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ABSTRACT 

 

Investigating Rings: From Iridium-Catalyzed [4+2] Cycloadditions of Alkynyl 

Halides to Ring Openings of Cyclopropanated Oxabenzonorbornadiene 

 

Andrew Tigchelaar              Advisor: 

University of Guelph, 2012             Professor William Tam 

 

 This thesis describes two unrelated projects.  Iridium-catalyzed intramolecular 

[4+2] cycloadditions of alkynyl halides were investigated, and the catalyst conditions 

were optimized for ligand, solvent, and temperature.  Several substrates successfully 

underwent cycloaddition under the optimized conditions, with yields ranging from 75-

94%.  The halide moiety is compatible with the reaction conditions and no oxidative 

insertion to the alkynyl halide was observed.  These results are the first examples of 

cycloadditions of alkynyl halides using an iridium catalyst. 

 The second part of this thesis describes acid-catalyzed ring opening reactions of 

cyclopropanated oxabenzonorbornadiene.  First, the reaction was optimized for the acid 

source and temperature using methanol as a solvent and nucleophile, and then the scope 

of the reaction was expanded to a variety of other alcohols.  Several successful examples 

with different alcohol nucleophiles are described, with yields of up to 82%. 
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1.1 Introduction 

 One major source of inspiration for synthetic organic chemists is natural products.  

Chemists imitate nature and use its products to develop new methodologies and improve 

on existing knowledge in order to recreate molecules isolated from natural sources.  

Recent studies indicate that of all the anticancer drugs made available since the 1940’s, 

just less than fifty percent were either natural products or directly derived from natural 

products.1  When looking at natural products, a large number of them contain rings of 

various types and sizes as showcased in Figure 1-1.  The anticancer agent (+)-

ptaquiloside bears three, five, and six membered rings, sesquiterpenoid (+/-)-lasidiol 

contains five and seven membered rings, and the antibiotic macrolide roxaticin provides 

an example of a 30-membered macrocycle. 

 
Figure 1-1: Examples of rings in natural products 

 

1.2 Ring Formation 

The two main strategies used to form rings in organic chemistry are cyclization 

and cycloaddition.  The former involves the connection of two functional groups to form 
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rings of all different sizes, and the latter are reactions that occur in a [m+n] fashion, 

resulting in a (m+n)-membered ring.  For example, three-membered epoxide and 

cyclopropane rings can be formed by intramolecular SN2 reactions, and macrocycles are 

commonly formed by metathesis2 or esterification3 reactions.   Intramolecular SN2 

reactions can also be used to make larger rings, and metathesis and esterification are not 

limited to the formation of macrocycles.  

  

1.2.1 Cyclization Reactions 

Lu and Peng demonstrated an interesting cyclopropane formation via cyclization 

in the synthesis of the core structure of (+/-)-chlorahololide.4  Removal of the proton 

adjacent to the carbonyl in 1-1 allowed for an intramolecular SN2 reaction with the 

mesylate leaving, ultimately contracting the six-membered ring to fused five- and three-

membered rings in intermediate 1-2.  Two separate extensions of 1-2 set up a [4+2] 

cycloaddition to furnish heptacyclic product 1-3 (Scheme 1-1). 

 
Scheme 1-1: Ring contraction in the synthesis of the core structure of (+/-)-chlorahololide 

 

 Leighton and coworkers utilized a ring-closing metathesis reaction as the final 

step in their total synthesis of the natural product dolabelide D (Scheme 1-2).5  Grubbs’ 

‘second generation’ ruthenium catalyst 1-5 promoted the cyclization of intermediate 1-4 

to form the 24-membered macrolide and complete the synthesis. 



! %!

 
Scheme 1-2: Ring-closing metathesis in the synthesis of dolabelide D 

 The Yamaguchi esterification is a common reaction in natural product synthesis 

for the formation of macrolactones.3  The Krische group demonstrated this in their total 

synthesis of (+)-roxaticin, using the Yamaguchi conditions to form the 30-membered 

lactone ring.6  A global acidic deprotection afforded the final product (Scheme 1-3). 

 
Scheme 1-3: Yamaguchi esterification in the synthesis of roxaticin 

 

1.2.2 Cycloaddition Reactions 

Cycloaddition reactions of different types have been key to many natural product 

syntheses.  For example, [4+2] cycloadditions were used as early as the 1950’s as the key 

steps in Woodward’s total syntheses of cortisone, cholesterol,7 and reserpine,8 exhibiting 

some of the first examples of practical applications of the important Diels-Alder reaction.  

Examples of thermal Diels-Alder reactions towards the synthesis of natural products are 

well represented in the literature,9 but metal-catalyzed [4+2] cycloadditions are not as 

common.  The Livinghouse group recently reported the total synthesis of the natural 
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product ptilocaulin, utilizing a Rh(I)-catalyzed [4+2] intramolecular cycloaddition as the 

key step (Scheme 1-4).10 

 
Scheme 1-4: Total synthesis of ptilocaulin via a Rh(I)-catalyzed [4+2] cycloaddition 

Aside from [4+2] cycloadditions, others such as [2+2], [4+3], and [5+2] 

cycloadditions have seen applications in natural product synthesis. Wanzl’s synthesis of 

(+/-)-fragranol,11 Föhlisch’s synthesis of (+/-)-lasidiol,12 and Wender’s synthesis of (+)-

dictamnol13 have showcased these cycloadditions, as presented in Scheme 1-5. 

 

Scheme 1-5: Assorted cycloadditions leading to natural products 
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Different variants of oxabicyclo [2.2.1] heptene have also been shown to be useful 

building blocks in natural product synthesis.14  The first oxabicyclic systems were 

synthesized by Diels and Alder in 192915 and since then several different oxabicyclic 

frameworks have been synthesized which offer different routes to many natural products 

(Scheme 1-6). 

 
Scheme 1-6: Synthesis of various oxabicyclic frameworks 

Sneden and DiFazio synthesized the natural product (+/-)-epoxycycloaurapten 

starting with a [4+2] cycloaddition between 2-methylfuran and 2-chloro-acrylonitrile.  

Reduction of the double bond followed by treatment with potassium hydroxide forms the 

key oxabicyclic core 1-7 (Scheme 1-7).16 

 

Scheme 1-7: Formation of oxabicycle 1-7 in the total synthesis of epoxycycloaurapten  

 Many other oxabicyclic frameworks are featured in total syntheses as 

intermediates, with the intention that they will be ring-opened en route to the final 

product. 
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1.3 Ring Opening  

The ability to construct and open simple or complex ring structures in a controlled 

manner plays a large part in the problem-solving approaches used when attempting to 

synthesize natural products.  In many cases rings are made with the intention of 

selectively opening them in order to control stereochemistry in the product.17  Different 

oxabicyclic structures have been utilized for the controlled syntheses of several natural 

products.  Renaud’s synthesis of (+/-)-epi-prostaglandin18 and Kasahara’s synthesis of 

validamine19 both commenced with an oxabicyclic framework which could then be 

opened to furnish the final products (Scheme 1-8).   

 

Scheme 1-8: Total synthesis of various natural products from oxabicylic starting materials 

Lautens’ total synthesis of ionomycin commenced with the symmetric oxabicyclic 

structure 1-8, which was generated by a [4+3] cycloaddition between furan and an 

oxyallyl cation,20 and could then be opened in two different ways to provide acyclic 

products 1-9 and 1-10, both key intermediates in the synthesis (Scheme 1-9).21 
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Scheme 1-9: Ring openings of 1-1 to acyclic intermediates in the synthesis of ionomycin 

Lautens and coworkers also recently reported the synthesis of the active 

pharmaceutical ingredients (API) rotigotine and (S)-8-OH-DPAT with an asymmetric 

ring opening of an unsymmetrical oxabenzobicyclic substrate as the key step (Scheme 1-

10).22  These are just a few examples of possibilities that arise from oxabicyclic 

structures. 

 

Scheme 1-10: Asymmetric synthesis of API rotigotine and (S)-8-OH-DPAT via ring opening 
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1.4 Ring Expansion  

Small rings also play an important role in organic chemistry and natural product 

synthesis.  Some natural products contain small (3 or 4-membered) rings, but it is also 

possible to take advantage of the high ring strain in such small systems for reactions such 

as ring expansions and openings.23  One way of synthesizing challenging 7-membered 

rings is via addition of a carbene to a cyclohexene derivative, followed by ring expansion 

to the 7-membered ring – an overall [6+1] process that proceeds via a [2+1] 

cycloaddition then ring expansion.24 Evans has made clever use of this protocol in his 

total synthesis of colchicine (Scheme 1-11).25 

 

Scheme 1-11: Formation of two 7-membered rings via ring expansion in the total synthesis of 

colchicine 

Gem-Dibromocyclopropanes can be taken advantage of in a similar fashion.  

Banwell and coworkers utilized a ring-expansion en route to synthesizing the antiviral 

product !-lycorane.26  Treatment of the gem-dibromocyclopropane with silver perchlorate 
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in TFE lead to simultaneous ring expansion and formation of a new 5-membered ring 

(Scheme 1-12), and the synthesis was completed in four more steps. 

 

Scheme 1-12: Ring expansion of a gem-dibromocyclopropane in the synthesis of !-lycorane 

 Another example presented by Fukuyama and coworkers employed a [4+2] 

cycloaddition between furan 1-11 and perbrominated cyclopropene 1-12 en route to a key 

intermediate 1-16 of the natural product (+/-)-platensimycin.27 The cyclopropanated 

oxabicyclic 1-13 was not isolated, but rather ring expanded to form diastereomeric 

cycloheptenes.  Loss of silver bromide afforded the allyl cation 1-14, which was attacked 

by water to form the separable dibromoenone diastereomers 1-15 (Scheme 1-13). 

 

Scheme 1-13: Cycloaddition/ring expansion en route to intermediate 1-16 
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These few examples give a brief introduction to the importance of rings in organic 

chemistry and the synthesis of natural products.  Understanding the reactivity of different 

systems for the formation and manipulation of different rings can help chemists design 

better routes to synthesize natural products and other desired products.  While the 

purpose of this work is not to specifically form a particular product, there are many 

examples in the literature of similar works that have approached natural product synthesis 

using similar chemistry, as described above.  This work will focus on Ir-catalyzed 

intramolecular [4+2] cycloadditions and ring opening reactions of cyclopropanated 

oxabenzonorbornadiene, involving the construction and opening of multiple rings 

(Scheme 1-14).  

 

Scheme 1-14: Formation and opening of rings in this work 
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Chapter 2: Ir-catalyzed Intramolecular [4+2] Cycloadditions of Alkynyl Halides 
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2.1. Introduction 

 As mentioned in Chapter 1, ring formation is an important process in organic 

synthesis.  Since 1928, organic chemists have utilized the Diels-Alder reaction for the 

formation of six-member rings,1 and in this time many variations on the reaction have 

been discovered, utilizing substrate substitution, Lewis acids, and transition metals to 

help promote the reaction.  This chapter will look at iridium-catalyzed intramolecular 

cycloadditions of alkynyl halides, which retain the halogen in the bicyclic product, 

allowing for the possibility of further coupling reactions to form complex molecules 

which may not be accessible directly by cycloaddition. 

2.2 Alkynyl Halides in Organic Synthesis 

 One class of compounds that has been gaining popularity as organic building 

blocks is alkynyl halides.  Alkynyl halides can be effective building blocks in organic 

synthesis.  Conventionally, these have been prepared by deprotonation of terminal 

alkynes with a strong base and subsequent trapping of the metallated anion with an 

appropriate halogenating agent2 as shown in Scheme 2-1. 

 

Scheme 2-1: Conventional preparation of alkynyl halides 

However, many mild, efficient methods can now be found in the literature.3 The 

ability to more readily access these types of compounds has increased their value in 

organic synthesis and many interesting reactions in recent literature take advantage of the 

versatility of the alkynyl halide moiety.  It was at one time commonly accepted that 
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nucleophilic substitution at an acetylenic carbon was not possible. In an era in which 

nucleophilic substitution reactions were first being studied, several attempts at direct 

substitutions of alkynyl halides were made with little success.4  It was not until 1962 that 

groups started to report direct nucleophilic substitution reactions of alkynyl halides.  

These reactions are not practical today, partly due to harsh reaction conditions and poor 

yields, but more importantly, because milder methods are now available.  On the other 

hand, seeing results with direct nucleophilic substitutions was important to prove the 

concept that these types of substitution reactions were in fact possible.  Today many 

substitution reactions of alkynyl halides proceed with the assistance of a metal catalyst. 

2.2.1 Copper Catalyzed Reactions of Alkynyl Halides 

 In 1957 Chodkiewicz and Cadiot presented some of the first examples of copper 

catalyzed coupling reactions of alkynyl halides to give both symmetrical and 

unsymmetrical diynes.5  Since the discovery of this reaction, improvements have been 

made6 to make this a dependable route to unsymmetrical diynes (Scheme 2-2).   

Scheme 2-2: The Cadiot-Chodkiewicz reaction 

  Similarly, organozirconium reagents are capable of coupling with alkynyl halides 

through the use of a Cu(I)-catalyst, to form diynes.7 These types of coupling reactions to 

form di- and tri-ynes as well as ene-diynes appear in several syntheses of natural 

products.8  These reports show the applications of Cu(I)-catalyzed coupling reactions of 

alkynyl halides, and an early use of the alkynyl halide moiety. 
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Nitrogen nucleophiles have also been employed in Cu(I)-catalyzed coupling 

reactions with alkynyl bromides, (Scheme 2-3).9  This strategy offers a convenient route 

to ynamides, a useful building block in organic synthesis, via deprotonation of the 

corresponding amide with KHMDS, followed by reaction with a Cu(I) salt and an alkynyl 

halide.  Initial attempts at the reaction without first deprotonating the amide were plagued 

with a competing homocoupling reaction of the alkynyl bromides. 

 

Scheme 2-3:  Cu(I)-catalyzed coupling reactions with nitrogen nucleophiles 

Formerly, copper catalyzed cross coupling reactions of alkyl and aryl 

Grignard reagents with alkynyl halides were thought to only give poor yields of the 

substitution product, likely due to the prevalent occurrence of halogen/magnesium 

exchange.  However, Cahiez and coworkers recently reported a mild, efficient process for 

these cross coupling reactions, which can be used to construct simple or functionalized 

internal alkynes (Scheme 2-4).10   

 

Scheme 2-4: Cu(I)-catalyzed couplings of Grignard reagents and alkynyl halides 
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2.2.2 Other TMC Reactions of Alkynyl Halides 

Alkynyl halides present organic chemists with a curious, versatile moiety.  The 

dual functionality of this moiety means that depending on the reaction conditions used, 

the metal can coordinate at two different positions, in three different ways, as shown in 

Scheme 2-5.   

 

Scheme 2-5: Possible reaction pathways of alkynyl halides in TMC reactions 

The first and most common case is defined by the oxidative insertion of the metal 

into the carbon-halide bond, to provide intermediate 2-2.  Much research has been done 

on reactions of this type, specifically metal catalyzed cross coupling reactions to form 

carbon-carbon bonds via intermediate 2-2.  Several practical synthetic building blocks 

such as enynes,11 diynes,12 and triynes13 have been successfully produced using this 

method.   Secondly, formation of a halovinylidene intermediate 2-3 via 1,2-halogen 

migration has been reported, but this type of insertion is uncommon.  Finally, and of most 

interest in this report, is the formation of the acetylene !-complex 2-4, formed by 

coordination of the !-system of the acetylene to the metal in an !2 fashion. These types of 

intermediates are also uncommon, likely due to competition with insertion of the metal 

into the carbon-halide bond. Few cases of transition metal catalyzed cycloadditions of 
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alkynyl halides, which rely on this acetylene !-complex, have been reported in the 

literature.  

2.2.3 Reactions via Oxidative Insertion Intermediates 

Many TMC reactions of alkynyl halides proceed via intermediate 2-2 (Scheme 2-

5), with the most common application being Pd(0) catalyzed cross coupling reactions.  

One interesting case presented by Bouyssi and coworkers involves enolates of "-

acetylenic malonates cyclizing to form a vinylic copper intermediate.14 This intermediate 

then undergoes transmetallation with the Pd-iodo alkyne intermediate, formed by 

insertion of Pd(0) into the carbon-halide bond of the alkynyl iodide.   Reductive 

elimination gives the enyne cyclopentane product.  This is an interesting reaction in that 

Cu(I) and Pd(0) are both required to catalyze the reaction; experiments excluding either 

of the catalysts were unsuccessful, confirming the need for both metals in the mechanism, 

proposed below in Scheme 2-6.   

 

Scheme 2-6: Dual Pd(0)/Cu(I) catalyzed enyne cyclopentane formation 

Another process known as “inverse Sonogashira coupling”, a term coined by 

Trofimov and coworkers, involves cross coupling of alkynyl halides and arenes.  

Sonogashira coupling is a well-known process involving cross coupling of an aryl halide 
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and a terminal alkyne.15  The development of the inverse Sonogashira process is aimed at 

directly alkynylating normally unreactive C-H bonds with readily available alkynyl 

halides,16 as shown in Scheme 2-7. 

 

Scheme 2-7: Pd(0)/Cu(I) catalyzed  inverse Sonogashira coupling 

2.2.4 Reactions via non-Oxidative Insertion Intermediates 

 As shown in Scheme 2-5, the metal can coordinate with the acetylene to form 

intermediates 2-3 and 2-4.  While there are many examples of reactions that occur 

through oxidative insertion intermediate 2-2, there are far fewer examples that proceed 

through intermediates 2-3 and 2-4.  These reactions are particularly interesting as the 

halogen is retained in the product, allowing for the possibility of subsequent coupling 

reactions.  Iwasawa et al. reported the formation of a halogenated naphthalene derivative 

from 1-iodo-1-alkynes and W(CO)5(THF).17   The reaction is thought to proceed via 

formation of the alkyne-W(CO)5 !-complex, which then isomerizes by a 1,2-iodo 

migration.  A 6#-electrocyclization then occurs, giving the carbene intermediate which 

then aromatizes, regenerating the pentacarbonyltungsten species and forming the 

iodinated product (Scheme 2-8). 
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Scheme 2-8: Tungsten catalyzed electrocyclization of iodovinylidene complexes 

Pericas reported another example of a reaction of an alkynyl halide in which the 

metal did not oxidatively insert into the carbon-halide bond.18  Upon treatment of the 

alkynyl halide with dicobalt octacarbonyl, the dicobalt hexacarbonyl intermediate was 

formed, which quickly decomposed when the reaction was warmed to room temperature, 

giving an isolable homocoupling complex, and a carbonylated intermediate.  This 

carbonylated intermediate could then be treated with norbornadiene (NBD) at 60 °C, to 

form the halogen-containing cycloadduct, giving rise to the possibility of further coupling 

reactions (Scheme 2-9). 

Scheme 2-9: Co-catalyzed Pauson-Khand [2+2+1] cycloaddition of an alkynyl halide 
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Tam and coworkers reported ruthenium-catalyzed [2+2] cycloadditions of alkynyl 

halides.19  Again, no oxidative insertion of the ruthenium into the carbon-halide bond was 

seen when chloro- and bromoalkynes were used (Scheme 2-10). 

 

Scheme 2-10: Ru-catalyzed [2+2] cycloadditions of alkynyl halides 

An interesting observation was made when using alkyne substrate 1-iodo-2-

phenylethyne.  Other than the usual [2+2] product, a side product 2-5 (Scheme 2-11) was 

seen, formed by oxidative insertion of the ruthenium into the carbon-iodide bond.  It is 

likely that due to the weakness of the C-I bond relative to C-Cl and C-Br bonds, it is 

easier for the ruthenium to oxidatively insert, leading to formation of the observed side 

product (Scheme 2-11). 

 

Scheme 2-11: Formation of side product 2-5 by oxidative insertion of Ru 

Shortly after reporting [2+2] cycloadditions of alkynyl halides, Tam and 

coworkers reported that [4+2] cycloadditions are also possible, vide infra.  These cases 

are the few known examples of transition metal catalyzed reactions via intermediate 2-4 

(Scheme 2-5).   
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2.3 Cycloadditions 

 A cycloaddition reaction consists of two or more unsaturated compounds 

combining through positive overlap of molecular orbitals, giving a cyclic product.  These 

reactions proceed through a concerted mechanism, that is, simultaneous breaking of pi 

bonds and formation of sigma bonds with no detectable intermediates.  The most well 

known example is the Diels-Alder reaction, in which a conjugated diene and dienophile 

undergo a [4+2] cycloaddition to give a six-membered ring (Figure 2-1).   

!
Figure 2-1: Molecular orbital interactions in the Diels-Alder reaction 

The reactivity of these reactions has been well studied,20 and most commonly 

reactivity is enhanced by electron withdrawing substituents on the dienophile, and 

electron donating substituents on the diene. Because the reaction is governed by frontier 

molecular orbital interactions, electronic substituents can enhance the reaction by 

reducing the HOMO/LUMO gap of the diene and dienophile respectively.  Alkynyl 

halides present an interesting class of alkynes, as their electron withdrawing ability could 

enhance the rate of cycloaddition reactions. Thermal [4+2] cycloadditions require very 

high temperatures to proceed, but factors such as tethering the two components, and the 

aforementioned electronic substituents can lower the temperature required for a 

cycloaddition to occur.  While these factors theoretically improve reaction conditions, 
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thermal cycloadditions are often not practical for complex systems, as unwanted 

rearrangements and decomposition can occur. 

2.3.1 Lewis Acid Catalyzed Cycloadditions  

In the case that the substrate, typically the dienophile, bears a polar functionality 

that can act as a Lewis base, Lewis acid (L.A.) catalyzed cycloadditions are possible.21  

The L.A. coordinates with the polar functional group through a lone pair of electrons, 

enhancing the electron withdrawing properties of the substituent, and in turn increasing 

the electrophilicity of the dienophile.  As a result, the frontier orbitals of the dienophile 

are lowered to a greater degree, decreasing the HOMO/LUMO gap between the diene and 

dienophile , allowing the reaction to occur more readily under milder conditions. 

Taking this into consideration, L.A. catalysis can provide significant improvement 

over running these reactions thermally.  For example, substrates bearing a substituent cis 

to the conjugated diene (see Scheme 2-12) see significantly diminished reactivity due to 

the added sterics around the reaction site.  As seen in Scheme 2-12, the application of a 

L.A. significantly improved the yield and selectivity of the reaction compared to the 

thermal cycloaddition, even reversing the selectivity from the sterically preferred exo 

product, to the electronically preferred endo product.22 

 

Scheme 2-12: Thermal vs. L.A. catalyzed [4+2] cycloadditions 
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While L.A. catalysis can be beneficial for [4+2] cycloadditions, several L.A. 

catalysts were found to be ineffective for the substrates of interest in this report (seen in 

Table 2-3, p. 41).23  Alternatively, use of a transition metal catalyst enables the reaction 

to occur through a multi-step mechanism with several intermediates, also limiting the 

need for electronic groups to influence the orbital interactions. 

2.3.2 TMC Cycloadditions of Alkenes and Alkynes 

TMC [4+2] cycloadditions of both the inter- and intramolecular variant are well 

represented in the literature.24  Intermolecular cycloadditions of dienes or diynes with 

both alkenes and alkynes have been reported using palladium,25 cobalt,26 and rhodium27 

catalysts.  Several groups have studied intramolecular cycloadditions of diene-enes and 

dienynes, and many different reaction conditions and metal complexes have been 

employed.  Metals that have been explored include nickel,28 palladium,29 rhodium,30 and 

iridium.31 The first reported case of an intramolecular [4+2] cycloaddition of a diene-

tethered alkyne by Wender in 1989 illustrates the benefits of using a metal catalyst.28a 

The Ni-catalyzed version of the cycloaddition proceeded at room temperature, with yields 

ranging from 85 to 99%.  Conversely, the thermal control tests required temperatures 

anywhere from 160 °C to 200 °C for the cycloaddition to occur, and in some cases only 

decomposition of starting material was observed (Scheme 2-13). 

 

Scheme 2-13: Ni(0)-catalyzed intramolecular [4+2] cycloadditions of dienynes 
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While many metals have been reported to successfully catalyze cycloadditions of 

diene-tethered alkynes, the most common catalytic systems consist of Rh(I) catalysts, 

first reported by Livinghouse and coworkers in 1990.32  Several carbon and oxygen 

tethered diene/alkyne substrates underwent Rh(I)-catalyzed [4+2] cycloadditions in good 

yield and excellent diastereoselectivity using Wilkinson’s catalyst (Scheme 2-14).  

Formation of only one diastereomer was seen for each substrate, as determined by GC 

and NMR.  Since this report of the formation of one diastereomer by Livinghouse, many 

researchers have reported diastereoselectivity based on comparison to this data. 

 

Scheme 2-14: Rh(I)-catalyzed intramolecular [4+2] cycloadditions of dieneynes 

An interesting Rh(I)-catalyzed intramolecular cycloaddition was reported by Tam 

and coworkers using 1,3-butadiene tethered alkynyl halides.23  No oxidative insertion of 

the rhodium into the carbon-halide bond was seen, and the [4+2] cycloaddition proceeded 

smoothly at room temperature for a variety of oxygen, nitrogen, and carbon tethered 

diene/alkynyl halide substrates (Scheme 2-15). 

 
Scheme 2-15: Rh(I)-catalyzed intramolecular [4+2] cycloadditions of alkynyl halides 
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 As mentioned, there are many different catalytic systems for TMC intramolecular 

[4+2] cycloadditions of dienynes utilizing many different metals, but of these there are 

only two reported iridium catalyst systems, vide infra.   

2.4 Iridium in Organic Chemistry 

Iridium complexes have been used as catalysts for a wide variety of reactions 

including homogeneous hydrogenation,33 C-H activation,34 asymmetric ring opening 

reactions,35 and a variety of cycloisomerizations36 and cycloadditions.31,37,38 Only the 

final two topics will be discussed in further detail, as pertaining to this particular 

research. 

Cycloisomerizations provide a different approach to the construction of cyclic 

compounds from acyclic starting materials.  Traditionally these types of 

cycloisomerization reactions were carried out using other metal complexes,39 including a 

great deal of work done by Trost and coworkers on Pd-catalyzed cycloisomerizations.40  

Iridium complexes have also been shown to function as efficient catalysts for these 

reactions, and much work has been done on the cycloisomerization of 1,6-enynes.  

Because of the similarities between the mechanisms of cycloisomerizations of 1,6-enynes 

and cycloadditions of dienynes, these catalytic conditions can provide some inspiration 

when searching for optimal conditions for Ir-catalyzed cycloadditions.  Some of the first 

examples of Ir-catalyzed cycloisomerizations were described by Chatani and 

coworkers,36a and the reaction products were found to be highly dependent on the catalyst 

and additives used.  For example, treatment of enynes with [IrCl(CO)3]n in toluene at 80 

°C provided vinylcyclopentenes 2-6 in moderate to good yields.  Changing the catalyst to 
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[IrCl(cod)]2 with acetic acid as an additive provided cyclopentane products 2-7 with two 

exo-olefins (Scheme 2-16).   

   
Scheme 2-16: Ir-catalyzed cycloisomerizations 1,6-enynes 

The subtle differences in the makeup of the catalyst led to the formation of 

different products.  Vinylcyclopentenes 2-6 are formed via a metathesis-like mechanism, 

as proposed by Trost for the analogous Pd and Pt-catalyzed reactions.39  Coordination of 

the iridium complex to the substrate precedes formation of the metallocyclopentene 

intermediate.  Reductive elimination at this stage provides the cyclobutene intermediate 

which undergoes an electrocyclic ring opening to give diene 2-6 – an overall process of 

enyne metathesis (Scheme 2-17).  

 
Scheme 2-17: Proposed mechanism of the Ir-catalyzed enyne metathesis reaction 
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Changing the Ir-catalyst system to [IrCl(cod)]2 and acetic acid leads to 

cyclopentene products 2-7.  The acetic acid serves to generate the H-Ir species that is the 

active catalyst in the formation of 2-7.  This mechanism again sees the coordination of 

the iridium complex to the substrate, followed by carbometalation and finally ß-hydride 

elimination to give the final product and reform the active catalyst, as described by Trost 

for the analogous Pd-catalyzed cycloisomerization (Scheme 2-18).41 

 

Scheme 2-18: Proposed mechanism of the Ir/AcOH-catalyzed cycloisomerization of enynes 

Similar work performed by Takeuchi and coworkers optimized conditions for Ir-

catalyzed cycloisomerizations of 1,6-enynes and Ir-catalyzed [2+2+2] cycloadditions of 

1,6-enynes with monoynes (Scheme 2-19).36e 

 
Scheme 2-19: Ir-catalyzed cycloisomerizations and [2+2+2] cycloadditions of 1,6 enynes  
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By altering the phosphine ligand used, the reaction was optimized for the [2+2+2] 

cycloaddition to from bicyclic product 2-8, and the cycloisomerization to give 

cyclopentane 2-9.  Both mechanisms begin with oxidative cyclization to form 

metallacyclopentene 2-10 (Scheme 2-20).  At this point the two mechanisms diverge 

based on different factors.  In the presence of a monoalkyne, insertion of the alkyne into 

2-11 can be seen to form metallocycloheptadiene 2-12.  The researchers found that this 

was also dependent on the phosphine ligand present in the reaction.  In the presence of 

ligands with smaller bite angles such as dppm and dppe, insertion is favoured, whereas 

ligands with large bite angles such as dppp, dppb and dppf favour ß-H elimination, even 

the presence of an alkyne.  This is likely because ligands with smaller bite angles occupy 

less space around the iridium centre, stabilizing the six-coordinated intermediate 2-11 

compared to the ligands with larger bite angles.  Reductive elimination of 2-12 provides 

the bicyclic product 2-8.  In the cycloisomerization mechanism, ß-H elimination of 2-10 

gives diene 2-13, which experiences some steric repulsion between the iridium moiety 

and the terminal olefin of the substrate.  Reductive elimination of 2-13 could occur to 

give the E-cyclopentane product, however isomerization of 2-13 to diene 2-14 relieves 

the steric repulsion, and reductive elimination of 2-14 provides the Z-diene 2-9.  In 

optimizing the reaction conditions the researchers did find that mixtures of the E and Z 

isomers were obtained for some substrates, but utilizing phosphine ligands with large bite 

angles such as dppb and dppf increased the steric bulkiness of the iridium moiety, 

promoting the formation of 2-14 in the mechanism, leading to high Z-selectivity.  These 

results represent the first report of highly Z-selective cycloisomerizations, and 

demonstrate the sensitivity of the reaction conditions. 
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Scheme 2-20: Mechanism of Ir-catalyzed cycloisomerizations and [2+2+2] cycloadditions of enynes  

[2+2+2] cycloadditions have been reported using several different transition 

metals,42 and Ir-catalyzed [2+2+2] cycloadditions are well represented in the literature, 

largely thanks to Takeuchi and coworkers.  Initial reports of the reaction utilized 

symmetrical diynes and monoalkynes to form polysubstituted benzene derivatives in 

good yield, and this represents one of the first examples of an Ir-catalyzed cycloaddition 

reaction (Scheme 2-21).37a 

 
Scheme 2-21: Ir-catalyzed [2+2+2] cycloadditions of symmetrical diynes with monoynes 
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Many phosphine ligands were screened in combination with the [IrCl(cod)]2 

catalyst, and dppe was found to be the optimal ligand.  The reactions were run at either 

room temperature or reflux, with reaction times ranging from 20 minutes to 10 hours, and 

the reaction conditions were found to be dependent on the monoalkyne component of the 

reaction.  When utilizing unsymmetrical monoalkynes, two regioisomers (ortho or meta) 

can form, and the researchers found that by choosing the appropriate bidentate phosphine 

ligand, the ratio of regioisomer formation could be controlled to some extent (Scheme 2-

22).37b  This again highlights the sensitivity of the reaction outcome to the catalytic 

conditions employed. 

 
Scheme 2-22: Control of selectivity in Ir-catalyzed [2+2+2] cycloadditions 

Similar work has also been carried out using monoalkynes, with the 

cyclotrimerization reaction occurring to provide highly substituted benzene 

derivatives.37d,e 

Another common Ir-catalyzed cycloaddition is the Pauson-Khand-type (P.-K.) 

[2+2+1] cycloaddition of 1,6-enynes38a-c and allenynes,38d which is analogous to the well-

known work of Pauson, Khand and coworkers on Co-catalyzed [2+2+1] cycloadditions.43  

Shibata and coworkers demonstrated enantioselective Ir-catalyzed P.-K. type reactions of 

a variety of enynes,38a employing a chiral catalyst formed in situ from [IrCl(cod)]2 and 

(S)-tolBINAP.  The reactions proceeded readily under an atmospheric pressure of carbon 

monoxide to provide bicyclic cyclopentenones in good yield (Scheme 2-23).    
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Scheme 2-23: Ir-catylzed [2+2+1] cycloadditions of 1,6-enynes 

Utilizing allenynes as opposed to enynes brings about the possibility of different 

reaction pathways in the [2+2+1] cycloaddition.  Coordination of the metal to the 

external double bond of the allene (Pathway A) leads to a 6/5 bicyclic ring structure, 

whereas coordination to the internal double bond (pathway B) leads to a 5/5 bicyclic ring 

structure with an external double bond (Scheme 2-24).  

 
Scheme 2-24: Reactivity pathways in [2+2+1] cycloadditions of allenynes 

Shibata and coworkers found that substituted allenynes underwent [2+2+1] 

cycloadditions via pathway B exclusively under Ir-catalyzed conditions with Vaska’s 

complex (Scheme 2-25).38d  Interestingly, reactions using the analogous rhodium catalyst 

RhCl(CO)(PPh3)2 proceeded predominantly via pathway A, indicating that the metal 

centers exhibit different reactivity, and control the regioselectivity of this reaction. 
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Scheme 2-25: Ir-catalyzed [2+2+1] cycloadditions of allenynes 

There are two examples of Ir-catalyzed [4+2] cycloadditions in the literature.  

Shibata and coworkers reported Ir-catalyzed formal [4+2] cycloadditions of 

biphenylene,44 as well as non-asymmetric and enantioselective intramolecular [4+2] 

cycloadditions of dienynes (Scheme 2-26).31  Employing IrCl(CO)(PPh3)2 or 

IrCl(cod)(dppp) (10%) in refluxing toluene, dienynes underwent [4+2] cycloaddition to 

form bicyclic products 2-15 in 65 – 80% yield, as well as the corresponding aromatized 

products 2-16 in 4-15% yield.  For the products where X = O, the non-aromatized 

cycloadducts are quite sensitive, and undergo aromatization under long reaction times, or 

when exposed to air, however the researchers found that for substrates with X = NTs, no 

formation of the aromatized product was seen, even under long reaction times (up to 96 

h).   

 
Scheme 2-26: Ir-catalyzed intramolecular [4+2] cycloadditions of dienynes 

In order to extend this work in an asymmetric fashion, the Shibata group screened 

a variety of different diphosphine ligands and solvents in conjunction with [IrCl(cod)]2 
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(Scheme 2-27).  The optimal conditions afforded chiral bicyclic products in 64 – 73% 

yield and 94 – 98% ee in only 1-2 hours at reflux.   

 
Scheme 2-27: Asymmetric Ir-catalyzed intramolecular [4+2] cycloadditions of dienyes 

Despite the vast amount of work on TMC intramolecular [4+2] cycloadditions of 

substrates of this type, this represents the only example of reactions catalyzed by iridium, 

and the scope is limited to substrates tethered by oxygen or nitrogen, and aryl substituents 

at the alkyne.  An interesting variation on this reaction is the use of diene-tethered 

alkynyl halides.  While these substrates have been shown to successfully undergo 

cycloaddition using a Rh-catalyst, to the best of our knowledge there are no reported 

cases of Ir-catalyzed [4+2] cycloadditions of alkynyl halides.  As has been highlighted in 

several examples above, substrates can exhibit different reactivity in the presence of 

iridium vs. rhodium catalysts. 

 

2.5 Results 

This section will describe our findings in attempting to optimize an iridium 

catalyst system for the intramolecular [4+2] cycloaddition of diene-tethered alkynyl 

halides.  In order to begin the study, alkynyl bromide 2-19a was synthesized as 

previously described (Scheme 2-28).23  Hexadienol 2-17 was deprotonated using NaH, 

and the resulting anion was trapped with propargyl bromide to provide dienyne 2-18 in 

83% yield.  Treatment with silver nitrate and N-bromosuccinimide in acetone provided 
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alkynyl bromide 2-19a in 61% yield, and with this substrate in hand several different 

catalytic iridium systems were screened (Table 2-1). 

 
Scheme 2-28: Synthesis of alkynyl bromide 2-19a 

 

Table 2-1: Screening of catalytic systems for the cycloaddition of 2-19a 

 

Yield (%)a Entry Catalyst Additive/ligand 
(4 mol%)d 

Solvent Temp. 
(°C) 

Time 
(h) 2-20a 2-21a 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

A 

A 

B 

B 

B 

B 

B 

B 

B 

B 

None 

None 

None 

AgSbF6 

AgSbF6 

dppm 

dppe 

dppp 

dppe 

PPh3 

BINAP 

None 

toluene 

toluene 

acetone 

toluene 

toluene 

toluene 

toluene 

toluene 

toluene 

toluene 

toluene 

90 

90 

25 

90 

90 

90 

90 

25 

90 

90 

90 

18 

3 

1 

3 

3 

3 

3 

3 

3 

3 

3 

35 

60 

0b 

0b 

25 

69 

50 

0c 

23 

28 

47 

12 

26 

0 

0 

0 

0 

3 

0 

17 

18 

2 
a Isolated yields after column chromatography 
b Decomposition of starting material was observed 
c Only starting material was recovered 
d Except for entry 9, where 8 mol% was used for the mono-phosphine ligand 
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Initial attempts were undertaken using the catalyst system described by Shibata37a 

employing Vaska’s complex in toluene (entries 1 and 2) and cycloadduct 2-20a was 

formed in good yield, however the formation of the aromatized product 2-21a was also 

observed.  Addition of the silver(I) salt AgSbF6 to the commercially available 

[IrCl(cod)]2 was attempted in order to generate the cationic Ir(I) species (entries 3 and 4), 

but this resulted in decomposition of starting material, both at 25 °C and 90 °C.  A variety 

of phosphine ligands were screened in conjunction with [IrCl(cod)]2
37a, 36e and these 

provided low to moderate yields of 2-20a, with little to no formation of the aromatized 

cycloadduct 2-21a for entries 5 – 8.  Using racemic BINAP and PPh3 ligands also 

provided 2-20a in low yield, but 2-21a was also formed as a major product.  The thermal 

cycloaddition in toluene at 90 °C (entry 11) provided only 47% of the desired 

cycloadduct 2-19a after 3 hours, confirming the benefit of employing the Ir-catalyst.   

From these observations, [IrCl(cod)]2 (2 mol%) and dppe (4 mol%) were carried forward, 

and a variety of solvents were screened at different temperatures in an attempt to further 

optimize the cycloaddition for cycloadduct 2-20a. 

Employing non-polar solvents 1,4-dioxane and 1,2-dichloroethane (entries 2-3) 

provided very similar results to using toluene, and the lower boiling solvent acetone 

(entry 4) was ineffective when heated to 45 °C.  High boiling, polar aprotic solvents 

NMP, DMSO, and DMF (entries 5, 7, 9) all improved the yield of 2-20a when the 

reaction was run at 90 °C, with DMSO being the most effective.  Attempts to lower the 

reaction temperature using NMP or DMSO (entries 6, 8) resulted in incomplete reaction 

after 3 hours, so the most efficient reaction conditions for the intramolecular [4+2] 
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cycloaddition of diene-tethered alkynyl bromide 2-19a were found to be: [IrCl(cod)]2 (2 

mol %), dppe (4 mol %) in DMSO at 90 ºC. 

 
Table 2-2: Optimization of solvent and temperature for the [IrCl(cod)]2/dppe –catalyzed [4+2] 

cycloaddition of 2-19a 

 

Yield (%)a Entry Solvent Temp. 
(°C) 2-20a 2-21a 

1 

2 

3 

4 

5 

6 

7 

8 

9 

toluene 

1,4-dioxane 

DCE 

acetone 

NMP 

NMP 

DMSO 

DMSO 

DMF 

90 

90 

75 

45 

90 

75 

90 

65 

90 

69 

61 

70 

0b 

74 

46b 

94 

25b 

87 

0 

9 

0 

0 

0 

0 

0 

0 

0 
a Isolated yields after column chromatography 
b Starting material recovered 

 

 In order to illustrate the general applicability of this catalytic system, a variety of 

diene-tethered alkynyl halides were synthesized in addition to alkynyl halide 2-19a.  The 

analogous chlorinated substrate 2-19b was synthesized by deprotonation of 2-18 with 

nBuLi and chlorination with p-toluenesulfonyl chloride (Scheme 2-29). 
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Scheme 2-29: Synthesis of alkynyl halide 2-19b  

Preparation of alkynyl halide 2-19c commenced with a Mitsunobu reaction 

between hexadienol 2-17 and Boc-protected p-toluenesulfonamide forming 2-22 in 82% 

yield, and the Boc-group was then removed under acidic conditions to provide 

sulfonamide diene 2-23.  From here, deprotonation and trapping with propargyl bromide 

gave 2-24 in 47% yield, and bromination under the standard conditions provided alkynyl 

halide 2-19c in 73% yield (Scheme 2-30). 

 
Scheme 2-30: Synthesis of alkynyl halide 2-19c 

Alcohol 2-26 was prepared in two steps from tiglic aldehyde by Horner-

Wadsworth-Emmons olefination followed by DIBAL-H reduction of the ester to the 

corresponding alcohol,45 and from alcohol 2-26 dienynes 2-27 and 2-29 could be 

synthesized (Scheme 2-31).  Deprotonation of 2-26 with sodium hydride, followed by 

trapping with propargyl bromide provided 2-27 in 41% yield, and a Mitsunobu reaction 

between 2-24 and sulfonamide 2-28 (prepared as per reference 45) provided 2-27 in 74% 

yield.  Bromination of 2-27 and 2-29 provided the previously unknown diene-tethered 

alkynyl halides 2-19d (57%) and 2-19e (83%) respectively, which were then subjected to 

the optimized cycloaddition conditions. 
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Scheme 2-31: Synthesis of alkynyl halides 2-19d and 2-19e 

Synthesis of substrates 2-19f and 2-19g commenced with deprotonation of diethyl 

malonate, followed by addition of chlorinated diene 2-30 or mesylate 2-33 to give 

malonate dienes 2-31 and 2-34 respectively (Scheme 2-32).  From here, deprotonation 

with nBuLi followed by addition of propargyl bromide provided the diene-tethered 

alkynes 2-32 (45%) and 2-35 (17%).  Each of these alkynes were treated with the 

standard bromination conditions to provide 2-19f (80%) and 2-19g (77%) respectively. 

 
Scheme 2-32: Synthesis of alkynyl halides 2-19f and 2-19g 
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 In general, the Ir-catalyzed [4+2] cycloadditions occurred smoothly for all 

substrates, forming bicyclic products 2-20 in good yield (75-94%, Table 2-3).  For both 

alkynyl bromide 2-19a and alkynyl chloride 2-19b (entries 1-2) the reaction went to 

completion quite quickly, however a decreased yield was seen in the cycloaddition of 2-

19b.  Changing R1 = H to R1 = Me (compare entries 1 and 4) increased the reaction time 

slightly to five hours, and a lower yield was seen for the cycloaddition of 2-19d. A 

similar trend was seen for the nitrogen-tethered substrates (entries 3 and 5) when 

changing R1 = H to R1 = Me.  The all-carbon tethered substrates (entries 6-7) required 

longer reaction times, but were formed in good yields.  Changing R = H to R = Me had 

little effect on yield (entries 6 and 7). 

 

Table 2-3: [IrCl(cod)]2/dppe -catalyzed [4+2] cycloadditions of alkynyl halides 

 

Entry Alkynyl 
Halide 

X Y R R1 Time 
(h) 

Cycloadduct Yielda 

1 

2 

3 

4 

5 

6 

7 

2-19a 

2-19b 

2-19c 

2-19d 

2-19e 

2-19f 

2-19g 

O 

O 

NTs 

O 

NTs 

C(CO2Et)2 

C(CO2Et)2 

Br 

Cl 

Br 

Br 

Br 

Br 

Br 

Me 

Me 

Me 

Me 

Me 

H 

Me 

H 

H 

H 

Me 

Me 

H 

H 

3 

3 

4 

5 

5 

5 

5 

2-20a 

2-20b 

2-20c 

2-20d 

2-20e 

2-20f 

2-20g 

94 

77 

89 

75b 

77c 

80d 

85 
a Isolated yields after column chromatography 
b The corresponding aromatized product was also formed in trace amounts 
c Isolated yield after recrystallization from hexanes 
d The corresponding aromatized product was also formed in 6% yield 
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An exception was observed when cycloadditions were attempted on substrates 

with a longer tether.  While most literature examples of TMC intramolecular [4+2] 

cycloadditions are substrates with three-atom tethers, there are also examples of 

cycloadditions of substrates with four-atom tethers to form two fused six-member rings.  

Two such substrates, 2-36 and 2-37 (Scheme 2-33) underwent no reaction whatsoever 

when subjected to the optimized cycloaddition conditions (Scheme 2-33, A), and only 

starting material was recovered.  It is possible that the increased tether length, in 

conjunction with the bite-angle of the phosphine ligand does not allow for the Ir-complex 

to coordinate to the diene and alkyne simultaneously, halting the TMC [4+2] 

cycloaddition.  Taking this into consideration, both 2-36 and 2-37 were subjected to the 

original successful catalytic system of Vaska’s complex in toluene at 90 °C (Scheme 2-

33, B), but the same result of no reaction was observed. 

 
Scheme 2-33: Unsuccessful cycloaddition attempts of substrates 2-36 and 2-37 

 

  The mechanism of the cycloaddition likely proceeds by coordination of the 

iridium centre to the diene and alkyne components of the substrate 2-19.  Oxidative 

cyclization gives iridacyclopentene 2-38, and then allyl rearrangement provides 

iridaheptadiene 2-39.  Finally, reductive elimination regenerates the IrClL2 and provides 

the bicyclic product 2-20 (Scheme 2-34).  In this mechanism the active catalyst is that 
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formed in situ by the displacement of the labile (cod) ligand by the diphosphine ligand, 

represented by L2 in this scheme. 

 
Scheme 2-34: Mechanism of the Ir-catalyzed intramolecular [4+2] cycloaddition 

These cycloadducts 2-20 are interesting due to the retention of the halogen in the 

cycloaddition reaction.  This opens up the possibility of further coupling reactions to gain 

access to complex bicyclic molecules that would be not be accessible directly by 

cycloaddition.  Previous work has demonstrated this synthetic utility by further 

functionalizing 2-20a (Scheme 2-35).23  Partial hydrogenation of 2-20a with H2 and Pd/C 

provided 2-40 in 45% yield, which was then subjected to Suzuki (a) and Heck (b) 

conditions to provide 2-41 (77%) and 2-42 (86%) respectively.  In theory any of the 

cycloadducts 2-20 could undergo similar transformations, making them valuable 

intermediates that can be easily extended by metal catalyzed coupling reactions. 



! ##!

!

Scheme 2-35: Previous work showing functionalization of cycloadduct 2-20a23 

To conclude, the first cases of Iridium catalyzed intramolecular [4+2] 

cycloadditions of alkynyl halides have been reported.  This also represents only the 

second report of Ir-catalyzed [4+2] cycloadditions of dienynes in general, and the scope 

of the substrates that will undergo cycloaddition has been expanded on compared to 

previous work.  Shibata and coworkers showed cycloadditions of oxygen and nitrogen-

tethered dienynes, but no cases of dienynes with an all carbon tether or substitution at the 

diene.31 We also established that the alkynyl halides were compatible with the iridium 

catalyst, and no oxidative insertion of the iridium into the carbon-halide bond was 

observed. 
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Chapter 3: Acid-catalyzed Ring-Opening Reactions of Cyclopropanated   
Oxabenzonorbornadienes  
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3.1 Introduction 

 Past research in the Tam group has largely focused on [2.2.1] bicyclic alkenes 

such as norbornadiene, and these compounds display unique reactivity due to their 

inherent ring strain.1  This arises from unfavorable bond angles caused by the [2.2.1] 

structure, and this can be further compounded by the inclusion of a heteroatom, such as in 

7-oxanorbornadiene (Figure 3-1). 

 

Figure 3-1: Structure of norbornadiene and 7-oxanorbornadiene 

 A recent computational study has listed the ring strain energies of norbornadiene 

and 7-oxanorbornadiene at 27.6 and 35.8 kcal/mol respectively.1 The increased ring strain 

arises from the increased electronegativity at the 7-position, and the shorter carbon-

oxygen bonds lead to even less ideal bond angles, and higher ring strain.   

 When considering the reactivity of bicyclic alkenes, reactions with one of the 

alkenes result in some ring strain release, as the sp2 hybridized alkene is converted to an 

sp3 hybridized alkane, and the facial selectivity of these types of reactions is largely 

dictated by the endo and exo faces of the cup-shaped molecule (Figure 3-2).2  In an 

unsubstituted molecule, the exo face is sterically more accessible, and hence more likely 

to react.  Additionally, homo-conjugation of the !-orbitals through space results in 

increased electron density on the exo face of the molecule. 
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Figure 3-2: Structural aspects of [2.2.1] bicyclic alkenes 

7-Oxabenzonorbornadiene 3-1 is an example of a [2.2.1] bicyclic alkene that can 

serve as a valuable intermediate in the synthesis of substituted ring systems,3 and the 

oxabicyclic structure can be accessed relatively simply via Diels-Alder cycloaddition.  

The synthetic utility of these types of bicyclic alkenes has been well documented, and 

they are known to undergo a wide array of ring opening reactions, vide infra.  Recent 

work in the Tam group has shown the extension of 7-oxabenzonorbornadiene 3-1 via 

cyclopropanation of the alkene to form cyclopropanated analog 3-2 in order to examine 

different ring opening reactions inspired by some of the known reactivity of 3-1, and 

known reactivity of cyclopropanes.  Brief initial studies on the reactivity of 3-2 were 

undertaken, and the work presented here will describe the extension of those studies. 

 

Figure 3-3: Structure of oxabenzonorbornadiene and cyclopropanated oxabenzonorbornadiene 

 

3.2 Synthesis of 7-Oxabenzonorbornadienes 

 Oxabenzonorbornadienes are synthesized by [4+2] cycloaddition between 

benzyne and furan.  Utilizing a substituted benzyne precursor or furan component in the 
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cycloaddition reaction is also possible in order to make more complex oxabicylic 

products.  The benzyne component 3-6 can be generated by several methods, including 

decomposition of benzoate 3-3 (formed from anthranilic acid in the presence of isoamyl 

nitrite),4 fluoride induced elimination of triflate 3-4,5 or lithium-halide exchange of 

dihalide 3-5, followed by elimination (Scheme 3-1).6  A [4+2] cycloaddition of the 

benzyne component with furan 3-7 provides oxabicycles 3-1.   

 

Scheme 3-1: Synthesis of oxabenzonorbornadienes from various precursors 

3.3 Reactions of Oxabenzonorbornadienes 

 Oxabenzonorbornadiene contains a strained allyllic ether bridge, which provides 

the framework for different modes of reactivity.  Reactions can occur at both the endo 

and exo faces of the alkene, and asymmetric ring opening reactions can lead to the 

formation of several stereocentres in one step.3,7,8 Early studies by Caple and coworkers 

demonstrated the ability of alkyl nucleophiles to induce ring opening in oxabicylic 

systems,9 and there have been many reports of transition metal catalyzed ring openings 

reactions since this time (Scheme 3-2).  Moinet and Fiaud reported the first such case in 
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the form of a Pd(0)/BINAP-catalyzed ring opening.10  In this case the ring-opened 

product 3-8 was the minor product, with the major product 3-9 arising from 

carbopalladation without ring opening.  Similar openings have been performed 

successfully with a Ni-catalyst and DIBAL-H to form products 3-10,11 a Pd-catalyst with 

alkylzinc reagents to form products 3-11,12 and Rh-catalysts with aryl boronic acids to 

form products 3-12.13  All of these products 3-8, 3-11, and 3-12 are formed as the syn 

diastereomer, with the alkyl or aryl nucleophile and the hydroxyl group in the product 

possessing the same relative stereochemistry.  Interestingly, using a Rh-catalyst with 

heteroatom nucleophiles14 led to bicyclic products 3-13 where the nucleophile and 

hydroxyl group possess opposite relative stereochemistry, indicating that the mechanism 

of this reaction type must be different (Scheme 3-2). 

 

Scheme 3-2: TMC ring openings of oxabenzonorbornadiene 

Our group has recently investigated other modes of reactivity of 

oxabenzonorbornadiene.  Employing the ruthenium catalyst Cp*RuCl(cod) under various 
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conditions led to the formation of several different products (Scheme 3-3).  For example, 

treatment of 3-1 with the ruthenium catalyst and an alkyne led to a [2+2] cycloaddition to 

form cyclobutene products 3-14.15   Different reactivity was observed when using 

secondary propargylic alcohols 3-15 as the alkyne component, and the Ru-catalyzed 

reaction between 3-1 and 3-15 in THF formed cyclopropane 3-16.16  Changing the 

solvent in this reaction from THF to MeOH changed the reactivity yet again, and under 

these conditions the formation of isochromenes 3-17 was observed.17 Treatment of 3-1 

with Cp*RuCl(cod) in the absence of an alkyne component catalyzes the isomerization to 

naphthalene oxide 3-18, or naphthol 3-19, depending on the workup conditions.18 One 

final example of the reactivity of 3-1 is the asymmetric cationic Rh(I)-catalyzed 

cyclodimerization to form dimers 3-20 with high levels of enantioselectivity utilizing 

[RhCl(cod)]2, AgBF4 and (R)-BINAP in DCE.19 

 

Scheme 3-3: Other TMC reactions of oxabenzonorbornadiene 
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 The above examples are all of reactions on the symmetrical 

oxabenzonorbornadiene.  Addition of a C1-substituent by cycloaddition of benzyne with 

a substituted furan (Scheme 3-1) makes it possible to explore the influence of this 

substituent on the regiochemistry of some of these reactions.  Two such cases have been 

described in studies performed by our group, comparing the effects of electron donating 

vs. electron withdrawing substituents at the C1 position.  The exclusive formation of 

naphthol 3-21 was observed when 3-1a was treated with Cp*RuCl(cod), indicating that 

oxidative insertion of the ruthenium occurred at the more electron rich C-O bond a.  

Following reductive elimination and in situ isomerization, 3-21 was formed.  Conversely, 

naphthalene oxide 3-22 was formed when 3-1b was reacted under the same conditions, as 

the ruthenium inserted into the opposite C-O bond b, away from the electron withdrawing 

ester group (Scheme 3-4).16 

 

Scheme 3-4: Ru-catalyzed isomerizations of C-1 substituted oxabenzonorbornadienes 

 In a different study, the same two substrates 3-1a and 3-1b were exposed to the 

same catalyst in the presence of a secondary propargylic alcohol in MeOH.20  The 

presence of the electron donating methyl group at the C1 position led to the strict 

formation of the [2+2] product 3-14a, while the formation of the isochromene product 3-
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17b was observed under the same conditions for the substrate 3-1b bearing an electron 

withdrawing ester functionality at the C1 position (Scheme 3-5). 

 

Scheme 3-5: Ru-catalyzed reactions with alkyne 3-15 

 The mechanism accounting for the formation of product 3-14a and 3-17b is 

presented in Scheme 3-6.18 Complexation of the Ru-catalyst to oxabicycle 3-1 and alkyne 

3-15 is followed by oxidative cyclization to form ruthenacycle 3-23.  At this point, the 

mechanism diverges, and reductive elimination of 3-23 forms the [2+2] product 3-14a, 

and ß-hydride elimination forms ruthenium hydride 3-24.  Insertion of the Ru forms 

ruthenacyclobutane 3-25, which then undergoes a retro [2+2] cycloaddition to form 

ruthenium carbene 3-26.  The final isomerization is a proposed [1,3] oxygen migration to 

form ruthenacycloheptene 3-27 that undergoes reductive elimination to form 

isochromene 3-17b and regenerate the active ruthenium catalyst. 
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Scheme 3-6: Mechanism of the Ru-catalyzed reaction of 3-1 with 3-15 

3.4 Cyclopropanation of Bicyclic Compounds 

Several different reactions of 3-1 were covered in section 3.3, and this section will 

focus solely on cyclopropanation reactions of bicyclic compounds.  As early as 1972 

cyclopropanations of oxabenzonorbornadiene 3-1 have been reported, but these were in 

the form of dihalocyclopropanations with brominated or chlorinated carbenes.  There are 

also reported cases of Ru catalyzed cylopropanations of 3-1 with alkynes and 

cyclopropanations of bicylics other than 3-1 with a variety of different diazo compounds, 

but it was only very recently that formation of 3-2 from 3-1 and diazomethane was 

reported.21 
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The first work on cyclopropanating 3-1 was undertaken by Wittig and coworkers, 

who also went on to explore the reactivity of the dibromocyclopropanated product 3-28.22  

Oxabenzonorbornadiene was treated with bromoform and tBuOK in refluxing hexanes to 

generate the dibrominated carbene, which could then react with the alkene of 3-1 to form 

3-28 in very low yield.   Treatment of 3-28 with hydrochloric acid in methanol at room 

temperature leads to displacement of one of the bromides, allowing for cleavage of the 

cyclopropane and expansion to the !-allyl cation 3-29.  Return of the bromide or 

incorporation of a methanol nucleophile leads to products 3-30a and 3-30b in 77% and 

4.2% yields respectively.  Reduction of dibromide 3-30a with LiAlH4 led to the 

monobrominated and debrominated products 3-31a and 3-31b in 36% and 19% yield 

respectively, and the monobrominated product 3-31a could be opened under dissolving 

metal reduction conditions to afford bicyclic 3-32 containing fused 6 and 7 membered 

rings (Scheme 3-7).  As well, treatment of 3-31b with perchloric acid afforded the 

unsubstituted benzotropylium cation, which was not isolated, but detected by NMR 

spectroscopy. 

 

Scheme 3-7: Formation and ring-opening of dibromocyclopropane 3-28 
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Battiste and coworkers published a similar study a year later utilizing the 

analogous dichlorocyclopropanated bicyclic 3-33, which could be synthesized in much 

higher yield than the dibromocyclopropane 3-28.23  Thermal expansion of cyclopropane 

3-33 via a !-allyl intermediate provided the rearranged dichloro bicycle 3-34 in greater 

than 90% yield.  Removal of the allylic chloride with LiAlH4 provided the 

monochlorinated [3.2.1] bicyclic 3-35 in high yield, and this could be converted to 4,5-

benzotropone 3-37 in high yield via the chlorobenzotropylium cation 3-36 by treatment 

with sulfuric acid and quenching with water (Scheme 3-8).  Recent work in our 

laboratory indicated that the yield for the conversion of 3-1 to 3-33 could be increased to 

60% by using a very high stir rate for the biphasic reaction.21 

 

Scheme 3-8: Formation and ring-opening of dichlorocyclopropane 3-33 

 The mechanism of the dihalocyclopropanation reaction involves formation of the 

dihalocarbene 3-39 from the haloform 3-38 by deprotonation with a strong base, followed 

by elimination of one of the halides (Scheme 3-9).22  The reaction of the carbene with the 

alkene occurs in a concerted stereospecific fashion, leading to the formation of exo 

cyclopropane 3-40. 
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Scheme 3-9: Mechanism of the dihalocyclopropanation reaction 

 Another method for the synthesis of substituted cyclopropanated 

oxabenzonorbornadienes is the reaction of 3-1 with propargylic alcohols or acetates in the 

presence of a ruthenium catalyst.  One example of this mode of reactivity was observed 

by Tam and Villeneuve when exploring [2+2] cycloadditions of 3-1 and secondary 

propargylic alcohol 3-15 (Scheme 3-10).15  

 

Scheme 3-10: Formation of multiple products from 3-1 and 3-15 

The mechanism of this reaction was discussed earlier in this chapter in Scheme 3-

6 (p. 58).  The mechanism proceeds by oxidative cyclization to form ruthenacycle 3-23, 

then ß-hydride elimination and insertion to form 3-25.  Reductive elimination of 

intermediate 3-25 (Scheme 3-6), provides 3-16 as the major or minor product, depending 

on the solvent used.   
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Tenaglia and coworkers reported a similar reaction of 3-1 with tertiary 

propargylic acetates 3-41 in the presence of CpRu(PPh3)Cl.24  The reactions proceeded in 

high yields at room temperature in dioxane to provide substituted bicyclic cyclopropanes 

3-42, and in the cases where R1 " R2 a 1:1 ratio of E/Z isomers was obtained (Scheme 3-

11). 

 

Scheme 3-11: Cyclopropanation of 3-1 with tertiary propargylic acetates 

 The mechanism of this transformation is similar to that reported by Tam and 

coworkers, however the presence of the acetate functionality is key in the mechanism 

proposed by Tenaglia and Marc.24 Complexation of 3-1 and 3-41 to the ruthenium centre 

is followed by oxidative cyclization to provide ruthenacyclopentene 3-43.  An 

intramolecular acetate migration generates the !2 allene, which undergoes a second 

intramolecular acetate migration to form ruthenacyclobutane 3-44, and reductive 

elimination at this point provides cyclopropane 3-41 (Scheme 3-12). 
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Scheme 3-12: Mechanism of the Ru-catalyzed reaction of 3-1 with tertiary propargylic acetates 

 Syntheses of substituted cyclopropanated bicyclics have also been accomplished 

using diazocarbonyl compounds.  Chiu and coworkers explored Rh- and Cu-catalyzed 

cyclopropanations of the [3.2.1] oxabicycle 3-45 using a variety of diazocarbonyl 

compounds.25  Diastereomeric exo cyclopropanes 3-46a and 3-46b were formed in low to 

good yields, and the less sterically demanding diastereomer 3-46a was the major product 

in each case, as determined by NMR spectroscopy.  The minor diastereomer 3-46b was 

only observed for the carboethoxy diazo compound, R = OEt (Scheme 3-13). 

 

Scheme 3-13: Rh- and Cu-catalyzed cyclopropanations of 3-45 with diazocarbonyls 
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More recently, these conditions were successfully applied in the cyclopropanation 

of oxabenzonorbornadiene 3-1.  Exposure to ethyl diazoacetate in the presence of 

Cu(acac)2 in refluxing benzene provided cyclopropane diastereomers 3-47a and 3-47b in 

a 2:1 ratio in 61% yield (Scheme 3-14).21 

 

Scheme 3-14: Cu-catalyzed cyclopropanation of oxabenzonorbornadiene 

Examples of cyclopropanations of bicyclic compounds to form unsubstituted 

cyclopropanes are made up largely of reactions with diazomethane, with few exceptions.  

Julia and coworkers developed a method utilizing tert-butyl methylsulfone, methyl 

lithium, and Ni(acac)2 in refluxing THF as an alternative to diazomethane for the 

cyclopropanation of norbornene 3-48.26  Slow addition of methyl lithium and high 

equivalency of the starting norbornene provided the cyclopropanated product 3-49 in 

high yield as a single exo isomer (Scheme 3-15). 

 

Scheme 3-15: Cyclopropanation of norbornene using tBu-methyl sulfone 

 Stenstrøm and coworkers reported the synthesis of 3-49 using the well-known 

Simmons-Smith cyclopropanation conditions of methylene iodide and a zinc-copper 
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couple in refluxing diethyl ether.27  Application of these conditions to norbornene 3-48 

formed cyclopropane 3-49 in moderate yield (Scheme 3-16).28 

 

Scheme 3-16: Cyclopropanation of norbornene with the Simmons-Smith conditions 

 While the above conditions for the cyclopropanation of norbornene are mild 

compared to the use of diazomethane, both sets of conditions and several variations on 

the Simmons-Smith conditions were found to be unsuccessful for the cyclopropanation of 

oxabenzonorbornadiene 3-1.21   

 Recent literature has shown several successful cyclopropanations of different 

bicyclic alkenes utilizing diazomethane and a Pd-catalyst.  Erden and coworkers 

demonstrated the cyclopropanation of unstable endoperoxides 3-51, formed via [4+2] 

cycloaddition between dienes 3-50 and singlet oxygen (Scheme 3-17).29  In the cases 

where the endoperoxides were too unstable to isolate, they were generated in situ, and 

treated directly with catalytic Pd(OAc)2 and diazomethane.  In each case, the exo 

cyclopropane product 3-52a was formed, and in the case where X = CH2 and R = Ph, the 

endo cyclopropane 3-52b was formed as a minor product (9:1 a:b).  

 

Scheme 3-17: Cyclopropanation of bicyclic endoperoxides with diazomethane 
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 More recently Ji and Miller employed similar conditions for the cyclopropanation 

of nitroso Diels-Alder cycloadducts 3-53.30  A variety of substrates with different R-

groups were successfully cyclopropanated to provide exo cyclopropanes 3-54 in good 

yields, and as in the previous example, cleavage of the strained heteroatom-heteroatom 

bond by attack of the diazomethane was not observed (Scheme 3-18). 

 

Scheme 3-18: Cyclopropanation of nitroso Diels-Alder adducts with diazomethane 

 Inspired by these reports, Haner optimized the Pd-catalyzed cycloproanation of 3-

1 with diazomethane, reducing catalyst loading to 2%, and lowering the diazomethane 

addition to 3 equivalents without seeing any loss of yield.21 The desired cyclopropane 3-2 

was synthesized in excellent yield (Scheme 3-19). 

 

Scheme 3-19: Cyclopropanation of oxabenzonorbornadiene with diazomethane 

 The mechanism of the Pd-catalyzed cyclopropanation of olefins with 

diazomethane is presented in Scheme 3-20. Palladium(II) is reduced to the active Pd(0) 

catalyst, which coordinates to the alkene.  Coordination of the carbon atom of the 

ambident diazomethane to the palladium centre forms intermediate 3-55.  Elimination of 

nitrogen gas generates the palladium carbene 3-56 that can undergo a [2+2] cycloaddition 

with the alkene, and coordination of another equivalent of the alkene to the palladium 
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centre affords intermediate 3-57.  Reductive elimination forms a cyclopropane unit and 

regenerates the active Pd(0) catalyst (Scheme 3-20).31 

                              

Scheme 3-20: Mechanism for the Pd-catalyzed cyclopropanation of alkenes with diazomethane 

 Is is noteworthy that the reaction of oxabenzonorbornadiene with diazomethane in 

the absence of a Pd-catalyst leads to the formation of the [3+2] cycloadduct 3-58, as 

reported by Wittig and Pohmer (Scheme 3-21).32   

 

Scheme 3-21: [3+2] cycloaddition between 3-1 and diazomethane at room temperature 

More recently, Stammler and coworkers demonstrated that for electron deficient 

bicyclic alkene 3-59, the [3+2] adduct could be synthesized from diazomethane at room 

temperature, and upon treatment with ultraviolet light nitrogen is eliminated to provide 

the cyclopropane 3-60 (Scheme 3-22).33 
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Scheme 3-22: Cyclopropanation via [3+2] cycloaddition/Nitrogen elimination 

 Diazomethane is extremely toxic and prone to explosion if given a sufficient 

nucleation site such as scratched glassware.  The toxic gas is a carcinogen that is 

potentially fatal by inhalation.34  These characteristics make it less than ideal to work 

with, but its efficiency as a cyclopropanating agent makes it a valuable reagent in organic 

synthesis.  A typical procedure for the synthesis of diazomethane is the treatment of the 

Diazald® precursor with a strong base under aqueous conditions.  Studies in our 

laboratory utilized a multi-vessel reaction setup where the resultant diazomethane gas 

was co-distilled into the reaction vessel with a stream of nitrogen (Scheme 3-23).21 

 

Scheme 3-23: Preparation of diazomethane from Diazald® 

3.5 Reactivity of Cyclopropanes 

 The inherent ring strain of small hydrocarbon rings such as cyclopropanes leads to 

a variety of possible ring opening reactions under different conditions.  Due to its high !-

character, the cyclopropane can undergo many reactions analogous to an alkene, 
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including reactions with an electrophile.  Reactions between cyclopropanes and transition 

metals often lead to carbon-carbon bond cleavage, and depending on the mode of 

activation the reaction can proceed with either retention or inversion of stereochemistry 

upon incorporation of a nucleophile.  Two modes of activation can be defined as ‘corner’ 

and ‘edge’ activation, as shown in Scheme 3-24.35  Corner attack has been shown to 

predominate in the case that the electrophile is a poor !-back donor (protons, deuterons, 

Hg2+, Tl3+), and edge attack is preferred when the electrophile is a good !-back donor 

(Pd2+, Pt2+, Rh+, Cl+, Br+). 

 

Scheme 3-24: Electrophilic openings of cyclopropanes 

 3.5.1 Corner Cyclopropane Openings  

LaLonde and coworkers, employing a deuteron as the electrophile for the 

reaction, described one of the first examples of a corner cyclopropane opening in 1967.36  

Treatment of the cyclopropanated norbornane 3-49 in deuterated acetic acid and 

deuterated sulfuric acid formed the ring-opened ester 3-61 as a single diastereomer 

(Scheme 3-25).  The inversion of stereochemistry can be seen at the carbon bearing the 

deuterium in the product. 

 

Scheme 3-25: Corner cyclopropane cleavage with a deuteron electrophile 
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 Coxon and coworkers reported the reaction of 3-49 with p-toluenesulfonic acid in 

methanol, and depending on where the coordination of the proton occurred, two different 

products could be formed (Scheme 3-26).37  Product 3-62 was formed by a Wagner-

Meerwein rearrangement following coordination of the electrophile at the C3 position, 

whereas 3-63 was formed via coordination at the C2 position and nucleophilic attack by 

MeOH as confirmed by deuterium labeling studies.  The formation of 3-63 is analogous 

to the reactivity observed by LaLonde (Scheme 3-26). 

 

Scheme 3-26: Two different electrophilic ring openings of cyclopropane 3-49 

 3.5.2 Edge Cyclopropane Openings 

 A majority of cases of edge cyclopropane openings involve coordination and 

insertion of a transition metal to the cyclopropane ring, followed by either ring expansion 

or reductive elimination.  Hanks and coworkers performed rigorous studies on the Pt-

mediated ring expansion of different cyclopropanated bicyclics 3-49, 3-64, and 3-65.38  In 

each case a ring opened product and the reductive elimination product (regenerated 

starting material) were obtained.  The studies showed that depending on the structure of 

the bicyclic starting material, the distribution of the ring-expanded product to the 

regenerated starting material could vary greatly (Scheme 3-27).  Cyclopropanated 
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norbornane 3-49 provided mostly the reductive elimination product, whereas 

cyclopropanes 3-64 and 3-65, which bear an additional cyclopropane moiety and alkene 

respectively, provided mainly ring-opened products upon dissolving in DMSO. 

 

Scheme 3-27: Edge cyclopropane openings with a platinum electrophile 

 Interestingly, upon dissolving the platinacycle precipitates in pyridine, and then 

refluxing in chloroform, an entirely different product distribution was observed.  For 

cyclopropanes 3-64 and 3-65 a ring-opened five-membered ring was formed as the major 

product as a result of a retro [2+2] cycloaddition and H-migration (Scheme 3-28). 

 

Scheme 3-28: Reactions of platinacycles bearing pyridine ligands 
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 Other ring expansions of cyclopropanated bicyclic 3-65 have been reported using 

iridium39 and rhodium40 catalysts.  Depending on the ‘flexibility’ of the transition metal 

complex employed, a variety of different ring expanded and rearranged products could be 

formed, similar to the findings of Hanks and coworkers. 

 3.5.3 Nucleophilic Cyclopropane Openings 

 Nucleophilic ring openings of cyclopropanes have been reported in the literature, 

however all examples require the presence of at least one electron-withdrawing group on, 

or in conjugation with, the cyclopropane ring.  In the presence of activating groups, 

cyclopropanes have been shown to open via direct nucleophilic displacement, SN2’ type 

displacement, and conjugate addition type reactions.41  An example of each of these types 

of reactivity is presented in Scheme 3-29.42  Note that the conjugate addition to the ß-

cyclopropyl ", ß unsaturated ketone 3-72 can proceed to form the usual conjugate 

addition product 3-73, or the cyclopropane conjugate addition product 3-74. 
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Scheme 3-29: Various modes of nucleophilic cyclopropane openings 

3.5.4 Ring Openings of Substituted Cyclopropanes 

 Cyclopropanes bearing one or more substituents can be ring opened in different 

ways by taking advantage of the reactivity of the groups attached to the cyclopropane 

ring.  For example, Stothers and coworkers demonstrated a ring opening of hydroxyl-

substituted cyclopropane 3-75 via deprotonation and subsequent rearrangement (Scheme 

3-30).43  

 

Scheme 3-30: Cleavage of hydroxyl-cyclopropane 3-75 
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 Chiu and coworkers reported an interesting example of cyclopropane cleavage44 

following a cyclopropene-furan cycloaddition.  The cyclopropane intermediate 3-80 was 

not isolated, but ring-opened to provide the bicyclic aldehyde 3-81 in 84% yield (Scheme 

3-31). 

 

Scheme 3-31: Cyclopropene-furan cycloaddition followed by cyclopropane cleavage 

 Ring expansion of halogenated bicyclics is also possible as described in section 

3.4 with the work by Wittig22 and Battiste.23 Wright has also taken advantage of a 

tetrabrominated bicyclic propane for a ring expansion to form a 7-membered ring in the 

total synthesis of (+/-)-platensimycin.45 

3.6 Ring Opening Reactions of Cyclopropanated Oxabenzonorbornadiene 

 After reporting the synthesis of cyclopropane 3-2, Haner went on to explore 

different reactivity pathways of this interesting molecule.  At the outset of the work, he 
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proposed three potential modes of ring opening.21 Type 1 openings involve nucleophilic 

attack at the C1-position and subsequent C-O bond cleavage to provide 3-82.  

Alternatively, nucleophilic attack at the C2-position followed by cyclopropane opening 

and C-O bond cleavage would provide 3-83 containing a 7-membered ring.  Type 3 

openings are defined by nucleophilic attack at the C-3 position followed by cyclopropane 

and C-O bond cleavages to provide 3-84 (Scheme 3-32). 

 

Scheme 3-32: Proposed reactivity pathways of cyclopropane 3-2 

 Of the above pathways, reactions of Type 1 and Type 3 were observed, and some 

different conditions to promote the reactions were explored.  A variety of different 

organometallic nucleophiles were found to be successful in promoting Type 1 reactions, 

and the proposed intermediate 3-82 in fact rearranged to provide the final products 3-85 

(Scheme 3-33).  Further investigation is required to unveil the mechanism of these 

reactions. 



! )(!

 

Scheme 3-33: Type 1 ring openings of 3-2 with various organometallic nucleophiles 

 Reactions following the Type 3 pathway were discovered while attempting Pt- 

and Pd-catalyzed cyclopropane openings.46  Treatment of 3-2 with PtCl2 or 

PdCl2(CH3CN)2 in refluxing methanol led to the formation of the unexpected product 3-

86 in 35% and 96% yield respectively.  Conversely, attempting the reaction in the 

presence of 1 equivalent of Na2CO3 showed no reactivity, but then treatment of 3-2 with 

p-toluenesulfonic acid formed 3-86 in 98% yield.  From this information, Haner 

postulated that Lewis acidic platinum group metals might generate protons upon reaction 

with the methanol solvent, which then act as the active catalyst for the reaction (Scheme 

3-34). 

 

Scheme 3-34: Acid-catalyzed type 3 ring openings with MeOH 

 Attempts at this reaction with other alcohol nucleophiles such as ethanol, 

isopropanol and tert-butanol were not successful, even after very long reaction times, 

however two other sets of conditions with different electrophile/nucleophile 

combinations showed some promise.  Treatment of 3-2 with acetic acid showed no 
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reaction, but the addition of a catalytic amount of HBF4 promoted the formation of 3-87 

in good yield (Scheme 3-35). 

 

Scheme 3-35: Type 3 ring opening of 3-2 with acetic acid 

 Treatment of 3-2 or 3-33 with the Lewis acidic boron tribromide promoted rapid 

formation of the brominated products 3-88 and 3-89 in moderate yield.  The boron 

tribromide is able to act as a Lewis acid and provide the bromide nucleophile responsible 

for opening the ring, and the reactions were able to proceed at 0 °C – much lower than 

the necessary conditions for the ring opening with methanol (Scheme 3-36). 

 

Scheme 3-36: Type 3 ring openings of 3-2 and 3-33 with a bromide nucleophile 

 This example is interesting as it highlights a different mode of reactivity of 3-2 

compared to similar, non-cyclopropanated oxabicylic molecules.  Koreeda and coworkers 

reported the ring opening of 3-90 under the same conditions, but observed nucleophilic 

attack of the bromide at the C1 position leading to the formation of alcohol 3-91 (Scheme 

3-37).47  The addition of the cyclopropane moiety in 3-2 allowed for the observed 

nucleophilic attack at the defined C3 position, leading to formation of 3-88. 
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Scheme 3-37: Ring opening of 3-90 with boron tribromide 

 The proposed mechanism of the Type 3 reaction with a Brønsted acid is described 

in Scheme 3-38.  Coordination of the oxygen to the proton leads to cleavage of the 

strained ether bridge and formation of a benzylic carbocation intermediate 3-92.  Attack 

by the nucleophile at the C3 position opens the cyclopropane to form intermediate 3-93.  

Protonation of the hydroxyl group followed by dehydration forms the substituted 

naphthalene product 3-94 (Scheme 3-38).21 

 

Scheme 3-38: Proposed mechanism of the type 3 ring opening reaction of 3-2 

 This work focuses on Type 3 openings of 3-2 with a variety of different Brønsted 

and Lewis acids to find which catalysts successfully promoted the reaction.  As well, 

reaction temperatures were varied and several different alcohol solvents were tested for 

their efficacy as nucleophiles for the ring-opening reaction. 
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3.7 Results 

 In order to begin looking at different reaction conditions for the Type 3 openings, 

a large amount of 3-2 needed to be synthesized.  Oxabenzonorbornadiene was made by 

the [4+2] cycloaddition between benzyne and furan, starting with anthranilic acid as the 

benzyne precursor.  With 3-1 in hand, the Pd-catalyzed cyclopropanation was carried out 

under the standard conditions to provide 3-2 in 83% yield following purification by 

column chromatography.  This yield is approximately 10% lower than that reported for 

the optimized conditions,21 however the reaction was carried out on a 5 g scale.  Because 

of the hazards involved with the generation of diazomethane, a specially designed 

reaction apparatus has been constructed in our lab for this reaction.   This scale is five 

times larger than any previous syntheses of 3-2, but because of the size of the reaction 

vessel, a maximum volume of solvent could be added.  Keeping this in mind, the reaction 

was still high yielding even when carried out at high concentration of 3-1.  Scaling up 

this reaction is also advantageous as it limits the number of times the toxic diazomethane 

gas needs to be generated in order to produce the same mass of desired product.  Once the 

reaction apparatus is set up and sealed off it is sensible to use as large a scale as possible 

without significantly decreasing the reaction yield.  A small amount (1%) of the [3+2] 

cycloadduct 3-58 was also isolated. 

 

Scheme 3-39: Synthesis of 3-2 for optimization of reaction conditions 
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 With several grams of cyclopropanated 3-2 on hand, efforts to repeat the results 

reported by Haner and optimize the ring-opening reaction of 3-2 with MeOH for the acid 

source were undertaken, the results of which are summarized in Table 3-1. 

Table 3-1: Screening of acids for the ring opening of 3-2 

 

Entry Acid Source Equivalency Time (h) Yield (%)a Recovered 
s.m. (%)a 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

TsOH.H2O 

H2SO4 

48% aq. HBF4 

HNO3 

CSA 

PPTS 

BF3
.MeOH 

BF3
.MeOH 

AlCl3 

FeCl3 

ZrCl4 

None 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

1.2 

0.1 

0.1 

0.1 

0.1 

-- 

90 

24 

24 

48 

90 

96 

24 

72 

96 

96 

48 

24 

82 

74 

69 

31b 

57 

26 

53 

34 

38 

21 

27 

0 

0 

0 

0 

0 

0 

16 

0 

53 

40 

45 

9 

100 
a Isolated yield after column chromatography 
b Crude yield, as product was not separable from a complex mixture 
 

 As shown in Table 3-1 the best catalysts were the Brønsted acidic p-

toluenesulfonic acid and sulfuric acid (Entries 1 and 2).  All of the strong Brønsted acids 

screened  (entries 1-5) promoted the ring opening reaction and consumed all of the 

starting material with varying yields.  The weakly acidic Brønsted acid PPTS did promote 
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the reaction, but after 96 hours starting material still remained, and the ring-opened 

product was obtained in low yield.  The Lewis acids (entries 7-11) also showed varying 

success as catalysts for the ring opening.  A small excess of methanolic boron trifluoride 

pushed the reaction to completion in just 24 hours, however only 53% of the ring-opened 

product was recovered after purification.  Attempts to lower the equivalency to a catalytic 

amount led to incomplete conversion of starting material to product, and the reaction 

appeared to stall after 72 hours.  Use of catalytic amounts of aluminum trichloride, iron 

trichloride or zirconium tetrachloride all led to low yields or incomplete conversion after 

long reaction times.  No reaction was observed after 24 hours for the thermal reaction of 

3-1 in methanol at 90 °C, confirming that the acid is in fact necessary for the reaction to 

proceed.  With these results in hand, attempts were carried out to expand the scope of the 

alcohol nucleophiles capable of opening 3-2 in this type of reaction. 

 The obvious next step was to test these conditions with ethanol as the solvent and 

nucleophile.  As was previously mentioned, Haner reported only trace conversion of 3-2 

to the corresponding naphthalene product using ethanol. A variety of different conditions 

were employed in attempts to efficiently synthesize 3-95 (Table 3-2). 

While the reaction time for entry 1 was overly long (11 days), 3-95 was obtained 

in reasonably good yield, and a very small amount of starting material was recovered.  

Increasing the temperature to 105 °C and leaving the reaction for a similar amount of 

time resulted in complete conversion of the starting material, however a decreased yield 

was observed.  It is possible that at this raised temperature some of the product 

decomposed over such a long reaction time.  Use of concentrated sulfuric acid also 

allowed for complete conversion after 10 days at 90 °C, however the yield was quite low.  
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Employing a boron trifluoride-methanol solution as the acid source consumed all of the 

starting material in only 4 days, and not surprisingly afforded two major products.  The 

methylated naphthalene 3-86 was obtained in 31% yield, while the desired 2-

ethoxymethyl naphthalene was formed in 20% yield.  This supports the idea that the 

slightly smaller methanol is a better nucleophile than ethanol for these types of reactions, 

since 3-86 was formed in higher yield than 3-95 with similar amounts of methanol and 

ethanol present in the reaction mixture.  

Table 3-2: Optimizing conditions using ethanol as a nucleophile 

 

Entry Acid Source Equivalency Time (d) Temp. (°C) Yield (%)a 
1 

2 

3 

4 

TsOH.H2O 

TsOH.H2O 

H2SO4 

BF3
.MeOH 

0.1 

0.1 

0.1 

1.3 

11 

10 

10 

4 

90 

105 

90 

90 

76b 

55 

23 

20c 

 a Isolated yields after column chromatography 
 b 6% starting material was also recovered 
 c 31% of the analogous methoxymethyl product 3-86 was also isolated 

 With a second example of the type 3 reaction confirmed using ethanol, an 

example using a secondary alcohol was sought.  Isopropanol was employed as the solvent 

and nucleophile using p-toluenesulfonic acid as the catalyst, and the reaction time and 

temperature were varied (Table 3-3). 
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Table 3-3: Optimizing conditions using isopropanol as a nucleophile 

 

Entry Temp. (°C) Time Yield (%)a Recovered s.m. (%)a 
1 

2 

3 

90 

90 

110 

90 hours 

14 days 

6 days 

19 

43 

67 

39 

14 

0 

 a Isolated yields after column chromatography 

 In this case the reaction did not reach completion even after 14 days at 90 °C, 

however raising the temperature to 110 °C promoted complete conversion in only 6 days, 

and the product was isolated in a moderate yield of 67%.   

 Other successful alcohol nucleophiles that underwent this type 3 reaction are n-

butanol, t-butanol and cyclohexanol, as summarized below in Table 3-4. 

Table 3-4: Summary of successful type 3 reactions of 3-2 

 

Entry # R Time Temp. 
(°C) 

Yield (%)a Recovered 
s.m. (%)a 

1 

2 

3 

4 

5 

6 

3-86 

3-95 

3-96 

3-97 

3-98 

3-99 

Me 

Et 
iPr 

nBu 

Cy 
tBu 

90 hours 

11 days 

6 days 

14 days 

14 days 

14 days 

90 

90 

110 

90 

90 

90 

82 

76 

67 

61 

67 

11 

0 

6 

0 

0 

0 

27 

 a Isolated yields after column chromatography 
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 With the hopes of being able to accommodate alcohols such as phenol, which is a 

solid at room temperature, the reaction was attempted using dichloroethane as a solvent, 

and ten equivalents of methanol to imitate the high nucleophile equivalency when 

methanol was used as the solvent.  The reaction still yielded the desired product 3-86 in 

45% yield after 94 hours at 90 °C, however 14% of the starting material was recovered, 

and longer reaction times under these conditions led to product decomposition.  

Unfortunately, attempts to utilize these conditions with phenol as the nucleophile were 

unsuccessful.  The starting material was consumed or decomposed as indicated by TLC, 

and only phenol was recovered after column chromatography of the crude mixture 

(Scheme 3-40). 

 

Scheme 3-40: Attempts at ring opening with a phenol nucleophile in DCE 

In an attempt to obtain regiochemical information on the reaction, the C1 methyl 

substituted cylopropane 3-100 was subjected to the optimal reaction conditions with 

methanol as the solvent.  The reaction was monitored by TLC, and was found to have 

gone to completion in only 72 hours; 18 hours less than the unsubstituted parent 

cyclopropane 3-2, and 3-101 was isolated in 73% yield.  It is possible that the addition of 

a C1 substituent increases the strain of the bicyclic compound, allowing the ring-opening 

to occur more quickly (Scheme 3-41). 
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Scheme 3-41: Ring opening of a C1-methyl substituted oxabicyclic cyclopropane 

 The observation of only one regioisomer by NMR is supported by the previously 

proposed mechanism of the reaction.  Upon coordination of the oxygen to the proton, the 

ring can open by the cleavage of C-O bonds a or b.  Cleavage of bond a leads to the 

tertiary benzylic carbocation 3-102 which is theoretically more favored than the 

secondary benzylic carbocation 3-103, formed by cleavage of bond b (Scheme 3-42).  

Nucleophilic attack by methanol followed by dehydration via path A leads to the 

observed product 3-101.   

 

Scheme 3-42: Mechanistic implications in the formation of the observed regioisomer 3-101 
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Dichlorocyclopropane 3-33 was submitted to these same conditions, and after 96 

hours the starting material was entirely consumed, and two new major spots were 

observed by TLC.  Upon purifying the compounds by column chromatography it was 

confirmed that the same type of ring-opened products observed by Wittig22 and Battiste23 

had been formed (Scheme 3-43). 

 

Scheme 3-43: Ring expansion of the dichlorocyclopropanated oxabenzonorbornadiene 

 The stereochemistry of the products was assigned by inspection of the 1H NMR 

spectrum and a molecular model of the products.  Assuming the chloride or methanol 

nucleophiles attack from the less hindered exo face following ring expansion, the 

products 3-34 and 3-105 would be formed.  In these products, the proton adjacent to the 

chloride/methoxy groups forms an angle of approximately 90° with the adjacent 

bridgehead proton, and from the Karplus curve this indicates a J-coupling of close to 0 

Hz.  This is confirmed by the 1H NMR, as H1 and H2 show up as singlets (Figure 3-4), 

while H3 and H4 appear as doublets with matching coupling constants of 4.7 Hz. 

 

Figure 3-4: Assignment of stereochemistry in products 3-34 and 3-105 by 1H NMR 
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3.8 Discussion 

 In summary, the scope of the type 3 ring opening reaction of 3-2 with different 

alcohols has been expanded.  Several different reaction conditions were attempted, and p-

toluenesulfonic acid was found to be the best catalyst for the reaction, providing the 

highest yields and the most consistent results.  The reaction was found to work for 

primary, secondary, and tertiary alcohols, and some trends were observed for the 

successful examples.  For the primary alcohols, an increase in size (methanol to ethanol 

to butanol) was consistent with a decrease in yield.  With secondary alcohols isopropanol 

and cyclohexanol, the corresponding naphthalene products were formed in moderate 

yield, but lower than the yields for the products formed from methanol and ethanol.  For 

the tertiary alcohol tert-butanol, 2-tbutoxymethyl naphthalene was formed, albeit in very 

low yield, after long reaction time. 

 Based on these observations, it appears that the temperature and reaction time can 

be adjusted for each individual alcohol nucleophile.  There appears to be a balance 

between increasing the reaction temperature to lower the reaction time and 

decomposition of the resultant product.  Upon increasing the temperature, monitoring the 

reaction becomes more important as to stop the reaction as soon as the starting material is 

all consumed to try and prevent decomposition.  Current shortcomings of this work 

include the forcing conditions of high temperatures and long reaction times, and the lack 

of a method for incorporating phenolic nucleophiles.  Future work could focus on 

minimizing reaction times for the alcohol nucleophiles other than methanol, and 

expanding the scope to include other nucleophiles.  In order to investigate possible C1 

substituent effects, other C1-substituted oxabenzobicyclics will have to be 
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cyclopropanated prior to attempting the ring opening reactions.  Oxabenzobicyclics with 

an electron-withdrawing group at the C1 position will provide a contrast to the electron 

donating C1-methyl substituted example, and bulkier C1-substituents such as cyclobutyl 

or cyclohexyl groups could provide some insight into steric factors affecting the ring 

opening reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 



! *+!

3.9 References 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 Howell, J.; Goddard, J.D.; Tam, W. Tetrahedron 2009, 65, 4562. 
2 Scott, T.L. Pure & Appl. Chem. 1986, 58, 105. 
3 For a review, see: Lautens, M.; Fagnou, K.; Hiebert, S. Acc. Chem. Res. 2003, 36, 48. 
4 Burckhardt, U.; Miller, R.G.; Stiles, M. J. Am. Chem. Soc. 1963, 85, 1792. 
5 Dockendorff, C.; Sahli, S.; Olsen, M.; Milhau, L.; Lautens, M. J. Am. Chem. Soc. 2005, 

127, 15028. 
6 Himeshima, Y.; Sonoda, T.; Kobayashi, H. Chem. Lett. 1983, 1211. 
7 Burton, R.; Tam, W. J. Org. Chem. 2007, 72, 7333. 
8 Chen, C.-L.; Martin, S.F. J. Org. Chem. 2006, 71, 4810. 
9 Chen, G.M.-S.; Nelson, J.D.; Caple, R. J. Org. Chem. 1971, 36, 2874. 
10 Moinet, C.; Faiud, J.-C. Tetrahedron Lett. 1995, 36, 2051. 
11 Rovis, T.; Lautens, M. J. Org. Chem. 1997, 62, 5246. 
12 Hiebert, S.; Renaud, J.-L.; Lautens, M. J. Am. Chem. Soc. 2000, 122, 1804. 
13 Malicki, A.; Fagnou, K.; Dockendorff, C.; Lautens, M. Org. Lett. 2002, 4, 1311. 
14 (a) Rovis, T.; Fagnou, K.; Lautens, M. J. Am. Chem. Soc. 2000, 122, 5650. (b) Taylor, 

M.; Fagnou, K.; Lautens, M. Org. Lett. 2000, 2, 1677. 
15 Burton, R.; Tam, W. Tetrahedron Lett. 2006, 47, 7185. 
16 Villeneuve, K.; Tam, W. Organometallics 2006, 25, 843. 
17 Villeneuve, K.; Tam, W. Eur. J. Org. Chem. 2006, 5449. 
18 Villeneuve, K.; Tam, W. J. Am. Chem. Soc. 2006, 128, 3514. 
19 Allen, A.; Le Marquand, P.; Burton, R.; Villeneuve, K.; Tam, W. J. Org. Chem. 2007, 

72, 7849. 
20 Villeneuve, K.; Tam, W. Organometallics, 2007, 26, 6082. 
%$!Haner, J. MSc. Thesis, University of Guelph, 2011.!
22 Reuther, W.; Wittig, G. Liebigs Ann. Chem. 1972, 765, 47. 
23 Ranken, P.F.; Harty, B.J.; Kapicak, L.; Battiste, M.A. Synth. Commun. 1973, 3, 311. 
24 Marc, S.; Tenaglia, A. J. Org. Chem. 2006, 71, 3569. 
25 Leung, S.-K.; Chiu, P. Tetrahedron Lett. 2005, 46, 2709. 



! +#!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
26 Gai, Y.; Verpeaux, J.-N.; Julia, M. Synlett 1991, 56. 
27 Smith, R.D.; Simmons, H.E. J. Am. Chem. Soc. 1958, 80, 5323. 
28 Stenstrøm, Y. Synth. Commun. 1992, 22, 2801. 
29 Emerzian, M.A.; Davenport, W.; Song, J.; Li, J.; Erden, I. Adv. Synth. Catal. 2009, 

351, 999. 
30 Ji, C.; Miller, M.J. Tetrahedron Lett. 2010, 51, 3789. 
31 Zhang, Y.; Wang, J. Eur. J. Org. Chem. 2011, 1015. 
32 Pohmer, L.; Wittig, G. Chem. Ber. 1956, 89, 1334. 
33 Sander, M.; Dehmlow, E.V.; Neuma, B.; Stammler, H.-G. Tetrahedron 1999, 55, 

13395. 
34 Sigma-Aldrich Technical Bulletin. Diazald® and Diazomethane Generators 2007. 
35 Gogoll, A.; Pour, M.; Srogl, J.; Kocovsky, P. J. Am. Chem. Soc. 1994, 116, 186. 
36 Tobias, M.A.; Ding, J. LaLonde, R.T. J. Am. Chem. Soc. 1967, 89, 6651. 
37 Whittington, B.I.; Battiste, M.A.; Steel, P.J.; Coxon, J.M. J. Org. Chem. 1989, 54, 

1383. 
38 Jennings, P.W.; Ekeland, R.E.; Waddington, M.D.; Hanks, T.W. J. Organomet. Chem. 

1985, 285, 429. 
39 Volger, H.C.; Hogeveen, H.; Gaasbeek, M.P. J. Am. Chem. Soc. 1969, 91, 2137. 
40 Cerefice, S.A.; Katz, T.J. J. Am. Chem. Soc. 1971, 93, 1049. 
41 Bertz, S.H.; Dabbagh, G.; Honkan, V.; Cook, J.M.; J. Org. Chem. 1989, 49, 1739. 
42 Hughes, S.; Griffiths, G.; Stirling, C.J.M. J. Chem. Soc. Perkin Trans II 1987, 1253. 
43 Patel, V.; Ragauskas, A.J.; Stothers, J.B. Can. J. Chem. 1986, 64, 1440. 
44 Leung, S.-K.; Chiu, P. Tetrahedron Lett. 2005, 46, 2709. 
45 Oblak, E.Z.; Wright, D.L.; Org. Lett. 2011, 13, 2263. 
46 Bäckvall, J.-E.; Björkman, E.E.; Pettersson, L.; Siegbahn, P.; Strich, A. J. Am. Chem. 

Soc. 1985, 107, 7408. 
47 Koreeda, M.; Jung, K.-Y.; Horita, M. J. Am. Chem. Soc. 1990, 112, 7413.!



! "#!
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4.1 General Information 

All reactions were carried out under an atmosphere of dry nitrogen or argon 

unless otherwise stated.  All glassware was oven-dried and purged with nitrogen, or 

flame-dried under nitrogen.  Column chromatography was performed on 230-400 mesh 

silica gel (Silicycle), and analytical thin-layer chromatography (TLC) was performed on 

Silicycle precoated silica gel F254 plates, visualized under UV light and/or anisaldehyde 

stain. 

Infrared spectra (IR) were obtained as a thin film on a NaCl disk using a Nicolet 

380 FT-IR spectrophotometer, and are reported as wavelength numbers (cm-1).  Chemical 

shifts for 1H and 13C NMR spectra are reported in parts per million (ppm) from 

tetramethylsilane with the solvent (chloroform) as the internal standard.  High resolution 

mass spectrometry (HRMS) was performed by the Mass Spectrometry & Proteomics 

Services Unit at Queen’s University, Kingston, Ontario.  The samples were ionized by 

electron impact (EI) or electrospray ionization (ESI) as specified and detection of the ions 

was obtained by time of flight and quadrupole time of flight respectively. 

Unless otherwise stated, commercial reagents and catalysts were used without 

further purification.  Solvents were purified by distillation under dry nitrogen: from CaH2 

(CH2Cl2, DMF), from molecular sieves (DMSO, NMP, acetone), and from 

potassium/benzophenone (THF, toluene), or by purification over activated alumina with a 

LC Technology Solutions Limited solvent purification system (THF, Et2O, hexanes, 

CH2Cl2, DCE). 
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4.2 Ir-catalyzed Intramolecular [4+2] Cycloadditions of Alkynyl Halides 

4.2.1 Preparation of Alkynyl Halides 2019 a-g 

 

2-18: NaH (2.5 eq., 1.0921 mg, 60% dispersion in oil, 32.4 mmol) was added to a round-

bottomed flask and washed three times with pentanes.  The NaH was then dissolved in 

THF (40 mL), and the mixture was cooled to 0 °C.  Alcohol 2-17 (1.0 eq., 2.4 mL, 21.6 

mmol) was added dropwise via syringe (gas evolved), and the reaction was allowed to 

warm to room temperature and stir for one hour.  The reaction was again cooled to 0 °C, 

and propargyl bromide (1.3 eq., 3.1 mL, 80% solution in toluene, 28.1 mmol) was added 

dropwise via syringe.  The reaction was allowed to warm to room temperature and stir 

overnight.  The reaction was quenched with 40 mL of deionized water, and diluted with 

40 mL diethyl ether.  The layers were separated, and the aqueous layer was extracted 

three times with 40 mL diethyl ether.  The combined organic layers were then washed 

with deionized water, then brine, dried over magnesium sulfate, filtered, and concentrated 

via rotary evaporation.  The crude product was purified by column chromatography 

(EtOAc:hexanes = 1:19) to provide 2-18 (2.45 g, 18.0 mmol, 83%) as a yellow oil.  

Rf0.35 (EtOAc:hexanes = 1:19); 1H NMR (CDCl3, 400 MHz) ! 6.25 (dd, 1H, J = 15.2, 

10.4 Hz), 6.04 (m, 2H), 5.70 (dq, 1H, J = 14.9, 6.7 Hz), 5.57 (dt, 1H, J = 15.0, 6.3 Hz), 

4.08 (d, 2H, J = 2.4 Hz), 4.01 (d, 2H, J = 6.5 Hz), 2.39 (t, 1H, J = 2.4 Hz), 1.70 (d, 3H, J 

= 6.7 Hz); 13C NMR (APT, CDCl3, 100 MHz) ! 134.3, 130.6, 130.5, 125.4, 79.9, 74.3, 

70.6, 56.7, 18.1.  Spectral data are consistent with that previously reported.1 
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2-19a: In a round-bottomed flask, alkyne 2-18 (1.0 eq., 400.9 mg, 2.944 mmol) was 

dissolved in acetone (10.0 mL).  N-Bromosuccinimide (NBS, 1.5 eq, 781.2 mg, 4.340 

mmol) and silver nitrate (0.2 eq, 100.2 mg, 0.5899 mmol) were added to the reaction 

mixture.  The reaction flask was covered in aluminum foil and allowed to stir for 1 hour, 

and then the reaction mixture was diluted with 10 mL diethyl ether and 10 mL water.  

The aqueous layer was extracted three times with 10 mL diethyl ether and the combined 

organic layer was washed with saturated sodium chloride, dried over magnesium sulfate, 

filtered, and concentrated via rotary evaporation.  The crude product was purified by 

column chromatography (EtOAc:hexanes = 1:19) to provide 2-19a (383.8 mg, 1.784 

mmol, 61%) as a colourless oil.  Rf 0.43 (EtOAc:hexanes = 1:19);  1H NMR (CDCl3, 400 

MHz)  ! 6.23 (dd, 1H, J = 15.0, 10.5 Hz), 6.05 (m, 1H), 5.73 (dq, 1H, J = 14.9, 6.7 Hz), 

5.58 (dt, 1H, J = 15.2, 6.4 Hz), 4.15 (s, 2H), 4.05 (d, 2H, J = 6.4 Hz), 1.75 (d, 3H, J = 6.7 

Hz); 13C NMR (CDCl3, 100 MHz) ! 134.3, 130.6 (2), 125.4, 76.3, 70.1, 57.7, 45.8, 18.1.  

Spectral data are consistent with that previously reported.2 

 

2-19b: In a round-bottomed flask, alkyne 2-18 (1.0 eq., 243.7 mg, 1.789 mmol) was 

dissolved in THF (6.0 mL).  The reaction mixture was cooled to 0 °C and nBuLi (1.0 eq., 

2.16 M, 0.83 mL, 1.793 mmol) was added dropwise via syringe.  The reaction was 

allowed to stir at 0 °C for 1 hour.  p-Toluenesulfonyl chloride (1.2 eq., 407.2 mg, 2.136 

mmol) was dissolved in THF (3.0 mL) and added to the reaction mixture dropwise via 

cannula.  The reaction was allowed to stir at 0 °C for two hours, then warmed to room 
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temperature and stirred overnight.  The reaction was quenched with 10 mL deionized 

water and diluted with 10 mL diethyl ether.  The aqueous layer was extracted three times 

with 10 mL diethyl ether and the combined organic layer was washed with saturated 

sodium chloride, dried over magnesium sulfate, filtered, and concentrated via rotary 

evaporation.  The crude product was purified by column chromatography 

(EtOAc:hexanes = 1:19) to provide 2-19b (25.7 mg, 0.1506 mmol, 11%) as a pale yellow 

oil.  Rf0.47 (EtOAc:hexanes = 1:19); 1H NMR (CDCl3, 400 MHz)  ! 6.23 (dd, 1H, J = 

15.2, 10.4 Hz), 6.06 (m, 1H), 5.73 (dq, 1H, J = 14.9, 6.7 Hz), 5.58 (dt, 1H, J = 15.2, 6.4 

Hz), 4.13 (s, 2H), 4.05 (d, 2H, J = 6.5 Hz), 1.75 (d, 3H, J = 6.7 Hz); 13C NMR (CDCl3, 

100 MHz) ! 134.3, 130.6 (2), 125.4, 70.1, 65.5, 64.3, 57.1, 18.1.  Spectral data are 

consistent with that previously reported.2 

 

2-22: In an oven-dried round-bottom flask, BOC-protected sulfonamide (1.5 eq, 3.60 g, 

13.3 mmol) and triphenylphosphine (3.0 eq, 7.00 g, 26.7 mmol) were dissolved in THF 

(70 mL).  Alcohol 2-17 (1.0 eq, 1.0 mL, 8.87 mmol) was added dropwise, along with 

diisopropyl azidodicarboxylate (2.5 eq, 4.4 mL, 22 mmol) and the reaction was allowed 

to stir overnight.  The reaction mixture was quenched with 40 mL saturated sodium 

chloride and diluted with 50 mL ethyl acetate.  The aqueous layer was extracted three 

times with 50 mL ethyl acetate and the combined organic layer was washed with 
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saturated sodium chloride, dried over magnesium sulfate, filtered, and concentrated via 

rotary evaporation.  The crude product was purified by column chromatography 

(EtOAc:hexanes = 1:9) to provide 2-22 (2.59 g, 7.36 mmol, 83%) as a pale yellow oil.  

Rf0.34 (EtOAc:hexanes = 1:9); 1H and 13C NMR showed a complicated mixture of 

rotamers, and compound 2-22 was used for the next step without further characterization.   

2-23: In a round-bottom flask, sulfonamide 2-22 (1.0 eq., 1.0 g, 2.8 mmol) was dissolved 

in ethyl acetate (43 mL).  Concentrated hydrochloric acid (13 eq, 3.5 mL, 12 M) was 

added dropwise to via syringe, and the reaction was allowed to stir overnight at 30ºC.  

The reaction mixture was quenched with 40 mL saturated potassium carbonate and 

diluted with 20 mL ethyl acetate.  The aqueous layer was extracted three times with 40 

mL ethyl acetate and the combined organic layer was washed with saturated sodium 

chloride, dried over magnesium sulfate, filtered, and concentrated via rotary evaporation.  

The crude product was purified by column chromatography (EtOAc:hexanes = 1:9) to 

provide 2-23 (377.7 mg, 1.503 mmol, 57%) as a clear colourless oil.  Rf0.30 

(EtOAc:hexanes = 1:9); 1H NMR (CDCl3, 400 MHz)  ! 7.68 (d, 2H, J = 8.3 Hz), 7.22 (d, 

2H, J = 8.2 Hz), 6.07 (m, 1H). 5.91 (dd, 1H, J = 14.9, 10.5 Hz), 5.35 (dd, 1H, J = 15.2, 

6.5 Hz), 5.02 (m, 2H), 4.62 (d, 1H, J = 7.6 Hz), 3.89 (m, 1H), 2.35 (s, 3H), 1.13 (d, 3H, J 

= 6.8 Hz); 13C NMR (CDCl3, 100 MHz) ! 143.2, 137.9, 135.8, 134.1 131.2, 129.5, 127.2, 

117.8, 51.0, 21.7, 21.5.  Spectral data are consistent with that previously reported.2 

2-24: NaH (1.2 eq., 56.4 mg, 60% dispersion in oil, 1.41 mmol) was added to a round-

bottomed flask and washed three times with pentanes.  The NaH was then dissolved in 

THF (6.0 mL), and the mixture was cooled to 0 °C.  Sulfonamide 2-23 (1.0 eq., 285.6 

mg, 1.136 mmol) was dissolved in 2.0 mL THF and added dropwise via syringe (gas 
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evolved), and the reaction was allowed to warm to room temperature and stir for one 

hour.  The reaction was again cooled to 0 °C, and propargyl bromide (1.3 eq., 0.16 mL, 

80% solution in toluene, 1.44 mmol) was added dropwise via syringe.  The reaction was 

allowed to warm to room temperature and stir overnight.  The reaction was quenched 

with 5 mL of deionized water, and diluted with 5 mL diethyl ether.  The layers were 

separated, and the aqueous layer was extracted three times with 5 mL diethyl ether.  The 

combined organic layers were then washed with deionized water, then brine, dried over 

magnesium sulfate, filtered, and concentrated via rotary evaporation.  The crude product 

was purified by column chromatography (EtOAc:hexanes = 1:19) to provide 2-24 (154.8 

mg, 0.5349 mmol, 47%) as a yellow oil.  Rf0.49 (EtOAc:hexanes = 1:4); 1H NMR 

(CDCl3, 400 MHz)  ! 7.72 (d, 2H, J = 8.3 Hz), 7.29 (d, 2H, J = 8.1 Hz), 6.17 (dd, 1H, J = 

15.1, 10.5 Hz), 6.02 (m, 1H), 5.70 (dq, 1H, J = 15.0, 6.7 Hz), 5.39 (dt, 1H, J = 15.1, 6.9 

Hz), 4.07 (d, 2H, J = 2.7 Hz), 3.82 (d, 2H, J = 7.0 Hz), 2.42 (s, 3H), 2.00 (t, 1H, J = 2.5 

Hz), 1.74 (d, 3H, J = 6.6 Hz); 13C NMR (CDCl3, 100 MHz) ! 143.5, 136.0, 135.5, 130.9, 

130.3, 129.4, 127.7, 123.2, 76.5, 73.6, 48.2, 35.6, 21.5, 18.0.  Spectral data are consistent 

with that previously reported.2 

2-19c: Following the same procedure as for the synthesis of alkynyl bromide 2-19a, 

using diene-tethered terminal alkyne 2-24 (1.0 eq., 154.8 mg, 0.5349 mmol).  The crude 

product was purified by column chromatography (EtOAc:hexanes = 1:19) to provide 

alkynyl halide 2-19c (142.9 mg, 0.3880 mmol, 73%) as a pale yellow oil.  Rf0.32 

(EtOAc:hexanes = 1:9);  1H NMR (CDCl3, 400 MHz)  ! 7.71 (d, 2H, J = 8.3 Hz), 7.32 (d, 

2H, J = 8.0 Hz), 6.16 (dd, 1H, J = 15.0, 10.4 Hz), 6.02 (m, 1H), 5.71 (dq, 1H, J = 14.9, 

6.7 Hz), 5.40 (dt, 1H, J = 15.0, 6.9 Hz), 4.06 (s, 2H), 3.78 (d, 2H, J = 7.0 Hz), 2.43 (s, 
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3H), 1.75 (d, 3H, J = 6.7 Hz); 13C NMR (CDCl3, 100 MHz) ! 143.6, 139.8, 135.6, 131.1, 

130.3, 129.5, 127.8, 123.2, 72.9, 48.6, 44.8, 36.7, 18.1.  Spectral data are consistent with 

that previously reported.2 

 

2-25:  In a round-bottomed flask, triethyl phosphonoacetate (1.0 eq., 3.3 mL, 16.6 mmol) 

was dissolved in hexanes (22 mL).  The reaction mixture was cooled to 0 °C, and nBuLi 

(1.0 eq., 9.4 mL, 1.76 M solution in hexanes, 16.5 mmol) was added dropwise via 

syringe.  The reaction was allowed to stir at 0 °C for 20 minutes, and then tiglic aldehyde 

(1.0 eq., 1.6 mL, 16.6 mmol) was added dropwise via syringe.  The reaction was allowed 

to warm to room temperature, and then a condenser was added.  The reaction was then 

heated to 70 °C and allowed to reflux for 1 hour.  The reaction was quenched with 20 mL 

of deionized water, and diluted with 20 mL diethyl ether.  The layers were separated, and 

the aqueous layer was extracted three times with 20 mL diethyl ether.  The combined 

organic layers were washed with deionized water, then brine, dried over magnesium 

sulfate, filtered, and concentrated via rotary evaporation.  The crude product was purified 
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by column chromatography (EtOAc:hexanes = 1:39) to yield 2-25 (1.5581 g, 10.1 mmol, 

61%) as a yellow oil.  Rf0.40 (EtOAc:hexanes = 1:9); 1H NMR (CDCl3, 400 MHz) ! 7.15 

(d, 1H, J = 15.7 Hz), 5.82 (q, 1H, J = 6.8 Hz), 5.62 (d, 1H, J = 15.6 Hz), 4.04 (q, 2H, J = 

14.3, 7.1 Hz), 1.66 (d 3H, J = 7.2 Hz), 1.59 (s, 3H), 1.13 (t, 3H, J = 7.1 Hz); 13C NMR 

(APT, CDCl3, 100 MHz) ! 167.7, 149.5, 136.3, 133.8, 115.3, 60.1, 14.6, 14.3, 11.8.  

Spectral data are consistent with that previously reported.3 

2-26: In a round-bottomed flask containing a large stir bar, diene 2-25 (1.0 eq., 742.0 mg, 

4.695 mmol) was dissolved in THF (16 mL).  The reaction mixture was cooled to 0 °C, 

and DIBAL (2.0 eq., 9.4 mL, 1.0 M solution in hexanes, 9.4 mmol) was added dropwise 

over 15 minutes.  The reaction was allowed to warm to room temperature and stir for 2 

hours.  The reaction was quenched with 15 mL of a 30% Rochelle’s salt solution, and 

diluted with 20 mL diethyl ether.  The layers were separated, and the aqueous layer was 

extracted three times with 20 mL diethyl ether.  The combined organic layers were then 

washed with deionized water, then brine, dried over magnesium sulfate, filtered, and 

concentrated via rotary evaporation.  The crude product was purified by column 

chromatography (EtOAc:hexanes = 1:4) to provide alcohol 2-26 (449.7 mg, 4.009 mmol, 

85%) as a clear oil.  Rf0.35 (EtOAc:hexanes = 3:7); 1H NMR (CDCl3, 400 MHz) ! 6.16 

(d, 1H, J = 15.6 Hz), 5.62 (dt, 1H, J = 15.6, 6.1 Hz), 5.48 (q, 1H, J = 6.6 Hz), 4.06 (d, 

2H, J = 5.9 Hz), 3.41 (broad s, 1H), 1.64 (m, 6H); 13C NMR (APT, CDCl3, 100 MHz) ! 

136.0, 133.8, 126.8, 125.4, 65.8, 13.7, 11.9.  Spectral data are consistent with that 

previously reported.4 

2-27: NaH (2.0 eq., 192.6 mg, 60% dispersion in oil, 4.815 mmol) was added to a round-

bottomed flask and washed three times with pentanes.  The NaH was then dissolved in 
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THF (12 mL), and the mixture was cooled to 0 °C.  Alcohol 2-26 (1.0 eq., 270.4 mg, 

2.411 mmol) was added dropwise via syringe (gas evolved), and the reaction was allowed 

to warm to room temperature and stir for one hour, slowly turning orange in colour.  The 

reaction was again cooled to 0 °C, and propargyl bromide (1.3 eq., 0.36 mL, 80% 

solution in toluene, 3.2 mmol) was added dropwise via syringe.  The reaction was 

allowed to warm to room temperature and stir overnight.  The reaction was quenched 

with 10 mL of deionized water, and diluted with 10 mL diethyl ether.  The layers were 

separated, and the aqueous layer was extracted three times with 10 mL diethyl ether.  The 

combined organic layers were then washed with deionized water, then brine, dried over 

magnesium sulfate, filtered, and concentrated via rotary evaporation.  The crude product 

was purified by column chromatography (EtOAc:hexanes = 1:49, 1:19) to provide 2-27 

(149.8 mg, 0.9973 mmol, 41%) as a yellow oil.  Rf0.58 (EtOAc:hexanes = 1:4); 1H NMR 

(CDCl3, 400 MHz) ! 6.28 (d, 1H, J = 15.6 Hz), 5.60 (m, 2H), 4.12 (m, 4H), 2.41 (t, 1H, J 

= 2.1 Hz), 1.71 (m, 6H); 13C NMR (APT, CDCl3, 100 MHz) ! 139.0, 133.8, 127.9, 121.2, 

79.9, 74.3, 70.6, 56.7, 13.9, 12.0.  Spectral data are consistent with that previously 

reported.4 

2-19d: Following the same procedure as for the synthesis of alkynyl bromide 2-19a, 

using diene-tethered terminal alkyne 2-27 (1.0 eq., 116.3 mg, 0.7742 mmol).  The crude 

mixture was purified directly by column chromatography (EtOAc:hexanes = 1:49) to 

provide 2-19d (99.9 mg, 0.436 mmol, 57%) as a pale yellow oil. Rf0.65 (EtOAc:hexanes 

= 1:9); IR (neat, NaCl) 3035 (s), 2855 (s), 2213 (s), 1443 (s), 1087 (s), 968 (m), 926 (m), 

850 (s); 1H NMR (CDCl3, 400 MHz) ! 6.29 (d, 1H, J = 15.6 Hz), 5.63 (dt, 2H, J = 15.4, 

6.6 Hz), 4.15 (s, 2H), 4.10 (d, 2H, J = 6.5 Hz), 1.73 (s, 3H), 1.73 (d, 3H, J = 6.6 Hz); 13C 
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NMR (APT, CDCl3, 100 MHz) ! 139.0, 133.8, 128.0, 121.1, 76.4, 70.7, 57.7, 45.8, 13.9, 

12.0; HREI calculated for C10H13
79BrO: m/z 228.0150, found m/z 228.0155. 

2-28:  Caution: See propargylamine MSDS prior to working with this reagent (fatal 

in contact with skin). 

In a round-bottomed flask, propargylamine (1.0 eq., 3.2 mL, 50.0 mmol) was dissolved in 

THF (100 mL) and diisopropylamine (1.1 eq., 9.6 mL, 55.1 mmol) was added via 

syringe.  p-Toluenesulfonyl chloride (1.1 eq., 10.5702 g, 55.7 mmol) was added dropwise 

as a solution in THF (20 mL).  The reaction was allowed to stir overnight at room 

temperature.  The reaction was quenched with 100 mL of ammonium chloride.  The 

layers were separated, and the organic layer was washed with brine, and then separated 

again.  The combined aqueous layers were extracted three times with diethyl ether.  The 

combined organic layers were then washed with brine, dried over magnesium sulfate, 

filtered, and concentrated via rotary evaporation.  The crude product was purified by 

column chromatography (EtOAc:hexanes = 1:4) to provide 2-28 (9.7403 g, 46.55 mmol, 

93%) as an off white solid.  Rf0.12 (EtOAc:hexanes = 1:4); 1H NMR (CDCl3, 400 MHz) 

! 7.78 (d, 2H, J = 8.3 Hz), 7.33 (d, 2H, J = 8.0 Hz), 5.28 (broad s, 1H), 3.82 (m, 2H), 

2.43 (s, 3H), 2.11 (m, 1H); 13C NMR (APT, CDCl3, 100 MHz) ! 143.9, 136.5, 129.7, 

127.4, 77.9, 73.0, 32.9, 21.6. Spectral data are consistent with that previously reported.4 

2-29:  Sulfonamide 2-28 (1.3 eq., 910.8 mg, 4.352 mmol) and triphenyl phosphine (1.1 

eq., 1.0131 g, 3.863 mmol) were added to a round-bottomed flask and dissolved in THF 

(35 mL).  Alcohol 2-26 (382.0 mg, 3.406 mmol) was added as a solution in THF (5 mL), 

and then DIAD (1.1 eq., 0.74 mL, 3.8 mmol) was added dropwise via syringe.  The 

reaction was allowed to stir at room temperature overnight under nitrogen.  The reaction 
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was quenched with 40 mL deionized water and diluted with 40 mL ethyl acetate.  The 

layers were separated, and then the aqueous layer was extracted three times with ethyl 

acetate.  The combined organic layer was washed with deionized water, then saturated 

sodium chloride, dried over magnesium sulfate, filtered, and concentrated using rotary 

evaporation.  The crude product was purified by column chromatography 

(EtOAc:hexanes = 1:9) to provide 2-29 (766.0 mg, 2.524 mmol, 74%) as a clear oil.  

Rf0.28 (EtOAc:hexanes = 1:4); IR (neat, NaCl) 3294 (s), 3036 (m), 2921 (s), 2860 (s), 

2259 (m), 2120 (m), 1649 (m), 1598 (m), 1444 (s), 1348 (s), 1162 (s), 1093 (s), 738 (s), 

660 (s); 1H NMR (CDCl3, 400 MHz) ! 7.70 (d, 2H, J = 8.1 Hz), 7.26 (d, 2H, J = 8.1 Hz), 

6.19 (d, 1H, J = 15.5 Hz), 5.53 (q, 1H, J = 6.8 Hz), 5.37 (dt, 1H, J = 15.5, 7.0 Hz), 4.03 

(s, 2H), 3.83 (d, 2H, J = 7.0 Hz), 2.37 (s, 3H), 2.05 (m, 1H), 1.67 (d, J = 6.8 Hz, 3H), 

1.64 (s, 3H); 13C NMR (APT, CDCl3, 100 MHz) ! 143.5, 140.0, 136.1, 133.6, 129.4, 

128.2, 127.9, 119.0, 76.7, 73.7, 48.6, 35.6, 21.5, 13.8, 12.0; HRESI calculated for 

C17H21NO2S: [m+H]/z 304.1366, found [m+H]/z 304.1372. 

2-19e:  Following the same procedure as the synthesis of alkynyl bromide 2-19a, using 

diene-tethered terminal alkyne 2-29 (333.3 mg, 1.098 mmol).  The crude product was 

purified by column chromatography (EtOAc:hexanes = 1:9) to provide 2-19e (347.7 mg, 

0.9094 mmol, 83%) as a clear oil.  Rf0.43 (EtOAc:hexanes = 1:4); IR (neat, NaCl) 3039 

(w), 2924 (s), 2256 (w), 2217 (w), 1649 (w), 1598 (w), 1448 (w), 1348 (s), 1161 (m), 

1093 (m), 969 (m), 909 (m), 735 (s); 1H NMR (CDCl3, 400 MHz) ! 7.72 (d, 2H, J = 8.2 

Hz), 7.31 (d, 2H, J = 8.1 Hz), 6.20 (d, 1H, J = 15.5 Hz), 5.57 (dd, 1H, J = 13.6, 6.7 Hz), 

5.52 (dt, 1H, J = 15.6 Hz, 6.9 Hz), 4.05 (s, 2H), 3.82 (d, 2H, J = 7.0 Hz), 2.42 (s, 3H), 

1.71 (d, 3H, J = 6.8 Hz), 1.67 (s, 3H); 13C NMR (APT, CDCl3, 100 MHz) ! 143.7, 140.0, 
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135.7, 133.6, 129.6, 128.4, 127.8, 119.0, 73.0, 49.0, 44.8, 36.8, 21.6, 13.9, 12.0; HRESI 

calculated for for C17H20BrNO2S: [m+H]/z 382.0471, found [m+H]/z 382.0476. 

 

2-30: 1,4-pentadien-3-ol (2.0 mL, 20.6 mmol) was added to a round-bottomed flask, and 

concentrated HCl (5.2 mL, 62.4 mmol) was added dropwise via syringe at room 

temperature.  The reaction was allowed to stir for 2 hours, and then the crude mixture was 

extracted three times with 7 mL pentanes.  The combined organic layers were washed 

successively with water, then brine, dried over magnesium sulfate and filtered.  The 

solvent was removed by distillation at 40 °C to provide 2-30 (1-chloro-2,4-pentadiene) 

(1.81 g, 17.6 mmol, 85%) as a clear oil, and it was used directly in the next reaction. 

2-31: NaH (1.1 eq., 0.4 g, 60% dispersion in oil, 10.0 mmol) was added to a round-

bottomed flask and washed three times with pentanes.  The NaH was then dissolved in 

THF (40 mL) and DMSO (3.0 mL), the reaction mixture was cooled to 0 °C, and diethyl 

malonate (1.0 eq., 1.4 mL, 9.2 mmol) was added dropwise via syringe.  The reaction was 

allowed to stir at 0 °C for 1 hour, and then 2-30 (1.1 eq., 1.06 g, 10.4 mmol) was added 
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via cannula as a solution in THF (6 mL).  The reaction was allowed to warm to room 

temperature and stir for 24 hours.  The crude product was purified by column 

chromatography (EtOAC:hexanes = 1:19) to provide 2-31 (0.308 g, 1.36 mmol, 15%) as 

a clear oil.  2-31 was immediately carried on to the next step.   

2-32: In an oven-dried round-bottomed flask, 2-31 (1.0 eq., 0.308 g, 1.36 mmol) was 

dissolved in THF.  The reaction mixture was cooled to 0 °C and nBuLi (1.0 eq., 0.77 mL, 

1.76 M solution in hexanes, 1.36 mmol) was added dropwise via syringe.  The reaction 

was allowed to stir at 0 °C for 1 hour, and then propargyl bromide (1.3 eq., 0.20 mL, 80% 

solution in toluene, 1.79 mmol) was added dropwise via syringe, and the reaction was 

allowed to warm to room temp and stir overnight.  The reaction was quenched with 7 mL 

deionized water, and diluted with 7 mL diethyl ether.  The layers were separated and the 

aqueous layer was extracted three times with 7 mL diethyl ether.  The combined organic 

layers were then washed successively with water, then brine, dried over magnesium 

sulfate, filtered, and concentrated via rotary evaporation.  The crude product was purified 

by column chromatography (EtOAc:hexanes = 1:19) to provide 2-32 (0.1600 g, 0.6053 

mmol, 45%) as a clear oil.  Rf0.33 (EtOAc:hexanes = 1:9); 1H NMR (CDCl3, 400 MHz) ! 

6.08-6.27 (m, 2H), 5.48 (dt, 1H, J = 15.0, 7.7 Hz), 5.11 (d, 1H, J = 16.3 Hz), 4.99 (d, 1H, 

J = 9.5 Hz), 4.19 (q, 4H, J = 7.1 Hz), 2.80 (d, 2H, J = 7.7 Hz), 2.74 (d, 2H, J = 2.7 Hz), 

2.00 (t, 1H, J = 2.4 Hz), 1.27 (t, 6H, J = 7.1 Hz).  Spectral data are consistent with that 

previously reported.5  

2-19f: Following the same procedure as the synthesis of alkynyl bromide 2-19a, using 

diene-tethered terminal alkyne 2-32 (160.0 mg, 0.6053 mmol).  The crude product was 

purified directly by column chromatography (EtOAc:hexanes = 1:39) to provide 2-19f 
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(166.5 mg, 0.4851 mmol, 80%) as a pale yellow oil.  Rf0.40 (EtOAc:hexanes = 1:9); 1H 

NMR (CDCl3, 400 MHz) ! 6.27 (m, 1H), 6.14 (dd, 1H, J = 15.0, 10.5 Hz), 5.48 (dt, 1H, J 

= 14.9, 7.7 Hz), 5.09 (m, 2H), 4.20 (q, 4H, J = 7.1 Hz), 2.80 (m, 4H), 1.24 (t, 6H, J = 7.1 

Hz); 13C NMR (APT, CDCl3, 100 MHz) ! 169.5, 136.4, 135.6, 127.1, 116.8, 75.0, 61.7, 

56.9, 41.4, 35.5, 24.0, 14.1.  Spectral data are consistent with that previously reported.2  

2-34: In a round-bottomed flask, 2,4-hexadienol (1.5 mL, 13.3 mmol) was dissolved in 

THF (44 mL).  The reaction mixture was cooled to -78 °C, and nBuLi (1.0 eq., 6.2 mL, 

2.16 M solution in hexanes, 13.4 mmol) was added dropwise via dropping syringe.  The 

reaction was stirred for five minutes, and then methanesulfonyl chloride (1.2 eq., 1.2 mL, 

15.5 mmol) and lithium bromide (4.9 eq., 5.65 g, 65.1 mmol) were added respectively.  

This reaction mixture was allowed to stir at -78 oC for three hours.  In a separate round-

bottomed flask, diethyl malonate (0.99 eq., 2.0 mL, 13.2 mmol) was dissolved in THF 

(44 mL).  This reaction mixture was cooled to 0 °C, and nBuLi (1. eq., 6.2 mL, 2.16 M 

solution in hexanes, 13.4 mmol) was added dropwise via syringe.  This mixture was 

allowed to stir for 45 minutes, and then was added to the mesylate dropwise via cannula.  

The combined reaction mixture was allowed to stir for two hours, warming to room 

temperature after one hour.  The reaction was quenched with 40 mL deionized water, and 

diluted with 40 mL diethyl ether.  The layers were separated and the aqueous layer was 

extracted three times with diethyl ether.  The combined organic layers were then washed 

successively with water, then brine, dried over magnesium sulfate, filtered, and 

concentrated via rotary evaporation.  The crude product was purified in fractions by 

column chromatography (EtOAc:hexanes = 1:39) as needed, to provide 2-34 as a clear 

oil. Rf0.30 (EtOAc:hexanes = 1:9); 1H NMR (CDCl3, 400 MHz) ! 6.05 (m, 2H), 5.59 (dq, 



! #+(!

1H, J = 14.6, 6.8 Hz), 5.46 (dt, 1H, J = 14.8, 7.2 Hz), 4.18 (q, 4H, J = 7.1 Hz), 3.39 (t, 

1H, J = 7.6 Hz), 2.61 (t, 2H, J = 7.4 Hz), 1.68 (d, 3H, J = 6.8 Hz), 1.25 (t, 6H, J = 7.1 

Hz); 13C NMR (APT, CDCl3, 100 MHz) ! 168.9, 133.2, 131.0, 128.6, 126.1, 61.3, 52.1, 

31.8, 18.0, 14.1.  Spectral data are consistent with that previously reported.6 

2-35: In a round-bottomed flask, diene 2-34 (310.5 mg, 1.292 mmol) was dissolved in 

THF (8 mL).  The reaction mixture was cooled to 0 °C in an ice bath, and nBuLi (0.75 

mL, 1.76 M solution in hexanes, 1.32 mmol) was added slowly via syringe.  The reaction 

was allowed to stir at 0 °C for 45 minutes, turning pale yellow in color.  Propargyl 

bromide (0.20 mL, 80% wt. solution in toluene, 1.79 mmol) was added, and the reaction 

was allowed to warm to room temperature and stir overnight.  The reaction was quenched 

with 10 mL of deionized water, and diluted with diethyl ether.  The layers were 

separated, and then aqueous layer was extracted three times with 10 mL of diethyl ether.  

The combined organic layer was then washed with deionized water, then brine, dried 

over magnesium sulfate, filtered, and concentrated via rotary evaporation.  The crude 

product was purified by column chromatography (EtOAc:hexanes = 1:99) to provide 2-

35 (63.0 mg, 0.226 mmol, 18%) as a pale yellow oil.  Rf0.33 (EtOAc:hexanes = 1:9); 1H 

NMR (CDCl3, 400 MHz) ! 6.09 (dd, 1H, J = 14.8, 10.4 Hz), 5.94 (dd, 1H, J = 14.9, 10.4 

Hz), 5.61 (dq, 1H, J = 14.9, 6.6 Hz), 5.31 (dt, 1H, J = 14.6, 7.7 Hz), 4.18 (q, 4H, J = 7.1 

Hz), 2.73-2.76 (m, 4H), 2.00 (m, 1H), 1.69 (d, 3H, J = 6.8 Hz), 1.24 (t, 6H, J = 7.1 Hz); 

13C NMR (APT, CDCl3, 100 MHz) ! 169.7, 135.1, 131.1, 129.0, 123.6, 79.0, 71.4, 61.6, 

57.0, 35.2, 22.6, 18.0, 14.1. Spectral data are consistent with that previously reported.6 

2-19g: Following the same procedure as the synthesis of alkynyl bromide 2-19a, using 

diene-tethered terminal alkyne 2-35 (63.0 mg, 0.226 mmol).  The crude product was 
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purified directly by column chromatography (EtOAc:hexanes = 1:39) to provide 2-19g 

(59.9 mg, 0.174 mmol, 77%) as a pale yellow oil. Rf0.35 (EtOAc:hexanes = 1:9); IR 

(neat, NaCl) 3019 (m), 2981 (s), 2935 (s), 2873 (m), 1732 (s), 1445 (m), 1368 (m), 1284 

(m), 1202 (s), 1096 (m), 990 (s), 913 (m), 735 (m); 1H NMR (CDCl3, 400 MHz) ! 6.09 

(dd, 1H, J = 14.8, 10.4 Hz), 5.98 (dd, 1H, J = 14.9, 10.5 Hz), 5.63 (dq, 1H, J = 14.8, 6.8 

Hz), 5.31 (dt, 1H, J = 14.8, 7.7 Hz), 4.19 (q, 4H, J = 7.1 Hz), 2.77 (m, 4H), 1.70 (d, 3H, J 

= 6.6 Hz), 1.25 (t, 3H, J = 7.1 Hz); 13C NMR (APT, CDCl3, 100 MHz) ! 169.7, 135.2, 

131.0, 129.1, 123.5, 75.1, 61.7, 57.0, 41.2, 35.5, 23.9, 18.0, 14.1; HREI calculated for 

C16H21
79BrO4: m/z 356.0623, found m/z 356.0619. 

 4.2.2 Cycloaddition Products 

General Procedure for the Ir-catalyzed [4+2] cycloaddition of 2-19a: Alkynyl halide 

2-19a (1.0 eq., 55.7 mg, 0.259 mmol) was added to an oven-dried screw-cap vial 

containing a stir-bar.  The vial was purged with nitrogen and brought into the glovebox.  

[IrCl(cod)]2 (0.02 eq., 3.4 mg, 0.0051 mmol) and dppe (0.04 eq., 4.8 mg, 0.012 mmol) 

were added to a separate oven-dried vial, dissolved in DMSO (0.5 mL) and allowed to 

stir for 10 minutes.  The Ir-catalyst mixture in DMSO was added to the vial containing 2-

19a via pipette, and the vial was rinsed with 0.8 mL DMSO and sealed.  The reaction was 

allowed to stir outside the glovebox for 3-5 h at 90 °C.  The crude product was purified 

by column chromatography to yield the corresponding cycloadduct 2-20a. 

 

The crude product was purified by column chromatography 

(EtOAc:hexanes 1:9) to provide cycloadduct 2-20a (52.1 mg, 0.242 
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mmol, 94%) as a pale yellow oil. Rf0.30 (EtOAc:hexanes = 1:19); 1H NMR (CDCl3, 400 

MHz)  ! 5.69 (m, 2H), 4.62 (m, 2H), 4.23 (t, 1H, J = 7.1 Hz), 3.36 (dd, 1H, J = 11.4, 7.2 

Hz), 3.26 (m, 1H), 3.12 (m, 1H), 1.31 (d, 3H, J = 7.3 Hz); 13C NMR (APT, CDCl3, 100 

MHz) ! 138.1, 133.1, 120.8, 117.7, 72.4, 70.8, 43.9, 37.4, 21.5.  Spectral data are 

consistent with that previously reported.2 

 

Following the general cycloaddition procedure using above alkyne 2-

19b (25.7 mg, 0.151 mmol).  The crude product was purified by 

column chromatography (EtOAc:hexanes 1:9) to provide cycloadduct 

2-20b (19.9 mg, 0.117 mmol, 77%) as a pale yellow oil. Rf0.28 (EtOAc:hexanes = 1:19); 

1H NMR (CDCl3, 400 MHz)  ! 5.68 (s, 2H), 4.41 (m, 2H), 4.19 (m, 1H), 3.32 (m, 2H), 

3.07 (m, 1H), 1.29 (d, 3H, J = 7.3 Hz); 13C NMR (APT, CDCl3, 100 MHz) ! 134.6, 

133.3, 125.5, 120.8, 72.2, 68.7, 43.4, 36.3, 19.8.  Spectral data are consistent with that 

previously reported.2 

 

Following the general cycloaddition procedure using above alkyne 

2-19c (29.0 mg, 0.0787 mmol).  The crude product was purified by 

column chromatography (EtOAc:hexanes 1:9) to provide 

cycloadduct 2-20c (25.9 mg, 0.0703 mmol, 89%) as a yellow solid. Rf0.19 

(EtOAc:hexanes = 1:9);   1H NMR (CDCl3, 400 MHz)  ! 7.72 (d, 2H, J = 8.3 Hz), 7.34 

(d, 2H, J = 8.0 Hz), 5.61 (br s, 2H), 4.00 (dq, 1H, J = 14.7, 1.6 Hz), 3.89 (dd, 1H, J = 8.8, 

7.5 Hz), 3.79 (dt, 1H, J = 14.6, 1.9 Hz), 3.15 (m, 1H), 2.95 (m, 1H), 2.69 (dd, 1H, J = 

11.6, 8.8 Hz), 2.43 (s, 3H), 1.21 (d, 3H, J = 7.3 Hz); 13C NMR (CDCl3, 100 MHz) ! 
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143.7, 134.5, 133.6, 132.7, 129.8, 127.6, 120.9, 120.3, 52.8, 52.1, 41.9, 37.2, 21.5, 21.4.  

Spectral data are consistent with that previously reported.2 

 

Following the general cycloaddition procedure using above alkyne 2-

19d (52.3 mg, 0.228 mmol).  The crude mixture was purified by 

column chromatography (EtOAc: hexanes = 1:19) to provide 2-20d 

(39.2 mg, 0.171 mmol, 75%) as a pale yellow oil.  Rf0.40 (EtOAc:hexanes = 1:9); IR 

(neat, NaCl) 2926 (s), 2856 (s), 1463 (m), 1188 (m), 1055 (s), 904 (m); 1H NMR (CDCl3 

400 MHz) ! 5.43 (s, 1H), 4.31 (m, 2H), 4.18 (t, 1H, J = 6.4 Hz), 4.30 (m, 1H), 3.24 (m, 

1H), 2.98 (m, 1H), 1.77 (s, 3H), 1.34 (d, 3H, J = 7.2 Hz); 13C NMR (APT, CDCl3, 100 

MHz) ! 138.3, 137.9, 118.6, 116.5, 72.7, 70.7, 44.4, 41.4, 22.2, 19.8;  HRMS (EI) 

calculated for C10H13
79BrO: m/z 228.0150, found m/z 228.0154. 

 

Following the general cycloaddition procedure using above alkyne 

2-19e (99.3 mg, 0.260 mmol).  The crude mixture was flushed 

through a plug of silica with EtOAc to provide impure product.  

Recrystallization from hot hexanes provided 2-20e (76.4 mg, 0.200 mmol, 77%) as a 

while solid (mp. 142-143 °C).  Rf0.29 (EtOAc:hexanes = 1:9); IR (neat, NaCl) 2959 (m), 

2929 (s), 2858 (m), 1732 (s), 1460 (m), 1123 (w), 1073 (w), 854 (s); 1H NMR (CDCl3, 

400 MHz) ! 7.73 (d, 2H, J = 8.2 Hz), 7.33 (d, 2H, J = 8.0 Hz), 5.34 (s, 1H), 3.99-3.94 (m, 

3H), 3.10 (m, 1H), 2.88 (m, 1H), 2.43 (s, 3H), 1.55 (s, 3H), 1.24 (d, 3H, J = 7.2 Hz); 13C 

NMR (APT, CDCl3, 100 MHz) ! 143.6, 138.2, 134.3, 133.8, 129.8, 127.6, 121.0, 116.6, 
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53.2, 52.1, 42.5, 41.3, 22.1, 21.6, 19.7; HRMS (ESI) calculated for C17H20
79BrNO2S: 

[m+H]/z 382.0471, found [m+H]/z 382.0478. 

 

Following the general cycloaddition procedure using above alkyne 

2-19f (65.0 mg, 0.1894 mmol). The crude mixture was purified by 

column chromatography (EtOAc:hexanes = 1:9) to provide 2-20f 

(52.1 mg, 0.152 mmol, 80%) as a pale yellow oil.  Rf0.30 (EtOAc:hexanes = 1:9;  1H 

NMR (CDCl3, 400 MHz)  ! 5.76 (m, 1H), 5.62 (m, 1H), 4.20 (m, 4H), 3.05 (m, 5H), 2.65 

(dd, 1H, J = 12.4, 6.4 Hz), 1.76 (app. t, 1H, J = 12.5), 1.25 (m, 6H); 13C NMR (CDCl3, 

100 MHz) ! 171.8, 171.2, 137.7, 125.7, 125.1, 112.0, 61.7, 61.6, 57.1, 42.0, 39.9, 39.2, 

37.0, 14.0 (2).  Spectral data are consistent with that previously reported.2 

 

Following the general cycloaddition procedure using above 

alkyne 2-19g (40.5 mg, 0.118 mmol). The crude mixture was 

purified by column chromatography (EtOAc:hexanes = 1:9) to 

provide 2-20g (34.6 mg, 0.101 mmol, 85%) as a pale yellow oil.  Rf0.40 (EtOAc:hexanes 

= 1:9); IR (neat, NaCl) 2981 (s), 2933 (m), 2873 (w), 1732 (s), 1446 (m), 1255 (s), 1188 

(m), 1071 (m), 860 (m), 737 (m); 1H NMR (CDCl3, 400 MHz) ! 5.68 (d, 1H, J = 9.7 Hz), 

5.55 (d, 1H, J = 9.8 Hz), 4.21 (m, 4H), 3.04 (m, 4H), 2.64 (dd, 1H, J = 12.4, 6.3 Hz), 1.87 

(app. t, 1H, J = 12.5 Hz), 1.25 (m, 9H); 13C NMR (APT, CDCl3, 100 MHz) ! 171.9, 

171.3, 137.9, 131.4, 123.9, 119.8, 61.8, 61.7, 57.7, 42.5, 39.9, 39.6, 37.7, 22.0, 14.1, 

14.0; HRMS (EI) calculated for C16H21
79BrO4: m/z 356.0623, found m/z 356.0617. 
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4.3 Acid-catalyzed Ring Openings of Cyclopropanated Oxabenzonorbornadienes 

4.3.1 Preparation of 3-2 

 

3-1: Anthranilic acid (1.0 eq., 20.0 g, 0.146 mol) was added to an oven-dried 2 neck 

round-bottom flask and dissolved in THF (80 mL).  Furan (1.0 eq., 10.6 mL, 0.146 mol) 

was added via syringe, then THF (60 mL) was used to rinse the sides of the flask.  A 

condenser and a dropping funnel containing isoamyl nitrite (1.6 eq., 31.2 mL, 0.233 mol) 

and THF (60 mL) were added to the 2-neck flask, and the reaction mixture was heated to 

reflux.  The isoamyl nitirite solution was added dropwise over 2 hours, and the solution 

bubbled rapidly.  After 2.5 hours the bubbling had subsided, so the reaction was cooled to 

room temperature quenched with 50 mL of saturated K2CO3, then diluted with 100 mL 

deionized water and 200 mL diethyl ether.  The layers were separated and the aqueous 

layer was extracted three times with 150 mL diethyl ether.  The combined organic layers 

were then washed successively with water, then brine, dried over magnesium sulfate, 

filtered, and concentrated via rotary evaporation.  The crude product was purified by 

column chromatography (EtOAc:hexanes = 1:19), and then recrystallized from hot EtOH 

to provide 3-1 (5.05 g, 0.0350 mol, 24%) as a white solid.  Rf0.38 (EtOAc:hexanes = 

1:4); 1H NMR (CDCl3, 400 MHz) ! 7.24 (m, 2H), 7.00 (s, 2H), 6.96 (m, 2H), 5.69 (s, 

2H); 13C NMR (APT, CDCl3, 100 MHz) ! 149.0, 143.0, 124.9, 120.0, 82.3.  Spectral data 

are consistent with that previously reported.7 
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3-2: Caution – extremely toxic and highly reactive gas is produced in this reaction. 

The diazomethane generation flask was charged with Diazald® (2.1 eq., 15.7 g, 73.2 

mmol), EtOH (100 mL) and a large stir bar and the solution was cooled to 0 °C.  The 

reaction vessel was charged with oxabenzonorbornadiene (1.0 eq., 4.97 g, 34.5 mmol), 

Pd(OAc)2 (0.01 eq., 0.0778 g, 0.346 mmol) and Et2O (40 mL), and was also cooled to 0 

°C.  With a steady stream of nitrogen flowing over the generation flask and into the 

reaction flask, 50% NaOH (~75 eq., 135 mL, 2565 mmol) was added to a dropping 

funnel above the generation flask and the NaOH was added dropwise over 3 hours.  Light 

yellow CH2N2(g) was observed in the generation flask, and the reaction was allowed to 

continue to stir for 2 more hours as the diazomethane bubbled into the reaction vessel.  

The reaction mixture was removed from the vessel via syringe, being careful not to 

scratch the inside of the glassware.  After airing out for several hours in a fume hood, the 

crude product was filtered through celite and concentrated via rotary evaporation.  The 

crude product was purified via column chromatography (hexanes, then EtOAc:hexanes = 

1:9) to provide 3-2 (4.53 g, 28.6 mmol, 83%) as a clear oil.  Rf0.56 (EtOAc:hexanes = 

1:4); 1H NMR (CDCl3, 400 MHz) ! 7.17 (m, 2H), 7.02 (m, 2H), 4.96 (s, 2H), 1.43 (m, 

1H), 1.13 (m, 2H), 0.80 (m, 1H); 13C NMR (APT, CDCl3, 100 MHz) ! 147.8, 125.8, 

119.1 77.8, 19.9, 14.0.  Spectral data are consistent with that previously reported.8 
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4.3.2 Ring-opened Products 

General Procedure for the Acid-catalyzed Ring Opening of Cyclopropanated 

Oxabenzonorbornadiene (CPOBNBD): In a small vial containing a stir-bar, 

cyclopropanated oxabenzonorbornadiene  (1.0 eq) was dissolved in alcohol (0.5 mL).  

The reaction was cooled to 0 oC, and p-toluenesulfonic acid (0.1 eq) was added as a solid.  

The reaction was allowed to stir at 0 °C for 10 minutes, then slowly warmed to room 

temperature.  The vial was sealed tightly, Teflon-taped and parafilmed, heated to 90 °C, 

and allowed to stir for 3 – 14 days. 

 

Following the above general procedure with CPOBNBD (1.0 eq., 

38.3 mg, 0.242 mmol), MeOH (0.5 mL), and p-toluenesulfonic acid 

(0.1 eq., 6.3 mg, 0.033 mmol), the reaction was allowed to stir at 90 °C for 90 hours.  The 

crude mixture was purified by column chromatography (EtOAc: hexanes = 1:19) to 

provide 3-86 (34.3 mg, 0.199 mmol, 82 %) as a clear oil. Rf0.33 (EtOAc:hexanes = 1:9); 

1H NMR (CDCl3, 400 MHz) !  7.82-7.84 (m, 3H), 7.78 (s, 1H), 7.45-7.48 (m, 3H), 4.62 

(s, 2H), 3.43 (s, 3H); 13C NMR (APT, CDCl3, 100 MHz) ! 135.7, 133.3, 133.0, 128.2, 

127.9, 127.7, 126.5, 126.1, 125.9, 125.7, 74.8, 58.2.  Spectral data are consistent with that 

previously reported.9 

 

Following the above general procedure with CPOBNBD (1.0 eq., 

28.0 mg, 0.177 mmol), EtOH (0.5 mL), and p-toluenesulfonic 

acid (0.1 eq., 5.4 mg, 0.028 mmol), the reaction was allowed to stir at 90 oC for 11 days.  
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The crude mixture was purified by column chromatography (EtOAc: hexanes = 1:19) to 

provide 3-95 (25.3 mg, 0.136 mmol, 77 %) as a clear oil, as well as recovered starting 

material (1.8 mg, 0.011 mmol, 6 %). Rf0.40 (EtOAc:hexanes = 1:9); 1H NMR (CDCl3, 

400 MHz) !  7.80-7.82 (m, 3H), 7.77 (s, 1H), 7.44-7.47 (m, 3H), 4.66 (s, 2H), 3.57 (q, 

2H, J = 7.0 Hz), 1.26 (t, 3H, J = 7.0 Hz); 13C NMR (APT, CDCl3, 100 MHz) ! 136.1, 

133.3, 133.0, 128.1, 127.9, 127.7, 126.3, 126.0, 125.8, 125.7, 72.8, 65.8, 15.3.  Spectral 

data are consistent with that previously reported.9 

 

Following the above general procedure with CPOBNBD (1.0 eq., 

39.8 mg, 0.252 mmol), iPrOH (0.5 mL), and p-toluenesulfonic 

acid (0.1 eq., 5.0 mg, 0.026 mmol), the reaction was allowed to stir at 110 oC for 6 days.  

The crude mixture was purified by column chromatography (EtOAc: hexanes = 1:19) to 

provide 3-96 (33.9 mg, 0.169 mmol, 67 %) as a clear oil.  Rf0.41 (EtOAc:hexanes = 1:9); 

IR (neat, NaCl) 3055 (m), 2971 (s), 2930 (m), 2868 (m), 2242 (w), 1950 (w), 1726 (w), 

1602 (m), 1509 (m), 1467 (m), 1369 (s), 1329 (s), 1124 (s), 1070 (s), 909 (m), 855 (m), 

814 (s), 734 (s); 1H NMR (CDCl3, 400 MHz) !  7.79-7.83 (m, 4H), 7.44-7.49 (m, 3H), 

4.67 (s, 2H), 3.73 (m, 1H), 1.23 (d, 6H, J = 6.0 Hz); 13C NMR (APT, CDCl3, 100 MHz) ! 

136.7, 133.4, 132.9, 128.1, 127.9, 127.7, 126.1, 126.0, 125.8, 125.7, 71.0, 70.2, 22.2.  

HREI calculated for C14H16O: m/z 200.1201, found m/z 200.1205. 

 

Following the above general procedure with CPOBNBD 

(1.0 eq., 45.2 mg, 0.286 mmol), nBuOH (0.5 mL), and p-
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toluenesulfonic acid (0.1 eq., 5.9 mg, 0.031 mmol), the reaction was allowed to stir at 90 

oC for 14 days.  The crude mixture was purified by column chromatography (EtOAc: 

hexanes = 1:19) to provide 3-97 (37.1 mg, 0.173 mmol, 61 %) as a clear oil. Rf0.40 

(EtOAc:hexanes = 1:9); IR (neat, NaCl) 3055 (s), 2958 (s), 2932 (s), 2869 (s), 1603 (m), 

1509 (s), 1464 (s), 1374 (s), 1170 (m), 1098 (s), 854 (s), 816 (s), 751 (s); 1H NMR 

(CDCl3, 400 MHz) !  7.80-7.82 (m, 3H), 7.76 (s, 1H), 7.43-7.47 (m, 3H), 4.65 (s, 2H), 

3.50 (t, 2H, J = 6.6 Hz), 1.62 (m, 2H), 1.40 (m, 2H), 0.91 (t, 3H, J = 7.3 Hz); 13C NMR 

(APT, CDCl3, 100 MHz) ! 136.3, 133.3, 133.0, 128.1, 127.9, 127.7, 126.3, 126.0, 125.8, 

125.7, 73.0, 70.3, 31.9, 19.4, 14.0.  1H and 13C NMR data are consistent with that 

previously reported.10  HREI calculated for C15H18O: m/z 214.1358, found m/z 214.1364. 

 

Following the above general procedure with CPOBNBD (1.0 

eq., 38.8 mg, 0.245 mmol), cyclohexanol (0.5 mL), and p-

toluenesulfonic acid (0.1 eq., 5.8 mg, 0.030 mmol), the 

reaction was allowed to stir at 90 oC for 14 days.  The crude mixture was purified by 

column chromatography (EtOAc: hexanes = 1:19) to provide 3-98 (39.3 mg, 0.164 mmol, 

67 %) as a clear oil. Rf0.44 (EtOAc:hexanes = 1:9);  IR (neat, NaCl) 3055 (s), 2930 (s), 

2855 (s), 1602 (m), 1509 (s), 1450 (s), 1366 (s), 1090 (s), 854 (m), 816 (s), 734 (s); 1H 

NMR (CDCl3, 400 MHz) !  7.79-7.83 (m, 4H), 7.44-7.49 (m, 3H), 4.71 (s, 2H), 3.40 (m, 

1H), 2.00 (m, 2H), 1.76 (m, 2H), 1.54 (m, 1H), 1.39 (m, 2H), 1.25 (m, 3H); 13C NMR 

(APT, CDCl3, 100 MHz) ! 136.9, 133.4, 132.9, 128.0, 127.9, 127.7, 126.0, 125.9, 125.8, 

125.7, 77.0, 69.8, 32.3, 25.9, 24.2.  1H and 13C NMR data are consistent with that 

previously reported.11  HREI calculated for C17H20O: m/z 240.1514, found m/z 240.1522. 
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Following the above general procedure with CPOBNBD (1.0 eq., 

46.6 mg, 0.295 mmol), tBuOH (0.5 mL), and p-toluenesulfonic 

acid (0.1 eq., 6.6 mg, 0.035 mmol), the reaction was allowed to 

stir at 90 oC for 14 days.  The crude mixture was purified by column chromatography 

(EtOAc: hexanes = 1:19) to provide 3-99 (7.1 mg, 0.033 mmol, 11 %) as a clear oil, as 

well as recovered starting material (12.7 mg, 0.080 mmol, 27 %). Rf0.40 (EtOAc:hexanes 

= 1:9); 1H NMR (CDCl3, 400 MHz) !  7.77-7.84 (m, 4H), 7.39-7.48 (m, 3H), 4.59 (s, 

2H), 1.32 (s, 9H); 13C NMR (APT, CDCl3, 100 MHz) ! 137.4, 133.5, 132.8, 128.0, 127.9, 

127.8, 127.6, 125.9, 125.8, 125.5, 73.6, 64.3, 27.8.  Spectral data are consistent with that 

previously reported.9 

 

Following the above general with C1 methyl-CPOBNBD 3-97 (1.0 

eq., 38.5 mg, 0.224 mmol), MeOH, (0.5 mL), and p-

toluenesulfonic acid (0.1 eq., 2.5 mg, 0.025 mmol), the reaction 

was allowed to stir at 90 oC for 72 hours.  The crude mixture was purified by column 

chromatography (EtOAc:hexanes = 1:19) to provide 3-101 (30.7 mg, 0.165 mmol, 73%) 

as a yellow oil.  Rf0.32 (EtOAc:hexanes = 1:9); IR (neat, NaCl) 3052 (w), 2980 (m), 2924 

(s), 2918 (m), 1604 (m), 1509 (m), 1450 (m), 1193 (m), 1132 (m), 1100 (s), 910 (s), 868 

(s), 734 (s); 1H NMR (CDCl3, 400 MHz) ! 7.98 (d, 1H, J = 7.8 Hz), 7.83 (d, 1H, J = 7.2 

Hz), 7.64 (s, 1H), 7.53 – 7.46 (m, 2H), 7.31 (s, 1H), 4.58 (s, 2H), 3.42 (s, 3H), 2.69 (s, 

3H); 13C NMR (APT, CDCl3, 100 MHz) ! 135.3, 134.7, 133.5, 132.2, 128.5, 126.4, 

125.8, 125.7, 125.0, 124.0, 74.9, 58.2, 19.4.  HREI calculated for C13H14O: m/z 

186.1045, found m/z 186.1041. 
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Following the above general procedure with dichloro-CPOBNBD 3-33 (1.0 eq., 40.0 mg, 

0.176 mmol), MeOH, (0.5 mL), and p-toluenesulfonic acid (0.1 eq., 3.9 mg, 0.020 

mmol), the reaction was allowed to stir at 90 oC for 96 hours.  The crude mixture was 

purified by column chromatography (EtOAc:hexanes = 1:19, then EtOAc) to provide 3-

34 (25.7 mg, 0.113 mmol, 64%) as a white solid, and 3-105 (10.5 mg, 0.0472 mmol, 

27%) as a brown oil.  

Rf0.24 (EtOAc:hexanes = 1:9); mp. 104-105 °C; 1H NMR (CDCl3, 

400 MHz) ! 7.36 (m, 1H), 7.18 (m, 3H), 6.46 (d, 1H, J = 4.7 Hz), 

5.47 (s, 1H), 5.31 (d, 1H, J = 4.7 Hz), 4.1 (s, 1H); 13C NMR (APT, 

CDCl3, 100 MHz) ! 148.4, 138.1, 134.1, 128.1, 127.9, 127.6, 122.9, 119.3, 83.9, 76.5, 

58.9.  HREI calculated for C11H8O35Cl2: m/z 225.9952, found m/z 225.9958. 

 

Rf0.17 (EtOAc:hexanes = 1:9); 1H NMR (CDCl3, 400 MHz) ! 7.36 

(m, 1H), 7.23-7.16 (m, 3H), 6.56 (d, 1H, J = 4.7 Hz), 5.42 (s, 1H), 

5.29 (d, 1H, J = 4.8 Hz), 3.58 (s, 3H), 3.54 (s, 1H); 13C NMR (APT, CDCl3, 100 MHz) ! 

148.3, 139.3, 134.9, 127.8, 127.5, 127.1, 122.4, 119.3, 81.7, 78.6, 76.5, 56.3. HREI 

calculated for C12H11O2
35Cl: m/z 222.0448, found m/z 222.0439. 
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