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ABSTRACT 

 

SYNTHESIS AND RING-OPENING REACTIONS OF  
OXABENZONORBORNADIENE DERIVATIVES 

 
 

Rebecca Ashley Boutin                                                                                                  Advisor:                  

University of Guelph, 2017                                                                                             Prof. William Tam 

 

 Nucleophilic ring opening of oxabenzonorbornadiene (OBD) has been used in natural 

product synthesis as it enables precise creation of multiple stereocenters in a single step.  The 

work presented in this thesis investigates how modifications to the OBD framework influences 

the regio- and stereochemistry of the products.  

 

The scope of the nickel catalyzed arylation of OBD was broadened by including C1-

substituted substrates.  Different 1,2-dihydronaphthol or naphthalene regioisomers could be 

obtained by varying the substituents’ electronic properties.  The latter chapters focus on the ring 

opening chemistry of OBD derivatives.  Intramolecular ring opening of OBD was explored through 

the synthesis of OBDs with C1-tethered nucleophiles.  Subsequent ring opening of these 

compounds yielded tricyclic and tetracyclic products.  Finally, the scope of the palladium 

catalyzed Type 2 ring opening and the acid catalyzed Type 3 ring opening of the OBD derivative, 

cyclopropanated oxabenzonorbornadiene (CPOBD), was expanded to include substituted CPOBD 

substrates.  
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Chapter 1: Introduction 
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1.1 – Bicyclic Compounds and Oxabenzonorbornadiene 

Oxabenzonorbornadiene (OBD, 1-1), the primary compound of interest in this thesis, is 

part of a diverse class of compounds called bicyclic alkenes (Figure 1-1).  One of the simpler 

bicyclic alkenes is norbornene (1-2); a fused [2.2.1] bicyclic structure with a double bond between 

carbons 2 and 3.  Several modifications can be made to this framework including the addition of 

another alkene between carbons 5 and 6 to form norbornadiene (1-3).  The carbon in position 7 

can be replaced with a heteroatom such as nitrogen or oxygen to form the heterobicyclic alkenes 

azanorbornadiene (1-4) and oxanorbornadiene (1-5) respectively.  This unique geometry of this 

class of compounds allows for reactivity not seen with other alkenes.1  A large contributing factor 

to this higher reactivity is the increased ring strain energy in these bicyclic compounds.  

Norbornene (1-2) has a ring strain energy of 18.8 kcal/mol; this is much higher compared to the 

monocyclic compound cyclohexene which has a ring strain energy of 0.3 kcal/mol.2   When the 

second double bond is added (1-3) this energy jumps up to 27.6 kcal/mol and the addition of a 

heteroatom in position 7 causes a slight further increase in the ring strain energy to 33.6 kcal/mol 

for azanorbornadiene (1-4) and 36.1 kcal/mol for oxanorbornadiene (1-5); as the 

electronegativity of the bridging atom increases, the ring strain energy also increases.3  This 

correlates with the reactivity of these compounds as oxanorbornadiene (1-5) is more reactive, 

followed by azanorbornadiene (1-4), and lastly norbornadiene (1-3).  To explain this 

phenomenon, as the electronegativity of the atom in position 7 increases it leads to shorter 

carbon-heteroatom bonds.  The relative π character of the alkene is increased, decreasing the 

olefin bond length.  This correlates to an overall decrease in the ring size, which distorts the bond 

angles away from their ideal geometry, and thus increases the ring strain energy of the 
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compound.  Relief of this high ring strain energy contributes to the driving force of ring opening 

reactions on the bicyclo[2.2.1] framework.3   

 

Figure 1-1: Examples of bicyclo[2.2.1]heptene compounds with their ring strain energy.3 

 

 OBD (1-1) contains many interesting structural features (Figure 1-2).  With one of the 

alkenes incorporated into a benzene ring, OBD possesses a heterotricyclo[6.2.1.05,10] framework.  

The presence of the bridging oxygen heteroatom allows for coordination to Lewis acids4 or metal 

catalysts.5  OBD also possesses a free alkene which is highly reactive.6  

 

 

 

Figure 1-2: Structural features of oxabenzonorbornadiene.   
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 A diverse array of bicyclic compounds can be synthesized by the Diels-Alder reaction 

(Scheme 1-1).  The reaction of cyclopentadiene with a nitroso dienophile, (E)-α-nitrochalcone, 

maleic anhydride, and sulfonyl cyanide yielded 3-aza-oxabicyclo[2.2.1]hept-5-ene 1-6,7 5,5,6-

trisubstituted norbornadiene 1-7,8 endo-5-norbornene-2,3-dicarboxylic acid anhydride (1-8),9 

and 2-azabicyclo[2.2.1]hepta-2,5-diene 1-910 respectively.  Replacing cyclopentadiene with  furan 

produced 7-oxabicyclo[2.2.1]hept-5-ene-2-one (1-10)11 and 7-oxabicyclo[2,2,1]hepta-2,5-diene-

2,3-dicarboxylate (1-11)12 when reacted with 1-cyanovinylacetate and dimethylacetylene 

dicarboxylate respectively.   

 

 

 

 

 

 

 

 

 

 

Scheme 1-1: Examples of bicyclic compounds synthesized by a Diels-Alder reaction.  
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To obtain bicyclic derivatives with a benzene ring, the dienophile benzyne is used (Scheme 

1-2).  Benzonorbornadiene (1-12) is synthesized by a Diels-Alder reaction between 

cyclopentadiene (the diene) and benzyne (the dienophile).13   The related heteroatom derivatives 

are formed by substituting the diene, cyclopentadiene, with furan, pyrrole or thiophene to yield 

the corresponding oxabenzonorbornadiene (1-11),14 azabenzonorbornadiene (1-13),15 and 

sulfanylbenzonorboradiene (1-14)16 respectively. 

  

 

 

 

 

 

 

 

 

Scheme 1-2: Synthesis of benzonorbornadiene and related heterobicyclic derivatives. 

 

 The Diels-Alder reaction to synthesize OBD requires benzyne to be generated in situ.  

Several protocols have been developed for this reaction which use ortho-disubstituted benzene 

precursors (Scheme 1-3).  These methods include deprotonation, metal-halide exchange, fluoride 

desilylation, and thermolysis.  A strong base, such as n-BuLi, can remove a proton ortho to a 

halogen on benzene (1-15) which triggers the elimination of that halogen forming benzyne.  
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Halogen-lithium exchange can occur with o-dibromobenzene followed by the elimination of LiBr 

(1-16) to yield benzyne by metal-halide exchange.17  o-Trimethylsilylphenyl triflate can undergo 

a fluoride induced 1,2-elimination (1-17) to generate benzyne by fluoride desilylation.18  Finally, 

the diazotisation of anthranilic and subsequent loss of nitrogen and carbon dioxide from the 

diazonium salt (1-18) yields benzene by thermolysis.19  The thermolytic approach to benzyne 

generation using anthranilic acid and isoamyl nitrite is used to synthesize OBDs in Chapters 3 and 

4.  The mechanism for the generation of benzyne using this method is shown in Scheme 1-4.19,20   

 

 

Scheme 1-3: Methods for generating benzyne. 
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Scheme 1-4:  Mechanism for thermolytic benzyne generation using anthranilic acid and isoamyl 

nitrite. 

 

 

1.2 – Regio- and Stereochemical Considerations 

 OBD is a versatile starting material capable of participating in numerous types of reactions 

which include cycloaddition (1-19),21 cyclopropanation (1-20),21 dimerization (1-21),22 

isomerization (1-22),23 cyclization (1-23),24 free radical addition (1-24),25 and ring opening (1-

25),26 providing access to a very diverse collection of product frameworks (Scheme 1-5).   
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Scheme 1-5:  Different types of reactions with oxabenzonorbornadiene. 

 

Depending on the reaction conditions, nucleophilic ring opening of OBD can create 

products with a high degree of regio- and stereochemistry.  The way the nucleophile approaches 

OBD and the location at which it attacks determines which isomer is formed.  OBD has two 

distinct faces; the exo face, composed of a five membered ring which includes the oxygen, and 

the endo face, composed of a six membered ring which is sterically more hindered (Figure 1-3).  

If a nucleophile attacks OBD on the exo face, the nucleophile and the hydroxyl group will be cis 

relative to each other in the product (1-26).  Conversely, if the nucleophile attacks OBD on the 
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endo face, the nucleophile and the hydroxyl group will be trans relative to each other in the 

product (1-27) (Scheme 1-6).   

 

Figure 1-3: OBD with the exo and endo faces highlighted in red. 

 

 

Scheme 1-6:  Potential stereochemical outcomes for the nucleophilic ring opening of OBD. 

 

The use of a catalyst can help direct the nucleophile to attack either the exo or endo face 

of OBD (Figure 1-4).  For an exo attack, the nucleophile would first complex with the catalyst.  

This complex would then coordinate to the oxygen and alkene of OBD, resulting in an internal 

delivery of the nucleophile to the exo face (1-28).27  For an endo attack, the nucleophile does not 

coordinate with the catalyst.  The catalyst coordinates to the oxygen and alkene, essentially 
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blocking access to the exo face, resulting in an external delivery of the catalyst to the endo face 

(1-29).28   

 

Figure 1-4: Transition metal mediated stereoselective ring opening of OBD. 

 

 

 Another important aspect when considering the outcome of a ring opening reaction is the 

regiochemistry of the product, or where on OBD does the nucleophile attack.  An unsubstituted 

OBD is a symmetrical molecule and there are only two distinct sites where a nucleophile could 

attack (Scheme 1-7).   If the nucleophile were to attack a bridgehead carbon (C1), a 1,4-

disubstituted regioisomer (1-30) would be formed via an SN2 reaction.  The product would have 

trans stereochemistry as nucleophilic attack is only possible from the endo face.  If the 

nucleophile were to attack an alkene carbon (C2), a 1,2-disubstituted regioisomer (1-31) would 

be formed via an SN2’ reaction.  The product could have either cis or trans stereochemistry as 

nucleophilic attack is possible from either the exo or endo face.   

 

 

Scheme 1-7:  Potential regiochemical outcomes for the nucleophilic ring opening of symmetrical 

OBD. 
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Scheme 1-8:  Potential regiochemical outcomes for the nucleophilic ring opening of symmetrical 

OBD. 

 

The regiochemical outcomes of the reaction become more complex with unsymmetrical 

OBDs.  For example, with a C1-substituted OBD there is now four distinct locations on the 

molecule where a nucleophile could attack (Scheme 1-8).    The nucleophile could attack either 

bridgehead carbon, C1 or C4, resulting in a 1,1,4-trisubstituted regioisomer (1-32) or a 1,4,4-

trisubstituted regioisomer (1-33) respectively.  In both these scenarios, the hydroxyl group and 

the nucleophile will end up trans relative to each other as only nucleophilic attack from the endo 

face is possible.  The nucleophile could also attack the distal olefin carbon (C2) or the proximal 

olefin carbon (C3) resulting in a 1,2,4-trisubstituted regioisomer (1-34) or a 1,1,2-tri substituted 

regioisomer (1-35) respectively.  As nucleophilic attack is possible from either the exo or the endo 

face, the nucleophile and hydroxyl group could end up either cis or trans relative to each other.  

Taking all of these factors into account, there are six potential products which could be formed 



 
 

12 
 

from a C1-substituted OBD and this is not including the potential aromatization of products 1-34 

and 1-35 to form naphthalene derivatives by dehydration. 

 

 The choice of reaction conditions plays in an important role in determining the regio- and 

stereoselectivity of the ring opened product (Scheme 1-9).  The use of a rhodium catalyst with 

arylboronic acids (1-36)29 or a palladium catalyst with aryl iodides (1-37)30 resulted in the 

nucleophile adding to the exo face of C2.  When a ruthenium catalyst with methanol (1-38)31 or a 

copper catalyst with a Grignard reagent was used (1-39),32 the nucleophile also added to C2 but 

from the endo face.  There are fewer examples where the nucleophile adds to the proximal 

carbon of the alkene (C3).  Palladium catalyzed ring opening of OBD with diethyl zinc (1-40)33 

resulted in the nucleophile adding to the exo face of C3, while the use of a rhodium catalyst with 

a chiral ligand resulted in the alcohol nucleophile adding to C3 from the endo face (1-41).34  To 

the best of my knowledge there have been no examples of a nucleophile attacking either C1 or 

C4 of a bridgehead substituted OBD.  There has been one example of a nucleophile attacking the 

bridgehead carbon of a symmetrical OBD when using a rhodium catalyst with anthrone (1-42).35  

Product 1-42 was only a minor product in this reaction, however, with the majority of the 

anthrone nucleophiles attacking the alkene from the endo face.   
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Scheme 1-9:  Diverse regiochemical and stereochemical outcomes from transition metal 

catalyzed ring openings of OBD. 

 

 

Nucleophilic ring opening of OBD and related bicyclic structures enables the creation of 

multiple chiral centers in a single step.  As outlined above, by varying the reaction conditions a 

diverse array of products can be obtained with a high degree of regio- and stereoselectivity; a 

desirable trait for a substrate to possess in natural product synthesis.   There are several bioactive 

compounds which have been synthesized from the nucleophilic ring opening of OBD (Scheme 1-

10).  The first step in the synthesis of naphthocoumarins (1-43),36 a class of compounds containing 
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anti-inflammatory, anti-dyslipidemic and antioxidant properties, is the nickel catalyzed ring 

opening of OBD derivatives with an aryl iodide.  The reductive ring-opening of OBD to produce 

1,2-dihydronaphthanol is used as the first step in the synthesis of sertraline (1-44),37 an 

antidepressant.   Benzoconduritol C (1-45),38 a glycosidase inhibitor, employs the rhodium-

catalyzed ring-opening of OBD with 2-bromophenol as the first step in its synthesis.  Finally, chiral 

oxazolidinone scaffolds (1-46),39 which are used as chiral auxiliaries in asymmetric 

transformation, can be synthesized in just a single step from OBD derivatives by rhodium 

catalyzed ring opening with sodium cyanate and subsequent intramolecular cyclization.  

Additionally, the dihydronaphthol product framework, is found in many more biologically active 

compounds such as etoposide (an anti-cancer agent), dihydrexidine (an anti-parkinson’s agent), 

and pentazocine (an opioid).37,40    

 

Scheme 1-10:  Natural products synthesized from transition metal catalyzed ring-opening of OBD.  
The 1,2-dihydronaphthalene backbone in the products in highlighted in red. 
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1.3 – Tam Group Research  

 Research in the Tam group focuses on understanding the reactivity of bicyclic alkenes and 

the development of new methodologies for the construction of ring systems.  An important part 

of this research also encompasses understanding how substituents with different steric and 

electronic properties, on both the bicyclic substrate and nucleophile, impact the regiochemical 

and stereochemical outcome of the reaction.   

 

 In chapter 2, a regiochemical study was performed for the nickel catalyzed ring opening 

reaction of C1-substituted OBDs with aryl iodides.  Although there has been one example of nickel 

catalyzed arylation of OBD with aryl iodides, it was performed exclusively with symmetrical 

substrates.41     In chapters 3 and 4 the chemistry of derivatized OBDs was explored.  In chapter 

3 intramolecular ring opening of OBD was investigated by synthesizing OBDs with nucleophiles 

tethered to the bridgehead carbon.  Exploring the ring opening chemistry of these novel 

substrates led to the construction of more complex ring systems from OBD.  Chapter 4 concerns 

the nucleophilic ring opening of unsymmetrical cyclopropanated oxabenzonorbornadienes 

(CPOBDs).  Our group was the first to modify OBD by cyclopropanation of the alkene, and we 

have since conducted several studies on the nucleophilic ring opening of this novel structure.  

Two of these studies, however, palladium catalyzed Type 2 ring opening with alcohol 

nucleophiles and acid catalyzed Type 3 ring opening with alcohol nucleophiles were either 

completely or partially missing examples of these reactions with unsymmetrical substrates.  The 

research presented in this thesis contributes to our understanding of the nucleophilic ring 
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opening of unsymmetrical oxabenzonorbornadienes and cyclopropanated 

oxabenzonorbornadienes. 
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Chapter 2: Nickel Catalyzed Ring Opening  

of Oxabenzonorbornadiene with Aryl Iodides 
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2.1 – Introduction 

 Nickel was first discovered in 1751 as a contaminant in copper ore.   Early nickel work by 

Mond, Lander, and Quincke in 1880 pertained to the formation of Ni(CO)4 by heating carbon 

monoxide on powered nickel at 100oC, but the use of nickel as a catalyst rose to prominence in 

1912 when Paul Sabatier won the Nobel Prize in Chemistry for his work on the hydrogenation of 

organic compounds in the presence of finely disintegrated metals.1  Since this early work, 

advances in nickel catalyzed reactions have included its role in reactions such as cross coupling 

(2-1),2 C-H activation (2-2),3 cyclooligomerization (2-3),4 carboxylation (2-4),5 hydroboration (2-

5),6 and cycloadditions (2-6)7 (Scheme 2-1).  

     
Scheme 2-1: Examples of nickel catalyzed reactions. 
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As a group 10 metal, nickel can catalyze many of the same reactions as palladium and 

platinum, however, it is substantially cheaper than both these metals.  Another advantage for 

nickel catalysts is the number of transition states which can be involved in the catalytic cycle.  

Most palladium mechanisms involve just the Pd(0) and Pd(II) states whereas mechanisms for 

nickel can also readily involve Ni(I) and Ni(III) oxidation states, allowing for radical mechanisms 

and other modes of reactivity.8 

 

 Nickel catalysts have demonstrated great versatility in catalyzing reactions between OBD 

(2-7) and various nucleophiles (Scheme 2-2).  Ni(cod)2 was used in a three component coupling 

reaction to add organoboronic acids and alkynes across the alkene of OBD yielding exo-5,6-

disubstituted 7-oxanorbornene derivatives (2-8); interestingly the bridging carbon-oxygen bond 

was not cleaved.9  Nickel catalyzed ring opening of OBD with alkyl halides afforded cis-2-alkyl-

1,2-dihydronaphthol derivatives (2-9) via a Heck-type reaction.10  Cheng investigated nickel 

catalyzed reductive coupling of OBD with electron rich alkynes and enones (activated alkenes) to 

yield the ring opened products cis-2-alkenyl-1,2-dihydronaphthalene (2-10) and 2-

alkylnaphthalene respectively (2-11).11   

 

 

 

 

Scheme 2-2: Nickel catalyzed reactions of OBD.   
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2.1.1 – Ring Opening Arylation of Oxabenzonorbornadiene 

 Our group has contributed to the understanding of nucleophilic ring opening arylation of 

OBD through the use of the transition metal catalysts rhodium and palladium.  Rhodium catalyzed 

arylation of OBD (2-7) was achieved with arylboronic acids yielding 1,2-dihydronaphthol 

derivatives (2-12) (Scheme 2-3).12  The scope of the study included different electron donating 

and electron withdrawing substituents on the aryl boronic acid and the bridgehead position of 

OBD; an overall trend was observed with electron donating substituents generally providing 

higher yields while electron withdrawing substituents resulted in moderate yields of the ring 

opened product.  The reaction possessed a high degree of stereo- and regioselectivity; syn 

products were obtained exclusively and only one regioisomer was formed through the addition 

of the aryl group to the carbon in the double bond furthest from C1-substituent.  

 

Scheme 2-3: Rhodium catalyzed arylation of OBD with arylboronic acids.12 

 

Palladium catalyzed arylation of OBD (2-7) was achieved with aryl iodides yielding 1,2-

dihydronaphthol (2-12) and naphthalene (2-13) derivatives (Scheme 2-4).13  The scope of this 

study comprised different electron donating and electron withdrawing substituents on the aryl 

iodide and in the bridgehead position of OBD.  In an interesting trend was observed with respect 

to the electronic nature of the substituents; when an electron withdrawing substituent was 

present, either on the aryl iodide or OBD, the naphthalene product (2-13) was obtained, 
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however, when both substituents were electron donating, the 1,2-dihydronaphthol product (2-

12) was obtained.  The palladium catalyzed reaction also possessed a high degree of regio- and 

stereoselectivity.  When the 1,2-dihydronaphthol product was obtained, it was exclusively 

formed through a syn addition and only regioisomer was observed for all products resulting from 

the aryl iodides being added to the carbon in the alkene furthest from the C1-substituent.  

 

Scheme 2-4: Palladium catalyzed arylation of OBD with aryl iodides.13 

  

 There has been one study on the nickel catalyzed asymmetric ring opening of OBD using 

arylboronic acids (Scheme 2-5).14  The optimized conditions for this reaction were found to be 

Ni(cod)2 with the chiral bidentate ligand (S,S)-Me-DuPhos and KOH in DCE at room temperature 

which yielded (1S,2R)-2-aryl-1,2-dihydronaphthalenols with high enantioselectivities (2-12).  The 

scope of the reaction was investigated by reacting a series of mono and disubstituted arylboronic 

acids with OBD.   The electronic nature of the substituents had little impact on the reaction 

outcome, however, steric factors did play a role with ortho substituted arylboronic acids giving 

lower yields than arylboronic acids with substituents in the meta or para positions.  For 

substituents on the OBD (2-7), electronic properties were more important, as OBDs with electron 

withdrawing groups were more reactive.  The proposed mechanism for this reaction involves the 

oxidative addition of OBD with the Ni(0) catalyst forming a (π-allyl)nickel(II) complex (2-14).  
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Transmetallation of the arylboronic acid with 2-14 yields the (alkenyl)-(π-allyl)-nickel(II) 

intermediate 2-15 with the final product (2-12) generated by reductive elimination and 

protonolysis. 

 

 

 

 

 

 

Scheme 2-5: Nickel catalyzed asymmetric ring opening of OBD with arylboronic acids.14 

 

 To the best of my knowledge there has only been one example of ring opening of OBD (2-

7) with an aryl iodide (Scheme 2-6).15  It was part of a larger study investigating the ring opening 

of aza- and oxanorbornenes with organic halides.  The conditions used by Cheng were 

NiCl2(PPh3)2 with zinc in acetonitrile at 70oC which yielded 2-substituted cis-1,2-dihydro-1-

naphthol derivatives (2-12).  The scope of the investigation in this paper, with respect to OBD, 

was the reaction between OBD and a series of substituted aryl iodides; there was no study on 

how substituents on OBD would influence the outcome of the reaction.  The mechanism 

proposed in this paper first involves the oxidative addition of the aryl iodide to the Ni(0) catalyst 

which coordinates to the alkene on the exo face of OBD (2-16) followed by carbonickelation to 

yield intermediate 2-17.  The final product (2-12) is generated through β-oxygen elimination, 

reduction by zinc and hydrolysis of the zinc salt. 
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Scheme 2-6: Nickel catalyzed ring opening of OBD with aryl iodides.15 

 

2.1.2 – Project Significance 

While the rhodium and palladium catalyzed ring opening arylation of OBD worked well, 

providing moderately high yields, these catalysts are expensive.  Therefore, the search for 

another cheaper catalyst which could provide comparable yields for transformation was 

explored.  To this end, the use of a nickel catalyst in the nucleophilic arylation was investigated.   

 

 There are two potential regioisomers which can be formed from the addition of an aryl 

group to the alkene of a C1-substituted OBD (2-7) (Scheme 2-7).  These isomers are the result of 

the aryl group being added to the carbon in the alkene closest (Cb, 2-18) or furthest (Ca, 2-12) 

from the C1-substituent, therefore, studying the regiochemical outcome of this reaction was of 

particular interest.  Another potential product, as was observed with the palladium catalyzed 

reaction, is the dehydration of the 1,2-dihydronaphthol (2-12 or 2-18) to a naphthalene 

derivative (2-13 or 2-19).  To study the regiochemical outcome of nickel catalyzed arylation of 
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OBD, two model C1-substitued OBD substrates were selected which possess a similar steric bulk; 

an electron withdrawing methyl ester and an electron donating ethyl group.    

 

Scheme 2-7: Potential regiochemical outcomes from the ring opening of OBD with aryl iodides. 

 

As outlined in Chapter 1, bicyclic structures such as OBD are important precursors in the 

synthesis of natural products.  Of particular relevance to this project, nickel catalyzed ring 

opening of OBD is the first step in the synthesis of the natural product, arnottin I (2-22), a C-

glycoside antibiotic and sertraline (2-24), an antidepressant (Scheme 2-8).  The nickel catalyzed 

arylation of OBD 2-20 with a substituted aryl iodide yields the necessary tetracyclic framework 

(2-21) for arnottin I in a single step.  The nickel catalyzed enantioselective ring opening of OBD 2-

7 provides the necessary (R)-chiral center on the 1,2-dihydronaphthol framework (2-23) from 

which the correct enantiomer of sertraline can be synthesized.   
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Scheme 2-8: Nickel catalyzed ring opening of OBD in the synthesis of natural products. 

 

2.2 – Results and Discussion 

The optimization of the nickel catalyzed ring opening of OBD with aryl iodides included 

the nickel catalyst, catalyst loading, zinc and Lewis acid additives, solvent and temperature.  The 

C1-methyl ester-substituted OBD was selected as the model substrate due to its ease at which it 

can be synthesize on a gram scale.   

 

 The nickel catalysts Ni(COD)2, Ni(Ph3P)2(CO)2 and Ni(acac)2 all failed to yield a ring opened 

product (Table 2-1, entries 1-3).  A small amount of a naphthalene product (2-13a, 17%) was 

observed with the catalyst NiCl2 (entry 4).  There was only one regioisomer formed as a result of 

the addition of the aryl group to the alkene carbon furthest from the C1 substituent (Ca).  The use 

of nickel catalysts with bidentate ligands yielded increasing amounts of 2-13a with 23% and 42% 

obtained respectively (entries 5 and 6).  The nickel catalyst with a monodentate ligand, 
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Ni(Ph3P)2Cl2, also yielded a moderate amount of the naphthalene product (42%) and was selected 

for further optimization (entry 7).  The addition of the Lewis acid, ZnCl2, had no effect on the yield 

or outcome of the reaction and was therefore not included in future trials (entry 8).   

 

Several solvents in addition to the original solvent acetonitrile were screened, however, 

all other solvents resulted in a dramatic decrease in the yield of 2-13a.  The polar aprotic solvents, 

dimethylformamide and tetrahydrofuran, resulted in substantially lower yields of 2-13a at 18% 

and 4% respectively (entries 9-10), while no ring opened products were observed using the 

chlorinated solvent dichloroethane and the non-polar aromatic solvent toluene (entries 11-12).  

The choice of solvent proved to be crucial for the success of the reaction.  Cheng also noted that 

only acetonitrile was effective at catalyzing the reaction.15  Toluene and DCE are likely unable to 

stabilize the Ni(0) catalyst as they are noncoordinating solvents, leading to the decomposition of 

the catalyst.  In the opposite scenario, the strongly coordinating solvent DMF is likely 

outcompeting the OBD for coordination to the nickel center.  Acetonitrile provides the happy 

medium for this reaction; strong enough of a coordinating solvent to stabilize the Ni(0) catalyst 

but not so strong that it completely outcompetes OBD for access to the nickel center.   

 

 

 

 

 

 



 
 

28 
 

Table 2-1: Optimization of the nickel catalyst, Lewis acid additive and solvent. 

 

Entry Catalyst Additive Solvent Yield 2-13a (%)a 

1b Ni(COD)
2
 --- Acetonitrile 0 

2b Ni(Ph
3
P)

2
(CO)

2
 Zn Acetonitrile 0 

3b Ni(acac)
2
 Zn Acetonitrile 0 

4b NiCl
2
 Zn Acetonitrile 17 

5b Ni(dppp)Cl
2
 Zn Acetonitrile 23 

6b Ni(dppe)Cl
2
 Zn Acetonitrile 42 

7b Ni(Ph
3
P)

2
Cl

2
 Zn Acetonitrile 42 

8b Ni(Ph
3
P)

2
Cl

2
 Zn, ZnCl2 Acetonitrile 42 

9 Ni(Ph
3
P)

2
Cl

2
 Zn DMF 18 

10 Ni(Ph
3
P)

2
Cl

2
 Zn THF 4 

11 Ni(Ph
3
P)

2
Cl

2
 Zn DCE 0 

12 Ni(Ph
3
P)

2
Cl

2
 Zn Toluene 0 

      a Isolated yields after column chromatography. 
      b Reaction performed by Katrina Tait. 

  

The next reaction parameter optimized was the temperature.  Performing the reaction at 

room temperature resulted in a very low yield of 2-13a (7%) (Table 2-2, entry 1).  Increasing the 

temperature to 50oC did not improve the yield (8%, entry 2), however, the yield increased 

dramatically when the temperature was increased to 70oC (42%, entry 3) and a little bit more 

with a further increase in the temperature to 100oC (47%, entry 4).  The final optimization 

parameter re-examined the catalyst.  Incrementally Increasing the catalyst loading from 5 mol% 

to 15 mol% resulted in gradually increasing the yield of 2-13a from 47% to 76% (entries 4-7).  

When the catalyst equivalency was further increased to 20 mol% however, the yield of 2-13a 
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dropped dramatically to 20% due to the concurrent formation of a naphthol derivative and 

decomposition side products (entry 8).  With the completion of the optimization, the best 

conditions for the ring-opening arylation of OBD were determined to be 15 mol% Ni(Ph3P)2Cl2, 

zinc dust and acetonitrile at 100oC.  

 

Table 2-2: Optimization of temperature and catalyst loading. 

 

Entry Temperature (oC) Catalyst Loading (mol %) Yield 2-13a (%)a 

1 25 5 7 

2 50 5 8 

3 70 5 42 

4 100 5 47 

5 100 10 56 

6 100 12.5 52 

7 100 15 76 

8 100 20 20 
a Isolated yields after column chromatography. 

 

 To understand the effect of electronic and steric factors on the incoming nucleophile, 

substitution patterns on the aryl iodide were investigated, focusing on the relative position of 

the substituent with respect to the iodide and the electronic nature of the substituent.  The first 

substrate studied was an OBD with an electron withdrawing methyl ester bridgehead substituent 

(2-7a).  An electron donating methoxy substituent in the para position of the aryl iodide resulted 

in a moderately high yield of 76% for 2-13a (Table 2-3, entry 1).  Moving the substituent towards 

the iodide resulted in a slight decrease in yield; 70% for the meta substituted aryl iodide and 59% 

for the ortho substituted aryl iodide (entries 2-3).  As the methoxy substituent moved closer to 
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the iodide, the slight decrease in yield was like due to the methoxy sterically hindering the 

carbonickelation step.  With the three iodoanisole trials, the formation of a small amount of a 

decarboxylated side product (2-25) was observed; this is not unexpected as nickel has been 

known to catalyze decarboxylation reactions.16,17  The reaction with an unsubstituted aryl iodide 

resulted in a moderate yield of 63% (entry 4).  With the presence of an electron withdrawing 

nitro group in the para position of the aryl iodide, the yield dramatically dropped to 25% (entry 

5).  As the substituent moved closer to the iodide (meta and ortho positions), no ring opened 

product was formed (entries 6-7); the presence of an electron withdrawing group on both the 

OBD and aryl iodide electronically hinders the reaction.  For entries 1-5 only a single regioisomer 

was observed which was a result of the aryl iodide being added to the carbon in the alkene 

furthest from the C1-substituent (Ca).   

 

Table 2-3: Effect of aryl iodide substitution on the ring opening of oxabenzonorbornadiene 2-7a. 

 

 
Entry R1 R2 R3 Product Yield 2-13 (%)a 

1 OMe H H 2-13a (2-25a) 76 (12)b 

2 H OMe H 2-13b (2-25b) 70   (9)b 

3 H H OMe 2-13c (2-25c) 59 (16)b 

4c H H H 13d 63 

5c NO2 H H 13e 25 

6 H NO2 H 13f 0 

7 H H NO2 13g 0 
a Isolated yields after column chromatography. 
b Yield of decarboxylated product 2-25 
c Reaction performed by Raheem Mohammed 
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 PhD student Raheem Mohammed performed a small scale substituted aryl iodide study 

using an OBD substrate with an electron donating ethyl bridgehead substituent (2-7b) (Table 2-

4).  Unlike the dehydrated naphthalene products previously observed (2-13), the ring opened 

products obtained using the unsubstituted aryl iodide were 1,2-dihydronaphthols (2-12a and 2-

18a) with an overall yield of 56% (entry 1).  There were also two regioisomers formed in 

approximately a 2:1 ratio (38% 2-12a to 18% 2-18a) with the major isomer resulting from the 

addition of the aryl iodide to the olefin carbon furthest from the C1-substituent (Ca, 2-18a).  

During the investigations of the ring opening arylation of C1-substituted OBD using palladium and 

rhodium catalysts, our group has not previously observed the addition of the aryl group to the 

carbon in the double bond closest to the C1 substituent (Cb), therefore, this reaction represents 

the first example we have obtained of the other regioisomer (2-18).12,13  The presence of an 

electron donating substituent in the para position of the aryl iodide resulted in a similar overall 

yield of 53%; again both regioisomers were formed in an approximate 2:1 ratio (entry 2).  The 

same trend was not observed when a nitro group was located in the para position of the aryl 

iodide.  The overall yield decreased to 28% with the ratio between the two isomers closer to 1:1 

(15% 2-26 to 13% 2-27).  The presence of the electron withdrawing group triggered the oxidation 

of the 1,2-dihydronaphthols (2-12 and 2-18) to the corresponding naphthol products (2-25 and 

2-26), which was surprising as efficient oxidation of dihydronaphthols to naphthols is challenging 

(Scheme 2-9).18  From these observations, it was concluded that the presence of an electron 

withdrawing group on either the OBD or aryl iodide triggers aromatization as the final step.   
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Table 2-4: Effect of aryl iodide substitution on the ring opening of oxabenzonorbornadiene 2-7b. 

 

 
 

Entry R1 R2 R3 Product ID Yield 2-12 (%)a Product ID Yield 2-18 (%)a 

1b H H H 2-12a 38 2-18a 18 

2b OMe H H 2-12b 34 2-18b 19 

3b NO2 H H 2-26 15c 2-27 13c 

a Yield determined by 1H NMR 
b Reaction performed by Raheem Mohammed 
c Oxidized naphthol derivatives were obtained instead of 1,2-dihydronaphthols 

 

 

 

 
 

Scheme 2-9: Naphthol products obtained from the nucleophilic arylation of 2-7b with 1-iodo-4-

nitrobenzene.   

 

 

 Similar to other nickel catalyzed ring opening reactions of OBD,10,15 the proposed 

mechanism for the nickel catalyzed ring opening arylation of OBD beings with the Ni(II) catalyst 

NiCl2(PPh3)2 reduced by zinc to the active Ni(0) form (Scheme 2-10).  This species undergoes 

oxidative addition with the aryl iodide forming a Ni(II) complex which coordinates to the exo face 

of the olefin of OBD forming intermediate 2-28.  Carbonickelation yields intermediate 2-29 which 

undergoes β-oxygen elimination to give 2-30.  The active Ni(0) catalyst is regenerated by 
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reduction with zinc which simultaneously forms intermediate 3-31.  Hydrolysis of the zinc salt 

yields the 1,2-dihydronaphthol product 2-12 and further dehydration of 2-12 forms the final 

naphthalene product 2-13. 

 

 

Scheme 2-10: Mechanism for the nickel catalyzed ring opening of oxabenzonorbornadiene with 

aryl iodides.  

 

 

2.3 – Conclusion 

 This project contributed to our understanding of transitional metal catalyzed nucleophilic 

ring opening arylation of C1-substituted OBDs with aryl iodides.  Unlike the previous studies 

outlined in section 2.1.1, six different types products could be predictably obtained from this 

reaction simply by using different combinations of electron donating and electron withdrawing 

substituents on the aryl iodide and OBD (Table 2-5).  An electron donating group on both the 
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OBD and aryl iodide leads to the formation of two regioisomers of 1,2-dihydronaphthol (2-12 and 

2-18).  When the substituent on the aryl iodide is changed to an electron withdrawing group two 

regioisomers of naphthol are obtained (2-26 and 2-27).  When the substituent on the OBD is an 

electron withdrawing group, only one naphthalene regioisomer is obtained (2-13), regardless of 

whether the substituent on the aryl iodide is electron donating or withdrawing.   

 

Table 2-5: Summary of products obtained from the nickel catalyzed ring opening of 

oxabenzonorbornadiene with aryl iodides. 
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2.4 – Experimental 

General Information:  All reactions were performed under inert atmosphere conditions. All 

glassware was oven dried overnight before use.  All commercial reagents were used as received 

from their respective suppliers.  C1-substituted 7-oxabenzonorbornadienes were synthesized 

according to known procedures.19  Flash column chromatography was performed on 230-400 

mesh silica gel purchased from Silicycle.  Analytical thin layer chromatography was performed on 

pre-coated silica gel 250 µm 60 F254 aluminium plates and visualization was carried out under 

ultraviolet light and p-anisaldehyde stain.   1H NMR and 13C NMR spectra were recorded on a 

Bruker Avance 400 MHz spectrometer or 300 MHz spectrometer as noted. Chemical shifts are 

reported in parts per million (δ) using the solvent as the internal standard (CDCl3: δ 7.24 ppm for 

1H or δ 77.0 ppm for 13C) and coupling constants are reported in hertz (Hz).   

 

General Procedure – Nickel Catalyzed Ring Opening of Oxabenzonorbornadiene with Aryl 

Iodides:  Inside an inert atmosphere glove box system, NiCl2(PPh3)2 (0.0195 g, 0.0298 mmol) and 

zinc powder (0.1294 g, 1.99 mmol) were weighed into a 1 dr screw cap vial with a magnetic stir 

bar.  Preweighed aryl halide (0.217 mmol) and oxabenzonorbornadiene derivative (0.198 mmol) 

were dissolved in 0.6 mL acetonitrile each and added to the mixture.  The vial was capped tightly, 

exported from the dry box and secured with polytetrafluoroethylene thread-seal tape and 

paraffin film.  The mixture was heated with stirring at 100oC until the oxabenzonorbornadiene 

derivative was consumed as indicated by TLC analysis.   The reaction was directly loaded onto a 

chromatography column and purified (EtOAc/hexanes). 
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3-(4-Methoxy-phenyl)-naphthalene-1-carboxylic acid methyl ester (2-13a; Table 2-3, entry 1): 

Yield: 43.6 mg (76%); beige solid; Rf = 0.43 (EtOAc-Hexanes: 10:90).  1H NMR (400 MHz, CDCl3): δ 

3.86 (s, 3H), 4.02 (s, 3H), 7.00-7.04 (m, 2H) 7.50-7.59 (m, 2H), 7.64-7.68 (m, 2H), 7.89-7.91 (m, 

1H), 8.13 (d, J = 1.9 Hz, 1H), 8.42 (d, J = 2.0 Hz, 1H), 8.85-8.88 (m, 1H). 13C NMR (100 MHz, CDCl3): 

δ 52.3, 55.4, 114.4 (2C), 125.7, 126.6, 127.5, 127.6, 128.4, 128.7 (2C), 129.8, 130.1, 130.1, 132.4, 

134.4, 136.9, 159.5, 168.1.  Spectral data are consistent with those previously reported.13 

 

2-(4-Methoxy-phenyl)-naphthalene (2-25a; Table 2-3, entry 1): Yield: 5.4 mg (12%); white solid; 

Rf = 0.74 (EtOAc-Hexanes: 10:90).  1H NMR (400 MHz, CDCl3): δ 3.86 (s, 3H), 7.01 (d, J = 8.7 Hz, 

2H), 7.42-7.49 (m, 2H), 7.64 (d, J = 8.8 Hz, 2H), 7.70 (dd, J = 8.6, 1.6 Hz, 1H), 7.82-7.89 (m, 3H), 

7.97 (s, 1H).  Spectral data are consistent with those previously reported.20 

 

 

3-(3-Methoxy-phenyl)-naphthalene-1-carboxylic acid methyl ester (2-13b; Table 2-3, entry 2): 

Yield: 40.6 mg (70%); beige solid; Rf = 0.43 (EtOAc-Hexanes: 10:90).  1H NMR (400 MHz, CDCl3): δ 

3.89 (s, 3H), 4.02 (s, 3H), 6.93-6.96 (m, 1H), 7.25 (t, J = 2.3 Hz, 1H), 7.30-7.32 (m, 1H), 7.39-7.43 
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(m, 1H), 7.52-7.63 (m, 2H), 7.92 (d, J = 8.2 Hz, 1H), 8.19 (d, J = 1.8 Hz, 1H), 8.45 (d, J = 2.0 Hz, 1H), 

8.90 (d, J = 8.4 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 52.3, 55.4, 113.1, 113.2, 119.8, 125.8, 126.6, 

127.6, 127.8, 128.9, 129.9, 130.0, 130.6, 130.9, 134.2, 137.1, 141.5.  Spectral data are consistent 

with those previously reported.13  

 

2-(3-Methoxy-phenyl)-naphthalene (2-25b; Table 2-3, entry 2): Yield: 4.1 mg (9%); beige oil; Rf 

= 0.62 (EtOAc-Hexanes: 10:90).  1H NMR (400 MHz, CDCl3): δ 3.88 (2, 3H), 6.90-6.93 (m, 1H), 7-

28-7.29 (m, 1H), 7.37-7.41 (m, 1H), 7.45-7.52 (m, 3H), 7.72 (dd, J = 8.5, 1.8 Hz, 1H), 7.83-7.90 (m, 

3H), 8.02 (s, 1H).  Spectral data are consistent with those previously reported.20 

 

 

3-(2-Methoxy-phenyl)-naphthalene-1-carboxylic acid methyl ester (2-13c; Table 2-3, entry 3): 

Yield: 35.2 mg (59%); dark beige oil; Rf = 0.41 (EtOAc-Hexanes: 10:90).  1H NMR (400 MHz, CDCl3): 

δ  3.83 (s, 3H), 4.00 (s, 3H), 7.01-7.09 (m, 2H), 7.35-7.43 (m, 2H), 7.50-7.62 (m, 2H), 7.89 (d, J = 

8.1 Hz, 1H), 8.14 (d, J = 1.2 Hz, 1H), 8.39 (d, J = 1.7 Hz, 1H), 8.90 (d, J = 8.7 Hz, 1H). 13C NMR (100 

MHz, CDCl3): δ 52.2, 55.7, 111.4, 121.0, 125.7, 126.3, 126.6, 127.6, 128.8, 129.2, 129.5, 130.3, 

131.0, 132.5, 133.4, 134.0, 135.0, 156.7, 168.2.  Spectral data are consistent with those previously 

reported.13 
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2-(2-Methoxy-phenyl)-naphthalene (2-25c; Table 2-3, entry 3): Yield: 7.6 mg (16%); beige solid; 

Rf = 0.61 (EtOAc-Hexanes: 10:90).  1H NMR (400 MHz, CDCl3): δ 3.82 (s, 3H), 7.00-7.08 (m, 2H), 

7.35 (td, J = 7.8, 1.8 Hz, 1H), 7.41 (dd, J = 7.3, 1.6 Hz, 1H),  7.45-7.47 (m, 2H), 7.67 (dd, J = 8.6, 1.6 

Hz, 1H), 7.83-7.86 (m, 3H), 7.94 (s, 1H).  Spectral data are consistent with those previously 

reported.20 
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Chapter 3: Intramolecular Cyclization Reactions of C1-Substituted 

Oxabenzonorbornadienes with Tandem Ring Opening 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

41 
 

3.1 - Introduction 

 Ring systems are of great importance in natural product synthesis; prior to 2013, 351 of 

the 1197 (29%) drug frameworks on the market contained at least one ring.1 New methods 

towards the synthesis of cyclic and polycyclic systems with the fewest number of steps is a vital 

ongoing research area with the ultimate goal of this research being the development of new ring 

systems that could be of biological importance or to develop more efficient routes to known ring 

systems.2  This chapter introduces a bridgehead modification to the oxabenzonorbornadiene 

framework.  By tethering the nucleophile to the starting material, as opposed to an 

intermolecular addition, tandem cyclization and ring opening of the OBD derivatives has lead to 

the facile synthesis of tricyclic and tetracyclic compounds.   

 

3.1.1 – Intramolecular Cyclizations  

 A variety of methods have been developed to synthesize carbocycles and heterocycles as 

well as methods to modify ring size.  Examples of such reactions include cycloadditions, ring-

closing metathesis, ring expansions and contractions, and cyclizations.3,4  A wide variety of 

intramolecular cyclization reactions have been developed involving different functional groups 

(Scheme 3-1); examples of which include arylcyanation of alkenes (3-1),5 cyclopropanation of 

unsaturated terminal epoxides (3-2),6 cyanoboration of alkynes (3-3),7 aminofluorination of 

alkenes (3-4),8 and addition of 1,3-cycloalkyldiones to alkynes (3-5).9  Some named reactions have 

also been modified to include intramolecular variants such as the Stetter Reaction (3-6),10 the 

Diels-Alder Reaction (3-7),11 and the Pauson-Khand Reaction (3-8).12 
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Scheme 3-1: Examples of general intramolecular cyclization reactions. 

 

The intramolecular cyclization strategy has been applied to oxabicyclic alkene 

frameworks, often accompanied by tandem ring opening of the bridging oxygen.  Examples of 
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intramolecular cyclization with oxabicyclo[2.2.1]heptenes include ring rearrangement domino 

metathesis of  5-substituted-7-oxanorbornene derivatives forming cis-fused heterotricycles with 

a pyrrolidone ring (3-9),13 Michael addition of a tethered alcohol in position 5 to the alkene 

yielding a ring opened 7-oxabicyclo[3.2.1]octan-8-ol (3-10),14 and nucleophilic ring opening of a 

dioxacyclic compound using a C1-tethered alkyllithium intermediate forming tricycle 3-11 

(Scheme 3-2).15  

 

 

Scheme 3-2: Examples of intramolecular cyclization using oxabicyclo[2.2.1]heptene 
frameworks. 
 

 This intramolecular ring opening strategy has also been applied to 

oxabicyclo[3.2.1]octenes which yield polycyclic products which include a seven membered ring.  
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Examples for this substrate include C-H insertion using a C3-tethered carbene intermediate 

formed from a diazoketoester to produce a [5,7]-fused carbobicyclic ring system (3-12),16 and 

nucleophilic ring opening using C1-tethered stannanes to produce a [5,7]-fused heterobicyclic 

ring system (3-13) (Scheme 3-3).17 

 

Scheme 3-3: Examples of intramolecular cyclization using oxabicyclo[3.2.1]octene frameworks. 

 

 Intramolecular cyclizations are an important strategy in the synthesis of natural products 

as they allow for the rapid formation of complex ring systems, therefore, the synthesis of many 

natural products include an intramolecular cyclization step (Scheme 3-4).  For example 

Solanapyrone D (3-14),18 a phytotoxin which inhibits DNA polymerases β and λ,19 and (-)-

dendroprimine (3-15),20 an indolizidine alkaloid, employ an intramolecular Diels-Alder and an 

intramolecular nucleophilic addition in their synthesis respectively.  A more relevant example is 

the intramolecular cyclization with tandem ring opening of a C5-substituted-7-oxabicyclo[2.2.1]

heptane which is a key step in the synthesis of Microcin SF608 (3-16),21,22 a serine protease.  
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Intermediate 3-17 contains five chiral centers which is challenging to synthesize accurately.  Using 

the intramolecular cyclization approach with tandem ring opening of a substituted heterobicycle 

allowed for the precise synthesis of these stereocenters as only one isomer was obtained.  This 

reaction demonstrates the utility and importance of studying intramolecular cyclizations of 

heterobicyclic frameworks in order to develop new strategies for synthesizing polycyclic systems 

with a high degree of regio- and stereoselectivity.   

 

Scheme 3-4: Examples of natural products which include intramolecular cyclization in their 
synthesis. 
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3.1.3 – Ring Opening of Oxabenzonorbornadiene with Alcohol Nucleophiles 

 The aim of this project is to investigate intramolecular ring opening reactions using 

alcohol nucleophiles tethered to the C1-position of oxabenzonorbornadiene.  By varying the 

length of the tether from two to five carbons, theoretically, the size of the oxygen-containing ring 

can be changed from a five to an eight membered ring (Scheme 3-5). 

 

 
 

Scheme 3-5: Proposed intramolecular cyclization of oxabenzonorbornadiene using C1-tethered 
alcohols. 

 

 

 There are several known examples of alcohol nucleophiles intermolecularly ring opening 

OBDs (3-18) (Scheme 3-6).  These methods include the use of a ruthenium catalyst23 (66%, 

Conditions A), a rhodium catalyst with a bidentate phosphine ligand24 (98%, Conditions B), a 

rhodium catalyst with a chiral Josiphos type ligand25 (96%, Conditions C) and a palladium catalyst 

with a zinc Lewis acid additive (42%, Conditions D); in 3-19 the alcohol and methoxy were trans 

relative to each other when using the ruthenium and rhodium catalysts while the palladium 

catalyst resulted in a cis configuration.  Of the catalysts used for nucleophilic ring opening of OBD 

with methanol, rhodium showed the most promise and therefore, rhodium was selected as the 

catalyst for the intramolecular trials.  
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Scheme 3-6: Nucleophilic ring opening of oxabenzonorbornadiene with alcohols.   

 

 

There have been two examples of intramolecular ring opening reactions on OBD using C1- 

tethered alcohols.  A 2009 paper by the Lautens group investigated regiodivergent resolution of 

unsymmetrical OBDs (Scheme 3-7).26  Using a chiral rhodium catalyst and dibenzylamine as an 

external nucleophile, the two enantiomers of 3-20 could be resolved.  One enantiomer 

underwent intramolecular cyclization to form 3-21, while the other enantiomer, which was 

unable to cyclize, reacted with dibenzylamine to yield 3-22. 

 

 

 

Scheme 3-7: Intramolecular ring opening of OBD using C1-tethered alcohols by Lautens.26 
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Lautens and coworkers continued their work using bridgehead tethered alcohols in a 2016 

paper investigating rhodium catalyzed enantioselective cycloisomerization of bis-nucleophile 

tethered OBDs (Scheme 3-8).27   The paper utilized two carbon and three carbon length tethers 

for desymmetrization of OBD 3-23 through the addition of an internal nucleophile, yielding 

furano and pyrano fused hydroxynaphthalene scaffolds (3-24) respectively in high yield and 

enantioselectivity.  Broadening the scope of this reaction to include amines was also successful 

in yielding tricyclic piperidine fused hydronaphthalenes in high yields and enantioselectivities.    

The Lautens group continued their work using disubstituted OBDs in a 2017 paper investigating 

rhodium catalyzed enantioselective isomerization.28   Using the same catalyst and ligand system 

([Rh(COD)2]OTf / (R)-(S)-PPF-PtBu2), enantioenriched 1,2-naphthalene oxides could be obtained 

when the side chains contained a benzyl group, as opposed to the hydroxynaphthalene scaffold 

which had previously been observed.  The scope of this reaction was expanded with the common 

thread being that the 1,2-naphthalene oxide would form if the substituents tethered to the 

bridgeheads could not serve as internal nucleophiles.  

 

Scheme 3-8: Enantioselective intramolecular ring opening of bis-nucleophile tethered OBDs by 
Lautens.27  
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3.2.1 – Results and Discussion:  Bridgehead Tethered Alcohols 

OBD with a three carbon tethered alcohol (3-20) was easily prepared by a two step 

synthesis from the commercially available ethyl 3-(2-furyl)propanoate (Scheme 3-9).  In first step, 

benzyne is generated in situ from anthranilic acid and isoamyl nitrite and is reacted with the furan 

to form a OBD 3-25 with a C1 tethered ester in a 54% yield.  The ester is reduced using lithium 

aluminium hydride to yield in 84% 3-20; an OBD with a three carbon tethered alcohol on the 

bridgehead. 

 
Scheme 3-9:  Synthesis C1-substituted OBD with a three carbon tethered alcohol.   

 

With the precursor 3-20 synthesized, the first stage of this project was optimizing the 

reaction for cyclized product 3-21 (Table 3-1).  The initial trial was adapted from a 2000 paper by 

Lautens which used the rhodium catalyst [Rh(COD)Cl]2 with the achiral bidentate phosphine 

ligand DPPF (Conditions B, Scheme 3-6) (Table 3-1, entry 1).25  Unfortunately the desired product 

(3-21) was not formed.  An intramolecular ring opening did occur, however, the hydroxyl group 

was lost though a dehydration reaction forming 3-26 (25%).  An uncyclized naphthalene 

derivative (3-27) was also formed with a 17% yield.  The next set of reaction conditions were 

adapted from the 2009 Lautens paper which studied the regiodivergent resolution of 3-20 using 

Rh(COD)2OTf and the chiral ligand (R,S)-PPF-PtBu2.26  The rhodium catalyst, Rh(COD)2OTf, was 

used with the previous achiral phosphine ligand, DPPF, as the goal of this project was not 
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enantioselective cyclization (entry 2).  A crude NMR revealed that again a mixture of 3-26 and 3-

27 was formed in approximately a 2:1 ratio.  As 3-21 was not present, no further purification was 

performed.  Using Rh(COD)2OTf with DPPF, a couple of steps were taken to try and prevent the 

dehydration of 3-21.  The pipette column run prior to taking the crude NMR was charged with 

triethylamine to neutralize the acidic silica (entry 3), however, a mixture of 3-26 and 3-27 was 

still obtained in a 1.7:1 ratio.  Next, the preparation of the NMR sample was performed in the 

inert atmosphere of the dry box (entry 4).  The pipette column for this reaction was also charged 

with triethylamine prior to loading the sample.  Unfortunately, no 3-21 was obtained and the 

crude NMR again revealed a 1:1.2 ratio mixture of 3-26 and 3-27.   

 

 With the failure to produce the hydroxyl product 3-21, the reaction in the 2009 Lautens 

paper was copied exactly; including the chiral (R,S)-PPF-PtBu2 ligand and the addition of the 

competing nucleophile dibenzylamine (entry 5).26  The crude NMR revealed that the reaction was 

successful in forming products 3-21 and 3-22 in a 1:1.25 ratio.  In the next trial all of the previous 

reaction conditions were held constant except the chiral ligand was replaced by the achiral 

phosphine ligand DPPF (entry 6).  Although this reaction produced the desired product 3-21, 

there were many side products including 3-22, 3-26 and 3-27 in the crude spectrum with 

approximately a 1.1:21.7:1.7:1 ratio between the products respectively.  

 

 The next step was to attempt the reaction using a non-nucleophilic base in place of 

dibenzylamine because it was not desirable to form 3-22 or related intermolecular addition 

products as their presence only takes away from the yield of the intramolecular cyclization 
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products.  Replacement of dibenzylamine with triethylamine, using DPPF as the ligand, only 

resulted in the formation of 3-26 and 3-27 in a 1:3.7 ratio (entry 7).  The use of triethylamine with 

the chiral ligand (R,S)-PPF-PtBu2 was successful yielding 28% 3-21 with formation of smaller 

amounts of the side products 3-26 and 3-27 at 15% and 3% respectively (entry 8).  Another base, 

pyridine, was tested in this reaction with the achiral ligand DPPF, however, this reaction was 

unsuccessful with no products formed (entry 9).  To allow for rapid optimization screening the 

use of an internal NMR standard was desirable.  Mesitylene was selected because its aromatic 

proton signal at 6.8 ppm does not overlap with any of the aromatic or vinyl signals from 3-21, 3-

26 or 3-27.  When using (R,S)-PPF-PtBu2 with triethylamine, the yield calculation for 3-21 using 

the mesitylene standard was 47%.  When the reaction was columned, it was determined that the 

actual yield of 3-21 was 33% (entry 10).  The difference between the actual yield and the yield 

calculated by internal standard was 14% greater, however, the use of a NMR internal standard 

was only intended to provide a rough estimate of the yields and the relative effectiveness of each 

of the optimization parameters.  The most promising results for each of the optimization 

parameters would be columned to obtain the actual yield, therefore, it was decided that 

mesitylene would provide a sufficient approximation of the yields.   

 

Before beginning optimization, a test was done to determine the necessity of a base in 

the reaction.  Using (R,S)-PPF-PtBu2 without triethylamine yielded 28% 3-21 and 21% 3-26 (entry 

11).  The yield for 3-21 was the same as the trial with triethylamine, therefore, it was determined 

that a base it not necessary for this reaction.   Before beginning catalyst optimization one final 

solvent, TFE, was tested with the achiral ligand DPPF (entry 12).  TFE has been formerly used in 
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ring opening of OBD with external alcohol nucleophiles, however, it only yielded 62% 3-26 and 

no 3-21.25  The use of the achiral ligand BINAP was moderately successful producing 11% 3-21 

and 71% 3-26 (entry 13).   

 

Table 3-1: Optimization of intramolecular cyclization of oxabenzonorbornadiene with  
bridgehead tethered alcohols. 

 

Entry Catalyst Ligand Additive Product 

1a [Rh(COD)Cl]2 DPPF ----- 25% 3-26, 17% 3-27 

2b Rh(COD)2OTf DPPF ----- Mix of 3-26 & 3-27 

3b Rh(COD)2OTf DPPF ----- Mix of 3-26 & 3-27 

4b Rh(COD)2OTf DPPF ----- Mix of 3-26 & 3-27 

5b Rh(COD)2OTf (R,S)-PPF-PtBu2 Dibenzylamine Mix of 3-21 & 3-22 

6 Rh(COD)2OTf DPPF Dibenzylamine Mix of 3-21, 3-22, 3-26 & 3-27 

7b Rh(COD)2OTf DPPF Et3N Mix of 3-26 & 3-27 

8a Rh(COD)2OTf (R,S)-PPF-PtBu2 Et3N 28% 3-21, 15% 3-26, 3% 3-27 

9 Rh(COD)2OTf DPPF Pyridine Didn’t React 

10c Rh(COD)2OTf (R,S)-PPF-PtBu2 Et3N, Mesitylene 47% (33%)a 3-21 

11a Rh(COD)2OTf (R,S)-PPF-PtBu2 ----- 28% 3-21, 21% 3-22 

12c,d Rh(COD)2OTf DPPF Mesitylene 62% 3-22 

13c Rh(COD)2OTf BINAP Mesitylene 11% 3-21, 71% 3-22 
a Yield by column chromatography 
b When there was no 3-21 in the crude NMR the reaction was not further purified 
c Yield by internal NMR standard, mesitylene 
d TFE was used as the solvent 
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Further optimization was completed by CHEM*4900/4910 student Austin Marchese.  

Optimization parameters included the rhodium catalyst, catalyst loading, phosphine ligand 

(bidentate and monodentate), solvent, temperature and time.  The optimized conditions for the 

reaction were determined to be 5 mol% Rh(COD)2OTf with (R,S)-PPF-PtBu2 in THF at 60oC for 6 

hours which yielded 39% 3-21 and 45% 3-26.  The less expensive racemic ligand BINAP could also 

be used in this reaction, however, it favoured the formation of 3-26 (71%) with less 3-21 

produced (11%).   

 

 An isolated sample of 3-21 was resubjected to the reaction conditions to determine if 

product 3-26 is formed by the dehydration of 3-21.  After 24 hours only 3-21 was recovered with 

no distinct NMR peaks around 3.05 ppm or 8.25 ppm suggesting that the aromatized product 3-

26 had been formed.  This observation combined with the fact that 3-21 was very difficult to 

isolate in entries 2-4 in Table 3-1, despite taking steps to prevent the dehydration reaction, led 

to the theory that 3-21 and 3-26 are formed by two separate pathways (Scheme 3-10).  One 

reason 3-21 would be unable to undergo dehydration, is if the hydroxyl group and neighbouring 

hydrogen are not antiperiplanar as is shown in 3-21a.  This product would result if the alcohol 

were to attack the endo face of OBD.  If the alcohol were to attack the exo face, however, the 

hydroxyl group and neighbouring hydrogen would end up antiperiplanar, as is shown in 3-21b, 

which would facilitate the elimination reaction to 3-26.   
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Scheme 3-10:  Proposed ring opening pathways for the formation of 3-21 and 3-26.     

 

 Cationic rhodium catalysts have been shown to interact with 7-oxabicyclo-

[2.2.1]heptenes in multiple ways (Scheme 3-11).  In their study on rhodium catalyzed 

enantioselective cycloisomerization of bis-nucleophile tethered OBDs (3-23), Lautens proposed 

that the Rh(I)/(R,S)-PPF-PtBu2 catalytic complex would selectively insert into the distal C-O bond 

forming intermediate 3-28.27  This would enable the proximal tethered nucleophile to attack the 

endo face of the alkene in an Sn2’ fashion to yield 3-24, a stereoisomer with the hydroxyl group 

and nucleophile in a trans configuration.  This is analogous to the endo attack pathway proposed 

in Scheme 3-10 which yields 3-21a.  This mechanism was adapted from their previous 

mechanistic study concerning PPF-PtBu2’s enantioselectivity with Rh(I) catalysts.29  A study by 

Padwa investigated Rh(I) catalyzed ring opening of oxabicyclo adduct 3-29 using carboxylate and 

nitrogen based nucleophiles.30  They proposed that the Rh(I)/DPPF catalytic complex would first 

coordinate to the alkene followed by cleavage of the C-O to yield the π-allyl Rh(III) intermediate 
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3-30.  Attack of the nucleophile would occur on the least hindered exo face to yield 3-31 a 

stereoisomer with the hydroxyl group and nucleophile in a cis configuration.  This is analogous to 

the exo attack pathway proposed in Scheme 3-10 which yields intermediate 3-21b. 

 

Scheme 3-11: Previously proposed mechanisms demonstrating endo and exo nucleophilic 
attack on oxabicyclic alkenes using a Rh(I) catalyst. 
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 With the reaction for the three carbon tether optimized, the next step was to expand this 

methodology to OBDs with bridgehead tethers of different lengths.  Unfortunately the furan 

precursor for the four carbon tethered alcohol was not commercially available and therefore it 

had to be synthesized (Scheme 3-12).  The synthesis began with protecting one alcohol on 1,4-

butanediol using the protecting group tetrahydropyran; 0.33 equivalents of dihydropyran was 

used to prevent the protection of both alcohols, yielding 44-55% of the monoprotected alcohol 

3-32.  The alcohol was converted to an iodine (3-33) to form a better leaving group (40-47%).  

Iodide 3-33 was reacted with furan to form the necessary four carbon tether precursor (3-34) in 

a 21% yield via a SN2 reaction.  Benzyne was generated in situ using anthranilic acid and isoamyl 

nitrite and reacted with 3-34 to yield 55% of OBD 3-35.  To form the target OBD with a four carbon 

tethered alcohol on the bridgehead carbon (3-36) the tetrahydropyran protecting group had to 

be removed using pyridinium p-toluenesulfonate, a weakly acidic catalyst.  While deprotection 

did occur generating the alcohol, unfortunately the acidic conditions caused simultaneous ring 

opening of the bridging oxygen yielding an inseparable mixture of starting material, deprotected 

tethered alcohol 3-36 and a ring opened product.  
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Scheme 3-12: Synthesis of an OBD with a four carbon tethered alcohol on the bridgehead 
carbon.   
 

 

The mildly acidic conditions caused by using PPTS during the deprotection step were not 

expected to cause simultaneous ring opening of 3-35.  The Lautens group used a similar protocol 

with an oxanorborene derivative (3-37) and obtained the desired deprotected product (3-38) in 

a moderately high yield of 79% with no unwanted side products reported (Scheme 3-13).31   

 

 

Scheme 3-13: THP deprotection on OBD 3-37 using PPTS.  
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3.2.2 – Results and Discussion:  Bridgehead Tethered Aryl Iodides 

  An idea for an intramolecular ring opening reaction was inspired by the nickel catalyzed 

ring opening of OBD with aryl iodides in Chapter 2; the aryl iodide could be tethered to the C1 

position of OBD to act as an intramolecular nucleophile.  There were two options for synthesizing 

this starting material beginning with furfuryl alcohol (3-39): 1) The aryl iodide could be added to 

the furan via intermediate 3-40 yielding 3-41 which would then undergo a Diels-Alder reaction to 

form the OBD 3-42 (Synthesis Option 1) or 2) The aryl iodide could be added to OBD 3-43 via 

intermediate 3-44 to form the OBD 3-42 (Synthesis Option 2) (Scheme 3-14).  The second 

synthesis option was selected for facile diversification of the reaction in the future.  If the aryl 

iodide was added to the furan, to alter the nucleophile in future reactions many new furans 

would have to be created which would each have to undergo a Diels-Alder reaction separately.  

If the nucleophile were added to the OBD, then one common intermediate could be created 

which would greatly simplify the process of modifying the nucleophile in future reactions.    

 

Scheme 3-14:  Options for the synthesis of an OBD with a C1 tethered aryl iodide. 
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Figure 3-1: C1-Hydroxymethyl OBD (3-43) highlighting the neopentyl alcohol substructure. 

 

  

The primary obstacle for synthesis path number two is the fact that the starting material 

C1-hydroxymethyl OBD (3-43) contains a neopentyl framework which does not readily undergo 

SN2 reactions due to steric hindrance (Figure 3-1).   A study from 1941 examined the effect of 

proximity factors in substitution reactions for β-substituted alkyl halides.32  The rate of 

nucleophilic replacement of bromide was determined using sodium ethoxide in ethanol.  A very 

stark trend was observed correlating steric factors with the rate of the rate of the reaction; Table 

3-2 lists the relative second-order rate coefficients at 55oC.  As the number of methyl groups was 

increased on the β-carbon, and hence the steric bulk of the starting material, the rate of the 

reaction decreased.  This effect was especially apparent for neopentyl bromide where the steric 

effects from the three methyl groups greatly hindered the nucleophilic substitution. 

 

Table 3-2:  Effect of proximity factors in substitution reactions for β-substituted alkyl halides.32 

Bromide: Methyl Ethyl n-Propyl isoButyl neoPentyl 

Relative rates of bimolecular etholysis (SN2) 17.6 1 0.28 0.030 4.2x10-6 

 

   

 To explain the phenomenon of steric hindrance impairing nucleophilic substitution 

reactions, another study sought to account for these non-bonding forces between atoms which 

aren’t directly linked.32  They theorized that in certain cases non-bonded atoms are brought so 
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close together that the normally weak non-bonding energy becomes on the same order of 

magnitude as bonding energy, causing the additional force of steric hindrance.  To quantify the 

non-bonding forces, or steric hindrance, in β-substituted alkyl halides a computational study was 

performed examining the conformation differences between transition and initial states.  Steric 

hindrance was calculated as compression which examined the critical distances between non-

bonding atoms (ie. nucleophile, leaving group, and branching alkyl chain).  Compression was 

calculated by subtracting the model distance (actual distance between the nucleophile, leaving 

group, and alkyl chain) from the touching distance (distances below which compression would 

occur); model distances shorter than touching distances indicate compression which contributes 

to steric hindrance.  For the β-methylated series, n-propyl, isobutyl and neopentyl, compression 

in the initial state was determined to be negligible, however appreciable compression was 

observed in the transition states for all three compounds (Table 3-3).  The neopentyl bromide 

had the greatest amount of compression; the model distance between the bromide and the 

gamma carbon and hydrogens was approximately 1.0 A
o       shorter than the touching distance.  This 

represents a considerable steric barrier which must be overcome in the transition state for 

substitution reactions using neopentyl substrates; accounting for the slow reaction rate 

previously observed.   

 

Table 3-3:  Theoretical compression in SN2 transition states for β-substituted alkyl halides.32 

 Hα…Bra Cβ…Bra Hβ…Bra Cγ…Bra Hγ…Bra 

CH3CH2CH2 0.13 (4) 0.22 (2) 0.58 (2) ----- ----- 

(CH3)2CHCH2 0.13 (4) 0.22 (2) 0.72 (1) 0.48 (2) 0.34 (4) 

(CH3)3CCH2 0.13 (4) 0.22 (2) ----- 1.05 (2) 0.98 (4) 
aThe figures in parentheses represent the numbers of compressed distances affecting the energies of the states. 
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 These early studies demonstrated that a neopentyl compound or substructure is not the 

ideal substrate for substitution reactions because despite being a primary alcohol there is a large 

amount of steric hindrance from the three methyl groups on the β-carbon.  Therefore, before 

attempting the synthesis of 3-42 from C1-hydroxymethyl OBD (3-43), test reactions were 

performed using the cheaper neopentyl alcohol analogue 2,2-dimethyl-1-propanol (3-45) to 

assess the feasibility of this reaction.   

 

 There were two procedures reported for the tosylation of neopentyl alcohol (3-45).  The 

first procedure used 1.5 equivalents of p-toluenesulfonyl chloride in 1.0 M pyridine with a 

reported yield of 85% for 3-46 (Method A) (Scheme 3-15) .33  The second procedure used 1.5 

equivalents of p-toluenesulfonyl chloride and 2.0 equivalents of DABCO in 1.0 M 

dichloromethane with a reported yield of 87% for 3-46  (Method B).34   

 

          
 

Scheme 3-15: Literature procedures for the tosylation of neopentyl alcohol 3-45. 
 

 

 These two tosylation methods were repeated to verify that similar yields could be 

obtained with respect to the reported yields (Scheme 3-16).  Method A afforded the same results 

with an 84% yield of 3-46.  Method B, however, only yielded 8% of 3-46 which was nowhere near 

the reported yield, therefore method A was selected for the tosylation step. 
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Scheme 3-16: Test reactions for the tosylation of neopentyl alcohol. 
 

 

 There was no literature procedure for the conversion of neopentyl tosylate (3-46) to o-

iodoneopentoxybenzene (3-47), however, there were two similar substitution reactions reported 

using other phenols (Scheme 3-17).  In the first procedure 0.9 equivalents of 4-iodophenol and 

1.0 equivalent of potassium hydroxide were combined in 1.7 M hexamethylphosphoramide 

(HMPA) at 100oC to yield 82% p-iodoneopentoxybenzene (3-48)  (Method C).33    In the second 

procedure 0.52 equivalents of 4-hydroxybenzaldehyde, 3.2 equivalents of sodium hydride and 

0.056 equivalents of tetrabutylammonium iodide were combined in 0.68 M DMF to yield 42% 4-

neopentoxybenzaldehyde (3-49) (Method D).35 

 

 
 

Scheme 3-17: Literature procedures for the arylation of neopentyl tosylate 3-46. 
 

 

 Both of the substitution reactions were tested using the target nucleophile, 2-iodophenol, 

to assess the viability of these reactions using another phenol (Scheme 3-18).  There was a slight 

modification to Method C due to the carcinogenicity of the solvent HMPA.36  Another polar 

aprotic solvent, DMSO, was selected as the alternative.   Using this alternate Method C, 48% o-

iodoneopentoxybenzene (3-47) was obtained, this decrease from the reported value was not 
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unexpected as a non-optimized solvent was being used.  Using Method D no 3-47 was obtained, 

therefore Method C was selected for the substitution.   

 

 
 

Scheme 3-18: Test reactions for the arylation of neopentyl tosylate. 

 
 

 Once the ideal reaction conditions had been selected, the synthesis of 3-42 was 

attempted from C1-hydroxymethyl OBD (3-43).  To synthesize the C1-hydroxymethyl OBD a Diels-

Alder reaction was performed using furfuryl alcohol (3-39) and anthranilic acid following a known 

procedure with a 32% yield (Scheme 3-19).37  The tosylation of 3-43 proved to be more 

challenging than the test reaction.  During the first synthesis attempt, the crude product 

degraded post extraction while removing the solvent in vacuo.  As was later determined, 3-44 

degrades at 60oC which made column purification not feasible as the solvent from the combined 

fractions would have to be removed in vacuo; the method by which 3-46 was purified.  Before 

the reaction degraded, it was observed that a solid had begun to precipitate.  Therefore, during 

the next synthesis attempt the work-up procedure for the reaction was altered.  The organic layer 

was washed twice with 1M HCl and twice with aqueous copper sulfate solution to remove the 

pyridine.  About two thirds of the solvent was removed in vacuo and then the previously observed 

white crystals were allowed to precipitate overnight.  Vacuum filtration and NMR analysis 

revealed that these crystals were the desired product (3-44) with an 84% yield.   
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 With the tosylate intermediate successfully isolated, the next step of the synthesis was 

attempted.   However, this step also proved to be difficult and presented challenges that were 

not present with the test reaction.   Only a small amount of 3-42 (14%) was made when the 

reaction was performed using the test reaction conditions (2-iodophenol and KOH in DMSO at 

100oC).  As 3-44 is thermally sensitive, it was unsurprising that a high reaction temperature of 

100oC could be detrimental to the reaction; likely causing 3-44 to degrade before it had the 

chance to react.  Therefore, a small-scale temperature optimization was performed with the 

hope of increasing the yield of 3-44 (Table 3-4).  Two temperatures were selected: 40oC which is 

below the temperature at which 3-44 degrades and 70oC which is slightly above the temperature 

at which 3-44 degrades.  At 40oC there was a decrease in the yield of 3-42 to 6% (entry 1) but at 

70oC the yield increased to 37% (entry 2).  The completed synthesis for the OBD with a bridgehead 

tethered aryl iodide (3-42) is shown in Scheme 3-19.    

 

Table 3-4:  Temperature optimization for substitution reaction. 

 

Entry Temperature (oC) Yield 3-42 (%)a 

1 40 6 

2 70 37 

3 100 14 
                                                    aIsolated yields by column chromatography. 
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Scheme 3-19:  Synthesis of OBD with bridgehead tethered aryl iodide from furfuryl alcohol. 
 

 

Once the aryl iodide had been successfully tethered to the C1 position of the OBD the 

appropriate conditions had to be selected for the intramolecular ring opening.  As this reaction 

was inspired by the nickel-catalyzed ring opening of OBD in chapter 2 the conditions from that 

reaction were used; 15% NiCl2(PPh3)2, zinc dust and acetonitrile at 100oC (Scheme 3-20).  The 

reaction was successful yielding the tetracyclic product 3-50 which contains a hydroxyl group on 

a chiral carbon. 

 

Scheme 3-20:  Nickel catalyzed ring opening of 3-42.   
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There was another set of reaction conditions for the palladium catalyzed nucleophilic ring 

opening of OBD with aryl iodides as discussed in Chapter 2 (Scheme 2-4).   These conditions 

consisted of 10 mol% Pd(Ph3)2, Zn dust, ZnCl2, Et3N and THF at 60oC.38  Applying these reaction 

conditions to 3-42 was successful and resulted in the formation of an aromatized tetracyclic 

compound (3-51) with an 84% yield (Scheme 3-21).   

 

Scheme 3-21:  Palladium catalyzed ring opening of 3-42.   

 

 

3.3 – Reaction Perspective 

 

 The intramolecular ring opening of OBD using a C1-tethered aryl halide had been 

previously attempted by the Hart group using a radical cyclization methodology (Scheme 3-

22).39,40  Furan 3-53 was prepared from 2-bromophenoxide and 2-furfuryl bromide (3-52) in 22% 

yield.  Although 3-52 was initially synthesized from furfuryl alcohol (3-39) and PBr3 in ether, no 

yield was reported.  Benzyne, generated in situ from anthranilic acid and isoamyl nitrite, was 

reacted with 3-53 to form OBD 3-54 in a 75% yield which was then refluxed with one equivalent 

of Bu3SnH and azobisisobutyronitrile (AIBN) in benzene to yield 70% 3-55 via an exo addition.  

Interestingly, the oxygen bridge remained intact using the radical cyclization methodology, 
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whereas, the bridge was cleaved during the ring opening using both the nickel and palladium 

catalysts.   

 

Scheme 3-22:  Synthesis of an OBD with a C1-tethered aryl bromide and subsequent ring 
opening using a radical cyclization methodology.39,40 
 

 The alcohol product 3-50 is novel and the aromatized product 3-51 has only been 

synthesized by one other group who were investigating palladium-catalyzed Caryl-Oalcoholic 

coupling (Scheme 3-23).41  Precursor 3-57 was synthesized by a Suzuki-Miyaura cross-coupling 

between 2-bromo-1-naphthaldehyde (3-56) and 2-bromophenylboronic acid with a 79% yield.  

Product 3-51 was formed through a one-pot tandem reduction and palladium-catalyzed KOtBu-

promoted catalyzed Caryl-Oalcoholic coupling with a 89% yield.  Sodium borohydride was used to 

reduce the aldehyde to an alcohol which can then be coupled to the bromine carbon using 2 

mol% palladium(II) acetate and potassium tert-butoxide.   
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Scheme 3-23:  Synthesis of 3-51 by palladium-catalyzed Caryl-Oalcoholic coupling.41 

 

 

The structure of 3-51 is not interesting in itself, however, it can be readily modified to 

more complex structures.  Examples of such modifications based on the 6H-benzo[c]chromene 

substructure (3-58) are shown in Scheme 3-24; these include oxidation using PCC (3-59),42  

C(sp3)–H amination (3-60)43 and a Wittig rearrangement (3-61).44  

 

 
 

Scheme 3-24:  Modifications of the 6H-benzo[c]chromene framework. 

 

 

 The polycyclic frameworks 3-50 and 3-51 obtained by the intramolecular ring opening of 

3-42 share characteristics common with many natural products.  They both contain the chromane 
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subunit which is found in many natural products used to treat a diverse range of conditions from 

diabetes to cancer to infectious diseases.45  More specifically, the 6H-dibenzo[b,d]pyran 

substructure in 3-51 is found in natural products such as cannabinol and glucocorticoid-selective 

anti-inflammatory agents,46  while the 6H-dibenzo[b,d]pyran-6-one substructure in 3-62, which 

can easily be obtained from the oxidation of 3-51 with PCC, is also relevant to natural product 

synthesis as it found in gilvocarcin V, an antibiotic and antitumor agent, and alternariol, an 

antifungal agent (Scheme 3-25).41  The tetracyclic structure of 3-50 with the chiral carbon bearing 

a hydroxyl group is novel, however, it resembles (+)-brazilin, a telomerase inhibitor, and (-)-

haematoxylin, a tyrosine kinase inhibitor, with 3-50 having a modified B ring (Figure 3-2).47   

 
Scheme 3-25:  Importance of the 6H-dibenzopyran and 6H-dibenpyranone frameworks in 
natural products. 
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Figure 3-2:  Comparison of 3-50’s tetracyclic framework to natural products (+)-brazilin and (-)-

haematoxylin. 

 

 

3.4 – Future Directions 

 

 Both of the intramolecular cyclization projects presented in this chapter, bridgehead 

tethered alcohols and bridgehead tethered aryl iodides, have many avenues for future 

development.  The immediate goal for the C1-tethered alcohols is the synthesis of an OBD with 

a four carbon tether.  The synthesis proposed in Scheme 3-12 was successful in synthesizing an 

OBD with a protected four carbon tethered alcohol (3-35).  The only issue with this synthetic 

pathway came during the final deprotection step which resulted in simultaneous, undesired ring 

opening of 3-36.  This indicates that the overall methodology was good, however, the choice of 

protecting group was poor.  The synthesis should be reattempted using a better suited protecting 

group on the 1,4-butanediol; ie. a protecting group that does not require the use of acidic 

conditions for removal.  Alternative protecting groups to test include para-methoxybenzyl ether 

(R-OPMB) which can be removed using DDQ or silyl ethers which can be removed using TBAF.   

 

 Once the four carbon tether has been synthesized, the successful methodology can be 

applied to synthesize OBDs with two and five carbon tethers.  As theorized in Scheme 3-5, by 

varying the length of the tether from two to five carbons, theoretically the size of the oxygen 
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containing ring can be changed from a five to eight membered ring.  Eventually, other 

nucleophiles such as carboxylic acids or amines could be tethered to the bridgehead of OBD. 

 

 The tetracyclic products (3-50 and 3-51) obtained from the intramolecular ring opening 

of the C1-tethered aryl iodides possess similarities to existing natural products, demonstrating 

the potential utility of this reaction in natural product synthesis or derivatization.  Substituents 

can be added to the phenyl ring of OBD or the aryl iodide to investigate how they are tolerated 

in the reaction and to expand the tetracyclic derivatives which can be obtained using this 

methodology.  The purpose of adding the aryl iodide to the OBD via intermediate 3-44 was to 

facilitate future diversification of the nucleophile.  For example, a diol or diamino chain could be 

reacted with 3-44 to create a heteroatom tethered nucleophile.   

 

3.4 – Experimental 

General Information:  All commercial reagents were used as received from their respective 

suppliers unless otherwise stated.  Column chromatography, TLC, 1H NMR and 13C NMR were 

performed as described in Chapter 2.  Infrared samples were acquired as solids or as neat oils on 

a Bruker ALPHA platinum single reflection diamond ATR spectrophotometer and are reported in 

wave numbers (cm−1). High-resolution mass spectrometry analyses were performed at the 

Queen's Mass Spectrometry and Proteomics Unit, Kingston, Ontario. The samples were ionized 

by electron impact (EI) or electrospray ionization (ESI) as specified and detection of the ions was 

performed by time of flight (TOF).   
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Ethyl 3-(oxabenzonorbornen-1-yl)propanoate  (3-25; Scheme 3-9): To a stirred solution of ethyl 

3-(2-furyl)propanoate (26.3 mmol) and anthranilic acid (22.2 mmol) in THF (120 mL) under an 

atmosphere of argon, isoamyl nitrite (22.4 mmol) in THF (30 mL) was added dropwise by dropping 

funnel over 50 min.  The solution was refluxed for 3 hours post-addition.  The reaction was 

quenched with water and extracted three times with ether.  The combined organic layer was 

dried over MgSO4, concentrated in vacuo and purified by column chromatography (ethyl acetate 

/ hexanes mixture).  Yield: 2.95 g (54%); pale yellow oil; Rf = 0.66 (EtOAc-Hexanes: 25:75).  1H 

NMR (400 MHz, CDCl3): δ 1.24  (t, J = 7.1 Hz, 3H), 2.54-2.63 (m, 3H), 2.66-2.73 (m, 1H), 4.14 (q, J 

= 7.1 Hz, 2H), 5.62 (d, J = 1.7 Hz, 1H), 6.73 (d, J = 5.5 Hz, 1H), 6.91-6.98 (m, 2H), 7.01 (dd, J = 5.5, 

1.8 Hz, 1H), 7.13-7.15 (m, 1H), 7.18-7.20 (m, 1H). 13C NMR (100 MHz, CDCl3): δ 14.2, 24.2, 29.6, 

60.5, 81.8, 91.9, 119.1, 120.0, 124.9, 125.0, 143.9, 144.9, 149.8, 150.7, 173.4.  Spectral data are 

consistent with those previously reported.26 

 

1-(3-Hydroxypropyl)-oxabenzonorbornene (2-20; Scheme 3-9): Lithium aluminium hydride (1.08 

mmol) was dissolved in THF (1 mL) in a dry vial under an atmosphere of argon.  Substrate 3-25 
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(1.02 mmol) was dissolved in THF under argon (1 mL) and cannula transferred into the vial at 0oC 

with stirring.  The reaction was heated to 90oC and stirred overnight.  The reaction was quenched 

with saturated NaHCO3, suction filtered through Celite® and extracted three times with DCM.  

The combined organic layer was dried over MgSO4, concentrated in vacuo and purified by column 

chromatography (ethyl acetate / hexanes mixture).   Yield: 174.5 mg (84%); colourless oil; Rf = 

0.45 (EtOAc-Hexanes: 25:75).  1H NMR (400 MHz, CDCl3): δ 1.82-1.89 (m, 2H),  2.29-2.52 (m, 2H), 

2.94 (br, 1H), 3.69 (t, J = 5.9 Hz, 2H), 5.63 (d, J = 1.9 Hz, 1H), 6.76 (d, J = 5.5 Hz, 1H), 6.93-7.00 (m, 

3H), 7.13-7.20 (m, 2H), . 13C NMR (100 MHz, CDCl3): δ 26.0, 28.0, 62.7, 81.7, 92.7, 119.3, 120.0, 

124.8, 125.0, 144.4, 144.4, 150.2, 150.5. Spectral data are consistent with those previously 

reported.26 

 

General Procedure – Rhodium Catalyzed Intramolecular Ring Opening of 3-20:  Inside the inert 

atmosphere glove box system, Rh(COD)2OTf (0.0062 mmol) and ligand (0.0085 mmol) were 

weighed into a 1 dr screw cap vial with THF (0.5 mL) and stirred for 10 minutes.  Preweighed 

substrate 2-20 (0.12 mmol) was dissolved in THF (0.5 mL) added to the vial.  The vial was capped 

tightly, exported from the dry box and secured with polytetrafluoroethylene thread-seal tape 

and paraffin film.  The mixture was heated with stirring at 60oC for 1-5 days.   The reaction was 

directly loaded onto a chromatography column and purified (EtOAc/hexanes). 
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2,3,4a,10b-Tetrahydro-1H-benzo[f]chromen-10b-ol (3-21; Table 3-1, entry 11): Yield: 6.8 mg (28 

%); yellow oil; Rf = 0.60 (EtOAc-Hexanes: 50:50).  1H NMR (400 MHz, CDCl3): δ 1.48-1.50 (m, 1H), 

1.60-1.65 (m, 1H), 1.89-1.93 (br. m, 1H), 2.10-2.17 (m, 1H), 2.49 (s, 1H), 3.76-3.49 (m, 2H), 4.48 

(s, 1H), 6.02 (dd, J = 9.8, 2.7 Hz, 1H), 6.51 (dd, J = 9.8, 1.9 Hz, 1H), 7.06 (d, J = 7.1 Hz, 1H), 7.20-

7.26 (m, 2H), 7.57 (d, J = 7.3 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 21.4, 32.4, 63.5, 71.3, 79.8, 

124.1, 127.0, 127.9, 128.4, 129.3, 129.8, 131.4, 140.3.  Spectral data are consistent with those 

previously reported.26 

 

2,3-Dihydro-1H-naphtho[2,1-b]pyran (3-26; Table 3-1, entry 11): Yield: 4.6 mg (21 %); beige oil; 

Rf = 0.42 (EtOAc-Hexanes: 50:50).  1H NMR (400 MHz, CDCl3): δ 1.96-2.03 (m, 2H), 3.08 (t, J = 7.5 

Hz, 2H), 3.73 (t, J = 6.4 Hz, 2H), 6.72 (d, J = 7.6 Hz, #1), 7.14 (d, J = 7.6 Hz, 1H), 7.46-7.54 (m, 2H), 

7.98 (d, J = 8.0 Hz, 1H), 8.21 (d, J = 8.6 Hz, 1H),. 13C NMR (100 MHz, CDCl3): δ 28.7, 33.6, 62.6, 

108.1, 122.4, 123.8, 124.8, 124.9, 125.8, 126.4, 130.2, 132.8, 150.2.  Spectral data are consistent 

with those previously reported.48  
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4-[(tetrahydro-2H-pyran-2-yl)oxy]- 1-butanol (3-32; Scheme 3-12): 1,4-Butanediol (282.1 mmol, 

1eq) and DCM (150 mL) were added to an oven dried 500 mL RBF with a magnetic stir bar under 

an atmosphere of argon.  PPTS (5.6 mmol, 0.02eq) and DMSO (35 mL) were added to the RBF.  

DHP (93.2 mmol, 0.33 eq) was added to RBF dropwise using a syringe and reaction was stirred at 

room temperature for 8.5 h.  The reaction was extracted three times with ether and the 

combined organic layer was washed with water and brine, dried over MgSO4, concentrated in 

vacuo and purified by column chromatography (ethyl acetate / hexanes mixture).  Yield: 7.83 g 

(48 %); colourless liquid; Rf = 0.49 (EtOAc-Hexanes: 100:0).  1H NMR (400 MHz, CDCl3): δ 1.18-

1.58 (m, 4H), 1.63-1.72 (m, 5H), 1.77-1.80 (m, 1H), 2.18 (br. s, 1H), 3.38-3.44 (m, 1H), 3.46-3.52 

(m, 1H), 3.64, (br. s, 2H), 3.75-3.86 (m, 2H), 4.58 (t, J = 4.2 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 

19.6, 25.4, 26.6, 30.2, 30.6, 62.4, 62.8, 67.6, 98.9.  Spectral data are consistent with those 

previously reported.49 

 

Tetrahydro-2-(4-iodobutoxy)- 2H-pyran (3-33; Scheme 3-12): PPh3 (52.2 mmol, 2 eq),  imidazole 

(116.0 mmol, 4.5 eq), acetonitrile (50 mL) and THF (25 mL)  were added to a 250 mL RFB with a 

magnetic stir bar under an atmosphere of argon.  The solution was cooled to 0oC using an ice 

bath.  Iodine was added to the solution (116.6 mmol, 4.5 eq).  The RBF was wrapped with 

aluminum foil to shield it from light and the reaction was stirred for 20 minutes.  To a separate 



 
 

76 
 

RBF, substrate 3-32 (25.8 mmol, 1 eq) and THF (20mL) were combined and cannula transferred 

into the original RBF with the iodine solution and the reaction was stirred at room temperature 

for 9 hours.  The reaction was quenched with saturated aqueous sodium thiosulfate and 

extracted three times with ether.  The combined organic layer was washed with water and brine, 

dried over MgSO4, concentrated in vacuo and purified by column chromatography (ethyl acetate 

/ hexanes mixture).  Yield: 2.92g (40%); yellow liquid; Rf = 0.80 (EtOAc-Hexanes: 25:75).  1H NMR 

(400 MHz, CDCl3): δ 1.46-1.57 (m, 4H), 1.63-1.72 (m, 3H), 1.74-1.81 (m, 1H), 1.87-1.95 (m, 2H), 

3.20 (t, J = 7.0 Hz, 2H), 3.35-3.41 (m, 1H), 3.44-3.50 (m, 1H), 3.70-3.76 (m, 1H), 3.79-3.84 (m, 1H), 

4.54 (t, J = 4.5 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 6.8, 19.6, 25.4, 30.5, 30.6, 30.7, 62.4, 66.3, 

98.9.  Spectral data are consistent with those previously reported.50 

 

 

2-[4-(2-Furanyl)butoxy]tetrahydro-2H-Pyran (3-34; Scheme 3-12): Distilled furan (34.0 mL, 1.5 

eq) and THF (70 mL) were added to a 250 mL RBF with a magnetic stir bar under an atmosphere 

of argon.  n-Butyllithium was added to the RBF at a slow dropwise rate at room temperature.  

After the addition was complete, the reaction was refluxed for 2.5 hours.  The reaction was 

cooled to 0oC for 15 minutes, then substrate 3-33 (26.7 mmol, 1 eq) was added and the reaction 

was left to stir overnight at room temperature.  The reaction was quenched with saturated 

ammonium chloride, extracted three times with ether.  The combined organic layer was washed 

with water and brine, dried over MgSO4, concentrated in vacuo and purified by column 

chromatography (ethyl acetate / hexanes mixture).  Yield: 4.22 g (21%); yellow oil; Rf = 0.74 
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(EtOAc-Hexanes: 10:90).  1H NMR (400 MHz, CDCl3): δ 1.48-1.82 (m, 10H), 2.34 (t, J = 6.9 Hz, 2H), 

3.36-3.41 (m, 1H), 3.45-3.51 (m, 1H), 3.72-3.77 (m, 1H), 3.81-3.87 (m, 1H), 4.55-4.56 (m, 1H), 5.96 

(dd, J = 3.1, 0.8 Hz, 1H), 6.25 (dd, J = 3.2, 1.9 Hz, 1H), 7.27 (dd, J = 1.9, 0.8 Hz, 1H). 13C NMR (100 

MHz, CDCl3): δ 19.6, 24.8, 25.5, 27.8, 29.2, 30.7, 62.3, 67.2, 98.8, 104.8, 110.0, 140.7, 156.2.  

Spectral data are consistent with those previously reported.31 

 

1,4-Dihydro-1-[4-[(tetrahydro-2H-pyran-2-yl)oxy]butyl]-1,4-epoxynaphthalene (3-35; Scheme 

3-12): Substrate 3-34 (11.9 mmol, 1 eq), anthranilic acid (13.1 mmol, 1.1 eq), and THF (70 mL) 

were combined in a 250 mL RBF with a magnetic stir bar under an atmosphere of argon.  Isoamyl 

nitrite (12.7 mmol, 1.1 eq) in THF (20 mL) was added dropwise by dropping funnel over 20 min.  

The solution was refluxed for 4 hours post-addition.  The reaction was quenched with water, 

extracted three times with ether and the combined organic layer was dried over MgSO4, 

concentrated in vacuo.  Purification by column chromatography (ethyl acetate / hexanes mixture) 

gave a mixture of diastereomeric OBDs 3-35.  Yield:  3.19 g (55%); yellow oil; Rf = 0.37 (EtOAc-

Hexanes: 10:90). IR (ν, cm-1): 3071, 2941, 2868, 1593, 1120, 1022, 729, 689. 1H NMR (400 MHz, 

CDCl3): δ 1.47-1.79 (m, 10H), 2.22-2.40 (m, 2H), 3.39-3.51 (m, 2H), 3.76-3.88 (m, 2H), 4.57 (t, J = 

2.7 Hz, 1H), 5.62 (d, J = 1.8 Hz, 1H), 6.76(d, J = 5.5 Hz, 1H), 6.90-6.95 (m, 2H), 7.00 (dd, J = 5.5, 1.8 

Hz, 1H), 7.12-7.14 (m, 1H), 7.17-7.19 (m, 1H).  13C NMR (100 MHz, CDCl3): δ 19.6 and 19.7, 21.5 

and 21.6, 25.5, 29.0 and 29.1, 30.2, 30.8, 62.3 and 62.4, 67.4, 81.7, 92.8, 98.9 and 99.0, 119.2 and 
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119.3, 119.9, 124.7, 127.9, 144.4, 144.6, 150.6, 150.9. HRMS: [M]+ calcd. for C19H24O3: 300.1720; 

found: 300.1715. 

 

2,2-Dimethylpropyl-4-methylbenzenesulfonate (3-46; Scheme 3-16): A solution of neopentyl 

alcohol (11.3 mmol) in pyridine (10 mL) was cooled to 0oC.  p-Toluenesulfonyl chloride (17.0 

mmol) in pyridine (5 mL) was slowly added to the solution and the reaction was left to stir 

overnight at room temperature.  Most of the pyridine was removed in vacuo, then 10 mL of ice 

cold water was added and the reaction was stirred for 1 hour.  The reaction was extracted three 

times with ether, the combined organic layer was washed with 1 M HCl, sodium bicarbonate, 

water and brine, dried over MgSO4 and concentrated in vacuo with no further purification 

necessary.  Yield: 2.30 g (84 %); white solid; Rf = 0.51 (EtOAc-Hexanes: 10:90).  1H NMR (400 MHz, 

CDCl3): δ 0.88 (s, 9H), 2.43 (s, 3H), 3.64 (2, 2H), 7.32 (d, J = 7.9 Hz, 2H), 7.76-7.78 (m, 2H). 13C NMR 

(100 MHz, CDCl3): δ 21.6, 26.0 (3C), 31.6, 79.5, 127.9 (2C), 129.8 (2C), 133.1, 144.6.  Spectral data 

are consistent with those previously reported.33 

 

1-(2,2-Dimethylpropoxy)-2-iodo-benzene (3-47; Scheme 3-18): Substrate 3-46 (0.98 mmol, 1 

eq), 2-iodophenol (1.2 mmol, 1.2 eq) and KOH (2.3 mmol 2.4 eq) were combined in DMSO (5 mL) 
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in a 5 dr vial with a magnetic stir bar and heated to 100oC with stirring for 3 days.  The crude 

reaction was directly loaded onto a chromatography column and purified (EtOAc/hexanes). Yield: 

57.8 mg (48%); yellow oil; Rf = 0.77 (EtOAc-Hexanes: 10:90). IR (ν, cm-1): 3061, 2955, 2867, 1581, 

1469, 1244, 1014, 743. 1H NMR (400 MHz, CDCl3): δ 1.10 (s, 9H), 3.62 (s, 2H), 6.67 (td, J = 7.6, 1.3 

Hz, 1H), 6.75 (dd, J = 8.2, 1.2 Hz, 1H), 7.26 (m, 1H), 7.75 (dd, J = 7.8, 1.6 Hz, 1H). 13C NMR (100 

MHz, CDCl3): δ 26.8 (3C), 32.2, 78.8, 86.6, 111.6, 122.1, 129.4, 139.3, 157.7.  

 

 

1,4-Epoxynaphthalene-1(4H)-methanol (3-43; Scheme 3-19): Furfuryl alcohol (43.8 mmol, 1.2 

eq), anthranilic acid (36.5 mmol, 1.0 eq), and THF (130 mL) were combined in a 500 mL RBF with 

a magnetic stir bar under an atmosphere of argon.  Isoamyl nitrite (36.3 mmol, 1.0 eq) in THF (20 

mL) was added dropwise by dropping funnel over 30 min.  The solution was refluxed for 2 hours 

post-addition.  The reaction was quenched with water, extracted three times with ether and the 

combined organic layer was dried over MgSO4, concentrated in vacuo, and purified by 

recrystallization in hexane/DCM.  Yield: 2.03 g (32%); white solid; Rf = 0.43 (EtOAc-Hexanes: 

50:50).  1H NMR (400 MHz, CDCl3): δ 1.86 (t, J = 6.1 Hz, 1H), 4.39-4.49 (m, 2H), 5.71 (d, J = 1.8 Hz, 

1H), 6.87 (d, J = 5.6 Hz, 1H), 6.96-6.99 (m, 2H), 7.07 (dd, J = 5.5, 1.7 Hz, 1H), 7.16-7.18 (m, 1H), 

7.22-7.23 (m, 1H). 13C NMR (100 MHz, CDCl3): δ 60.5, 82.2, 93.5, 119.5, 120.2, 125.1, 125.2, 142.3, 

145.0, 147.7, 150.5.  Spectral data are consistent with those previously reported.26  
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1-(4-methylbenzenesulfonate)-1,4-Dihydro-1,4-epoxynaphthalene-1(4H)-methanol (3-44; 

Scheme 3-19): A solution of substrate 3-44 (10.0 mmol, 1 eq) in pyridine (20 mL) was cooled to 

0oC.  p-Toluenesulfonyl chloride (14.9 mmol, 1.5 eq) in pyridine (10 mL) was slowly added to the 

solution and the reaction was left to stir overnight at room temperature.  Approximately half of 

the pyridine was removed in vacuo, then 20 mL of ice cold water was added and the reaction was 

stirred for 1 hour.  The reaction was extracted three times with ether, the combined organic layer 

was washed twice with 1 M HCl, twice with aqueous copper sulfate, once with sodium 

bicarbonate, once with water and once with brine and dried over MgSO4.  Approximately two 

thirds of the solvent was removed in vacuo and the reaction was left to precipitate overnight.  

Product was obtained by vacuum filtration with a water wash.  Yield:  2.73 g (84%); white solid; 

mp 60 oC (decomposed); Rf = 0.46 (EtOAc-Hexanes: 25:75). IR (ν, cm-1): 3029, 2952, 1450, 1336, 

1172, 971, 951, 673, 553. 1H NMR (400 MHz, CDCl3): δ 2.42 (s, 3H), 4.69 (d, J = 11.1 Hz, 1H), 4.86 

(d, J = 11.1 Hz, 1H), 5.66 (d, J = 1.8 Hz, 1H), 6.81 (d, J = 5.0 Hz, 1H), 6.94-6.96 (m, 2H), 7.03 (dd, J 

= 5.6, 1.8 Hz, 1H), 7.10-7.12 (m, 1H), 7.19-7.20 (m, 1H), 7.33 (d, J = 8.0 Hz, 2H) 7.83-7.86 (m, 2H). 

13C NMR (100 MHz, CDCl3): δ 21.7, 66.7, 82.4, 90.1, 119.5, 120.4, 125.2, 125.5, 128.2 (2C), 130.0 

(2C), 132.4, 141.4, 144.9, 145.2, 147.1, 149.6.  OBD 3-44 was not stable, therefore, it was used 

for next step without further purification and characterization.   
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1-[(2-Iodophenoxy)methyl]-1,4-dihydro-1,4-epoxynaphthalene (3-42; Scheme 3-19): Substrate 

3-42 (0.95 mmol, 1 eq), 2-iodophenol (1.2 mmol , 1.2 eq) and KOH (1.08 mmol, 1.1 eq) were 

combined in DMSO (15 mL) in a 50 mL RBF with a magnetic stir bar and heated at 70oC with 

stirring for 42 hours.  The reaction was diluted with 15 mL water and extracted three times with 

diethyl ether.  The combined organic layer was washed with water and brine, dried over MgSO4, 

concentrated in vacuo and purified by column chromatography (ethyl acetate / hexanes mixture)     

Yield: 436.9 mg (37 %); beige oil; Rf = 0.70 (EtOAc-Hexanes: 25:75). IR (ν, cm-1): 3066, 3012, 2929, 

2880, 1581, 1465, 1438, 1277, 1243, 1121, 1016, 744, 688, 640. 1H NMR (400 MHz, CDCl3): δ 4.71 

(d, J = 10.1 Hz, 1H), 4.83 (d, J = 10.0 Hz, 1H), 5.77 (d, J = 1.7 Hz, 1H), 6.77 (td, J = 7.6, 1.83 Hz, 1H), 

6.99-7.02 (m, 3H), 7.10 (dd, J = 5.5, 1.8 Hz, 1H), 7.20 (d, J = 5.5 Hz, 1H), 7.25-7.27 (m, 1H), 7.33-

7.37 (m, 1H), 7.42-7.44 (m, 1H), 7.81 (dd, J = 7.8, 1.6 Hz, 1H).  13C NMR (100 MHz, CDCl3): δ 67.4, 

82.5, 86.7, 90.8, 112.6, 120.1, 120.2, 123.3, 125.2, 125.3, 129.7, 1239.6, 142.9, 144.1, 148.8, 

150.0, 157.3. HRMS: [M]+ calcd. for C14H13O2I: 375.9955; found: 375.9968. 
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6-Oxa-5,10b-dihydro-4bH-chrysen-4b-ol (3-50; Scheme 3-21): Inside an inert atmosphere glove 

box system, NiCl2(PPh3)2 (0.042 mmol, 0.16 eq) and zinc dust (2.7 mmol, 10.4 eq) were weighed 

into a 2 dr screw cap vial with a magnetic stir bar.  Preweighed substrate 3-42 (0.26 mmol, 1 eq) 

was dissolved in 1.6 mL acetonitrile and added to the mixture.  The vial was capped tightly, 

exported from the dry box and secured with polytetrafluoroethylene thread-seal tape and 

paraffin film.  The mixture was heated with stirring at 100oC for 3.5 hours.  The reaction was 

directly loaded onto a chromatography column and purified (EtOAc/hexanes). Yield:  38.1 mg (60 

%); white solid; mp 138-140 oC; Rf = 0.19 (EtOAc-Hexanes: 10:90). IR (ν, cm-1): 3534, 3052, 2924, 

1580, 1484, 1450, 1231, 752, 506. 1H NMR (400 MHz, CDCl3): δ 2.16 (s, 1H), 3.94 (s, 1H), 4.48 (d, 

J = 10.9 Hz, 1H), 4.92 (d, J = 11.0 Hz, 1H), 6.49 (dd, J = 9.6, 1.9 Hz, 1H), 6.87 (dd, J = 9.6, 3.2 Hz, 

1H), 6.98-7.05 (m, 2H), 7.22-7.25 (m, 1H), 7.29-7.33 (m, 3H), 7.34-7.40 (m, 1H), 7.45 (d, J = 7.7 Hz, 

1H). 13C NMR (100 MHz, CDCl3): δ 41.4, 66.0, 71.4, 116.8, 120.2, 121.1, 122.5, 126.4, 126.5, 127.9, 

128.2, 128.4, 129.0, 129.1, 132.7, 135.4, 153.3. HRMS: [M]+ calcd. for C17H14O2: 250.0989; found: 

250.0988. 
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5H-Benzo[b]naphtho[2,1-d]pyran (3-51; Scheme 3-21): Inside an inert atmosphere glove box 

system, PdCl2(PPh3)2 (0.027 mmol, 0.10 eq), zinc dust (2.6 mmol, 10 eq) and zinc chloride (0.013 

mmol, 0.050 eq) were weighed into a 6 dr screw cap vial with a magnetic stir bar.  DMF (2.5 mL) 

and triethylamine (0.3 mL) were added to the vial.  Preweighed substrate 3-42 (0.26 mmol, 1 eq) 

was dissolved in DMF (1 mL) and added to the vial.  The vial was capped tightly, exported from 

the dry box and secured with polytetrafluoroethylene thread-seal tape and paraffin film.  The 

mixture was heated with stirring at 60oC for 4.25 hours.  The reaction was directly loaded onto a 

chromatography column and purified (EtOAc/hexanes).  Yield: 50.1 mg (84 %); white solid; Rf = 

0.71 (EtOAc-Hexanes: 10:90).  1H NMR (400 MHz, CDCl3): δ 5.66 (s, 2H), 7.05-7.12 (m, 2H), 7.26-

7.30 (m, 1H), 7.42-7.56 (m, 2H), 7.78-7.87 (m, 5H). 13C NMR (100 MHz, CDCl3): δ 65.2, 117.1, 

120.3, 122.1, 122.4, 123.1, 123.6, 125.8, 126.0, 126.8, 127.2, 128.5, 128.8, 129.1, 129.5, 133.0, 

154.4.  Spectral data are consistent with those previously reported.41 
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Chapter 4: Palladium and Acid Catalyzed Ring Opening of 

Cyclopropanated Oxabenzonorbornadiene 
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4.1 – Introduction 

To expand the ring opening chemistry of oxabenzonorbornadiene, one modification to 

the OBD framework that was envisioned by our group was the cyclopropanation of the alkene.  

The alkene of OBD is highly reactive,1 therefore, modification of the alkene to another highly 

reactive functional group could lead to interesting new reactivity on the OBD framework.  The 

chemistry of the cyclopropane single bond has been reported to be similar to that of an alkene 

and it can overgo a wide variety of ring opening reactions using nucleophiles, electrophiles, 

radicals, heat and light.2  Cyclopropanes contain a high degree of angular and torsional strain, 

therefore, a thermodynamic driving force for these ring opening reactions is the release ring 

strain which is on the order of magnitude of 27.5 kcal/mol.2  The release of this ring strain also 

contributes to the high reactivity of this functional group. 

    

There have been a few examples of ring opening reactions on exo-tricyclo-[3.2.1.02,4]-

octanes (cyclopropanated bicyclo-[2.2.1]-heptane frameworks) which have led to interesting 

products via ring expansion or rearrangements (Scheme 4-1). The reaction of 4-1 with potassium 

dichloroiodate gave the halogenated bicyclo[2.2.2]octane derivative 4-2 by a Wagner-Meerwein 

rearrangement.3  Cyclopropane 4-1 reacted with deuterated methanol under acidic conditions 

caused cleavage of the internal cyclopropane bond yielding 2-exo-methoxybicyclo[3.2.l]octane 

(4-3) by ring expansion.4  The cyclopropane derivative 4-4 was reacted with methanolic sodium 

hydroxide causing cleavage of the ether and homoketonisation to form the exo-tricyclo-

[5.3.1.02,6]undecen-8-one 4-5.5   
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Scheme 4-1:  Ring opening reactions of cyclopropanated bicyclo[2.2.1]heptane frameworks. 

 

 Cyclopropanation and subsequent ring opening of the 7-oxabicyclo[2.2.1]heptane or 8-

oxabicyclo[3.2.1]octane frameworks have also been successful and there are several examples 

using functionalized cyclopropanes (Scheme 4-2).   Subjecting 4-6 to SmI2/HMPA resulted in 

reductive cleavage of the cyclopropane yielding 4-7.6  Cyclopropane 4-8 undergoes a 

spontaneous rearrangement immediately after formation to yield 4-9 via ring expansion and 1,2-

migration of a bromine.7  Ring opening of the cyclopropane on an OBD derivative has also been 

investigated.  Lee was investigating the synthesis of substituted cyclopropanes on OBD 4-10.  

Most substituents on the external carbon of the cyclopropane were well tolerated, such as Cl, 

OMe, or SPh, however, when the substituent was an alcohol, 4-10 rearranged to form 4-11.8 
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Scheme 4-2: Ring opening of cyclopropanated 7-oxabicyclo[2.2.1]heptane and                                         

8-oxabicyclo[3.2.1]octane frameworks 

 

As demonstrated in Schemes 4-1 and 4-2, the addition of a cyclopropane to norborene-

based frameworks leads to novel ring opening reactivity with the potential for new products to 

be formed through ring expansion or rearrangement.  Our group thought it would be useful to 

explore how this derivatization would introduce new reactivity to OBD and potentially lead to 

novel product frameworks. 

 

4.1.1 – Cyclopropanation of Oxabenzonorbornadiene 

  To add a methylene equivalent across the alkene of OBD, several cyclopropanation 

protocols were tested;9 these included the Simmons-Smith cyclopropanation,10 modified 

Simmons-Smith cyclopropanation methods,11 the reaction of dialkylzinc with 

polyhalomethanes,12 and diazoalkane equivalents from α-sulfonyl carbanions under nickel 
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catalysis.13  All of these procedures had been used to cyclopropanate carbocyclic or carbobicyclic 

alkenes but were unsuccessful for OBD, which is an oxabicyclic alkene.  Another cyclopropanation 

method which uses diazomethane and a Pd(II) catalyst was tested as it had been used to 

cyclopropanate other heterocyclic systems. 14,15  As diazomethane is hazardous to work with, it 

is generated in situ using a commercially available precursor, Diazald® which reacts with sodium 

hydroxide to produce diazomethane.  When this method was applied to OBD (4-12), 

cyclopropanated oxabenzonorbornadiene (CPOBD, 4-13) was obtained in a 90% yield (Scheme 4-

3).  The scope of the reaction was expanded to include aryl, C1 and C2 substituted OBDs, with 

the corresponding CPOBDs obtained in moderate to high yields; 23 substrates were synthesized 

with yields ranging from 64-96%9,16  For all reactions, the cyclopropane was added to the exo face 

exclusively.   

 

Scheme 4-3: Palladium catalyzed cyclopropanation of OBD using diazomethane.9 

 

 The general mechanism for palladium catalyzed cyclopropanation of alkenes with 

diazomethane begins with the Pd(II) catalyst being reduced to Pd(0), which is the active form 

(Scheme 4-4).  Pd(0) coordinates to the alkene in a bridged η2 manner (4-14) and then 

diazaomethane adds to the Pd complex (4-15).  Nitrogen gas is released which leaves a carbene 

(4-16).  The Pd-carbene complex carbopalladates with a second alkene yielding a 
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palladacyclobutane (4-17) with the final the cyclopropanated product (4-18) formed through 

reductive elimination.17   

 

 

 

 

 

 

 

 

Scheme 4-4: General mechanism for palladium catalyzed cyclopropanation of alkenes with 
diazomethane.17 
 

4.1.2 – Previous Ring Opening Reactions of Cyclopropanated Oxabenzonorbornadiene 

 With the successful cyclopropanation of OBD (4-12) the next step was to explore ring-

opening reactions of this novel structure.  CPOBD (4-13) was predicted to have three locations 

where a nucleophile could attack, leading to three potential ring opening pathways (Scheme 4-

5).18  For a Type 1 ring opening, the nucleophile attacks the bridgehead carbon of 4-13 and the 

proximal carbon-oxygen bond would be cleaved forming 4-19 with subsequent ring opening of 

the cyclopropane yielding a dihydronaphthol product (4-20).  In a Type 2 ring opening, the 

nucleophile attacks the external carbon in the cyclopropane, cleaving a carbon-carbon bond of 

the cyclopropane followed by cleavage of a carbon-oxygen bond.  The product of a Type 2 

reaction is a 2-substituted dihydronaphthol (4-21).  For a Type 3 ring opening, the nucleophile 

attacks a bridgehead carbon of the cyclopropane.  The internal carbon-carbon bond of the 
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cyclopropane is cleaved followed by the distal carbon-oxygen bond being cleaved resulting in the 

formation of a seven membered ring via ring expansion (4-22).  

 

Scheme 4-5: Proposed nucleophilic ring opening pathways of CPOBD.18 

 

 Initial nucleophile screens included various organometallic reagents in THF; including 

Grignard, organozinc, organocerium and organolithium reagents which all yielded low to 

negligible Type 1 ring opened products.18  Eventually the use of organocuprates, especially 

higher-order cyanocuprates, in diethyl ether was found to cause a Type 1 ring opening of CPOBD 

(4-13) leading to the formation 2-methyl-1,2-dihydronaphthalenols (4-20) as the primary product 

(up to 95%) (Scheme 4-6).  Although the primary product was 4-20, aromatization would occur 

over time to form the corresponding naphthalene derivatives (4-23).  The scope of the reaction 

was expanded to include different substituents on the organocuprate reagent and CPOBD.  The 

reaction was compatible with primary, secondary, tertiary and aromatic nucleophiles.  Alkyl 

substituents on the CPOBD bridgehead gave good yields and only one regioisomer was obtained, 
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however, the reaction wasn’t as successful with aryl substituents; para-substituents were only 

moderately reactive, while no ring-opened product was obtained with ortho-substituents.18   

 

 

 

 

Scheme 4-6:  Type 1 ring opening of CPOBD using organocuprates.18 

 

 Type 2 ring opened products were found to occur under acid catalyzed conditions using 

alcohol nucleophiles (Scheme 4-7).  The predicted product for a Type 2 ring opening was a 2-

substituted dihydronaphthol (4-21), however, this was not observed.  Instead, 4-21 aromatized 

to the corresponding 2-substituted naphthalene (4-24).  The optimized catalyst was determined 

to be p-TsOH.H2O and using methanol as the nucleophile 91% of the                                                                       

2-(alkoxymethyl)naphthalene product (4-24) was obtained.  The scope of the reaction was 

expanded to include different nucleophiles and substituents on the CPOBD.  The reaction was 

compatible with primary, secondary, and tertiary nucleophiles.  From the limited substituted 

CPOBD study, it was observed that primary alkyl substituents on the bridgehead gave good yields 

and the products were highly regioselective, however, the reaction wasn’t as successful with aryl 

substituents; the para-substituent, OMe, was only moderately reactive and only low yields of 4-

24 was obtained with the ortho-substituent, Br.19  
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Scheme 4-7:  Acid catalyzed Type 2 ring opening of CPOBD with alcohol nucleophiles.19 

 

With the discovery of the acid catalysed Type 2 ring opening, the scope of the reaction 

was expanded to include carboxylic acid nucleophiles (Scheme 4-8).  These nucleophiles were 

also successful in the Type 2 ring opening of CPOBD (4-13) yielding 2-naphthylmethyl esters (4-

25) in moderate yields.  A diverse range of carboxylic acids were compatible with the reaction; 

these included primary, secondary, tertiary, aromatic, alkenyl, alkynyl, halide, and ether 

substituents on the carboxylic acid.  From the limited substituted CPOBD study, it was observed 

that substituents on the bridgehead and ortho and para positions on the benzene ring gave 

moderate yields.20 

 

 

Scheme 4-8:  Acid catalyzed Type 2 ring opening of CPOBD with carboxylic acid nucleophiles.20 

 

As illustrated in Schemes 4-7 and 4-8, acid catalysts have demonstrated to be effective at 

catalyzing Type 2 ring opening of CPOBD (4-13).  To expand our understanding of the ring opening 

modes of CPOBD, the use of a transition metal catalyst was explored.  A palladium catalyzed 
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reaction with alcohol nucleophiles yielded 2-substituted naphthalenes (4-24) via the Type 2 ring 

opening pathway (Scheme 4-9).  Like the acid catalyzed reaction, the palladium catalyst also 

formed the aromatized naphthalene product instead of the predicted 2-substituted 

dihydronaphthol (4-21).  The scope of alcohol nucleophiles was explored with primary, secondary 

and tertiary nucleophiles found to be compatible with the reaction, however, aromatic alcohols 

did not yield the desired product.21  

 

 

Scheme 4-9:  Palladium catalyzed Type 2 ring opening of CPOBD with alcohol nucleophiles.21 

 

During the acid-catalyzed Type 2 ring opening of C1-tBu CPOBD, the formation of a 

prominent side product was observed.  Upon further analysis it was revealed that this product 

was in fact a Type 3 ring opened product.  Unlike the predicted product 4-22, this structure had 

incorporated two equivalents of the alcohol nucleophile; X-ray diffraction analysis later 

confirmed that the nucleophiles were incorporated trans relative to each other (4-26).22  Further 

optimization of the acid catalyzed reaction revealed that the proportion of the Type 3 product 

could be enhanced relative to the Type 2 product by decreasing the temperature from 90oC to 

40oC (Scheme 4-10).  Using C1-tBu CPOBD as the model substrate, Type 3 products could be 

obtained using primary, secondary, and aromatic alcohol nucleophiles; tertiary alcohol 

nucleophiles only yielded trace amounts of the Type 3 product.  Very preliminary substituted 
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CPOBD studies demonstrated that small amounts of the Type 3 product could be obtained using 

mono and dimethyl substituted CPOBDs.23 

 

 

 

Scheme 4-10:  Acid catalyzed Type 3 ring opening of CPOBD with alcohol nucleophiles.23 

 

4.1.3 – Remote Substituent Effects 

 As can be seen in section 4.1.2, our group has conducted extensive studies on the 

nucleophilic ring opening of the novel CPOBD structure, however, the palladium catalyzed Type 

2 ring opening and the acid catalyzed Type 3 ring opening reactions were either partially or 

completely missing a study on the nucleophilic ring opening of substituted CPOBDs.  Substituents 

on the CPOBD could impose steric or electronic effects on the incoming nucleophile.  It is 

important to understand what effects different substituents will have on the regiochemistry, 

stereochemistry, yield and overall outcome of the reaction as well as to develop a comprehensive 

understanding of the types of substituted products that can be obtained from these reactions. 

 

 Protocols for the synthesis of C1 and aryl substituted OBDs are well established.  To 

synthesize bridgehead substituted OBDs, a 2-substituted furan must first be synthesized.  As few 

2-substituted furans are commercially available, these precursors are also synthesized in our lab 

by palladium and iron catalyzed cross coupling reactions; 2-aryl furans (4-28) are synthesized 

from 2-bromofuran (4-27) by Suzuki coupling with aryl boronic acids (Scheme 4-11) and 2-alkyl 
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furans (4-29) are synthesized from 2-bromofurans (4-27) by iron-catalyzed coupling with 

Grignard reagents (Scheme 4-12).24  To form the bridgehead substituted OBD (4-13) a Diels-Alder 

reaction is performed by reacting the 2-substituted furan (4-28 or 4-29) with benzyne (generated 

in situ from anthranilic acid and isoamyl nitrite) (Scheme 4-13).25  

 

 

Scheme 4-11:  Synthesis of 2-aryl furans by Suzuki coupling.24  
 
 

 

Scheme 4-12:  Synthesis of 2-alkyl furans by iron catalyzed coupling.24  

 

 

Scheme 4-13:  Synthesis of C1-substituted OBDs.25  

 

 To synthesize aryl substituted OBDs (4-13), substituted benzene precursors are used 

(Scheme 4-14).  These precursors include the desired functional groups in the ortho or para 

positions and functional groups which can be used to generate the benzyne in situ during the 

Diels-Alder reaction; such as halides (4-30) which can undergo lithium-halide exchange or TMS 
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and triflate (4-31) which can undergo fluoride desilylation.    A diverse array of functional groups 

can be introduced to the benzene ring using this method, including methyl, methoxy, halogens, 

and phenyl substituents.9  

 

Scheme 4-14:  Synthesis of aryl-substituted OBDs.25  

 

 Our group has had a long-standing interest in understanding how desymmetrisation of 

the bicyclic framework through the addition of a bridgehead substituent affects the 

regiochemistry, stereochemistry and yield of the products.   A 2014 study by our group 

investigated the 1,3-dipolar cycloaddition of acetonitrile oxide and benzonitrile oxide with 

bridgehead substituted OBDs (4-12) yielding oxabicycle-fused isoxazoline adducts (4-32a and 4-

32b) (Scheme 4-15).26  The addition of the nitrile oxide occurred exclusively on the exo face of 

OBD with the major regioisomer positioning the methyl or phenyl group from the nitrile oxide 

anti to the C1-substituent (4-32a).  Some interesting trends were observed correlating the 

relative yield of the minor regioisomer (4-32b) with the steric and electronic properties of the C1 
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substituent.  As the steric bulk of the substituent increased, the ratio of 4-32b decreased but as 

the strength of the electron withdrawing group on the bridgehead increased, the yield of 4-32b 

increased.  

 
 
Scheme 4-15: 1,3-dipolar cycloaddition between nitrile oxides and bridgehead substituted 
OBDs.26 
 

 

 

 A 2016 study by our group on palladium catalyzed ring opening of C1-substituted 

oxabicyclo[2,2,1]hepta-2,5-diene-2,3-dicarboxylates (4-33) with aryl iodides, also found that 

there was a strong correlation between the electronic and steric nature of the C1-substituent 

and the yield of the product (Scheme 4-16).27  For this reaction, only one regioisomer (4-34) was 

obtained in all cases resulting from the addition of the aryl iodide to the olefin carbon furthest 

from the C1 substituent.  As the steric bulk of the bridgehead substituent increased, the yield of 

4-34 dropped dramatically and when an electron withdrawing group such as an acyl or methyl 

ester was located at the C1 position, no ring opened product was obtained.   

 

 

Scheme 4-16: Palladium catalyzed ring opening of a C1-substituted oxanorbornadiene 
derivative with aryl iodides.27 
 



 
 

100 
 

 These two reactions illustrate the diverse effects that C1-substituents can have on the 

outcome of a reaction.  In the first reaction (Scheme 4-15), the electronic and steric nature of the 

substituent influenced the ratio of regioisomers formed, whereas in the second reaction (Scheme 

4-16) the electronic and steric nature of the substituent greatly influenced the product yield.  

Substituents on the benzene ring can also play a role in influencing the outcome of the reaction.  

The conversion of the asymmetric OBDs 4-12a and 4-12b to the corresponding naphthols was 

highly regioselective because in each case, only one of the possible ring opened cation 

intermediates (4-35a and 4-35b) could be stabilized through conjugation with the aromatic 

methoxy substituent; the remote substituent controls which C-O bond is broken (Scheme 4-

17).28,29  An analogous study with an electron withdrawing bromine substituent in the proximal 

aryl position resulted in the opposite regioisomer.30     

 

Scheme 4-17:  Stabilization of ring opened cation intermediates by aryl substituents.28,29 

 

 Lautens conducted a study on OBDs with unsymmetrical aryl substituents (4-12c), to 

determine how these substituents influence the regiochemical outcome of the rhodium 
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catalyzed ring opening of OBD with methanol (Scheme 4-18).  Their overall conclusions were that 

substituents which were strongly π-donating, such as oxygen and nitrogen atom, gave highly 

regioselective products (4-36a or 4-36b), whereas σ-donating or electron withdrawing 

substituents had only minimal effects on the outcome of the reaction.  Another trend that was 

noted was that slightly higher regioselectivities were observed for OBDs with distal aryl 

substituents as compared to proximal substituents.  Proximal substituents also exerted steric 

effects on the reaction, decreasing the overall yield.  This is likely due to their proximity inhibiting 

the catalyst’s approach to the C-O bond.29   

 

Scheme 4-18:  Regioselective ring opening of aryl substituted OBDs.29  

 

4.2.1 – Results and Discussion: Palladium Catalyzed Type 2 Ring Opening of CPOBD 

The initial optimization study for palladium catalyzed Type 2 ring opening of CPOBD with 

alcohol nucleophiles conducted by MSc student Oday Alrifai found the optimized conditions to 

be 10 mol% PdCl2(CH3CN)2 at 60oC using methanol as both the solvent and nucleophile.  

Expanding the scope of the reaction to include substituted CPOBDs (4-13) used these reaction 

conditions for the initial trials using C1-methyl and ethyl substituents; yielding 27% and 58% 

respectively (Table 4-1, entries 1&3).  Oday’s optimization study didn’t explore temperatures 

above 60oC but it was later discovered that the yield of 4-24 could be increased when the 
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temperature was raised to 90oC; toluene was added to the reaction as a co-solvent as methanol’s 

boiling point is 65oC.  Repeating the initial C1-methyl and ethyl trials at 90oC increased the yield 

of 4-24 to 41% and 65% respectively; an average increase of 11% (entries 2&4).  Therefore, the 

remainder of the trials were conducted at 90oC.  The bulky substituent tBu provided a comparable 

yield of 47% (entry 5), however, there was a significant decrease in the yield of 4-24 with the 

electron withdrawing acetyl and methyl ester bridgehead substituents; 29% and 23% respectively 

(entries 6-7).  With the unsymmetrical substrates tested, only a single regioisomer of 4-24 was 

formed in all cases as a result of the proximal carbon-oxygen bond being cleaved.  One example 

of a C1,C4-dimethyl symmetrically substituted CPOBD was tested, which resulted in a moderate 

yield of 40%.   

 

Table 4-1: Palladium catalyzed Type 2 ring opening of bridgehead substituted CPOBDs with 

methanol. 

 

Entry Z Z’ Product ID Temperature (oC) Time (days) Yield 4-24 (%)a 

1b Me H 4-24a 60 7 27c 

2 Me H 4-24a 90 8 41c 

3b Et H 4-24b 60 7 58 

4 Et H 4-24b 90 13 65 

5 tBu H 4-24c 90 8 47 

6 C(O)Me H 4-24d 90 7 29c 

7 COOMe H 4-24e 90 14 23 

8 Me Me 4-24f 90 10 40 
aIsolated yield by column chromatography. 
bSolvent was methanol.   
c41-58% starting material recovered.  
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 A few examples of aryl substituted CPOBDs (4-13) were also studied (Table 4-2).  The 

presence of electron donating methoxy groups in the para position dramatically decreased the 

yield to 5% (entry 1); a phenomenon which our group has previously observed during the Type 1 

ring opening of CPOBD and with nucleophilic ring opening of OBD derivatives.18,31  When the 

methoxy groups were shifted to the ortho position, a moderate yield of 46% was obtained (entry 

2) and when the substituents in the ortho position were replaced with halogens, there was a 

slight decrease in the yield of 4-24 to 37%.   

 

Table 4-2: Palladium catalyzed Type 2 ring opening of aryl substituted CPOBDs with methanol. 

 

 

Entry X Y Product ID Time (days) Yield 4-24 (%)a 

1 OMe H 4-24g 14 5 

2 H OMe 4-24h 14 46 

3 H Br 4-24i 14 37 
                                aIsolated yield by column chromatography. 
 

 

4.2.2 – Results and Discussion: Acid Catalyzed Type 3 Ring Opening of CPOBD 

 The first example of a Type 3 product was discovered during the acid catalyzed Type 2 

ring opening of CPOBD with alcohol nucleophiles.  It was observed as a major side product when 

a bulky C1-tBu substituent was present (51%) and a much smaller amount of the Type 3 product 

was observed when a smaller C1-methyl substituent was present (5%).  These initial observations 

led to the hypothesis that as the steric bulk of the C1-substituent increased, a greater proportion 
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of the Type 3 product would be formed.  After further optimization of the reaction to increase 

the relative yield of the Type 3 product, the top priority for this project was exploring the 

formation of the Type 3 product using C1-substituents of increasing size.  There were two 

previously synthesized CPOBDs with electron withdrawing bridgehead substituents (acyl and 

methyl ester) which could be added to this study, however, there had not previously been any 

CPOBDs synthesized with aromatic or secondary aliphatic bridgehead substituents.  As the size 

of the bridgehead substituent appeared to have an influence on the ratio of the Type 3 product 

formed, it was desirable to add examples of intermediary-sized bridgehead substituents to this 

study.   

 

 As aromatic and secondary aliphatic substituted CPOBDs had not previously been 

synthesized and unfortunately the previous C1-Cy and C1-Ph OBD precursors synthesized by our 

lab had been used up in other studies, these two substrates needed to be synthesized starting 

from furan.  The first step in the synthesis of both these compounds is the formation of 2-

bromofuran (4-27) from furan using NBS in DMF.  Yields ranged from 8-40% with higher yields 

obtained from increased experience with the reaction (Scheme 4-19).   

 

Scheme 4-19:  Synthesis of 2-bromofuran. 

 

The synthesis for C1-phenyl CPOBD (4-13j) is shown in Scheme 4-20.  2-bromofuran (2-

27) was converted to 2-phenylfuran (4-37) by Suzuki coupling with phenyl boronic acid (68%).  
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Furan 4-37 was reacted with benzyne, generated in situ from anthranilic acid and isoamyl nitrite, 

to yield the C1-phenyl OBD (4-12j, 15%) via a Diels-Alder reaction.  Cyclopropanation of 4-12j 

using diazomethane yielded the desired C1-phenyl CPOBD starting material (4-13j) in a 65% yield.   

 

 

Scheme 4-20:  Synthesis of C1-Ph CPOBD. 

 

 The synthesis of an OBD with a secondary hydrocarbon bridgehead substituent was 

attempted using literature procedures (Scheme 4-21).  The iron catalyzed coupling between 2-

bromofuran (4-27) and cyclohexylmagnesium chloride was unsuccessful in generating 2-

cyclohexylfuran (4-38).  The synthesis was repeated using a different Grignard reagent, 

isopropylmagnesium chloride, however, this reaction was also unsuccessful in synthesizing the 

desired furan, 2-isopropylfuran (4-39).  After one more failed attempt using 

cyclohexylmagnesium chloride, it was decided that another method needed to be attempted to 

synthesize the 2-alkyl furan.  The available Grignard reagents were older, and it is likely that after 
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prolonged exposure to air and/or moisture that the major of the Grignard reagent (RMgX) had 

been converted to ROMgX and HOMgX.32    

 

 

Scheme 4-21:  Attempted synthesis of a 2-substituted furan with a secondary alkyl group. 

 Iron catalyzed coupling between 2-bromofuran and a Grignard reagent was previously 

successful, therefore, a literature search was conducted for a similar procedure; preferably an 

iron catalyzed coupling where the Grignard reagent was generated in situ.   A 2009 paper by von 

Wangelin developed a methodology for iron catalyzed aryl-alkyl cross coupling (Scheme 4-22).33  

This paper selectively cross coupled aryl halides (4-40) and alkyl halides (4-41) in a one pot 

reaction optimizing for the conditions necessary to reduce the formation of unwanted side 

products formed through competitive reduction and biaryl coupling.  Although the substrate 

examples in this paper were exclusively substituted aryl halides, hopefully bromofuran would be 

able to replace bromobenzene (4-40) as the sp2 coupling partner in this reaction. 

 

Scheme 4-22:  Iron catalyzed aryl-alkyl cross coupling by von Wangelin.33 
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 To synthesize CPOBD with a secondary hydrocarbon bridgehead substituted, 2-

bromofuran (4-27) was first reacted with bromocyclohexane (4-41) using the reaction conditions 

described above from the von Wangelin paper (Scheme 4-23).  Cyclohexane was selected as the 

alkyl substituent over isopropyl for two reasons: 1) larger C1-substituents were theorized to 

enhance the relative proportion of the Type 3 product, therefore, the large steric bulk of the 

cyclohexane would hopefully lead to a greater yield of the Type 3 product, and 2) the boiling 

point of 2-cyclohexylfuran is 213oC while the boiling point of 2-isopropylfuran is only 40oC.  Furan 

4-39 would need to be purified by distillation as its boiling point is too low to withstand solvent 

removal under reduced pressure, while the boiling point of 4-38 is high enough to withstand 

solvent removal in vacuo and can therefore be purified by column chromatography.  The iron 

catalyzed cross coupling procedure adapted from von Wangelin was successful in synthesizing 4-

38 as indicated by NMR, however, there were three product spots close together on the TLC plate 

that were impossible to separate despite multiple column chromatography attempts using 

different solvent systems. The Diels-Alder reaction was attempted using this crude product 

mixture and was successful in yielding C1-cyclohexyl OBD (4-12k).  TLC analysis of the reaction 

showed that of the three spots in the starting material, the middle spot was consumed, while the 

top and bottom spots remained.  The overall yield for the conversion of 2-bromofuran (4-27) to 

C1-cyclohexyl OBD (4-12k) was 13% for the two steps.  This yield seems low, however, it is only 

slightly decreased as compared two same two steps using the original Grignard reagent 

methodology (20%).24,25  Cyclopropanation of 4-12k was achieved using diazomethane to yield 

24% 4-12k, a C1-cyclohexyl CPOBD.   



 
 

108 
 

 

Scheme 4-23:  Synthesis of C1-Cy CPOBD.   

 

With all the necessary substrates synthesized (4-13), to complete the acid catalyzed Type 

3 ring opening study, the scope of the reaction was expanded to include different C1 substituents 

using methanol as the alcohol nucleophile (Table 4-3).  The primary methyl substituent mostly 

afforded the Type 2 product (91%, 4-24) with a little of the Type 3 (5%, 4-26) (entry 1).  The 

secondary carbon substituent, cyclohexyl, gave a moderately high yield for the Type 2 product 

(86%) with a small amount of the Type 3 product (6%) (entry 2).  The aromatic secondary carbon 

substituent, phenyl, gave very similar results with 72% and 3% of the Type 2 and 3 products 

respectively (entry 3).  When the size of the bridgehead substituent was increased to a bulky tert-

butyl group the ratio between the Type 2 and Type 3 products changed drastically with the Type 

3 product comprising two thirds of the overall yield (entry 4).  The electron withdrawing acyl 

substituent also formed a significant amount of the Type 3 product (21%), however, the reaction 

proceeded slowly (entry 5).  A similar result was not observed with the other electron 
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withdrawing methyl ester substituent.  After one week there was no trace of the Type 2 or 3 

products and 75% of the starting material was recovered (entry 6).  The reaction with a C1,C2-

dimethyl substituted CPOBD resulted in mostly Type 2 product with trace amounts of the type 3 

product formed (entry 7).   

 

Table 4-3: Acid catalyzed Type 3 ring opening of bridgehead substituted CPOBDs with methanol. 

 

Entry W Z Time (h) Yield 4-24 (%)d Product ID Yield 4-26 (%)d Product ID 

1a,b H Me 15 91 4-24a 5 4-26a 

2 H Cy 30 86 4-24k 6 4-26k 

3 H Ph 26 74 4-24j 3 4-26j 

4b H tBu 48 26 4-24c 67 4-26c 

5 H Ac 504 64 4-24d 21 4-26d 

6c H COOMe 172 0 4-24e 0 4-26e 

7b Me Me 48 88 4-24l Trace 4-26l 
aReaction performed at 90oC 
bReaction performed by Emily Carlson 
c75% starting material recovered 
dIsolated yields by column chromatography. 

 

PhD student Emily Carlson also performed the reaction using C1-ethyl and C1-CH2OH 

CPOBDs (Scheme 4-24).  She found that a Type 3 ring opening did occur with these substrates, 

however, alternative Type 3 products were obtained; these products contained a 

cycloheptatriene ring versus the 1,3-cycloheptadiene ring in 4-26 and there were alternations to 

the bridgehead substituents.  For the C1-ethyl CPOBD (4-13b), only one equivalent of methanol 

was incorporated and it was added to the ethyl substituent (4-43, 12%). With the C1-CH2OH 
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CPOBD (4-13m) the alcohol was converted to an aldehyde and no equivalents of methanol were 

incorporated (4-44, 27%).  When the reaction was repeated without adding methanol to prevent 

the concurrent formation of the Type 2 product, the yield of 4-44 drastically increased to 64%.   

         

Scheme 4-24:  Alternate Type 3 products from the acid catalyzed ring opening of C1-ethyl and 

C1-CH2OH CPOBDs with methanol.23 

 

 With the palladium catalyzed ring opening described in the previous section, two Type 3 

products were also observed when the bridgehead substituent was a tert-butyl (4-13c) or ethyl 

group (4-13b) (Scheme 4-25).  17% of 4-26c was formed, which is significantly lower than the 

yield using acid catalyzed conditions.   The ethyl bridgehead substituent also formed the same 

alternative Type 3 product (4-43) under transition metal catalyzed conditions, at a slightly higher 

yield (19%) than its acid catalyzed counterpart.   

 

Scheme 4-25:  Type 3 products from the palladium catalyzed ring opening of bridgehead 

substituted CPOBDs with methanol.   
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4.2.3 – Results and Discussion: Ring Opening Mechanism 

 

The proposed mechanisms for the Type 2 and Type 3 ring opening reactions begin in the 

same manner with the oxygen of CPOBD coordinating to the catalyst (4-13) resulting in the 

cleavage of the proximal carbon-oxygen bond (4-45) to produce carbocation intermediate 4-46 

(Scheme 4-26).  With the Type 2 product, the alcohol nucleophile attacks the external carbon of 

the cyclopropane in 4-46 following pathway ‘a’ to form the naphthalene product (4-24).  To form 

the Type 3 product, the internal bond of the cyclopropane in 4-46 is cleaved, resulting in the 

formation of a seven-membered ring intermediate 4-47 by ring expansion (pathway ‘b’).  

Neighbouring group participation from the hydroxyl directs the nucleophile to attack from the 

opposite face (4-48).  The hydroxide group is protonated and leaves (4-49) producing the cation 

intermediate (4-50) (stabilized by neighbouring group participation), which is attacked by a 

second equivalent of the alcohol to yield the final product (4-26) with the two nucleophiles 

incorporated trans relative to each other. 

 
Scheme 4-26:  Type 2 and Type 3 ring opening mechanisms of CPOBD with alcohol nucleophiles. 
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There are a couple of potential driving forces for the formation of the Type 3 product 

when the bridgehead substituent is bulky; to demonstrate these concepts the steric factors of a 

C1-tBu (4-51) vs a C1-methyl (4-52) CPOBD are illustrated in Figure 4-1.  The bulkiness from the 

branching methyl groups on the tBu could sterically hinder the incoming nucleophile from 

attacking the external carbon of the cyclopropane, causing it instead to shift over and attack the 

distal bridgehead carbon of the cyclopropane, which would lead to a Type 3 product.  Perhaps a 

greater steric influence is the very close proximity of the hydrogens on the tBu group and the 

proximal hydrogen on the phenyl ring.  This steric crowding would disfavour the planar structure 

of the Type 2 naphthalene product.  With the formation of the seven membered ring in the Type 

3 product, the structure loses planarity and adopts a more staggered conformation, allowing 

more space for the bulky tBu group.   As the ring expansion is theorized to occur before the 

nucleophilic attack in the Type 3 mechanism, this steric crowding could be a driving force for the 

for the cleavage of the internal cyclopropane bond in order to adopt a more favourable staggered 

conformation.  

 

Figure 4-1: Potential steric interactions leading to the formation of Type 3 products. 
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4.3 – Future Work 

 As outlined in section 4.1.2, our group has conducted several nucleophilic ring opening 

studies on CPOBD since it was first synthesized in 2014, however, there is still many more 

potential investigations which can be conducted on this novel substrate.  Extensive research has 

been conducted to understand the reactivity and ring opening of cyclopropanes and reaction 

conditions which have been successful at ring opening cyclopropanes can be applied to 

CPOBD.2,34  The use of basic conditions have been shown to be catalyze ring opening 

cyclopropanes.5,35  The use of amine nucleophiles could be explored using the palladium 

catalyzed ring opening conditions.  Incorporation of a heteroatom into the cyclopropane could 

lead to interesting new chemistry of the CPOBD framework; there are previous examples of 

successful thermal ring opening of heteroatom cyclopropanes on norbornadiene (4-53) (Scheme 

4-27).36 

 
Scheme 4-27:  Ring opening of norbornadiene with heteroatom cyclopropanes.36 

 

 Taking inspiration from Chapter 3, the alcohol nucleophile could be tethered to the C1 

position of CPOBD for an intramolecular nucleophilic ring opening.  Depending on whether the 

nucleophile attacks the external carbon of the cyclopropane or the proximal bridgehead carbon 

of the cyclopropane, a Type 2-like or a Type 3-like ring opening could occur.  Once the OBDs with 

bridgehead tethered alcohols (4-55) from Chapter 3 are synthesized, it would be a simple matter 
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of cyclopropanating 4-55 to obtain the CPOBD substrates (4-56) necessary for this study (Scheme 

4-28). 

 

Scheme 4-28:  Cyclopropanation of OBD with bridgehead tethered alcohols for subsequent ring 
opening investigations. 

 

PhD student Emily Carlson conducted the first acid catalyzed intramolecular ring opening 

study of CPOBD using a three carbon tethered alcohol (4-55) (Scheme 4-29).  She discovered that 

approximately equal proportions of Type 2-like (4-57) and Type 3-like (4-58) ring opened 

products were obtained; 32% and 34% respectively.  This initial success in obtaining tricyclic 

products from both the Type 2 and Type 3 ring opening pathways will hopefully lead to the 

formation of other interesting tricyclic products using bridgehead tethered alcohols with 

different length carbon tethers; ie 2, 4, and 5 carbon length tethers. 

 

Scheme 4-29: Intramolecular ring opening of CPOBD with three carbon tethered alcohol 
nucleophiles.23 
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4.4 – Experimental 

General Information:  All commercial reagents were used as received from their respective 

suppliers unless otherwise stated.  Cyclopropanated oxabenzonorbornadienes were prepared as 

previously reported.9,16  Column chromatography, TLC, 1H NMR, 13C NMR, IR and MS were 

performed as described in Chapters 2 and 3.   

 

General Procedure – Palladium Catalyzed Type 2 Ring Opening of CPOBDs: Inside an inert 

atmosphere glove box system, PdCl2(PPh3)2 (0.1 eq.) was added to a 1 dr screw cap vial with a 

magnetic stir bar.  Cyclopropanated oxabenzonorbornadiene (30 mg, 0.1-0.3 mmol, 1.0 eq) was 

dissolved in methanol (0.4 mL) and toluene (0.4 mL) and added to the vial.  The vial was capped 

tightly, exported from the dry box and secured with polytetrafluoroethylene thread-seal tape 

and paraffin film.  The mixture was heated with stirring at 60 or 90oC for 1-14 days.   The reaction 

was directly loaded onto a chromatography column and purified (EtOAc/hexanes). 

   

 

3-(Methoxymethyl)-1-methylnaphthalene (4-24a; Table 4-1, entry 2): Yield: 13.7 mg (41%); 

yellow oil; Rf = 0.43 (EtOAc/hexanes, 10:90); 1H NMR (400 MHz, CDCl3): δ 2.69 (s, 3H), 3.42 (s, 

3H), 4.58 (s, 2H), 7.31 (s, 1H), 7.45-7.53 (m, 2H), 7.64 (s, 1H), 7.81-7.84 (m, 1H), 7.96-7.98 (m, 1H). 

13C NMR (100 MHz, CDCl3): δ 19.4, 58.2, 74.9, 124.0, 125.0, 125.7, 125.8, 126.4, 128.5, 132.2, 

133.5, 134.7, 135.2.  Spectral data are consistent with those previously reported.19 
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3-(Methoxymethyl)-1-ethylnaphthalene (4-24b; Table 4-1, entry 4): Yield: 20.7 mg (65%); clear 

oil; Rf = 0.43 (EtOAc/hexanes, 10:90); IR (ν, cm-1): 3066, 3053, 2963, 2850, 1097, 872, 744. 1H 

NMR (400 MHz, CDCl3): δ 1.38 (t, J = 7.5 Hz, 3H), 3.10 (q, J = 7.5 Hz, 2H), 3.42 (s, 3H), 4.59 (s, 2H), 

7.32 (s, 1H), 7.43-7.51 (m, 2H), 7.63 (s, 1H), 7.81-7.84 (m, 1H), 8.01-8.04 (m, 1H); 13C NMR (100 

MHz, CDCl3): δ 15.0, 25.9, 58.2, 74.9, 123.7, 124.7, 125.0, 125.6, 125.7, 128.7, 131.4, 133.7, 135.3, 

140.7.  HRMS: [M]+ calcd. for C14H16O: 200.1296; found: 200.1209.   

 

 

3-(Methoxymethyl)-1-tert-butylnaphthalene (4-24c; Table 4-1, entry 5): Yield: 14.2 mg (47%); 

yellow solid; mp. 38-39°C Rf = 0.47 (EtOAc/hexanes, 10:90); IR (ν, cm-1): 3053, 2957, 1461, 1396, 

1366, 1100, 876, 751.   1H NMR (400 MHz, CDCl3): δ 1.61 (s, 9H), 3.43 (s, 3H), 4.58 (s, 2H), 7.47-

7.40 (m, 3H), 7.63 (br s, 1H), 7.82-7.85 (m, 1H), 8.41 (br d, J = 8.4 Hz, 1H).  13C NMR (100 MHz, 

CDCl3): δ 31.8, 36.1, 58.2, 75.1, 123.2, 124.6, 124.9, 126.0, 126.9, 129.6, 131.1, 134.6, 135.0, 

146.5.  HRMS: [M]+ calcd. for C16H20O: 228.1509; found 228.1519.   
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3-(Methoxymethyl)-1-acetylnaphthalene (4-24d; Table 4-1, entry 6): Yield: 9.3 mg (29%); yellow 

oil; Rf = 0.17 (EtOAc/hexanes, 10:90); IR (ν, cm-1): 3053, 2923, 2850, 2822, 1676, 1239, 1098, 753.  

1H NMR (400 MHz, CDCl3): δ 2.75 (s, 3H), 3.44 (s, 3H), 4.63 (s, 2H), 7.50-7.59 (m, 2H), 7.84 (dd, J 

= 8.2 Hz, 1.1 Hz, 1H), 7.91 (s, 2H), 8.68 (d, J = 8.3 Hz, 1H).  13C NMR (100 MHz, CDCl3): δ 30.1, 58.4, 

74.2, 125.9, 126.7, 128.0, 128.4 (2C), 129.7, 131.3, 133.9, 134.3, 135.9, 201.9. HRMS: [M]+ calcd. 

for C14H14O2: 214.0989; found: 214.0985.  

 

 

3-(Methoxymethyl)-1-(methoxycarbonyl)naphthalene (4-24e ; Table 4-1, entry 7): Yield: 8.1 mg 

(23%); clear oil; Rf = 0.43 (EtOAc/hexanes, 10:90); IR (ν, cm-1): 3055, 2988, 2820, 1714, 1242, 

1196, 1100, 795. 1H NMR (400 MHz, CDCl3): δ 3.43 (s, 3H), 3.99 (s, 3H), 4.62 (s, 2H), 7.50-7.61 (m, 

2H), 7.85 (d, J = 8.2 Hz, 1H), 7.95 (s, 1H), 8.16 (d, J = 1.6 Hz, 1H), 8.87 (d, J = 8.6 Hz, 1H).  13C NMR 

(100 MHz, CDCl3): δ 125.8, 126.5, 127.4, 127.7, 128.5, 130.0, 130.8, 131.6, 133.8, 134.5, 167.9.  

HRMS: [M]+ calcd. for C14H14O3: 230.0938; found: 230.0939.  
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2-(Methoxymethyl)-1,4-dimethylnaphthalene (4-24f; Table 4-1, entry 8): Yield: 14.6 mg (40%); 

yellow solid; Rf = 0.39 (EtOAc/hexanes, 10:90); 1H NMR (400 MHz, CDCl3): δ 2.64 (s, 3H), 2.66 (s, 

3H), 3.43 (s, 3H), 4.63 (s, 2H), 7.31 (s, 1H), 7.49-7.54 (m, 2H), 7.97-8.00 (m, 1H), 8.08-8.10 (m, 1H). 

13C NMR (100 MHz, CDCl3): δ 14.0, 19.3, 58.2, 73.4, 124.6, 124.7, 125.3, 125.5, 128.0, 130.7, 

132.0, 132.4, 132.5, 133.0. Spectral data are consistent with those previously reported.19   

 

 

1,4-Dimethoxy-6-(methoxymethyl)naphthalene (4-24g; Table 4-2, entry 1): Yield: 1.8 mg (5%); 

off-white solid; Rf = 0.29 (EtOAc/hexanes, 10:90); 1H NMR (400 MHz, CDCl3): δ 3.39 (s, 3H), 3.93 

(s, 3H), 3.941 (s, 3H), 4.62 (s, 2H), 6.68 (ABq, JAB = 8.4 Hz, ΔδAB = 5.7 Hz, 2H), 7.48 (dd, J = 8.6, 1.7 

Hz, 1H), 8.12-8.13 (m, 1H), 8.17 (d, J = 8.6 Hz, 1H).  13C NMR (100 MHz, CDCl3): δ 55.7, 58.0, 75.0, 

103.2, 103.5, 120.7, 122.2, 125.7, 125.9, 126.1, 135.7, 149.5.  Spectral data are consistent with 

those previously reported.19   
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2,3-Dimethoxy-6-(methoxymethyl)naphthalene (4-24h; Table 4-2, entry 2): Yield: 14.6 mg 

(46%); off-white solid; mp 99-101°C; Rf = 0.34 (EtOAc/hexanes, 10:90); IR (ν, cm-1): 3054, 3006, 

2975, 2923, 2810, 1489, 1158, 1104, 856. 1H NMR (400 MHz, CDCl3): δ 3.40 (s, 3H), 3.98 (d, J = 

1.2 Hz, 6H), 4.56 (s, 2H), 7.10 (d, J = 1.2 Hz, 2H), 7.30 (dd, J = 8.3 Hz, 1.7 Hz, 1H), 7.62 (s, 1H), 7.66 

(d, J = 8.3 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 55.9, 58.1, 74.9, 106.2, 106.3, 124.2, 125.3, 136.6, 

128.7, 129.0, 134.0, 149.5, 149.6.  HRMS: [M]+ calcd. for C14H16O3: 232.1094; found: 232.1089.  

 

 

2,3-Dibromo-6-(methoxymethyl)naphthalene (4-24i; Table 4-2, entry 3): Yield: 12.0 mg (37%); 

beige solid; Rf = 0.34 (EtOAc/hexanes, 10:90); 1H NMR (400 MHz, CDCl3): δ 3.42 (s, 3H), 4.57 (s, 

2H), 7.46 (dd, J = 8.5 Hz, 1.6 Hz, 1H), 7.64 (s, 1H), 7.69 (d, J = 8.5 Hz, 1H), 8.08 (s, 1H), 8.09 (s, 

1H).  13C NMR (100 MHz, CDCl3): δ 58.4, 74.4, 122.2, 125.0, 126.9, 127.1, 132.1, 132.2, 132.6, 

133.0, 137.4.  Spectral data are consistent with those previously reported.19  
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2-Bromofuran (4-27; Scheme 4-19): Distilled furan (225.5 mmol, 2.0 eq) and DMF (40 mL) were 

added to a 500 mL RBF under an atmosphere of argon and cooled to 0oC.  In a separate 100 mL 

RBF, n-bromosuccinimide (112.4 mmol, 1.0 eq) was dissolved in DMF (60 mL) under an 

atmosphere of argon and transferred to a dropping funnel above the furan solution.  The NBS 

was added slowly over a period of 50 min and the reaction was stirred at room temperature for 

3 hours post-addition.  Reaction was purified by steam distillation and fractions with 4-47 were 

stored in the freezer over anhydrous potassium carbonate.  Yield: 4.30 g (25%); beige liquid; Rf = 

0.15 (EtOAc-Hexanes: 10:90).  1H NMR (400 MHz, CDCl3): δ 6.24 (dd, J = 3.3, 0.9 Hz, 1H), 6.31 (d, 

J = 3.3, 2.0 Hz, 1H), 7.36 (dd, J = 2.0, 1.0 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 111.2, 112.5, 122.0, 

142.5.  Spectral data are consistent with those previously reported.37 

 

 

2-Phenylfuran (4-37; Scheme 4-20): Pd(PPh3)4 (0.45 mmol, 0.02 eq), anhydrous potassium 

carbonate (56.4 mmol, 2.5 eq) and phenylboronic acid (27.0 mmol, 1.2 eq) were added to a 100 

mL RBD with DMF (16 mL) and water (8 mL).  After the addition of bromofuran (22.6 mmol, 1.0 

eq) the reaction was refluxed overnight, then directly loaded onto a chromatography column and 

purified (EtOAc/hexanes).  Yield: 2.22g (68%); red oil; Rf = 0.77 (EtOAc-Hexanes: 10:90).  1H NMR 
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(400 MHz, CDCl3): δ 6.46 (dd, J = 3.3, 1.8 Hz, 1H), 6.64 (dd, J = 3.4, 0.7 Hz, 1H), 7.25 (tt, J = 7.3, 1.3 

Hz, 1H), 7.36-7.39 (m, 2H), 7.46 (dd, J = 1.8, 0.7 Hz, 1H), 7.65-7.68 (m, 2H). 13C NMR (100 MHz, 

CDCl3): δ 104.9, 111.6, 123.8, 127.2 (2C), 128.8 (2C), 130.9, 142.0, 154.0.  Spectral data are 

consistent with those previously reported.24 

 

 

1,4-Dihydro-1-phenyl-1,4-epoxynaphthalene (4-12j; Scheme 4-20): Substrate 4-37 (15.3 mmol, 

1.05 eq), anthranilic acid (14.5 mmol, 1.0 eq) and THF (70 mL) were added to a 250 mL RBF with 

a magnetic stir bar under an atmosphere of argon.  Isoamyl nitrite (14.5 mmol, 1.0 eq) in THF (30 

mL) was added dropwise by dropping funnel over 35 min.  The solution was refluxed for 6.5 hours 

post-addition.  The reaction was quenched with water, extracted three times with ether and the 

combined organic layer was dried over MgSO4, concentrated in vacuo and purified by column 

chromatography (ethyl acetate / hexanes mixture).   Yield: 501.7 mg (15 %); red solid; Rf =  0.53 

(EtOAc-Hexanes: 10:90).  1H NMR (400 MHz, CDCl3): δ 5.85 (d, J = 1.8 Hz, 1H), 6.93-7.02 (m, 3H), 

7.16-7.17 (m, 1H), 7.20-7.21 (m, 1H), 7.29 (d, J = 6.6 Hz, 1H), 7.40-7.44 (m, 1H), 7.47-7.51 (m, 1H), 

7.62-7.64 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 82.3, 93.8, 120.2, 120.3, 125.0, 126.0, 126.8, 

128.3 (2C), 128.7 (2C), 135.6, 144.5, 144.5, 149.8, 151.2.  Spectral data are consistent with those 

previously reported.25  
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General Procedure – Cyclopropanation of Oxabenzonorbornadienes: HAZARD WARNING!  

Inhalation of diazomethane can be fatal, and diazomethane is capable of detonation if sufficiently 

concentrated.  All glassware used in this reaction must have smooth, polished glass (ie. no ground 

glass joints) and all glassware should be double checked that they do not contain any cracks, 

chips, scratches, etc.  The glassware our group uses was custom designed and the setup for this 

reaction is shown in Figure 4-2.  Prior to the addition of any reagents, Buchner flask (L) was half 

filled with an acetic acid-water mixture (1:1) with Tygon tubing leading from the side arm to the 

back of the fumehood; the purpose of this flask is to quench any unreacted diazomethane gas 

which flows through the system so it is not released.  The OBD derivative (3.1-5.6 mmol, 1 eq), 

Pd(OAc)2 (0.031-0.056 mmol, 0.01 eq), THF (35 mL), and a magnetic stir bar were added to the 

“reaction vessel” (C) which was then capped with a septum (E).  The reaction vessel (E) was 

connected to the flask (L) by a series of Tygon tubing secured by copper wire, passing through an 

empty bubbler (J) which serves as a suck-back trap to a glass inlet tube (K).  The contents of the 

reaction vessel were cooled to 0oC by an ice bath (N) with constant stirring.  25% NaOH (100 mL) 

was added to the dropping funnel (A) and capped with a septum (E); this was kept separate from 

the “generation vessel” (B) for now.  The generation vessel (B) was connected to the reaction 

vessel (C) by Tygon tubing secured by copper wire.  Ethanol (100 mL), Diazald (10.8-19.5 mmol, 

3.5eq), and a magnetic stir bar were added to the generation vessel (B), which was contained in 

a room temperature water bath (M).  Caution: Limit your exposure to Diazald and do not allow 

Diazald to come into contact with any base.  Try to add the Diazald directly into the ethanol and 

be sure to rinse any Diazald suck to the glassware into the solution.  The dropping funnel (A) was 

secured over the generation vessel (B) by the stopper (G) and the inert gas inlet (F) was 
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connected.  The argon gas was turned on and the solution in (B) was stirred until all the Diazald 

was dissolved.  Note: The inert gas inlet must be below the surface of the ethanol.  Once all the 

Diazald has dissolved, the 25% NaOH was added at a slow dropwise rate.  Note: Check reaction 

periodically to ensure continual flow of inert gas and smooth addition of NaOH (do not let clog in 

the dropping funnel) but for safely not do work close to this reaction.  At the end of the day, 

approximately 6 hours, the argon was shut off and the septa (E) were removed to allow the 

reaction to vent overnight.  The contents of the reaction vessel (C) were filtered through Celite® 

and washed three times with ether.  The solution was concentrated in vacuo and purified by 

column chromatography (hexanes/ethyl acetate mixture).  Note on cleanup: Ensure that the 

generation vessel (C) is washed with acid (I used acetic acid) and lots of water.  Do not leave any 

trace of base behind or it could lead to a potentially hazardous, premature reaction with Diazald 

the next time the glassware is used. 

 

Figure 4-2: Glassware setup for diazomethane cyclopropanation reaction. 
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exo-Cyclopropanated Oxabenzonorbornadiene 4-12j (4-13j; Scheme 4-20): Refer to the general 

procedure for cyclopropanation of oxabenzonorbornadienes.  Yield: 470.9 mg (65%); clear oil; Rf 

= 0.64 (EtOAc-Hexanes: 10:90). IR (ν, cm-1): 3050, 3002, 1455, 1349, 1052, 908, 752, 728, 696, 

599. 1H NMR (400 MHz, CDCl3): δ 1.01-1.06 (m, 1H), 1-42-1.47 (m, 1H), 1.58-1.65 (m, 2H), 5.21 (s, 

1H), 6.96 (d, J = 7.1 Hz, 1H), 7.07-7.16 (m, 2H), 7.31 (d, J = 6.7 Hz, 1H), 7.38-7.45 (m, 3H), 7.61-

7.64 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 15.0, 22.7, 22.9, 78.0, 89.0, 119.1, 119.5, 125.9, 126.0, 

128.0 (2C), 128.4 (2C), 128.4, 136.6, 148.5, 150.5.  HRMS: [M]+ calcd. for C14H14O: 234.1040; 

found: 234.1038. 

 

1-Cyclohexyl-1,4-dihydro-1,4-epoxynaphthalene (4-12k; Scheme 4-23):  Magnesium turnings 

(53.1 mmol, 1.2 eq), FeCl3 (2.2 mmol, 0.05 eq), THF (180 mL) and TMEDA (7.9 mL) were added to 

a 500 mL RBF with a magnetic stir bar under an atmosphere of argon and stirred at room 

temperature for 20 minutes.  The reaction was cooled 0oC and bromofuran (44.5 mmol, 1.0 eq) 

and bromocyclohexane (52.6 mmol, 1.2 eq) were added to the solution.  The reaction was stirred 
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for 3 hours at 0oC, then quenched with ammonium chloride (110 mL) and 1 M HCl (45 mL) and 

extracted three times with ethyl acetate.  The combined organic layer was dried over MgSO4, 

concentrated in vacuo and purification by column chromatography (ethyl acetate / hexanes 

mixture) yielded 2.88 g of a crude mixture.  This crude product was added to a 500 mL RBF with 

a magnetic stir bar with anthranilic acid (17.5 mmol) and THF (115 mL) under an atmosphere of 

argon.  Isoamyl nitrite (17.1 mmol) in THF (30 mL) was added dropwise by dropping funnel over 

40 min.  The solution was refluxed for 3 hours post-addition.  The reaction was quenched with 

water, extracted three times with ether and the combined organic layer was dried over MgSO4, 

concentrated in vacuo and purified by column chromatography (ethyl acetate / hexanes mixture).  

Yield: 1.26 g (13%); beige solid; Rf = 0.76 (EtOAc-Hexanes: 10:90).  1H NMR (400 MHz, CDCl3): δ 1-

24-1.38 (m, 5H), 1.69-1.75 (m, 1H), 1.80-1.87 (m, 2H), 1.94-2.01 (m, 2H), 2.30-2.35 (m, 1H), 5.62 

(d, J = 1.5 Hz, 1H), 6.82 (d, J = 5.6 Hz, 1H), 6.90-6.94 (m, 2H), 6.98 (dd, J = 5.5, 1.8 Hz, 1H), 7.16-

7.19 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 26.5, 26.6, 28.2, 28.6, 37.5, 81.5, 96.1, 120.0, 120.2, 

124.5, 124.7, 143.9, 144.1, 149.8, 151.5.  Spectral data are consistent with those previously 

reported.25 

 

exo-Cyclopropanated Oxabenzonorbornadiene 4-12k (4-13k; Scheme 4-23): Refer to the 

general procedure for cyclopropanation of oxabenzonorbornadienes.  Yield: 316.1 mg (24%); 

white solid; mp 32-33oC; Rf = 0.78 (EtOAc-Hexanes: 10:90). IR (ν, cm-1): 3042, 3005, 2928, 2849, 

1453, 1162.1049, 758, 556. 1H NMR (400 MHz, CDCl3): δ 0.86-0.91 (m, 1H), 1.04-1.08 (m, 1H), 
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1.19-1.24 (m, 1H), 1.29-1.39 (m, 4H), 1.49-1.52 (m, 1H), 1.71 (br. d, J = 12.2 Hz, 1H), 1.76-1.89 (m, 

3H), 2.09-2.19 (m, 2H), 5.00 (s, 1H), 7.06-7.12 (m, 2H), 7.21-7.25 (m, 2H). 13C NMR (100 MHz, 

CDCl3): δ 15.1, 21.4, 22.3, 26.5, 26.6, 26.7, 28.4, 28.7, 38.9, 77.3, 90.3, 119.2, 119.2, 125.5, 125.6, 

148.8, 149.2. HRMS: [M]+ calcd. for C17H20O: 240.1509; found: 240.1522. 

 

General Procedure – Acid Catalyzed Type 3 Ring Opening of CPOBDs:  Cyclopropanated 

oxabenzonorbornadiene derivative 4-12 (30 mg, 1.0 eq) was added to a 1 dr screw cap vial with 

a magnetic stir bar and dissolved in methanol (0.3 mL).  p-Toluenesulfonic acid monohydrate (0.1 

equiv.) was added to the vial as a solid and the sides of the vial were rinsed with methanol (0.2 

mL).  The vial was capped tightly and secured with polytetrafluoroethylene thread-seal tape and 

paraffin film.  The mixture was heated with stirring at 40oC until the cyclopropanated 

oxabenzonorbornadiene derivative was consumed as indicated by TLC analysis.   The reaction 

was directly loaded onto a chromatography column and purified (EtOAc/hexanes). 

 

3-(Methoxymethyl)-1-cyclohexylnaphthalene (4-24k; Table 4-3, entry 2): Yield: 91.5 mg (86%); 

colourless oil; Rf = 0.62 (EtOAc-Hexanes: 10:90). IR (ν, cm-1): 3051, 2922, 2849, 1448, 1094, 864, 

781, 745. 1H NMR (400 MHz, CDCl3): δ 1.29-1.40, (m, 1H), 1.50-1.64 (m, 4H), 1.83-1.86 (m, 1H), 

1.91-1.94 (m, 2H), 2.03-2.05 (m, 2H), 3.29-3.35 (m, 1H), 3.43 (s, 3H), 4.61 (s, 2H), 7.37 (d, J = 0.9 

Hz, 1H), 7.47 (qd, J = 8.5, 1.7 Hz, 2H), 7.63 (s, 1H), 7.82-7.85 (m, 1H), 8.09 (d, J = 8.2 Hz, 1H). 13C 
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NMR (100 MHz, CDCl3): δ 26.6, 27.3 (2C), 34.2 (2C), 39.3, 58.2, 75.1, 122.2, 123.2, 124.8, 125.5, 

125.6, 128.9, 131.0, 133.9, 135.3.  HRMS: [M]+ calcd. for C18H22O: 254.1666; found: 254.1679. 

 

9-Cyclohexyl-trans-5,6-dimethoxy-6,7-dihydro-5H-benzocycloheptene (4-26k; Table 4-3, entry 

2): Yield: 6.7 mg (6%); yellow oil; Rf = 0.45 (EtOAc-Hexanes: 10:90). IR (ν, cm-1): 3056, 2922, 2851, 

1447, 1126, 1094, 977, 773, 758, 744. 1H NMR (400 MHz, CDCl3): δ 0.95-105 (m, 1H), 1.14-1.23 

(m, 2H), 1.29-1.49 (m, 2H), 1.58-1.69 (m, 4H), 1.83-1.91 (m, 2H), 2.23 (ddd, J = 14.4, 7.8, 1.9 Hz, 

1H), 2.42, (t, J = 11.4 Hz, 1H), 3.34 (s, 3H), 3.47 (s, 3H), 3.59-3.63 (m, 1H), 4.06 (d, J = 7.9 Hz, 1H), 

5.83-5.87 (m, 1H), 7.25-7.29 (m, 3H), 7.48-7.50 (m, 1H), . 13C NMR (100 MHz, CDCl3): δ 26.4, 26.7, 

27.0, 28.2, 31.1, 33.8, 43.0, 57.6, 58.4, 85.3, 92.6, 120.6, 124.0, 125.8, 126.5, 126.9, 137.9, 139.3, 

147.1. HRMS: [M]+ calcd. for C19H26O2: 286.1928; found: 286.1939. 

 

 

3-(Methoxymethyl)-1-phenylnaphthalene (4-24j; Table 4-3, entry 3): Yield: 87.0 mg (74%); 

colourless oil; Rf = 0.55 (EtOAc-Hexanes: 10:90). IR (ν, cm-1): 3053, 2981, 2922, 2816, 1192, 875, 

784, 748, 700. 1H NMR (400 MHz, CDCl3): δ 3.47 (s, 3H), 4.66 (s, 2H), 7.40-7.45 (m, 3H), 7.47-7.53 

(m, 5H), 7.82 (s, 2H), 7.90 (dd, J = 8.5, 0.9 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 58.3, 74.8, 126.0, 

126.0 (2C), 126.1, 126.8, 127.3, 128.3 (2C), 128.3, 130.1 (2C), 131.2, 133.8, 135.2, 140.6 (2C).  

HRMS: [M]+ calcd. for C18H16O: 248.1196; found: 248.1206. 
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trans-5,6-Dimethoxy-9-phenyl-6,7-dihydro-5H-benzocycloheptene (4-26j; Table 4-3, entry 3): 

Yield: 4.5 mg (3%); pale yellow oil; Rf = 0.42 (EtOAc-Hexanes: 10:90). IR (ν, cm-1): 3057, 2924, 

2824, 1598, 1092, 761, 698. 1H NMR (400 MHz, CDCl3): δ 1.80-1.87 (m, 1H), 2.40 (ddd, J = 14.1, 

7.8, 2.3 Hz, 1H), 3.40 (s, 3H), 3.49 (s, 3H), 3.76-3.49 (m, 1H), 4.22 (d, J = 7.7 Hz, 1H), 6.43-6.47 (m, 

1H), 7.05 (dd, J = 7.6, 1.1 Hz, 1H), 7.21-7.34 (m, 7H), 7.58 (d, J = 7.7 Hz, 1H). 13C NMR (100 MHz, 

CDCl3): δ 29.3, 57.5, 58.6, 85.5, 93.4, 124.3, 126.2, 126.9, 127.2, 127.4, 127.9 (2C), 128.2 (2C), 

129.2, 138.0, 138.8.  HRMS: [M]+ calcd. for C19H20O2: 280.1458; found: 280.1458. 

 

 

3-(Methoxymethyl)-1-acetylnaphthalene (4-24d; Table 4-3, entry 5): Yield: 35.2 mg (64%).  The 

characterization data for this compound was identical to that of compound 4-24d seen above in 

the palladium catalyzed ring opening of 4-13d.   

 

9-Acetyl-trans-5,6-dimethoxy-6,7-dihydro-5H-benzocycloheptene (4-26d; Table 4-3, entry 5): 

Yield: 13.1 mg (21%); orange solid; mp 69-72oC; Rf = 0.01 (EtOAc-Hexanes: 10:90). IR (ν, cm-1): 

3064, 2977, 2929, 1716, 1661, 1259, 1086, 756. 1H NMR (400 MHz, CDCl3): δ 1.83-1.89 (m, 1H), 

2.44-2.51 (m, 1H), 2.45 (s, 3H), 3.33, (s, 3H), 3.50 (s, 3H), 3.73-3.77 (m, 1H), 4.01 (d, J = 7.6 Hz, 

1H), 7.24-7.35 (m, 4H), 7.51-7.53 (m, 1H). 13C NMR (100 MHz, CDCl3): δ 26.7, 30.0, 58.0, 58.6, 
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85.0, 92.2, 124.3, 126.9, 127.8, 129.9, 132.7, 138.0, 141.4, 142.6, 197.6.  HRMS: [M+Na]+ calcd. 

for C15H18O3: 269.1143; found: 269.1154. 

 

 

5-(2-Methoxyethyl)-7H-benzocycloheptene (4-43; Scheme 4-25): Refer to the general 

procedure for palladium catalyzed Type 2 ring opening of CPOBDs.  Yield: 6.1 mg (19%); yellow 

oil; Rf = 0.48 (EtOAc-Hexanes: 10:90).  1H NMR (400 MHz, CDCl3): δ 1.11 (d, J = 6.4 Hz, 3H), 2.18-

2.25 (m, 1H), 2.30-2.37 (m, 1H), 3.34 (s, 1H), 4.16 (q, J = 6.4 Hz, 1H), 5.97 (t, J = 7.3 Hz, 1H), 6.02-

6.08 (m, 1H), 6.58 (d, J = 3.8 Hz, 1H), 7.23-7.26 (m, 2H), 7.30-7.33 (m, 1H), 7.75-7.77 (m, 1H).  

Spectral data are consistent with those previously reported.23  

 

 

9-tert-butyl-trans-5,6-dimethoxy-6,7-dihydro-5H-benzocycloheptene (4-26c; Scheme 4-25):  

Refer to the general procedure for palladium catalyzed Type 2 ring opening of CPOBDs. Yield: 5.8 

mg (17%); beige solid; Rf = 0.33 (EtOAc-Hexanes: 10:90).  1H NMR (400 MHz, CDCl3): δ 1.21 (s, 

9H), 1.44-1.51 (m, 1H), 2.19 (ddd, J = 14.3, 7.6, 1.5 Hz, 1H), 3.37 (s, 3H), 3.45 (s, 3H), 3.46-3.49 

(m, 1H), 4.08 (d, J = 7.9 Hz, 1H), 6.09 (t, J = 7.4 Hz, 1H), 7.25-7.26 (m, 2H), 7.35-7.38 (m, 1H), 7.48-
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7.51 (m, 1H). 13C NMR (100 MHz, CDCl3): δ 28.3, 30.9 (3C), 36.3, 57.7, 58.2, 85.1, 91.4, 122.1, 

123.6, 126.3, 126.4, 127.6, 138.1, 138.3, 149.2. Spectral data are consistent with those previously 

reported.23 
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Appendix A: Representative Spectra and Supporting Data 
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Appendix A: Representative NMR Data 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

400 MHz 1H NMR Spectrum of 3-35 in CDCl3  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 MHz 13C NMR (JMOD) Spectrum of 3-35 in CDCl3  
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 400 MHz 1H NMR Spectrum of 3-19 in CDCl3  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 MHz 13C NMR (JMOD) Spectrum of 3-19 in CDCl3  
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400 MHz 1H NMR Spectrum of 3-44 in CDCl3 

 

 

                                                                                                                                                       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 MHz 13C NMR (JMOD) Spectrum of 3-44 in CDCl3 
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400 MHz 1H NMR Spectrum of 3-42 in CDCl3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 MHz 13C NMR (JMOD) Spectrum of 3-42 in CDCl3 

 



 
 

137 
 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

400 MHz 1H NMR Spectrum of 3-50 in CDCl3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 MHz 13C NMR (JMOD) Spectrum of 3-50 in CDCl3 
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400 MHz 1H NMR Spectrum of 4-24b in CDCl3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 MHz 13C NMR (JMOD) Spectrum of 4-24b in CDCl3 
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400 MHz 1H NMR Spectrum of 4-24c in CDCl3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 MHz 13C NMR (JMOD) Spectrum of 4-24c in CDCl3 
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400 MHz 1H NMR Spectrum of 4-24d in CDCl3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 MHz 13C NMR (JMOD) Spectrum of 4-24d in CDCl3 



 
 

141 
 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

400 MHz 1H NMR Spectrum of 4-24e in CDCl3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 MHz 13C NMR (JMOD) Spectrum of 4-24e in CDCl3 
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400 MHz 1H NMR Spectrum of 4-24h in CDCl3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 MHz 13C NMR (JMOD) Spectrum of 4-24h in CDCl3 
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400 MHz 1H NMR Spectrum of 4-13j in CDCl3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 MHz 13C NMR (JMOD) Spectrum of 4-13j in CDCl3 
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400 MHz 1H NMR Spectrum of 4-12k in CDCl3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 MHz 13C NMR (JMOD) Spectrum of 4-12k in CDCl3 
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400 MHz 1H NMR Spectrum of 4-24k in CDCl3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 MHz 13C NMR (JMOD) Spectrum of 4-24k in CDCl3 
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400 MHz 1H NMR Spectrum of 4-26k in CDCl3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 MHz 13C NMR (JMOD) Spectrum of 4-26k in CDCl3 
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400 MHz 1H NMR Spectrum of 4-24j in CDCl3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 MHz 13C NMR (JMOD) Spectrum of 4-24j in CDCl3 
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400 MHz 1H NMR Spectrum of 4-26j in CDCl3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 MHz 13C NMR (JMOD) Spectrum of 4-26j in CDCl3 
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400 MHz 1H NMR Spectrum of 4-26d in CDCl3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 MHz 13C NMR (JMOD) Spectrum of 4-26d in CDCl3 


