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Abstract 

Investigations into the Palladium and Rhodium Catalyzed Ring Opening Reactions  

of C1-Substituted Oxabicyclic Alkenes. 

 

Michael Edmunds        Advisor: 

University of Guelph, 2014       Professor W. Tam 

 

 Optimized conditions for rhodium and palladium catalyzed ring opening reactions of C1-

substituted oxabicyclic alkenes using aryl boronic acid and aryl iodide nucleophiles was 

developed. The effect of substitution on the aryl nucleophile as well as the effect of C1 

substitution on the oxabicyclic alkenes was also studied. Nucleophiles carrying electron-donating 

substituents provided the ring opened products in excellent yields regardless of the position, 

while electron withdrawing substituents were more susceptible to steric interactions. Although 

two different regioisomers are possible, all reactions were found to be highly regioselective, 

providing single regioisomers in each case. When under palladium catalysis, ring opened 

products containing electron withdrawing groups rapidly underwent base catalyzed dehydration 

into the corresponding naphthalene derivatives. For each study a new mechanism was also 

proposed based on our findings. 
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1.1 Background Information 

Transition metal catalyzed reactions have been cited as some of the most powerful and 

versatile reactions in organic synthesis.
1
 In general, these reactions tend exhibit a much higher 

degree of stereo-, regio- and chemoselectivity than their traditional synthetic counterparts.
2
 

Application of this chemistry to the heterobicyclic systems of norbornadiene derivatives has led 

to many notable advances in cycloadditions
3-7

, cyclizations
8-11

, couplings
12-15

, isomerizations
16-17

, 

free radical additions
18

, electrophilic additions
19

, and nucleophilic ring openings
20-44

. Of these, 

nucleophilic ring openings have emerged as a powerful synthetic precursor to many more 

complex molecules. 

 

Scheme 1-1: Comparisons between Sertaline synthetic methods: Transition metal catalyzed synthesis 

using oxabenzonorbornadiene 1-1 (left) vs. traditional synthesis (right). 

 

The ability for nucleophilic ring opening of bicyclic alkenes to create a new carbon-

carbon/carbon-heteroatom bond while concurrently forming multiple stereocenters in a single 

step
45

 has attracted them much attention in organic synthesis. Indeed, the literature surrounding 

nucleophilic ring opening of oxabicyclic alkenes has increased substantially since first reported 

by Caple and coworkers in 1971.
21

 Of note are the many reports utilizing this reaction to by-pass 

inefficient steps inherent to traditional synthesis of more complex compounds. For example, the 
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nucleophilic ring opening of oxabenzonorbornadiene 1-1 to access sertaline 1-2
 
(Scheme 1-

1).
20,46

   

 

Scheme 1-2: Syn- and anti-addition products when using palladium or rhodium catalysts. 

 

Perhaps the most thoroughly explored metal catalyst falling under this category would be 

palladium due to the wide-spread application of π-allyl palladium chemistry throughout organic 

synthesis.
39

 Investigations into the ring opening ability of palladium led by Lautens et al
32

 and 

Cheng et al
27

 have revealed a wide array of nucleophiles able to partake in these transformations. 

Interestingly, though the nucleophiles used differed both electronically and sterically, all ring 

opened products were isolated in the cis geometry (1-2, Scheme 1-2).
47

 Rhodium, another well 

studied metal catalyst falling under this reaction, also catalyzes the reaction with a variety of 

nucleophiles but unlike palladium catalyzed reactions, produces both cis (1-2) and trans (1-3) 

stereoisomeric products. Asymmetric reactions have been thoroughly developed using each 

metal for ring opening symmetrical compounds but very little research has been directed toward 

the opening of asymmetrical substrates under the same conditions. By introducing asymmetry to 

the substrate it is possible to gain valuable insight into the inner workings of the reaction and 

improve current models. 
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Scheme 1-3: Masahiro and Igawa's nucleophilic ring opening with boronic acids on C1-substituted 

oxabenzonorbornadiene. 

 

Recently Masahiro and Igawa reported a novel method of rhodium catalyzed nucleophilic 

addition to oxabenzonorbornadiene that minimized hydrolytic deboronation of the arylboronic 

acid (Scheme 1-3).
39

 In increasing the scope of the reaction, variously substituted aryl and C1-

substituted oxabenzonorbornadienes 1-4 were investigated. To our knowledge, this is the first 

and only instance of a nucleophilic ring opening on C1- substituted oxabenzonorbornadienes and 

as such, its reactivities, selectivities, and underlying mechanisms warrant investigation under 

both palladium and rhodium catalysis. 

 

1.2 Bicyclic Alkenes 

Oxabicyclic alkenes belong to the bicyclic alkene family of compounds with other 

members such as 2,3-diaza heterocycles 1-5, 7-azaheterobicycles 1-6, 2-aza-3-oxa-

heterobicycles 1-7, norbornane (1-8), norbornadiene (1-9), and other 7-oxaheterobicycles 1-10 

(Scheme 1-4).  These compounds show a variety of interesting reactivities and have been the 

center of much research. The Tam group has led numerous investigations into this class of 

compounds. Over the past few years investigations into the synthesis of substituted norbornenes, 

norbornadiene derivatives, intramolecular 1,3-dipolar cycloadditions of nitrile oxides and 

nitrones, ruthenium catalyzed [2+2] cycloadditions with alkenes, and ring openings of 

heterobicyclic alkenes have led to many interesting discoveries.   
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Scheme 1-4: Various members bicyclic alkenes (Top). Location of exo and endo face with highlighted  

homoconjugation (Bottom Left). Numbering scheme for oxabenzonorbornadiene (Bottom right). 
 

The properties of bicyclic alkenes come about due to their unique geometry. Bicylic 

alkenes have two sides by which chemical interactions can occur, a more open exo and concave 

endo face (1-11). The majority of reactions however occur at the exo face due to steric hindrance 

on the endo face. “Pulling” of the sides from the bridgehead atom puts the two alkene 

substituents in close enough proximity to allow for homo conjugation, the interaction of π-

orbitals through space. Through homoconjugation [2+2+2] homo-Diels-Alder cycloaddition with 

alkene and alkyne compounds
48

 and photochemical isomerization into the corresponding 

quadracyclanes
49

 is possible.  

As a result of their strained bridge conformation, bicyclo[2.2.1]alkenes tend to exhibit a 

higher degree of reactivity compared to their linear chain alkene counterparts.
50

 While this 

property does make them attractive intermediates for many synthetic processes, much of the 

attention has been focused on the heteroatom bridged members. Heteroatom bridged members of 

the bicyclic alkenes are more reactive as explained by studies carried out by Tam and Goddard 

demonstrating higher strain energy endowed via substitution of the bridgehead carbon for 

nitrogen or oxygen. The ring opening of these compounds also provides valuable templates with 

amine and alcohol functionalities, and further, the lability of their heteroatomic groups gives 
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access to naphthalene cores in addition to hydronaphthalenes. Two bicyclic alkenes in particular 

have shown excellent promise for synthetic studies, oxabenzonorbornadiene 1-1 and 

oxanorbornadiene. 

 

1.3 Synthesis and Reactions of Oxabenzonorbornadiene 

 

Scheme 1-5: Biologically Important Compounds accessible from 1-1 

 

There are a few properties that make (1-1) a suitable candidate for both synthetic and 

mechanistic studies: its 2,4-epoxy bridge increases electron density around the olefin, provides a 

coordination site for metal catalysts, and amplifies bond strain to a degree that surpasses most of 



7 

  

the other bicyclic alkenes; the benzene group blocks one of the carbon-carbon double bonds 

leaving only one olefin free for reactions; and substituents on its skeleton can provide insight 

into the mechanisms reactions proceed by under various conditions.
51

 

Oxabenzonorbornadiene 1-1 has been widely used as a general template from which more 

complex architectures can be built.
52

 In fact, the hydronaphthalene moiety 1-12 unlocked through 

nucleophilic ring opening is found in a host of pharmaceutical agents (Scheme 4).
36

 Examples 

containing variations of these include sertaline 1-2, etoposide
 

1-13 (anti-cancer agent),
53

 

propranolol
i
 1-14 (non-selective beta blocker), 1-15 (a dopamine agent),

54
 homochelidonine (1-

16, a natural alkaloid), estrone (1-17, an estrogenic hormone), dihydrexine (1-18, an 

antiparkinsonian agent),
55

 and diamine 1-19 (an analgesic).
56

  

 

 

Scheme 1-6: Synthesis of 1-1 via [4+2] Diels-Alder cycloaddition of benzyne 1-20 and furan 1-21. 

 

Oxabenzonorbornadienes 1-1, and substituted oxabenzonorbornadienes are synthesized by 

a [4+2] Diels-Alder cycloaddition of a benzyne (e.g., 1-20) and a furan (e.g., 1-21) (Scheme 1-6). 

Through the use of differently substituted furans and benzynes it is possible to get a variety of 

different substitution patterns in the product. Benzynes however, are unstable and as such must 

be generated in situ.
57

 As a formal protocol, generation of benzyne is achieved through the 

removal of two adjacent groups or atoms from the benzene ring. There are a number of possible 

                                                 
i
 Example of an α-naphthalene core 
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routes by which this operation can be carried out, three of which are used most often due to their 

reliability and directedness.
58

 

 

Scheme 1-7: Three Common approaches to benzyne 1-20: Deprotonation (Top), Metal-Halide Exchange 

(Middle), and Thermolysis (Bottom). 
 

Deprotonation and metal-halide exchange reactions are widely used for the synthesis of 

aryl-substituted oxabenzonorbornadienes
 
(Scheme 1-7).

57
 Both reactions employ the use of 

strong bases such as organolithiums and magnesium with the aim of creating 2-haloarylanions. 

Subsequent elimination of the halide ion produces 1-20. In the deprotonation of 

monohalogenated arylhalides 1-22, hydrogen elimination occurs at the position ortho to the 

halogen followed by a β-elimination (1-23) to afford the benzyne intermediate 1-20. An 

interesting regioselective solvent effect is observed when using organolithiums with para- or 

meta-dihalogenated precursors such as 1-28 (Scheme 1-8). At high concentrations of THF, LiF 

elimination is preferred over that of LiCl, and at low concentrations of THF the opposite is 

observed. The foundation for this effect comes from the different elimination pathways for each 

halogen species: LiF eliminating via a monomer-based pathway requiring THF dissociation and 

LiCl eliminating via a nondissociative pathway independent of THF concentration.  



9 

  

 

Unlike deprotonation, metal-halide exchange 

involves the use of ortho-dihalogenated benzenes 1-24 

(Scheme 1-7). In the reaction, the o-dihalogenated 

precursor undergoes metal-halide exchange followed 

by β-elimination (1-25) to afford 1-20.  

Monohalogenated benzenes used for deprotonation 

often fall victim to loss of regiocontrol in the 

elimination step. This effect is overcome when using 

o-dihalogenated benzenes where the more 

electropositive halogen has been shown to exchange 

first.
57,58

  

The thermolytic approach using anthranilic acid 

1-26 is an extensively used and convenient method for 

the synthesis of C1-substituted 

oxabenzonorbornadienes.
57

 Both benzenediazonium 1-

27 and diphenyliodo carboxylates (not shown) can be used to generate the benzyne species, 

however the benzenediazonium carboxylate 1-27 is preferred due to its relatively low 

temperature for decomposition
ii
. Due to its instability, 1-27 must be prepared in situ by the 

reaction between anthranilic acid 1-26 and isoamylnitrite. Once formed, increasing the heat to 

40°C prompts decomposition into the benzyne intermediate 1-20 through the release of nitrogen 

and carbon dioxide gas. 

                                                 
ii
 Benzenediazonium carboxylates decompose at 40°C as opposed to diphenyliodium carboxylates  

which decompose at 200°C 
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Scheme 1-9: Five methods of 2-substituted furan generation: Bromination (Middle bottom), Suzuki 

Coupling (Bottom Left), Fe-cat Coupling (Bottom Right), and deprotonation followed by trapping with 

TMSCl (Top left) and acetone (Top right) 

 

In 2012, our group published a paper outlining the synthesis of various C1-substituted 

oxabenzonorbornadienes.
45

 In it, five separate methods were presented for 2-substituted furan 

synthesis.  The first method of 2-furan synthesis, bromination via N-bromosuccinimide and 

DMF, can be employed to give a halogenated furan 1-29 (Scheme 1-9). Alone, 1-29 has been 

reported to successfully synthesize C1-halogenated oxabenzonorbornadienes, but it can also be 

used as a functional handle to synthesize many other 2-substituted furans. The iron catalyzed 

coupling of 1-29 has been shown to successfully produce a multitude of different products 

through reaction with various alkyl, cycloalkyl, and aryl Grignard reagents forming furans 1-31. 

Bromide 1-29 is also able to undergo palladium catalyzed Suzuki coupling in good yields 

affording furans 1-30. Alternatively, two other different methods exist for 2-substituted furan 

production which are initiated with deprotonation of 1-21’s α-proton with n-BuLi. Following 

deprotonation, trapping of the anion with TMSCl yields 2-trimethylsilylfuran 1-32, or acetone to 

yield 2-(2-furyl)-2-propanol (1-33). 
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Scheme 1-10: Various reactions of oxabenzonorbornadiene 1-1. 
 

The value 1-1 holds in organic synthesis becomes apparent when confronted with the 

chemical literature on which it is the subject. Its simple synthesis and ease of reactivity has led to 

extensive research in many different areas. Of note are cycloadditions, cyclizations, 

isomerizations, free radical additions, dimerizations, electrophilic additions, and nucleophilic 

ring openings (Scheme 1-10). 
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Two main cycloaddition reactions exist in the literature for 1-1. The first of which is the 

[2+2] cycloaddition to afford cyclobutene adduct 1-34 (Scheme 1-10). Examples using alkenes 

were reported by Wender and coworkers
59

 and attempts at broadening the scope using alkynes 

and ester moieties resulted in moderate yields.
60

 Past investigations by our group using alkynyl 

halides,
3
 alkynyl sulfides and sulfones,

61
 as well as alkynyl phosphonates

62
 were all met with 

success, however use of propargylic alcohols was found to create a cyclopropanated side product 

alongside the desired product.
17

 In addition, cobalt and nickel catalysts have also found success 

catalyzing the cycloaddition between various alkynes and oxabenzonorbornadiene. The second 

cycloaddition, the [2+2+2] gives cyclotrimerization adduct 1-35. Cheng and coworkers explored 

this reaction extensively with nickel catalysts and two equivalences of alkyne or diyne.
6,63,64

 

 

Scheme 1-11: Nickel catalyzed cyclization (left) and 

ruthenium catalyzed cyclization (right). 

 

Oxabenzonorbornadiene (1-1) cyclizations have been explored for the synthesis of both 

benzocoumarins 1-36
8,10

 and isochromenes 1-43
11

 (Scheme 1-11) – both biologically important 

molecules. Previous synthetic methods geared toward benzocoumarin synthesis were low 

yielding with harsh conditions. Chen and coworkers provided the first example of a mild, nickel 

catalyzed, one-pot benzocoumarin synthesis by cyclizing 1-1 with various propiolates.
10

 A more 

robust synthesis allowing for higher degrees of substitution on the benzocoumarin core was 

developed later by nickel mediated cyclization of 1-1 with β-iodo-(Z)propenoates and o-
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iodobenzoates.
8
 More recently, our group reported the synthesis of isochromenes via ruthenium 

catalyzed cyclization of 1-1 with propargylic alcohols.
11

 Although the reaction gave multiple 

products, isochromenes were able to be formed in preference when MeOH was used as the 

solvent.  Also of note is the palladium trifuryl phosphine mediated carbocyclization of 1-1, using 

phosphine, aryl iodide, and benzyne to access the 9,10-dihydrophenathrene core in high yield. 

Although isomerizations (1-37, Scheme 1-10) are often an unwanted side product in 

nucleophilic ring openings of 1-1, they are also a valuable method for incorporation of naphthol 

fragments into more complex molecules. Investigations into the isomerization of naphthalene 

oxides to 1-naphthols were reported by our research group. It was found that isomerizations of 

oxabenzonorbornadienes under ruthenium catalysis were able to produce variously substituted 

naphthols. These reactions have also been explored to a high degree of stereoselectivity for both 

symmetrical and asymmetrical substrates.
3,16,17

 

Scheme 1-12: Cyclopropanations using manganese acetate and copper acetate (top) 

and manganese acetate alone (bottom). 

 

Cyclopropanation reactions using dimedone in the presence of manganese and copper 

acetate have been shown to produce a number of interesting products such as 1-38 and 1-39 

(Scheme 1-12). A free radical pathway whereby oxidation of the generated radical precedes that 

of cyclization was proposed by Caliskan and colleagues.
18

 In the presence of both manganese 
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and copper, 1-1 was observed to react with dimedone producing a cyclopropanated, rearranged 

and dihydrofuran derivative products. Interestingly, when the reaction was performed in the 

absence of copper only the rearrangement products were produced.  

Cyclodimerizations (affording derivatives of 1-40, Scheme 1-10) of 1-1 have been reported 

through two catalytic routes. Rhodium catalyzed cyclodimerization of 1-1 produced 

naphthol[1,2-b]-furan ring systems in a single step with both excellent yields and 

enantioselectivities.
48

 The scope of this reaction was expanded to include 

azabenzonorbornadienes in similar yields. Nickel catalyst with zinc metal was reported by Chen 

and coworkers to promote the [2+2] dimerization of 1.
65

 

Bromination of carbon olefins is a simple and well developed reaction (Scheme 1-13). 

Applying these reactions to bicyclic systems such as 1-1 however leads to Wagner-Meerwein 

rearrangement of the molecular skeleton. This rearrangement however, is circumvented with hot 

bromine
 
(1-41).

19
 Electrophilic addition of bromine at high temperatures to 1-1 afforded a 

stereochemical mix of brominated products. Although the reaction was unable to control the 

stereochemistry of the products, subsequent treatment of both isomers with KOBu-t gave the 

mono-bromide 1-41 in 90% yield. Repetition of the procedure on this monobromide afforded 

2,3-dibromo-7-oxabenzonorbornadiene, a useful synthon for trimerization, in 88% yield.  

 

Scheme 1-13: Bromination of 1-1 with Wagner-Meerwein rearrangement (left) 

and hot bromination method (right). 
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Although all of these reactions find use in organic synthesis, not many can boast the 

synthetic utility of the nucleophilic ring opening reactions of bicyclic alkenes (1-42, Scheme 1-

10). Their mild conditions, formation of new carbon-carbon/carbon-heteroatom bonds, and 

installation of multiple stereocenters in one step make them a crucial stepping stone in the 

formation of highly substituted ring systems. A more in-depth discussion of this specific type of 

reaction follows in Section 1.4. 

1.4 Synthesis and Reactions of 2,3-Dicarboxylate Oxanorbornadiene 

 

Scheme 1-14: Synthesis of oxanorbornadiene 1-44. 

Like 1-1, 2,3-dicarboxylate oxanorbornadiene (1-44, Scheme 1-14) has a reactive 

framework owing to its bicyclic structure. Diester 1-44 also shares many of the same 

characteristics such as homoconjugation, high ring strain, and bridgehead atom lone pair 

electrons which make 1-1 a good candidate for chemical research. Diester 1-44 is also easily 

synthesized, allowing for the construction of elaborate substitution patterns on the bicyclic 

template. The two differ in their overall electronics with 1-44 being more electron deficient, yet 

both have been shown to undergo similar reactions with moderate to good yields.  

Three methods currently exist for the synthesis of 1-44 and its derivatives. The most 

widely utilized synthesis is the Diels-Alder reaction between furan (1-21 and substituted 

derivatives) and dimethyl acetylenedicarboxylate (DMAD, Scheme 1-14). The synthesis is fairly 
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robust, providing a high yield while also tolerating a large number of substituents on the furan 

ring. Two variations using Lewis acid additives
66

 and microwave conditions
67

 have also been 

developed yet the original Diels-Alder synthesis remains the most popular do to its simplicity. 

Although 1-1 and 1-44 share a similarity in reactivities, not as much work has been done 

with 1-44. Currently, studies utilizing different transition metal catalysts with oxanorbornadienes 

have been reported to promote reactions such as cycloaddition, cyclopropanation, 

deoxygenation, and ring opening reactions (Scheme 1-15).   

 

Scheme 1-15: Various reactions of Oxanorbornadiene 1-44. 
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Studies into the cyclopropanation of 1-44 have been conducted using both propargylic 

alcohols tertiary propargylic acetates under ruthenium catalysis (Scheme 1-16). Tam and 

coworkers investigated the reaction using propargylic alcohols and Cp*Ru(COD)Cl.
11

 The 

reaction was optimized on 1-1 where it formed three separate products, but application of the 

chemistry to the 1-44 system however provided the cyclopropanated product only. Investigations 

into cyclopropanation using tertiary propargylic acetates were performed by Tenaglia and Marc 

under CpRuCl(PPh3)2.
68

 The reaction provided a single product and was found to tolerate a wide 

variety of functional groups such as ethers, esters, alcohols, phenols, ketones, esters, carboxylic 

anhydrides, nitriles, halides, sulfones, imides, carbamates, and azines. 

 

Scheme 1-16: Cyclopropanation with propargylic acetate (left) and propargylic alcohols (right). 

Deoxygenation reactions of 1-44 are a useful route to polysubstituted benzene 

frameworks.
69

 Investigations into this type of reaction have resulted in the development of robust 

deoxygenations under both titanium and molybdenum catalyst systems (1-17). Fair yields of 

arene product were reported by Wong and coworkers for their development of the deoxygenation 

reaction under CpTiCl3 and LiAlH4 in THF.
70

 A large increase in yield was reported by Huang 

and Xing in using their method of deoxygenation with TiCl4, LiAlH4, in THF.
71

 Chow and Sun 

reported an alternate method using a molybdenum catalyst system.
72

 Although moderate yields 

were obtained through this route the reaction was prone to undergo a retrocyclization side 

reaction to produce substituted furans.  
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Scheme 1-17: Deoxygenation with titanium (top) and molybdenium (bottom) catalysts. 

Dimerization reactions of 1-44 have been developed under ruthenium and rhodium 

catalyst systems to access a wide variety of products (Scheme 1-18). Rhodium catalyzed 

dimerization reactions have been reported by Tam and coworkers
73

 and Hayashi and 

coworkers.
52

 Both groups were able to develop an asymmetric variant of the dimerization 

reaction yet neither were able to avoid the formation of side product. More recently Jack and 

Tam introduced a ruthenium catalyzed variant of the dimerization process that was able to access 

a single dimerized product in an unopened exo-trans-exo configuration.
74

 

 

Scheme 1-18: Ruthenium (top) and rhodium (bottom) catalyzed dimerizations. 

[2+2] and [2+2+1] cycloadditions have also emerged as a useful reaction for 1-44. 

Investigations into ruthenium catalyzed [2+2] cycloadditions led by the Tam group have 

optimized cycloadditions for oxanorbornadienes with alkynyl phosphonates
62

 and alkynyl 
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esters
51

 providing moderate yields of the cycloaddition product in each case. A variation using an 

iridium catalyst system was developed by Fan and coworkers in their study on the substituent 

effects of norbornadiene derivatives in cycloadditions (Scheme 1-19).
75

 More elaborate 

molecular architecture was accessed by Cazes and Ahmar through their cobalt catalyzed [2+2+1] 

Pauson-Khand reaction with terminal and dialkyl acetylenes.
76

 

 

Scheme 1-19: [2+2] cycloaddition with iridium catalyst. 

 Nucleophilic ring openings of 1-44 are a powerful set of reactions. Like their 

applicability in oxabenzonorbornadiene derivatives, ring openings of 1-44 can be used to access 

unique and complicated molecular geometries in a single step. A few publications have emerged 

regarding the ring openings of 1-44 derivatives. The first report demonstrating nucleophilic ring 

opening was provided by Alexakis and coworkers wherein they described a copper catalyzed 

asymmetric ring opening reaction using trialkylaluminium.
77

 Further elaboration of the ring 

opening reaction was provided by Ogawa and coworkers who optimized the reaction under both 

iridium and iron catalysts.
78

 Hou and coworkers successfully utilized palladacycles as a catalyst 

system for ring opening with organozinc halides.
79

 In the following section nucleophilic ring 

openings will be discussed in more detail. It is important to note that although the following 

studies concern 1-1 specifically many of the chemistries can be applied to the systems of 1-44 as 

well. 
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1.5 Nucleophilic Ring Opening of Oxabicyclic Alkenes. 

With a multitude of studies making use of various catalysts, substrates, and reaction 

conditions, nucleophilic ring openings make up one of the largest categories pertaining to the 

reactions of oxabicyclic alkenes.  Although very broad in scope, each variation functions through 

the same pathway: nucleophilic addition to the olefin followed by ring opening of the oxygen 

bridge. Generally, the products derived through this reaction are either cis- or trans- isomers of 

the naphthol.
iii

 The differences in stereochemistry arise during nucleophilic addition to the olefin 

where one of two mechanisms come into play (Scheme 1-20). The first mechanism is initiated by 

transmetallation with the nucleophile. Following this, complexation with the oxygen atom and 

the electron rich olefin on the exo face 1-45 facilitates syn-carbometallation. In contrast, the 

second mechanism is initiated not by transmetallation but by complexation of the metal to the 

exo face 1-49. The π-metal complex formed by this effectively blocks the exo face of the 

oxabicycle, forcing nucleophilic attack from the sterically disfavoured endo face and creating an 

anti-substitution. Once addition of the nucleophiles is complete, both mechanisms mirror each 

other: β-oxygen elimination to open the oxygen bridge (1-46/1-50) followed by regeneration of 

the metal catalyst (1-47/1-51) to form the ring opened product 1-48/1-52.   

Copper catalyzed nucleophilic ring opening reactions with 1-1 have been shown to provide 

the trans-isomer exclusively. This opposite stereochemical outcome has been successful in 

asymmetric ring opening reactions when using chiral catalysts as well. A variety of nucleophiles 

have been applied to this reaction, however most used are Grignard reagents, alkylaluminiums, 

alkylzincs, and organolithiums.
25,26,38,41,44

 When using Grignard reagents as nucleophiles, Cu(I) 

and Cu(II) salts were required for the reaction to go to completion. Primary, secondary, and 

                                                 
iii

Hydride nucleophiles under nickel catalysis have been reported to generate unsubstituted naphthols 
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secondary alkyl groups as well as aryl magnesium bromides were all able to provide high yields 

of the ring opening product. Asymmetric variants using either Grignard or aluminium reagents 

were perfected by Alexakis and coworkers with ee up to 94%.
25

 However, the yields for these 

reactions are highly dependent on counter ion of the copper salt; it was observed that switching 

the counterion from thiopene-2-carboxylate (TC) to OTf provided aromatization products only. 

Similar results were obtained for the ring opening with alkylzincs and organolithium reagents. 

These reagents have also been successfully adapted to asymmetric variants  

Gold,
80

 iridium,
23

 zirconium,
81

 and ruthenium
82

 have also been used to catalyze the 

nucleophilic ring opening of 1-1. Aromatization products have been obtained using gold 

catalysts such as HAuCl4 with allylTMS or TMSCl.
76

 trans Products were observed when using 

iridium with primary aromatic amine and N-substituted piperazines nucleophiles.
23

 anti Addition 

has also been reported with zirconium catalysis
77

 where BuLi was used to deprotonate an amine 

group which added to 1-1 under zirconium mediation. Our group recently investigated ring 

opening of 1-1 under ruthenium catalysts. The reaction was shown to produce a mixture of 

products, however, good yields of the trans product were obtained when using methanol as a 

nucleophile.
78

 

Nickel catalysts have been used with hydride, organohalide, terminal acetylene, and alkyl-, 

alkenyl-, and allylzirconium nucleophiles.
29,43,83

 Hydride nucleophiles have been shown to 

produce the unsubstituted naphthol product through controlled addition of DIBAL-H. Much like 

that observed for palladium, nucleophiles such as organohalides, acetylenes, and alkyl-, alkenyl-, 

and allylzirconiums add to the ring after transmetallation with the nickel complex. As a result of 

this only the cis-substituted products are produced. 
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Scheme 1-20: Mechanistic approach to the two observed isomers 

 

Though many examples of metal-catalyzed nucleophilic ring opening reactions exist in the 

literature, palladium catalyzed reactions remain the most thoroughly explored.
39

 Generally, 

dialkyl zinc reagents are used and result in syn products.
34

 Desymmetrizing reactions on meso 



23 

  

compounds using palladium catalysts and chiral ligands have been highly successful, generating 

both high yields and ee.
22,28,84-88

 Although the most used catalyst was PdCl2, many other catalysts 

have been demonstrated to be equally as effective. Mechanistic studies by Lautens and 

coworkers trapped transmetallated carbozinc intermediates with deuterium and increased yields 

with the addition of Zn(OTf)2 – both characteristic of a carbopalladation pathway as seen in the 

generation of 1-48 over that of alkylation.
89

 Investigations into the use of alkylzinc halides by 

Hou and coworkers provided high yields and excellent enantioselectivity.
34

 Lautens and 

coworkers carried out the reaction using a variety of arylboronic acids on both 1-1 and its 

nitrogen equivalent.
90

 This reaction was carried out in an asymmetric fashion by Hou and 

coworkers with up to 79% ee.
91

 Palladium catalyzed reductive ring opening using carboxylic 

acids on C1, C1,4 substituted oxabenzonorbornadienes was also successfully attempted.
92

 

Rhodium has been shown though multiple examples to catalyze ring opening of 1-1 in 

yields and ee’s corresponding to that of palladium. The defining characteristic setting rhodium 

apart from all other catalysts in nucleophilic ring openings of 1-1 is its ability to provide 

numerous examples of either the cis or trans ring opened products. While palladium finds most 

use from alkylzinc reagents, rhodium has been largely explored with heteroatom and 

organoboronic acid nucleophiles. Examples of successful ring openings using heteroatom 

nucleophiles such as alcohols,
35,36,40,42

 carboxylates,
37

 amines,
24,33,35,40

 thiols,
21

 and malonates
33

 

have been reported. Heteroatom nucleophiles do not undergo transmetallation with rhodium and 

thus anti addition is observed. Lautens and coworkers provided the first example of this in their 

report outlining the ring opening 1-1 with alcohol nucleophiles. Excellent yields and 

enantioselectivities
iv

 were obtained with alcohols such as MeOH, EtOH, iPrOH, allyl and benzyl 

                                                 
iv
 Yields of up to 96%  and enantioselectivities of up to >99% ee have been reported 
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alcohols, PMB alcohol, TMS ethanol, various phenols, and even the weakly nucleophilic HFIP
v
. 

A general trend was observed whereby increases in pKa were met with corresponding increases 

in yield – however this trend was found to only apply to alcohols.  Difficulties arising from 

amine nucleophiles due to irreversible binding of the aliphatic amine to the metal center was 

overcome with the addition of protic and halide additives, of which a trend of increasing 

reactivity (F<<Cl<Br<I) was observed. Furthermore, enantioselectivities were found to 

drastically improve when the chloride halide of the rhodium catalyst was switched to iodine.  

Application of these discoveries to carboxylates and thiols produced high yields of the ring 

opened product.  Additionally, malonates acting as soft nucleophiles were able to induce ring 

opening through the formation of a new carbon-carbon bond. Adaptations of all above methods 

to asymmetric variants using phosphine ligands have also been completed.  

Use of boronic acid nucleophiles in rhodium catalyzed ring opening of 1-1 has been 

reported by Lautens et al
93

 and Masahiro and Igawa.
35

 Lautens and coworkers developed an 

asymmetric variation of the reaction using a biphasic system with 5M Cs2CO3 and THF at room 

temperature. The reactions presented demonstrated excellent enantioselectivity, however their 

yields were highly variable and had long reaction times
vi

. Masahiro and Igawa reported a higher 

yielding version using a single phase solvent system of MeOH and NaHCO3 base. The synthesis 

was not adapted to asymmetric synthesis, but the high yields and extremely low reaction times
vii

 

make it a viable option. Interestingly, when demonstrating the scope of their reaction C1-

substituted oxabenzonorbornadienes were assessed – the only instance existing in the literature.   

 

 

                                                 
v
 Hexafluoroisopropanol 

vi
 Yields as low as 60% and reaction times of ~15 hours 

vii
 86% yield and reaction time of 15 minutes in comparable reaction to Lautens et al. 



25 

  

1.6 References 

1. Cho, Y.; Zunic, V.; Senboku, H.; Olsen, M.; Lautens, M. J. Am. Chem. Soc. 2006, 128, 

6837. 

2. (a) Lautens, M.; de Frutos, O.; Stammers, T.A. Tetrahedron Lett. 1999, 40, 8317. (b) 

Lautens, M.; Belter, R.K. Tetrahedron Lett. 1992, 33, 2617. (c) Plietker, B.; Seng, D.; 

Frohlich, R.; Metz, P. Eur. J. Org. Chem. 2001, 3669. (d) Fischer, P.; Segovia, A.B.G.; 

Gruner, M.; Metz, P. Angew. Chem. Int. Ed. 2005, 44, 6231. 

3. Allen, A.; Villeneuve, K.; Cockburn, N.; Fatila, E.; Riddell, N.; Tam, W. Eur. J. Org. Chem. 

2008, 4178.  

4. Kim, D.H.; Son, S.U.; Chung, Y.K. Org. Lett. 2003, 5, 3151.  

5. Huang, D.-J.; Rayabarapu, D.K.; Li, L.-P.; Sambaiah, T.; Cheng, C.-H. Chem. Eur. J. 2000, 

6, 3706.  

6. Huang, D.-J.; Sambaiah, T.; Cheng, C.-H. New J. Chem. 1998, 22, 1147.  

7. Chao, K.C.; Rayabarapu, D.K.; Wang, C.-C.; Cheng, C-H. J. Org. Chem. 2001, 66, 8804.  

8. Rayabarapu, D.K.; Shukla, P.; Cheng, C.-H. Org. Lett. 2003, 5, 4903.  

9. Bhuvaneswari, S.; Jeganmohan, M.; Cheng, C.-H. Org. Lett. 2006, 8, 5581. 

10. Rayabarapu, D.K.; Sambaiah, T.; Cheng, C.-H. Angew. Chem., Int. Ed. 2001, 40, 1286. 

11. Villeneuve, K.; Tam, W. Organometallics 2007, 26, 6082. 

12. Teneglia, A.; Marc, S.; Giordano, L.; De Riggi, I. Angew. Chem., Int. Ed. 2011, 50, 9062.  

13. Kuo, C.-J.; Cheng, S.-J.; Chang, S.-T.; Liu, C.-H. Eur. J. Org. Chem. 2008, 485.  

14. Chen, C.-L.; Martin, S.F. Org. Lett. 2004, 6, 3581.  

15. Rayabarapu, D.K.; Chiou, C.-F.; Cheng, C.-H. Org. Lett. 2002, 4, 1679.  

16. Ballantine, M.; Menard, M.L.; Tam, W. J. Org. Chem. 2009, 74, 7570.  

17. Villeneuve, K.; Tam, W. J. Am. Chem. Soc. 2006, 128, 3514.  



26 

  

18. Caliskan, R.; Ali, M.F.; Sahin, E.; Watson, W.H.; Balci, M. J. Org. Chem. 2007, 72, 3353. 

19. Altundas, A.; Dastan, A.; McKee, M.M.; Balci, M. Tetrahedron 2000, 56, 6115.  

20. Lautens, M.; Rovis, T. Tetrahedron 1999, 55, 8967.  

21. Caple, R.; Chen, G.M.-S.; Nelson, J.D. J. Org. Chem. 1971, 36, 2874.  

22. Imamoto, T.; Saitoh, Y.; Koide, A.; Ogura, T.; Yoshida, K. Angew. Chem., Int. Ed. 2007, 46, 

8636.  

23. Yang, D.; Long, Y.; Zhang, J.; Zeng, H.; Wang, S.; Li, C. Organometallics 2010, 29, 3477.  

24. Long, Y.; Zhao, S.; Zeng, H.; Yang, D. Catal. Lett. 2010, 138, 124.  

25. Millet, R.; Bernardez, T.; Palais, L.; Alexakis, A. Tetrahedron Lett. 2009, 50, 3474.  

26. Arrayas, R.G.; Cabrera, S.; Carretero, J.C. Synthesis 2006, 7, 1205.  

27. Parthasarathy, K.; Jeganmohan, M.; Cheng, C.-H. Org. Lett. 2006, 8, 621.  

28. Cabrera, S.; Arrayas, R.G.; Alonso, I.; Carretero, J.C. J. Am. Chem. Soc. 2005, 127, 17938.  

29. Wu, M.-S.; Jeganmohan, M.; Cheng, C.-H. J. Org. Chem. 2005, 70, 9545.  

30. Li, M.; Yan, X.-X.; Hong, W.; Zhu, X.-Z.; Cao, B.-X.; Sun, J.; Hou, X.-L. Org. Lett. 2004, 

6, 2833.  

31. Leong, P.; Lautens, M. J. Org. Chem. 2004, 69, 2194.  

32. Lautens, M.; Hiebert, S. J. Am. Chem. Soc. 2004, 126, 1437.  

33. Lautens, M.; Fagnou, K.; Yang, D. J. Am. Chem. Soc. 2003, 125, 14884.  

34. Lautens, M.; Fagnou, K.; Hiebert, S. Acc. Chem. Res. 2003, 36, 48. 

35. Lautens, M.; Schmid, G.A.; Chau, A. J. Org. Chem. 2002, 67, 8043.  

36. Lautens, M.; Fagnou, K.; Taylor, M.; Rovis, T. J. Organomet. Chem. 2001, 624, 259.  

37. Lautens, M.; Fagnou, K. Tetrahedron 2001, 57, 5067.  



27 

  

38. Bertozzi, F.; Pineschi, M.; Macchia, F.; Arnold, L.A.; Minnaard, A.J.; Feringa, B.L. Org. 

Lett. 2002, 4, 2703. 

39. Murakami, M.; Igawa, H. Chem. Commun. 2002, 4, 390.  

40. Lautens, M.; Fagnou, K.; Rovis, T. J. Am. Chem. Soc. 2000, 122, 5650.  

41. Bos, P.H.; Rudolph, A.; Perez, M.; Fananas-Mastrel, M.; Harutyunyan, S.R.; Feringa, B.L. 

Chem. Commun .2012, 48, 1748.  

42. Lautens, M.; Fagnou, K.; Taylor, M. Org. Lett. 2000, 2, 1677.  

43. Feng, C.-C.; Nandi, M.; Sambaiah, T.; Cheng, C.-H. J. Org. Chem. 1999, 64, 3538.  

44. (a) Zhang, W.; Wang, L.-X.; Shi, W.-J.; Zhou, Q.-L. J. Org. Chem. 2005, 70, 3734. (b) 

Zhang, W.; Wang, L.-X.; Shi, W.-J.; Zhou, Q.-L. J. Org. Chem. 2005, 70, 4902.  

45. Haner, J.; Jack, K.; Menard, M.; Howell, J; Nagireddy.; Mohammed, R; Tam, W. Synthesis. 

2012, 44, 2713. 

46. Williams, M.; Quallich, G. Chem. Ind. 1990, 10, 315. 

47. Menard, M. M.Sc. Thesis University of Guelph, 2009.  

48. For reviews see: (a) Lautens, M.; Tam, W. In Advances in Metal-Organic Chemistry, Vol. 6 

(b) Lautens, M.; Klutes, W.; Tam, W. Chem. Rev. 1996, 96, 49. 

49. Hammond, G. S.; Wyatt, P.; Deboer, C. D.; Turro, N. J. J. Am. Chem. Soc. 1964, 86, 2532. 

50. Jack, K. M.Sc. Thesis University of Guelph, 2012. 

51. Burton, R.R.; Tam, W. J. Org. Chem. 2007, 72, 7333. 

52. Nishimura, T.; Kawamoto, T.; Sasaki, K.; Tsurumaki, E.; Hayashi, T. J. Am. Chem. Soc. 

2007, 129, 1492. 

53. Kamal, A; Gayatri, L. Tetrahedron Lett. 1996, 3359. 



28 

  

54. Jones, J.; Anderson, J.; Baldwin, B.; Clineschmidt, D.; McClure, G.; Lundell, W.; Randall, 

G.; Martin, M.; Williams, J.; Hirshfield, G; Smith, P. J. Med. Chem. 1984, 27, 1607. 

55. Snyder, S. J. Med. Chem. 1995, 38, 2395. 

56. Freeman, J.; Michalson, E.; D’Andrea, S.; Baczynskyj, L.; VonVoigtlander, P.; Lahti, R.; 

Smith, M.; Lawson, C.; Scahill, T.; Mizsak, S.; Szmuszkovics, J. J. Med. Chem. 1991, 34, 

1891. 

57. Kitamura, T. Aust. J. Chem. 2010, 63, 987 

58. (a) Caster, K.C.; Keck, C.G.; Walls, R.D. J. Org. Chem. 2001, 66, 2932. (b) R. W. 

Hoffmann, Dehydrobenzene and Cycloalkynes 1967 (Academic Press: NewYork).  

59. Wender, P. A.; Croatt, M. P.; Kuhn, B. Organometallics 2009, 28, 5841.  

60. Margetic, D.; Troselj, P.; Murata, Y. Synth. Commun. 2011, 41, 1239.  

61. Riddell, N.; Tam, W. J. Org. Chem. 2006, 71, 1934.  

62. Cockburn, N.; Karimi, E.; Tam, W. J. Org. Chem. 2009, 74, 5762.  

63. Sambaiah, T.; Huang, D.-J.; Cheng, C.-H. Perkin 1 2000, 195.  

64. Rayabarapu, D. K.; Cheng, C.-H. Pure Appl. Chem. 2002, 74, 69.  

65. Huang, D.-J.; Cheng, C.-H. J. Organomet. Chem. 1995, 490, C1.  

66. Carlson, R.; Lundstedt, T; Nordahl, A.; Prochazka, M. Acta Chem. Scand.,Ser. B 1986, B40, 

522. 

67. Safaei-Ghomi, J.; Tajbakhsh, M.; Kazemi-Kani, Z. Acta Chim. Slov. 2004, 51, 545. 

68. Tenaglia, A.; Marc, S. J. Org. Chem. 2006, 71, 3569. 

69. Wong, H.; Ng, T.; Wong, T. Heterocycles, 1983, 20, 1815. 

70. Wong, C.; Hung, C.; Wong, H. J. Organomet. Chem. 1988, 342, 9. 

71. Xing, Y.; Huang, N. J. Org. Chem. 1982, 47, 140. 



29 

  

72. Chow, T.; Sun, C. J. Organomet. Chem. 1987, 333, C21. 

73. Allen, A.; Le Marquand, P.; Burton, R.; Villeneuve, K.; Tam, W. J. Org. Chem. 2007, 72, 

7849. 

74. Jack, K.; Tam, W. J. Org. Chem. 2013, 78, 3416. 

75. Hu, J.; Yang, Q.; Yu, L.; Xu, J.; Liu, S.; Huang, C.; Wang, L.; Zhou, Y.; Fan, B. Org. 

Biomol. Chem. 2013, 11, 2294. 

76. Ahmar, M.; Cazes, B. Tetrahedron. Lett. 2003, 44, 5403. 

77. Ladjel, C.; Fuches, N.; Zhao, J.; Bernardinelli, G.; Alexakis, A. Eur. J. Org. Chem. 2009, 

4949. 

78. Shinohara, H.; Sonoda, M.; Atobe, S.; Masuno, H.; Ogawa, A. Tetrahedron Lett. 2001, 52, 

6238. 

79. Zhang, T.; Yuan, K.; Hou, X. J. Organomet. Chem. 2007, 692, 1912. 

80. Sawama, Y.; Kawamoto, K.; Satake, H.; Krause, N.; Kita, Y. Synlett 2010, 2151.  

81. Barluenga, J.; Rodriguez, F.; Alvarez-Rodrigo, L.; Zapico, J. M.; Fananas, F. J. Chem.Eur. 

J. 2004, 10, 109.  

82. McKee, M. M.Sc. Research Proposal University of Guelph, 2012. 

83. Lautens, M.; Rovis, T. J. Org. Chem. 1997, 62, 5246.  

84. Ogura, T.; Yoshida, K.; Yanagisawa, A.; Imamoto, T. Org. Lett. 2009, 11, 2245. 

85. Imamoto, T.; Kumada, A.; Yoshida, K. Chem. Lett. 2007, 36, 500. 

86. Imamoto, T.; Sugita, K.; Yoshida, K. J. Am. Chem. Soc. 2005, 127, 11934.  

87. Dotta, P.; Kumar, P. G. A.; Pregosin, P. S.; Albinati, A.; Rizzato, S. Organometallics 2004, 

23, 2295. 

88. Endo, K.; Tanaka, K.; Ogawa, M.; Shibata, T. Org. Lett. 2011, 13, 868. 



30 

  

89. Lautens, M.; Hiebert, S.; Renaud, J.-L. J. Am. Chem. Soc. 2001, 123, 6834. 

90. Lautens, M.; Dockendorff, C. Org. Lett. 2003, 5, 3695.  

91. Zhang, T.-K.; Mo, D.-L.; Dai, L.-X.; Hou, X.-L. Org. Lett. 2008, 10, 3689. 

92. Li, L.-P.; Rayabarapu, D. K.; Nandi, M.; Cheng, C.-H. Org. Lett. 2003, 5, 1621.  

93. Lautens, M.; Dockendorff, C.; Fagnou, K.; Makicki, A. Org Lett. 2002, 4, 1311. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



31 

  

 

 

 

 

 

Chapter 2 

Rhodium Catalyzed Ring Openings of C1-Substituted Oxabenzonorbornadienes 
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2.1: Background Information 

The nucleophilic ring opening of oxabenzonorbornadiene 2-1 provides a wide variety of 

products depending on both the metal catalyst and nucleophile used (Scheme 2-1). Unsubstituted 

ring opened products 2-2 can be accessed through the reductive opening with hydride 

nucleophiles and nickel catalysis.
1
 Trans-stereoisomeric ring opened products 2-3 and 2-4 are 

produced through the addition of a heteroatomic nucleophile under rhodium catalyst
2
 or through 

copper catalyzed addition of an alkyl nucleophile.
3
 Cis-stereoisomeric ring opened products 2-5, 

2-6, and 2-7 are afforded though the nucleophilic addition of arene nucleophiles under rhodium,
4
 

palladium,
5
 or nickel

6
 catalysis, and also through the addition of alkyl nucleophiles when under 

nickel
7
 or palladium

8
 catalysis. In each instance, the dihydronaphthol produced serves as a 

valuable template by which syntheses toward more complex compounds can take place. 

 

Scheme 2-1: Metal catalyzed ring openings of 2-1 
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Rhodium catalyzed ring opening reactions of oxabicyclic alkenes represent an interesting 

class of metal catalyzed ring openings. Whereas many other metal catalyzed ring openings have 

been shown to afford one stereoisomeric product regardless of reaction conditions, rhodium 

catalyzed ring openings can produce two. Trans (anti addition) isomeric products, 2-3, make up 

the bulk of literature surrounding this topic, with success using heteroatom nucleophiles such as 

alcohols,
9
 carboxylates,

10
 amines,

9c,11
 thiols,

12
 and malonates

11b
 (Scheme 2-2). Cis (syn addition) 

isomeric products, 2-6, on the other hand, have been found to arise only through use of aryl 

boronic acids. Still, cis isomeric products are highly valuable as organic templates and further, 

the extremely mild reaction conditions make rhodium catalyzed ring openings using boronic acid 

nucleophiles an excellent model for research. 

 

Scheme 2-2: Substrate dependant stereoselectivity in rhodium catalyzed ring openings 

The first instance of rhodium catalyzed ring openings using aryl boronic acids was 

reported by Lautens et al. in their investigations into the asymmetric addition of aryl boronic 

acids to symmetrical oxabicyclic alkenes (Scheme 2-3).
4
 The reaction took place in THF and 

utilized a chiral phosphine to produce the ring opened product in both high yield and 

enantiomeric excess. Based on their findings, a new mechanism was proposed for the reaction 

with β-elimination being the key step over hydrolysis of the organorhodium intermediate. 

Building upon the success of Lautens’ group, Murakami and Igawa applied the chemistry to 

variously substituted oxabicyclic alkenes and aryl boronic acid. High yields were reported in all 
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instances (70-94%) except in the case of dimethylated oxabenzonorbornadiene (53%) likely due 

to the imposed sterics arising from substitution.
13

 With its C1-methyl substituted 

oxabenzonorbornadiene, Murakami and Igawa’s report provided the first instance of rhodium 

catalyzed ring opening on asymmetrical substrate (Scheme 2-4). Surprisingly, the addition of a 

single methyl group provided a higher yield than the unsubstituted species. The increased yield is 

likely derived by electron donation by the methyl group.  

 

Scheme 2-3: Rhodium catalyzed ring opening reaction developed by Lautens and coworkers. 

 

 

Scheme 2-4: Rhodium catalyzed ring opening reaction developed by Murakami and Igawa. 

 

Unlike other heteroatom nucleophiles, the nucleophilic ring opening of 1 with boronic 

acids provides the cis isomer napthol exclusively. A more detailed mechanism for ring opening 

of C1-substituted oxabenzonorbornadienes is described in Scheme 2-5. The catalytic cycle begins 

with reversible dissociation of the rhodium dimer 2-8 into a monomeric unit 2-9. In asymmetric 

variations, displacement of the catalyst ligands with chiral ligands occurs (not shown).  

Following dissociation to the rhodium monomer, transmetallation with arylborate species 2-10 
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affords the aryl-rhodium complex 2-11 and a substituted borate species 2-12. Chelation (2-13) 

between the olefin and oxygen of 2-14 and 2-13 promotes exo selective carborhodation 

producing intermediate 2-15. β-Elimination of this species generates the ring-opened 

intermediate 2-16 which undergoes hydrolysis, producing the final product 2-17 and regenerating 

the catalyst monomer 2-9. 

 

 

Scheme 2-5: Detailed mechanism for rhodium catalyzed nucleophilic ring opening with boronic 

acids. 

 

Although there has been much research directed to the ring opening of oxabicyclic 

alkenes, very little has been reported on the regioselective effect proximal substitution has on the 

reaction. Palladium catalyzed reactions on C1 methylated oxabenzonorbornadiene 2-18 (R = Me, 
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Scheme 2-6) demonstrated a preference for the formation of a tertiary alcohol dihydronaphthol 

product 2-19 through nucleophilic addition to C2.
14

 The opposite was observed for rhodium-

catalyzed ring openings with hetereoatom
15

 and aryl nucleophiles
13

 showing a strong preference 

for nucleophilic addition to C3, producing the secondary alcohol dihydronaphthol product (2-20 

and 2-21). Our investigation into the effect of C1 substitution on ruthenium-catalyzed 

isomerizations showed that one regioisomeric product could be formed in preference to the other 

depending on the substitution type.
16

 With an electron-donating C1 methyl substituent (R = Me), 

Ru-catalyzed isomerization of 2-18 led to the formation of one regiosiomer 2-22a.  On the other 

hand, with an electron-withdrawing methyl ester substituent (R = COOMe), Ru-catalyzed 

isomerization of 2-18 lead to the formation of the opposite regiosiomer 2-22b.  To the best of our 

knowledge, no systematic study had investigated the effect of C1 substitution beyond methyl 

groups and it was interesting to us to see if these regioselective effects would be observed in the 

rhodium-catalyzed ring opening with aryl boronic acids as well. Exploration into the effects of 

remote substitution on a similar rhodium-catalyzed ring opening reaction had shown that 

electronics may exert an influence on which side the rhodium metal approaches (Scheme 2-7).
11c 

Based on these results we envisioned two possible regioisomers, 2-23 with the nucleophile 

attacking C3 and 2-24 with the nucleophile attacking C2 (Scheme 2-8). Our group had recently 

published a paper outlining the synthesis of a variety of C1 substituted 

oxabenzonorbornadienes.
17

 Armed with this knowledge, we set out to investigate the effect these 

various C1 substituted substrates had on the rhodium-catalyzed nucleophilic ring opening with 

aryl boronic acids. 
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Scheme 2-6: Regioisomeric products arising from nucleophilic ring opening of C1-substituted 

oxabenzonorbornadienes. 

 

 

Scheme 2-7: Regio selective effect of remote substitution. 
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Scheme 2-8: Possible regioisomeric products. 

2.2 Optimizations 

 

Scheme 2-9: Synthesis of 1-ethyloxabenzonorbornadiene 2-15. 

C1-Substituted oxabenzonorbornadienes were prepared by a Diels-Alder reaction between 

variously substituted furans and in situ generated benzyne.
17 

For simplicity’s sake all 

optimization trials were carried out on 1-ethyloxabenzonorbornadiene, 2-25a, which was easily 

derived in gram scale from commercially available 2-ethyl furan (2-26, Scheme 2-9).
21

 The 

effects of rhodium (I) catalyst and silver salt additive are summarized in Table 2-1. Wilkinson’s 

catalyst, RhCl(PPh3)3 (entry 1), failed to provide any product. [Rh(C2H4)2Cl]2 and 

[Rh(C8H14)2Cl]2 (entries 2 and 3) both produced the ring opened product but at low yields (26 

and 34%, respectively). Moderate to good yields were afforded with [Rh(C8H12)2][OTf] and  

[Rh(CO)2Cl]2 (entries 4 and 5), yet they proved less effective at catalyzing the reaction than 

[Rh(COD)Cl]2 (entry 6) which provided the highest yield of 86%. 

Previous studies undertaken by our group had demonstrated that an increase in yield was 

possible when promoting the cationic state of the rhodium catalyst through addition of silver 
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salt.
18

Additions of AgOTf, AgClO4, AgBF4. AgSbF4, and AgNO3 (entries 7-11), however, all 

failed to provide any increase in yield. In each case the ring opened product was produced at 

lower yields than those produced with a neutral rhodium catalyst.  

 

Table 2-1: Optimization of rhodium (I) catalyst and silver salt. 

 

Entry Rh Catalyst AgX Yield (%)
a 

 

1 RhCl(PPh3)3 - 0 

2 [Rh(C2H4)2Cl]2 - 26 

3 [Rh(C8H14)2Cl]2 - 34 

4 [Rh(C8H12)2][SO3CF3] - 66 

5 [Rh(CO)2Cl]2 - 78 

6 [Rh(COD)Cl]2 - 86 

7 [Rh(COD)Cl]2 AgOTf 71 

8 [Rh(COD)Cl]2 AgClO4 70 

9 [Rh(COD)Cl]2 AgBF4 68 

10 [Rh(COD)Cl]2 AgSbF6 63 

11 [Rh(COD)Cl]2 AgNO3 63 

    
a
Yields based on 

1
H NMR with internal toluene standard 

 

The effect of phosphite, base, and temperature are summarized in Table 2-2. Previous 

iterations of the ring opening reaction of oxabicycles had focused on desymmetrizing compounds 

and had subsequently required the addition of chiral phosphites to generate stereoselection. By 

working with unsymmetrical C1-substituted oxabenzonorbornadienes the need of a phosphine 

ligand was questionable. As no control reactions had previously been carried out, a trial 

excluding the phosphine was undertaken. Relative to the phosphine containing reaction (entry 1) 
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no significant difference in yield was observed (entry 2) and thus all future trials excluded 

phosphine ligands. Using these modified conditions, we explored the effectiveness of various 

bases and temperatures. Both NaO
t
Bu and KO

t
Bu failed to provide any product in the protic 

MeOH solvent (entries 3 and 4). Other bases commonly used to promote similar reactions, KF, 

K2CO3, K3PO4, and NaHCO3 proved much more successful, giving excellent yields in each 

instance. The lowest yield, 78%, was provided by K3PO4 (entry 5) while the other three bases 

provided similar yields ranging from 83-84% (entries 6 and 7). NaHCO3 (entry 2) was chosen for 

all further investigations, however substitution of KF or K2CO3 in cases where the substrate 

requires a solvent NaHCO3 is insoluble in could still prove fruitful. 

Table 2-2. Optimization of base, phosphite, and temperature. 

 

Entry Base (2 eq.) Phospite Temp (°C) Yield (%)
a 

1 NaHCO3 P(OEt)3 65 86 

2 NaHCO3 - 65 84 

3 NaO
t
Bu - 65 0 

4 KO
t
Bu - 65 0 

5 K3PO4 - 65 78 

6 K2CO3 - 65 83 

7 KF - 65 84 

8 NaHCO3 - 95 63 

9 NaHCO3 - 45 78 

10 NaHCO3 - 25 91 

11 NaHCO3
b
 - 25 96 

     
a
Yields based on 

1
H NMR with internal toluene standard 

b
one  equivalent of base used 
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A significant effect was observed for temperature. Increasing the temperature to 90°C 

(Table 2-2, entry 8) provided the lowest yield at 63%. Lowering the temperature to 45°C 

provided a slightly lower yield at 78% (entry 9). When run at room temperature (entry 10), a 

modest increase to 91% yield was observed. Interestingly, this yield was further improved by 

reducing the amount of base in the reaction to one equivalent (entry 11), an observation contrary 

to previous studies requiring excess base. 

Table 2-3. Alternate route with using KF base. 

 

Entry Solvent Base Temp. (°C) Yield(%)
a 

1 MeOH KF 65 84 

2 Acetone KF 65 84 

3 THF KF 65 73 

4 Et2O KF 65 64 

5 DCM KF 65 60 

6 Toluene KF 65 58 

7 DCE KF 65 54 

8 Hexanes KF 65 52 

9 DMF KF 65 14 

10 MeOH KF 95 63 

11 MeOH KF 45 78 

12 MeOH KF rt 93 

     
a
Yields based on 

1
H NMR with internal toluene standard 

 

An alternate route using KF as a base has also been optimized allowing for access to ring 

opening products in a variety of different solvent systems in yields that parallel those of 

NaHCO3. Table 2-3 summarizes the effect of solvent and temperature. The reaction in the polar 

protic methanol and polar aprotic acetone provided the highest  yield, both at 84% (entries 1 and 
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2). Other polar aprotic solvents such as THF (73, entry 3), Et2O (64%, entry 4), DCM (60%, 

entry 5), Toluene (58%, entry 6), and DCE (54%, entry 7) all provided moderate yields of the 

ring opened product. The nonpolar solvent hexanes provided a similarly moderate yield at 52% 

(entry 8). The lowest yield was reported for the polar aprotic solvent DMF, at 14% (entry 9). A 

similar trend to what was observed for the ring opening in NaHCO3 was also observed for the 

temperature trials with KF. Heating the reaction beyond 65 °C lowered the yield, increasing the 

incidence of degradation products instead (63% entry 10). Lowering the temperature to 45 °C 

had little effect on the outcome of the reaction (78%, entry 11) but lowering it further to room 

temperature provided a stark increase in yield to 93% (entry 12).  

 

2.3 Effect of Substitution on Aryl Boronic Acid and in C1 Position of OBD 

With the optimized reaction conditions in hand the effect of substitution on the 

arylboronic acid was then studied (Table 2-4). Relative to the unsubstituted aryl boronic acid 

(entry 1), meta- and para-methyl substituted boronic acids provided excellent yields of the ring 

opened product (entries 2 and 3). A sharp drop in yield was noted for the ortho-substituted 

methyl aryl boronic acid (entry 4); an effect likely arising from steric interactions. A similar 

trend was observed for methoxy substituted boronic acids, with a more pronounced effect on 

time when ortho to the boronic acid (entry 7). A stark difference was observed in the chloro 

substituted boronic acids. When situated para to the boronic acid the yield was drastically 

lowered to 64% (entry 8). Surprisingly, when the chloro group was in the meta position an 

opposite effect on yield was observed, affording the ring opened product in 98% yield (entry 9).  

 



43 

  

Table 2-4. Effect of substitution on the aryl boronic acid. 

 

Entry R1 R2 R3 Time (h)
 

product Yield (%)
a 

1 H H H 0.5 2-16a 96 

2 Me H H 0.5 2-16b 96 

3 H Me H 0.5 2-16c 97 

4 H H Me 0.5 2-16d 87 

5 OMe H H 0.5 2-16e 92 

6 H OMe H 0.5 2-16f 99 

7 H H OMe 2.5 2-16g 85 

8 Cl H H 0.75 2-16h 64 

9 H Cl H 0.5 2-16i 98 

       
a
Isolated yields after column chromatography. 

 

The results of the ring opening reactions of C1 substituted oxabenzonorbornadienes are 

summarized in Table 2-5. Both methyl (entry 1) and ethyl (entry 2) substitutions provided high 

yields, 94% and 96% respectively, in comparable time. The more sterically bulky iPr (entry 3) 

group provided a much lower yield at 25%. Interestingly, the steep drop in yield was not 

observed when a phenyl group was substituted (entry 4), instead providing an increase in yield to 

96% in the shortest reaction time observed. Both of the electron withdrawing methyl ester (entry 

5) and carboxylic acid (entry 6) functional groups provided moderate yields of 77 and 66% 

respectively. The tertiary alcohol (entry 7) ring opened product was afforded in 55% yield with a 

reaction time of 140 hours. The silyl group (entry 8) provided a yield of 54%.  
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Table 2-5. Effect of C1 substitution. 

 

Entry OBD R Time (h) Product
 

Yield (%)
a 

1 2-15b Me 0.75 2-16j 94
b 

2 2-15a Et 0.50 2-16a 96 

3 2-15c 
i
Pr 0.75 2-16k 25 

4 2-15e Ph 0.10 2-16l 96 

5 2-15g COOMe 0.75 2-16m 77 

6 2-15h COOH 0.75 2-16n 66 

7 2-15i C(Me)2OH 140 2-16o 55 

8 2-15j SiMe3 0.50 2-16p 54
b 

      
a
Isolated yields after column chromatography. 

b
Reaction performed by Michelle Menard. 

 

The presence of electron withdrawing groups on the oxabicyclic alkene or the aromatic 

ring is known to cause dehydration in similar ring opening reactions. One example comes from 

the palladium catalyzed ring opening of C1-substituted oxabenzonorbornadiene with aryl iodides 

(Scheme 2-10). In this reaction the ring opened product, 2-28, is always dehydrated into 2-29. 

Interestingly, 2-29 is completely absent from the rhodium catalyzed ring opening reaction we 

developed herein. Based on trials using only the ring opening product in the presence of base, 

heat, or base and heat, it is likely that the reason for this discrepancy is due to the low heats the 

rhodium catalyzed reaction is able to proceed under. Whereas other metal catalyzed ring 

openings must run at high temperatures and take days to complete, rhodium provides a clear 

advantage by not only finishing in minutes but also allowing for the use of extremely mild 

conditions. 
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Scheme 2-10. Reaction conditions leading to aromatization of ring opened product 

 

Based on our findings we have presented a possible mechanism by which the 

nucleophilic ring opening of C1 substituted oxabenzonorbornadienes takes place (Scheme 2-11). 

The catalytic cycle begins with reversible dissociation of the rhodium dimer 2-30 into a 

monomeric unit 2-31.  Following dissociation to the rhodium monomer, transmetallation with 

arylborate species 2-32 affords the aryl-rhodium complex 2-33 and a substituted borate species 

2-34.  Reports from Lautens et al
21

 and Murkami and Igawa
16

 both highlight the need for a base 

in the reaction and results from our group suggest as little as one equivalent is required. With this 

in mind, it has been hypothesized that generation of the borate species 2-32 is promoted by the 

reaction between the base and the boronic acid 2-35. Chelation (2-36) between the olefin and 

oxygen of 2-18 and 2-33 promotes exo selective carborhodation producing intermediate 2-37. β-

Elimination of 2-37 generates the ring-opened intermediate 2-38 which undergoes hydrolysis, 

producing the final product 2-39 and regenerates the catalyst monomer 2-31 (Path A). 

Alternatively, transmetallation of 2-38 with another borate species 2-34 (Path B) can also act to 
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drive another catalytic cycle through regeneration of the aryl-rhodium complex. The substituted 

borate species 2-40 produced by this path can then accumulate and be quenched with water to 

generate 2-39 once the reaction reaches completion. 

 

Scheme 2-11. Catalytic Cycle for Rh Catalyzed Nucleophilic Ring opening of C1 Substituted 

Oxabenzonorbornadienes with Aryl Boronic Acids. 
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2.4 Experimental 

All ring opening reactions were carried out under inert atmospheric conditions. All 

glassware was oven dried overnight before use. Flash column chromatography was performed on 

230-400 mesh silica gel purchased from Silicycle. Analytical TLC was performed on pre-coated 

silica gel 250 μm 60 F254 aluminum plates purchased from Silicycle. TLC visualization was 

carried out under UV light and p-anisaldehyde stain. 
1
H and 

13
C NMR spectra were recorded on 

a Bruker Avance 400 MHz spectrometer (CDCl3: δ 7.24 ppm (
1
H at 400 MHz) or δ 77.0 ppm 

(
13

C at 100 MHz)). HRMS 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). 

 

General procedure for Rh catalyzed reaction between 1-substituted-7-

oxabenzonorbornadiene and boronic acids. Inside an inert atmospheric glove box system, 

[Rh(COD)Cl]2 (5 mol%), NaHCO3 (1 equiv.), and boronic acid (1.1 equiv.) were weighed and 

added to a screw cap vial equipped with a stir bar. To this mixture was charged substituted 

oxabenzonorbornadiene 2-16a (0.35 mmol) and methanol (2 mL). The vial was then capped and 

left to stir at room temperature. Upon reaction completion, the vial was removed from the dry 

box, diluted with DCM, and passed through a silica plug. The crude product was then subjected 

to flash column chromatography, eluting with mixtures of EtOAc/hexanes to provide the product  
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(1S*,2R*)-1,2-Dihydro-4-ethyl-2-phenyl-1-naphthalenol (2-16a) Yield: 96% (38.2 mg, 0.152 

mmol); light brown oil; Rf = 0.44 (EtOAc-Hexanes, 3:7);  IR (ν, cm
-1

): 3564, 3054, 2986, 1602, 

1452, 1422, 1265, 896, 739; 
1
H NMR (400 MHz, CDCl3) : 1.17 (t, J = 7.4 Hz, 3H), 1.41 (d, J = 

8.4 Hz, 1H), 2.52 (dq, J = 1.3, 7.4 Hz, 2H), 3.76 (dd, 5.8, 4.4 Hz, 1H),  4.81 (dd, J = 8.3, 5.9 Hz, 

1H),  5.87 (d, J = 4.4 Hz, 1H), 7.12-7.35  (m, 9H); 
13

C NMR (100 MHz, CDCl3) δ: 12.9, 25.1, 

47.0, 71.5, 122.9, 124.3, 126.6, 127.3, 127.5, 128.1, 128.5, 129.3, 133.6, 136.9, 138.2, 138.5; 

HRMS (EI) calcd. for C18H18O (M
+
): 250.1358; found: 250.1354. 

 

 

(1S*,2R*)-1,2-Dihydro-4-ethyl-2-(4-methylphenyl)-1-naphthalenol (2-16b) Yield: 96% (85.9 

mg, 0.325 mmol); light brown oil; Rf = 0.35 (EtOAc–hexanes, 1:5); IR (ν, cm
-1

): 3560, 3054, 

2986, 1603, 1514, 1422, 1266, 896, 735; 
1
H NMR (400 MHz, CDCl3) δ: 1.28 (t, J = 7.4 Hz, 3H), 

1.55 (s, 1H), 2.35 (s, 3H), 2.61-2.65 (m, 2H), 3.81 – 3.85 (m, 1H), 4.91 (d, J = 5.8 Hz, 1H), 5.96 

– 5.97 (m, 1H), 7.14 – 7.17 (m, 4H), 7.27 – 7.31 (m 1H), 7.35 – 7.44 (m, 3H); 
13

C NMR (100 

MHz, CDCl3) δ: 13.0, 21.1, 25.2, 46.6, 71.5, 122.9, 124.6, 126.56, 127.6, 128.0, 129.0, 129.3, 

133.7, 135.0, 137.1, 138.4; HRMS (ESI) calcd. for C19H20ONa (M+Na
+
): 287.1411; found: 

287.1420. 
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(1S*,2R*)-1,2-Dihydro-4-ethyl-2-(3-methylphenyl)-1-naphthalenol (2-16c) Yield: 97% (78.4 

mg, 0.297 mmol); light brown oil; Rf = 0.35 (EtOAc–hexanes, 1:5); IR (ν, cm
-1

): 3560, 3054, 

2986, 1605, 1422, 1264, 1094, 896; 
1
H NMR (400 MHz, CDCl3) δ: 1.28 (t, J = 7.4 Hz, 3H), 1.56 

(s, 1H), 2.36 (s, 3H), 2.63-2.65 (m, 2H), 3.82 – 3.85 (m, 1H), 4.88 (d, J = 5.7 Hz, 1H), 5.96 (d, J 

= 4.1 Hz, 1H), 7.06-7.45 (m, 8H); 
13

C NMR (100 MHz, CDCl3) δ: 13.0, 21.5, 25.2, 47.0, 71.6, 

123.0, 124.4, 126.2, 126.9, 127.6, 128.1, 128.2, 128.6, 130.1, 133.6, 137.0, 138.2, 138.4, 138.5; 

HRMS (EI) calcd. for C19H20O (M
+
): 264.1514; found: 264.1517. 

 

(1S*,2R*)-1,2-Dihydro-4-ethyl-2-(2-methylphenyl)-1-naphthalenol (2-16d) Yield: 87% (65.0 

mg, 0.245 mmol); off-white solid; Mp: 95-96 °C; Rf = 0.40 (EtOAc–hexanes, 1:5); IR (ν, cm
-1

): 

3562, 3054, 2986, 1602, 1488, 1422, 1265, 896, 739; 
1
H NMR (400 MHz, CDCl3) δ: 1.16 (t, J = 

7.4 Hz, 3H), 1.44 (s, 1H), 2.34 (s, 3H), 2.51 (q, J = 7.4 Hz, 2H), 4.07 – 4.10 (m, 1H), 4.68 (d, J = 

7.9 Hz, 1H), 5.78 (d, J = 2.2 Hz, 1H), 7.07 – 7.21 (m, 6H), 7.26 – 7.35 (m, 3H); 
13

C NMR (100 

MHz, CDCl3) δ: 13.0, 19.9, 20.0, 25.2, 42.8, 70.1, 122.95, 125.07, 126.8, 127.1, 128.0, 129.3, 

133.5, 136.4, 136.7, 137.4, 138.0; HRMS (EI) calcd. for C19H20O (M
+
): 264.1514; found: 

264.1518. 
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(1S*,2R*)-1,2-Dihydro-4-ethyl-2-(4-methoxyphenyl)-1-naphthalenol (2-16e) Yield: 92% 

(45.6 mg, 0.163 mmol); off-white solid; Mp: 63-65 °C; Rf = 0.30 (EtOAc–hexanes, 1:5); IR (ν, 

cm
-1

): 3444, 2962, 2931, 1641, 1473, 1267, 1132; 
1
H NMR (400 MHz, CDCl3) δ: 1.23 (t, J = 7.3 

Hz, 3H), 1.45 (d, J = 8.6 Hz, 1H), 2.57 (dq, J = 7.3, 1.4 Hz, 2H), 3.73-3.78 (m, 4H), 4.85-4.89 

(at, 1H),  5.91 (d, J = 4.6 Hz, 1H), 6.81 (d, J = 8.7 Hz, 2H), 7.11 (d, J = 8.7 Hz, 2H), 7.22-7.26 

(m, 4H); 
13

C NMR (100 MHz, CDCl3) δ: 13.0, 25.2, 31.0, 46.1, 55.3, 71.5, 114.0, 118.6, 122.9, 

124.8, 126.4, 127.7, 128.0, 129.7, 130.4, 133.7, 137.2, 138.4, 158.9; HRMS (ESI) calcd. for 

C19H20O2Na (M+Na
+
): 303.1360; found: 303.1364. 

 

(1S*,2R*)-1,2-Dihydro-4-ethyl-2-(3-methoxyphenyl)-1-naphthalenol (2-16f) Yield: 99% 

(71.8 mg, 0.256 mmol); light brown oil; Rf = 0.27 (EtOAc–hexanes, 1:5); IR (ν, cm
-1

): 3559, 

3054, 2986, 1599, 1486, 1422, 1264, 1155, 1050. 
1
H NMR (400 MHz, CDCl3) δ: 1.28 (t, J = 7.4 

Hz, 3H), 1.59 (s, 1H), 2.60-2.66 (m, 2H), 3.75 (s, 3H), 3.83 (dd, J = 6.5, 4.4 Hz, 1 H), 4.93 (d, J 

= 6.1, 1 H), 5.96 (d, J = 4.4, 1 H), 6.81 – 6.88 (m, 3H), 7.23 – 7.31 (m, 2H), 7.34 – 7.43 (m, 3H); 

13
C NMR (100 MHz, CDCl3) δ: 12.9, 25.1, 47.0, 55.1, 71.4, 112.6, 114.8, 121.6, 122.9, 124.2, 
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126.5, 127.6, 128.0, 129.5, 133.5, 127.0, 138.5, 139.8, 159.7; HRMS (EI) calcd. for C19H20O2 

(M
+
): 280.1463; found: 280.1465. 

 

(1S*,2R*)-1,2-Dihydro-4-ethyl-2-(2-methoxyphenyl)-1-naphthalenol (2-16g) Yield: 85% 

(65.0 mg, 0.246 mmol); off-white solid; Mp: 70-72 °C; Rf = 0.24 (EtOAc–hexanes, 1:5); IR (ν, 

cm
-1

): 3565, 3054, 2986, 1600, 1491, 1463, 1439, 1422, 1264, 739; 
1
H NMR (400 MHz, CDCl3): 

δ 1.17 (t, J = 7.5 Hz, 3H), 2.02 (s, 1H), 2.50 – 2.55 (m, 2H), 3.79 (s, 3H), 4.30 – 4.33 (m, 1H), 

4.8 (d, J = 5.5 Hz, 1H), 5.77 (d, 3.6 Hz, 1H), 6.81 (d, J = 1.0 Hz, 1H), 6.84 (d, J = 7.7 Hz, 1H), 

7.12 – 7.20 (m, 3H), 7.25 (dt, J = 7.5, 1.6 Hz, 1H), 7.32 (d, J = 8.0 Hz, 2H); 
13

C NMR (100 MHz, 

CDCl3): δ 13.1, 25.2, 39.7, 55.5, 70.5, 110.5, 120.8, 122.9, 124.3, 126.7, 127.4, 127.5, 128.1, 

128.2, 130.2, 133.3, 136.7, 138.4, 157.3; HRMS (EI) calcd. for C19H20O2 (M
+
): 280.1463; found: 

280.1467. 

 

(1S*,2R*)-1,2-Dihydro-4-ethyl-2-(4-chlorophenyl)-1-naphthalenol (2-16h) Yield: 64% (62.3 

mg, 0.219 mmol); light brown oil; Rf = 0.51 (EtOAc-Hexanes, 1:4); IR (ν, cm
-1

): 3416, 2964, 

1488, 1265, 1091, 1027, 1015, 822, 767, 756, 739, 705; 
1
H NMR (400 MHz, CDCl3) δ: 1.15 (t, J 

= 7.4 Hz, 3H), 1.40 (d, J = 8.6 Hz, 1H), 2.48 – 2.54 (m, 2H), 3.68 – 3.71 (m, 1H), 4.78 (dd, J = 
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6.0, 3.4 Hz, 1H), 5.79 (d, J = 4.4 Hz, 1H), 7.05 – 7.35 (m, 8H); 
13

C NMR (100 MHz, CDCl3) δ: 

13.0, 25.2, 46.4, 71.4, 123.1, 123.9, 126.5, 127.9, 128.2, 128.6, 130.7, 133.1, 133.4, 136.8, 138.9, 

138.9; HRMS (EI) calcd. for C18H17ClO (M
+
): 284.0968; found: 284.0959. 

 

(1S*,2R*)-1,2-Dihydro-4-ethyl-2-(3-chlorophenyl)-1-naphthalenol (2-16i) Yield: 98% (96.5 

mg, 0.339 mmol); light brown oil; Rf = 0.51 (EtOAc-Hexanes, 1:4); IR (ν, cm
-1

): 3557, 3423, 

3061, 2967, 2933, 2876, 1595, 1571, 1475, 1452, 1429, 1378, 1265, 1094, 1079, 1045, 999, 841, 

789, 761, 738, 698, 677; 
1
H NMR (400 MHz, CDCl3): δ 1.16 (t, J = 7.4 Hz, 3H), 1.43 (s, 1H), 

2.49 – 2.55 (m, 2H), 3.70 – 3.73 (m, 1H), 4.76 (d, J = 5.6 Hz, 1H), 5.80 (d, J = 4.1, 1H), 7.03 – 

7.34 (m, 8H); 
13

C NMR (100 MHz, CDCl3) δ: 13.0, 25.2, 46.9, 71.5, 123.2, 123.5, 126.7, 127.4, 

127.5, 127.9, 128.4, 129.5, 129.7, 133.3, 134.3, 136.7, 139.1, 141.0; HRMS (EI) calcd. for 

C18H17ClO (M
+
): 284.0968; found: 284.0961. 

 

(1S*,2R*)-1,2-Dihydro-4-isopropyl-2-phenyl-1-naphthalenol (2-16k) Yield: 25% (16.6 mg, 

0.063 mmol); light brown oil; Rf = 0.38 (EtOAc-Hexanes, 1:5); IR (ν, cm
-1

): 3556, 3432, 3060, 

3028, 2962, 2929, 2872, 1601, 1492, 1452, 1382, 1265, 1073, 1032, 771, 757, 737, 700;  
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1
H NMR (400 MHz, CDCl3) δ: 1.15 (d, J = 6.7 Hz, 3H), 1.18 (d, J = 6.7 Hz, 3H), 1.41 (d, J = 8.6 

Hz, 1H), 2.99 – 3.02 (m, 1H), 3.74 (t, J = 4.8 Hz, 1H), 4.79 (dd, J = 8.1, 6.0 Hz, 1H), 4.57 (dd, J 

= 4.5, 0.8 Hz, 1H), 7.13 – 7.38 (m, 9H); 
13

C NMR (100 MHz, CDCl3) δ: 22.3, 22.4, 28.3, 46.8, 

71.5, 122.3, 123.0, 126.6, 127.3, 127.5, 128.1, 128.6, 129.4, 133.4, 137.3, 138.3, 143.3; HRMS 

(EI) calcd. for C19H20O (M
+
): 264.1514; found: 264.1523. 

 

(1S*,2R*)-1,2-Dihydro-2,4-diphenyl-1-naphthalenol (2-16l) Yield: 96% (45.7 mg, 0.153 

mmol); colourless oil; Rf = 0.34 (EtOAc-Hexanes, 1:5); IR (ν, cm
-1

): 3551, 3424, 3058, 3027, 

2906, 1600, 1493, 1451, 1265, 1157, 1112, 1074, 1032, 1006, 861, 773, 759, 737, 700;  

1
H NMR (400 MHz, CDCl3) δ: 3.89 (dd, J = 5.4, 4.6 Hz, 1H), 4.89 (d, J = 5.7 Hz, 1H), 6.08 (d, J 

= 4.4 Hz, 1H), 7.05 – 7.37 (m, 15H); 
13

C NMR (100 MHz, CDCl3) δ: 47.5, 71.6, 126.1, 126.8, 

127.5, 128.1, 128.2, 128.3, 128.4, 128.9, 129.4, 133.5, 137.1, 137.8, 139.8, 140.4; HRMS (EI) 

calcd. for C28H22O (M
+
): 298.1358; found: 298.1351. 

 

(3R*,4S*)-4-Hydroxy-3-phenyl-3,4-dihydro-1-naphthalenecarboxylic acid methyl ester (2-

16m) Yield: 77% (55.9 mg, 0.199 mmol); light brown oil; Rf = 0.33 (EtOAc-Hexanes, 1:4); IR 

(ν, cm
-1

): 3465, 3060, 3029, 2951, 1717, 1493, 1452, 1436, 1286, 1265, 1198, 1171, 1075, 1034, 
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1010, 887, 785, 773, 755, 736, 702; 
1
H NMR (400 MHz, CDCl3): δ 1.58 (m, 1H), 3.77 (s, 3H), 

3.81 (t, J = 4.7 Hz, 1H), 4.74 (t, J = 6.1 Hz, 1H), 7.11 – 7.30 (m, 9H), 7.87 (d, J = 7.7 Hz, 1H). 

13
C NMR (100 MHz, CDCl3) δ: 47.5, 52.1, 71.1, 126.6, 127.0, 127.7, 128.6, 128.7, 128.8, 129.3, 

129.4, 130.6, 136.4, 136.9, 140.1, 166.5; HRMS (EI) calcd. for C18H16O3 (M
+
): 280.1099; found: 

280.1108. 

 

(3R*,4S*)-4-Hydroxy-3-phenyl-3,4-dihydro-1-naphthalenecarboxylic acid (2-16n) Yield: 

66% (41.2 mg, 0.155 mmol); clear oil; Rf = 0.48 (EtOAc-Hexanes, 2:5); IR (ν, cm
-1

): 3062, 

3028, 2948, 1728, 1493, 1460, 1222, 1026, 759, 735, 701; 
1
H NMR (400 MHz, CDCl3) δ: 2.24 

(dd, J = 11.5, 4.4 Hz, 1H), 2.40 (dd, J = 11.9, 8.5 Hz, 1H), 2.94 (dd, J = 8.4, 4.4 Hz, 1H), 5.32 (s, 

1H), 7.17 – 7.36 (m, 8H), 7.50 – 7.52 (m, 1H), 10.45 (s, 1H);  
13

C NMR (100 MHz, CDCl3) δ: 

42.2, 47.3, 85.5, 86.4, 119.2, 119.5,126.9, 127.3, 127.6, 127.8, 128.8, 143.1, 143.6, 145.0, 174.6;  

HRMS (EI) calcd. for C17H14O3 (M
+
): 266.1722; found: 266.0954. 

 

(1S*,2R*)-1,2-Dihydro-4-(3-hydroxypropan-2-yl)-2-diphenyl-1-naphthalenol (2-16o) Yield: 

55%  (33.6 mg, 0.120 mmol); pink oil; Rf = 0.63 (EtOAc-Hexanes, 1:1); IR (ν, cm
-1

): 3454, 

3062, 3026, 2983, 1493, 1460, 1371, 1181, 1156, 1030, 1015, 950, 896, 759, 747, 701, 659;  
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1
H NMR (400 MHz, CDCl3) δ: 1.46 (s, 3H), 1.52 (s, 3H), 1.93 (dd, J = 8.8, 2.8 Hz, 1H), 2.17 – 

2.22 (m, 2H), 2.87 (dd, 8.7, 4.0 Hz, 1H), 5.15 (s, 1H), 7.12 – 7.33 (m, 9H); 
13

C NMR (100 MHz, 

CDCl3) δ: 25.7, 26.7, 37.7, 48.2, 71.2, 84.6, 94.6, 119.1, 120.0, 126.5, 126.6, 126.7, 127.6, 128.6, 

145.0, 145.4, 147.3; HRMS (ESI) calcd. for C19H20O2 (M-H): 279.1385; found 279.1375. 
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Chapter 3 

Palladium Catalyzed Ring Opening Reactions of Oxabicylic Alkenes 
viii

 

 

 

  

 

 

 

 

                                                 
viii

 In order to present a complete picture of the chemistry utilized, the following sections will include data achieved, 

and published in the Canadian Journal of Chemistry, by both myself and Dr. Raheem Mohamed. 
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3.1 Pd Catalyzed Ring Openings of C1-Substituted Oxabenzonorbornadienes. 

3.1.1 Background Information 

Palladium catalyzed ring opening reactions of oxabicyclic alkenes are incredibly 

powerful tools for organic synthesis.
1
 In one step, ring opening allows for the creation of 

complex dihydronaphthalene skeletons through simultaneous formation of multiple stereocenters 

and carbon-carbon bonds.
2
 A large number of ring openings have been developed under 

palladium catalysts for both carbon and heteroatom nucleophiles.  Ring openings of oxabicyclic 

alkenes using dialkyl zinc,
3
 aryl boronic acids,

4
 aryl triflates,

5
 organozinc halides,

6
 and aryl 

iodides
7
 have all been accomplished under relatively mild conditions (Scheme 3-1). These 

conditions have allowed for both excellent enantio- and diastereoselectivites in the presence of 

chiral ligands. In each case, palladium catalyzed ring openings have provided the cis 

dihydronapthol product, an otherwise hard to access chemical framework. 

 

Scheme 3-1: Palladium catalyzed ring openings of oxabenzonorbornadiene. 

 The first stereoselective palladium-catalyzed reactions involving aryl iodides were 

performed by Cheng’s group on unsubstituted oxabenzonorbornadiene (Scheme 3-2, top).
7
  The 
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reaction was carried out in THF with Pd(PPh3)2Cl2, Zn, ZnCl2, and Et3N. The products were 

obtained in good to excellent yields using both electron rich and electron deficient aryl iodides, 

with the electron deficient species making up the lower yields. In each case, regardless of 

electronic makeup, the resulting dihydronaphthol products were cis substituted. Further 

elaboration on the palladium catalyzed ring opening was provided by Martin et al. whose group 

optimized the reaction using Pd(OAc)2, PPh3, Zn, and PMP in dry DMF with aryl and vinyl 

halides (Scheme 3-2, bottom).
8
 Like Cheng et al., Martin’s group was only able to afford the cis 

substituted dihydronapthol products. 

 

Scheme 3-2: Palladium catalyzed ring openings by Cheng et al. (top) and Martin et al. (Bottom). 

While palladium catalyzed reactions of oxabicyclic alkenes has received much attention 

in the literature, most has been directed toward the opening of symmetrical substrates. Imposing 

substitution on the C1 carbon of the oxabicycle has a two-fold effect; (i) the compound is 

rendered unsymmetrical, resulting in the possible formation of two different regioisomers when 

undergoing ring opening reactions, and (ii) new steric and electronic effects are imposed on the 

incoming palladium-aryl complex which may favour one regioisomer over the other.   
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Scheme 3-3: Regioisomeric products possible through metal catalyzed ring opening. 

Interestingly, both regioisomers have been observed under different conditions when 1-

methyloxabenzonorbornadiene was subjected to ring opening reaction with palladium catalysts. 

Cheng and coworkers reported the single regioisomer (3-1, Scheme 3-3, nucleophilic attack on 

C3) when working with alkyl halides
9
 while Lautens and coworkers reported the opposite regio 

isomer (3-2, nucleophilic attack on C2) using dialkylzinc reagents.
10

 Similar ring openings using 

aryl nucleophiles under nickel catalysis reported the production of both regioisomers as well (3-

3a and 3-3b).
11 

During recent investigations undertaken by our group on the isomerization of C1 

substituted oxabenzonorbornadienes under ruthenium catalysts, it was found that the electronic 

nature of the C1 substituent could determine which regioisomer formed (3-4 and 3-5).
12

 With an 

electron-donating C1-methyl substituent (R = Me), Ru-catalyzed isomerization of C1-methyl 

substituted oxabenzonorbornadiene led to the formation of one regiosiomer 3-4.  On the other 

hand, with an electron-withdrawing methyl ester substituent (R = COOMe), Ru-catalyzed 

isomerization led to the formation of the opposite regiosiomer 3-5.  Based on these findings it is 
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possible the electronic effect of the C1 substituent can play a significant role in the 

regioselectivity of palladium catalyzed ring openings as well. 

 The mechanism of the palladium catalyzed ring opening reaction was first proposed by 

Cheng et al. in their study using Zn powder and ZnCl2 (Scheme 3-4). The reaction is initiated by 

the reduction of Pd(II) to Pd(0) by zinc. The reduced palladium species then undergoes oxidative 

addition to the aryl halide to give 3-6. Following this, exo selective carbopalladation with the 

oxabicyclic alkene 3-7 produces 3-8. Exo selectivity is thought to be promoted by chelation of 

the palladium complex to the olefin and oxygen atom. β-Oxygen cleavage leads to the ring 

opened intermediate 3-9 which undergoes hydrolysis, generating the final product 3-10 and 

Pd(II). Pd(II) is then reduced to Pd(0) thereby restarting the catalytic cycle. 

 Cheng et al. found that the addition of a catalytic amount of ZnCl2 greatly increased the 

reactivity of palladium catalyzed ring opening. According to their research there are two possible 

methods by which ZnCl2 enhances the cycle. The first being the attachment of ZnCl2 to the 

iodide of the palladium species 3-6, promoting the removal of the iodide and coordination and 

insertion of 3-6 into the Pd-R bond. The second method has ZnCl2 acting as a Lewis acid, 

coordinating with the bridgehead oxygen and facilitating β-heteroatom removal. Out of the two 

possibilities it is more likely that ZnCl2 promotes the removal of iodide due to Cheng et al.’s 

observation that insertion of 3-6 into the Pd-R bond is the rate determining step. 
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Scheme 3-4: General mechanism for palladium catalyzed ring opening of oxabicyclic alkenes. 

 

3.1.2 Optimization study using C1-Substituted Oxabenzonorbornadienes. 

 

Scheme 3-5: Ethyl (3-11) and methoxycarbonyl (3-12) substituted oxabenzonorbornadienes. 

In order to understand the impact of C1 substitution, Pd-catalyzed ring opening reactions 

of two oxabenzonorbornadienes bearing ethyl (3-11) and methoxycarbonyl (3-12) C1 substituents 
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were carried out. Both model oxabicyclic compounds were ring opened using aryl iodides 

possessing an electron donating or withdrawing functional group in either the ortho, meta, or 

para position with respect to the iodo group. The outcome of these reactions was then compared 

against an unsubstituted phenyl iodide standard. 

Based on the mechanism proposed by Cheng et al., the key step is carbopalladation of the 

aryl palladium species. This mechanism, however, only accounts for symmetrical oxabicyclic 

alkenes. What occurs when this symmetry is lost is currently unknown. It has been demonstrated 

that the electronic nature of the palladium complex can affect the regiochemistry in Heck like 

reactions. When neutral, the regiochemical outcome is determined primarily by the steric 

interactions of the substrate and when positively charged, the regiochemical outcome is primarily 

determined by electronics. By employing the use of two different C1 substituted 

oxabenzonorbornadiene species, each with opposite electronegativities, and ring opening them 

with aryl iodides differing in both sterics and electronics we intended to probe these possibilities.  

Optimizations of oxabenzonorbornadiene 3-11 focused on the palladium catalyst, solvent, 

and Lewis acid additives and are summarized in Table 3-1. Palladium catalysts were chosen 

based on their oxidation state and phosphine ligands.  Palladium species lacking phosphine 

ligands failed to catalyze the reaction (entry 1), however this was easily reversed through 

addition of Ph3P (entry 2). The low oxidation state palladium(0) catalyst, Pd(PPh3)4 (entry 3) 

provided a yield similar to that obtained by the palladium(II) catalyst, PdCl2(PPh3)2 (entry 4).  

 Solvent screening was carried out with non-polar, polar protic, and polar aprotic solvents 

(Table 3-1, entries 4-10). Non-polar solvents such as hexanes, toluene, and dichloroethane 

provided poor yields at 19, 54, and 55% respectively (entries 5-7). The polar protic ethanol 
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afforded the ring opened product in excellent yield (88%, entry 9). Moderate to good yields were 

obtained with the polar aprotic solvents THF (entry 4), acetonitrile (entry 8), and DMF (entry 10) 

at 72, 63, and 95% respectively.  

Choice of Lewis acid provided a wide range of yields (Table 3-1, entries 10-15). The 

reaction with zirconium chloride did not afford ring opening product but only resulted in 

isomerization and aromatization of the starting oxabenzonorbornadiene 3-11 into the 

corresponding naphthalene derivative (entry 11). Aluminium (entry 12) and iron chloride (entry 

13) were both able to give the ring opening product but only in moderate yields (58% and 66% 

respectively). The reaction with copper chloride (entry 14) gave a moderate yield; however, the 

products appear to be a mixture of cis and trans isomers. Though the formation of these isomeric 

products was not expected, it is not surprising considering the literature precedent of copper 

catalysed ring openings affording the trans product.
9
 Zinc iodide afforded a moderately high 

yield of 78% (entry 15), however, this was still considerably lower than that of the zinc chloride 

(95%, entry 10).  

A control reaction using the same conditions as entry 10 but in the absence of Et3N was 

also performed (entry 16). While previously affording the ring opened product in 95% yield the 

reaction in the absence of Et3N proved much less fruitful. The reaction was sluggish, with 14% 

recovery of 3-11 after 20 hours, and afforded a mere 58% of the ring opened product. It is 

apparent that the presence of the tertiary amine is crucial to the efficient production of the ring 

opened product. 
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Table 3-1: Optimization of catalyst, solvent, and Lewis acid additive for compound 6. 

 

Entry Catalyst Solvent Lewis Acid Base Yield (%)
a,b 

1 Pd(OAc)2 THF ZnCl2 Et3N 0
c 

2 Pd(OAc)2, Ph3P THF ZnCl2 Et3N 60 

3 Pd(PPh3)4 THF ZnCl2 Et3N 74 

4 PdCl2(PPh3)2 THF ZnCl2 Et3N 72 

5 PdCl2(PPh3)2 Hexanes ZnCl2 Et3N 19 

6 PdCl2(PPh3)2 Toluene ZnCl2 Et3N 54 

7 PdCl2(PPh3)2 DCE ZnCl2 Et3N 55 

8 PdCl2(PPh3)2 CH3CN ZnCl2 Et3N 63 

9 PdCl2(PPh3)2 Ethanol ZnCl2 Et3N 88 

10 PdCl2(PPh3)2 DMF ZnCl2 Et3N 95 

11 PdCl2(PPh3)2 DMF ZrCl4 Et3N 0
d
 

12 PdCl2(PPh3)2 DMF AlCl3 Et3N 58 

13 PdCl2(PPh3)2 DMF FeCl3 Et3N 66 

14 PdCl2(PPh3)2 DMF CuCl2 Et3N 67
e 

15 PdCl2(PPh3)2 DMF ZnI2 Et3N 78 

16 PdCl2(PPh3)2 DMF ZnCl2 - 58
f,g,h 

      
a
Isolated yield after column chromatography 

b
Reactions performed by Dr. Mohammed 

c
No reaction, all starting material recovered 

d
Compound 3-11 was aromatized to the corresponding naphthalene product 

e
Product appears to be a mixture of cis and trans isomers 

f
Reaction performed by Michael Edmunds 

g
Reaction stopped after 20 hours with 14% recovery of compound 3-11 

h
Yield based on 

1
H NMR using toluene as internal standard 

 

The same optimization conditions were applied to the electron deficient 

oxabenzonorbornadiene 3-12 (Table 3-2). The reaction of 3-12 with aryl iodides did not produce 

the expected 1,2-dihydronaphthalenol derivatives like 3-11. It appears that the presence of the 

electron withdrawing group on the C1 position of the oxabenzonorbornadiene prompts 
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dehydration of the initially formed 1,2-dihydronaphthalenol derivatives into the corresponding 2-

arylated naphthol derivative.  Pd(OAc)2, Ph3P afforded the ring opened aromatized product in 

54% yield (Table 3-2, entry 1). A moderate increase in yield was observed for the palladium (0) 

catalyst Pd(PPh3) (74%, entry 2). Like the ring opening of 3-11, PdCl2(PPh3)2 also provided the 

highest yield at 85% (entry 3).  

The ring opening of 3-12 with 4-iodoanisole, in the presence of PdCl2(PPh3)2 gave the 

best yields in polar aprotic solvents. The reaction in THF afforded the ring opened product in 

85% yield (Table 3-2, entry 3) and 80% in DMF (entry 10). The ring opening reaction in 

acetonitrile gave 68% yield (entry 7). The results were reasonable in non-polar solvents, like 

toluene (71%, entry 8) and DCE (75%, entry 9). However, the reaction in hexanes did not 

proceed as well, providing a yield of only 9% (entry 4). The reaction in polar protic solvent 

(ethanol) gave a lower yield of 41% due to transesterification with ethanol to form the ethyl ester 

derivative of naphthalene in 16% yield (entry 5). Avoiding this complication through the use of 

methanol provided a modest yield of 75% (entry 6) 

Comparative screening of a variety of Lewis acids against zinc chloride (85%, entry 3) 

revealed no dramatic impact on the yield of 3-14a. The lowest yield was provided by iron 

chloride at 59% (entry 11). Zinc iodide, zirconium chloride and aluminium chloride all produced 

moderate yields of the ring opened product at 70, 74, and 78% respectively (entries 12-14). The 

best result was achieved using copper chloride, affording the ring opened product in 86% yield 

(entry 15). 
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Table 3-2: Optimization of catalyst, solvent, and Lewis acid additive for compound 3-12. 

 

Entry Catalyst Solvent Lewis Acid Yield (%)
a,b 

1 Pd(OAc)2, Ph3P THF ZnCl2 54 

2 Pd(PPh3)4 THF ZnCl2 74 

3 PdCl2(PPh3)2 THF ZnCl2 85 

4 PdCl2(PPh3)2 Hexanes ZnCl2 9 

5 PdCl2(PPh3)2 Ethanol ZnCl2 41
c 

6 PdCl2(PPh3)2 Methanol ZnCl2 75
d 

7 PdCl2(PPh3)2 CH3CN ZnCl2 68 

8 PdCl2(PPh3)2 Toluene ZnCl2 71 

9 PdCl2(PPh3)2 DCE ZnCl2 75 

10 PdCl2(PPh3)2 DMF ZnCl2 80 

11 PdCl2(PPh3)2 THF FeCl3 59 

12 PdCl2(PPh3)2 THF ZnI2 70 

13 PdCl2(PPh3)2 THF ZrCl4 74 

14 PdCl2(PPh3)2 THF AlCl3 78 

15 PdCl2(PPh3)2 THF CuCl2 86 

  
a
Isolated yield after column chromatography 

b
Reactions performed by Dr. Mohammed 

c
16% of ethyl ester formed due to transesterification  

with ethanol 
d
Reaction performed by Michael Edmunds. 

 

3.1.3 Effect of Substitution on Aryl Iodide and C1 Carbon of Oxabenzonorbornadiene. 

The results for the reaction of oxabenzonorbornadiene 3-11 with various aryl iodides are 

summarized in Table 3-3. From the data is it clear that the presence of an electron donating 

group such as methoxy or methyl is favourable for ring opening. High yields of 3-13 were 

afforded with p- (95%, entry 1) and o- (91%, entry 3) iodoanisoles with m-iodo anisole providing 
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the lowest (80% entry 2). Similarly high yields of 3-13 with p- (93%, entry 4), m- (95%, entry 5), 

and o- (88% entry 6) iodoanisoles. In each case the steric effect of the substituent was 

overwhelmed by the electronics. Furthermore, although the yields dropped to 80% for m-iodo 

anisole and 88% for o-iodo toluene, they are still higher than the unsubstituted aryl iodide (75%, 

entry 7). 

Table 3-3: Effect of ring opening 3-11 with variously substituted aryl iodides. 

 

Entry R
1 

R
2 

R
3 

Product Yield (%)
a,b 

 

1 OMe H H 3-13a 95
 

2 H OMe H 3-13b 80 

3 H H OMe 3-13c 91 

4 Me H H 3-13d 93
 
 

5 H Me H 3-13e 95 

6 H H Me 3-13f 88 

7 H H H 3-13g 75 

8 NO2 H H 3-15a 61 

9 H NO2 H 3-15b 30 

10 H H NO2 3-15c 0
 
 

      
a
Isolated yield after column chromatography 

b
Reactions performed by Dr. Mohammed 

 

The reaction of 3-11 with iodonitrobenzenes did not produce the expected 1,2-

dihydronaphthalenol derivatives (entries 8-10). It appears that the presence of the strong electron 

withdrawing group on the aryl ring prompts dehydration into the corresponding 2-arylated 



69 

  

naphthol derivative (3-15). The best yield of 3-15 was obtained with p-iodonitrobenzene (61%, 

entry 8), but dropped substantially with m-iodonitrobenzene (30%, entry 9). o-Iodonitrobenzene 

failed to afford 3-15 (entry 10). 

Table 3-4: Effect of ring opening 3-12 with variously substituted aryl iodides. 

 

Entry R
1
 R

2
 R

3
 Product Yield (%)

a,b 

 

1 OMe H H 3-14a 85
 
 

2 H OMe H 3-14b 80 

3 H H OMe 3-14c 77 

4 Me H H 3-14d 71 

5 H Me H 3-14e 68 

6 H H Me 3-14f 73 

7 H H H 3-14g 68 

8 NO2 H H 3-14h 17 

9 H NO2 H 3-14i 14 

10 H H NO2 3-14j 0 

      
a
Isolated yield after column chromatography 

b
Reactions performed by Dr. Mohammed 

 

The results for the reaction of oxabenzonorbornadiene 3-12 with various aryl iodides are 

summarized in Table 3-4. Again, it is apparent that the presence of an electron donating group on 

the aromatic ring produces a favourable effect on the ring opening reaction. p-Iodoanisole gave 

the highest yield (85%, entry 1) followed closely by the m- (80%, entry 2) and o- (77%, entry 3) 

iodoanisoles.  p- And o-iodotoluenes afforded moderate yields of 3-14 at 73% (entry 4) and 71% 
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(entry 6) respectively. Interestingly, ring opening with m-iodotoluene gave the lowest yield at 

68% (entry 5), matching that of the unsubstituted species (68%, entry 7). 

The reaction of iodonitrobenzenes with 3-12 was extremely sluggish and afforded low 

yields of the corresponding naphthalene derivatives. Among the nitro series, the best yield was 

obtained with p-iodonitrobenzene (17%, entry 8) followed by the meta derivative (14%, entry 9). 

The reaction of o-iodonitrobenzene failed to progress (entry 10), possibly as a result of both 

electronic and steric disfavor. 

Table 3-5: Effect of C1 substitution on palladium catalyzed ring opening reaction. 

 

Entry OBD R Product Yield (%)
a,b 

 
 

1 3-16a Me 3-17a 85  

2 3-11 Et 3-13a 95  

3 3-16b tBu 3-17b 54  

4 3-16c Cyclobutyl 3-17c 65  

5 3-16d Biphenyl 3-17d 19  

6 3-16e CH2OH 3-17e 43  

7 3-16f CONH2 3-18a 12  

8 3-16g COCH3 3-18b 27  

9 3-12 CO2Me 3-14a 80
c 

 

10 3-16h SiMe3 3-18c 62  
 

a
Isolated yield after column chromatography 

b
Reactions performed by Dr. Mohammed 

c
THF used as solvent 
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In broadening the scope of this reaction, the reaction conditions optimized for 

oxabenzonorbornadiene 3-11 were applied to eight other C1 substituted oxabenzonorbornadiene 

species varying widely in steric and electronic nature. All species containing electron donating 

substituents provided the dihydronaphthol ring opened product (Table 3-5, entries 1-6) while 

those containing electron withdrawing substituents resulted in aromatization (entries 7-10). The 

ring opening of the methyl substituted species (3-16a) afforded 3-17a in 85% yield (entry 1). A 

steep drop in yield was noted for the sterically encumbered tBu substituted species (3-16b) at 

54% yield (entry 3). With substitution of a cyclobutyl group onto the C1 position the ring opened 

product was obtained in 65% yield (entry 4). A small yield of 19% was provided by the bulky 

biphenyl substituted species (3-16d, entry 5) and a moderate yield of 43% was afforded by the 

hydroxymethyl substituted species. The electron withdrawing amide species (3-16f, entry 7) 

provided the aromatized product in 12% yield. Higher yields of the aromatized product were 

afforded though both the acetyl and trimethylsilyl groups at 27 and 62% respectively (entries 8-

10). 

 

Scheme 3-6: Two methods of ring opening 3-12: palladium catalyzed ring opening with phenyl iodide 

to afford the aromatized 3-14g and rhodium catalyzed ring opening with phenyl boronic acid to afford the 

non-aromatized 3-19. 

The tendency for the ring opening reaction to form the aromatized product (3-14) when in 

the presence of electron withdrawing substituents was intriguing to us. A similar ring opening 
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reaction using aryl boronic acids under rhodium catalysis afforded the non-aromatized product 

(Scheme 3-6, 3-19). When subjected to the palladium catalyzed ring opening conditions, 3-19 

was stable at room temperature but quickly aromatized at 60°C. No aromatization of 3-19 was 

detected in the absence of Et3N at either temperature. These results lead us to believe that the 

sole cause of the aromatization is due to base catalyzed dehydration with Et3N. 

 Based on our findings a mechanism has been presented. The ring opening reaction 

mechanism is initiated by the reduction of Pd(II) (3-20, Scheme 3-7) to Pd(0) 3-21 by zinc metal. 

Following this reduction, oxidative addition of the aryl halide 3-22 produces the aryl palladium 

complex 3-23. Insertion of 3-24 into the Pd-Ph generates intermediate 3-25 in what is thought to 

be the rate determining step.
6
 It is possible that chelation with the olefin or oxygen atom of the 

oxabicycle promotes the high exo selection observed in this reaction. As reported by Chen and 

Duan, the likely role of ZnCl2 is to assist in the removal of iodide on the Pd(PPh3)2ArI complex 

and thus enhancing coordination and insertion of 3-24 into the R-Pd bond.
6
  Following this, 

cleavage of the β-oxygen results in the ring opened intermediate 3-26. Reduction of the 

palladium species to 3-21 with zinc metal restarts the catalytic cycle while also affording ring 

opened intermediate 3-27 which can then undergo one of three pathways based on its 

substituents. If 3-27 lacks electron withdrawing groups then it can either accumulate until the 

reaction is quenched or undergo solvolysis to afford the final ring opened product 3-28 (Path A). 

If 3-27 contains an electron withdrawing group on either the newly added aromatic ring or the 

oxabenzonorbornadiene structure then dehydration promoted by resonance and the increased 

Lewis acidity of the oxygen atom will produce the corresponding aromatized products 3-29 or 3-

30 (Paths B and C). The role of Et3N in the reaction mechanism is currently unknown but as 

stated previously, its presence is paramount to the reaction’s success. 
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Scheme 3-7: Proposed mechanism for the palladium catalyzed ring opening of C1 substituted 

oxabenzonorbornadienes with aryl iodides. 
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3.2 Pd Catalyzed Ring Openings of C1 Substituted Oxanorbornadienes.   

3.2.1 Background Information. 

The palladium catalyzed ring opening with aryl iodides was further applied to the 

nonaromatic systems of 7-oxanorbornadienes 3-40 (Scheme 3-8). Although not much has been 

published on the palladium catalyzed ring opening of 3-40 many of the same principles applying 

to the ring opening of 3-24 apply here as well. There exists one example where 3-40 was ring 

opened under palladium catalysis with p-iodo toluene.
10

 Much like the palladium catalyzed ring 

opening of oxabenzonorbornadienes the product of this reaction is likely to occur via addition of 

the aryl group of the unsubstituted double bond followed by dehydration. The low yield (37%) of 

the reaction was thought to arise through the tendency for oxanorbornadiene derivatives to 

undergo retro Diels-Alder reactions.  

 

Scheme 3-8: Palladium catalyzed ring opening of 3-40 with p-iodo toluene. 

With the sparse literature surrounding the ring opening of 3-40 there has been no 

investigations into the reaction with C1 substituted substrates. Reactions using asymmetrical 

substrates can provide valuable insight into their hidden inner workings. In order to understand 

the reactivities and regioselectivity of this class of compounds a variety of C1 substituted 7-

oxanorbornadienes were synthesized with large variances in both electronics and sterics.  

 



75 

  

3.2.2 Optimizations 

1-Methyloxanorbornadiene 3-40a was chosen for the optimization study due to the 

relative ease at which it could be synthesized in gram scale. As the need for Et3N, zinc, and high 

temperatures had already been well established in similar reactions, our optimizations of 3-40a 

focused primarily on palladium catalyst, Lewis acid additive, and solvent (Table 3-6).  Palladium 

catalysts were chosen based on their oxidation state and presence of phosphine ligands (entries 1-

4). While the palladium catalyst lacking phosphines was able to catalyze the reaction, it did so at 

a sluggish pace and low yield (65h, 9%, entry 1). The addition of a phosphine had a dramatic 

increase on both the speed of reaction and yield (17h, 48%, entry 2). The use of the low 

oxidation palladium (0) catalyst Pd(PPh3)4 resulted in a moderate yield of ring opened product in 

relatively good time (19h, 58%, entry 3). The best catalyst by far proved to be the palladium (II) 

catalyst PdCl2(PPh3)2, providing the ring opened product in the shortest period of time and 

highest yield (16h, 85%, entry 4).  

Solvent screening was performed with polar aprotic, polar protic, and nonpolar solvents 

(Table 3-6, entries 5-9).  The non-polar solvents, hexanes, dichloromethane, and toluene, 

provided a wide range of yields. The reaction in hexanes failed to progress with no signs of 

conversion after 72 hours (0%, entry 5). Surprisingly, the reaction in dichloromethane (entry 7) 

and toluene (entry 8) provided much better yields at 61 and 73 % respectively. Interestingly, 

unlike the reaction when using oxabenzonorbornadiene 3-24, the reaction with 3-40a in the polar 

protic methanol gave little ring opened product (25%, entry 6). Of the polar aprotic solvents, the 

reaction in DMF resulted in a good yield of 85% (entry 9), while the reaction in toluene resulted 

in the highest yield of all the solvents screened (88%, entry 4).    
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 Table 3-6: Optimization of palladium catalyst, Lewis acid additive, and solvent. 

 

Entry Catalyst Solvent Lewis Acid Time (h) Yield (%)
a 

 

1 Pd(OAc)2 THF ZnCl2 65 9
b 

2 Pd(OAc)2, Ph3P THF ZnCl2 17 48
b 

3 Pd(PPh3)4 THF ZnCl2 19 58
 b
 

4 PdCl2(PPh3)2 THF ZnCl2 16 88 

5 PdCl2(PPh3)2 Hexanes ZnCl2 16 0 

6 PdCl2(PPh3)2 Methanol ZnCl2 15 25 

7 PdCl2(PPh3)2 DCM ZnCl2 16 61 

8 PdCl2(PPh3)2 Toluene ZnCl2 22 73 

9 PdCl2(PPh3)2 DMF ZnCl2 15 85
c 

10 PdCl2(PPh3)2 THF FeCl3 16 22 

11 PdCl2(PPh3)2 THF AlCl3 16   29 

12 PdCl2(PPh3)2 THF ZrCl4 16 47 

13 PdCl2(PPh3)2 THF ZnI2 16 48 

14 PdCl2(PPh3)2 THF CuCl2 18 85 

  
a
Isolated yield after column chromatography. 

b
Yield based on 

1
H NMR using toluene as internal standard. 

c
Reaction performed by Dr. Mohammed. 

 

A large range in yields was reported for the use of Lewis acid additive (Table 3-6, entries 

10-14). Iron (entry 10) and aluminium (entry 11) chloride both gave low yields of the ring 

opened product at 22 and 29% respectively. A jump in yield to 47% was provided by zirconium 

chloride (entry 12) followed closely by zinc iodide (entry 13) at 48%. A high yield was provided 

with copper chloride (85%, entry 14), while zinc chloride (entry 4) provided the highest yield of 

88%.  
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3.2.3  Effect of Substitution on Aryl Iodide and C1 Position of Oxanorbornadiene. 

 Table 3-7 summarizes the results for the reaction of 3-41a with variously substituted aryl 

iodides. From the data recorded it appears that electron donating groups favour ring opening 

when in the para  position while electron withdrawing groups favour the reaction when in the 

meta- position. p-Iodo anisole provided the highest yield of the anisole derivatives at 88% (entry 

1). Both m- (entry 2) and o- (entry 3) iodo anisoles gave moderate yields of 62 and 69%. A less 

dramatic drop in yield was recorded for the iodo toluene species as substitution moved closer to 

the site in which insertion into the palladium species takes place. Like the anisole derivatives the 

highest yield was provided through the use of p-iodo derivative (83%, entry 4). m-Iodo toluene 

provided a similar yield as well at 79% (entry 5). A large drop in yield and slight increase in 

reaction time was reported for the o-iodo toluene species (30%, entry 6) likely due to steric 

interactions at the site of palladium insertion. 

The trend among the substitution of electron donating groups on the aryl iodide was not 

followed by the electron withdrawing iodo nitrobenzenes. Interestingly, with substitution farther 

from the site of palladium complexation, the yield for p-iodo nitrobenzene was substantially 

lower (73%, entry 7) than expected based on the other substitution patterns. The highest yield of 

ring opened product was instead provided by m-iodo nitrobenzene at 88% (entry 8). Like the 

toluene derivatives, the lowest yield was once again provided by the o-iodo derivative (47%, 

entry 9) which took longer to react than any other substitution pattern. 
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Table 3-7: Effect of aryl iodide substitution  on the ring opening of oxanorbornadiene. 

 

Entry R
1 

R
2 

R
3 

Time (h) Product Yield (%)
a 

 

1 OMe H H 16 3-42a 88
 

2 H OMe H 17 3-42j 62 

3 H H OMe 17 3-42k 69 

4 Me H H 16 3-42l 82 

5 H Me H 16 3-42m 79 

6 H H Me 19 3-42n 30 

7 NO2 H H 16 3-42o 73 

8 H NO2 H 16 3-42p 88 

9 H H NO2 19 3-42q 47 

       
a
Isolated yield after column chromatography. 

 

  Investigations into the effect C1 substituted oxanorbornadiene species were carried out 

under similar conditions (Table 3-8). The electron donating methyl species provided the highest 

yield of all at 85% (entry 1). Increasing the steric bulk seemed to have an observable effect on 

the reactions outcome. When increased by one carbon to the ethyl substituted species the yield 

dropped to 69% (entry 2) and further increasing the steric bulk with a tert-butyl group dropped 

the yield to 19% (entry 3).  Ring opening of the electron donating SiMe3 group led to a modest 

yield of 64% (entry 4). Interestingly, the electron donating phenyl species provided lower yield 

at 33% (entry 5). Both methyl ester (entry 6) and acetyl (entry 7) functional groups resulted in 

0% conversion. The C(Me)2OH aubstituent, although electron donating, provided a poor yield of 

only 15% (entry 8) likely due to the increased steric interactions that come along with it. Finally, 



79 

  

a 0% yield was also determined for the NHAc group (entry 9). Based on these results it is likely 

that both electrons and sterics play a crucial role in the reactions progress. By having two 

electron withdrawing methyl ester substituents already present on the bicyclic system the ring 

opening reaction, which is promoted by high electron density, seems to be inhibited greatly with 

the addition of a third. Sterics seem to play a secondary, but still important, role in the reaction 

by blocking the site of carbo-palladation. 

Table 3-8: Effect of C1 substitution on the ring opening reaction of oxanorbornadiene. 

 

Entry OBD R Product Yield (%)
a,b 

 

1 3-41a Me 3-42a 85 

2 3-41a Et 3-42b 69 

3 3-41a 
t
Bu 3-42c 19 

4 3-41a SiMe3 3-42d 64 

5 3-41a Ph 3-42e 33
 

6 3-41a COOMe 3-42f 0 

7 3-41a COCH3 3-42g 0 

8 3-41a C(Me)2OH 3-42h 15 

9 3-41a NHAc 3-42i 0 

     
a
Isolated yield after column chromatography. 

b
Reactions performed by Dr. Mohammed. 
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Scheme 3-9: Proposed mechanism for the palladium catalyzed ring opening reaction of 

oxanorbornadiene. 

Based on our results a mechanism has also been proposed (Scheme 3-9). The mechanism 

bears close resemblance to the reaction of oxabenzonorbornadiene except in this case the 

products always undergo base catalyzed dehydration. The mechanism is initiated with the 

reduction of the palladium(II) catalyst 3-43 to palladium(0) 3-44 by zinc. From here the aryl 

iodide 3-45 complexes with 3-44 forming the palladium aryl complex 3-46. 3-46 then undergoes 

exo selective coordination with the oxanorbornadiene 3-47. It is likely that this step is promoted 

by the Lewis acid ZnCl2 which acts to remove the iodide from 3-46 and allowing for its 

association with 3-47. Carbopalladation onto the exposed olefin quickly follows the exo face 

coordination to give intermediate 3-48. Cleavage of the β-oxygen results in the ring opened 



81 

  

intermediate 3-49. Reduction of the palladium species regenerates the catalytic cycle and 

produces the final intermediate 3-50 which rapidly undergoes base catalyzed dehydration to form 

3-51.  

3.3 Experimental 

All ring opening reactions were carried out under inert atmospheric conditions. All 

glassware was oven dried overnight before use. Flash column chromatography was performed on 

230-400 mesh silica gel purchased from Silicycle. Analytical TLC was performed on pre-coated 

silica gel 250 μm 60 F254 aluminum plates purchased from Silicycle. TLC visualization was 

carried out under UV light and p-anisaldehyde stain. 
1
H and 

13
C NMR spectra were recorded on 

a Bruker Avance 400 MHz spectrometer (CDCl3: δ 7.24 ppm (
1
H at 400 MHz) or δ 77.0 ppm 

(
13

C at 100 MHz)). HRMS 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). 

General procedure for palladium catalyzed ring opening reaction C1 substituted 

oxabenzonorbornadienes with aryl iodides. PdCl2(PPh3)2 (0.016 g, 0.05 mmol), zinc powder 

(0.315 g, 5 mmol), C1-substituted oxabenzonorbornadiene derivative (0.50 mmol) and zinc 

chloride (0.025 mmol) were weighed out in dry flask equipped with magnetic stirring bar. After 

the flask was sealed with a rubber septum the system was evacuated and purged with nitrogen 

gas three times followed by addition of solvent (3.0 mL). The flask was charged with 

triethylamine (4.0 mmol) and aryl halide (0.55 mmol) via a syringe through the rubber septum 



82 

  

into the flask. The mixture was heated with stirring at 60-65 °C until the bicyclic alkene 

derivative was consumed as indicated by TLC analysis of the solution.  

The reaction mixture was then cooled and stirred under air for 15-20 minutes at room 

temperature. The reaction mixture was diluted with dichloromethane (10-15 mL) and filtered 

through a pad of Celite™. The obtained filtrate was concentrated on a rotary evaporator to obtain 

a brown oily residue. The crude residue was purified by flash chromatography, eluting with 

mixtures of EtOAc/hexanes to provide the product.  

 

(1S*,2R*)-1,2-dihydro-4-ethyl-2-(4-methoxyphenyl)-1-naphthalenol (3-13a) : For spectral 

information see page 50, product 2-16e 

 

 (1S*,2R*)-1,2-dihydro-4-ethyl-2-(3-methoxyphenyl)-1-naphthalenol (3-13b): For spectral 

information see page 50, product 2-16f 

 

(1S*,2R*)-1,2-dihydro-4-ethyl-2-(2-methoxyphenyl)-1-naphthalenol (3-13c): For spectral 

information see page 51, product 2-16g   
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(1S*,2R*)-1,2-dihydro-4-ethyl-2-phenyl-1-naphthalenol (3-13g): For spectral information see 

page 48, product 2-16a. 

Biphenyl Derivatives 

 

Dimethyl-4
׳
-methoxy-1, 1

׳
-biphenyl-5-methyl-3,4-dicarboxylate (4-108) Yield: 72% (113 mg, 

0.5 mmol) Rf = 0.25 (EtOAc–hexanes, 1:5); IR (ν, cm
-1

); 3055, 2987, 2954, 1731, 1609, 1517, 

1438, 1333, 1266, 1106, 1069, 1033; 
1
H NMR (CDCl3, 300 MHz) : 2.37 (s, 3H), 3.80 (s, 3H), 

3.88 (s, 3H), 3.93 (s, 3H),  6.95 (dd, J=6.7 & 2.1 Hz, 2H), 7.50 (dd, J = 6.7 & 2.1 Hz, 2H), 7.54 

(d, J = 1.7 Hz, 1H), 7.97 (d, J=1.7 Hz, 1H); 
13

C NMR (CDCl3, 75 MHz) : 19.2, 52.4, 55.2, 

114.3, 125.5, 128.1 ; 128.5, 131.6, 132.2, 133.1; 136.0, 141.6, 159.7, 166.3, 169.7;  HRMS (ESI) 

calcd. for C18H19O5 (M+H
+
): 315.1232; found: 315.1236. 

 

Dimethyl-3׳-methoxy-1,1׳-biphenyl-5-methyl-3,4-dicarboxylate (3-42j) Yield: 62% (54mg, 

0.17 mmol); Rf = 0.38 (EtOAc-Hexanes, 1:3); IR(ν, cm
-1

): 2952, 1728, 1601, 1438, 1334, 1266, 

1216, 1195, 1180, 1160, 1103, 1068, 1049, 789, 772, 738, 699. 
1
H NMR (400 MHz, CDCl3) δ: 
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2.44 (s, 3H), 3.90 (s, 3H), 3.94 (s, 3H), 3.99 (s, 3H), 6.94-6.97 (m, 1H), 7.13-7.14 (m, 1H), 7.19-

7.21 (m, 1H),  7.40 (t, J = 7.9 Hz, 1H), 7.63-7.64 (m, 1H), 8.06-8.07 (m, 1H).
 13

C NMR (100 

MHz, CDCl3) δ: 19.3,  52.6, 55.4, 113.0, 113.28, 119.7, 126.2, 128.4, 130.0, 133.0, 134.1, 134.5, 

136.2, 140.8, 142.0, 160.0, 166.3, 169.9; HRMS (EI) calcd for C18H18O5 (M
+
): 314.1154; found: 

314.1148. 

 

Dimethyl-2׳-methoxy-1,1׳-biphenyl-5-methyl-3,4-dicarboxylate (3-42k) Yield: 69% (51.6mg, 

0.16 mmol); Rf = 0.34 (EtOH-Hexanes, 1:3); IR(ν, cm
-1

): 2952, 1728, 1498, 1438, 1331, 1268, 

1251, 1193, 1161, 1097, 1069, 1025, 756, 738.  
1
H NMR (400 MHz, CDCl3) δ: 2.42 (s, 3H), 3.83 

(s, 3H), 3.92 (s, 3H), 3.98 (s, 3H), 7.00-7.08 (m, 2H), 7.28-7.32 (m, 1H), 7.36-7.40 (m, 1H), 

7.58-7.59 (m, 1H). 
13

C NMR (100 MHz, CDCl3) δ: 19.2, 52.6, 55.6, 111.3, 120.9, 127.6, 128.7, 

128.9, 129.5, 130.7, 133.6, 135.2, 135.6, 139.7, 156.4, 166.5, 170.1; HRMS (EI) calcd for 

C18H18O5 (M
+
): 314.1154; found: 314.1160. 

 

Dimethyl-4׳-methyl-1,1׳-biphenyl-5-methyl-3,4-dicarboxylate (3-42l) Yield: 82% (72mg, 0.24 

mmol); Rf = 0.42 (EtOAc-Hexanes, 1:3); IR(ν, cm
-1

): 2951, 1722, 1607, 1518, 1437, 1335, 1254, 

1214, 1196, 1162, 1105, 1069, 1018, 899, 822, 790, 765, 737.  
1
H NMR (400 MHz, CDCl3) δ: 

2.43 (s, 3H), 2.44 (s, 3H), 3.94 (s, 3H), 3.99 (s, 3H), 7.28-7.30 (m, 2H), 7.51 (s, 1H), 7.53 (s, 
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1H), 7.63 (d, J = 1.0 Hz, 1H), 8.06 (d, J = 1.5 Hz, 1H). 
13

C NMR (100 MHz, CDCl3) δ: 19.3, 

21.2, 52.6, 126.0, 127.0, 128.4, 129.7, 132.7, 133.6, 136.1, 136.4, 138.1, 142.1, 166.4, 170.0. 

HRMS (EI) calcd for C18H18O4 (M
+
): 298.1205; found: 298.1201. 

 

Dimethyl-3׳-methyl-1,1׳-biphenyl-5-methyl-3,4-dicarboxylate (3-42m) Yield: 79% (57.8 mg, 

0.19 mmol); Rf = 0.41(EtOAc-Hexanes, 1:3); IR(ν, cm
-1

): 2951, 1728, 1606, 1437, 1333, 1272, 

1201, 1160, 1105, 1072, 787, 739. 
1
H NMR (400 MHz, CDCl3) δ: 2.45 (s, 3H), 2.46 (s, 3H), 

3.94 (s, 3H), 3.99 (s, 3H), 7.22-7.28 (m, 1H), 7.35-7.43 (m, 3H), 7.64 (d, J = 1.1 Hz, 1H), 8.06 

(d, J = 1.4 Hz, 1H). 
13

C NMR (100 MHz, CDCl3) δ: 19.3, 21.5, 52.6, 124.3, 126.2, 127.5, 128.1, 

128.4, 128.5, 128.9, 129.1, 133.0, 136.1, 138.6, 139.3, 142.3, 166.4, 169.9. HRMS (EI) calcd for 

C18H18O4 (M
+
): 298.1205; found: 298.1198. 

 

Dimethyl-2׳-methyl-1,1׳-biphenyl-5-methyl-3,4-dicarboxylate (3-42n) Yield: 30% (40.3 mg, 

0.14 mmol); Rf = 0.50 (EtOAc-Hexanes, 1:3); IR(ν, cm
-1

): 2952, 1731, 1437, 1331, 1268, 1247, 

1198, 1160, 1096, 1069, 758. 
1
H NMR (400 MHz, CDCl3) δ: 2.28 (s, 3H), 2.43 (s, 3H), 3.92 (s, 

3H), 7.20-7.22 (m, 1H), 7.25-7.32 (m, 3H), 7.39-7.40 (m, 1H), 7.83-7.84 (m, 1H). 
13

C NMR (100 

MHz, CDCl3) δ: 19.2, 20.4, 52.6, 126.0, 127.7, 128.0, 128.3, 129.6, 129.8, 130.5, 133.7, 134.9, 
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135.2, 135.5, 140.1, 143.0, 166.4, 170.0. HRMS (EI) calcd for C18H18O4 (M
+
): 298.1205; found: 

298.1211. 

 

Dimethyl-4׳-nitro-1,1׳-biphenyl-5-methyl-3,4-dicarboxylate (3-42o) Yield: 73% (47.7 mg, .14 

mmol); Rf = 0.31 (EtOAc-Hexanes 1:3); IR(ν, cm
-1

): 3055, 2954, 1731, 1598, 1521, 1438, 1346, 

1266, 1199, 1164, 1104, 1068, 898, 849, 791, 738, 705; 
1
H NMR (400 MHz, CDCl3) δ: 2.47 (s, 

3H), 3.96 (s, 3H), 4.00 (s, 3H), 7.67-7.68 (m, 1H), 7.77-7.79 (m, 2H), 8.10 (d, J = 1.8 Hz, 1H), 

8.33-8.36 (m, 2H). 
13

C NMR (100 MHz, CDCl3) δ: 19.3, 52.8, 52.8, 124.3, 126.5, 128.0, 128.8, 

133.1, 135.5, 136.8, 139.7, 145.7, 147.6, 165.9, 169.4. HRMS (EI) calcd for C18H18O4 (M
+
): 

329.0899; found: 329.0901. 

 

Dimethyl-3׳-nitro-1,1׳-biphenyl-5-methyl-3,4-dicarboxylate (3-42p) Yield: 88% (77.4 mg, 

0.235 mmol); Rf = 0.22 (EtOAc-Hexanes, 1:3); IR(ν, cm
-1

): 2952, 1729, 1608, 1530, 1438, 1351, 

1331, 1276, 1197, 1162, 1120, 1084, 1068, 812, 791, 740.  
1
H NMR (400 MHz, CDCl3) δ: 2.46 

(s, 3H), 3.95 (s, 3H), 4.00 (s, 3H), 7.65-7.69 (m, 2H), 7.94 (d, J = 7.8 Hz, 1H), 8.09 (m, 1H), 

8.25-8.28 (m, 1H), 8.47-8.48 (m, 1H). 
13

C NMR (100 MHz, CDCl3) δ: 19.3, 52.7, 52.8, 122.0, 

122.9, 126.2, 128.8, 130.1, 132.9, 133.1, 135.2, 136.8, 139.5, 141.0, 148.7, 165.9, 169.4. HRMS 

(EI) calcd for C18H18O4 (M
+
): 329.0899; found: 329.0892. 
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Dimethyl-2׳-nitro-1,1׳-biphenyl-5-methyl-3,4-dicarboxylate (3-42q) Yield: 47% (49.8 mg, 

0.15 mmol); Rf = 0.26 (EtOAc-Hexanes, 1:3); IR(ν, cm
-1

): 2954, 1722, 1521, 1440, 1349, 1332, 

1296, 1274, 1238, 1162, 1086, 744. 
1
H NMR (400 MHz, CDCl3) δ: 2.40 (s, 3H), 3.91 (s, 3H), 

4.00 (s, 3H), 7.36-7.37 (m, 1H), 7.41-7.43 (m, 1H), 7.55-7.59 (m, 1H), 7.66-7.70 (m, 1H), 7.82-

7.83 (m, 1H), 7.97-7.99 (m, 1H). 
13

C NMR (100 MHz, CDCl3) δ: 19.2, 52.6, 52.7, 124.5, 127.1, 

128.2, 129.0, 132.0, 132.8, 133.7, 135.1, 136.2, 138.8, 148.7, 165.8, 169.6. HRMS (EI) calcd for 

C18H18O4 (M
+
): 329.0899; found: 329.0892. 
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