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Oxabenzonorbornadiene (OBD) and derivatives thereof have become key 

substrates of interest within synthetic organic chemistry and natural product synthesis as 

they enable the formation of multiple stereocenters in a single transformation. The present 

work expands on previous studies to investigate various intramolecular transformations, 

and regiochemical implications regarding ring-opening reactions of asymmetric 

oxabicyclic alkenes.  

Acid-catalyzed intramolecular ring-opening reactions of cyclopropanated 

oxabenzonorbornadiene (CPOBD) derivatives were investigated to afford novel medium-

sized ring systems in moderate to good yields and good to excellent regioselectivity. 

Similarly, a Ni catalyzed intramolecular ring-opening reaction of alkyl halide tethered OBD 

compounds was optimized, thus generating a naphthalene derivative in excellent yields. 

Lastly, iridium-catalyzed ring-opening reactions of unsymmetrical C1-substituted OBD 

derivatives is presented using alcohols and water as nucleophiles which allows for the 

selective synthesis of previously inaccessible substrates.  
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1 Introduction 
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1.1 Bicycloalkenes 

 

The development of new methods to quickly and efficiently create cyclic and 

polycyclic compounds with potential biological activity has become a vital area of 

research.1 One of the most challenging tasks in synthesizing these compounds is related 

to their often-complex structure with multiple chiral centres. To meet these demands, 

numerous studies involving ring-opening transformations of bicycloalkenes have been 

reported as they generate unique structural motifs with multiple stereocenters in a single 

transformation.2–4 Among these bicyclic systems, 1.6, commonly known as 

oxabenzonorbornadiene (OBD) has been a compound of interest to our group and will be 

the principal chemical scaffold investigated throughout this thesis (figure 1.1).  

 

Figure 1.1 Common Heterobicyloalkenes. 

 

The reactivity of bicycloalkenes stems from their inherent ring strain, and their 

desire to relieve this tension by severing one or more of their bonds in a ring-opening 

reaction. This becomes even more apparent when comparing the heterobicyclic OBD to 

its carbon-based counterpart benzonorbornadiene (1.4), as the more electronegative 
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oxygen is a better leaving group in substitution-like ring-opening reactions5 and results in 

an overall increase in ring strain energy (RSE) within the molecule.6,7 This has been 

demonstrated through computational studies which reported that the relative ring strain 

energy, and therefore the reactivity of benzonorbornadiene 1.4 is less than 

azabenzonorbornadiene 1.5, which is less reactive than the oxabenzonorbornadiene 

counterpart.8 These findings are in agreement with the absolute ring strain energies 

reported for norbornadiene 1.1 (27.6 kcal/mol), azanorbornadiene 1.2 (33.0 kcal/mol), 

and oxanorbornadiene 1.3 (35.8 kcal/mol).8  

 

In addition to its relative ring strain energy, OBD contains many other noteworthy 

features that contribute to its reactivity (figure 1.2). For starters, the bridging oxygen 

heteroatom and the free alkene opposite to the aromatic group are capable of 

coordinating to Lewis acids or transition-metal catalysts to initiate ring-opening reactions. 

The free alkene also serves as a potential target for nucleophilic attack for various ring-

opening transformations. Another distinct structural feature found within many bicyclic 

systems is the prevalence of an endo face and an exo face. In the case of OBD, the exo 

face is comprised of 5 atoms and overlooks the upper-portion of the structure as depicted 

in figure 1.2, while the endo face is a six-membered system in the lower portion of the 

compound and does not include the bridgehead oxygen atom. The majority of reactions 

involving bicycloalkenes occur on the exo face due to its steric and electronic availability, 

which is even more pronounced in the case of heterocyclic compounds.9 Section 1.3 will 
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introduce various types of ring-opening reactions involving OBD in greater detail, with an 

emphasis on those which have spawned our current research.  

 

 

 

 

Figure 1.2 Key Physical Properties of Oxabenzonorbornadiene. 

 

1.2 Synthesis of Oxabenzonorbornadienes 
 

1.2.1 General Overview 
 

Oxabenzonorbornadienes are commonly prepared through a [4+2] Diels-Alder 

reaction between a highly reactive benzyne species 1.7, the dienophile, and a furan 

derivative as the diene (scheme 1.1). This reactivity has been previously reported by 

members of the Tam lab in the formation of novel C1-substituted OBDs.10 Due to its 

instability, the benzyne required for the reaction to proceed is generated in situ following 

one of the many procedures reported in the literature.10–14 In addition, while some 

substituted furans are commercially available, others must be prepared prior to 

formulating the desired oxabicylic product. This section aims to describe various methods 

used to afford arynes and substituted furans, with an emphasis on those that will be used 

in the proceeding chapters.  
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Scheme 1.1 Common synthesis of oxabenzonorbornadienes. 

 

1.2.2 Generation of Arynes. 

 

The generation of benzyne and other substituted arynes can be performed through 

various routes; including the use of aryl cations, anions, radicals, or even a neutral 

zwitterionic species (scheme 1.2).11,12,15 Of these, the use of anions and zwitterionic 

species were utilized for the purposes of this research and so will be the primary focus 

within this section.  

 

Scheme 1.2 Common methods of aryne generation. 
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Using aryl halides 1.8, a simple deprotonation reaction under basic conditions has 

been shown to initiate an ortho elimination via an anion, generating benzynes 1.9 in 

reagents lacking ortho functionality (scheme 1.3).12,15 This reaction was first observed by 

Roberts and further mechanistic insights have been provided by Huisgen, Bunnett, and 

Dunn which demonstrated two counteracting effects that dictate the rate of reaction 

depending on the halide used.13,14,16–18 They determined that the more electronegative 

halides (F > Cl > Br > I) increased the acidity of the ortho proton to accelerate the 

deprotonation step, while halogens with a greater electron shell (I > Br > Cl > F) 

accelerated the elimination step. When both of these properties are taken into 

consideration, the overall reactivity of each halide was deemed to be Br > I > Cl >> F. 

This method is limited to arenes with chemically equivalent ortho protons, as non-

equivalent protons produce multiple regiochemical outcomes that are not easily 

separable.  

Another common route employed to generate benzyne in situ is through a metal-

halide exchange (scheme 1.3).19 This methodology requires an ortho-dihalide species 

which upon treatment with an alkali metal such as lithium undergoes a metal-halide 

exchange. An elimination then occurs as previously mentioned to generate the final 

benzyne species.20 This procedure allows for more regiocontrol during the elimination 

process as two different halogens, or one halogen and another leaving group such as a 

tosyl group (OTs) can be substituted onto the ring, allowing for the less electronegative 

halogen to exchange first, followed by elimination of the second. Many of the ortho- and 

para-disubstituted heterocyclic systems of Chapter 2 were synthesized in this manner by 
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first exposing the arene to Br2 overnight, or by ortho bromination followed by a tosylation 

of substituted hydroxyarenes (scheme 1.4). 

 

Scheme 1.3 Methods of o-deprotonation and lithium-halide exchange affording 
benzyne. 

 

 

 

Scheme 1.4 Synthesis of o-disubstituted arenes. 

 

A third route which we utilized most often throughout the present works involves a 

diazotization reaction of anthranilic acid 1.11 (scheme 1.5).21 Upon treatment with isoamyl 

nitrite 1.12, a diazonium salt 1.13 is produced as a shock-sensitive and potentially 

explosive intermediate if left to dry.22 This can be avoided with careful heating which 

initiates a series of proton transfers reactions, leading to the expulsion of both dinitrogen 
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gas and carbon dioxide to afford the desired benzyne 1.9. This reaction proceeds under 

neutral conditions and so does not call for a strong base as in previous examples.  

Scheme 1.5 Mechanism of benzyne generation through diazotization and 
subsequent decomposition. 

 

1.2.3 Generation of 2-Substituted Furans 

 

The formation of unsymmetrical heterocyclic molecules has necessitated the use of 

various substituted furan molecules. Given their limited commercial availability, our group 
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has devised multiple methods to generate C2 substituted alkyl- and aryl furans (scheme 

1.6). In recent years this methodology has involved the use of 2-bromofuran 1.14 as a 

key intermediate in the formation of these synthons,23 utilizing either iron or palladium 

catalysts to formulate various alkyl 1.15, or aryl substituted furans 1.16 respectively.24  

 

Scheme 1.6 Preparation of 2-alkyl and 2-arylfurans from 2-bromofuran. 

 

In each of the following chapters, both C2-substituted, and 2,5-disubstituted 

unsymmetrical furans were prepared in a simpler, more common approach previously 

reported within the literature (scheme 1.7).25–27 Using a lithiated base, deprotonation of 

the furan’s most acidic proton generates a carbanion 1.17, which then undergoes an SN2 

reaction with an alkyl halide to afford the appropriate substituted furan 1.18. To generate 

a mono-substituted species selectively, furan is typically deprotonated in excess to avoid 

the formation of an unwanted 2,5-disubstituted side product.   
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Scheme 1.7 Formation of 2-substituted furans in the present work. 

 

1.3 Ring-Opening Reactions of Oxabenzonorbornadiene 
 

1.3.1 General Overview 
 

Oxabicyclic systems have proven to be useful precursors in the synthesis of many 

desirable cyclic and acyclic frameworks, namely due to their ability to generate unique 

structural motifs with multiple stereocenters in a single transformation.2,28–31 When 

considering oxabicycloalkenes, the most versatile processes which they can undergo 

stereoselectively are ring-opening transformations. These reactions are typically 

transition-metal or acid-catalyzed, and often demonstrate an expansion of the pre-existing 

organic framework by way of a nucleophilic attack and the formation of one or more new 

bonds. Regarding ring-opening reactions of OBD, a nucleophilic attack on the substrate 

is generally the first step followed by the cleavage of the C-O bond as mentioned in 

section 1.1. In the case of symmetrical OBD frameworks, there are two potential 

regiochemical outcomes for a ring-opening reaction (scheme 1.8). Should the nucleophile 

attack at the bridgehead position C1, the C-O bond is displaced directly by way of an SN2 

reaction which affords a dihydronaphthalene scaffold 1.19 with 1,4 substitution. Another 

possible point of nucleophilic attack is at the alkene carbon C2, which rearranges the 

double bond within the system and cleaves the C-O bond in an SN2’ fashion. This results 
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in a 1,2-substituted product 1.20 and is the more commonly observed ring-opening 

pathway, although both have been documented.32 

 

 

Scheme 1.8 Possible ring-opening pathways of symmetrical OBD. 

 

In addition to the regiochemical outcome, stereochemistry must also be considered 

when undergoing a nucleophilic ring-opening reaction of OBD (figure 1.3). Nucleophilic 

attack from either the exo, or endo face is often determined by way of the nucleophile’s 

interaction with the selected catalyst. Nucleophilic attack on the exo-face arises in 

instances wherein the catalyst first coordinates with the nucleophile prior to any 

complexation with OBD. This results in an internal delivery of the nucleophile to the exo 

face and a 1,2-cis product (1.21). For an endo attack, there is no initial coordination 

between the nucleophile and the catalyst, but rather the catalyst coordinates to the 

oxygen and alkene on its own. This complexation blocks any nucleophilic addition from 
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the exo face, resulting in an external delivery of the catalyst to the endo face and a 1,2-

trans product (1.22). 

 

  

 

Figure 1.3 Stereochemical outcomes of various transition metal mediated ring-
openings of OBD. 

 

1.3.2 Intermolecular Ring-Opening Reactions. 

 

Some common ring-opening reactions of oxabenzonorbornadiene are shown below, 

generating multiple variations of the same 1,2-dihydronaphthalen-1-ol derivative (scheme 

1.9). A 1,2-cis compound 1.23 can be prepared using an aryl nucleophile with the addition 

of a palladium,33,34 rhodium,35,36 or nickel catalyst,37 while an alkyl nucleophile can 

produce a similar product 1.25 under nickel-38 or palladium-catalysis.39 In contrast, 

alkylations using a copper catalyst generate a 1,.2- trans isomer 1.27,40 as does the 

addition of heteroatomic nucleophiles under rhodium-,41 ruthenium-,42 or iridium-43 

catalysis affording 1.26. Reductive ring-opening is also possible using a hydride 

nucleophile, producing the unsubstituted product 1.24.44 The value of these ring-opening 

transformations of OBD and derivatives thereof should not be overlooked, as they have 

been shown to be applicable to the synthesis of natural products including arnottin 1,45 

an antibiotic, and sertraline,46 an antidepressant.  
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Scheme 1.9 Transition metal catalyzed ring-opening transformations of OBD. 

 

Ring-opening reactions of heterobicyloalkenes become more complex when dealing 

with unsymmetrical frameworks. In the case of OBD, substitution at the C1 bridgehead 

position leads to 2 distinct location of nucleophilic attack (figure 1.4). In some cases, the 

use of a bulky substituent might block an addition at the C2 position, and so a 1,3 

substituted product is observed. In other instances, the electronics of the substituent 
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might dictate the location of nucleophilic attack or induce an isomerization to a 

naphthalenol framework. An investigation into such a regiochemical study was performed 

by our group and will be described in Chapter 3. 

 

 

Figure 1.4 C1 substituted OBD with 2 distinct locations of nucleophilic attack. 

 

1.3.3 Intramolecular Ring-Opening Reactions. 

 

 While there have been extensive studies performed regarding the intermolecular 

ring-opening of OBD and other heterobicylic frameworks, very little has been reported 

regarding intramolecular transformations. To date, the Lautens group has reported the 

only two previous examples of intramolecular ring-opening of OBD (scheme 1.10 

equation 1).47,48 Both studies used a C1 substituted alcohol nucleophile with a chiral 

cationic rhodium catalyst to afford a tricyclic product. In 2009 they demonstrated a 

regiodivergent resolution of unsymmetrical OBDs whereby two enantiomers of a 3-carbon 

tethered alcohol 1.28 were resolved in the presence of an external nucleophile (scheme 

1.10, eq 1).47 Their results showed that one enantiomer would undergo an intramolecular 

cyclization to afford 1.29 while the other enantiomer underwent an intermolecular ring-

opening with a dibenzylamine additive generating 1.30. Previous members of the Tam 

group, Boutin and Marchese, attempted to replicate the intramolecular cyclization using 
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an achiral BINAP ligand (scheme 1.10, equation 3).49 While they did observe a ring-

opening transformation, it did so in lower yields (11%) compared to trials using the 

conditions previously reported by Lautens (47%).49 In both instances, a dehydrated 

product 1.33 formed in substantial yields (71% BINAP, 45% (R,S)-PPF-PtBu2).  

 

Scheme 1.10 Intramolecular ring-opening of alcohol tethered OBD by Lautens (1 
and 2)47,48 and Boutin (3).49 
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More recently, Lautens and co-workers reported the first rhodium catalyzed 

asymmetric cycloisomerization of bis-nucleophile tethered OBDs 1.31 (scheme 1.9 eq 

2).48 They demonstrated the desymmetrization of OBD using an internal alcohol or amine 

nucleophile, resulting furano- and pyrano-fused hydroxynaphthalene scaffolds, in addition 

to a tricyclic piperidine-fused hydroxynaphthalene in good to excellent yields with high 

enantioselectivity (1.26, 72-99%, 92-99% ee).48 To justify these findings, a mechanism 

was proposed wherein the cationic rhodium catalyst selectively inserts itself within the 

distal C-O bond forming the intermediate 1.34 (scheme 1.11). This allows for the opposing 

nucleophile to selectively attack the endo face following an SN2’ pathway.48 These 

reports, in addition to the lack of information regarding intramolecular transformation of 

heterobicyclic frameworks, have inspired much of the efforts herein. 

 

 

Scheme 1.11 Proposed mechanism of endo face attack on bis substituted OBD. 
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1.4 Cyclopropanation of Oxabenzonorbornadienes 

 

The high degree of ring-strain within cyclopropanated species makes them 

synthetically appealing tools to afford more complex structural scaffolds by way of ring-

opening reactions. As such, stereoselective cyclopropanation reactions have received 

much attention in recent years. Inspired by the versatility of ring-opening reactions 

involving OBD, our group has developed an improved method for the synthesis of 

chemically-analogous cyclopropanated oxabenzonorbornadiene (CPOBD) frameworks 

1.35 to investigate their involvement in ring-opening reactivity.50 Prior to these 

investigations, very few reports of cyclopropanated heterobicyloalkenes were available 

and most reports involved substituted cyclopropanes, making it hard to compare the 

reactivity of simple cyclopropanes to olefins directly. One previous member of the Tam 

group, Haner, utilized the conditions first reported by Miller and Ji (CH2N2, Pd(OAc)2, 

Et2O, 0 oC)51 to cyclopropanate numerous heterobicyclic alkenes including OBD (scheme 

1.12).52 Further optimization of the reactions conditions was later performed by Carlson 

whereby tetrahydrofuran (THF) was deemed to be a more suitable solvent for the 

cyclopropanation of substituted OBD compounds as it increased the solubility of the 

heterobicyclic frameworks.53  
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Scheme 1.12 Palladium-catalyzed cyclopropanation of bicycloalkenes using 
diazomethane. 

 

Due to its hazardous toxicity, the diazomethane required to perform these reactions 

was generated in situ using the commercially available Diazald ® reagent which, upon 

addition of sodium hydroxide generated the desired diazomethane gas. The gas is then 

bubbled into a reaction vessel containing the palladium catalyst and the 

heterobicycloalkene to undergo a cyclopropanation. A mechanism for this process has 

been proposed and is supported by B3LYP computational studies (scheme 1.13).11 

Previous reports have shown that active Pd (0) species promote cyclopropanation,54 and 

so the Pd (II) used is believed to act as a pre-catalyst and is reduced to its active Pd (0) 

state by diazomethane. Next, the Pd (0) coordinates to the alkene of 2 OBD molecules in 

a η2-fashion (1.37) which then undergoes a reversible ligand exchange with 
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diazomethane forming the intermediate 1.37. This diazomethane-bound intermediate 

then extrudes dinitrogen gas in a rate-limiting step generating 1.38. It is worth noting that 

although diazomethane can coordinate the palladium complex with either the terminal 

nitrogen (κN) or by the carbon (κC), κN complexes are not likely to participate in the 

catalytic cycle. This is attributed to their comparatively high Gibbs free energy at the 

B3LYP level, and the coordination through carbon required to facilitate the loss of 

dinitrogen in the cycle. Upon the loss of nitrogen, the resulting (η2-alkene)Pd=CH2 

carbene complex 1.38 is believed to rearrange forming a palladacyclobutane 1.39 which 

undergoes reductive elimination yielding the cyclopropane product 1.35. 

 

Scheme 1.13 Proposed mechanism for the cyclopropanation of OBD based on 
B3LYP investigations.55  
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Upon reaction completion, the cyclopropanated products were shown to afford the 

exo-CPOBD product in good to excellent yields as the only observable isomer (figure 1.5). 

This was determined through NMR analysis wherein the coupling constants between the 

bridgehead proton (Ha) and the distal cyclopropane protons (Hb) were 0-2 Hz in all cases. 

This is indicative of a dihedral bond angle near 90o, which correlates to the exo-isomer 

1.35. Had the endo isomer 1.40 formed, the resulting dihedral angle would be close to 

42o and a larger coupling constant around 5 Hz would have been observed.50  

 

Figure 1.5 Distinct 1H NMR couplings of exo and endo oriented cyclopropanated 
oxabenzonorbornadiene. 

 

1.5 Ring-Opening Reactions of CPOBDs 

 

1.5.1 General Overview 

 

Having efficiently synthesized various cyclopropanated OBD compounds, our group 

shifted its focus to investigate the potential ring-opening capabilities of these frameworks. 
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Initially, three different modes of nucleophilic attack were envisioned for CPOBD whereby 

the nucleophile could attach to either the C1, C2, or C3 positions, resulting in 3 separate 

regiochemical outcomes (scheme 1.14). Indeed, all three of these ring-opening methods 

have been reported by the Tam lab and have been named Type 1-3 based on the timeline 

of their discovery. 

 

Scheme 1.14 Regiochemical outcomes of CPOBD ring-opening transformations. 
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1.5.2 Type 1 Ring-Opening Transformations 

 

The first example of ring-opening reactions involving CPOBD (Type 1 ring-

openings), utilized organocuprate reagents to attack the C1 position (scheme 1.15 and 

1.16).56 This led to the displacement of the C-O bond by way of an SN2 pathway and the 

formation 1.46, which was deprotonated at the bridgehead position in the presence of a 

basic species in the reaction medium. An electronic displacement led to the ring-opening 

of the cyclopropane, yielding the 2,4-substituted dihydronaphthol product 1.44 upon 

quenching the reaction. Aromatization of the product was also observed in some 

instances producing the naphthalene derivative 1.45. Carlson utilized this method with 

primary, secondary, tertiary, and aromatic organocuprates, and applied it to CPOBD 

substrates bearing p-arene substituents (X) and C1 bridgehead substituents with 

complete regioselectivity.56 It is worth noting that while ortho-substituents (Y) were also 

investigated no ring-opening transformations were observed.56 

 

 

Scheme 1.15 Type 1 ring-opening of CPOBD with organocuprates. 
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Scheme 1.16 Mechanism of Type 1 ring-opening with organocuprates. 

 

1.5.3 Type 2 Ring-Opening Transformations 

 

Further exploration established the first examples of Type 2 ring-opening reactions. 

One such example was reported by Alrifai and Tait using a Pd (II) catalyst with alcohol 

nucleophiles to form 2- (alkoxymethyl) napthalenes 1.48 in moderate to excellent yields 

(scheme 1.17).57 The optimized reaction conditions were found to include the use of 

PdCl2(CH3CN)2 using primary, secondary, or tertiary alkyl alcohol nucleophiles at 60 oC 

to produce the 2-substituted dihydronaphthalenols.57 The scope of the reaction 

demonstrated a tolerance for symmetrically substituted CPOBD frameworks at both 

bridgehead positions, as well as o- and p-disubstituted arenes. Unsymmetrical CPOBDs 

were also investigated with compounds bearing bulky or electron withdrawing C1 

substituents, all of which afforded the exclusive formation of the regioisomer 1.48 albeit 

in low yields.57  
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Scheme 1.17 Type 2 ring-opening of CPOBD with alcohol nucleophiles under 
palladium catalysis. 

 

Type 2 ring opened products also observed under acid catalyzed conditions using 

alcohol nucleophiles (scheme 1.18).58 As was the case with under palladium catalysis, a 

2-substituted dihydronaphthol (1.42, scheme 1.14) was not observed, but rather an 

aromatization occurred by way of a dehydration to afford the corresponding 2-

(alkoxymethyl)naphthalene 1.48.58 The optimal conditions were found to be a 10 mol% p-

TsOH•H2O catalyst using methanol as the nucleophile and provided complete 

regioselectivity (scheme 1.18). The reaction scope was expanded to include a variety of 

primary, secondary, and tertiary alcohol nucleophiles, all of which were successful in 

moderate to good yields.58 A limited substituted CPOBD study was also conducted 

wherein primary alkyl substituents at the C1 position gave good yields and high 

regioselectivity. Aryl substituents proved to be less efficient with either a p-substituted 

OMe (X), or o-substituted Br (Y).58  
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Scheme 1.18 Type 2 ring-opening of CPOBD with alcohol nucleophiles under acid 
catalysis. 

 

A mechanism was proposed for the regioselective formation of 1.48 whereby the 

acid catalyst first protonates the bridgehead oxygen which initiates the opening of the 

oxabicylic framework by way of the cleavage of a C-O bond (scheme 1.19).58 Where C1 

substituted CPOBDs are concerned, the regioselectivity of this step is thought to arise 

from the alkyl substituent’s ability to better stabilize the 3o carbocation of 1.50 in 

comparison to the 2o carbocation 1.51. This is followed by an external nucleophilic attack 

by the alcohol at the C3 external cyclopropane carbon forming the intermediate 1.52. A 

dehydration then leads to the final naphthalene product 1.48. 
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Scheme 1.19 Proposed mechanism of the type 2 ring-opening of CPOBD under 
acid catalysis with alcohol nucleophiles. 

 

Further investigations of Type 2 ring-opening reactions have since been performed 

by the Tam lab using carboxylic acid nucleophiles under acid catalysis (scheme 1.20).59 

A broad nucleophile scope was reported which included primary, secondary, tertiary, aryl, 

alkenyl, alkynyl, halide, and ether substituted carboxylic acids. These conditions 



 

 

27 

 

successfully formed 2-naphthylmethyl esters 1.53 in moderate to great yields.59 A limited 

substituted CPOBD study was also undertaken, whereby substituents at the C1 

bridgehead position, in addition to o- and p-aryl substituents gave moderate yields.59 

 

 

Scheme 1.20 Type 2 ring-opening of CPOBD with carboxylic acid nucleophiles 
under acid catalysis. 

 

1.5.4 Type 3 Ring-Opening Transformations 

 

 While investigating the scope of the Type 2 ring-opening of C1 substituted 

CPOBDs using a bulky t-Bu group, a significant side product was observed (51%). Further 

analysis revealed that an alternative ring-opened variant 1.54 had formed whereby two 

equivalents of the alcohol nucleophile had been added, and an expansion of the 

cyclopropane formed a seven-membered ring (scheme 1.21).60 This represents the first 

example of a Type 3 ring-opened product wherein a nucleophile had attacked the CPOBD 

at the proximal C2 carbon of the cyclopropane. X-ray analysis revealed that the 

nucleophiles had attached trans relative to one another. Decreasing the reaction 

temperature from 90 oC to 40 oC led the optimized reaction conditions for the formation 

of the Type 3 product (67%), while the ratio of Type 3:Type 2 formation increased from 
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1:1 to 2:1.60 This is to the suggest that the Type 3 product observed is the kinetic product 

of ring-opening reactions, while the Type 2 is the thermodynamic product.60  

 

 

Scheme 1.21 Type 3 ring-opening of CPOBD with alcohol nucleophiles under acid 
catalysis 

 

 A proposed mechanism for the Type 3 ring-opening begins with the protonation of 

the bridgehead oxygen in the same manner as the Type 2 counterpart (scheme 1.22).60 

The C-O bond at the C1 position is then cleaved to produce a carbocation intermediate 

(1.56). Next, a ring-expansion results in a seven-membered ring whereby resulting 

carbocation 1.56 is stabilized through neighboring group participation with the hydroxy 

group, thus directing a nucleophilic attack from the opposite face (1.57). Upon hydrolysis 

the carbocation 1.58 is formed, which is stabilized by the neighboring methoxy group. 

This ultimately leads to a secondary nucleophilic attack from the opposing face and the 

trans product 1.54. 
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Scheme 1.22 Type 3 ring-opening pathway of CPOBD under acid catalysis with 
alcohol nucleophiles. 

 

Interestingly, when the optimized Type-3 ring-opening conditions were applied to 

CPOBDs bearing a smaller C1 substituent very little of the desired product was formed 

(5%).60 This suggests that significant steric interactions dictate the formation of either 

regioisomer (figure 1.6). The increase in Type 3 formation within C1 t-Bu substituted 

CPOBD in two ways. For starters, the branching methyl groups of the t-Bu group might 

prevent nucleophilic attack at the distal carbon the cyclopropane, allowing a ring 

expansion to occur prior to an attack at the proximal carbon. Another steric influence 
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accounts for the possibility of steric repulsion between the methyl groups of the t-Bu 

substituent, and the proximal aromatic hydrogen. The steric crowding disfavours the 

formation of a planar naphthalene framework, while more prominent seven-membered 

ring product would adopt a staggered, and less crowded conformation.60 Given the 

proposed mechanism, the reduction in steric interference would also be the driving force 

behind the initial ring expansion prior to any nucleophilic attack. 

 

 

Figure 1.6 Steric influences favouring the formation of Type 3 products with bulky 
C1 substituents. 

 

1.6 Summary and Overview 

 

Transition metal catalyzed intermolecular ring-opening reactions of heterobicyclic 

frameworks such as OBD are abundant within the literature however, very few 

investigations regarding intramolecular transformations have been explored. In addition, 

recent reports by the Tam group regarding acid-catalyzed intermolecular ring-openings 

of cyclopropanated heterobicyclic frameworks suggest that similar transformations can 

be performed intramolecularly. In the following chapters, an acid-catalyzed intramolecular 
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ring-opening of CPOBD using alcohol nucleophiles will be presented, followed by a 

transition metal catalyzed intramolecular ring-opening of OBD using alkyl halides. Next, 

a more traditional regiochemical investigation of OBD ring-openings will be discussed 

using an iridium catalyst and alcohols or water as the nucleophile.  
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2 Acid-Catalyzed Intramolecular Ring-Opening Reactions of 
Cyclopropanated Oxabenzonorbornadienes 
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2.1 Introduction 

Building upon the works previously reported by the Tam group56,58–60 and others,47,48 

we aimed to explore the intramolecular ring-opening transformations of heterobicyclic ring 

systems. To date there have been very few examples of intramolecular transformations 

involving oxabicyclic systems. The only comparable examples found within the literature 

have been performed by the Lautens group at the University of Toronto using 

organometallic nucleophiles on [3.2.1] oxabicylic systems (scheme 2.1, eq. 1 and 2)61 

and those of an alcohol tethered nucleophile on a [2.2.1] oxabenzonorbornadiene under 

rhodium catalysis (scheme 2.1, eq. 3).48 

 

 

 

 

 

 

 

 

Scheme 2.1 Previous intramolecular ring-opening transformations by Lautens.48,61 
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In the present work, a scenario was envisioned wherein the ester moiety of 2.7 could 

be reduced to an alcohol nucleophile 2.8 to undergo Type 2, or Type 3 intramolecular 

ring-openings (scheme 2.2). As a proof of concept, former graduate student Emily 

Carlson conducted the first acid-catalyzed intramolecular ring-opening of CPOBD using 

the previously optimized acid-catalyzed intermolecular ring-opening conditions.55 Indeed, 

two dehydrated products originating from Type 2, and Type 3 ring-opening pathways were 

observed (scheme 2.3). The Type 2 ring-opening yielded an alternative 7-membered ring 

by way of cyclization in a 7-endo-tet-like manner at the distal position of the cyclopropane 

(2.11), while the Type 3 ring-opening generated an alicyclic 7-membered ring by way of 

ring expansion of the substrate in a 6-exo-tet-like fashion (2.12). Herein we expand on 

these initial findings and report the intramolecular transformations of cyclopropanated 

oxabenzonorbornadienes in greater detail.  

 

Scheme 2.2 Envisioned intramolecular ring-opening of CPOBD. 
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Scheme 2.3 Intramolecular ring-opening of hydroxypropyl tethered CPOBD by 
Carlson.55 

 

2.2 Results 

2.2.1 Synthesis of Hydroxypropyl Tethered CPOBD  
 

Prior to any optimization of the intramolecular ring-opening pathway, an efficient 

synthetic route was required to form the necessary CPOBD derivatives. Using the 

commercially available ethyl 3-(2-furyl)propanoate 2.13 a Diels-Alder reaction was 

performed using anthranilic acid 2.14 and isoamyl nitrite 2.15 (scheme 1.5 Chapter 1.2) 

to generate the desired oxabenzonorbornadiene 2.16 (scheme 2.4). This reaction has 

been reported in the literature by the Lautens group,47 although their method included the 

isolation of the diazonium salt as a solid slurry in THF followed by subsequent addition to 

the furan derivative in dry dichloroethane (DCE). Given the explosive nature of diazonium 

salts, we thought it would be best to modify this method so to avoid its isolation and reduce 

the hazards associated with the Diels-Alder reaction. Fortunately, it was found that slow 

additions of isoamyl nitrite, and anthranilic acid in dry THF to a reaction vessel containing 

the furan derivative 2.13 in excess (3 equivalents to anthranilic acid) allowed for the 

successful conversion to the desired product 2.14 in moderate to good yields without any 
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diazonium isolation (scheme 2.4). Although yields were lower than that reported by 

Lautens and co-workers,47 the method was deemed to be adequate so to avoid the 

potential hazards of isolating the explosive diazonium salt. In addition, some of the excess 

3-(2-furyl)propanoate 2.13 could be recovered by column chromatography and could be 

used again in other syntheses.  

 

Scheme 2.4 Synthesis of OBD derivative by Lautens47 and updated procedure in 
the present work. 

 

With the oxabicyclic alkene 2.16 in hand, we next cyclopropanated the materials 

following the previously reported procedure53 to afford the CPOBD 2.17 (scheme 1.13, 

scheme 2.5). As shown in figure 2.1, the process of cyclopropanation requires the use of 

a continuous flow apparatus under inert atmosphere so to limit the hazards associated 
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with the diazomethane that is generated in situ. Beginning with flask [B], which is 

equipped with a large stir bar, Diazald (5-7 equivalents to OBD) is left to stir in a solution 

of 95% EtOH (60 mL) and the flask is cooled in a water bath [M]. The vessel is attached 

directly to a dropping funnel [A] filled with 25% aqueous NaOH (w/v) (120 equivalents to 

OBD), and to reactor [C] by a hard plastic tubing [Hb]. The reactor [C] is equipped with a 

small stir bar and charged with the desired OBD (5.1-7.9 mmol) along with Pd(OAc)2 (1 

mol%). The vessel is left to stir in an ice bath [N] and is attached to an empty bubbler [J], 

which serves as a suck-back trap prior to an acid trap filled with 100 mL of a 1:1 mixture 

of glacial acetic acid and water (v/v). The entire system is also closed off using septum 

[E] so to avoid an unwanted exposure to the toxic diazomethane fumes. Upon completion 

of the reaction setup, argon is bubbled into the reaction flask [B] at approximately 2-3 

bubbles per second. Next, the aqueous NaOH is added dropwise into the vessel [B] at 

approximately 1 drop per second. This slowly generates the desired diazomethane gas 

and a yellow plume appears within the reactor. Upon its formation, diazomethane is 

bubbled into the reactor [C] at which point the cyclopropanation of OBD 2.16 takes place 

following the catalytic cycle previously demonstrated in scheme 1.13.  

 

 

 

 

 

Figure 2.1 Custom-made apparatus for the cyclopropanation of 
heterobicyloalkenes.  
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 Upon successful cyclopropanation all that remained was to reduce the ester moiety 

to the desire hydroxypropyl tether 2.8a using lithium aluminum hydride (LiAlH4) (scheme 

2.5). Previous reports by Emily Carlson called for heat upwards of 90 oC, and extended 

reaction times of 16-24 hours.55 Following this method, the desired product 2.8a was 

observed in poor yields of 47%, and significant solvent evaporation was observed leaving 

a black precipitate in the reaction vessel. Conversely, when the reduction of the ester 

moiety was performed under cold conditions of 0 oC, and gradually warmed to room 

temperature over 3-6 h47 the desired hydroxypropyl tethered CPOBD 2.8a was afforded 

in good to excellent yields. Upon isolation of the desired starting material, an investigation 

could commence regarding the intramolecular ring-opening transformations of alcohol 

tethered CPOBD derivatives.  

 

Scheme 2.5 Cyclopropanation and subsequent reduction of 2.16 to afford the 
CPOBD derivative 2.8a used for optimization of intramolecular ring-opening. 
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2.2.2 Optimization of Intramolecular Ring-Opening Conditions.  
 

Using CPOBD 2.8a, an initial intramolecular ring-opening reaction was attempted 

using the previously reported60 Type 3 intermolecular ring-opening conditions of CPOBD 

derivatives, resulting in poor yields of either Type 3 (2.12a), or Type 2 (2.11a) products 

(table 2.1, entry 1). Further trials performed with weaker organic acids were low yielding, 

with no reaction observed for acetic acid (AcOH) or trifluoroacetic acid (TFA), and little 

conversion to either product in the case of camphor sulfonic acid (CSA) (table 2.1, entries 

2-4). Many inorganic acids were found to catalyze the reaction, albeit less effectively than 

the initial p-toluenesulfonic acid monohydrate (p-TsOH•H2O). Only in the case of H3PO4 

was the yield increased along with an enhanced selectivity for the Type 3 product (table 

2.1, entry 8). In addition, the use of tetrafluoroboric acid (HBF4) resulted in a 1:1 mixture 

of both isomers and the greatest yield of the Type 2 product 2.11a (table 2.1, entry 5).   

Table 2.1 Optimization of the acid catalyst 

 

Entry Acid  2.11a (%)a 2.12a (%)a 

1 p-TsOH•H2O 7 28 

2 CSA 0 15 

3 AcOH 0 0 

4 TFA 0 0 
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5 HBF4 15 15 

6 H2SO4 13 21 

7 HBr 0 6 

8 H3PO4 3 40 

9 HNO3 5 8 

aIsolated yields after column chromatography. 

 

 Upon completion of the acid screening, solvent optimization was performed using 

the most yield efficient organic, and inorganic acids (p-TsOH•H2O, HBF4, and H3PO4). In 

each instance the Type 3 product 2.12a was shown to be the major regioisomer observed, 

while overall yields ranged from poor to moderate (table 2.2). Initial attempts involved the 

use of polar aprotic solvents however they generated poor yields of either product (table 

2.2, entries 1-5, 10-14 and 19-23). Using toluene markedly improved the Type 3 

regioselectivity in all three acids albeit in low yields (table 2.2, entries 9, 18 and 27), while 

chlorinated solvents under H3PO4 catalysis generated the Type 3 product 2.12a in yields 

up to 63% (table 2.2 entries 15-17). Unfortunately, using the same chlorinated solvents 

with p-TsOH•H2O or HBF4 resulted in less than desirable conversion to either product 

(table 2.2, entries 6-8 and 24-26). It is also worth noting that throughout the entirety of the 

solvent trials HBF4 was the least efficient acid used, and so further optimization was 

performed with the more promising p-TsOH•H2O and H3PO4. 
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Table 2.2 Solvent optimization 

 

Entry Acid Solvent 2.11a (%)a 2.12a (%)a 

1 p-TsOH•H2O THF 0 17b 

2 p-TsOH•H2O EtOAc 0b 11b 

3 p-TsOH•H2O DMF 0 0 

4 p-TsOH•H2O DMSO 0 2 

5 p-TsOH•H2O DME 2 14 

6 p-TsOH•H2O DCE 7b 28b 

7 p-TsOH•H2O DCM 17 30 

8 p-TsOH•H2O CHCl3 6 16 

9 p-TsOH•H2O Toluene 7 39 

10 H3PO4 THF 0 0 

11 H3PO4 EtOAc 0 2b 

12 H3PO4 DMF 0 0 

13 H3PO4 DMSO 0 0 

14 H3PO4 DME 0 0 

15 H3PO4 DCE 3b 40b 

16 H3PO4 DCM 2 63 

17 H3PO4 CHCl3 17 42 
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18 H3PO4 Toluene 1 42 

19 HBF4 THF 0b 2b 

20 HBF4 EtOAc 0b 2b 

21 HBF4 DMF 0 0 

22 HBF4 DMSO 0 2 

23 HBF4 DME 0 17 

24 HBF4 DCE 15b 15b 

25 HBF4 DCM 17 19 

26 HBF4 CHCl3 7 16 

aYields determined from 1H NMR using an adamantane internal standard bIsolated yields 
obtained after column chromatography 

 

Having successfully completed the solvent screening, temperature and time 

optimizations were investigated. Although chlorinated solvents were the most fruitful in 

the solvent trials, increasing the temperature in DCM or CHCl3 resulted in solvent 

evaporation and poor overall yields. This necessitated the use of toluene as the solvent 

of choice for the continual optimization of the reaction (table 2.3). Not surprisingly, at room 

temperature both p-TsOH•H2O and H3PO4 required the longest reaction times of 24 

hours. When using the organic acid, moderate overall yields were observed of 60% which 

was significantly greater than the 24% observed in H3PO4; although the inorganic acid 

demonstrated complete regioselectivity towards the Type 3 product (2.12a) (table 2.3, 

entries 1 and 5). Upon heating the vessel to 40 oC, reaction times decreased significantly 

to 1 h for both acids, however yields were less than desirable in both cases (42% overall, 
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table 2.3, entries 2 and 6). To our delight, further heating to 60 oC allowed for even shorter 

reaction times of 40 min (0.6 h), while overall yields increased significantly to 84% and 

60% respectively for p-TsOH•H2O and H3PO4 (table 2.3, entries 3 and 7). Additional 

heating to 85 oC saw a decrease in either product formation, likely due to the 

decomposition of materials. Although H3PO4 was the more regioselective catalyst, the 

higher yielding p-TsOH•H2O in toluene at 60 oC was deemed to be the optimized method 

for further regiochemical investigations of other CPOBD analogues.  

Table 2.3 Optimization of the reaction temperature and time 

 

Entry Acid Temperature 
(oC) 

Time (h)  2.11a (%)a  2.12a (%)a 

1 p-TsOH•H2O 20 24 11 49 

2 p-TsOH•H2O 40 1 3 39 

3 p-TsOH•H2O 60 0.6 21 (19)b 63 (60)b 

4 p-TsOH•H2O 85 0.6 26 46 

5 H3PO4 20 24 0 24 

6 H3PO4 40 1 0 42 

7 H3PO4 60 0.6 5 55 

8 H3PO4 85 0.6 11 52 
aYields determined from 1H NMR using an adamantane internal standard. bIsolated yields 
obtained after column chromatography. 
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2.2.3 Preparation of CPOBD Derivatives of Varying Tether Length  
 

With the optimized conditions in hand, CPOBD derivatives of varying tether length 

were synthesized to expand the scope of the reaction (scheme 2.6). To do so, C1 

substituted silyl ether furans 2.20 were first synthesized following known procedures 

within the literature25–27 from commercially available diols 2.19 (scheme 2.6).  

 

 

Scheme 2.6 Formation of silyl-protected hydroxyfurans 2.20. 

 
Beginning with 1,5-pentadiol 2.19a, a monobromination was performed using 

concentrated hydrobromic acid (HBr) and toluene under reflux (scheme 2.7 eq 1).62 

Although the reaction seemed simple enough, the overall yields were very low, and the 

unwanted dibromo species 2.22a was often observed as a significant side product, even 

when equimolar amounts of HBr and diol were added. At this point, it was also noted that 

using 3 equivalents of toluene required temperatures upwards of 140 oC in order for reflux 

to be observed. It was thought that at these high temperatures as well as the high 

concentrations of  the substrates within the reaction vessel led to the favourable formation 

of the unwanted dibromo species. To rectify this issue, further brominations were 

performed in upwards of 20 equivalents of toluene, thus diluting the substrate 

concentrations and decreasing reflux temperature to 120 oC. Fortunately, this afforded 

more moderate yields of the monobrominated species 2.21a, and little to no dibromo 
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product 2.22a. These findings are in agreement with those previously report by Prof. 

Michael Chong at the University of Waterloo who also commented on the capricious 

nature of the bromination of diol species.62 Regarding tethers of 4 carbons in length, THF 

was used as the starting material which upon refluxing in HBr afforded the desired 1-

bromo-4-butanol 2.21b in less than desirable yields (scheme 2.6, eq 2), however no 

further optimization was performed as the product was obtained in adequate amounts to 

continue onwards within the synthetic pathway. Lastly, 1-bromo-ethanol 2.21c was 

synthesized in low to excellent yields beginning with ethylene glycol (1,2-ethanediol) 

2.19b and adding phosphorus tribromide (PBr3) neat under reflux conditions (scheme 2.6, 

eq 3).63 In addition to their problematic synthesis, it is also worth noting that each of the 

bromo alcohols were shown to be unstable when stored over long period of time as 

hydrolysis was often observed causing the bromo alcohol to regenerate the diol species. 

This meant that the products were only prepared in small batches when required. 

Scheme 2.7 Preparation of bromo alcohols 2.21. 
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With the bromo alcohols in hand, subsequent protection of the alcohols with a silyl 

ether functional group was required so to avoid any side-product formation during the 

furan tethering (scheme 2.8).64 Using imidazole 2.23 and tert-butyldimethylsilyl chloride 

(TBDMSCl) 2.24, successful silylation of each bromo alcohol was observed in good 

yields. A mechanism is shown whereby the non-aromatic nitrogen performs a nucleophilic 

onto the silyl chloride generating the pentacoordinating species 2.25 (scheme 2.8). The 

elimination of the more electronegative chloride group affords the intermediate 2.26, 

which upon subsequent nucleophilic attack from the terminal alcohol regenerates the 

imidazole species and forms the desired silyl ether moiety 2.27a-c in good yields. 

 

 

Scheme 2.8 Silyl protection of bromo alcohols. 

 

Having prepared the bromo silyl ethers 2.27, a lithiation of furan at the most acidic 

C1 position was next performed in order to synthesize the desired C1-substituted silyl 

ether furans (scheme 2.9).65 Beginning with distilled furan in dry THF, the vessel was first 

cooled to 0 oC, followed by slow additions of n-butyl lithium (nBuLi) to initiate the lithiation 

process (2.28). The reaction was allowed to warm to room temperature with constant 
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stirring over 8 h at which point the vessel was cooled again in an ice bath and the bromo 

silyl ethers was added dropwise. The reaction was then left to stir overnight at room 

temperature to afford the desired products 2.29a-c in moderate to good yields.  

 

Scheme 2.9 Synthesis of C1-tethered silyl ether furans 2.29a-c. 

 

Following successful preparation of the furan derivatives, a subsequent Diels-Alder 

reaction was required to generate OBDs 2.30a-c. This presented a problem, as the 

previously used method with anthranilic acid and isoamyl nitrite in THF (scheme 2.4) 

afforded little to observable product. Further attempts using DCE were also futile as there 

appeared to be solubility issues with the anthranilic acid and only trace amounts of OBD 

were obtained. Moving forward, attempts were made using dry dimethoxy ethane (DME) 

as the solvent as it had a similar boiling point to DCE and afforded comparable solubility 

to THF. Fortunately, this allowed for the formation of the desired products 2.30a-c in 

moderate to good yields and so no further optimization was required (scheme 2.10). It is 

also important to note that in order to complete our substrate scope of varying tether 

lengths, the commercially available furfuryl alcohol 2.31 was also used as the starting 

material to generate the methoxy tethered OBD 2.32 in moderate yields (scheme 2.11).50  
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Scheme 2.10 Formation of silyl ether tethered OBD derivatives 2.30a-c. 

 

 

Scheme 2.11 Preparation of hydroxy methyl tethered OBD 2.32.50 

 

 Upon generating each OBD derivative, the oxabicyclic alkenes underwent a 

cyclopropanation following the previously mentioned procedure53 (scheme 1.13, scheme 

2.11). In all cases, the CPOBD derivatives 2.33a-c were generated in good yields prior to 

the final silyl deprotection (scheme 2.12).48 Using tetrabutylammonium fluoride (TBAF), 

the fluoride first coordinates to the silicon centre to generate a pentacoordinated 

intermediate 2.34. The strength of the newly-formed Si-F bond is the driving force behind 

the deprotection, as the Si-O bond is now easily cleaved to generate an alkoxide, which 

upon aqueous work up yields the desired CPOBD derivatives 2.8c-e. 
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Scheme 2.12 Cyclopropanation and deprotection of OBD 2.30a-c to afford CPOBD 
derivatives 2.8c-e.48,53 

 

2.2.4 Intramolecular Ring-Opening of CPOBD Derivatives of Varying Tether 
Length  

 
Upon successful preparation, each CPOBD was investigated for its ring-opening 

capabilities. It was discovered that when the tether was extended to hydroxybutyl (2.8d, 

n=3) and hydroxypentyl (2.8e, n=4) groups, complete regioselectivity towards the Type 3 

products was observed and in greater relative yields than the model hydroxypropyl (2.8a, 

n=2) substrate (table 2.4, entries 3-5). Poor yields of either Type 2 or Type 3 were 

obtained in the case of the C1 hydroxyethyl substituted CPOBD (2.8c, n=1), while a 1,3,5-

cycloheptatriene product 2.35 was observed in the case of a C1 hydromethyl tether (2.8b, 

n=0) (table 2.4, entries 1 and 2). It is likely that the C1 hydroxymethyl substituted CPOBD 

chain was too short for nucleophilic attack on either the C2 or C3 position of CPOBD, 

resulting in the rearranged derivative (2.35) as the major product (table 2.4 entry 1 and 

scheme 3).  
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Table 2.4 Scope of reaction with various alcohol tethers lengths 

 

Entry CPOBD 2.8 n 2.11 (%)a 2.12 (%)a 

1 bb 0 0 0 

2c c 1 9 18 

3 a 2 19 60 

4 d 3 0 70 

5 e 4 0 71 

a Isolated yields obtained after column chromatography. b An alternative Type 3 product 
2.35 was formed in 66% yield. c Products were collected as an inseparable mixture and 
relative yields were determined using 1H NMR. 

 

2.2.5 Preparation of C5 Substituted CPOBD Derivatives. 

Further expansion of the reaction scope was performed by senior undergraduate 

student Austin Pounder to include various C5 substituted CPOBDs, equipped with a 

hydroxypropyl tether at the C1 position for the ring-opening transformations (figure 2.2). 

The preparation of C5 substituted CPOBD derivatives followed  similar procedures to 

those used to prepare furans derivatives of varying tether length (section 2.2.3). 

Interestingly, it was noted that when commercially available 2-methyl- and 2-ethylfuran 
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2.35 were used as the starting materials, along with a bromo silyl ether protected with the 

common TBS group, yields were quite poor (scheme 2.13). Identification of a side product 

revealed the silyl protecting group was being attacked by the lithiated furan species to 

afford silyl furan derivatives 2.36. While the electron donating alkyl substitutents likely 

enhanced the nucleophilicity of the lithiated species, the loss of selectivity within this 

tethering step remains unclear. 

 

Figure 2.2 C5-Substituted CPOBD derivatives. 

 

 

Scheme 2.13 Initial approach to 2,5-disubstituted furan derivatives performed by 
Austin Pounder. 

 

To avoid this unwanted side product, a stronger, bulkier triisopropylsilyl (TIPS) 

protecting group was used which afforded the furan derivatives 2.38 and 2.37a-d in 

moderate yields (scheme 2.14). Upon successful isolation of the furan derivatives, a 

Diels-alder reaction was performed using anthranilic acid and isoamyl nitrite in dry DME, 
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followed by a cyclopropation,53 and silyl deprotection,48 to generate the desired CPOBD 

compounds 2.8f-i (scheme 2.15). 

 

Scheme 2.14 Efficient synthesis of 2,5-disubstituted furan derivatives 2.37a-e 
performed by Austin Pounder. 

 

 

Scheme 2.15 Synthesis of C1, C5 disubstituted CPOBD derivatives 2.8f-i by 
Austin Pounder 
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2.2.6 Intramolecular Ring-Opening of Substituted CPOBDs  

Having prepared the C5 substituted CPOBD derivatives 2.8f-i, investigations were 

carried out to determine their intramolecular ring-opening capabilities (table 2.5). It was 

found that when the opposing bridgehead position was substituted with an electron 

donating alkyl-substituents the major product was found to be the Type 2 ring-opened 

scaffolds 2.11f-g as opposed to the previously observed Type 3 product, albeit in poor to 

moderate yields (37-57%) (table 2.5, entries 2 and 3). Conversely, when the C5 position 

was equipped with an electron-withdrawing carbonyl or ester substituent, the reaction 

demonstrated complete regioselectivity for the Type 3 ring-opened products 2.11h and 

2.11i in poor to moderate yields (28-40%, table 2.5, entries 4 and 5). Further 

investigations performed by Master’s student Samuel Koh involved the use of aryl 

substituted CPOBD derivatives 2.8j-m (table 2.5 entries 6-9). In these instances, 

reactions were shown to be markedly slower as they required upwards of 24 hours to 

proceed. In addition, the electronics of the ring-opening transformation appeared to act in 

an opposing manner to those of the C5 position (table 2.5, entries 6-9). Concerning p-

disubstituted CPOBDs (table 2.5, entries 7 and 8), both dimethyl and dimethoxy 

substituents preferably the formed Type 3 products 2.11k-l in moderate to good yields 

(31-68%), although dimethyl substituents 3.8l required an additional 20 mol% of acid to 

proceed. Similarly, the electron-donating o-disubstituted dimethoxy CPOBD (2.8j, table 

2.5 entry 6) generated the Type 3 product 2.12j as the major in a 2.5:1 ratio over the Type 

2 product 2.11j in moderate yields. Conversely, when an electron-withdrawing bromo 

species was employed there was a clear preference for the Type 2 product in a 2:1 ratio 
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with the Type 3 product in overall good yields (table 2.5, entry 9). While these results are 

suggestive of patterns pertaining to the electronic of the substituents and their mode of 

reactivity; namely electron donating C5 substituents result in a Type 2 major product and 

electron-donating aryl substituent preferring the Type 3 isomer, further expansion of the 

substrate scope is required to corroborate these findings. 

Table 2.5 Scope of C5 and aryl substituents investigated 

 

entry CPOBD 
2.8 

R X Y 2.11 (%)a 2.12 (%)a 

1 a H H H 19 60 

2e f Me H H 57 29 

3e g Et H H 37 32 

4e h COOMe H H 0 28 

5e i C(O)Me H H 0 40 

6b,f j H OMe H 18 48 

7b,f k H H OMe 0 68 

8c,f l H H Me 18 31 

9d,f m H Br H 42 20 

a Isolated yields after column chromatography. b Reaction proceeded for 24 h.  c Additional 
20 mol% of acid added after 24 h and allowed to proceed for an additional hour. d Reaction 
proceeded for 3 h. e Performed by Austin Pounder. f Performed by Sam Koh. 
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2.3 Discussion 

2.2.7 Mechanistic Insight 

The formation of both Type 2 and Type 3 ring-opened products can be rationalized 

through two simple mechanisms (scheme 2.16). In both instances, protonation occurs at 

the bridgehead oxygen and the alcohol tethered nucleophile then attacks either the C2 or 

C3 position resulting in an SN2’ ring-opening and the intermediates 2.41 and 2.43. Next, 

a proton transfer occurs forming the intermediates 2.42 and 2.44, while subsequent 

elimination affords the final dehydrated products 2.11 and 2.12.  

 

Scheme 2.16 Proposed mechanisms for both Type 2 and Type 3 intramolecular 
ring-openings of C1 tethered CPOBD derivatives. 

 

A mechanism is also proposed for the alternative product 2.35 observed in the 

ring-opening of the hydroxymethyl CPOBD (2.8b, table 2.4 entry 1). First, a protonation 
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of the bridgehead oxygen occurs, and a subsequent C-O bond cleavage results in the 

carbocation intermediate 2.45 (scheme 2.17). This is followed by a ring expansion and 

the formation of the seven-membered intermediate 2.46. The resulting carbocation is 

stabilized by neighbouring group participation from the hydroxy group, forming the 

epoxide 2.47. Next, a proton transfer reaction generates the enol 2.48, which precedes a 

rearrangement and dehydration to form the final aldehyde 2.35. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.17 Proposed mechanism for the formation of alternative product 2.35 

 

2.2.8 Computational Analysis 

To gain a better understanding of the resulting tricyclic structures, computational 

studies were performed on each of the monosubstituted Type 2 and Type 3 products with 
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2-5 carbon tether lengths. With the help of undergraduate student Austin Pounder, 

experiments were performed at the B3LYP level with a 6-31G(d) basis set.66 The reaction 

pathways for the formation of either Type 3 or Type 2 products are believed to be in 

competition with one another and are thought to generate a thermodynamic and a kinetic 

product. Initially, it was believed that the Type 2 ring-opened product would be the 

thermodynamically favorable compound, as the increased aromaticity of the naphthalene 

framework would result in a greater stability than in the case of the Type 3 counterparts.  

 

Indeed, all cases the Type 3 product demonstrated a higher energy than the Type 

2 isomer, which is to suggest that Type 2 ring-opened products are more 

thermodynamically favorable compounds (table 2.6). When comparing the energy 

differences within the hydroxyethyl tethered system (table 2.6, entry 1) to that the of 

hydroxypropyl system (table 2.6, entry 2) the increased tether length appeared to reduce 

the energy difference between the two regioisomeric products. This is also reflected within 

the regiochemical outcome of the reaction itself as yields of the Type 2 product 2.11a with 

the hydroxy propyl compound 2.8a were significantly greater than those observed for 

hydroxyethyl 2.8c (table 2.4, entries 1 and 3). It should be noted that the yield of the Type 

3 product 2.12a also increased compared to that of 2.12c (Table 2.4 entries 1 and 3) 

which could be a result of the longer tether length being able to undergo a nucleophilic 

attack more efficiently than the hydroxyethyl counterpart. Similarly, as the energy 

difference increased from 26.8 kcal/mol within the hydroxypropyl system (table 2.6, entry 

2) to 31.5 kcal/mol within the hydroxypentyl system (table 2.6, entry 4), the regiochemical 



 

 

58 

 

outcome of the reactions reflected these results as the hydroxypentyl system 2.8e 

demonstrated complete regioselectivity for the Type 3 product (table 2.4, entry 5). 

Interestingly, the predicted energies within the hydroxybutyl system were the lowest of 

any two regioisomers compared within the study (table 2.6, entry 3), however when the 

experiment was performed no Type 2 product was observed (table 2.4, entry 4).   

 

Table 2.6 Total energy calculations for Type 2 and Type 3 ring-opened products. 

Entry n 

 
E2.11 (Hartree)a 

 
E2.12 (Hartree)a 

Δ E2.12-E2.11 

(kcal/mol) 
2.11:2.12 
observed 

b 1 -577.837705 -577.792895 28.1 1:2 

c 2 -617.144678 -617.101991 26.8 1:3 

d 3 -656.444500 -656.414399 18.9 0:1 

e 4 -695.763628 -695.713492 31.5 0:1 
a Calculations performed using a B3LYP and a 6-31G(d) basis set. 

 

Given the general trend between the predicted energy differences in the final ring-

opened products and the observed product distribution, some rationalizations can be 

made based on thermodynamics and steric effects. Given that the Type 3 product was 

observed as the major isomer in all cases, it is possible that the thermal energy applied 

to the reaction was insufficient to selectively undergo the thermodynamically favored Type 

2 ring-opening pathway. Further modelling of the predicted transitions states within both 
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Type 2 and Type 3 products should be performed to validate this prediction. In addition, 

it would be worthwhile to attempt the same ring-opening procedure at temperatures 

greater than 85 oC in an attempt to raise the yields of Type 2 products. A pressure vessel 

could also be used to investigate temperatures greater than the boiling point of toluene 

while avoiding solvent vaporization.  

 

The complete regioselectivity of the Type 3 products 2.12d and 2.12e (table 2.6 

entries 3 and 4) might also be a result of unfavorable transannular interactions within the 

theoretical Type 2 products (figure 2.2). Specifically, a closer look at the two possible 

outcomes of a ring-opening transformation of the hydroxypentyl CPOBD 2.8e shows 

some undesirable steric interference within the Type 2 product 2.11e when compared to 

the Type 3 product 2.12e. If this steric repulsion is the overriding factor that determines 

the regiochemistry of these ring-opening transformations, it is likely that increasing the 

reaction temperature will result in little change to the regiochemical outcome of CPOBD 

derivatives bearing longer tether lengths. Ultimately further analysis, particularly 

regarding modelling of the reactive intermediates, should be performed to better 

rationalize the results thus far.  
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Figure 2.3 Undesirable transannular interaction within the theoretical product 
2.11e (left) compared to the observed product 2.12e (right).66 

 

2.3 Conclusion and Project Significance 
 

The first intramolecular ring-opening reaction of cyclopropanated 

oxabenzonorbornadienes under acid catalysis with an alcohol nucleophile is reported. 

Various tether lengths have been explored, whereby longer tether lengths afforded 

exclusively Type 3 ring opened products in good yields. An initial computational study of 

both ring-opened products at the B3LYP level66 suggested the Type 2 products are 

thermodynamically more favorable; however further investigations regarding reactions 

intermediates and temperature trials are required before any conclusions can be made. 

The reaction has also been shown to be tolerant to alkyl, methoxy, and bromo 

substituents, affording ring-opened products in good yields and moderate regioselectivity 

with some observable trends regarding the electronics of the substituents. This simple 

method allows for an effective transition-metal free procedure for the formation of 

medium-sized heterocyclic ring frameworks typically in under 1 h.  
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From a biological perspective, many of the medium-sized heterocycles 

synthesized within the preceding work can be found within natural products. Specifically, 

the 7-, and 8-membered cyclic ethers afforded through the investigations with CPOBD 

derivatives 2.8d and 2.8e are quite commonly observed within marine microorganisms.67–

70 For example, one species of marine plankton known as Karenia brevis is known to 

produce a multitude of potent neurotoxins termed brevetoxins (figure 2.4) which contain 

multiple 5-9 membered cyclic ethers.69,71 These toxins have been responsible for large 

die-offs of marine organisms and waterfowl.72–74 Conversely, many other marine natural 

products have been shown to possess a multitude of anticancer, antibacterial, and 

antifungal properties.67,68,75  This, in addition to the prevalence of medium-sized 

heterocycles within marine life, lends to the possibility of discovering bioactive 

compounds in the future that contain similar frameworks to those previously described.  

 

Figure 2.4 Structure of brevetoxin A which bears multiple cyclic ethers similar to 
those synthesized through our ring-opening transformations. 
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In addition to marine natural products, some of the newly-synthesized ring-opened 

frameworks can be conceivably used in the synthesis of various pharmaceutical 

compounds. For example, the Type 2 ring-opened product 2.11a displays the same 

connectivity as cladoacetal A (2.51), which has been shown to inhibit the growth of 

Staphylococcus aureus cell cultures.69,76  Furthermore, a hydrofuran analogue 2.52 that 

contains a similar framework to 2.12c has demonstrated potent activity within the central 

nervous system, particularly with regards to its use as an anti-depressant.77–79  Building 

upon these results, other intramolecular ring-opening transformations are currently 

underway to expand this mode of reactivity to include carboxylic acids that may produce 

similar ring-opened frameworks. The use of amine nucleophiles would also be a 

worthwhile investigation as ring-opened products would bear polycyclic compounds with 

the incorporation of multiple heteroatoms in a single transformation.  

 

Scheme 2.18 Potential pharmaceutical applications of ring-opened products 2.11a 
and 2.12c. 



 

 

63 

 

2.4 Experimental and Computational Summaries 

2.4.1 General Information 

All experiments other than ring-opening reactions were conducted under an inert 

atmosphere of dry argon. All glassware was oven-dried overnight or flame-dried. Column 

chromatography was performed on 230-400 mesh silica gel (purchased from Silicycle) 

using flash column chromatography techniques. Infrared samples were prepared as neat 

thin films on KBr or NaCl disks, and their spectra were acquired on a Bruker Alpha-T 

spectrometer. 1H and 13C NMR spectra were recorded on a Bruker Avance III 600 or 400 

MHz NMR spectrometer. Chemical shift () values for 1H and 13C NMR spectra are 

reported in parts per million (ppm) and samples were all dissolved in in CDCl3 (1H:  7.24 

ppm; 13C:  77.2 ppm). HRMS was performed at the Mass Spectrometry & Proteomics 

Services Unit of Queen’s University, Kingston, Ontario. The samples were ionized by 

electron impact (EI) or positive electrospray ionization (ESI) and ion detection was 

performed by time of flight (TOF).  

Commercial reagents were purchased from Sigma-Aldrich and used without 

further purification. Organolithium reagents were titrated against a dry solution of (±)-

menthol in THF using 9H-fluorene as an indicator. Dried and degassed solvents were 

obtained from an LC-SPS solvent purification system supplied with dry packed columns 

containing 3 Å molecular sieves. Cyclopropanated 7-oxabenzonorbornadienes were 

prepared according to literature procedures.53 
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2.4.2 Preparation Oxabenzonorbornadiene (OBD) Derivatives (2.30). 

 

General Procedure for the Synthesis of C1-Substituted Oxabenzonorbornadienes. 

 

Dry furan was added to a flame-dried round bottom flask equipped with a 

condenser and nitrogen balloon and dissolved in distilled DME. The reaction mixture was 

heated to reflux at 80 ᵒC upon which time anthranilic acid and isoamyl nitrite were 

dissolved in dry DME and added dropwise separately over 0.3–1 h. The reaction was 

then left to stir for an additional 2 h forming an orange-brown solution. Additional isoamyl 

nitrite and anthranilic acid were added dropwise in DME if necessary and the reaction 

was left to stir for another 2 h. The crude product was then concentrated under vacuum 

pressure and loaded directly onto a silica column that was pre-packed in 2:98 

EtOAc:hexanes. A gradient column was run from 2:98-5:95 EtOAc:hexanes to yield the 

final products.  

 

(2-(1,4-epoxynaphthalen-1(4H)-yl)ethoxy)(tert-butyl)dimethylsilane (2.30a): 
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The synthesis of 2.30a followed the general method for the synthesis of C1 

substituted OBD using 0.7994 g (3.5 mmol) of C2 tethered furan 2.29a which was 

synthesized following procedures previously reported in the literature.25 2.29a was 

dissolved in DME (33 mL) and both anthranilic acid (0.5768 g, 4.2 mmol) and isoamyl 

nitrite (0.7 mL, 5.3 mmol) were dissolved in 10 mL of DME separately prior to their 

addition. A second addition of anthranilic acid (83.4 mg, 0.61 mmol) and isoamyl nitrite 

(100 mL, 0.74 mmol) was required in 3 mL of DME respectively. Purification was 

performed by flash column chromatography to yield the C1 substituted OBD product 

2.30a as a yellow oil (0.7875 g, 74% yield). Rf (5:95 EtOAc:hexanes): 0.46; FTIR (NaCl, 

neat, cm-1) 3071, 3010, 2953, 2884, 2856, 1471, 1390, 1361, 1255, 1093, 959, 837, 777, 

691; 1H NMR (CDCl3, 400 MHz)  7.20 (m, 2H), 6.97 (m, 3H) 6.85 (d, 1H J = 5.5 Hz), 5.63 

(d, 1H J = 1.5 Hz), 3.93 (m, 2H), 2.64 (m, 1H), 2.49 (m, 1H), 0.92 (s, 9H), 0.08 (s, 6H); 

13C (CDCl3, 100 MHz)  150.8, 150.6, 144.9, 143.8, 125.0, 124.9, 120.1, 119.4, 91.0, 

81.9, 59.5, 32.8, 26.1 (3C), 18.5, -5.2 (2C); HRMS (ESI): calcd for C18H26O2NaSi [M + 

Na]+: 325.1594. Found: 325.1601. 

 

(4-(1,4-epoxynaphthalen-1(4H)-yl)butoxy)(tert-butyl)dimethylsilane (2.30b): 
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The synthesis of 2.30b followed the general method for the synthesis of C1 

substituted OBD using 0.6582 g (2.6 mmol) of C2 tethered furan 2.29b which was 

synthesized following procedures previously reported in the literature.26 2.29b was 

dissolved in DME (32 mL) and both anthranilic acid (0.4266 g, 3.1 mmol) and isoamyl 

nitrite (0.5 mL, 3.7 mmol) were dissolved in 10 mL of DME separately prior to their 

addition. A second addition of anthranilic acid (103.5 mg, 0.75 mmol) and isoamyl nitrite 

(130 µL, 0.98 mmol) was required in 4 mL of DME respectively. Purification was 

performed by flash column chromatography to yield the C1 substituted OBD product 

2.30b as a yellow oil (0.6325 g, 74% yield). Rf (5:95 EtOAc:hexanes): 0.28; FTIR (NaCl, 

neat, cm-1) 3009, 2930, 2857, 1454, 1388, 1361, 1255, 1101, 985, 914, 837, 776, 655;  

1H NMR (CDCl3, 400 MHz) 7.18 (m,1H), 7.13 (m, 1H), 6.99 (dd, 1H, J = 1.8, 5.4 Hz), 6.94 

(m, 2H), 6.76 (d, 1H, J = 5.5 Hz), 5.61 (d, 1H, J = 1.8 Hz), 3.65 (m, 2H), 2.34-2.24 (m, 

2H), 1.65 (m, 4H), 0.88 (s, 9H), 0.03 (s, 6H), 13C (CDCl3, 100 MHz) 151.1, 150.1, 144.7, 

144.5, 125.0, 124.8, 120.0, 119.4, 93.0, 81.8, 63.1, 33.4, 29.2, 26.1 (3C), 21.3, 18.5, -5.1 

(2C); HRMS (ESI): calcd for C20H30O2NaSi [M + Na]+: 353.1913. Found 353.1907. 

 

(5-(1,4-epoxynaphthalen-1(4H)-yl)pentoxy)(tert-butyl)dimethylsilane (2.30c): 
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The synthesis of 2.30c followed the general method for the synthesis of C1 

substituted OBD using 0.5338 g (2.0 mmol) of C2 tethered furan 2.29c which was 

synthesized following procedures previously reported in the literature.27 2.29c was 

dissolved in DME (12 mL) and both anthranilic acid (0.46 g, 3.3 mmol) and isoamyl nitrite 

(0.42 mL, 3.3 mmol) were dissolved in 7 mL of DME separately prior to their addition. 

Purification was performed by flash column chromatography to yield the C1 substituted 

OBD product 2.30c as a yellow oil (0.6325 g, 74% yield). Rf (2:98 EtOAc:hexanes): 0.28; 

FTIR (NaCl, neat, cm-1) 3072, 3009, 2932, 2857, 1725, 1471, 1388, 1254, 1101, 1005, 

836, 776, 691, 656; 1H NMR (CDCl3, 400 MHz)  7.19 (m, 1H), 7.12 (m, 1H), 6.99 (dd, J 

= 1.8, 5.5 Hz, 1H), 6.94 (m, 2H), 6.75 (d, J = 5.5 Hz, 1H), 5.62 (d, J = 1.8 Hz, 1H), 3.61 

(t, J = 6.3 Hz, 2H), 2.36-2.19 (m, 2H), 1.61-1.44 (m, 6H), 0.88 (m, 9H), 0.03 (m, 6H), 13C 

(CDCl3, 100 MHz)  151.0, 150.7, 144.8, 144.4, 125.0, 124.8, 120.0, 119.3, 92.9, 81.8, 

63.2, 32.9, 29.4, 26.5, 26.1 (3C), 24.7, 18.5, -5.1 (2C), ; HRMS  (ESI): calcd for 

C21H33O2Si [M + H]+: 345.2250. Found: 345.2244. 

2.4.3 Preparation of Cyclopropanated Oxabenzonorbornadiene (CPOBD) 
Derivatives (2.33 and 2.8). 

 

tert-butyldimethyl(2-(1,1a,7,7a-tetrahydro-2H-2,7-epoxycyclopropa[b]naphthalen-
2-yl)ethoxy)silane (2.33a): 
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The synthesis of 2.33a followed cyclopropanation methods previously reported in 

the literature53 using 7-oxabenzonorbornadiene 2.30a (0.4877 g, 1.6 mmol) and Pd(OAc)2 

(4.0 mg, 0.02 mmol) dissolved in THF (40 mL) within the reaction vessel. Diazomethane 

was generated in situ using Diazald® (1.9 g, 9.0 mmol) dissolved in 95% EtOH (80 mL), 

with the addition of 25% w/v NaOH (aq) (16 mL) dropwise over 20 min. The diazomethane 

was bubbled into the reaction flask containing the OBD 2.30a over a period of 6 h. 

Purification of the crude product was performed by flash column chromatography to yield 

the cyclopropanated compound 2.33a as a yellow oil (0.5064 g, 91% yield). Rf (5:95 

EtOAc:hexanes): 0.43; FTIR (NaCl, neat,  cm-1) 3001, 2953, 2856, 1471, 1390, 1255, 

1094, 967, 922, 837, 776; 1H NMR (CDCl3, 400 MHz)    7.23 (m, 2H), 7.10 (m, 2H), 4.99 

(s, 1H), 3.88 (m, 2H), 2.41 (m, 2H), 1.47 (m, 1H), 1.25 (dt, 1H, J = 3.5, 6.7 Hz), 1.12 (dt, 

1H, J = 3.5, 6.7 Hz), 0.88 (s, 9H), 0.85 (m,1H), 0.04 (s, 6H); 13C (CDCl3, 100 MHz)  

149.5, 148.6, 126.0, 125.9, 119.2, 118.7, 85.8, 77.6, 59.8, 33.7, 26.1 (3C), 22.9, 22.4, 

18.7, 18.5, 14.6, -5.1, -5.2; HRMS (ESI): calcd for C19H29O2Si [M +H]+: 317.1937. Found: 

317.1931. 
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tert-butyldimethyl(4-(1,1a,7,7a-tetrahydro-2H-2,7-epoxycyclopropa[b]naphthalen-
2-yl)butoxy)silane (2.33b): 

 

The synthesis of 2.33b followed cyclopropanation methods previously reported in 

the literature53 using 7-oxabenzonorbornadiene 2.30b (0.6285 g, 1.9 mmol) and Pd(OAc)2 

(4.7 mg, 0.02 mmol) dissolved in THF (40 mL) within the reaction vessel. Diazomethane 

was generated in situ using Diazald® (2.0 g, 9.5 mmol) dissolved in 95% EtOH (80 mL), 

with the addition of 25% w/v NaOH (aq) (20 mL) dropwise over 30 min. The diazomethane 

was bubbled into the reaction flask containing OBD 2.30b using a steady flow of argon 

over a period of 6.5 h. Purification of the crude product was performed by flash column 

chromatography to yield the cyclopropanated compound 2.33b as a yellow oil (0.6045 g, 

92% yield). Rf (5:95 EtOAc:hexanes): 0.36; FTIR (NaCl, neat, cm-1) 3048, 2930, 2857, 

1460, 1388, 1361, 1255, 1102, 969, 901, 837, 776, 661; 1H NMR (CDCl3, 400 MHz)  

7.25 (m, 1H), 7.19 (m, 1H), 7.12 (m, 2H), 5.01 (s, 1H), 3.66 (t, 1H, J = 6.3 Hz), 2.16 (m, 

2H), 1.71-1.56 (m, 4H), 1.54 (m, 1H), 0.90 (s, 9H), 0.87 (m, 1H), 0.06 (s, 3H); 0.05 (s, 

3H); 13C (CDCl3, 100 MHz)  149.8, 148.9, 125.9, 125.8, 119.3, 118.5, 87.4, 77.5, 63.2, 

33.6, 30.2, 26.1 (3C), 22.6, 22.5, 21.1, 14.6, -5.1 (2C); HRMS (ESI): calcd for C21H33O2Si 

[M + H]+: 345.2250. Found: 345.2244. 
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tert-butyldimethyl(5-(1,1a,7,7a-tetrahydro-2H-2,7-epoxycyclopropa[b]naphthalen-
2-yl)pentoxy)silane (2.33c): 

 

The synthesis of 2.33c followed cyclopropanation methods previously reported in 

the literature53 using 7-oxabenzonorbornadiene 2.30c (0.9615 g, 2.8 mmol) and Pd(OAc)2 

(6.2 mg, 0.03 mmol) dissolved in THF (40 mL) within the reaction vessel. Diazomethane 

was generated in situ using Diazald® (3.3 g, 15.5 mmol) dissolved in 95% EtOH (80 mL), 

with the addition of 25% w/v NaOH (aq) (30 mL) dropwise over 45 min. The diazomethane 

was bubbled into the reaction flask containing OBD 2.30c using a steady flow of argon 

over a period of 8 h. Purification of the crude product was performed by flash column 

chromatography to yield the cyclopropanated compound 2.33c as a yellow oil (0.6397g, 

64%) Rf (5:95 EtOAc:hexanes): 0.56; FTIR (NaCl, neat,  cm-1) 3048, 2934, 2857, 1460, 

1388, 1361, 1255, 1096, 968, 918, 836, 776, 752, 662; 1H NMR (CDCl3, 400 MHz)  7.25 

(m, 1H), 7.18 (m, 1H), 7.12 (m, 2H), 5.01 (s, 1H), 3.62 (t, J = 6.4 Hz, 2H), 2.15 (m, 2H), 

1.59-1.52 (m, 5H), 1.45 (m, 2H), 1.27 (td, J = 3.5, 6.7 Hz, 1H), 1.08 (m, 1H), 0.90-0.85 

(m, 10H), 0.05 (s, 6H); 13C (CDCl3, 100 MHz)  149.8, 148.9, 125.9, 125.8, 119.3, 118.5, 
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87.5, 77.5, 63.4, 33.0, 30.4, 26.7, 26.1 (3C), 24.6, 22.7, 22.5, 18.5, 14.6, -5.1 (2C); HRMS 

(ESI): calcd for C22H33O2NaSi [M + Na]+: 381.2226. Found 381.2220. 

 

General Procedure for the Silyl Deprotection of Cyclopropanated 7-
Oxabenzonorbornadienes (2.8):  

 

The silyl protected cyclopropanated 7-oxabenzonorbornadiene 2.33 (1 equiv.) was 

added to an oven- or flame-dried round bottom flask and dissolved in dry THF under 

argon. A commercially available 1M solution of TBAF dissolved in hexanes was then 

added dropwise (1-1.2 equiv.), and the solution was left to stir for 1.5-5 h. The reaction 

was quenched with water and the phases were separated. The aqueous layer was then 

extracted with EtOAc (3 x 5-10 mL) and the combined organic layers containing the crude 

product were washed with 20 mL of brine and dried over MgSO4. The crude was then 

concentrated under vacuum pressure and purified by column chromatography to afford 

the final product 2.8. 

 

2-(-1,1a,7,7a-tetrahydro-2H-2,7-epoxycyclopropa[b]naphthalen-2-yl)ethan-1-ol 
(2.8c): 
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The synthesis of 2.8c followed the general silyl deprotection method described 

above using cyclopropanated 7-oxabenzonorbornadiene 2.33a (1.1609 g, 3.7 mmol) 

dissolved in 10.6 mL of THF followed by the addition of a 1M TBAF solution (3.7 mL, 3.7 

mmol). The reaction was left to stir for 5 h and upon completion of the work-up procedure 

the crude product was purified by flash column chromatography to yield the compound 

2.8c as a yellow oil (0.4953 g, 66% yield). Rf (1:4 EtOAc:hexanes): 0.22; FTIR (NaCl, 

neat, cm-1) 3410, 3001, 2927, 1456, 1425, 1280, 1046, 965, 919, 816, 755, 648;  1H NMR 

(CDCl3, 400 MHz)  7.26 (m, 1H), 7.16-7.11 (m, 3H), 5.06 (s, 1H), 3.90 (m, 2H), 2.44 (m, 

2H), 2.35 (m, 1H), 1.57 (m, 1H), 1.29 (dt, 1H J = 3.5, 6.7 Hz), 1.14 (dt, 1H, J = 3.5, 6.7 

Hz), 0.91 (m, 1H); 13C (CDCl3, 100 MHz)  148.8, 148.4, 128.4, 126.2, 126.1, 119.5, 

118.5, 87.6, 78.0, 59.9, 32.2, 23.1, 22.3, 14.6; HRMS (ESI): calcd for C13H14O2 [M]+: 

202.0994. Found: 202.0986. 

 

 

3-(1,1a,7,7a-tetrahydro-2H-2,7-epoxycyclopropa[b]naphthalen-2-yl)propan-1-ol 

(2.8a): 
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Ester tethered CPOBD 2.17 (1.16 g, 4.5 mmol) was first synthesized following a 

previously reported procedure within the literature.53 The CPOBD 2.17 was then dissolved 

in dry THF (23 mL, 0.28 mol) and cooled to 0 oC under argon with constant stirring for 15 

min. Next, LiAlH4 (0.25 g, 6.8 mmol) was added slowly and the reaction was left to 

gradually warm to room temperature with constant stirring over 6 h. The reaction was 

then quenched with sat. NaHCO3 (25 mL) and the phases were separated. The aqueous 

layer was extracted twice with 20 mL of Et2O and the organic layers were combined and 

dried using MgSO4. The resulting mixture was concentrated under vacuum pressure to 

afford the product 2.8a in quantitative yields (0.95 g, 4.5 mmol) as a yellow oil without 

further purification. Rf (EtOAc): 0.47; FTIR (KBr, ν, cm-1): 3386, 3046, 3000, 2947, 2873, 

1456, 1052, 921, 906; 1H NMR (CDCl3, 400 MHz)  7.24 (m, 1H), 7.16 (m, 1H), 7.10 (m, 

2H), 5.03 (s, 1H), 3.68 (m, 1H), 2.27 (m, 2H), 1.85 (m, 3H), 1.54 (m, 1H), 1.27 (td,1H,  J 

= 3.5, 6.7 Hz), 1.09 (td, 1H, J = 3.4, 6.7 Hz), 0.88 (m, 1H), 13C (CDCl3, 100 MHz)   149.2, 

148.6, 126.0 (2C), 119.4, 118.5, 87.3, 77.7, 63.3, 27.9, 27.0, 22.9, 22.6, 14.8; HRMS 

(ESI): calcd for C14H16O2 [M]+: 216.1150; found: 216.1155. 

 

4-(1,1a,7,7a-tetrahydro-2H-2,7-epoxycyclopropa[b]naphthalen-2-yl)butan-1-ol 
(2.8d): 
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The synthesis of 2.8d followed the general silyl deprotection method described 

above using cyclopropanated 7-oxabenzonorbornadiene 2.33b (0.4864 g, 1.4 mmol) 

dissolved in 5.0 mL of THF followed by the addition of a 1M TBAF solution (1.4 mL, 1.4 

mmol). The reaction was left to stir for 3 h and upon completion of the work-up procedure 

the crude product was purified by flash column chromatography to yield the compound 

2.8d as a yellow oil (0.2736 g, 84% yield). Rf (1:1 EtOAc:hexanes): 0.41; FTIR (NaCl, 

neat, cm-1) 3340, 3000, 2939, 2865, 1457, 1051, 968, 754, 646;  1H NMR (CDCl3, 400 

MHz)  7.24 (m, 1H), 7.17 (m, 1H), 7.10 (m, 2H), 5.00 (s, 1H), 3.67 (m, 2H), 2.18 (m, 2H), 

1.72-1.61 (m, 4H), 1.52 (m, 1H), 1.35 (br. s, 1H), 1.26 (td, J = 3.5, 6.7 Hz, 1H), 1.08 (td, 

J = 2.5, 6.7 Hz, 1H), 0.86 (m, 1H), 13C (CDCl3, 100 MHz)  149.6, 148.9, 126.0, 125.9, 

119.3, 118.5, 87.4, 77.6, 63.0, 33.4, 30.0, 22.7, 22.5, 21.0, 14.7; HRMS (ESI): calcd for 

C15H18O2 [M]+: 230.1307. Found: 230.1300. 

 

5-(1,1a,7,7a-tetrahydro-2H-2,7-epoxycyclopropa[b]naphthalen-2-yl)pentan-1-ol 

(2.8e): 
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The synthesis of 2.8e followed the general silyl deprotection method described 

above using cyclopropanated 7-oxabenzonorbornadiene 2.33c (0.2482 g, 0.69 mmol) 

dissolved in 5.0 mL of THF followed by the addition of a 1M TBAF solution (0.72 mL, 0.72 

mmol). The reaction was left to stir for 2 h and upon completion of the work-up procedure 

the crude product was purified by flash column chromatography to yield the compound 

2.8e as a yellow oil (0.1218 g, 72% yield). Rf (1:4 EtOAc:hexanes): 0.22; FTIR (NaCl, 

neat, cm-1) 3404, 2935, 2859, 1741, 1457, 1279, 1239, 1051, 919, 753, 646;  1H NMR 

(CDCl3, 400 MHz)  7.24 (m, 1H), 7.16 (dd, 1H, J = 2H), .2, 6.2 Hz), 7.10 (m, 2H), 5.00 

(s, 1H), 3.64 (t, 2H, J = 6.5 Hz), 2.15 (m, 2H), 1.67-1.42 (m, 8H), 1.25 (m, 1H), 1.06 (td, 

1H, J = 3.5, 6.5 Hz), 0.86 (m, 1H); ), 13C (CDCl3, 100 MHz) 149.6, 148.9, 125.9 (2C), 

119.3, 118.5, 87.4, 77.5, 63.1, 32.8, 30.3, 26.5, 24.5, 22.8, 22.5, 14.6; ; HRMS (ESI): 

calcd for C16H20O2 [M]+: 244.1463. Found: 244.1471. 

 

2.4.4 Intramolecular Ring-Opening of Cyclopropanated Oxabenzonorbornadiene 
Derivatives (2.11 and 2.12) 

General Procedure for the Ring-Opening of Alcohol-Tethered Cyclopropanated 7-
Oxabenzonorbornadienes (2.11, 2.12): 

 

The alcohol-tethered cyclopropanated 7-oxabenzonorbornadiene 2.8 (0.2-0.5 

mmol) was added to a screw- or snap-cap vial and dissolved in toluene (0.8-1.8 mL). p-

TsOH•H2O was then added (20 mol%) and the reaction was left to stir at 60 ᵒC in a sand 

bath for 40 min unless otherwise stated. Upon reaction completion, the mixture was 

diluted with EtOAc (2 mL) and washed with brine (3 × 3 mL). The organic layer was then 
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dried using MgSO4 and concentrated under vacuum pressure. Purification of the crude 

product by column chromatography afforded the ring-opened products. 

 

7H-benzo[7]annulene-5-carbaldehyde (2.35): 

CPOBD 2.8b was synthesized following procedures previously reported in the 

literature.50 Following the general ring-opening procedure stated above, 2.8b (47.4 mg, 

0.25 mmol) was dissolved in toluene (0.8 mL) and p-TsOH•H2O (9.5 mg, 0.05 mmol) was 

added. Upon reaction completion, an aqueous work-up was performed following the 

procedure stated above and the crude product was purified by flash column 

chromatography to yield 2.35 as a yellow oil (28.2 mg, 66% yield). 1H and 13C NMR of 

2.35 matched spectra previously reported in the literature.60  

 

1,4-dihydro-2H-benzo[f]isochromene (2.11c) and 3a,4-dihydro-2H-
benzo[3,4]cyclohepta[1,2-b]furan (2.12c) 
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The synthesis of 2.11c and 2.12c followed the general ring-opening procedure 

described above using CPOBD 2.8c (50.8 mg, 0.25 mmol) dissolved in toluene (0.8 mL) 

followed by the addition of p-TsOH•H2O (9.8 mg, 0.05 mmol). Upon reaction completion, 

an aqueous work-up was performed following the procedure stated above and the crude 

product was purified by flash column chromatography to yield isomers 2.11c and 2.12c 

as an inseparable yellow oil (12.7 mg, 27% yield). 1H NMR analysis demonstrated a 2:1 

ratio of 2.12c:2.11c (18% and 9% respectively). Rf (25:75 EtOAc:hexanes): 0.69; FTIR 

(NaCl, neat, cm-1) 3056, 3020, 2924, 2887, 2837, 1485, 1446, 1347, 1261, 1110, 1081, 

993, 916, 809, 775, 748; 1H NMR (CDCl3, 400 MHz)  7.90 (d, J = 8.3 Hz, 0.33H), 7.80 

(d, J = 8.0 Hz, 0.33H), 7.66 (d, J = 8.4 Hz, 0.33H), 7.58 (dd, J = 1.2, 7.3 Hz, 0.66H), 7.52 

(m, 0.33H), 7.46 (m, 0.33H), 7.20 (m, 1.2H), 7.14 (m, 0.66H), 7.09 (d, J = 8.4 Hz, 0.33H), 

6.34 (dd, J = 3.0, 12.4 Hz, 0.66H), 6.20 (m, 0.66H), 5.81 (m, 0.66H), 4.98 (m, 0.66H), 

4.89 (s, 0.66H), 4.75-4.67 (m, 1.2H), 4.13 (t, J = 5.7 Hz, 0.66H), 3.16 (t, J = 5.9 Hz, 0.66H), 

2.81-2.74 (m, 0.66H), 2.57-2.49 (m, 0.66H); 13C (CDCl3, 100 MHz) major isomer 2.12c:  

143.8, 133.8, 132.7, 131.8, 129.5, 128.2, 128.1, 127.3, 126.4, 122.0, 82.0, 73.6, 37.0,; 

minor isomer 2.11c:  132.3, 132.1, 132.0, 128.6, 128.3, 126.4, 126.3, 125.3, 122.9, 

122.5, 68.3, 65.3, 25.3; HRMS (ESI): calc for C13H12O [M]+: 184.0882. Found: 184.0883. 
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The synthesis of 2.11a and 2.12a followed the general ring-opening procedure 

described above using CPOBD 2.8a (51.9 mg, 0.24 mmol) dissolved in toluene (0.8 mL) 

followed by the addition of p-TsOH•H2O (9.1 mg, 0.05 mmol). Upon reaction completion, 

an aqueous work-up was performed following the procedure stated above and the crude 

product was purified by flash column chromatography to yield isomers 2.11a (10.9 mg, 

21% yield) and 2.12a (29.9 mg, 63% yield). 

1,2,3,5-tetrahydronaphtho[2,1-c]oxepine (2.11a): 

White solid (M.P. 106.5 – 108.0 oC); Rf (1:9 EtOAc: hexanes): 0.26; FTIR (NaCl, neat, cm-

1) 3050, 2941, 2726, 1462, 1263, 1105, 1038, 853, 751;  1H NMR (CDCl3, 400 MHz)  

8.17 (dd, 1H, J = 0.4, 8.4 Hz), 7.84 (dd, 1H, J = 1.6, 8.0 Hz), 7.68 (d, 1H, J = 8.4 Hz), 

7.54-7.44, (m, 2H), 7.33 (d, 1H J = 8.4 Hz), 4.88 (s, 2H), 13C (CDCl3, 100 MHz)  138.5, 

137.4, 133.4, 131.7, 128.8, 127.1, 126.3, 126.0, 125.3, 123.6, 74.9, 74.6, 29.2, 27.4; 

HRMS (ESI): calcd for C14H14O [M]+: 198.1045. Found: 198.1049. 
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2,3,4a,5-tetrahydrobenzo[3,4]cyclohepta[1,2-b]pyran (2.12a): 

Yellow oil Rf  (1:9 EtOAc:hexanes): 0.38; FTIR (KBr, ν, cm-1): 3057, 3020, 2957, 2903, 

2832, 1649, 1485, 1445, 1428, 1274, 1208, 1091, 1046; 1H NMR (CDCl3, 400 MHz)  

7.29 (dd, 1H, J = 1.8, 7.3 Hz), 7.26-7.18 (m, 2H), 7.11 (dd, 1H, J = 1.6, 7.3 Hz), 6.46 (d, 

1H, J = 11.6 Hz), 5.95 (m, 1H), 5.88 (td, 1H, J = 1.5, 4.0 Hz), 4.71 (m, 1H), 4.06 (m, 1H), 

3.80 (m, 1H), 2.79-2.56 (m, 2H), 2.41-2.26 (m, 2H); 13C (CDCl3, 100 MHz)  142.1, 138.6, 

135.1, 131.0, 130.1, 128.6, 127.7, 127.4, 127.3, 123.0, 77.6, 61.0, 34.6, 25.9; HRMS: 

Calculated for C14H14O [M]+: 198.1045; found: 198.1041. 

 

3,4,5a,6-tetrahydro-2H-benzo[3,4]cyclohepta[1,2-b]oxepine (2.12d) 

The synthesis of 2.12d followed the general ring-opening procedure described 

above using CPOBD 2.8d (53.0 mg, 0.23 mmol) dissolved in toluene (0.8 mL) followed 

by the addition of p-TsOH•H2O (9.1 mg, 0.05 mmol). Upon reaction completion, an 

aqueous work-up was performed following the procedure stated above and the crude 

product was purified by flash column chromatography to yield 2.12d as a yellow oil (34.0 

mg, 70% yield). Rf (1:9 EtOAc:hexanes): 0.48; FTIR (NaCl, neat, cm-1) 3023, 2971, 2868, 
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1635, 1482, 1439, 1328, 1185, 1040, 856, 765, 662; 1H NMR (CDCl3, 400 MHz)  7.66 

(m, 1H), 7.32 (m, 1H), 7.28-7.24 (m, 2H), 6.59 (d, 1H, J = 10 Hz), 6.08 (m, 2H), 4.91 (t, J 

= 6.9 Hz), 4.01 (m, 1H), 3.85 (m, 1H), 2.41 (m, 1H), 2.16 (m, 1H), 1.96-1.80 (m, 3H), 1.37 

(m, 1H) 13C (CDCl3, 100 MHz)  138.8, 137.7 (2C), 131.8, 130.1, 129.6, 127.3, 126.0 

(2C), 125.7, 81.2, 68.3, 32.2, 25.8, 25.4; HRMS (ESI): calcd for C15H16O [M]+: 212.1201 

Found: 212.1209. 

 

2,3,4,5,6a,7-hexahydrobenzo[3,4]cyclohepta[1,2-b]oxocine (2.12e) 

The synthesis of 2.12e followed the general ring-opening procedure described 

above using CPOBD 2.8e (119.1 mg, 0.5 mmol) dissolved in toluene (1.8 mL) followed 

by the addition of p-TsOH•H2O (18.5 mg, 0.1 mmol). Upon reaction completion, an 

aqueous work-up was performed following the procedure stated above and the crude 

product was purified by flash column chromatography to yield 2.12e as a yellow oil 

(0.0783 g, 71% yield). Rf (1:9 EtOAc:hexanes): 0.56; FTIR (NaCl, neat, cm-1) 3053, 3023, 

2937, 2844, 1481, 1438, 1339, 1261, 1204, 1090, 1049, 1003, 978, 915, 841, 788, 707, 

660; 1H NMR (CDCl3, 400 MHz)  7.74 (m, 1H), 7.32 (m, 1H),  7.26 (m, 2H), 6.59 (d, 1H, 
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J = 9.6 Hz), 6.08 (m, 2H), 4.25 (d, 1H, J = 10.4 Hz), 4.12 (m, 1H), 3.59 (td, 1H, J = 2.4, 

11.6 Hz), 2.39 (dt, 1H, J = 7.2, 1.2 Hz), 2.14 (p, 1H, J = 6.8 Hz), 1.80 (m, 1H), 1.64-1.45 

(m, 4H), 1.34 (m, 1H); 13C (CDCl3, 100 MHz)  139.8, 137.9, 137.8, 131.7, 130.1, 129.5, 

127.5, 126.8, 126.0, 125.7, 126.8, 126.0, 125.7, 80.8, 69.4, 32.1, 26.1, 25.5, 24.2.; HRMS 

(ESI): calcd for C16H18O [M]+: 226.1358. Found: 226.1349. 

 

2.4.5 Computational Results 

Energy Calculations for 2.11c 
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Energy Calculations for 2.12c 

  

 

Energy Calculations for 2.11a 
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Energy Calculations for 2.12a 

 

 

Energy Calculation for 2.11d 
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Energy Calculation for 2.12d 

 

 

Energy Calculation for 2.11e 
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Energy Calculation for 2.12e 
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3 Optimized Intramolecular Heck Couplings and Ring-
Opening Reactions of Oxabenzonorbornadiene 

Derivatives using Alkyl Halides. 
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3.1 Introduction 

3.1.1 Comparing the Mizoroki-Heck Reaction and Heck Reductions. 

The Pd-catalyzed Mizoroki-Heck reaction, commonly abbreviated to the Heck 

reaction, is one of the most efficient cross-coupling methods between organo halides and 

alkenes (scheme 3.1, eq 1). This reaction was initially discovered by Mizoroki80 and 

Heck81 independently, and ultimately resulted in the formation of a new sp2-sp2 hybridized 

C-C bond with outstanding trans selectivity (3.3).80–84 The general mechanism is shown 

in scheme 3.2 whereby the palladium catalyst undergoes a ligand exchange to generate 

the active Pd(0) species 3.5. Next, an oxidative addition is observed affording a σ-aryl- or 

σ-alkenyl-Pd (II) complex 3.6. Coordination between the newly formed Pd-complex, and 

the alkene 3.2, followed by migratory insertion affords a Pd-σ intermediate 3.7. Finally, 

syn β-hydride elimination takes place to yield the product 3.3 and a base is used to 

regenerate the active Pd species. Since its discovery, the Heck reaction has 

demonstrated a broad functionality and varied scope,83,85–88 all of which culminated in 

Richard Heck earning the Nobel Prize in 2010 along with Ei-ichi Negishi89,90 and Akira 

Suzuki91,92 for their monumental achievements in palladium cross-coupling chemistry.93  

 

 

 

 

Scheme 3.1 General Mizoroki-Heck reaction (eq 1) and Heck reduction (eq 2).  
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Scheme 3.2 General mechanism for the Mizoroki-Heck reaction. 

 

 While the Mizoroki-Heck reaction has garnered lots of attention and prestige, the 

reductive Heck reaction has received less consideration (scheme 3.1, eq 2). Initially 

developed by Catellani,94 and Cacchi,95 the reaction typically involves the use of an aryl 

halide and activated alkenes along with a hydride source to generate alkylarenes under 

Pd-catalysis (scheme 3.3). The mechanism for the reductive Heck reaction follows a 

similar pathway to that of the Mizoroki-Heck (scheme 3.2), however it involves the 

interception of the alkylpalladium (II) intermediate 3.7 using a hydride source (scheme 
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3.3.).96 The resulting palladium complex 3.8 then undergoes a reductive elimination to 

regenerate the active palladium species to yield the desired product 3.4. The formation 

of these alkylarenes has its limitations, as the reductive pathway is in competition with the 

more favorable β-hydride elimination to generate the Heck product. Given this, 

conformationally restricted olefins are typically the most effective substrate of choice as 

they lack β-hydrogens syn-periplanar relative to the sp3 C–Pd(II) linkage and thus render 

the β-hydride elimination pathway inoperable.96 

 

Scheme 3.3 General reductive Heck Mechanism. 
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3.1.2 Reductive Heck Coupling with Bicycloalkenes.  

In their seminal study, Catellani and co-workers were the first to demonstrate the 

reductive Heck reaction within bicycloalkenes through hydroarylation (scheme 3.4).94 

Beginning with norbornene (NB) 3.9, the group took advantage of the high degree of 

allylic strain and inherent rigidity of the substrate97 which, in conjunction with the 

diastereospecificity of migratory insertion and β-hydride elimination allowed for the 

selective reductive Heck coupling to be observed. A mechanism is shown in scheme 3.4 

whereby a migratory insertion of the Pd species 3.10 is believed to occur on the exo face 

of norbornene which formed the alkylpalladium (II) intermediate 3.11. Due to the inherent 

rigidity of the substrate, no free rotation is possible within the sp3-sp3 linkage of C2 and 

C3 and thus a β-hydride elimination pathway is inoperable. Following insertion, a ligand 

exchange of the iodide and a formate moiety afforded the norbornyl palladium species 

3.12 and a subsequent decarboxylation led to the intermediate 3.13. Finally, a reductive 

elimination of the palladium catalyst yielded of the final product 3.14 with no ring-opening 

transformations observed.94  

 

Scheme 3.4 Palladium-catalyzed hydroarylation of norbornene by Catellani.94  
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Building upon the work of Catellani, numerous asymmetric hydroarylations, and 

alkenylations of bicycloalkenes have since been reported. For example, in 1994 Achiwa 

and co-workers reported a palladium-catalyzed asymmetric hydroarylation of norbornene 

using phenyl triflate and various chiral phosphine ligands to generate the product 3.15 in 

moderate-good yields and mild enantiomeric excess (ee) (scheme 3.5, eq 1).98 Similarly, 

the Hayashi group reported a palladium-catalyzed asymmetric alkenylation of norbornene 

with the activated alkenyl triflate 3.17 in good yields and high enantioselectivity (scheme 

3.5, eq 2).99 Further asymmetric reductive Heck couplings have since been performed on 

OBD 3.19 as reported by Fiaud,100 whereby phenyl triflate and a racemic BINAP species 

afforded the aryl product 3.20 in good yields and moderate enantioselectivity (scheme 

3.6).100  

 

Scheme 3.5 Asymmetric hydroarylation of norbornene by Achiwa (1)98 and 
Hayashi (2).99 

 

 

Scheme 3.6 Asymmetric hydroarylation of OBD by Fiaud.100 
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3.1.3 Nickel Catalyzed Reductive Coupling and Ring-Opening Reactions with 
OBD.  

 

Nickel is a group 10 element found on the periodic table directly above palladium 

and platinum. This means that it shares similar reactive properties with these precious 

metals, while also offering many added benefits such as cheapness, availability, and 

relative environmental friendliness.101 Given this, many investigations involving nickel-

catalyzed reductive couplings have been reported of late, including couplings between: 

alkynes and epoxides,102 aldehydes and alkynes,103 dienes and aldehydes,104 enones 

and allenes,105 and alkynes and imines.106 Nickel has also demonstrated great versatility 

as a catalyst towards many ring-opening and/or reductive coupling transformations 

involving OBD (scheme 3.7). One such example is the nickel catalyzed asymmetric ring-

opening of OBD with aryl boronic acids reported by Zhou and co-workers using a 

Ni(COD)2 catalyst to afford the ring-opened product 3.21.107 The Cheng group has also 

reported multiple investigations involving nickel catalysis and OBD derivatives. Their 

initial investigation involved a three-component coupling reaction that added both 

organoboronic acids and alkynes across the olefinic bond to afford the disubstituted OBD 

derivative 3.23.108 In addition, the group has also demonstrated a nickel catalyzed 

reductive coupling of OBD with enones as an activated alkene to generate various 2-alkyl 

naphthalene products 3.24. In the same report, further investigations involving electron-

rich alkynyl substrates afforded cis-2-alkenyl-1,2-dihydronaphthalene products 3.25. 

Nickel catalyzed ring-opening transformations have also proved to be useful in natural 
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product synthesis, as the Lautens group used a chiral Ni-complex to afford the required 

(R)-dihydronaphthol 3.22 towards the formulation of the anti-depressant Sertraline.46 

 

Scheme 3.7 Ni-catalyzed ring-opening and reductive coupling reactions with OBD 
within the literature.  

 

Nickel has also proven to be a useful catalyst for coupling reactions between alkyl 

halides and alkenes.109–113 This provides a relatively simple approach to the formation of 

new sp3 hybridized C-C bonds. One of the early examples of hydrocarbon addition to 

olefins was reported by Sustmann and co-workers using a NiCl2•6H2O catalyst with Zn 

and pyridine (scheme 3.8, eq 1).111 More recently, Shukla and Cheng observed a similar 

transformation when coupling alkyl halides with α-β unsaturated esters in the presence 
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of Ni(PPh3)2Cl2 catalyst with Zn powder dissolved in a 10:1 acetonitrile: water mixture to 

afford the saturated esters 3.29 (scheme 3.7, eq 2).101 

 

Scheme 3.8 Ni-catalyzed reductive coupling reactions between alkyl halides and 
activated alkenes.101,111 

 

Both reactions follow similar mechanistic pathways to that of the palladium 

catalyzed reductive Heck reaction whereby Zn first reduces the Ni catalyst to an active 

Ni(0) species (scheme 3.9). In the case of Sustmann, this Ni species is believed to be 

stabilized by the pyridine additive while acetonitrile might allow for similar interactions in 

the case of Shukla and Cheng (scheme 3.8, eq 2). Once formed, the Ni(0) catalyst then 

undergoes an oxidative addition within the R-X bond to generate a nickel (II) intermediate 

3.31. Coordination then takes place between the nickel and the olefin of the acrylate 

forming the intermediate 3.32. Next, a cis-1,2-insertion occurs affording the saturated 

ester 3.33, which is directly protonated through hydrolysis to generate the final reductive 

coupling product 3.28. This final protonation step has been corroborated by a deuterium 

labelling study performed by Shukla and Cheng which demonstrated over 70% deuterium 
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at the α carbon to the ester based on 1H NMR when the reaction was left to proceed in 

D2O.101  

 

Scheme 3.9 Proposed mechanism for the Nickel catalyzed reductive coupling of 
alkyl halides with activated akenes.101,111 

 

 In an effort to extend their reductive coupling strategy, Shukla and Cheng applied 

their previously described methodology to the ring-opening of oxabicyclic alkenes 

(scheme 3.10).101 When treating OBD with 2’-iodoethylbenzene 3.34, the optimized 

reaction conditions were found to be 10 mol% of NiCl2(PPh3)2 with 2.5 equivalents of Zn 

powder in THF to afford the anticipated coupling product 3.35 in moderate yields (scheme 
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3.10).101 Interestingly, these optimized conditions did not require the use of water as was 

the case within their activated alkenes, although no comment was made on the specific 

mechanism or reactivity of the reaction. In addition, although the alkyl iodides 3.34 

possessed β-hydrogens in their framework, no β-hydride eliminated product 3.36 was 

observed but rather the reaction preferentially formed the β-oxygen eliminated 3.35. This 

may be a result of the inherent ring strain energy within the OBD framework which is the 

driving-force behind many ring-opening reactions involving heterobicycloalkenes.97 

Having optimized the reaction, the scope of the alkyl halides was expanded to include 

other primary, secondary, and tertiary alkyl halides, all of which provided the expected 

ring-opened product in moderate yields.101 

 

Scheme 3.10 Ni-catalyzed intermolecular ring-opening of OBD with alkyl 
halides.101 

 

 Based on these intermolecular reactions, a scenario was envisioned wherein the 

ester moiety of OBD 3.37 could be reduced to an alkyl halide an undergo a Ni-catalyzed 

intramolecular ring-opening transformation (scheme 3.11). Having already synthesized 

the ester OBD derivative 3.37, a reduction to an alcohol and subsequent halogenation 

could afford the required starting materials 3.38 to begin the investigation. Herein are the 
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initial attempts and optimization of the intramolecular ring-opening of OBD derivatives 

using Ni, and Pd catalysis.  

 

 

Scheme 3.11 Proposed Ni-catalyzed intramolecular ring-opening of alkyl halide 
tethered OBD derivatives. 

  

3.2 Results and Discussion 

3.2.1 Preparation of Alkyl Halide Tethered OBD Derivatives. 

Prior to beginning the investigation, it was necessary to synthesize the required 

alkyl halide tethered oxabicycloalkenes 3.38 (scheme 3.11). Beginning with the ester 

tethered OBD 3.37 shown previously in section 2.2, a reduction to the primary alcohol 

was carried out in dry THF at 0 ᵒC with slow addition of LiAlH4. Once added, the reaction 

was left to gradually warm up to room temperature over 3 h to yield the desired product 

3.40 in great yields. With the primary alcohol in hand, a halogenation took place following 

methods previously reported in the literature to afford the bromo product 3.38a,114 or the 

iodo product 3.38b.115  This final step, commonly referred to as the Appel reaction, is a 

broadly used mild method of converting alcohols to the corresponding alkyl halides in 

good yields. A mechanism for the bromination of OBD is shown in scheme 3.13 whereby 
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the triphenylphosphine 3.41 is first halogenated to create the phosphonium intermediate 

3.42. The CBr3
- anion then deprotonates the tethered alcohol of 3.40 to generate and 

alkoxide 3.43 which subsequently attacks the phosphorus of the bromonium ion thus 

releasing the halide leaving group affording the intermediate 3.44. A triphenylphosphine 

oxide resonance structure 3.45 is then formed, and a subsequent SN2 attack by the 

previously made bromide yields the desired product 3.38a, and triphenylphosphine oxide 

as a byproduct. The formation of this strong P=O bond is ultimately the driving force 

behind this reaction process. 

 

 
Scheme 3.12 Preparation of alkyl halide tethered OBD derivatives. 
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Scheme 3.13 Appel Mechanism for the synthesis of OBD derivative 3.38a. 

 

3.2.2 Optimization of Transition-Metal-Catalyzed Intramolecular Ring-Opening of 
Alkyl Halide Tethered OBD Derivatives. 

 

Having successfully synthesized two alkyl halide tethered OBD derivatives, 

investigations were carried out to observe their intramolecular ring-opening reactivity. 

Initial attempts following the optimized intermolecular conditions reported by Shukla and 

Cheng101 with the alkyl iodide tether 3.28b resulted in the formation of little amounts of 

the desired product 3.46 (scheme 3.14). Conversely, when the bromo tether 3.28a was 

used little to no product was observed. Further investigations using the bromo OBD 

derivative also resulted in trace amounts of the product 3.46, and so further optimization 

was carried out using only the alkyl iodide counterpart.  
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Scheme 3.14 Initial intramolecular ring-opening trials using alkyl halide tethered 
OBDs 3.38a-b and previously reported intermolecular conditions.101 

 

With these preliminary results in hand, further trials involved the use of NiCl2 paired 

with multiple ligands and solvents to optimize the reactions conditions. Initially, the use of 

an (S)- phanephos ligand in THF resulted in the naphthol derivative 3.47, while the same 

conditions in DCE and toluene gave no observable product (table 4.1, entries 1-3), as did 

bipyridine in THF (table 4.1 entry 4). It was then proposed that adding 

tetrabutylammonium iodide (TBAI) might lead to a ligand exchange between the chloride 

and the iodide ions which could potentially afford a more fruitful reaction with 

organophosphorus ligands, however no product was formed (table 4.1 entries 5-6). 
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Table 3.1 Nickel-catalyzed reactions screen for the intramolecular ring-opening of 3.38b 

 

Entry Conditions 3.46 (%)a 3.47 (%) 

1 (S)-Phanephos, THF 0 70 

2 (S)-Phanephos, DCE N.R. N.R. 

3 (S)-Phanephos, Toluene N.R. N.R. 

4 Bipyridine, THF trace 0 

5 DIOP, TBAI, THF N.R. N.R. 

6 DPPP, TBAI, THF N.R. N.R. 

a Isolated yield of 3.47 isolated by FCC.  

Given the known instability of Ni(0) species, it was believed that switching to a 

Pd(0) catalyst might result in more optimal product formation (table 3.2). Unfortunately, in 

all cases where an active Pd(0) was used there was no observable product formation. 

This is likely of result of a lack of oxidative addition within the C-I bond to initiate the 

catalytic process. The absence of zinc within the reaction mixture might also be 

contributing to the lack of reactivity. Further attempts using a Pd0 catalyst and zinc as an 

additive should be performed to validate these findings.  
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Table 3.2 Pd(0)-catalyzed intramolecular ring-opening trials of OBD 3.28b 

 

Entry Pd/solvent 3.46 (%)a 

1 Pd2(dba)3, THF N.R. 

2 Pd2(dba)3, Toluene N.R. 

3 Pd(PPh3)4, THF N.R.b 

4 Pd(PPh3)4, Toluene N.R. 

5 Pd(PPh3)4, MeCN N.R. 

a Isolated by FCC. b 86% starting material recovered after FCC. 

 

During the intermolecular works of Shukla and Cheng, the addition of water within 

the reductive coupling of acrylate substrates using alkyl halides vastly improved yields 

(scheme 3.8). Bearing this in mind and drawing inspiration from the works of Sustmann 

and co-workers (scheme 3.8),111 further intramolecular ring-opening investigations were 

performed using NiCl2•6H2O (table 3.3). An initial attempt using a 1,2-

bis(diphenylphosphino)ethane (DPPE) ligand afforded an inseparable mixture of the ring-

opened product 3.46 and a propyl naphthalene derivate 3.48 in in equimolar amounts as 

determined by NMR and a moderate overall yield of 62% (table 3.3, entry 1). Next, a 
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racemic BINAP ligand was investigated which saw solely the cyclopropyl product 3.46 in 

moderate yields and no observable side product (table 3.3, entry 2), while 

tris(2,2,2)trifluoroethyl phosphite, (CF3CH2O)3P, afforded the isomerized naphthol 

product 3.49 in the absence of Zn powder (table 3.3, entry 3). Fortunately, yields of the 

desired ring-opened product 3.46 greatly increased while employing a planar (S)-

phanephos ligand with no additional product formation (table 3.3, entry 4). These were 

ultimately deemed to be nearly optimized reaction conditions that could be used in further 

investigations, although replication of these results should be undertaken prior to moving 

forward and expanding the substrate scope. It is interesting to note that although a chiral 

ligand was paired with a racemic starting material, both regioisomers appeared to form 

the same ring-opened product 3.46. This is likely a result of the initial oxidative addition 

taking place within the achiral C-I bond, as opposed to the chiral C-O bond at the 

bridgehead position and thus the chirality of the ligand plays no role in the given reaction 

(see section 3.2.3). To this point, additional investigations could also be performed using 

an achiral ligand with geometry to that of the planar (S)-Phanephos could be attempted 

in similar ring-opening methods.  
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Table 3.3 Optimization of the intramolecular ring-opening of 3.28b using NiCl2•6H2O catalyst. 

 

 

 

a Isolated yields after FCC. b No Zn added. 

 

3.2.3 Mechanistic Insight 

Based on the observations above, it is evident that the use of water as an additive 

plays a large role within the intramolecular coupling of the OBD derivatives. One possible 

explanation might be that the water initially coordinatesto the activated Ni (0) species thus 

stabilizing the catalyst prior to an oxidative insertion within the C-I bond of the alkyl halide 

(scheme 3.15). This Ni(II) complex 3.50 would then coordinate with the exo face of the 

olefin affording the intermediate 3.51, which is followed by a 1,2 insertion to generate the 

intermediate 3.52. It is likely that the planarity of the phanephos ligand, in addition to its 

greater bite angle, allows for a more optimal coordination between the active Ni complex 

Entry Solvent/Ligand 3.46 (%)a 3.48 (%) 3.49 (%) 

1 DPPE 32  30 0 

2 (+/-) BINAP 53 0 0 

3 (CF3CH2O)3P 0 0 83b 

4 (S)-phanephos 88 0 0 
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and the olefin of the OBD derivative at this step, allowing for an enhanced rate of 

migratory insertion and thus an overall increase in 3.46 observed. In addition, the Zn 2+ is 

believed to coordinate with the bridgehead oxygen to aid in the observed β-oxygen 

elimination, while a subsequent transmetallation would afford the alkoxide intermediate  

3.53. Finally, a dehydration reaction is then believed to occur yielding the final product 

3.46.  

 

Scheme 3.15 Proposed mechanism for the intramolecular ring-opening of alkyl 
halide tethered OBD 3.46. 

 

 



 

 

106 

 

3.3 Conclusion and Future Works 

 

In conclusion, the first intramolecular ring-opening transformation of OBD with alkyl 

halides was discovered. The optimized reaction conditions were found to be NiCl2•6H2O 

with an (S)-Phanephos ligand affording a cyclopentylnaphthalene scaffold 3.46 in great 

yields. Building upon this research, ring-opening reactions should be explored with 

various tether lengths, in addition to substituted OBD derivatives similar to those 

investigated in Chapter 2. Other halides such as Br and Cl should also be explored using 

the optimized conditions. Furthermore, the addition of other functional groups onto the 

alkyl tether would also allow for further functionalization of the ring-opened scaffold upon 

its synthesis.  

The intramolecular ring-opening of alkyl halide tethered OBD derivatives might also 

be worthy of further investigations regarding its potential use in the synthesis of natural 

products (scheme 3.16).116,117 The cyclopentylnaphthalene product 3.46 that was 

afforded within these preliminary investigations bears the same structural backbone as 

that found within cinanthrenol A, an estrogen receptor inhibitor that has also 

demonstrated some potential application within the treatment of Alzheimer’s disease.116 

In addition, further investigations utilizing a butyl iodide tether 3.54 might yield a 

cyclohexylnaphthalene product 3.55. This framework is very similar to that of equilenin, 

an ovulation inhibitor117 and the first natural product to ever be totally synthesized within 

a chemical laboratory.118 These applications make the aforementioned ring-opening 

worthy of further investigations. 
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Scheme 3.16 Potential usage of the intramolecular ring-opening of alkyl halide 
tethered OBD substrates in natural product synthesis. 

 

3.4 Experimental 

3.4.1 General Information 

All experiments were conducted under an inert atmosphere of dry argon unless 

otherwise stated. Glassware was oven-dried overnight or flame-dried. Column 

chromatography was performed on 230-400 mesh silica gel (purchased from Silicycle) 

using flash column chromatography techniques. 1H and 13C NMR spectra were recorded 

on a Bruker Avance III 600 or 400 MHz NMR spectrometer and chemical shift () values 

for 1H and 13C NMR spectra are reported in parts per million (ppm). All NMR samples 

were dissolved in CDCl3 (1H:  7.24 ppm; 13C:  77.2 ppm). 
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3.4.2 Iodination of Hydroxypropyl Tethered OBD 3.40 (3.38b) 

 

 

Iodine (1.5 g, 5.9 mmol, 1.4 equiv) and PPh3 (1.7 g, 6.5 mmol, 1.5 equiv) were first 

added to a round-bottom flask and dissolved in DCM (30 mL). The reaction was left to stir 

open to air for 5 min and formed a deep orange colour. Imidazole (0.7 g, 10.3 mmol, 2.4 

equiv) was then added and the reaction was left to stir for an addition 10 min. Next, OBD 

(0.9 g, 4.3 mmol, 1 equiv) was diluted in DCM (6 mL) and added to the reaction flask and 

the reaction was left to stir for 30 min to afford a light-yellow solution with a white 

precipitate. The reaction was then quenched with sat. Na2S2O3 (20 mL) and the phases 

were separated. The aqueous layer was then extracted with DCM (3 x 10 mL) and the 

combined organic layers were dried over MgSO4. The crude mixture was concentrated 

under vacuum pressure and loaded onto silica column to afford the product 3.38b as a 

yellow oil (1.3 g, 99%). Rf (10:90 EtOAc:hexanes): 0.22; 1H NMR (CDCl3, 400 MHz)  

7.22 (d, 1H, J = 6.0 Hz), 7.17 (d, 1H, J = 6.2 Hz), 7.03 (dd, 1H, J = 1.6, 5.4 Hz), 6.98 (pd, 

2H, J = 1.2, 7.7 Hz), 6.77 (d, 1H, J = 5.5 Hz), 5.65 (d, 1H, J = 1.6 Hz), 3.34 (t, 2H, J = 6.7 

Hz), 2.50-2.36 (m, 2H), 2.21-2.05 (m, 2H); 13C NMR (CDCl3, 100 MHz)  150.6, 150.1, 

144.7, 144.3, 125.0, 124.9, 120.1, 119.2, 92.1, 81.8, 29.9, 28.7, 7.3. 
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3.4.3 General Procedure for the Ni-Catalyzed Ring-Opening of 3.38b 

The Ni-catalyst, NiCl2•H2O (10 mol%) was first added to the flame-dried screw cap 

vial along with Zn powder (35 mg, 0.54 mmol, 2.7 equiv), and a phosphine ligand (2-6 

mol%). The reagents were dissolved in dry THF (0.5 mL) and the mixture was left to stir 

for 30 min at room temperature. Next, OBD (60mg, 0.2 mmol, 1 equiv) was dissolved in 

in 2 X 0.15 mL of THF and added to the reaction vessel. The reaction was left to stir at 

80 oC for 8 h and loaded directly onto a silica column without any work-up to afford the 

ring-opened or isomerized product.  

 

Cyclopentylnaphthalene derivative 3.46: 

The synthesis of 3.46 followed the general reaction procedure shown above 

combining  NiCl2•6H2O (2.9 mg, 0.01 mmol) and (S)-phanephos (6.8 mg, 0.01 mmol) 

along with Zn powder (34.0 mg, 0.5 mmol) in THF (0.5 mL). The addition of 3.38b (61.4 

mg, 0.2 mmol) and subsequent purification by FCC upon the reaction completion afforded 

the ring-opened product 3.46 as a colourless oil (29.0 mg, 88%). Rf (10:90 

EtOAc:hexanes): 0.89; 1H NMR (CDCl3, 400 MHz)  7.88 (d, 1H, J = 8.2 Hz), 7.83 (d, 1H, 

J =8.2 Hz), 7.71 (d, 1H, J = 8.2 Hz), 7.52 (td, 1H, J = 1.1, 7.0 Hz), 7.45 (m, 2H), 3.30 (t, 
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2H, J = 7.4 Hz), 3.15 (t, 2H, J = 7.4 Hz), 2.29 (p, 2H, J = 7.6 Hz); ; 13C NMR (CDCl3, 100 

MHz)  141.0, 139.4, 132.5, 130.5, 128.4, 126.6, 125.8, 124.6, 124.3, 123.3, 33.8, 31.1, 

24.6. The spectral data is in agreement with what has been previously reported in the 

literature.119  

 

1-Propylnaphthalene 3.48 

The synthesis of 3.48 followed the general reaction procedure shown above 

combining  NiCl2•6H2O (3.2 mg, 0.01 mmol) and PPPE (4.9 mg, 0.01 mmol) along with 

Zn powder (36.4 mg, 0.5 mmol) in THF (0.5 mL). The addition of 3.38b (60.7 mg, 0.2 

mmol) and subsequent purification by FCC upon the reaction completion afforded the 

ring-opened product 3.48 as a colourless oil in an inseparable mixture with 3.46 (9.9 mg, 

29% of 3.48). Rf (10:90 EtOAc:hexanes): 0.89; 1H NMR (CDCl3, 600 MHz)  8.07 (d, 1H, 

J = 8.5 Hz), 7.87 (m, 1H), 7.73 (d, 1H, J = 8.2 Hz), 7.53-7.47 (m, 2H), 7.45-7.40 (m, 1H), 

7.34 (d, 1H J = 6.8 Hz), 3.07 (t, 2H, J = 7.6 Hz), 1.81 (p, 2H, J = 7.5 Hz), 1.06 (t, 3H, J = 

7.3 Hz); Distinguishable peaks of 13C NMR (CDCl3, 100 MHz)  128.9, 126.6, 126.0, 

125.7, 125.6, 125.5, 124.0, 112.4, 35.3, 24.1, 14.4. The spectral data is in agreement with 

what has been previously reported in the literature.120  
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Iodopropylnaphthol derivative 3.49 

 

The synthesis of 3.49 followed the general reaction procedure shown above 

combining  NiCl2•6H2O (3.2 mg, 0.01 mmol) and (CF3CH2O)3P (9.1 mg, 0.03 mmol) in 

THF (0.5 mL). The addition of 3.38b (61.5 mg, 0.2 mmol) and subsequent purification by 

FCC upon the reaction completion afforded the ring-opened product 3.49 as a yellow oil 

(51.1 mg, 83%). Rf (10:90 EtOAc:hexanes): 0.18; 1H NMR (CDCl3, 400 MHz)  8.23 (dd, 

1H, J = 1.3, 8.0 Hz), 7.98 (dd, 1H, J = 1.0, 8.8 Hz), 7.52 (m, 2H), 7.19 (d, 1H, J = 7.6 Hz), 

6.73 (d, 1H, 7.6 Hz), 5.12 (s, 1H), 3.23 (t, 2H, J = 6.7 Hz), 3.12 (t, 2H, J = 7.0 Hz), 2.22 

(p, 2H, J = 6.7 Hz); 13C NMR (CDCl3, 100 MHz)  150.3, 132.7, 129.0, 126.5, 126.2, 

125.0, 124.8, 123.7, 122.4, 108.1, 34.2, 33.0, 7.0. 
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4 Iridium-Catalyzed Ring-Opening Reactions of 
Unsymmetrical Oxabenzonorbornadienes with Water and 

Alcohol Nucleophiles. 
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4.1 Introduction 

4.1.1 Overview 

 

Transition-metal-catalyzed ring-opening reactions of OBD have been accomplished 

using various catalysts and nucleophiles alike for an enhanced enantioselectivity while 

forming multiple stereocenters in a single step.2–4  Historically, these investigations have 

had an emphasis on the enantioselectivity of the reaction, as the deployment of different 

transition metals with a given nucleophile offer multiple enantiomeric products (scheme 

4.1). For example, the Lautens group has shown that pairing a rhodium catalyst with aryl 

and aliphatic thiols afforded 2-sulfanyl-1,2 dihydro-naphthalen-1-ols 4.2 in excellent yields 

and enantioselectivity.41 In addition, Yang and co-workers have demonstrated an 

asymmetric ring-opening of OBD and derivatives thereof using secondary amines under 

iridium catalysis to generate trans-1,2-dihydronaphthalenol derivatives 4.3.121 The Tam 

group has reported its own ring-opening transformations of OBD, including a ruthenium 

catalyzed synthesis of 1,2 naphthalene oxides 4.4 with neutral alumina,122 and a 

ruthenium catalyzed isomerization which afforded the naphthol product 4.5.123 Although 

less studied, transition-metal-catalyzed ring-opening reactions of unsymmetrical OBD 

derivatives is a useful method for synthesizing highly substituted dihydronaphthalene 

frameworks regioselectively.2–4 This can be observed using C1-substituted OBD 

derivatives, allowing for two potential regioisomeric ring-opened products. As mentioned 

in Chapter 1, nucleophilic attack can occur at the C2 position, affording the ring-opened 

product 4.6, or at C3 to generate isomer 4.7 (scheme 4.2).  
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Scheme 4.1 Previous research on transition-metal catalyzed ring-opening 
reactions of OBD.41,121-123  

 

Scheme 4.2 Possible regioisomers formed in the ring-opening of unsymmetrical 
C1-substituted OBDs. 

 

4.1.2 Intermolecular ring-opening of unsymmetrical OBDs 

One of the first regioselective ring-opening investigations of unsymmetrical OBD 

frameworks was reported by Lautens and Fagnou wherein a Rh(I) catalyzed ring-opening 

reaction of C1 methyl-substituted OBD gave a high degree of regioselectivity for the C3 

position using methanol as a nucleophile (4.8) (scheme 4.3).124 More recently, Yang and 
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co-workers were able to obtain the same C3 regioselectivity of C1 substituted OBD, using 

an Ir(I) catalyst and fluoroalkylamine nucleophiles (4.9) (scheme 4.3).125 Similarly, past 

members of the Tam group observed a selective C3 arylation of C1 substituted alkyl OBD 

derivatives using a Pd(II) catalyst and aryl iodide substituents (4.10).126 In another 

investigation, C1-substituted alkyl OBDs underwent C3 arylation using boronic acids and 

a Rh(I) nucleophile affording the dihydronaphthalenol scaffold 4.11.36 

 

Scheme 4.3 Previous research involving ring-opening reactions of C1 substituted 
OBDs. 

 

 In past reports, there has been a distinct selectivity for C3 nucleophilic attack as 

opposed to the C2 counterpart. One of the few examples of generating the more elusive 

isomer was reported by Lautens in 2009 using a chiral Rh(I) catalyst with alcohols and 
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amines (scheme 4.4).47 Using a racemic mixture of C1-methyl substituted OBD 4.1a, they 

observed the formation of products 4.12 and 4.13. In general, the C3 substituted isomer 

4.12 was observed in greater yields, although the enantiomeric excess was significantly 

enhanced in the case of C2 ring-opened products 4.13.47  

 

 

 

 

Scheme 4.4 Regiodivergent resolution of C1-methyl substituted OBD by 
Lautens.47 

 

Lautens et al. rationalized these findings on the basis of matched/mismatched 

effect during the oxidative insertion of the Rh-ligand complex within the C-O bridgehead 

bond (scheme 4.5).47 Given that the final product bears two stereocenters; one from the 

substrate itself and the other being formed in the ring-opening of OBD, the loss 

enantiopurity within 4.12 provided evidence that both enantiomers of the substrate 

afforded the same product albeit to varying degrees of success. For example, if the chiral 

rhodium catalyst inserted itself within the C-O bond of 4.1-R in agreement with the 

substrate control (i.e. the most stable carbocation is formed) a matched complex 4.14 is 

generated (scheme 4.5). This would lead to the formation of product 4.12 through 

pathway i, while product 4.13 is not observed as pathway ii is deemed inoperative. 

Conversely, when the chiral catalyst inserted itself within the opposing enantiomer 4.1-S 
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a mismatched relationship is believed to occur. This would allow for the inherent 

selectivity of the substrate to override the catalyst control to a minor extent and the 

complex 4.16 is formed. Thus, the product 4.12 is generated through two active pathways 

from two enantiomers of the starting material and ultimately decreased the ee of the final 

product. In addition, the overriding catalyst control afforded the product 4.13 through 

complex 4.17 (pathway iv) in lower yields but excellent enantioselectivity.47 

Scheme 4.5 Matched/mismatched effect of oxidative insertion proposed by 
Lautens and Webster.47 
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 In addition to the work of Lautens and co-workers, very recently one member of 

the Tam group, Jarvis Hill, reported a highly regioselective ring-opening of C1 substituted 

OBD frameworks with selective attack at the C2 position using a palladium/Lewis acid co-

catalyzed system and oxime nucleophiles (scheme 4.6).127 This work was based off of 

the enantio-study reported in early 2019 by Fan and co-workers under similar optimized 

reaction condions.128 In his report, Hill demonstrated that the electronic nature of the C1 

substituent dictated which ring-opened product was ultimately obtained (scheme 4.6). 

Electron-donating substituents such as alkyl groups generated the naphthol derivatives 

4.18 as the only observable product, while electron withdrawing groups selectively 

afforded a cis C2-substituted ring-opened product 4.19 in moderate to excellent yields.127 

To explain these findings, it was proposed that the electron-donating nature of the alkyl 

substituents, in addition to the coordination of the Lewis acid to the bridgehead oxygen 

initiated the isomerization to the naphthol derivative 4.18. Further trials were performed 

without the incorporation of Zn(OTf)2, however only starting material was recovered upon 

prolonged exposure. Conversely, the electron-withdrawing substituents are believed to 

enhance the electrophilicity at the C2 position, allowing for the oxime nucleophiles to 

attach to the more electron-deficient carbon upon coordination with the active palladium 

(II) species. Unlike the work of Lautens and co-workers,47 the use of an achiral catalyst 

allowed for the substrate control to be the only factor influencing the regiochemical 

outcome of the reaction. This ultimately afforded one regioisomeric product from a 

racemic starting material.  



 

 

119 

 

 

Scheme 4.6 Regioselective ring-opening of C1-substituted OBD derivatives by 
Jarvis Hill.127  

 

To rationalize the stereochemical outcome of 4.18, a mechanism was proposed124 

whereby the active palladium(II) species is thought to coordinate to the exo-face of the 

substituted OBD and form the complex 4.20 (scheme 4.7). At this point, nucleophilic 

displacement of an acetate ligand by the oxime nucleophile, and coordination of Zn2+ with 

the bridgehead oxygen and Pd complex would afford the intermediate 4.21. Next, a cis-

[1,2]-insertion on the exo-face of the alkene is said to occur, wherein the oxime would 

attach to the more electrophilic C2 position and palladium at C3 to generate 4.22. A 

subsequent β-oxygen elimination aided by the Lewis acid coordination followed by a 

protonation of the ring-opened product is thought to be the final step in the process. 

Through this pathway, the final product 4.19 is obtained, and the active palladium species 

is regenerated for a subsequent catalytic cycle.  
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Scheme 4.7 Mechanistic rationalization of the cis C2-substituted ring-opened 
product 4.18 

 

4.1.3 Ring-opening of oxabicyclic alkenes with water.  

 While a wide range of nucleophiles have been employed in the transition-metal 

catalyzed ring-opening of oxabicylic alkenes, water, the simplest of nucleophiles, has 

been less studied. The incorporation of water into organic reactions is advantageous for 

multiple reasons, namely its low cost, safety, and lack of environmental concerns 
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regarding its use as a reagent, or solvent.43 One of the early reports of reactions involving 

heterobicyclic alkenes and water came from Lautens and Tsui in 2012, which 

demonstrated a highly enantioselective domino ring-opening/isomerization of OBD using 

water, and a Rh(I) catalyst in conjunction with a chiral ferrocenyl ligand yielding 4.23 

(scheme 4.8, eq 1).129 This work has inspired Yang and co-workers who have utilized 

water both as a promoter, and a nucleophile.43,125,130 Initially, the group was able to 

synthesize various naphthol derivatives 4.24 in moderate to excellent yields when the 

substrates were exposed to a biphasic water-haloalkane solvent system (scheme 4.8, eq 

2).130 Additionally, they demonstrated a regio-controlled, water-promoted, three 

component domino reaction of heterobicyclic alkenes which afforded highly functionalized 

triazolines 4.25 in yields up to 99% (scheme 4.8, eq 3).130  

 

Scheme 4.8 Previous water-promoted ring-opening transformations of OBD by 
Lautens126 and Yang.127 



 

 

122 

 

Building upon these works, in early 2019 Yang reported an iridium-catalyzed ring-

opening of OBD using water as a nucleophile which afforded a 1,2-trans product 4.26 

(scheme 4.9).43 Interestingly, further trials bearing a methyl group at the C1 position 

afforded an isomerized naphthol derivative 4.27a as the only observable product. Given 

that the same isomerization was observed by Hill while performing ring-opening reactions 

with oxime nucleophiles (scheme 4.6), it was postulated that reversing the electronic 

nature of the C1 substituent might allow for a successful ring-opening transformation 

using water under iridium catalysis (scheme 4.9).  

   

Scheme 4.9 Iridium-catalyzed ring-opening of OBD reported by Yang,43 and 
envisioned ring-opening pathway using electron withdrawing C1-substituents. 

4.2 Results and Discussion 

4.2.1. Scope of Unsymmetrical OBD Derivatives and Alcohol Nucleophiles. 

Using the previously reported ring-opening conditions of Yang and co-workers,43 

various C1 substituted alkyl and aryl OBDs were first examined (table 4.1 entries 1-3). 
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Fortunately, these compounds had been previously synthesized by former graduate 

students within the Tam group,10 and so investigations could be carried out without any 

prior substrate synthesis. Not surprisingly, trials afforded the naphthol derivatives 4.27 as 

the sole product in great to excellent yields. (table 4.1, entries 1-3). This was in agreement 

with the observations of both Yang43 and Hill127 in their previous studies. Next, electron-

withdrawing groups such as ketone, and ester substituents 4.1e and 4.1f were screened 

using water as the nucleophile (table 4.1, entries 4-5). To do so, both compounds were 

first synthesized following previously reported Diels-Alder protocols10 with the 

commercially available furan derivatives (scheme 4.10). Regarding the synthesis of the 

ester derivative 4.1f, changing the solvent from THF to DME demonstrated a marked 

improvement in yields as was previously observed in section 2.4.2.  

 

Scheme 4.10 Preparation of ester and carbonyl tethered OBD derivatives. 
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Table 4.1 Ring opening reactions of oxabenzonorbornadienes. 

Entry OBD R 4.27 (%)a 4.28 (%)a 4.29 (%)a 

1 4.1b Et 90 0 0 

2 4.1c CH2(CH2)8CH3 94 0 0 

3 4.1d m-Cl-C6H4 85c 0 0 

4 4.1e C(O)Me 0 81 b 0 

5 4.1f C(O)OMe 0 75 c 0 

a Isolated yields after column chromatography. b Performed by Jarvis Hill c Performed by 
Austin Pounder. 

 

Upon formation of 4.1e and 4.1f, both OBD derivatives underwent successful ring-

opening with nucleophilic attack at the C2 position, affording 4.28e and 4.28f in good 

yields without any formation of the regioisomer 4.29 (table 4.1 entries 4-5). Interestingly, 

while the regiochemical outcome was the same as with the oximes,127 (scheme 4.6), the 

opposing trans configuration of the water nucleophile relative to the ring-opened alcohol 

was observed (figure 4.1). Further NMR analysis, and subsequent X-ray crystallography 
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of the ring-opened ketone product 4.28e confirmed relative stereochemistry of the newly-

formed1,2 diol to be indeed the trans configuration.131  

 

Figure 4.1 Stereochemical outcome of Pd-catalyzed ring-opening of OBD by Hill 
(4.18a)127 and through an Ir-catalyzed pathway in this work (4.28e). 

 

Having successfully determined the stereochemical and regiochemical outcomes, 

the scope of the reaction was expanded to include a variety of alcohol nucleophiles using 

the ketone OBD 4.1e as the model substrate (table 4.2). In all cases where a successful 

ring-opened product was observed, complete regioselectivity was demonstrated towards 

the C2 ring-opened product 4.34. Simple primary alcohols were found to efficiently 

undergo ring-opening and generated the products 4.34a-d in good yields. Interestingly, 

when diol nucleophiles were employed only a single addition occurred, with no secondary 

nucleophilic attack observed at the terminal alcohol after the initial ring-opening (4.34e-

f). Given that the diols were added in excess as the solvent and reactions went to 

completion within 30 min, it is likely that upon formation of 4.34 there was little starting 

material remaining and thus no subsequent ring-opening transformations could occur. 

Secondary alcohols were also screened with both cyclic (cyclopentyl) and acyclic (iPr) 

alcohols which afforded ring-opened products in good to excellent yields (4.33g-h, 74-

94%). Further attempts using cinnamyl alcohol 4.22i as the nucleophile gave the lowest 
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observable yield of 68% (4.33i), while alkyl alcohols bearing an aromatic substituent 

demonstrated great to excellent yields of the respective products (4.33j-l, 84%-95%).  

Table 4.2 Ring-opening reaction of 4.1e with various alcohol nucleophiles.  

 

a Isolated yields after column chromatography. b Performed by Jarvis Hill 
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4.2.2. Mechanistic Insight. 

In light of these results, a mechanism is proposed based upon the relative 

stereochemistry of the observed products (scheme 4.11).131 While optimizing their own 

ring-opening transformation, Yang and co-workers found43 that the tetrabutylammonium 

iodide (TBAI) was a necessary additive in order for the reaction to proceed. This is likely 

a result of a ligand exchange between TBAI and [Ir(COD)Cl]2 which would generate a 

more reactive [Ir(COD)I]2 species (4.35) that then coordinates to the exo-face of the OBD 

and affords complex 4.36.43 Next, a C-O insertion on the less-substituted C4 bridgehead 

position affords an enyl iridium alkoxide complex 4.37. This step is the key intermediate 

leading to the opposing regiochemical outcome compared to that observed by Lautens 

and Fagnou.47 In their case, the Rh catalyst demonstrated a preferential C-O insertion on 

the more substituted C1 position of unsymmetrical OBDs based upon the increased 

stability of ionization for the tertiary C-O bond (scheme 4.5). Conversely, in our present 

study the electron-withdrawing C1 substituent destabilized oxidative insertion within the 

C-O bond at the C1 position through an inductive effect. Similarly to Lautens and 

Fagnou,47 a protonation of 4.37 from the alcohol prenucleophile affords a cationic Ir(III) 

complex 4.39, and the alkoxide 4.38. The newly-generated alkoxide then attacks the 

electrophilic C2 position to yield the observed product 4.34 while the iridium monomer 

4.35 is regenerated to participate in another cycle. Unlike the previous investigation by 

Hill with oximes (scheme 4.7),127 there is no coordination between the nucleophile and 

catalyst. This causes the exo face to incur a greater steric hindrance compared to the 

endo face, thus resulting in an endo attack and the trans product observed.  
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Scheme 4.11 Proposed mechanism for the formation of C2 regioisomeric 
products. 
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4.2.3. Reaction Limitations. 

As is the case with most reactions, the Ir-catalyzed ring-opening of substituted 

OBD frameworks has its limitations (scheme 4.12). When using water as a nucleophile, 

investigations involving bulky C1 alkyl and aryl substituents such as tBu, cyclopentyl, and 

p-tol groups resulted in the recovery of quantitative amounts of starting material upon 

being left to react overnight (4.1f-h scheme 4.12). It is believed that the larger C1 

substituents are believed to cause significant steric interference causing poor 

coordination of the respective substrates to the Ir-catalyst, resulting in limited reactivity. 

In addition, bulky nucleophiles such as nopol (4.40) and dibenzylidene sorbitol (DBS, 

4.41) were unreactive when left for upwards of 8 h. Moving forward, trials were carried 

out using ethanolamine 4.42 and glycerol 4.43 to obtain a greater insight regarding the 

selectivity of the nucleophile within the reaction. Ethanolamine was investigated to 

determine whether the amine or alcohol nucleophile would preferentially act as the 

nucleophile within the given transformation. Conversely, glycerol was a second attempt 

at comparing the nucleophilicity of primary and secondary alcohols having been 

previously unsuccessful with DBS. In both cases, no ring-opened product could be 

isolated the alcohols and the OBD derivative although ethanolamine did display some 

potential reactivity when monitoring the reaction progress by thin layer chromatography 

(TLC). These results can be attributed to solubility issues between the catalyst and the 

alcohols used, even upon the addition of the dioxane additive. Furthermore, attempts 

involving allyl alcohol 4.44 displayed none of the desired product when left for upwards 

of 8 h. This was an unexpected result given the successful, albeit comparatively lower-
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yielding, ring-opening displayed by the allylic alcohol 4.34i (table 4.2). Ultimately further 

investigations are required before any rationalization can be made regarding this matter. 

 

Scheme 4.12 Reaction limitations. 

a Reaction performed in 2 mL of dioxane. 

 

Amid expansion of the nucleophile scope, it was brought to our attention that Yang 

and co-workers had reported another ring-opening investigation under the exact same 

conditions with trifluoroalkylamines.125 In their report, water was used as a promoter to 
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synthesize various trans-1,2 amino alcohol derivatives in good to excellent yields and 

high enantioselectvitiy. More interestingly, they also reported that a C1 methyl substituted 

OBD 4.1a underwent successful ring-opening using the previously stated conditions to 

yield the C3-substituted products 4.9 in excellent yields (scheme 4.13, eq 1). This led us 

to attempt our own ring-opening investigation starting with trifluoro ethanol and methyl 

OBD. Unfortunately, after 1 hour the isomerized methyl substituted naphthol derivative 

4.27a was observed in quantitative yields (scheme 4.10, eq 2). This difference in reactivity 

might be a result of the enhanced nucleophilicity of amines compared to alcohol-bearing 

compounds. In addition, it is likely that the electron withdrawing trifluoro group significantly 

decreased the reactivity of the alcohol nucleophile. Another attempt was made at 

performing the reaction neat without the addition of dioxane or water, however this 

resulted in no observable reaction (scheme 4.13, eq 3). As was the case with all other 

ring-opening transformations, it was thought that the more electron withdrawing ketone 

OBD 4.1d might afford the desirable product. Surprisingly, when such attempts were 

made by Jarvis Hill the product that resulted was in fact a ketone-substituted naphthol 

derivative 4.26d in quantitative yields (scheme 4.10, eq 2). This, along with the successful 

ring-opening of 4.1d using ethanol and other small alkyl alcohols (table 4.1), enhances 

the argument that the electron-withdrawing nature of the trifluoro functional group could 

be influencing the lack of ring-opening transformations. Ultimately further trials should be 

undertaken using other trifluoro alcohols, or perhaps a less electronegative trichloro 

ethanol before any conclusions can be made. 
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Scheme 4.13 Water-promoted ring-opening of C1 substituted methyl OBD using 
trifluoroalkyl amines by Yang, and attempts using trifluoroethanol in the present 
study. 

 

4.3. Conclusion 

 

To the best of my knowledge, the present work represents the first complete 

regiochemical investigation of iridium-catalyzed ring-opening reactions with C1-

substituted OBD derivatives using alcohols and water as nucleophiles. The formation of 

the C2-regioisomers 4.28 using water, and 4.34 with other alcohols allows for the 

selective synthesis of previously inaccessible substrates. In addition, the regiochemical 

outcome opposes those previously observed by Lautens and Fagnou,124 under Rh-

catalysis, and builds upon the initial observations of and Yang and co-workers.125 The 
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relative trans stereochemistry of the final compound as determined by NMR analysis and 

confirmed by X-ray crystallography131 is the reverse of the cis compounds reported by Hill 

under Pd catalysis.127 Further, the electronic nature of the C1 position was found to 

directly affect the product formation as electron-donating groups afford entirely the 

substituted naphthol derivatives 4.27, while electron-withdrawing groups generate ring-

opened products in fair to excellent yields. Building upon this work and drawing inspiration 

from the work of Lautens,47 the incorporation of a chiral ligand such as BINAP might allow 

for a potential regiodivergent resolution of unsymmetrical OBD compounds whereby one 

enantiomer would undergo a C2 nucleophilic attack, while C3 nucleophilic attack would 

be observed in the other due to the previously mentioned matched/mismatched 

relationship between the substrate and catalyst.  

 

4.4. Experimental 

4.4.1. General Information. 

C1-substituted OBD derivatives were synthesized from commercially available 

furan derivatives purchased from Sigma-Aldrich following Diels-Alder conditions reported 

in the literature.10 All reactions were carried out in an atmosphere of dry argon. 1H and 

13C spectra were recorded on either a 400 or 600 ,MHz spectrometer and samples were 

dissolved in CDCl3. IR spectra were obtained from thin films on NaCl disks using a 

Bomem MB-100 FTIR or Nicolet-380 FTIR spectrophotometer. Analytical thin-layer 

chromatography was performed on Merck precoated silica gel 60 F254 plates.  
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4.4.2. General Procedure for the Ring-Opening/Isomerization of Unsymmetrical 
OBD with Water (4.26 and 4.27). 

 

To a 10 mL round-bottomed flask open to air was added TBAI (74 mg, 1 equiv), 

oxabenzonorbornadienes (4.1a-e) (0.2 mmol), and [Ir(COD)Cl]2 (1.4-3.4 mg, 1-2.5 mol%) 

dissolved in a 3 mL 2:1 dioxane:water mixture. This reaction was left to stir at 80 °C for 

0.5-3 h, after which the reaction mixture was cooled to ambient temperature and diluted 

in EtOAc (10 mL) and subsequently washed with EtOAc (3×, 5 mL). The combined 

organic layers were concentrated under vacuum pressure and the crude reaction mixture 

was purified by flash chromatography (EtOAc:hexanes 2.5:7.5) to obtain the isomerized 

product (4.26) or the ring-opened product (4.33). 

4-Ethyl-1-naphthalenol 4.26b 

 

The synthesis of 4.26b followed the general ring-opening procedure and used ethyl 

OBD (31 µL, 0.2 mmol) along with TBAI (74.4 mg, 0.2 mmol) and Ir(CODCl)2 (1.8 mg, 

0.003 mmol). Purification by FCC afforded 4.26b as an orange oil (31.0 mg, 0.179 mmol, 

90%); Rf (EtOAc:hexanes 2.5:7.5): 0.6; 1H NMR (400 MHz, CDCl3)  8.23 (m, 1H), 8.02 

(dd, 1H, J= 1.2, 7.6 Hz), 7.56-7.48 (m, 2H), 7.16 (d, 1H, J= 7.6 Hz), 6.75 (d, 1H, J= 7.6 
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Hz),  5.13 (s, 1H), 3.04 (q, 2H, J= 7.2 Hz), 1.36 (t, 3H, J= 7.5 Hz); 13C NMR (100 MHz, 

CDCl3)  149.8, 132.9, 132.7, 126.2, 124.8, 124.7, 124.5, 123.8, 122.2, 108.2, 25.4, 15.2. 

Spectral data are in accord with that previously reported in the literature.127  

4-Dodecyl-1-naphthalenol 4.26c  

 

The synthesis of 4.26c followed the general ring-opening procedure and used 

dodecyl OBD (62.6 mg, 0.2 mmol) along with TBAI (73.7 mg, 0.2 mmol) and Ir(CODCl)2 

(2.1 mg, 0.003 mmol). Purification by FCC afforded 4.26c as a yellow oil (58.8 mg, 0.188 

mmol, 94%); Rf (EtOAc:hexanes 2.5:7.5): 0.8; 1H NMR (400 MHz , CDCl3)  8.20 (dd, 1H, 

J= 1.2, 10.0 Hz), 8.00 (dd, J= 1H, 1.2, 7.6 Hz), 7.55-7.46 (m, 2H), 7.13 (d, 1H, J= 7.2 Hz), 

6.74 (d, 1H, J= 7.6 Hz), 5.01 (s, 1H), 2.97 (t, 2H, J= 7.6 Hz), 1.70 (p, 2H, J= 7.4 Hz), 1.45-

1.38 (m, 4H), 1.35-1.26, (m, 14H), 0.88 (t, 3H, J= 6.8 Hz); 13C NMR (100 MHz, CDCl3)  

132.98, 149.85, 131.76, 126.27, 125.57, 124.89, 124.82, 124.13, 122.28, 108.27, 32.81, 

32.06, 31.11, 29.93, 29.82 (2C), 29.80, 29.78, 29.71, 29.49, 22.83 14.26; IR (CH2Cl2, 

NaCl) 3398 (w), 2924 (s), 2853 (m), 1588 (w), 1465 (w), 1379 (s), 763 (w); HRMS (HREI) 

calcd for C22H32O [M+]+ m/z 312.2453, found 312.2439. 
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4.4.3. General Procedure for the Ring-Opening of Unsymmetrical OBD with 
Alcohols (4.33). 

 

To a 10 mL round-bottomed flask open to air was added TBAI (74 mg, 1 equiv), 

oxabenzonorbornadiene 4.1e (0.2 mmol), and [Ir(COD)Cl]2 (1.4-3.4 mg, 1-2.5 mol%) 

dissolved in the alcohol nucleophile (2 mL). The reaction was left to stir open to air for 

0.5-4 h at 80 °C, after which the crude reaction mixture was loaded directly onto a column 

and purified by flash chromatography (EtOAc:hexanes 2.5:7.5) to obtain ring the opened 

product (9f-q). 

 

1-Methylcarbonyl-2-decyloxy-1,2-dihydronaphthalen1-ol 4.33c 

 

The synthesis of 4.33c followed the general ring-opening procedure and used 

dodecyl OBD 4.1e (31 µL, 0.2 mmol) along with TBAI (74.9 mg, 0.2 mmol) and Ir(CODCl)2 

(1.8 mg, 0.003 mmol) in decanol (2 mL). Purification by FCC afforded 4.33c as a yellow 

oil (51.7 mg, 0.150 mmol, 75%); Rf (EtOAc:hexanes 2.5:7.5): 0.9; 1H NMR (400 MHz, 

CDCl3)  7.29 (dd, 1H, J= 1.6, 7.6 Hz), 7.26-7.17 (m, 2H), 7.10 (dd, 1H, J= 1.6, 7.6 Hz), 

6.45 (dd, 1H, J= 2.8, 10.4 Hz), 6.03 (dd, 1H, J= 2.3, 10.0 Hz), 5.18 (s, 1H), 4.69 (t, 1H J= 
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2.4 Hz) 3.63 (t, 2H, J= 6.4 Hz), 2.18 (s, 3H), 1.54-1.49 (m, 2H), 1.30-1.27 (m, 14H), 0.88 

(t, 3H, J= 7.0 Hz); 13C NMR (100 MHz, CDCl3)  206.00, 135.31, 132.78, 129.59, 129.04, 

128.57, 127.58, 127.37, 126.12, 83.96, 83.66, 72.21, 32.06, 30.12, 29.74, 29.73, 29.55, 

29.48, 26.20, 24.90, 22.84, 14.27; IR (CH2Cl2, NaCl) 3439 (m), 2925 (s), 2854 (s), 1713 

(s), 1452 (w), 1357 (m), 1182 (m), 1104 (s), 981 (w), 788 (m), 764 (m), 622 (w); HRMS 

(HREI) calcd for C22H32O3Na [M+Na]+ m/z 367.2244, found 367.2244.  

1-Methylcarbonyl-2-(4-hydroxybutoxy)-1,2-dihydronaphthalen1-ol 4.33e  

 

The synthesis of 4.33e followed the general ring-opening procedure and used 

dodecyl OBD 4.1e (31 µL, 0.2 mmol) along with TBAI (74.6 mg, 0.2 mmol) and Ir(CODCl)2 

(2.0 mg, 0.003 mmol) in 1,4-butanediol (2 mL). Purification by FCC afforded 4.33e as a 

yellow oil (36.6 mg, 0.141 mmol, 70%); Rf (EtOAc): 0.7; 1H NMR (400 MHz, CDCl3)  

7.29-7.16 (m, 3H), 7.09 (dd, 1H, J= 1.5, 7.3 Hz), 6.45 (dd, 1H, J= 2.8, 10.0 Hz), 6.02 (dd, 

1H, J= 2.3, 10.0 Hz), 5.20 (s, 1H), 4.72 (t, 1H, J= 2.7 Hz), 3.67 (m, 4H), 2.18 (s, 3H), 1.71 

(s, 1H), 1.62 (m, 4H); 13C NMR (100 MHz, CDCl3)  206.0, 135.2, 132.7, 129.1 (2C), 

128.6, 127.8, 127.4, 126.0, 83.9, 83.8, 71.9, 62.8, 29.8, 26.6, 24.9; IR (CH2Cl2, NaCl) 

3434 (s), 2941 (m), 2869 (m), 1710 (s), 1450 (w), 1357 (m), 1182 (m), 1164 (s), 1102 (m), 
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789 (m), 766 (m) cm-1; HRMS (HREI) calcd for C16H20O4Na [M+Na]+ m/z 299.1254, found 

299.1249. 
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APPENDIX A – REPRESENTATIVE SPECTRA AND SUPPORTING 
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Chapter 2 

 

400 MHz 1H NMR Spectrum of 2.29c in CDCl3 

 

 

100 MHz 13C NMR Spectrum of 2.29c in CDCl3 
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400 MHz 1H NMR Spectrum of 2.32d in CDCl3 

 

 

100 MHz 13C NMR Spectrum of 2.32d in CDCl3 
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400 MHz 1H NMR Spectrum of 2.8a in CDCl3 

 

 

100 MHz 13C NMR Spectrum of 2.8a in CDCl3 
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400 MHz 1H NMR Spectrum of 2.11a in CDCl3 

 

 

 

 

 

 

 

 

 

 

 

100 MHz 13C NMR Spectrum of 2.11a in CDCl3 
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400 MHz 1H NMR Spectrum of 2.12d in CDCl3 

 

100 MHz 13C NMR Spectrum of 2.12d in CDCl3 
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Chapter 3 

 

 

 

 

 

 

 

 

 

 

400 MHz 1H NMR Spectrum of 3.38b in CDCl3 

 

 

100 MHz 13C NMR Spectrum of 3.38b in CDCl3 



 

 

153 

 

 

 

 

 

 

 

 

 

 

 

 

400 MHz 1H NMR Spectrum of 3.46 in CDCl3

 

100 MHz 13C NMR Spectrum of 3.46 in CDCl3 
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400 MHz 1H NMR Spectrum of 3.49 in CDCl3 

 

100 MHz 13C NMR Spectrum of 3.49 in CDCl3 
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Chapter 4 

 

 

 

 

 

400 MHz 1H NMR Spectrum of 4.26c in CDCl3 

 

100 MHz 13C NMR Spectrum of 4.26c in CDCl3 
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400 MHz 1H NMR Spectrum of 4.33e in CDCl3 

 

100 MHz 13C NMR Spectrum of 4.33e in CDCl3 


