potassium carbonate (5.53 g, 40 mmol) and methyl p-toluenesulfonate (6.06 mL, 40 

mmol). The reaction mixture was slowly warmed to ambient temperature and stirred 

overnight before diluting with water. Mixture was extracted with ethyl acetate (3 X 50 mL), 

combined ethyl acetate fraction was washed with brine, dried over anhydrous magnesium 

sulfate and concentrated in vacuo. Pure product (2.60 g, 93%) was obtained after column 

chromatography as a colorless solid.  Rf: 0.36 in 1:1 ethyl acetate/hexanes.  m.p. 86 ï 88 

°C.  1H NMR  (500 MHz, CDCl3) ŭ 5.77 (d, J = 0.9 Hz, 1H), 5.40 (s, 1H), 3.78 (d, J = 1.9 

Hz, 3H), 2.20 (s, 3H).  13C NMR (125 MHz, CDCl3) ŭ 171.4, 165.0, 162.1, 100.4, 87.4, 

55.9, 19.9. 

 

 

4-Methoxy-6-methyl-2-oxo-2H-pyran-3-carbaldehyde:  To 4-methoxy-6 methyl-2H 

pyran-2-one (1.0 g, 7.14 mmol), dichloromethoxymethane (12.9 mL, 142.80 mmol) was 

added at -5 °C followed by dropwise addition of TiCl4 (7.85 mL, 71.4 mmol). HCl gas 
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produced during the reaction was continuously removed by argon flow. The reaction 

mixture was slowly warmed to the ambient temperature and stirred 12 h at the same 

temperature before heating to 65 °C for additional 2 h. The reaction mixture was cooled 

down and carefully added to ice-water, extracted with DCM (3X50 mL), dried over 

anhydrous sodium sulfate, concentrated and purified using flash column chromatography 

to get colorless solid (695 mg, 58%).  m.p. 171 ï 174 °C.  1H NMR  (500 MHz, CDCl3) ŭ 

10.13 (d, J = 0.5 Hz, 1H), 6.14 (s, 1H), 4.05 (s, 3H), 2.36 (d, J = 0.8 Hz, 3H).  13C NMR 

(125 MHz, CDCl3) ŭ 186.8, 174.3, 170.8, 162.3, 101.9, 95.1, 57.8, 21.6. 

 

  

3-(Hydroxymethyl)-4-methoxy-6-methyl-2H-pyran-2-one 564c:  To the solution of 4-

methoxy-6-methyl-2-oxo-2H-pyran-3-carbaldehyde (1.4 g, 8.33 mmol) in methanol (75 

mL) at 0 °C, NaBH4 (945 mg, 25 mmol) and the reaction mixture was stirred for 30 min at 

the same temperature. Excess borohydride was quenched adding acetone, concentrated in 

vacuo and purified by flash column chromatography to get the product (1.2 g, 85%).  Rf: 

0.45 in 1:3 ethyl acetate/hexanes.  m.p. 144 ï 146 °C.  1H NMR (500 MHz, CDCl3) ŭ 6.05 

(s, 1H), 4.54 (s, 2H), 3.89 (d, J = 1.8 Hz, 3H), 2.90 (s, 1H), 2.29 (s, 3H).  13C NMR  (125 

MHz, CDCl3) ŭ 166.9, 165.5, 163.5, 103.8, 95.2, 56.6, 54.7, 20.6. 
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5,6,7,8-Tetrahydro-2H-chromen-2-one 573:  Pyrone 573 was synthesized with a 

common Witting olefination-cyclization sequence from a dicarbonyl compound 572 in 

68% yield as a colorless solid. Rf: = 0.31 in 1:3 ethyl acetate/hexanes. m.p. 58 ï 61 °C.    

1H NMR  (500 MHz, CDCl3) ŭ 7.12 ï 7.06 (m, 1H), 6.13 (d, J = 9.4 Hz, 1H), 2.52 (t, J = 

6.0 Hz, 2H), 2.39 (tt, J = 6.1, 1.8 Hz, 2H), 1.84 ï 1.76 (m, 2H), 1.75 ï 1.68 (m, 2H).  13C 

NMR  (100 MHz, CDCl3) ŭ 160.0, 146.5, 113.4, 112.5, 27.5, 25.6, 22.1, 21.7.  IR  (neat) 

2946, 2858, 1708, 1639, 1360, 850, 842 cm-1.  HRMS (ESI-TOF) m/z: [M+H]+ Calcd for 

C9H11O2; 151.0579 found 151.0757. 

 

 

3-(hydroxymethyl)-5,6,7,8-tetrahydro-2H-chromen-2-one 564d:  Synthesized by 

general procedure of Stille cross coupling in 47% yield as a colorless solid.  m.p. 74 ï 76 

°C.    1H NMR  (400 MHz, CDCl3) ŭ 7.10 (s, 1H), 4.47 (d, J = 6.1 Hz, 2H), 2.65 (t, J = 6.3 

Hz, 1H), 2.53 (d, J = 6.1 Hz, 2H), 2.41 (d, J = 6.0 Hz, 2H), 1.81 (dd, J = 11.3, 6.1 Hz, 2H), 

1.76 ï 1.66 (m, 2H). 13C NMR (125 MHz, CDCl3) ŭ 163.3, 158.5, 142.1, 124.8, 112.8, 

61.0, 27.2, 25.6, 22.1, 21.7.  IR  (neat) 3403, 2932, 2862, 1708, 1644, 1579, 1373, 1009 

cm-1.  HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C10H12O2Na; 203.0684, found 203.0678. 
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Syntheses of Photosubstrates 

  

Photosubstrate 524:  Synthesis of 524 is given as general procedure. 

NBS (146 mg, 0.82 mmol) was added in two portions to a solution of enyne 411 (138 mg, 

0.76 mmol) in DCM (3 mL) over 10 min and then stirred for 15 additional min to prepare 

bromosilane 412. In a separate flask, to the DCM (3 mL) solution of pyrone methanol 530 

(115 mg, 0.59 mmol) were added DMAP (7.2 mg, 0.06 mmol) triethylamine (115 µL, 0.82 

mmol) successively.  After ca. 15 min, the bromosilane 412 was added to the solution 

dropwise. The resulting mixture was stirred for 3 h and transferred into a separatory funnel 

and diluted with DCM (10 mL), washed with saturated aqueous ammonium chloride and 

brine. Organic layer was dried over anhydrous sodium sulfate, concentrated in vacuo and 

purified using flash column chromatography to give title compound 524 as a colorless oil 

(187 mg, 85%).  Rf: = 0.45 in 3:7 ethyl acetate/hexanes.  1H NMR  (500 MHz, CDCl3) ŭ 

5.38 (m, 1H), 5.3 (quin, J = 1.6 Hz, 1H), 4.71 (s, 2H), 4.06 (s, 3H), 2.90 (tt, J = 7.2, 1.6 

Hz,  2H), 2.76 ï 2.72 (m, 2H), 2.10 ï 2.04 (m, 2H), 1.96 ï 1.81 (m, 3H), 1.09 ï 1.03 (m, 

14H).  13C NMR (125MHz, CDCl3) ŭ 168.2, 166.0, 165.8, 127.0, 123.1, 110.5, 108.2, 

105.0, 88.1, 59.1, 57.0, 31.2, 29.0, 23.5, 20.3, 17.4, 17.3, 13.2.  IR  (neat) 2943, 2864, 2144, 

1699, 1539, 1467, 861, 849, 689 cm-1.  HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for 

C21H30O4SiNa; 397.1811 found 397.1812. 
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Photosubstrate 523:  Prepared by following general procedure to using pyrone methanol 

535 (98 mg, 0.588 mmol) as a colorless oil (180 mg, 89%).   Rf: 0.22 in 1:4 ethyl 

acetate/hexanes.  1H NMR  (500 MHz, CDCl3) ŭ 7.44 (t, J = 1.7 Hz, 1H), 5.38 (dq, J = 2.1, 

1.0 Hz, 1H), 5.31 ï 5.28 (m, 1H), 4.67 (q, J = 1.5 Hz, 2H), 2.82 ï 2.74 (m, 2H), 2.72 ï 2.63 

(m, 2H), 2.11 (dq, J = 8.5, 7.5 Hz, 2H), 1.89 (dd, J = 1.6, 1.1 Hz, 3H), 1.10 ï 1.05 (m, 

14H).  13C NMR  (125 MHz, CDCl3) ŭ 163.1, 161.8, 136.7, 126.6, 124.6, 123.9, 116.1, 

109.0, 86.8, 61.5, 31.0, 28.4, 23.4, 20.9, 17.4, 17.3, 13.2.  IR  (neat) 2945, 2926, 2865, 

2149, 1720, 1576, 1112, 978, 849 cm-1.  HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for 

C20H28O3SiNa; 367.1706 found 367.1717. 

 

 

Photosubstrate (±)-522: Rf: 0.59 in 1:5ethyl acetate/hexanes. 
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Prepared by using general procedure using pyrone methanol 564a (40 mg, 0.317 mmol).  

Isolated yield 86 mg (89%) as a colorless oil.  Rf: 0.3 in 1:4ethyl acetate/hexanes.  1H 

NMR  (500 MHz, CDCl3) ŭ 7.45 (dq, J = 6.5, 1.9 Hz, 1H), 7.43 ï 7.39 (m, 1H), 6.29 ï 6.25 

(m, 1H), 5.37 (dq, J = 2.1, 1.0 Hz, 1H), 5.28 (dq, J = 3.3, 1.6 Hz, 1H), 4.69 (ddd, J = 1.7, 

1.1, 0.5 Hz, 2H), 1.88 (dd, J = 1.6, 1.1 Hz, 3H), 1.11 ï 1.04 (m, 14H).  13C NMR  (125 

MHz, CDCl3) ŭ 161.4, 149.35=, 136.3, 129.3, 126.5, 124.0, 109.1, 106.4, 86.5, 61.0, 23.3, 

17.4, 17.2, 13.1.  IR (neat): 2946, 2866, 2147, 1719, 1570, 1122, 1095, 1033, 992, 849, 

773 cm-1.  HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C17H24O3SiNa; 327.1393 found 

327.1392.  

 

 

Prepared by using general procedure using pyrone methanol 564b (50 mg, 0.357 mmol).  

Isolated yield 100 mg (96%) as a colorless oil.  Rf: 0.5 in 3:7 ethyl acetate/hexanes.  1H 

NMR  (500 MHz, CDCl3) ŭ 7.41 ï 7.35 (m, 1H), 6.04 ï 5.99 (m, 1H), 5.38 (dq, J = 2.1, 1.0 

Hz, 1H), 5.29 (dq, J = 3.2, 1.6 Hz, 1H), 4.69 ï 4.66 (m, 2H), 2.25 (d, J = 0.8 Hz, 3H), 1.89 

(dd, J = 1.6, 1.1 Hz, 3H), 1.11 ï 1.04 (m, 14H).  13C NMR (125 MHz, CDCl3) ŭ 162.3, 

160.1, 137.7, 126.5, 125.2, 123.9, 108.9, 103.6, 86.7, 61.0, 23.3, 19.7, 17.4, 17.2, 13.1.  IR 

(neat): 2946, 2866, 2152, 1722, 1587, 1114, 1099, 1034 cm-1.  HRMS (ESI-TOF) m/z: 

[M+Na]+ Calcd for C18H26O3SiNa; 341.1549 found 341.155. 
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Prepared by using general procedure using pyrone methanol 564c (100 mg, 0.588 mmol).  

Isolated yield 180 mg (88%) as a colorless solid.  Rf: 0.26 in 2:3 ethyl acetate/hexanes.  

m.p. 82 ï 84 °C.  1H NMR  (500 MHz, CDCl3) ŭ 5.99 (d, J = 0.8 Hz, 1H), 5.38 (dq, J = 

2.1, 1.0 Hz, 1H), 5.27 (dq, J = 3.2, 1.6 Hz, 1H), 4.68 (s, 2H), 3.88 (s, 3H), 2.25 (d, J = 0.8 

Hz, 3H), 1.91 (dd, J = 1.6, 1.1 Hz, 3H), 1.08 ï 1.02 (m, 14H).  13C NMR (100 MHz, CDCl3) 

ŭ 168.4, 164.7, 163.6, 127.0, 123.2, 108.0, 103.5, 95.1, 88.0, 56.3, 56.0, 23.5, 20.7, 17.3, 

17.3, 13.2.  IR (neat): 2945, 2866, 2147, 1702, 1563, 1288, 1232, 1018, 998, 848 cm-1.  

HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C19H28O4SiNa; 371.1655 found 371.1650. 

 

Prepared by using general procedure using pyrone methanol 564d in 78% yield as a 

colorless oil.  Rf: 0.38 in 1:9 ethyl acetate/hexanes.  1H NMR  (500 MHz, CDCl3) ŭ 7.22 

(s, 1H), 5.38 (dd, J = 1.9, 1.0 Hz, 1H), 5.31 ï 5.27 (m, 1H), 4.68 (d, J = 1.2 Hz, 2H), 2.52 

(d, J = 6.2 Hz, 2H), 2.42 (t, J = 6.0 Hz, 2H), 1.92 ï 1.87 (m, 3H), 1.80 (dd, J = 7.6, 3.6 Hz, 

2H), 1.75 ï 1.70 (m, 2H), 1.17 ï 0.97 (m, 14H).  13C NMR (125 MHz, CDCl3) ŭ 162.3, 

157.2, 140.3, 126.6, 125.6, 123.9, 112.6, 109.0, 86.8, 61.0, 27.2, 25.9, 23.4, 22.2, 21.9, 

17.4, 17.3, 13.2.  IR (neat) 2944, 2864, 2893, 2147, 1719, 1584, 1119, 850 cm-1.  HRMS 

(ESI-TOF) m/z: [M+Na]+ Calcd for C21H31O3Si; 359.2042 found 359.2047. 
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Photoreaction 

General Procedure: A solution of the photosubstrate in benzene-d6 (c= 0.01 M) was 

degassed by bubbling argon through the solution for 30 min, transferred to NMR tubes and 

irradiated for specified time at 4 ï 8 °C with a water cooled Pyrex©-filtered 450 W medium 

pressure mercury lamp. The progress of the reaction was periodically monitored by 1H-

NMR and/or TLC. After the reaction was complete, the solvent was evaporated in vacuo 

and the residue was purified by column chromatography using the specified solvent 

mixtures.  During the scale up, anhydrous toluene was used as a solvent and a flow reactor 

used instead of NMR tubes. The flow reactor set up consisted of a 1360 cm long FEP 

Tubing (0.187ò OD x 0.125ò ID) wrapped in a single layer around a Pyrex water-cooling 

jacket.  The tubing length was such that it had an internal volume (in contact with the light 

source) of 45 mL. A KD Scientific syringe pump was used to drive the photosubstrate 

solution and control the flow rate (irradiation time). 

Photoreaction of 523 

 

Reaction of 523 (100 mg) required 75 min of irradiation for completion. Removal of the 

solvent in vacuo and purification by column chromatography using 1:4 ethyl 

acetate/hexanes furnished cycloadduct 538 as a colorless solid (89 mg, 89%).  Rf: 0.35 in 
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1:4 ethyl acetate/hexanes.  m.p. 72 ï 74 °C.  1H NMR  (500 MHz, CDCl3) ŭ 6.54 (s, 1H), 

5.61 (t, J = 2.2 Hz, 1H), 5.15 (m, 1H), 5.04 (s, 1H), 4.65 (d, J = 9.9 Hz, 1H), 3.88 (d, J = 

9.9 Hz, 1H), 3.14 (d, J = 15.6 Hz, 1H), 2.82 (d, J = 15.6 Hz, 1H), 2.56 ï 2.39 (m, 2H), 2.06 

ï 2.09 (m, 2H), 1.97 ï 1.86 (m, 1H), 1.81 ï 1.67 (m, 1H), 1.17 ï 1.10 (m, 2H), 1.08 ï 1.02 

(m, 12H).  13C NMR (125 MHz, CDCl3) ŭ 172.7, 145.0, 143.2, 142.4, 139.7, 122.7, 121.7, 

88.7, 76.0, 53.6, 51.0, 40.4, 27.2, 21.6, 17.6, 17.4, 17.4, 17.2, 13.1, 12.8.  IR (neat) 2944, 

2865, 1733, 1462, 1141, 1092, 1030, 800 cm-1.  HRMS (ESI-TOF) m/z: [M+Na]+ Calcd 

for C20H28O3SiNa; 367.1706 found 367.1705. 

 

Photoreaction of 524 

 

Reaction of 524 (100 mg) required only 35 min of irradiation for completion. Removal of 

the solvent in vacuo and purification by column chromatography using 1:4 ethyl 

acetate/hexanes furnished 529 as a colorless solid (85 mg, 85%).  Rf: 0.21 in 1:4 ethyl 

acetate/hexanes.  m.p. 104-107 °C.  1H NMR  (500 MHz, C6D6) ŭ 5.44 (d, J = 12.2 Hz, 

1H), 4.90 (d, J = 12.2 Hz, 1H), 3.38 (s, 3H), 2.54 (dd, J = 13.8, 1.1 Hz, 1H), 1.61 ï 1.53 

(m, 2H), 1.47 (d, J = 13.8 Hz, 1H), 1.43 ï 1.29 (m, 4H), 1.28 ï 1.24 (m, 6H), 1.19 (d, J = 

7.3 Hz, 3H), 1.14 (d, J = 7.3 Hz, 3H), 1.06 ï 0.99 (m, 1H), 0.97 ï 0.91 (s, 1H), 0.80 (m, 

3H).  13C NMR (125 MHz, CDCl3) ŭ 171.3, 165.3, 118.7, 108.9, 93.7, 83.4, 58.2, 58.1, 

51.3, 47.5, 38.9, 38.7, 29.8, 22.5, 19.8, 17.4, 17.3, 17.2, 17.2, 13.1, 12.8.  IR  (neat) 2945, 
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2864, 2141, 1720, 1620, 1342, 1107, 1072, 1051, 643 cm-1.  HRMS (ESI-TOF) m/z: 

[M+Na]+ Calcd for C21H30O4SiNa; 397.1811 found 397.1821. 

 

 

Cycloadduct 539 (10 mg) was dissolved in 0.8 mL CDCl3 and was allowed to sit in -20 °C 

for 4 weeks. Concentration in vacuo followed by column chromatography of the residue 

using 1:4 ethyl acetate/hexanes afforded triene 540 (5 mg, 50%) as a colorless oil.  Rf: 0.42 

in 1:4 ethyl acetate/hexanes.  1H NMR  (400 MHz, CDCl3) ŭ 6.58 (s, 1H), 5.10 (s, 1H), 

5.03 (s, 1H), 4.60 (d, J = 9.8 Hz, 1H), 4.53 (d, J = 9.9 Hz, 1H), 3.71 (s, 3H), 3.17 (t, J = 

16.1 Hz, 1H), 2.78 (d, J = 15.9 Hz, 1H), 2.67 (m, 2H), 2.08 ï 2.00 (m, 1H), 1.93 ï 2.0 (m, 

2H), 1.67 ï 1.77 (m, 1H), 1.10 ï 1.01 (m, 14H).  13C NMR (100 MHz, CDCl3) ŭ 172.2, 

147.6, 143.0, 142.9, 140.9, 122.1, 115.7, 87.5, 71.0, 59.6, 56.5, 52.2, 40.0, 25.8, 21.4, 17.6, 

17.4, 17.3, 17.2, 13.2, 12.8.  IR  (neat) 2944, 2865, 2147, 1733, 1242, 1073, 1031, 801 cm-

1.  HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C21H30O4SiNa; 397.1811 found 397.1807. 
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Photoreaction of (±)-522 

 

 

Reaction of (±)-522 (10 mg) required only 1.5 h of irradiation for completion. Removal of 

the solvent in vacuo and purification by column chromatography using 1:4 ethyl 

acetate/hexanes furnished the 1:1 diastereomeric mixture of (±)-520 as a colorless oil (8.9 

mg, 89%).  Rf: 0.46 in 1:5 ethyl acetate/hexanes.  1H NMR  (500 MHz, CDCl3) ŭ 6.54 (s, 

1H), 5.60 (d, J = 2.2 Hz, 1H), 5.15 ï 5.11 (m, 1H), 5.05 (d, J = 0.9 Hz, 1H), 4.63 (d, J = 

9.9 Hz, 1H), 3.88 (d, J = 9.9 Hz, 1H), 3.16 (d, J = 15.6 Hz, 1H), 2.80 (dd, J = 12.6, 8.7 Hz, 

1H), 2.79 ï 2.71 (m, 1H), 2.16 ï 1.98 (m, 3H), 1.33 (tdd, J = 12.7, 9.7, 6.7 Hz, 1H), 1.12 

(d, J = 7.0 Hz, 3H), 1.10 ï 1.02 (m, 14H).  13C NMR (125 MHz, CDCl3) ŭ 172.8, 149.9, 

142.5, 142.3, 139.8, 122.9, 121.6, 88.6, 76.0, 53.5, 51.7, 40.3, 34.8, 30.9, 20.4, 17.6, 17.4, 

17.4, 17.2, 13.0, 12.8.  IR  (neat) 2956, 2891, 2866, 1732, 1463, 1147, 1036, 881 cm-1.  

HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C21H31O3Si; 359.2042 found 359.2042. 
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Photoreaction of 563d: 

 

 

Reaction of 563d (20 mg) required 3.5 h of irradiation for completion. Removal of the 

solvent in vacuo and purification by column chromatography using 1:4 ethyl 

acetate/hexanes 579 as a colorless solid (11.2 mg, 56%).  Rf: 0.29 in 1:9 ethyl 

acetate/hexanes.  m.p. 80 ï 82 °C.  1H NMR  (500 MHz, CDCl3) ŭ 6.54 (s, 1H), 5.40 (d, J 

= 2.6 Hz, 1H), 5.15 (s, 1H), 5.03 (s, 1H), 4.67 (d, J = 9.9 Hz, 1H), 3.79 (d, J = 9.9 Hz, 1H), 

3.06 (s, 2H), 2.38 (s, 1H), 2.13 ï 2.02 (m, 2H), 1.90 (s, 2H), 1.74 (d, J = 14.5 Hz, 3H), 1.10 

ï 0.98 (m, 14H).  HRMS (ESI-TOF) m/z: [M+H]+ Calcd for C21H31O3Si; 359.2042 found 

359.2015. 

 

Further transformations on cycloadduct: 
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Alcohol 550:  To the THF (5 mL) solution of cycloadduct 538 (45 mg, 0.13 mmol) at 0 °C 

was added TBAF (0.31 mL, 1.0 M solution in THF, 0.16 mmol) and stirred for 1.5 h at the 

same temperature before concentrating in vacuo.  Column chromatographic purification on 

residue furnished the title compound 550 (27 mg, 90%) as a colorless liquid.  1H NMR  

(500 MHz, CDCl3) ŭ 6.29 (d, J = 12.1 Hz, 1H), 5.64 (d, J = 12.1 Hz, 1H), 5.50 (t, J = 2.1 

Hz, 1H), 5.08 ï 5.01 (m, 1H), 5.00 ï 4.96 (m, 1H), 3.89 ï 3.70 (m, 2H), 3.16 (d, J = 15.9 

Hz, 1H), 3.12 (s, 1H), 2.79 (d, J = 15.9 Hz, 1H), 2.56 ï 2.41 (m, 2H), 2.08 ï 2.04 (m, 1H), 

1.99 ï 1.92 (m, 1H), 1.81 ï 1.72 (m, 1H), 1.04 ï 1.00 (m, 1H).  13C NMR (125 MHz, 

CDCl3) ŭ 174.5, 145.7, 141.1, 134.0, 128.5, 121.6, 119.5, 89.7, 67.6, 50.8, 48.7, 39.8, 26.7, 

21.3.  IR  (neat) 3446, 3059, 2954, 2917, 1718, 1438, 1265, 1146, 1071, 741 cm-1.  HRMS 

(ESI-TOF) m/z: [M+H]+ Calcd for C14H17O3; 233.1177 found 233.1177. 

 

 

Birch reduction: Synthesis of hemiacetal 555 was given as a general procedure used to 

get hemiacetals 555 and 556. 

Hemiacetal 555: To the THF (1.0 mL) solution of alcohol 550 (20 mg, 0.86 mmol), t-

BuOH (40 µL) was added.  In a separate flask containing liquid NH3 (~5.0 mL) at ï 78 °C 

was added Na (~50 mg).  Then, THF solution of mixture of 550 and t-BuOH was added to 

this flask ï 78 °C and was stirred for 1 h before diluting with saturated ammonium chloride 
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solution.  The resulting mixture was extracted with DCM.  Combined organics were dried 

over anhydrous sodium sulfate, filtered, concentrated in reduced pressure and the residue 

was purified by a column chromatography to furnish title hemiacetal 555 (14.4 mg, 71%) 

as a colorless foam.  Rf: 0.35 in 1:1 ethyl acetate/hexanes.  1H NMR  (500 MHz, CDCl3) ŭ 

5.69 (s, 1H), 5.38 (s, 1H), 3.86 (d, J = 11.6 Hz, 1H), 3.72 (s, 2H), 2.41 ï 2.30 (m, 2H), 2.24 

(d, J = 5.9 Hz, 1H), 2.13 ï 2.05 (m, 1H), 1.85 (d, J = 12.4 Hz, 1H), 1.74 (ddd, J = 22.7, 

14.2, 8.6 Hz, 2H), 1.69 ï 1.63 (m, 1H), 1.60 (d, J = 12.4 Hz, 2H), 1.16 (s, 3H).  13C NMR 

(125 MHz, CDCl3) ŭ 151.2, 138.2, 134.9, 123.0, 114.6, 85.4, 65.1, 57.0, 54.0, 45.2, 36.3, 

30.0, 23.5, 21.0.  IR  (neat) 3384, 3043, 2959, 2917, 2869, 1455, 1113, 1020, 760 cm-1.  

HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C14H18O3SiNa; 257.1154 found 257.1156. 

 

 

Hemiacetal 556: Hemiacetal 556 was obtained from a Birch reduction conditions of 

cycloadduct 538 in (81% yield) as a colorless foam.  Rf: 0.39 in 1:1 ethyl acetate/hexanes.  

1H NMR  (500 MHz, CDCl3) ŭ 6.03 (s, 1H), 5.34 (s, 1H), 3.97 (d, J = 12.0 Hz, 1H), 3.82 

(s, 1H), 3.71 (d, J = 12.1 Hz, 1H), 2.36 ï 2.30 (m, 1H), 2.21 ï 2.16 (m, 1H), 2.10 ï 2.05 

(m, 1H), 1.85 (d, J = 12.3 Hz, 1H), 1.77 ï 1.69 (m, 3H), 1.67 ï 1.63 (m, 1H), 1.61 (d, J = 

12.3 Hz, 1H), 1.14 (s, 3H), 1.09 ï 0.96 (m, 14H).  13C NMR  (125 MHz, CDCl3) ŭ 152.0, 

149.8, 144.2, 123.0, 115.9, 84.9, 64.4, 61.1, 54.6, 45.2, 36.1, 29.8, 23.4, 21.3, 17.8, 17.6, 
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17.3, 17.2, 13.9, 13.2.  IR  (neat) 3372, 2952, 2924, 2891, 2864, 1459, 1023, 884 cm-1.  

HRMS (ESI-TOF) m/z: [M+H]+ Calcd for C20H31O3Si; 347.2042 found 347.2033. 
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CHAPTER 6                                                                                                                                

PARA [4+4] PHOTOCYCLOADDI TION OF SUBSTITUTED BENZENES 

WITH 2 -PYRIDONES                                                                    

6.1 Introduction  

 Before 1956, benzene was reported to be photochemically inert and isopropyl 

benzene had been often used as a solvent in photochemical reactions.1  Later, benzene was 

discovered to isomerize into the rather unstable fulvene structure when it was irradiated at 

254 nm, or into Dewar benzene at 203 nm.2-4  Attempts to utilize the unstable (reactive) 

fulvene in Diels-Alder reaction with maleic anhydride led to the novel and stable 2:1 maleic 

anhydride and benzene adduct 602 which was suggested to arise from sequential  

photochemical [2+2] and  thermal [4+2] addition steps, Scheme 6.1.2 

 






















































































































































































































































































































































































