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ABSTRACT 

 

ALLIUM GENUS NATURAL PRODUCT ISOLATION AND REACTIONS OF 

CYCLOPROPANES FROM OXABENZONORBORNADIENES 

 

Mary McKee Advisor: 

University of Guelph, 2013 Professor William Tam 

 

 The Allium genus has attracted attention throughout history for its diverse and 

remarkable functions. In this study, an antimicrobial natural product was isolated from 

Allium tricoccum.  Isolation methods began with maceration of the plant sample, filtration, 

and liquid-liquid extraction using nonpolar solvents. Crude purification methods included 

decolourizing carbon, and normal phase flash column and preparatory high pressure liquid 

chromatography. The natural product was identified by 1H and 13C NMR experiments and 

confirmed by HRMS analysis as methylallicin (26 mg). Antimicrobial activity was 

conducted by the Li group, Animal and Poultry Science, University of Guelph. 

 Heterobicyclics have received much attention in the literature for their diverse and 

efficient applications in synthesis. In this study, a successful continuous flow 

cyclopropanation protocol was developed using diazomethane gas under palladium 

catalysis in diethyl ether. Exploration was accomplished through application to a total of 

17 good examples of C1- and aryl-substituted oxabenzonorbornadienes, giving good to 

excellent yields (64-96%) and complete exo stereoselectivity. One mixture of regioisomeric 

pairs is also yet unseparated by chromatographic techniques employed. Nucleophilic ring-

opening of the parent cyclopropane was unsuccessful with Grignard and yielded poorly 

with organolithiums. However, higher-order cyanocuprates R2CuCNLi2 in tetrahydrofuran 

yielded highly substituted dihydronaphthalenols with good to excellent yields (13-95%). 
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 2 

1.1 Introduction: Allium Genus as a Source of Natural Products 

 The species of the Allium genus (Alliacaea) have been thoroughly studied with 

some citations dating back as far as 1500 B.C.1 Innumerable natural products have been 

attributed to this genus, with physiological activity ranging from insect repulsion2 to anti-

tumour.3 However, relatively far less attention has been paid to the tricoccum species 

compared to its more popular alliaceous kin such as sativum L. (garlic) and cepa L. (onion). 

This chapter pertains to a natural product isolation from Allium tricoccum L., a species 

native to northeastern North America.4 The following sections will serve to present the 

occurrence, historical significance, chemistry, and applicability of this remarkable genus 

on a whole with later emphasis solely on the spring ephemeral under examination. 

1.1.1. Historical Significance   

 Perhaps the most ubiquitous and historically significant plant in human culture 

dating back at least to biblical times, garlic and its analogues from the Allium genus need 

very little introduction. A particular set of properties of Allium spp. need not be defined by 

the chemist but rather the epicurist: the distinct and pungent lachrymatory, gustatory, and 

especially olfactory effects shared by all. These properties are attributed to the volatile 

sulfur-containing compounds within, deemed by some as the unifying factor between the 

different species.1  Not only do these plants find ample use in cuisine worldwide, they have 

also been main components of folk medicines and homeopathic methodologies for 

centuries. Possibly the most well-known current therapeutic use of Allium spp. (especially 

garlic) is assisting in preventive and reparative heart disease regimens.5 Cardiovascular 

diseases that garlic has been shown effective against include hypertension,6 thrombosis,7 

cholesterolemia,6 and hyperglycemia8 to name a few.3 Many plants of the genus have also 
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been shown to have various biological effects including: anti-allergenic, anti-inflammatory 

(especially in rheumatism), antioxidant, anti-diuretic, aphrodisiac, anthelminthic, and 

antimicrobial, among others.1, 9 Applications of this genus towards medicine will be further 

discussed in Section 1.1.4. Beyond its therapeutic uses, Alliacaea have also been shown to 

contain many nutritionally important vitamins and minerals. In fact, the leaves of Allium 

tricoccum are reported to have 80 milligrams of ascorbic acid (vitamin C) per 100 grams 

of plant matter, which is higher than the average orange (50 mg/100 g).10 

 Looking more closely at the species under investigation, Allium tricoccum is a 

spring ephemeral perennial and also goes by the names “wild leek” or “ramps.” It most 

commonly grows in early spring in damp, shady woodland along the coast and into some 

central portions of eastern and northeastern North America.4 Interestingly, the Menomini 

aboriginals allegedly referred to a stretch of Lake Michigan shore brimming with ramps as 

“Shik’Ko,” meaning “skunk place.” That Illinoisan stretch of land has since been anglicized 

to the name Chicago.4 The use of this species in traditional medicine of several Canadian 

and American aboriginal cultures has been well-documented. Cherokee aboriginals ate the 

plant directly to heal maladies such as croup and colds, warmed the juice for earaches, and 

made springtime tonics for overall health. The Iroquois aboriginals made decoctions of the 

plant for children infected with entozoons. More recently, ramp harvesting in the 

Appalachian mountains of the U.S. is a celebrated annual event for many communities. 

Contemporarily, the edible bulbs are cultivated and sold commercially.4  
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1.1.2. Common Chemical Pathways 

 The Allium genus has been shown to exploit organosulfur chemistry in several 

elegant ways, lending to its broad application in human history.11 Biosynthetic pathways as 

well as reactions of their intermediates have been well-documented and will be discussed 

as they apply to this project. When possible, implications of this chemistry will be presented 

via reaction mechanisms including radical and redox reactions, sulfur-stabilized 

carbocations, and pericyclic reactions such as sigmatropic rearrangements and 

cycloadditions. 

 Looking at some of the biological pathways common to this genus: Cysteine-

derived oxides 1 act as precursors within the intact plant, which upon cutting or crushing 

are cleaved by alliinase enzymes 2 to form sulfenic acids 3 (Scheme 1-1).11 This reaction 

requires pyridoxal phosphate 4 as a co-factor. The highly reactive 3 go on to produce a 

plethora of organosulfur species under many conditions, often with notable bonding and 

spectroscopic properties. Most commonly, these acids undergo dehydration with analogues 

to form thiosulfinate derivatives 4-19. However, propyl-substituted sulfenic acids 3 have 

also been shown to undergo transformations to such compounds as zwiebelanes 20, 

propionaldehydes 21, dithial S-oxides 22 and substituted disulfides such as 23. These 

transformations will be discussed later in the chapter. From the present studies under 

scrutiny however, significant taxonomic information was gained, such that the relative 

concentration of the thiosulfinates present coincided well within a particular set of related 

species.11 
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Scheme 1-1: The taxonomically-categorized common bio-transformations of Alliacaea.11-12  
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From the reactive thiosulfinate species come a plethora of decomposition products, 

largely due to the instability and consequential reactivity of these small volatile 

organosulfurs. Looking solely at the decomposition of the thiosulfinate allicin 8 (the most 

common of the genus), one can see a brief snapshot of the deluge of divergent pathways 

leading to structurally related but chemically contrasted progenies 24-35 (Scheme 1-2).13 

As this chemistry well-relates to this chapter’s project, a deeper inspection of this 

conspectus is in order. 

 

Scheme 1-2: Brief pictorial synopsis of divergent pathways for the commonest Allium thiosulfinate 

8.13 
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The antioxidant properties of Alliacaea have been well reported in the literature.14 

Some of these properties have been shown to stem from the highly reactive secondary 

metabolites of various plants in the genus, already introduced as thiosulfinates.15 More 

specifically, Okada et al. surmised that this moiety combined with an allylic group on the 

divalent sulfur was key to the radical (ROO●)-trapping mechanism of allicin 8 and like 

compounds (Scheme 1-3-a).16 Pratt et. al. also reported the radical-trapping ability of 2-

propenesulfenic acid 3a, a species derived from 8.15, 17 The sigmatropic Cope elimination 

of 8 provides 36 and 3a which goes on to react with ROO● (Scheme 1-3-b).14b 

 

Scheme 1-3: Divergent mechanisms for radical-scavenging by 8.14b, 15 

Guided by this work, Lynett et. al. reported two other thiosulfinate species with significant 

anti-oxidant properties (Scheme 1-4).15 Despite the absence of allylic groups in 37, Cope 

elimination provided the sulfenic acid 38 for peroxy scavenging. Although decomposition 

led to slightly different products from 39, the resultant benzenemethanesulfenic acid 40 

was also considered to have significant antioxidative action (a side product of this reaction 

was thiobenzaldehyde 41). These findings disproved Okada’s hypothesis that allylic 

functionality was required for radical scavenging in these molecules. 
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Scheme 1-4: Cope elimination of 37 and 39 to yield radical scavengers 38 and 40, respectively.15 

At the cellular level in mammals, a redox reaction attributed to Allium genus 

thiosulfinates was proposed to take place by Zhang and Parkin just this year (Scheme 1-

5).18 Allium thiosulfinates have been shown to decompose to S-alk(en)ylmercaptocysteines 

(CySSRs) 42, which may be transported to the intracellular space by Multiple drug 

Resistance Proteins (MRPs). Once inside the cell, the enzyme glutaredoxin (Grx) was 

proposed to catalyze the reaction between it and glutathione (GSH) 43. Through this 

reductive process, glutathione disulfide (GSSG) 44 could potentially form. MRPs were 

proposed to then secrete the by-products cysteine 45 and thiol 46 back to the extracellular 

medium. The authors observed that N-acetylcysteine (NAC) 47 exhibited the same in vitro 

action as 43 and could therefore also partake in the proposed mechanism in its stead. 

Furthermore, the enzyme glutathione reductase (GR) was named as the potential protein 

for the reverse reaction of this operation. 
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Scheme 1-5: Redox reaction to form glutathione disulfide 44 from CySSRs 42.18-19  

Looking at the pericyclic reactions, independent synthesis of thiosulfinates 

followed interesting pathways for Block and his colleagues in the following report. 

Oxidation of the corresponding disulfides using m-CPBA and Na2CO3 followed the desired 

pathway to thiosulfinates. However, when the monooxidation was instead carried out with 

NaIO4 in MeOH, the anti zwiebelaine 20a formed from (Z,Z)-disulfide 48a regioselectively 

in 26%. A [2,3]-sigmatropic rearrangement of the S-oxide (Z,Z)-49a through (E-Z)-

isomerized 49b provided the trace syn 20b observed (~1%) (Scheme 1-6 (ii)). The bicyclic 

sultenes 50a and 50b were also minor products in the oxidation of 48a due to its equilibrium 

Grx 

GR 
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with 48b (Scheme 1-6 (iii)). Interestingly, when the analogous (E,E)-disulfide 48b was 

subjected to the same treatment, the sultenes 50a and 50b formed as major products and 

neither 20a nor 20b were observed (Scheme 1-6-(ii)). In all cases however, the oxidized 

thiosulfinate intermediates of these reactions underwent [3,3]-sigmatropic rearrangements 

followed by intramolecular [2+2] or [2+3] cycloadditions to yield their resultant bicyclics. 

An explanation for the changes in reactivity between these isomers can be found whilst 

examining the mechanisms of these processes (Schemes 1-7 and 1-8).20  

 

Scheme 1-6: Oxidation and subsequent pericyclic reactions of 48a and 48b to yield bicyclics 20 

and 50.20 

Mechanistically, looking first at (Z,Z)-49a: the equilibrium position of the S-oxide moiety 

favours pseudoequatorial alignment (Scheme 1-7 (i)). This determines the major 

intermediate of the [3,3]-sigmatropic rearrangement to be 51a, which preferentially 

undergoes head-to-tail intramolecular [2+2] cycloaddition (Scheme 1-7 (ii)); due to the (E) 

geometry of the C=S+-O functional group, zwiebelane 20a preferentially forms. However, 

in the disfavoured pseudoaxial position (Z,Z)-49c, [3,3]-sigmatropic rearrangement yields 
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intermediate 51b (Scheme 1-7 (iii)). The (Z) bond geometry of the C=S+-O group in 51b 

prefers [1,3]-dipolar cycloaddition, which produces the racemic sultenes 50a and 50b as 

minor products (Scheme 1-7 (iv)). The syn zwiebelane 20b forms in an analogous fashion 

to the anti isomer, however only after the (Z,Z)-S-oxide 49a undergoes [2,3]-sigmatropic 

(σ) rearrangement to the (E,Z)-analogue 49b, prior to the common [3,3]-σ rearrangement, 

producing 51c (Scheme 1-7 (v)). The [2,3]-σ of 49a has been shown to occur at 

temperatures as low as -15°C.20  

 

Scheme 1-7: Proposed mechanism of 20(a+b) and 50(a+b) formation from (Z,Z)-49 species.20 

Now looking at (E,E)-49b, the equilibrium between its two conformers favours the 

pseudoaxial position (Scheme 1-8-(i)).20 This preference of conformation has also been 

reported for sulfoxide Claisen rearrangements,21 sultines,22 and 1,2-dithiane 1-oxides.23 

Upon oxidation and [3,3]-rearrangement as was previously seen, the resultant (Z)-dithial S-

oxide 51d is able to take the proper position to undergo rapid [2+3] cycloaddition, yielding 
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racemic sultanes 50a and 50b as major products. This reaction is much faster than the [2+2] 

cycloaddition, which would potentially stem from 51e. Therefore the side product 

zwiebelane 20a was not observed from the conformationally less favourable sulfoxide 

(E,E)-49d  (Scheme 1-8 (ii)).20 

 

Scheme 1-8: Proposed mechanism of 50(a+b) formation from (E,E)-49 species.20 

Sulfur-stabilized carbocations in S-thiolation reactions are yet another example of 

common chemical pathways for compounds related by the Allium genus. The formation of 

methyl (methylsulfinyl)methyl disulfide 52 from methyl methanethiosulfinate 53 proceeds 

in such fashion by acid catalysis (Scheme 1-9).24 The sulfur-stabilized carbocation of the 

intermediate thiosulfonium ion 54 is thought to form by loss of an equivalent of MeSOH 

3b. By loss of another equivalent, the highly reactive α-disulfide carbocation 55 may form 

instead of the expected thioformaldehyde (not shown). Subsequent attack of the 

carbocation sulfur of 55 by 3b led to product formation, thus regenerating H+ for further 

cycling.  
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Scheme 1-9: Sulfur-stabilized carbocations in the acid-catalyzed formation of 52.24 

Through this proposed mechanism by Block, the formation of ajoene 56 from allicin 8 was 

also inferred to occur by S-thiolation (Scheme 1-10).24 Loss of allylic 3a from S-thiolation 

leads to intermediate 57 which in turn undergoes loss of 3a by Cope elimination to form 

carbocation 58. From this intermediate, (E)/(Z)-ajoene 56 forms upon regeneration of the 

acid catalyst.24 

 

Scheme 1-10: S-thiolation of 8 in the acid-catalyzed formation of 56.24 

Although the preceding examples are not exhaustive, they display the diversity of 

organosulfur chemistry attributed to this genus. All of these efforts could not have been 

possible without characterization of these remarkable compounds. This will therefore be 

the subject of the next section. 
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1.1.3. Purification and Characterization 

 Many research groups the world-over have undertaken isolation and 

characterization of compounds from dozens of Allium spp. These processes presented many 

challenges to the groups, some of which will be the topic of further discussion. In the 

primary interest of characterization, the chemist may first look to GC-MS such that 

compounds could be separated and theoretically identified from their fragmentation 

patterns. Unfortunately, the nature of the compounds under examination made this effort 

more complicated than first anticipated. For example, Allium sp. thiosulfinates have been 

shown to decompose at common GC injection port temperatures, as exampled by allicin 8 

(Scheme 1-11).25 

 

Scheme 1-11: Decomposition of 8 to dihydro thiin isomers 24a and 24b.25 

Both room temperature extracts and headspace volatiles give erroneous depictions of the 

true constituents of these plants using normal GC analysis. In fact, several indirect GC-MS 

studies of Alliacaea were disproved by Block et. al. The disproved studies claimed common 

flavour profiles of the genus could be attributed not only to thiosulfinates but also to 

thiophenes and polysulfides, reportedly present alongside the former in freshly cut plants. 

Contrary to these findings, low temperature GC-MS analysis proved there were no 

significant quantities of these species present upon cutting. Instead, thermal decomposition 

and derivatization of the remarkably reactive thiosulfinates were cited as the more probable 

source of the aforementioned side products.25 To overcome this GC temperature restriction, 

Block and coworkers performed injections at 0°C while keeping initial column 
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temperatures cryogenic as well. They employed slow column temperature ramping (2-

5°C/min) and kept the GC-MS transfer line at relatively cold temperatures; all of these 

efforts aided in overcoming decomposition issues. However, not all isomeric thiosulfinates 

were separated in these studies, which indicated the persistence of pitfalls in these 

protocols. Furthermore, the chemist need not require the high temperatures of common GC 

analysis to find thiosulfinates interconverting and reacting. Calvey and co-workers 

demonstrated thermal decomposition of 8 and like compounds occurred at temperatures 

greater than only 36°C,26 which was cooberated by other groups as well .27 In another report 

both (Z)- and (E)-isomers of thiosulfinates of the type RS(O)SCH=CHMe 59a and 59b 

were observed at room temperature, while only the (E)-isomer of type RSS(O)CH=CHMe 

60 was seen. This was proposed to be a result of room temperature [2,3]-sigmatropic 

rearrangement of 59a through the intermediate 61 to its isomeric counterpart 59b (Scheme 

1-12).11 

 

Scheme 1-12: Room temperature isomerization of 59 which was not observed for 60.11 

Furthermore, room temperature decomposition of thiosulfinates may take several paths, 

providing distinct but structurally related products (cf. Scheme 1-3). As both of these 

concepts were discussed in the previous section, they will only be noted here as further 

complication to the purification and characterization of Alliacaea thiosulfinates. 
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 Turning attention to methods found more effective towards the task at hand, the use 

of room temperature vacuum distillation and HPLC methods have been satisfactorily 

reported.11, 25 A relatively simple room temperature vacuum distillation procedure was 

reported by Block and colleagues to effectively separate thiosulfinates from the various 

pigments and waxy remnants of the crushed plants. Subsequent extraction of the resultant 

azeotropic distillates with CH2Cl2 provided excellent qualitative thiosulfinate profile 

agreement after reverse phase HPLC-MS analysis. Stabilization through hydrogen bonding 

with water was cited as possible reason for the depression of decomposition and 

derivatization products. In accordance, the effect of aqueous solvation on thiosulfinates was 

shown to be immense, extending their lifetimes from 50% for the neat homogenized 

samples to 91% over a period of ~25 hours at room temperature.28 Unfortunately in some 

cases, when compared quantitatively to direct extraction with CH2Cl2,
*  this “room 

temperature steam distillation” procedure did cause a quantitative thiosulfate loss of 

approximately 50%. This loss was also observed in studies using headspace-GC 

experiments for separations.29 Conversely, direct extraction procedures presented their own 

pitfalls by way of excessive emulsion formation and residual plant matter, making scale-

up a difficult task for the researchers. However, in 1993 normal phase HPLC columns 

employing iPrOH/hexanes gradients as eluent were shown to be most satisfactory at 

separating onion extracts by Block et. al.11 Since the HPLC was coupled to a MS, isolation 

of the compounds was never necessitated by this extraction study. In fact, this was a 

common theme throughout the more recent literature: characterization of various 

                                                        
* Supercritical fluid (SC-CO2) extraction and Solid Phase MicroExtraction (SPME) have also been 
shown to comparably extract thiosulfinates from Allium spp. when compared to organic solvents 
(Calvey, 1994; Jaillais 1999).23,26 
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compounds from the genus did not require prior isolation as instrumental methods became 

more sophisticated and therefore more efficient. For example, when compared to reversed 

phase LC with UV detection and GC-MS with cold-on-column injection, LC-atmospheric 

pressure chemical ionization (APCI)-MS analysis of supercritical fluid plant extracts 

performed with greater sensitivity.30 The presence of trace allyl and propyl compounds was 

verified (along with the more common zwiebelanes, thiosulfinates and bissulfine species), 

which had not been previously observed using the aforementioned techniques. These 

findings were cohesive between separate analyses of onion, garlic, and ramps. A few of the 

more recent reports from Block and colleagues describes the use of Direct Analysis in Real-

Time Mass Spectrometry (DART-MS) to analyze the formation of transient organosulfur 

intermediates by employing both negative and positive ionization.13, 31 This high resolution 

technique obviates the need of both sample preparation and solvent, making it an incredibly 

practical and useful tool for the natural product chemist. Negative ionization (NI) is 

achieved by analyte collision with anionic oxygen radicals [O2]
●- while positive ionization 

(PI) employs protonated water clusters [(H2O)n+H]+. Analytes with high proton affinity 

were subjected to PI, creating a [M+H]+ ion for analysis. Some examples of chemical 

species which underwent PI are various thiosulfinates 62 (including allicin 8), zwiebelanes 

20, propene 31, allyl alcohol 32, diallyl trisulfane S-oxide 33, bis-sulfines 63, syn-

propanethial-S-oxide (more commonly known as lachrymatory factor [LF]) 64, and 

pyrithone 65 (Figure 1-1 (A)). Of special note in this subset of compounds was S-oxide 

butanethial 66 and thiosulfinates 62a-62d as these species were first identified in nature by 

these studies. The presence of acidic functional groups warranted NI treatment, thereby 

producing ions of the form [M-H]-. Examples of compounds which underwent NI include 
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2-propenesulfenic acid 3a, 2-propenesulfinic acid 29, SO2 30, and pyruvate 67 (Figure 1-1 

(B)). Prior to a particular study published in 2011, 2-propenesulfenic acid 3a, trisulfane S-

oxide 33, and 2-propenesulfinic acid 29 had not been directly observed from any Allium 

sp.13 Furthermore, this study served to prove that disulfanes and polysulfanes, which were 

previously thought to occur naturally in these plants, were absent and therefore products of 

sample manipulation or analysis in other studies. 

 

Figure 1-1: Allium species which underwent (A) positive and (B) negative ionization in DART-MS.13, 

31b DART-MS was the first technique to directly observea or observeb in nature.  

In a similar study using x-ray fluorescence spectroscopic imaging, Block et al. reported 

their research into mapping transformations of sulfur species within both damaged and 

intact onion plant cells.31a In the same study, as an extension to their previously published 

work, DART-MS was used to characterize never before seen transient volatile organosulfur 
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species formed as garlic and onion were crushed. The research group also identified 

polysulfide analogues within distilled garlic oil using Ultra-Performance Liquid 

Chromatography-(Ag+)-Coordination Ion Spray (UPLC-(Ag+)CIS)-MS in this study. 

Compounds existing in relatively far less concentration in plants previously analyzed by 

several research groups were aptly purified and detected for the first time using this method. 

Again, the focus of the study was on MS analysis of the separated analytes, rather than 

isolation for analysis beyond characterization. This and many studies akin to it have 

advanced the field of Allium organosulfur chemistry. For example, once characterized, 

research groups were able to independently synthesize Allium thiosulfinates 62 as 

standards. This provided the chemical species for experimentation under controlled 

conditions, obviating the need for lengthy extraction and tedious isolation. Reactions 

providing alkenyl thiosulfinates 62a from commercially available symmetrical disulfides 

68a used a treatment with 3-chloroperbenzoic acid (m-CPBA) (Scheme 1-13-a).20, 28b 

Regioisomeric pairs 62b formed under the same treatment to unsymmetrical disulfides 68b, 

which were prepared by the prescription of Barany and Mott32 as well as Brois et. al.33 

Following these prescriptions, Lawson et. al. reacted methoxycarbonylsulfinyl chloride 69 

with two equivalents of mixed thiols 46; the second equivalent 46b was treated in the 

presence of Et3N to form 68b from the methoxycarbonyl alkyl disulfane intermediates 70 

(Scheme 1-13 b).28b Purification was achieved by distillation and subsequent preparative-

TLC extracted by ice-cold CH2Cl2. Drying via rotary evaporation at room temperature was 

favoured over a dry N2 stream as the latter suffered extensive loss of product. Since the 

concentrated organic solutions of the thiosulfinates lasted only a few days even at -70°C, 

the products had to be stored at that temperature in either near saturated aqueous solution 
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or 10-20% ACN-H2O. Despite their conservative procedures, the researchers were only 

able to report purity between 92-97% for each of the independently synthesized products. 

The preceding reports demonstrate the susceptibility of these highly reactive species to 

decomposition and derivatization at even liquid nitrogen temperatures. 

 

Scheme 1-13: Independent synthesis of thiosulfinates 62 from commercial starting materials.28b 

A large number of reports are found in the literature for biological testing of Allium 

spp. homogenates or extracts towards a plethora of targets. These targets include but are 

not limited to human cancer cell lines,34 microbes including bacteria, yeasts and other 

fungi,7b, 35 viruses,36 histamine regulation,3 improving human immune function37 and 

cardiovascular health,3, 5, 7b, 7c, 14j as well as insect repellants.2, 38 However, a significant 

drawback to these studies lies in their generality. The concentrated plant extracts tested 

from different species contain various and ambiguous reactive organosulfur species, even 

with respect to one another. Although this has aided in taxonomic efforts (cf. Scheme 1-1), 

applications towards pharmaceuticals more often come from tests of individual compound 

classes for structure-activity relationships (SARs). Such SARs necessitate a decision on 

which compound class(es) in the source produce the observed biological effect(s). 
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Consequently, a demand for reliable isolation of such compounds becomes the dominating 

challenge of plant-derived natural products. Studies exist from the literature in which 

reactive organosulfur compounds from the Allium genus were isolated, characterized, and 

then tested individually in biological screenings. A series of studies published by Lanzotti 

et. al. dating from 1997 through 2012 exemplifies such endeavours.39 Furthermore, Lanzotti 

used the fact that these plants produce highly similar cognates after cutting or crushing to 

his advantage: SARs could be carried out without the need to synthesize an entire set of 

analogues. In the most recent study of the series, polar bioactive constituents of garlic and 

onion were isolated and successfully tested for antifungal and antispasmodic activity. SARs 

allowed the workers to identify key pharmacophoric elements in these Allium saponins, 

furthering the applicability of this research (Figure 1-2).1  

 

Figure 1-2: Pharmacophoric element identification in SARs of isolated Allium saponins and 

sapogenins.1 
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Isolation began with macerated Allium plant samples extracted with acetone or MeOH and 

then taken to dryness. Resuspension in H2O followed by extraction with EtOAc removed a 

portion of the non-polar constituents of the sample such as fatty acids. Further extraction 

of the aqueous portions with BuOH provided the polar fractions of interest to the 

researchers. Purification of these fractions was accomplished by C-18 reversed phase 

Medium Pressure Liquid Chromatography (MPLC) using glass columns and C-18 reversed 

phase analytical and semi-preparative HPLC over several consecutive steps. Several other 

saponins, sapogenins, and other steroid derivatives exhibiting biological activity were 

isolated from various Allium spp. in several studies. Since the focus of this thesis is on less 

polar organic extracts from Allium tricoccum, these polar bioactives will not be discussed 

further. In fact, an important unifying aspect of the preceding examples is that extraction, 

purification, and isolation efforts were almost always directed towards relatively polar 

compounds. An exception to this trend was the successful isolation and testing of N-ferulyl 

amide analogues N-[3-(4-hydroxy-3methoxyphenyl)-1-oxo-2-propenyl], L-tyrosine (71) 

and N-[3-(4-hydroxy-3methoxy)-1-oxo-2-propenyl], tyramine (72) for antifungal activity 

from the roots of two Allium spp. (Figure 1-3).40  

 

Figure 1-3: Tyrosine 71 and Tyramine 72 analogues isolated from the Allium genus.40 

 

The isolation of 71 and 72 began with harvesting roots from the species under investigation, 

followed by immediate air-drying to yield 150 g of crude plant material. This material was 

sequentially extracted at room temperature using increasingly polar solvents (hexanes  
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CHCl3  CHCl3/MeOH (9:1)  MeOH) to yield 5 g of organic extract. This extract was 

subjected to a series of MPLC columns on silica gel using a gradient elution of CHCl3  

CHCl3/MeOH/H2O (70:26:4). The 60 mg obtained from products eluting at 85:15 

CHCl3/MeOH was then subjected to HPLC, again with SiO2 as stationary phase. The 

mobile phase was changed to 60:40 EtOAc/hexanes for the HPLC, which yielded 10 mg of 

71 and 12 mg of 72. This report best reflects the nature of the project undertaken by our 

research group, which will be thoroughly discussed in the Results and Discussion (Section 

1.2.). 

Characterization of Alliacaea compounds (those simply observed instrumentally as 

well as isolates) is represented in the literature by many groups. The overarching theme in 

most of these structure elucidations is the use of MS. Advancements in the field of MS have 

led to the identification of compounds from several Allium spp. that exist in either 

extremely low concentration or as reactive intermediates (vide supra). One can imagine the 

difficulty faced by these research groups in characterizing trace species, often too reactive 

to be present as anything more than transient. In many cases, the analysis of MS 

fragmentation patterns was the only tool to aid the researchers’ efforts. However, the use 

of other various spectroscopic techniques was also described for those studies in which 

compounds were isolated. For structurally simple molecules, such as the thiosulfinates, 1H 

and 13C NMR spectroscopy were sufficient tools for assigning the structural makeup of 

these compounds.35b Once the complexity of the unknowns was increased, as in the case of 

saponins and sapogenins, 2-D NMR techniques were required to elucidate structures. Such 

techniques included correlation spectroscopy (COSY),41 homonuclear Hartmann Hahn 

(HOHAHA),1 1H-13C heteronuclear single quantum coherence (or correlation) (HSQC),42 
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heteronuclear multi-bond correlation (HMBC),43 nuclear Overhauser effect spectroscopy 

(NOESY),44 total correlated spectroscopy (TOCSY),45 and rotating frame nuclear 

Overhauser effect spectroscopy (ROESY)46 experiments. In studies that reported the 

independent synthesis of thiosulfinates, UV and FTIR spectra were acquired and compared 

to literature sources for verification.20 In the case of absolute stereochemical assignment, it 

became necessary in some cases to chemically derivatize the compounds for further 

analysis by polarimetry.1 

Looking directly at the species under investigation, a small number of studies 

reported direct analysis of Allium tricoccum.4, 30, 47 In the most prominent example, 

homogenized plant was analyzed by LC-APCI-MS of SF extracts.30 An extensive selection 

of thiosulfinates was the main observation of this study. Interestingly, several ions 

(including m/z/ 211 and 237) could not be identified, which encouraged our research group 

in the quest for novel and bioactive compound isolation and identification. 

The preceding information demonstrates the tremendous efforts of researchers the 

world-over in characterizing some of the vast Alliacaea chemical species. These efforts 

would not be warranted if not for the important and diverse applications of this genus 

towards research and industry, which will therefore be the subject matter of the following 

section. 

 

1.1.4. Applications in Research and Industry 

 The numerous and highly varied applications of Allium products showcase this 

genus’ commercial and scientific value. Patents from around the world have indicated 

Allium natural products or mixtures thereof for flavor preparations,48 antiobesity 
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compositions,6 antimicrobial preservative preparations,49 hepatotherapy,50 oncogenesis 

control,50-51 fungicidal preparations,51 and pest repulsion.38a In addition, several reports 

from the literature indicate anti-cancer applications for Allium spp. extracts.52 Cancer cell 

lines under investigation from multiple reports include lung, gastrointestinal (stomach, 

colorectal), prostate, esophageal, bladder, and breast. Thiosulfinates isolated from the 

tuberosum L. species were shown to induce apoptosis in human colon, prostate, and lung 

cancer cell lines.9, 53 Interestingly, it is widely proposed that this genus’ plants produce 

volatile sulfur species as a means to defend themselves against animal and insect attack. In 

one such study a marked increase in the production of alk(eny)-cysteine sulfoxides 

(thiosulfinate precursors) upon specialist insect attack was observed, favourably arguing 

this hypothesis.47b Yet remarkably in others, insect attraction was the successful goal of the 

project.54 Furthermore, this genus has been indicated in studies reporting enhancement of 

human immune function. Most notably for the project at hand, a large portion of 

applications published on the Allium spp. focuses on their astonishing antimicrobial 

activity. A plethora of species from both Gram positive and negative bacteria as well as 

yeasts were subjected to extracts from various species of the genus. In almost every study 

significant inhibition of microbial growth was observed. In fact, a U.S. patent published in 

2003 reported an antimicrobial blood treatment using related Alliacaea thiosulfinates to 

increase the shelf life of blood samples by 20-40%.5 Several expansive studies have given 

biological activity credit to various other compounds of the genus, but the thiosulfinates 

were held in the highest regard.38b, 55  
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1.2. Results and Discussion  

1.2.1. Preliminary Results and Scope 

 Professor Julang Li and her research group observed radial growth inhibition of the 

common and particularly robust bacteria Staphylococcus aureus when treated with the juice 

of Allium tricoccum. In an effort to discern whether or not this growth inhibition was 

attributed to a novel compound within this species, the project was brought to our research 

group, supervised by Professor William Tam. Owing to the reactive and unstable nature of 

many of the compounds characterized from this genus, our group set out to find a gentle 

isolation procedure that could be used in conjunction with the radial growth inhibition 

screening test. Preliminary small-scale isolations revealed three potential targets which 

were shown to exhibit bioactivity against the aforementioned species of bacteria. Partial 

characterization was accomplished for each of these targets but setbacks were encountered 

which limited the project.56 Due to the ephemeral nature of the plant under investigation, 

crop harvesting could only be done in the early spring. This limitation forced the project in 

its early stages to be put on hold until more plant could be available to study. In addition, 

due to the small amount of compound available following purification, screening for 

biological activity was done only once per sample. Due to the inherent irreproducibility of 

these tests, both false positives and negatives were encountered. This made selection of 

active compounds difficult to confidently perform. Despite these setbacks, great strides 

were made in these preliminary studies by both groups which guided the current project’s 

direction. The findings of these preliminary studies will therefore be presented as they relate 

to more recent findings by our research groups. 
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 Guided by the great deal of literature already introduced in previous sections on 

Allium natural product chemistry (Section 1.1.3.), a former graduate student in our 

laboratory developed a relatively mild extraction and purification protocol.56 The extraction 

procedure included equilibrating macerated plant material subsequently in solvents with 

increasing polarity (hexanes  Et2O  EtOAc). Following each equilibration, liquid-

liquid extractions of the aqueous fractions were performed in the equilibrating solvent. 

Once fully extracted by a particular solvent, the aqueous portions were equilibrated in the 

next more polar solvent and the process repeated. Subsequent vacuum filtration through 

cheesecloth, brine/H2O washing, and drying of the organic extracts from each stage 

provided chemical composites exhibiting activity against the bacteria under investigation. 

More importantly, the aqueous discard of the final series of extractions exhibited no anti-

microbial activity, which instilled confidence in the extraction method developed. 

Purification was accomplished by TLC-monitored flash column chromatography and UV 

detector-coupled preparative HPLC, using EtOAc/hexanes and iPrOH/hexanes as eluent, 

respectively. Unfortunately, due to lack of available plant matter, complete isolation and 

therefore characterization of any of the three targets was not accomplished. More 

importantly though, impure TLC and NMR spectra were obtained to guide and hopefully 

streamline subsequent attempts at the isolation and characterization of the three target 

compounds: SU3-1 (Figure 1-4-a), SU3-2 (Figure 1-4-b), and SU6-2 (Figure 1-4-c). Please 

see Appendix A for preliminary spectral data. 
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Figure 1-4: Allium tricoccum natural product isolation preliminary targets: SU6-2, SU3-2, SU3-1. 

SU3-1 was the most polar of the three targets, having an Rf value of 0.48 in 50:50 

EtOAc:hexanes. This compound appeared green and stained green with p-anisaldehyde 

treatment. SU3-2 was found to be the least polar, appeared yellow and stained blue with an 

Rf value of 0.29. From these early studies, it was concluded that the most promising target 

was SU6-2 with an Rf value of 0.38-0.43. This compound was observed as the most active 

because it tested with the largest specific bacterial growth inhibition profile (i.e. mm 

inhibited per mg of sample applied). SU6-2 was UV-active under 254 nm light but appeared 

colourless and did not stain with p-anisaldehyde by TLC.56  

 At this point in time, the scope of the project was envisioned. The largest 

purification attempted at any one time previously in our group started with 840 g of crude 

plant material. In order to obtain the three targets from these early studies, as a large a scale-

up as possible was desired. The plant was extensively harvested by the Li Group, University 

of Guelph and prior to maceration the total plant mass was weighed to be 135 kg: a scale-

up of over 160 fold. 

1.2.2. Scale-up and Purification 

Large flash chromatography columns were initially employed to separate the highly 

polar and fibrous constituents from First Generation Samples (FGS). The prescribed 

gradient elution of 10/30/50/70/100 % EtOAc/hexanes also provided very minor separation 

SU6-2 
SU3-2 

(with stain) SU3-2 
SU3-1 50:50 
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between eluting compounds. The fractions collected from these columns were combined 

based on TLC analysis as described in the general information (Section 1.4.1.). Depending 

on the separation achieved, these 15 preliminary columns each yielded anywhere between 

4-15 (however, more commonly 5-7) combined fractions of compounds (FGS) with similar 

Rf values. The raw organic extract proved very difficult to load on to these columns since 

it was extremely concentrated and incredibly viscous. Maximum application of only ~30 g 

at a time was possible before even the largest diameter column (8 cm OD) would clog, 

necessitating de-clogging with a thin metal rod. Upon de-clogging almost all separation 

was lost, however the main goal of these preliminary columns was for the most part 

achieved: removal of polar and fibrous plant constituents which remained at the top of the 

silica gel bed. To guide the project’s next step, each of the FGS fractions were tested for 

biological activity by the Li Group, University of Guelph. Samples shown to be active were 

promoted to the next stage of the purification process, while those having no activity were 

cold-stored. Of the 103 FGS sent for testing, 73 were shown to have activity against the 

species of bacteria under investigation – a much larger number than was expected. 

Furthering complications, no pattern in relative Rf composition and activity could be 

discerned, making it difficult to properly apply the preliminary results at that point in the 

purification. Looking at Figure 1-5, all TLC lanes with blue asterisks tested positive for 

antimicrobial activity as indicated by the unstained plate (left) and vice-versa. Please note 

that the p-anisaldehyde stained counterpart plates (right) were not redundantly indicated 

for activity. The first example of confusing results was the four almost identical samples 

sent for bioactivity testing in the same round (Figure 1-5-a). Three of these samples showed 

activity while the fourth did not. Matters were further complicated by the fact that none of 
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these four samples contained spots with Rf values remotely close to the preliminary targets. 

The second example of biological activity testing frustrations came again from multiple 

samples having similar compositions but incongruent test results (Figure 1-5-b). Of the five 

samples in this example, three came back positive for antimicrobial activity while the 

remaining two did not. Furthermore, the small differences noticeable by TLC between these 

samples did not align with the results obtained: the two inactive samples resembled their 

active counterparts more so than they did each other. Finally, the most telling of the three 

examples (many other examples exist in our records) indicated five samples with almost 

complete distinction which were all observed to be active against S. aureus (Figure 1-5-c). 

All five samples were tested in the same batch, as were each of the other examples 

presented.  

 

Figure 1-5: Inconsistent activity testing results leading to reevaluation of preliminary targets. 

Learning from previous attempts by our research group, it was then deemed necessary to 

ensure the proper target(s) were being probed. Due to the troublesome irreproducibility of 

the activity testing, at least three different samples of similar constitution for each target 

were required to display consistent activity testing results in order to move forward. Prior 

isolation of the targets was not required, only verification of activity correlated with TLC 

analysis. Of the three preliminary targets, only one (SU6-2) consistently provided positive 

activity testing data during these trials. The other two targets (SU3-1;-2) were shown to be 

inconsistently active (Table 1-1), and therefore left for future investigations in the interest 

B 

C A 
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of time. To our delight, SU6-2 was also shown to be the most active in original studies. The 

focus of the project was turned solely to this target. After a total of 108 flash 

chromatography columns of various sizes and 30 preparative HPLC runs, the target still 

eluded isolation by our group. As one would expect, with each subsequent purification 

attempt the relative amount of the target diminished. Co-elution with ≤ 3 compounds having 

similar but distinct Rf values by TLC became commonplace, often providing no separation 

at all regardless of solvent system, flow rate, or gradient employed. Regardless of variation 

in partner or relative composition, solvents which failed to provide reasonable (if any) 

separation by TLC included MeOH, EtOH, Et2O, CH2Cl2, CHCl3, and pentane. Please note 

that solvents were chosen based on Allium purification examples from the literature and 

availability. The mobile phase combinations of iPrOH/hexanes and EtOAc/hexanes were 

observed to give the best separation by TLC and were therefore the only solvent systems 

used in preparative HPLC. For highest throughput possible, a preparative HPLC column 

with a 1 g loading capacity was borrowed from the Josephy Research Group, University of 

Guelph. Unfortunately, solubility issues and injector volume restraints limited actual 

sample loading to a maximum of ~90 mg in 5 mL of mobile phase.  Modest separation was 

achieved using the iPrOH/hexanes gradient elution prescribed in early trials using a 

comparable column with a 20 mg loading capacity. Since this modest separation rivalled 

that achieved in the small-scale preliminary trials, therefore the column was deemed apt for 

the task. Unfortunately however, column cleaning was made extremely difficult since the 

concentration of polar phase could not exceed 10% due to silica adsorption.  
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Table 1-1: Triplicate Allium Samples without Activity – Inconsistent Activity Testing for Samples 

Containing SU3-1 and SU3-2. 

Target Compound Example TLC Analysis 

SU3-1 
Rf: 0.48 

50:50 EtOAc:hexanes 
Spot colour: 

Green, stains green 

Sample: 
1-1 

 

Sample: 
2-3 

 

Sample: 
4-3 

 

SU3-2 
Rf: 0.29 

Spot colour: 
Yellow, stains blue 

Sample: 
A-1-1-1-4 

“A” 

 

Sample: 
A-1-1-1-5 

“B” 

Sample: B-2 
Left TLCcrude 

 50:50 
EtOAc:hexanes 

Right TLC fractions 
70:30 

EtOAc:hexanes 
 

 

Furthering complications, the separation achieved in some trials was not reproducible in 

others, even when running a separate aliquot of the exact same sample using the exact same 

instrument parameters. For these reasons the HPLC mobile phase composition was changed 

A A B B 
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to EtOAc/hexanes. Considerably more reproducible results were achieved with this mobile 

phase composition and column cleaning was made significantly more efficient.  

Concomitantly to HPLC troubleshooting, our frustrations were compounded by the 

fact that as most samples became nearly pure (≤ 3 spots), the TLC and HPLC chromatogram 

profiles changed drastically. New spots spontaneously emerged as old spots faded and 

sometimes disappeared completely. Fractions were monitored by 1H NMR to ensure the 

target was present based on a distinct chemical shift range from preliminary studies.  Figure 

1-657 displays the before (A) and after (B) 1H NMR spectral zooms of a column run on a 

nearly pure sample. The respective TLC plates corroborate the observed decrease in 

characteristic SU6-2 peaks (indicated by red stars) and relative increase in impurity peaks 

between the two spectra. This was a common observation throughout the entire project 

regardless of chromatographic method, time lapsed, elution sequence, and experimentalist. 

It was hypothesized that intermolecular hydrogen bonding might donate stability to the 

target compound, thereby decreasing its lifetime as it became purer. 

 

Figure 1-6: Example of before (A) and after (B) 1H NMR spectral zoom-in of flash chromatography 

column of near-pure SU6-2 sample.57  
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Furthering complications still, the TLC spot for SU6-2 began to stain blue by p-

anisaldehyde treatment once appreciably concentrated in some instances. This would not 

be terribly unusual, if not for the fact that the blue colour fluctuated between a distinct green 

which faded to blue in several cases. Several attempts were undertaken to discern if the 

change in staining could be attributed to a different compound, perhaps one from 

derivatization or decomposition. These attempts were not conclusive. However, example 

NMR spectra for one such set of trials was obtained which could only be partially 

characterized due to irreconcilable mismatches between NMR experiments. The spectral 

data indicated elements consistent with a thiosulfinate species, with a total of 16 protons 

by 1H NMR integration. Although the 1H NMR integration coincided well with a single 

compound, (1H-13C) HSQC data did not agree with this observation since at least two 

compounds were deemed present (Appendix B). Efforts to further separate these two or 

more compounds failed after extensive degradation upon subsequent flash chromatography 

and preparatory-HPLC treatment. This was not too surprising since the preliminary spectral 

characterization from previous attempts followed the same course (cf. Sections 1.2.1. and 

1.3). Nevertheless, useful information was gleaned from this endeavor: remarkably similar 

compounds not yet observed for samples having constituents in the same Rf range were 

newly realized. It became undeniable that the target was most likely decomposing and 

creating new species with its fragments. It was apparent that the current strategy at the time, 

which may have been suited to small scale and its shorter timeline, would not provide a 

pure sample. Reevaluation of both the preliminary results and methodologies was 

necessitated and will be the next topic of discussion. 
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1.2.3. Reevaluation of Preliminary Results 

 From the efforts discussed in the previous section, it became obvious that the 

prescribed protocols from earlier studies would not succeed to isolate SU6-2 in such a large 

scale-up. The goal was obvious but its means were not: whatever purification method(s) 

were to be successful must provide the fastest route with the least amount of organic 

solvation possible.  Although this was always a goal of the project, in practice this was not 

always the case. In order to use preparative HPLC, a significant number of flash 

chromatography columns had to be employed (cf. Section 1.2.2.). These columns were not 

always run in the most efficient manner since work-study students could not devote the 

proper amount of time nor experience to the task. Furthermore, the sheer volume of sample 

needed to theoretically obtain a large amount of pure compound required an extensive 

number of chromatographic treatments regardless of available time or expertise. Once 

reasonably pure, extensive co-elution hampered efforts to run columns faster as a means to 

overcome this problem. Furthermore, co-elution using preparatory-HPLC was an 

additional hurdle, often giving no separation at all on samples with ≤ 3 spots by TLC. 

Section 1.2.2. demonstrates the different approaches taken by flash column 

chromatography and preparative HPLC to no avail. It became obvious that different 

purification protocols must be explored; these efforts will be discussed herein. 

 In the isolation of independently synthesized Allium thiosulfinates, Lawson and 

colleagues used preparative TLC in conjunction with other methods to great avail. Owing 

to the fact that TLC showed reasonable separation in our isolation attempts, 2-D preparative 

TLC was attempted. Unfortunately, this method was encumbered by small sample loading 

sizes and extensive run times; one plate loaded with 60 mg of FGS crude material took a 
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total of 3 hours to complete development. Once selectively washed from the developed 

plate, the SU6-2 spot showed a significant impurity by 1H NMR. This was thought to occur 

due to the organic solvation over such an extended period of time, which has been shown 

to degrade compounds from the Allium genus (cf. Section 1.1.3.). An exploration into room 

temperature azeotropic distillation was undertaken, however the reported loss of 

approximately 50% of compounds compared to chromatographic methods was enough to 

discourage this as a plausible method at the time. Although expensive, a large trial using 

neutral alumina as chromatographic solid phase in flash column chromatography proved 

unproductive since a great deal of target degradation was still observed without an increase 

in relative separation (compared to silica gel). 

It was actually a recollection of methods described in teaching undergraduate 

chemistry that guided the next attempt at purification. SU6-2, although now found to stain 

blue or green at appreciable concentration by p-anisaldehyde, was still observed as 

colourless prior to staining on TLC. This attribute was thought to be exploitable by the use 

of decolourizing carbon. This was obviously not a first choice since the selectivity of the 

method could not be quantitated nor even estimated. In the interest of completing the 

project however, some first generation samples were taken for trial decolourizing treatment 

and subsequent purification as before. To the groups’ delight, after a series of decolourizing 

trials and subsequent purifications, a protocol was finally found to expediently yield pure 

SU6-2; this will be the contents of the next section. 
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1.2.4. Further Purification, Characterization and Identification 

 With the streamlined purification protocol in place, Amanda Sproule, our summer 

undergraduate researcher, worked diligently and finally obtained clean spectra of SU6-2. 

After several small scale attempts, a 5.8 g first generation sample was treated with the 

following prescription, in chronological order: Decolourizing treatment [453 mg], normal 

phase flash chromatography column (FCC) [281 mg], preparative HPLC (prep-HPLC) [256 

mg], FCC [150 mg], prep-HPLC [139 mg], and FCC on neutral alumina instead of silica 

gel [26 mg]. 

 Characterization of the compound was made quite simple by the fact that the 

compound only contained eight protons (by 1H NMR) and four different 13C NMR signals. 

After using (1H-13C) HSQC NMR, assignment of the structure was resolute: the compound 

was methylallicin 10 (please see Appendix C for full spectral data). Identification was made 

difficult by denying the simplicity of the target, which was the sole fault of the author. From 

preliminary characterization studies, a larger natural product was expected. The 

decomposition of the target led to seemingly larger products which were more consistent 

with prior results. However, these products exhibited nominally but increasingly different 

1H NMR chemical shifts as purification continued. On more than one occasion, the target 

eluded isolation by slowly vanishing from the sample as it left behind remnants which were 

falsely pursued. 

 During some of these purification attempts, a precipitate formed in significant 

quantity. This solid was isolated in one such trial (23 mg from a 5.3 g first generation 

sample) and identified as ferulic acid (please see Appendix D for spectral data). A quick 

literature search revealed this phenolic compound to be endogenous in several Allium spp. 
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and is itself (like most phenols) a radical scavenger. So far however, to the best of the 

author’s knowledge, isolation of this compound from Allium tricoccum has not been 

reported in the literature.  

 

1.3. Conclusions and Future Work 

Through the use of activated charcoal treatment, flash column chromatography, and 

preparative HPLC, 26 mg of S-methyl-2-propene-1-thiosulfinate (or simply methylallicin) 

10 was isolated from Allium tricoccum (Figure 1-7). The purified compound showed high 

levels of bacterial growth inhibition, as tested by the Li Group, University of Guelph.  

 

Figure 1-7: Structure of methyl allicin 10, isolated from Allium tricoccum. 

Once identified, a structure search was performed on SciFinder® to reveal this compound’s 

history in the literature. As one might expect from such a relatively small compound, a 

modest amount of research has already been carried out both on its isolation from the genus 

and antimicrobial activity. Although never isolated from Allium tricoccum and tested for 

antimicrobial activity in the same study, two separate studies infer our group’s 

observations. In the first study, the bulbs of the plant (not the leaves) were harvested and 

10 was isolated and characterized. However, no biological (or otherwise) applications were 

reported in this study for the compound. Secondly, 10 was isolated from a different species 

of the genus and tested extensively for antimicrobial activity against four Gram positive 

and four Gram negative bacteria, respectively as well as two species of yeast.  Of the 

screened microbes, Staphylococcus Aureus tested positive for growth inhibition when 
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treated with 10. In fact, it was determined by this group that bearing allylic functionality 

was generally superior to Me, which was in turn superior to propenyl. 

 Recalling the common chemical pathways of thiosulfinates found in the genus, the 

structure of 10 speaks to its elusiveness. This compound and its analogues have been shown 

to undergo such reactions as sigmatropic rearrangements and eliminations as well as other 

decompositions forming higher molecular weight progenies. These reactions were 

congruent with our research group’s observations, exampled by the unidentified 

thiosulfinate (presumably) which could not be identified by 1-D nor 2-D NMR when 

correlated to the low resolution MS results obtained for the sample (cf. Appendix B). 

 Future work on this project may take the form of applying the streamlined protocol 

to additional plant extracts for testing this compound and its analogues in various 

bioactivity applications not yet screened for in the literature, some of which were discussed 

in Section 1.1.4. 

1.4 Experimental 

1.4.1. General Information 

Materials: Plant leaves (Figure 1-8) were harvested, macerated, and immediately frozen or 

kept in cold storage by both research groups (Li and Tam, University of Guelph). 

 

Figure 1-8: Sample of Allium tricoccum plant leaves. 
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Maceration consisted of initial passage of the raw plant leaves through a juicer (Figure 1-

9). 

 

Figure 1-9: Allium tricoccum plant leave juicing. 

The aqueous juice was collected and frozen or cold-stored while all residual plant matter 

was passed through a blender with the addition of enough water to achieve homogeneity 

(Figure 1-10). 

 

Figure 1-10: Homogenization of Allium tricoccum-juicing solid remnants. 

Once homogeneity was achieved, the suspension was collected and frozen or kept at near 

freezing temperatures in a cold room (5°C) (Figure 1-11). 
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Figure 1-11: Examples of plant juice and homogenates in cold storage. 

The cold-stored juice or suspension was brought to near room temperature overnight prior 

to extraction. All solvent and drying agents are commercially available and were used 

without further purification. Column chromatography was performed on 230-400 mesh 

silica gel purchased from SiliCycle®, or with neutral alumina purchased from Fisher. TLC 

analysis was performed using precoated silica gel 250 μm F-254 analytical TLC plates from 

SiliCycle®. TLC plates were analyzed by UV light (254 nm) and p-anisaldehyde stain 

(prepared by standard procedures). Activated charcoal was sourced from Fisher. 

Screening: Biological activity screenings were carried out by standard procedures using 

bacterial radial growth inhibition (performed by the Li Group, University of Guelph). All 

screenings were performed on one species of Gram positive bacteria only, unless otherwise 

stated. Samples of known weight were suspended in 300 μL solvent, 100 μL of which was 

used for each individual assay.  

Instrumental: 1H, 13C, and 2-D NMR spectra were recorded on Bruker 400 or 600 MHz 

spectrometer and analyzed by TopSpin® software. Chemical shifts for 1H, 13C, and 2-D 

NMR spectra are reported in parts per million (ppm) from tetramethylsilane (TMS) with it 

or solvent as internal standard (CDCl3: δ 7.24 ppm (1H) or δ 77.23 ppm (13C); or MeOD: δ 

3.31 ppm (1H) or 49.15 ppm (13C)). Normal phase preparative HPLC was carried out on a 
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manual injection instrument consisting of a Waters Prep LC 4000 with a Waters 2487 dual 

λ absorbance detector and a Supelco Inc. 25 cm x 21.2 mm (length x internal diameter) 

PLC-Si bonded normal phase preparatory HPLC column (ID #: I030320; Lot #: LA14108; 

Catalogue #: 5-9183; Column #: 153029). 

 

1.4.2. Extraction 

The thawed juice and suspension were serially extracted, with increasing polarity of 

solvent, as represented by the flowchart in Section 1.4.2.1. This raw plant material 

contained a large amount of solids. Prior straining through wire mesh was required in order 

to achieve equilibration with the residual liquid. All solids collected from straining were 

subjected to cold-stored overnight soaking in EtOAc. These reclaimed samples were 

brought back into the extraction process at Stage 2. 

Stage 1 (Figure 1-12) : The strained raw plant material was diluted 1:1 with H2O and then 

equilibrated with two parts hexanes for every one part plant solution for two hours. After 

equilibration, the two phases were separated and organic fractions were promoted to the 

next stage. Aqueous fractions were extracted 3x with hexanes and organic fractions were 

again promoted to the next stage. All aqueous fractions were combined and equilibrated 

following the same procedure as above using Et2O, followed by EtOAc. All organic 

fractions from these subsequent extractions were likewise promoted to Stage 2. The final 

aqueous fractions from EtOAc treatment were tested for biological activity by the Li group. 

The results concluded that these aqueous fractions no longer exhibited activity against the 

bacteria under scrutiny. It was concluded that these final aqueous fractions could be and 

therefore were discarded. 



 43 

 

Figure 1-12: Stage 1 of Allium tricoccum extraction procedure. 

Stage 2 (Figure 1-13): The organic fractions from Stage 1 (vide supra) contained a large 

amount of solid plant material and an immense amount of emulsion (especially from the 

Et2O treatment). In order to remove residual solid and aqueous matter, these extracts were 

subjected to vacuum filtration through 2-3 layers of cheesecloth. 

 

Figure 1-13: Stage 2 of Allium tricoccum extraction procedure. 

The organic layer of the filtrate was decanted off for promotion to the next stage and the 

aqueous portion was demoted back to Stage 1 for further extraction (but not equilibration). 

Soiled cheesecloths were soaked in EtOAc overnight in cold storage and the supernatant 

quickly filtered through fresh cheesecloth for subsequent promotion to Stage 3. 

Stage 3: The combined organic filtrate from Stage 2 was washed with brine 2x, water 2x, 

and dried over MgSO4. Gravity filtration through filter paper and subsequent solvent 
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removal by low-temperature rotary evaporation provided 452 g (from 135 kg of raw plant 

material) of organics for purification (0.3% yield). This crude material showed > 10 

compounds by TLC. Analysis of mass extracted by each solvent was not possible on such 

a large scale since multiple samples were carried through different stages at the same time 

to increase throughput. 

 

1.4.2.1. Extraction Summary Flowchart† 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                        
† Adapted from Kettles, T. J. M.Sc. Thesis, University of Guelph, Guelph, Ontario, Canada, 2012. 
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1.4.3. Purification 

 Approximately 30 g of crude organic extract was purified by flash column 

chromatography; a total of 15 columns were required. From these preliminary columns, 

poor to modest separation was achieved based on combining fractions with similar Rf 

values. 5-15 mL of H2O was added to these first generation samples to increase their shelf 

life. The amount of H2O was relatively small compared to the sample size and therefore 

subsequent columns were able to remove this water without the need for re-extraction. A 

total of 103 samples ranging from 3 to greater than 10 visible compounds (by TLC) in each 

resulted (first generation samples). Ultimately, purification was achieved by decolourizing 

a first generation sample, and subjecting this decolourized sample to multiple normal phase 

flash chromatography columns (FCCs) and preparatory-HPLC (prep-HPLC) runs. 

Monitoring the eluting fraction colour often correlated well with TLC analysis (Figure 1-

14). This section will serve to explain the steps taken in this process. All samples were 

stored under an inert atmosphere of N2 or Ar at -5°C between purification treatments. 

 A 5.8 g first generation sample was subjected to decolourizing treatment: The 

sample was dissolved to saturation in EtOAc:hexanes (50:50) (125 mL). To this was added 

50 mL decolourizing carbon (activated charcoal). The suspension was filtered through a 

4.5-5 pore size fritted glass funnel. A deep yellow colour persisted in the filtrate and this 

was again taken for decolourizing treatment as before (20 mL carbon). After low-

temperature rotary evaporation, 453 mg of >10 compounds was obtained (by TLC). This 

sample was subjected to FCC in 0/5%/10%/15%/20% EtOAc:hexanes to yield 3 fractions 

consisting of 3-5 compounds each. The second fraction (20:80 EtOAc:hexanes, 281 mg) 

was subjected to prep-HPLC in 15/20/25/30% EtOAc:hexanes (5 min per step) then 
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40/50/60/70/80/90/100% EtOAc:hexanes (5 min per step) with a flow rate of 3 mL/min. 

From this purification, 4 fractions were collected consisting of 1-5 compounds each. The 

second fraction eluted at 20 min (256 mg) and was then subjected to FCC in 

0/5/10/15/20/25/30/35% EtOAc:hexanes to yield 2 fractions of 2-3 compounds each. The 

first fraction (20:80 EtOAc:hexanes, 150 mg) was subjected to prep-HPLC in 10/15/20% 

EtOAc:hexanes (5 min per step) then 30/40/50/60/70/80/90/100% EtOAc:hexanes (5 min 

per step) with a flow rate of 5 mL/min. From this purification, 4 fractions were collected 

consisting of 1-3 compounds each. The second fraction eluted at 16 min (139 mg) and was 

then subjected to FCC on neutral alumina in 0-10% EtOAc:hexanes to yield 6 fractions of 

1-2 compounds each. The second fraction (10:90 EtOAc:hexanes, 26 mg) was analyzed by 

1H NMR and the purity of the sample was deemed sufficient to run full characterization 

and send for activity testing against S. aureus. 

1.4.4. Characterization 

 The purified SU6-2 sample was characterized by the following NMR techniques: 

1H, 13C (JMOD), COSY, (1H-13C) HSQC, and (1H-13C) HMBC. Other spectroscopic data 

obtained include FTIR and HRMS. This data was compared to that found in the literature 

with near exact correlation. 

(Methylallicin 10).  Clear oil. Yield = 26 mg;  Rf = 0.40 (EtOAc:hexanes 

= 1:1); IR (NaCl, cm-1): 3079, 2923, 1633, 1425, 1058 cm-1; 1H NMR 

(CDCl3, 600MHz):  5.92 (m, 1H), 5.45 (dd, J = 10.0, 0.4 Hz, 1H), 5.42 (dd, J = 17.0, 1.2 

Hz, 1H), 3.82 (dd, J = 13.0, 7.5 Hz, 1H), 3.77 (dd, J = 13.0, 7.5 Hz, 1H);  13C NMR (JMOD, 

CDCl3, 150MHz):  125.8, 124.0, 60.0, 14.2. HRMS (EI) calcd. for C4H9S2O (M+H+): 

137.0089; found: 137.0085. 
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 Once characterization was complete, three ~1 mg samples of SU6-2 were sent for 

activity testing in triplicate (Li Group, University of Guelph). All three samples tested 

positive for bioactivity against S. aureus by radial growth inhibition. 

 

Figure 1-14: Typical evolution of coloured components in flash chromatography column 

purifications. 
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2.1. Introduction 

Oxabenzonorbornadiene (OBD) 1 is a [2.2.1] bicyclic alkene similar to norbornene 

2, but bears a 1,4-ether instead of the methylene bridge of the latter (Figure 2-1). OBD 

possesses two main characteristics which make it a valuable synthetic tool for reactivity 

and mechanistic studies.1 Firstly, reactivity of the endo face is substantially reduced 

compared to that of the exo face. This is due to the steric hindrance imposed by the [2.2.1] 

framework. This greatly affects the stereoselectivity (facial-selectivity) of various 

reactions, causing them to occur predominantly at the less hindered exo face.  The 

framework also imparts reactivity otherwise not observed in alkenyl systems such as 

homoconjugation of the double bonds through space.2 Secondly, the strained allylic ether 

bridge increases the relative π-character of the olefin. This effect reinforces the increased 

π-character already imposed by the angle strain of the bicyclic moiety. The ether bridge 

also acts to increase relative electron density about the exo face, further influencing facial 

selectivity of reactions, especially transition metal complexation. 

 
Figure 2-1: Structure of oxabenzonorbornadiene 1 and norbornadiene 2. 

2.1.1. Oxabenzonorbornadienes as Important Synthetic Scaffolds 

 One of our group’s main research foci is the elucidation of regio-, chemo-, and 

stereoselective chemical pathways that result from the inherent properties of the OBD 

scaffold. In general, [2.2.1] bicyclic alkenes have been demonstrated in highly variegated 

reactions as important intermediates, from asymmetric catalysis ligands to cycloadditions 
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forming new carbon-carbon bonds. Additionally, the potential production of several 

stereocenters in a single step upon ring-opening is of particular note when assessing the 

synthetic value of these compounds in this chapter. To demonstrate the current applicability 

and versatility of these bicyclic systems, a brief introduction to OBD from recent literature 

is appropriate.  

  Under the supervision of Professor Mark Lautens, a former graduate student from 

our lab, Gavin Tsui, reported with his colleagues the expedient synthesis of chiral 

oxazolidinones 3 using a Rh catalyst and NaOCN as nucleophile (Scheme 2-1).3 A domino 

sequence was invoked by the research group in the potential mechanism of reaction, starting 

with asymmetric ring-opening of 1 and subsequent intramolecular cyclization to form 3 

with excellent enantioselectivities. The process was found to be stereoselective for the anti 

isomers arising from new C-O and C-N bond formation. 

 

Scheme 2-1: Asymmetric domino synthesis of chrial oxazolidinones with NaOCN from 1.3 

 In 2011, a study published by Kwan, Stein, and Carrico-Moniz indicated a relatively 

simplistic and chiral auxillary-free Pd-catalyzed asymmetric route from 1 through (S)-

dihydronaphthol 4 to the tertiary naphthoquinol 5 using a tandem oxidation/ring-opening 

process (Scheme 2-2).4 Although synthesis of antitumour natural product 6 was not part of 

the study, it was envisioned that installation of the chiral epoxides would be expedited in 

the presence of the 3° allylic alchol of 5. The few reports that exist for preparation of 6 
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indicate racemate resolution or the use of chiral auxillaries, both of which provide less 

favourable results when compared to this streamlined method.4 

 

Scheme 2-2: From meso compound 1, auxillary-free asymmetric synthesis of 3° naphthoquinol 5: 

a proposed key intermediate of Spiroxens 6 preparation.4 

 

2.1.2. Preparation of Oxabenzonorbornadienes 

 Regardless of the desired substitution pattern, synthesis of 1 requires prior in situ 

generation of benzyne 7. Four major synthetic routes exist for the preparation of this highly 

reactive dienophile (Table 2-1).5 Due to both the technically simple and reliable nature of 

these reactions, deprotonation or metal-halide exchange of aryl halides and thermolysis of 
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benzenediazonium carboxylates ‡  remain the two most common pathways to OBD 

generation.6  

 

Table 2-1: Methods and Conditions for Benzyne Generation.5 

Method 
 

Deprotonation; 
Metal-Halogen 

Exchange 

Flouride 
Desilylation 

Thermolysis Oxidation 

Precursor Aryl Halides 
Silylated 
Benzene 

Benzenediazonium 
Carboxylate 

1-Aminobenzotriazole 

Conditions Strongly basic Mild  Reflux Oxidative 

Remarks 

Additional 
functional 

groups must be 
compatible with 

conditions 

Easily 
accessible 
precursors; 
neutral and 

ambient 
conditions 

Reactive benzyne 
species generated 

in situ 

Successful oxidants 
include: Pb(OAc)4, 

NBS, NIS 

 

Aryl-substituted 1 is most commonly prepared via deprotonation and metal-halide 

exchange.7 A strong base (usually n-BuLi) acts at an ortho position to a halide. For 

example, the deprotonation of 8 (Scheme 2-3a) or metal-halide exchange of 9 (Scheme 2-

3b). Thermolytic formation of 7 via anthranilic acid⧧ 10 and isoamyl nitrite is yet another 

popular synthetic method to this end (Scheme 2-3c). Despite the method chosen, 7 goes on 

to react with the diene furan 11 in a [4+2] Diels-Alder cycloaddition to provide 1. The 

desired substitution pattern influences the benzyne generation method chosen. Aryl 

substitution about substrates of the type 8 and 9 is normally chosen for aryl-substituted 

products.  Bridgehead substitution in 1 is achieved by reacting an unsubstituted benzyne 

with a 2- (or 2- and 5-) substituted furan 11 (Scheme 2-3c).7 Preparation of these furans has 

previously been reported by our group and will not be discussed further in this report.  

                                                        
⧧ Thermolytic syntheses may also employ diphenyliodinium carboxylates (not shown). 
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Scheme 2-3: Common synthetic methodologies for preparing oxabenzonorbornadienes 1.7 

 

2.1.3. Reactions of Oxabenzonorbornadienes 

 A plethora of reactions are found in the literature for 1, all of which prove this 

compound’s synthetic versatility. Some of these reaction types include cyclization,8 

cyclodimerization and cocyclotrimerization,9 coupling reactions,10 isomerization,11 

cycloaddition,9a, 11a, 12 free radical13 and electrophilic addition,11d polymerization,14 and ring 

opening reactions6a, 15 (Scheme 2-4). In many cases, transition metal catalysis was 

employed with various nucleophiles in the ring opening of 1 to enantio-enriched 

dihydronaphthols 12. However, an example from Nelson and co-workers in the 1970’s 

exemplified early on the synthetic utility of OBD: an uncatalyzed regioselective 

nucleophilic ring opening with organolithiums provided syn-dihydronaphthols 12.15w A 

series of Ni-catalyzed cyclizations of 1 with o-iodobenzoate and β-iodo-(Z)-propenoates in 

the presence of zinc powder was reported by Cheng et. al.8a The benzocoumarin derivatives 

13 afforded by this reaction have found use in organic electroluminescent materials, among 

other applications. Furthermore, using Pd-catalyst, 1 can undergo cyclization with aromatic 

iodides and benzynes to furnish highly stereo- and regio-enriched annulated 9,10-
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dihydrophenanthrenes 14.8b Cyclodimerization of 1 under Rh catalysis with chiral 

phosphine ligands in the presence of Ag salts was reported by our research group to produce 

naphthol[1,2-b]-furan ring systems such as 15 with excellent yields and 

enantioselectivities.9b  

Scheme 2-4: Reactions of OBD 1.16 

Both syn- and anti-5,6,11,12,17,18-hexahydro-5,18:6,11:12,17-triepoxynaphthylenes 16 

show potential for use as ionophores due their highly concave structure; cyclotrimerization 

of stannylated 1 followed by Cu-catalyzed cyclization yielded these compounds.17 Pd,10b, 

10c Ni,10d and Ru catalysts have all been reported to facilitate the coupling of 1 with various 
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reactants. Of particular note is the coupling reaction between 1 and alkynes bearing 

propargylic oxygen atoms under Ru catalyst to yield stereodefined benzonorcaradiene 

derivatives 17.18 The thermally forbidden [2+2] cycloaddition between 1 and alkynyl 

halides have been demonstrated using Ru, Re, Rh, Co, and Ni catalysts to afford the 

cyclobutene adducts 18.19 Conversely, using a Ni catalyst with diyenes and 1, the [2+2+2] 

cocyclotrimerization adducts 19 were formed.9a Pauson-Khand [2+2+1] cycloaddition of 1 

using the typical Co(CO)8 catalyst gleaned multisubstituted benz[f]indenones 20 which 

have found application as antibiotic precursors. Free radical addition was invoked in the 

reported mechanism for Mn-catalyzed reaction of 1 with dimedone in CH3COOH; 

providing the rearranged products 21 and 22 in 14 and 56% yield, respectively. 

Unmistakably, the most reported class of reactions involving 1 are nucleophilic ring 

openings, both uncatalyzed and catalyzed by various metals; including but not limited to 

Cu, Ni, Ir, Ru, Pd, and Rh. In most cases, the main product formed in these reactions are 

1,2-dihydronaphthalenols 12. This category of OBD reactions that has the greatest 

influence on this report and will therefore be the subject of further discussion. 

  

2.1.3.1. Nucleophilic Ring-Opening Reactions of Oxabenzonorbornadienes 

 Reports on the nucleophilic ring-opening of 1 abound in the literature (Scheme 2-

5). As previously mentioned, in the absence of catalyst, the first report of such a reaction 

was published in 1971 by Nelson et al. in which the researchers used alkyl organolithiums 

to produce syn-1,2-dihydronaphthalen-1-ols 12a.15w Coordination of the alkyllithium with 

the bridging epoxide prior to attack was cited as a possible reason for the exo facial 

selectivity observed, which exclusively gave rise to syn isomers from these reactions. 
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Scheme 2-5: Nucleophilic Ring-Opening Reactions of 1. 

Conversely, when Rh is employed as catalyst for similar nucleophilic ring-openings 

of 1 using heteroatom nucleophiles, the anti isomers 22a are obtained. The heteroatom 

nucleophiles reported in the literature for such reactions include alcohols and phenols,6a, 15d, 

15e, 15j carboxylates,15i primary and secondary amines,6a, 15e, 15k, 15t and even a select few 

thiols.15m For completeness, it should be noted that the Lautens group also had success with 

ester nucleophiles; however, the yields not surprisingly suffered compared to stronger 

nucleophiles under analogous conditions.6a Rh catalysts comprise the largest reported 

group of catalyzed nucleophilic ring-openings of 1, and can also provide the syn isomers 

12b exclusively when using achiral ligands under basic conditions in the presence of aryl 

boronic acids.15g Most commonly, even when both (S)- and (R)-optically active ligands are 

employed, Pd-catalyzed ring-opening of 1 using alkylzinc and alkylzinc-halide 
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nucleophiles exclusively provide the syn isomers 12c.15l, 15n, 15p, 15v In one study however, 

the researchers used (R)-1-phosphino-2-sulfenylferrocenes for catalysis, which solely 

provided the anti-1,2-dihydro-naphthalen-1-ols 22b.20 Despite the variety of nucleophile or 

even presence of ligand optical activity in one study,15r Cu-catalyzed ring openings of 1 

provide the anti-isomers 22c exclusively.15a, 15b, 15f, 15h, 15s Nucleophiles reported in the 

literature for this type of transformation include organolithiums, alkylaluminum reagents, 

alkylzinc reagents, and Grignard reagents. Yang and co-workers used primary aromatic 

amines and N-substituted piperazines as nucleophiles under Ir catalyst to provide in 

moderate to excellent yield the substituted anti isomers 22d, with up to 79% ee.15u Hydride 

nucleophiles effectively opened 1 to provide the unsubstituted alcohols 12d using a Ni 

catalyst.15x, 21 However, when alkyl- and allylzirconium or organic halides were employed 

as nucleophiles, the syn isomers 12e formed instead.15c, 15o An application of this chemistry 

was reported by Lautens et. al. in the expedient synthesis of the tetrahydronaphthalene core 

of Sertraline (Zoloft™), a potent and well-known anti-depressant. Our research group 

recently reported the Ru-catalyzed ring-opening of 1 with MeOH as the nucleophile to 

produce the anti isomers 22e with moderate to good yields.22 Regio- and stereoselective 

ring opening of 1 was also reported to occur using common and economical Pd complexes 

in the presence of 2-iodophenoxyallenes whose prior ring-closure initiates the reaction 

(Scheme 2-6).15q The highly regio- and stereo-enriched products of these high-yielding 

reactions take the form of 1H-isochromenyl, 1,2-dihydroisoquinoline-substituted 1,2-

dihydro-1-naphthalenols, and benzo[b]furan derivatives 23. Two new C-C bonds are 

formed in these reactions, with the bicyclic alkene acting as a terminating agent in the 
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multistep process, which is an unusual and interesting consequence of these cross-coupling 

reactions. 

 

Scheme 2-6: Pd-catalyzed nucleophilic ring-opening of 1 in the presence of aryl allenes to products 

23.15q  

It should be noted for completeness that many of the aforementioned studies 

required the use of additives to increase the efficacy of the reactions; more specifically 

increased yields and extent of stereoselectivity while also acting to decrease reaction time. 

An exemplar case was found in the report by Lautens and co-workers in which protic and 

halide additives were used to overcome catalyst poisoning from aliphatic amine 

nucleophiles and also to increase enantioselectivites.15k The group observed this trend for 

carboxylate and sulfur nucleophiles as well. A similar approach was attempted by our group 

for this project, and will be discussed further in Section 2.2.2.2. Although the preceding list 

of nucleophilic ring-openings of OBD is not exhaustive, it does display the versatility of 

this substrate towards nucleophilic attack leading to different highly substituted, 

synthetically meaningful products.  

 

2.1.4. Cyclopropanation Reactions of Bicyclic Alkenes 

 In an effort to extend the chemistry of the previous section in this report, 

modification to oxa-and aza-bicyclic substrates was sought by our group. The addition of 
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a methylene unit across the alkene portion of 1 and subsequent ring-opening of the product 

cyclopropane 24 was considered (Scheme 2-7). 

 

Scheme 2-7: Formation of 24 by addition of a methylene unit to 1. 

 The potential for meaningful regio-, stereo-, and chemoselectivity data, as well as possible 

application to synthesis, were the main goals of this endeavour. It is first appropriate 

however to introduce relevant literature on cyclopropane preparation from bicyclic alkenes, 

as it will hopefully demonstrate the usefulness of this synthetic methodology. The 

preparations of cyclopropanated bicyclic alkenes bearing functional groups on the 

cyclopropyl moiety are supported in the literature. It was envisioned by our group that 24 

could potentially be accessed through subsequent cleavage of these substituents. This 

methodology was attempted in early project studies in our laboratory and will be the topic 

of further discussion. 

 Under strongly basic conditions, both Wittig and Battiste cyclopropanated 1 using 

dihalo compounds in the early seventies to give 2523 and 26,24 respectively (Scheme 2-8). 

The addition of BnNEt3Cl (10 mol%) in the latter example allowed Battiste and co-workers 

to use a relatively weaker base and gentler reaction temperature.24 This may owe to the 

better yielding reaction, along with the relative increase in stability of 26 over 25. Both 

reaction mechanisms invoke a dihalocarbene 27 as the cyclopropanating agent, which is 

generated in situ by treatment of the corresponding haloform 28 with strong base (Scheme 

2-9). 
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Scheme 2-8: Dihalocyclopropanations of 1.23-24 

The concerted and stereospecific mechanism was proposed as early as the 1950s by 

Laflamme and Doering due to the cis addition being inconsistent with initial tribromethide 

ion addition.25 

 

Scheme 2-9: Dihalocyclopropanation mechanism.25 

The cationic Ru complex-catalyzed intermolecular cyclopropanation of functionalized 

norbornene derivatives 29 with propargylic alcohols 30 was reported to be both facial-

selective and high yielding for cyclopropanes 31a in MeOH at room temperature by the 

Takahashi group in 1999 (Scheme 2-10).26  

 

Scheme 2-10: Cyclopropanation of functionalized norbornene 29.26 
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The appearance of only the mono-deuterated cyclopropanated product 31b from the 

reaction of 2 carried out in MeOD and D2O gave mechanistic insight to the authors (Scheme 

2-11). This proved that the reaction did not proceed through the expected allenylidene 32, 

as this would result in the di-deuterated product 33 (Scheme 2-12). 

 

Scheme 2-11: Deuterium labelling studies of functionalized norbornene 29 cyclopropanation.26 

From these deuterium-labelling studies the research group confidently proposed the 

catalytic cycle of this cyclopropanation (Scheme 2-12).26 The preferred exo coordination 

of cationic Ru complexes with 2 gave intermediate 34; this preference was based on 

norbornene density functional theory studies.27 After 34, the major proposed intermediate 

of the catalytic cycle was ruthenacyclopentene 35. This intermediate was transformed to 

the π-allene-Ru complex 36, which would then be nucleophilically attacked at the β-carbon 

by D2O (or MeOD) to form alkene 37. Isomerization of this alkene to 38 followed by 

catalyst regeneration provides the mono-deuterated product 31b, A similar reactivity 

pattern was published by our group using a Ru catalyst with Cp ligand in the presence of 

propargylic alcohol, but with 1 as the substrate.28 However, three major products resulted 

from these reactions and their ratios heavily depended on the solvent employed. Unlike the 

previous example, when MeOH was the solvent, isochromene 39 became the major product 

(74% yield) and the cyclopropane 40 was an almost trace constituent of the reaction mixture 

at 6% yield (Scheme 2-13). 
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Scheme 2-12: Proposed catalytic cycle for functionalized norbornene 29 cyclopropanation.26 

 

Scheme 2-13: Cyclopropanation of 1 with Propargylic Alcohol 33 in THF or MeOH.28  

This reactivity was inverted upon changing the solvent from MeOH to THF such that 40 

formed in 69% yield while the isochromene 39 did not form at all. In both cases a side 

product of the reaction was the [2+2] cyclobutene adduct 41, which formed in 20 and 31%, 

respectively. When compared to the previous example, the proposed mechanism for this 
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divergent reaction shows a similar intermediate, ruthenocycle 37, which occurs through 

oxidative cyclization of 1 and a propargylic alcohol (Scheme 2-14). Reductive elimination 

at this point in the cycle provides the [2+2] adduct 41 (Scheme 2-14, Path A). Conversely, 

if 42 undergoes β-hydride elimination, the ruthenium hydride 43 is produced (Scheme 2-

14, Path B). Furthermore, hydroruthenation of 43 and subsequent reductive elimination of 

the ruthenacyclobutane 44 produces the substituted cyclopropane 40 (Scheme 2-14, Path 

C). However, if 44 instead undergoes [2+2] cycloreversion, a well-known reactivity motif 

of ruthenacyclobutanes, the carbene 45 is formed (Path D, Scheme 2-14). Alkoxyl group 

1,3-migration of the carbene provides intermediate 46, which can then undergo reductive 

elimination to give isochromene 39, whilst also recycling the catalyst for further reaction. 

In their report, Tenaglia and Marc proposed Takahashi’s cationic Ru complex 

catalytic cycle (vide supra) for cyclopropanating 1 using tertiary propargylic esters 47 and 

dioxane (Scheme 2-15).29 The resulting geminal vinyl cyclopropyl acetates 48 formed as a 

single diastereomer and in good yields. 

Chui and colleagues reported a much different type of cyclopropanation compared 

to the last three examples using diazocarbonyl-derived metal carbenes on [3.2.1] bicyclo 

octenes 49 (Scheme 2-16).30 Unfortunately the prescription of several reaction parameters, 

including reaction temperature and solvent, was very difficult for the authors thereby 

making a general optimization difficult to accurately report. In all cases, the exo-exo 

product 50 was produced except for R = OEt, where a small amount (≤ 20% yield) of the 

exo-endo product 51 formed under the various reaction conditions. 
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Scheme 2-14: Catalytic cycle of cyclopropanation between 1 and propargylic alcohol ester.11c 

 

Scheme 2-15: Cyclopropanation of 1 with propargylic ester 47.29 

  

Scheme 2-16: Cyclopropanation of oxabicyclic 49 with diazocarbonyls.30 

*Reaction Conditions: A) cat. Rh2(OAc)4, DCM, rt; B) cat. Rh2(OAc)4, DCM, Δ; C) cat. Cu(acac)2, 

PhH, Δ 
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 All of the aforementioned cyclopropanation strategies produced substitution on the 

cyclopropyl group. Although this substitution might aid in our group’s efforts to discern 

mechanistic properties of the subsequent ring-opening reactions, it was also necessary to 

ring-open the unsubstituted progenitor 24. Direct preparation of this oxatricyclic was 

explored and is the topic of the rest of this section. 

 The cyclopropanation method developed by Simmons and Smith in the late 1950’s 

is both widely applicable and often cited. In this reaction, a zinc carbenoid is generated to 

react with the alkene in a concerted and stereospecific manner.31 In a study by Stenstrøm, 

this method was used to cyclopropanate norbornene 52 in moderate yield to give product 

53 (Scheme 2-17).32 

 

Scheme 2-17: Simmons-Smith cyclopropanation of norbornene 52.32 

 Diazocompounds have been utilized for alkene cyclopropanation in studies dating 

as far back as 1909.33 This chemistry has since been applied to several bicyclic systems and 

will be the next topic of discussion. Following in the footsteps of Martin who achieved the 

biscyclopropanation of diene 54 in 1974 to yield biscyclopropanated product 55 (Scheme 

2-18),34 Stammler and co-workers used excess diazomethane in the uncatalyzed reaction of 

activated norbornene 56 to pyrazole 57 (Scheme 2-19).35 

 

Scheme 2-18: CH2N2 cycloaddition and subsequent N2 extrusion to prepare 50.34 
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Scheme 2-19: CH2N2 cycloaddition of 51 and subsequent N2 extrusion of 52 to prepare 53.35 

Photolysis by UV light caused dinitrogen extrusion from 57, thereby affording 

cyclopropane 58 as the exo conformer in 70% yield over two steps (Scheme 2-19). This 

group was also able to demonstrate the applicability of this method through the 

cyclopropanation of the analogous dimerized diene 59 to the exo-exo biscyclopropanated 

product 60 (Scheme 2-20).35 

 

Scheme 2-20: CH2N2 cycloaddition and subsequent N2 extrusion of 59.35 

Similar work has been published by many international groups in their efforts to 

cyclopropanate bicyclic olefins. However, the use of transition metal diazo compound 

decomposition has received more attention as of late due to the increase in selectivity 

compared to their uncatalyzed, free carbene counterparts.36 In addition, the cyclopropanes 

are directly formed in these reactions thereby negating the inefficient photolysis step. 

Although both Cu and Rh have been studied extensively in the generation of these metal-

stabilized carbenoids, comparable Pd-catalyzed reactions have received far less attention 

to date. Rh and Cu are found to generally be more efficient at catalyzing diazo reactions 

compared to Pd.36 Often requiring longer reaction times and increased temperatures, Pd-

catalyzed reactions of diazo compounds tend to promote unwanted diazo polymerizations. 
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Furthermore, Pd carbenoid species are suggested far less as reactive intermediates in 

mechanistic studies of Pd-catalyzed transformations, especially compared to its extensive 

citation in cross-couplings. A notable exception to these trends however is the Pd-catalyzed 

diazomethane cyclopropanation reaction of alkenes. In 1975, Vorbrueggen and Kottwitz 

demonstrated that cyclopropanation of unstrained alkenes could not be accomplished with 

diazomethane in the presence of Pd(OAc)2 in Et2O.37 However, the reaction proceeded in 

moderate to good yields with strained bicyclic olefins 52, 2, and 61 to yield 62, 63, and 64, 

respectively, and all as exo stereoisomers (Scheme 2-21). It has also been shown that this 

type of cyclopropanation can be carried out on unstrained alkenes as long as they are 

terminally substituted.38 

 

Scheme 2-21: Pd-catalyzed CH2N2 Cyclopropanation of bicyclic alkenes 52, 2, and 61.37 

As an extension to this work, Tolstikov and co-workers rigorously explored the effect of 

various transition metal catalysts in the cyclopropanation of norbornene 52 in 1989.39 

Among the various metals employed, this study included a total of ten Pd complexes. The 

authors also tested the effect of various solvents and added ligands. The findings of this 

study indicated Pd was more active than Ni, Cu, Zr, Al, Cr, V, Dy, Rh, Co, Zn, Fe, and Ho 

and that Et2O performed better as solvent than glyme, THF, DCM, dioxane, PhH, hexane, 
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PhCN, DMSO, and pyridine. This work was also extended to a total of 35 other alkenes, 

cycloalkenes, polycycloalkenes, and alkadienes, all of which reacted analogously. More 

generally, in the cases of diazomethane cyclopropanation of norbornene derivatives (52, 2, 

61) in the presence of Pd(OAc)2, the exo diastereomer solely formed in 62-100% yields.38 

In two similar studies by Erden (2009) and Miller (2010), the same cyclopropanation 

protocol was employed on strained bicyclic alkenes (Schemes 2-22 and 2-23). Erden and 

colleagues reported their new peroxide-preserving reaction with several [2.2.1] unsaturated 

bicyclic endoperoxides (65-67) providing the corresponding cyclopropanes (68-70) in good 

to excellent yields (Scheme 2-22).40 However, based on the structure of the substrate, these 

reactions yielded both diastereomers in some cases. As was previously seen, in the case of 

unsubstituted carbo- and heterobicyclic [2.2.1] systems, exo attack was clearly favoured. 

Beyond what could be attributed to steric, torsional, or “non-equivalent orbital extension” 

effects, Huisgen found that activation energies for cycloadditions of norbornene were 

anomalously low by 1-3 kcal/mol.41 Huisgen referred to this as factor “x.” Houk et. al. later 

rationalized this phenomena by greater eclipsing with the C-H or C-C bonds at the 

bridgehead position during endo attack compared to almost ideal staggering in the exo 

conformation.42 Only when this substrate type bore substituents which impeded the 

approach of the carbenoid did the researchers find the endo diastereomer formed at all. In 

the case of the 1,4-diphenyl system 66 , such ideal staggering in an exo attack could not be 

achieved due to steric impedance of the carbenoid by the ortho hydrogens of the two phenyl 

groups (Scheme 2-22b).40 This permitted formation of endo product 71 in 10% yield, 

making this interaction important but not mechanistically overpowering. To this end, upon 
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changing the 1,4-substituents to hydrogens (65) or methyl groups (67), only the exo 

cyclopropanes (68 and 70, respectively) formed at all (Scheme 2-22a,c). 

 

Scheme 2-22: Pd-catalyzed CH2N2 cyclopropanation of bicyclic endoperoxides 65, 66, and 67.40  

Increasing the carbon bridge size from one atom (cf. Scheme 2-22a (65)) to two (72) 

inverted the diastereoselectivity of this reaction (but not appreciably so) as the product ratio 

decreased to only 60:40 for syn cyclopropane 73 compared to the anti cyclopropane 74, 

both with respect to the carbon bridge (Scheme 2-23a). However, when the bridge size was 

increased to three atoms as in 75, complete inversion of the original trend was observed 

and the anti diastereomer 76 formed as the sole product, also with respect to the carbon 

bridge (Scheme 2-23b). This trend is also thought to be attributed to Huisgen’s “x” factor 

(vide supra). 

 

Scheme 2-23: Pd-catalyzed CH2N2 cyclopropanation of bicyclic endoperoxides 72 and 75.40 
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In 2010 Miller and Ji reported similar findings in their study of cyclopropanating nitroso 

Diels-Alder cycloadducts 77 in an application towards the synthesis of 2’,3’-methano 

carbocyclic nucleoside 78 (Scheme 2-24).43 

 

Scheme 2-24: Pd-catalyzed CH2N2 cyclopropanation of bicyclic 69 to synthesize nucleoside 70.43 

Owing to the lack of substitution at the bridgehead position and the [2.2.1] scaffold, the 

authors were afforded only exo cyclopropanes 79 and in good to excellent yields. The 

research group exploited this reaction by subsequent cleavage of 79 at the N-O bond and 

derivatization with an adenosine unit. The resultant methano carbocyclic nucleoside was 

envisioned to have great potential in pharmaceutical applications. This approach was not 

the first exploitation of this chemistry since Katagiri’s group reported the first synthesis of 

2’,3’-methano carbocyclic noradenoside 80 in 1999 (Scheme 2-25).44 However, Miller and 

Ji used a reductive hydrogenation in lieu of the reductive amido cleavage (RAC) developed 

by Katagiri et al. 

 

Scheme 2-25: Pd-catalyzed CH2N2 cyclopropanation of a bicyclic amide to synthesize 80.44 

Interestingly, the Pd(0)-catalyzed CH2N2 cyclopropanation reaction mechanism is thought 

to occur through a very different step-wise mechanism when compared to the generally 
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accepted and widely known concerted Rh(II) and Cu(I) counterpart mechanisms (Scheme 

2-26).36 Coordination of the alkene to the reduced Pd(0) species has been cited as an 

important step in the generally accepted mechanism (vide infra). 

 

Scheme 2-26: Pd-catalyzed CH2N2 cyclopropanation mechanism.36 

It is vastly supported in the literature that Pd(II) is rapidly reduced by diazomethane 81.45 

Also, in the presence of transition metal catalysts, aliphatic carbenoids are more prone to 

polymerization reactions.46 Both of these cause the formation of various unwanted organics 

including polyethylene 82 and those arising from ligand insertion (not shown).  This also 

makes Pd(OAc)2 a precatalyst at the onset of the catalytic cycle since Pd(0) coordinates 

with an alkene.47 The electrophilic Pd(0)-centre of this coordinated complex 83 is 

subsequently attacked by diazomethane which bears significant electron density on the 

carbon atom. Nitrogen gas is expelled from the intermediate 84 to form the 

palladocarbenoid 85. A [2+2] cycloaddition with an additional alkene ligand provides the 

palladocyclobutane 86, which upon reductive elimination produces cyclopropane 87. 

Subsequent ligand exchange regenerates the catalyst which is still coordinated to an alkene.  
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With such promising results in the literature at our group’s disposal, attention was turned 

towards different methods of diazomethane preparation and this will therefore be the 

subject of the next section. 

2.1.4.1. Characteristics and Preparation of Diazomethane 

 Diazomethane 81 (Figure 2-2) is the oldest, simplest diazocompound and yet still 

remains a versatile and frequently called-upon reagent in synthetic chemistry. 

 
Figure 2-2: Resonance structures of CH2N2 81. 

Discovered in 1894 by von Pechman who established the structure as CH2N2, this yellow 

gas may also go by the less common name azimethylene.48 Although it is appropriate to list 

some of the applications of this remarkable reagent, an exhaustive list would be beyond the 

scope of this report. CH2N2 has been cited as an excellent reagent for methylating 

carboxylic acids, alcohols, enols, phenols, and S and N heteroatoms.48 Furthermore, 81 has 

been shown to effect ring expansion or homologation of ketones and can even form 

epoxides via sulfur ylids. The preparation of α-diazoketones from acid chlorides is yet 

another especially synthetically valuable reaction of CH2N2. As discussed previously, an 

additional reaction of 81 is dipolar cycloaddition with unsaturated bonds to create 

pyrazolines, from which N2 can be extruded to form the corresponding cyclopropanes. 

Finally, the most pertinent reaction of 81 to this report is decomposition under transition 

metal catalysis to effect direct cyclopropanation of unsaturated systems. CH2N2 is 

extremely toxic, irritating, carcinogenic, explosive (both as a gas and liquid), and has a 

boiling point of -23°C; all of these aspects make handling this reagent a serious matter. In 

fact, storage and especially transport are cautioned against by several credible sources on 

the subject. Generation of the gas is recommended on an “as needed” basis and should be 
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consumed immediately after preparation. The primary point of safety measures from any 

credible source is the avoidance of excessive concentration.  The three most common routes 

for CH2N2 preparation begin from similar progenitors, all treated with strong base in polar 

protic solvent (Scheme 2-27).48  

 

Scheme 2-27: CH2N2 generation from precursors 88, 89, and 90.48 

In order of increasing popularity, these progenitors are N-methyl-N’-nitro-

nitrosoguanidine, MNNG (88); N-nitroso-N-methylurea, MNU (89); and N-methyl-N-

nitroso-p-toluenesulfonamide, Diazald® (90). The presence of the N-methyl-N-nitroso 

group next to an electron withdrawing group provides insight to the mechanism of CH2N2 

formation (Scheme 2-28). From the rearranged structure 91 of Diazald®, strong base 

deprotonates an α-proton which releases diazomethane gas 81. The by-product of this 

reaction is TsOH 92.  
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Scheme 2-28: Mechanism of CH2N2 generation from Diazald®.48 

In choosing a suitable precursor for a desired transformation, several factors play an 

important role. For example, MNNG 88 is extremely poisonous and causes severe 

irritations, it is also carcinogenic and strongly mutagenic. Furthermore, historic 

preparations from this precursor have been for only small scale experiments (ca. 1 mmol). 

As a result of these significant drawbacks, Sigma-Aldrich© no longer sells 88 for any 

purpose to any buyer. A second more popular diazomethane progenitor is MNU 89, 

available from Sigma-Aldrich©, but not sold under the category of diazomethane 

precursor. In fact, since 89 is a DNA-alkylating agent, it is actually sold for the purpose of 

inducing cancer in laboratory animals, more specifically (but not exclusively) mammary 

tumour initiation and progression.49 Finally, the most common diazomethane precursor 

used today is Diazald® 90 due to its lower toxicity and smoother reaction with base, making 

it more amenable to larger scale reactions.48 Once CH2N2 is evolved, it is best co-distilled 

with Et2O or a flow of inert gas into the reaction flask containing the substrate. 

With a plethora of bicyclic alkene cyclopropanation strategies in hand, it is now 

appropriate to introduce some ring-opening strategies for the resultant cyclopropanes from 

the literature.  
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2.1.5. Ring-Opening Reactions of Cyclopropanated Bicyclic Alkenes 

 Ring-opening of 24 by cleavage of one or more of three bonds (a, b, or c; Figure 2-

3) was envisioned to provide novel chemical pathways potentially useful products.50 

 

Figure 2-3: Cyclopropanated oxabenzonorbornadiene 24.50 

 A variety of reactions exist for the ring-opening of [2.2.1] bicyclic alkenes, especially those 

involving nucleophiles (cf. Section 2.1.3.1.). An obvious extension of this chemistry is ring-

opening reactions of cyclopropanated bicyclic alkenes, with an emphasis on exploring 

possible new reactivity patterns, stereochemical implications, and potential applications to 

current synthesis. The following section will serve to introduce current literature on the 

subject and provide scope to this research project. 

  First looking at ring-opening reactions resulting directly from substitution on the 

cyclopropyl moiety, three major examples will be discussed (Scheme 2-29). Under basic 

conditions in polar protic solvent, the cyclopropanol 93 underwent homoketonization by 

way of cyclopropoxide 94, thus cleaving bond c to provide almost exclusively the ring-

expanded bicyclic ketone 95 upon aqueous work up (Scheme 2-29a).51 This trend was 

reported by the authors to occur when all bridges were two atoms or less; otherwise the α-

methyl derivative of the original ketone was the major product (not shown). This research 

provided a new synthetic methodology for expanding [2.21] and [2.2.2] bicyclic systems. 

Similarly, a report published by Chen and Lee in 2008 demonstrated the ketonization of 96 

and subsequent strain-relieving ring-opening provided the aldehyde 97 in high yield 

(Scheme 2-29b).52 Not surprisingly, the ring cleavage-rearrangement of tetrabrominated 
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bicyclic alkene 98 occurred upon gentle heating of the substrate or spontaneously if it was 

left over several weeks at ambient temperature (Scheme 2-29c).53 The cationic intermediate 

99 was considered over a direct bromine shift because DMF, a higher dielectric constant 

solvent compared to toluene, accelerated the relative reaction rate. Charge distribution 

throughout the three carbons bearing bromine atoms was cited as possible reason for this. 

Subsequent attack by the displaced bromide ion of 99 provided the less strained 

tetrabrominated product 100 in 84% yield. 

 

Scheme 2-29: Ring-opening reactions of cyclopropanes bearing functional groups. 

Without the sole aid of strain-inducing substituents to cleave the cyclopropyl group, various 

electro- and nucleophilic strategies have been reported in the literature. The next sections 

will introduce these examples as they relate to this chapter. 

 

2.1.5.1. Electrophilic Ring-Openings 

 Occurring by either corner or edge activation (at the atom or bond, respectively), 

electrophilic ring openings of cyclopropanes in the literature abound. This may be mostly 
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due to the increased relative π character of the strained bonds in this small cyclic moiety. 

Production of the most stable carbonium possible drives ring-opening in asymmetric 

substrates, while bonds bearing syn substituents are more vulnerable to attack in 

symmetrical cyclopropanes.54 Stereochemical studies have shown that the two types of 

activation effect different stereoisomers from the same chiral substrate. While corner 

activation has been shown to cause an inversion, edge activation retained the 

stereochemistry of the original substrate 101 (Scheme 2-30).55 In metal-mediated 

experiments, when employing poor π-donating electrophiles (such as thallium, mercury, 

and protons), reactions proceeded by corner activation to give 102. Conversely in the case 

of halogens (Br+ and Cl+), Rh+, Pd2+, and Pt2+, which are strong π back-donors, edge attack 

resulted in the stereoisomer 103.56  

 

Scheme 2-30: Edge and corner activation of electrophilic cyclopropane cleavage.56 

Fewer examples exist in the literature for electrophilic corner activation in cyclopropane 

cleavages compared to their edge activated counterparts. In one such example of corner 

activation, the tendency of the electrophile to coordinate to a particular atom of the substrate 

over another was probed as explanation for the constitutional isomers observed (Scheme 2-

31).55 From cyclopropanated norbornene 62, transition states 104 and 105 were proposed 

to concomitantly form using both the deuteron and Hg+ as electrophiles. From either 

transition state, two different products were reported to arise upon quenching with MeOH, 

106 and 107, respectively. Although no significant preference for one transition state over 
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the other was observed for Hg+, a significant increase in the ring-expanded [3.2.1] bicyclic 

107 was observed over the Wagner-Meerwein rearranged product 106 with the deuteron as 

electrophile. This work was a continuation of results obtained by DePuy in the early 1970s 

where the researchers used AcOD again at elevated temperatures (100°C) to ring expand 

62 (not shown).54    

 

Scheme 2-31: Electrophilic corner activation of cyclopropanated norbornene 62 in MeOH.55 

 As mentioned previously, more examples exist in the literature for electrophilic 

cyclopropane ring cleavage via edge activation. Many of these examples use transition 

metal catalysis to effect the transformations. One such metal is Pt, which has been studied 

extensively on the [2.2.1] cyclopropanated bicyclic alkene framework. In the late 1960s, 

one research group reported that the Pt catalysts [PtCl2(C2H4)]2 and K[PtCl3(C2H4)] 

(Zeise’s dimer/salt) coordinated at the endo positions of 108(a+b) as in the transannular 

structures 109(a+b).57 However, further investigation by another group argued for metal 

insertion instead, as in platinocyclobutanes 110(a+b) (Scheme 2-32).58 
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Scheme 2-32: Postulated Pt coordinations to cyclopropanated norbornene derivatives.57-58 

Upon solvation in DMSO in the latter study, the previously precipitated 110(a+b) 

underwent different spontaneous decompositions depending on their structure (Scheme 2-

33). In both cases, reductive elimination produced in high yield the ring expanded products 

111 and 112, as well as the lower yielding cyclopropanes 113 and 114, respectively.58 

 

Scheme 2-33: Ring expansion of platinocyclobutanes in DMSO.58 

These products were explained by invoking the endo coordinated species 109(a+b) (cited 

previously by Volger et. al.) after metal migration from the platinocyclobutanes 110(a+b) 

as part of the mechanism (Scheme 2-34). 
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Scheme 2-34: Mechanism of ring expansions of platinocyclobutanes in DMSO.58 
                        (i) carbometallation, then reductive elimination; (ii) reductive elimination. 

β-Hydride elimination from intermediates 115(a+b) provided alkenes 116(a+b), 

respectively. In the case of cyclopropane 116a, this intermediate underwent reductive 

elimination to yield 111. However, alkene 116b instead underwent carbometalation 

followed by reductive elimination to yield 112.  

 

Scheme 2-35: Ring expansions of platinocyclovutanes in CHCl3.58 

When these reactions were performed in CHCl3 instead of DMSO with pyridine as ligands, 

similar ring-expanded products 111 and 117 formed from 110(a+b), respectively (however 

in greatly reduced yields). The major products in these reactions were instead the alkenes 

118 and 119, respectively (Scheme 2-35).58 The ring-expanded bicyclic alkenes in these 
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reactions were thought to occur by a similar mechanism as that described in Scheme 2-36. 

A retro [2+2] of 110(a or b) and subsequent [1,3]-H migration of the intermediate carbene 

120(a or b) provides 121(a or b), respectively. Reductive elimination at 121(a or b) 

provided the alkenes 118 and 119 from their corresponding starting materials (Scheme 2-

36).58  

From a series of studies published by Katz and Cerefice on Rh coordination, 

Wilkinson’s catalyst caused the rearrangement of the tri-deuterated bicyclic cyclopropane 

122 to yield two major products 123 and 124, along with the minor product 125 (Scheme 

2-37).59 

 

Scheme 2-36: Proposed mechanism of alkenes 118 and 119 formation in CHCl3.58 

Scheme 2-37: Rearrangement of tri-deuterated bicyclic cyclopropane 122 with Wilkinson’s 

catalyst.59a 
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The mechanism for this rearrangement loosely follows that described in Scheme 2-34, 

however the Rh species allows for a greater degree of carbometallation when compared to 

its Pt counterpart (not shown).59b 

 

2.1.5.2. Nucleophilic Ring-Openings 

 There exist fewer examples of nucleophilic ring-openings of cyclopropanated 

bicyclic alkenes compared to their electrophilic counterparts. From the examples found, 

such reactions have been shown to predominantly occur with an inversion of 

stereochemistry.60 Bertz and coworkers demonstrated that reactions involving 

organocuprates required the presence of activating groups about the cyclopropyl group 

(Figure 2-4).60 These activating groups will be discussed as they relate to the structure of 

the substrates under investigation by our group. For direct nucleophilic displacement to 

take place, the presence of geminal electron-withdrawing groups is necessary, as in Class I 

substrates such as 126.  Class II substrates take the form of 127, whereby nucleophilic 

attack occurs at the allyl group in a SN2’ rearrangement. In substrates containing a 

conjugated enone, such as the Class III β-cyclopropyl-α,β-unsaturated ketone 128, the 

nucleophile attacks in a conjugate-like addition. 

 

Figure 2-4: Cyclopropane classes of substrates amenable to nucleophilic ring opening.60 
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Examining the Class I substrates more closely: Using a Gilman reagent, direct nucleophilic 

displacement at the tertiary carbon of 129 led to the ring-opened product 130 in excellent 

yield (Scheme 2-38). 

 

Scheme 2-38: Nucleophilic ring-opening of 129 using a Gilman reagent.60 

By first generating the enolate of Class II substrate 131, an intramolecular ring-opening of 

the cyclopropyl group occurred via intermediate 132 to give the diester product 133 

(Scheme 2-39).61  

 

Scheme 2-39: Nucleophilic ring-opening of 131 via enolate 132.61 

Again, using the Gilman reagent Me2CuLi, ring-opening of the Class III Substrate 134 was 

achieved and produced a 35:65 mixture of products 135 and 136, respectively via conjugate 

addition in both cases (Scheme 2-40).61 

 

Scheme 2-40: Nucleophilic ring-opening of 134 using a Gilman reagent.61 
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 Since the substrates under investigation by our group all contain a strained 1,4-ether 

bridge alpha to the cyclopropyl group, it was envisioned that they might be amenable to 

nucleophilic attack and subsequent ring cleavage. From the literature, [2.2.1] bicyclic-fused 

cyclopropanes have not been reported as substrates in such reactions. Our research group 

set out to explore this chemistry; the preparation of these substrates and their nucleophilic 

ring-opening reactions by our group will be the final topics of discussion of this report. 

 

2.2 Results 

2.2.1 Preliminary Results and Scope 

 This chapter reflects an ongoing project, it is therefore pertinent to discuss 

preliminary results, evaluation thereof and steps taken thereafter. Both unsuccessful and 

successful cyclopropanation reaction will be discussed. Preliminary subsequent 

nucleophilic ring-opening reactions of these products will also be explained. 

 

2.2.1.1. Cyclopropanation Preliminary Results 

Early attempts to cyclopropanate 1 resulted in less than favourable progress of the 

project. Common reactions providing both cyclopropyl-substituted 137 and unsubstituted 

24 cyclopropanes from olefins were investigated by our research group. These were applied 

to substrate 1 and will therefore be briefly introduced (Table 2-2).50 Variations of the 

Simmons-Smith protocol31 employing a zinc carbenoid as the cyclopropanating agent were 

attempted with 1 as substrate, however no reaction was observed (Table 2-2, entries 1-2). 

The reaction of dialkyl zinc with polyhalomethanes reported by Nishimura and colleagues62 

was envisioned to provide 24, however no such reaction was observed (Table 2-2, entry 3). 
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The similar protocol published by Shi and co-workers in 199863 in which the authors used 

(iodomethyl)zinc species generated from an external modifier also failed to produce 24 

from 1 in our lab (Table 2-2, entry 4). A completely different route was then explored using 

the relatively safe and efficient strategy published by Verpeaux et. al. in 1991.64 This 

method was used for cyclopropanating olefins to produce alkyl substitution on the 

cyclopropyl ring but also failed in earlier studies by our group (Table 2-2, entry 5). In their 

report, the research group showed that tert-butylsulfonyl-alkylithiums under a Ni catalyst 

could cyclopropanate unactivated alkenes, however their scope did not include bicyclics. 

Prior to their report, no protocol existed for long-chain alkylidene transfer to unactivated 

alkenes, except for those employing ylid-type carbanion Michael additions. 

Dihalocyclopropanation of 1 was also attempted by our group following the work by 

Battiste24 (vide supra). Unfortunately, in the case of chloroform (Table 2-2, entry 6) only 

poor yields were obtained and furthermore only trace dibromocyclopropane was detected 

when bromoform was employed (Table 2-2, entry 7). Moving forward with 

dichlorocyclopropane 26, an attempt at a dissolving metal reduction was undertaken using 

Na metal and aqueous MeOH, unfortunately to no meaningful avail since only trace 

amounts of 24 were observed by TLC and none of the product isolated (Scheme 2-41).50 

Guided by several studies on Pd-catalyzed cyclopropanation of bicyclic alkenes using 

diazocompounds, our group then chose this route to next explore. To our group’s pleasure, 

excellent conversion was observed using CH2N2 gas with 5 mol% Pd(OAc)2 catalyst 

loading in Et2O, a common prescription from the literature (cf. Section 2.1.4). 
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Table 2-2: Previous attempts to cyclopropanate 1.50 

 

Entry 
Cyclopropanating 

Agent 
Reaction Conditions x Yield (%) 

1 
 

Zn(s), CH2I2, glyme, 90°C H NR 

2 
 

Zn(s), CH2I2, CH2Cl2, Δ H NR 

3 
 

Et2Zn, CH2I2, -20°C H NR 

4 

 

Et2Zn, CH2I2, CF3COOH, CH2Cl2, 

(0°C → rt or -15°C) 
H NR 

5  

t-BuS(O)2CH3, MeLi, 

Ni(acac)2 (cat.), THF, Δ 
H/Me NR 

6 

 

CHCl3, NaOH(aq), Et3BnNCl (2%), 40°C Cl 16-20a 

7 

 

CHBr3, NaOH(aq), Et3BnNCl (2%), (rt or 
40°C) 

Br trace 

8 

 

N2CHCOOEt, Cu(acac)2, PhH, Δ 
H/ 

COOEt 
61b 

All entries performed by previous Tam group members: Nicholas Uhlig or Jamie Haner. 

a2-4 equivalents of CHCl3 with medium-high stirring rates. 

bDiastereomeric ratio of 2:1 exo-exo:exo-endo COOEt products determined by 1H NOESY NMR. 

 

Scheme 2-41: Attempted reduction of dichlorocyclopropane 26.50 
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Optimization studies on conditions for CH2N2 precursor choice and equivalency were 

undertaken.50 Trials with MNU at the small scale proved high yielding, however it was 

discarded for the more popular precursor Diazald® and the final results of this early 

optimization study were based on the latter. These early optimizations prescribed three 

equivalents (with respect to alkene substrate) of the precursor (Diazald®) in EtOH at 0°C 

be present in the CH2N2 generation flask. In the reaction flask, alkene and 5 mol% 

Pd(OAc)2 catalyst in  Et2O at 0°C were prescribed (Table 2-3, entry 3). Temperature, 

solvent and catalyst loading were similarly reported in the literature, giving acceptable 

results with extremely simple protocol upon trial with available precursors. 

Table 2-3: Past Optimization for OBD Cyclopropanation CH2N2 Precursor and Equivalency.50 

 

Entry CH2N2 Precursor Precursor Equivalency Yield (%) 

1 MNU 10 90 

2 Diazald® 10 92 

3 Diazald® 3 96 

4 Diazald® 1.5 89 

Reactions performed by previous Tam group member: Jamie Haner. 

 

 To aid in mechanistic studies, our group chose to conduct a deuterium-labelling 

study in which the same reaction conditions were applied to the 1,2.3.4-tetradeuterated 

analogue 138 (Scheme 2-42). The resultant cyclopropane 139 formed in good yield. This 

product would later play a role in ring-opening reaction mechanistic studies of 24 and its 

C1- and aryl-substituted analogues (cf. Section 2.2.2.2). 
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Scheme 2-42: Cyclopropanation of Deuterated OBD Analogue 138.50 

 

 In order to apply this cyclopropanation protocol to a large number of substrates, it 

was first necessary to reevaluate both the procedure and apparatus for potential pitfalls. The 

main goals of this reevaluation were: maintaining acceptable dilution of CH2N2 at all times 

in each compartment of the apparatus, reducing the potential for CH2N2 exposure at all 

costs, and removing engineering factors that added unnecessary complication and therefore 

risk. Significant changes to the reaction procedure relative to preliminary trials were 

adapted. Notable modifications were made to the apparatus and will therefore be discussed 

in comparison to the original apparatus. 

 The most significant procedural modification adapted in new studies was abstaining 

from disturbing the reaction apparatus until all visible signs of CH2N2 (and its precursor, 

Diazald®) completely disappeared. In preliminary trials, the reactions were monitored by 

TLC, as is customary in organic synthetic protocols. This was necessary in order to 

optimize reaction conditions based on the scale of substrate and therefore reaction time, 

catalyst loading and CH2N2 precursor equivalency. Furthermore, upon reaction completion 

(apparent starting material consumption by TLC monitoring), the reaction mixture was 

extracted via gas-tight syringe using a blunted metal needle through a septum. All of this 

was done in the presence of CH2N2, albeit the inert carrier gas was shut off during these 

procedures. Certainly this effectively just concentrated CH2N2 in the generation flask 

without actually removing any hazard from the reaction flask. This hazard remained since 
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significant gas existed in the headspace of each compartment of the apparatus, which upon 

sampling would expose the chemist. It was decided that inserting a metal needle into a 

reaction flask which could not be scratched and which was being bubbled with CH2N2 gas 

was folly in preserving the apparatus and more importantly, extremely dangerous. Instead, 

by monitoring the apparatus for complete dissipation of the distinct yellow colour of 

Diazald® and CH2N2, the need for inserting metal needles for monitoring and extraction 

(which exposed the chemist to CH2N2) was obviated. To this end, the generation vessel 

water bath was changed from 0°C to room temperature. By using a room temperature water 

bath instead, a heat sink was still provided but the chance for backflow from the reaction 

vessel (at 0°C) was greatly reduced. Another modification to the apparatus was discarding 

the oil-filled bubbler used for measuring flow rate through the setup. Since an AcOH:H2O 

(1:1) bubbler was used as a CH2N2 trap, therefore the need for another bubbler was deemed 

extraneous. However, an empty bubbler was still employed as a suck-back trap for this 

AcOH solution, thereby preventing its accidental backflow into the reaction vessel. In the 

original apparatus a long, small gauge needle was used as the inlet to the AcOH trap, 

effectively creating a choking point for the entire process at the end of the setup. This needle 

was exchanged for a fire-polished wide-bore glass tube, thereby easing the flow of gases 

through the apparatus and preventing unnecessary pressure and CH2N2 buildup (Figure 2-

5). In addition, trials were conducted whereby catalyst loading was reduced to 1 mol% and 

CH2N2 precursor equivalency meagrely reduced from 3 to 2.6, with respect to substrate.  
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Figure 2-5: CH2N2 reaction apparatus after reevaluation. 

 With these modifications in place, cyclopropanation trials with 1 as substrate were 

attempted. Much to our delight, comparable yields were obtained with the new and safer 

protocol. Needless to say, a greater sense of confidence was instilled and the task of 

synthesizing ring-opening substrates commenced (cf. Section 2.2.2.). The scope of 

cyclopropanation reactions using CH2N2 was to gain as many C1- and aryl-substituted 

products as possible for ring-opening studies. To probe the versatility of subsequent 

nucleophilic attack, simple substitutions at both the bridgehead and aryl positions were 

sought. 

 

2.2.1.2. Nucleophilic Ring-Openings Preliminary Results 

 Excellent preliminary results were obtained using various nucleophiles to ring-open 

the progenitor cyclopropane 24 to dihydronaphthalene-1-ols 140 (Table 2-4).50 

Unfortunately, these results could not be repeated save for the organocuprate examples 

(entries 7 and 8), which were reproducible within experimental error. A great deal of effort 
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was exerted in trying to achieve the remaining promising results. The findings of these 

efforts will be further discussed in Section 2.2.2.2. 

Table 2-4: Preliminary results of nucleophilic ring-openings of 24.50 

 

Entry Organometallic Equivalency Temp. (°C) Time (h) Yield (%) 

1 Me2CuLi·LiI 2 -78 24 Trace 

2 Me2CuLi2CN 2 -78 – rt 16 74 

3 Me2CuLi2CN 8 - 78 – rt 24 88 

4 MeMgBr 4 rt 72 70a 

5 MeLi 4 rt 72 77a 

6 Et2Zn 4 rt 120 Tracea 

7 Bu2CuLi2CN 6 - 78 – rt 8 >99 

8 Ph2CuLi2CN 6 - 78 – rt 72 23 

All reactions performed by previous Tam group member: Jamie Haner. 
a Yields determined by quantitative NMR. 

 

2.2.2. Extension to C1- and Aryl-substituted Oxabenzonorbornadienes 

 Promising results from early optimization and mechanistic studies with 

cyclopropane 24 encouraged our group to expand the scope of this project. Our group 

envisioned the ring-opening of C1- and aryl-substituted cyclopropanated 

oxabenzonorbornadienes may provide elucidation of the mechanisms that governed them. 

Furthermore, it was envisioned that substitution on the substrate could provide potentially 

new chemical pathways to novel and/or synthetically valuable targets. The following 

sections will present the findings of these studies. 
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2.2.2.1. Cyclopropanation 

With successful and optimized reaction conditions in-hand, this protocol was 

applied to a variety of C1- and aryl-substituted oxabenzonorbornadienes (Table 2-5). An 

exploration of the applicability and therefore reproducibility of the reaction was not 

required for multiple reasons. Firstly, the aim of the project was not to explore the chemistry 

of [2.2.1] bicyclic alkene cyclopropanation as this has been extensively studied since the 

early 1970s. Secondly, the cyclopropanation reaction is potentially extremely hazardous 

and great care was taken prior to and after each reaction to inspect the apparatus for sources 

of risk (i.e. scratched glassware, worn joints and tubing, etc.). For these reasons, the number 

of overall trials was limited to maintain the longevity of the delicate apparatus. Thirdly, the 

goal of the project was to investigate potentially novel chemical pathways and applications 

through ring-opening reactions of the various cyclopropanes; with substrate in-hand, the 

need for additional trials became redundant. However as a general observation, good to 

excellent conversion from C1- and aryl substituted OBDs 1 to the desired products was a 

common finding throughout the preparation of C1 and aryl-substituted cyclopropanes 24 

(Scheme 2-43; Table 2-5). Furthermore, as was expected with such simple substitution on 

the substrate, complete stereoselectivity for the exo diastereomer was observed by 1H and 

13C NMR. For completeness it should be noted that the pyrazoline analogue of each 

respective product was observed by TLC for almost every entry in Table 2-5. Efforts to 

efficiently isolate the pyrazoline analogue proved difficult as the product formed in less 

than 5% in all cases, and not at all in others. Recall the formation of these compounds in 

uncatalyzed diazomethane reactions as the major products (cf. Section 2.1.4.). Owing to the 

nature of the project (vide supra) and understanding experimental error bounds, this side 
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product was not pursued unless otherwise stated. A deviation from the almost quantitative 

isolated yields was observed for the C1-t-Bu cyclopropane (Table 2-5, entry 6). This 

decrease in yield could be attributed to steric hindrance of the bulky 3° substituent, however 

this is in part accounted for since the isolated yield was based on a starting material recovery 

of 6%. In fact, the NMR yield for this reaction was only 77% based on consumed starting 

material (BCSM). To complicate matters further, the corresponding pyrazoline was also 

isolated in an effort to account for the disparity between product yield and recovered 

starting material. To our chagrin, the isolated yield of this side product was less than 3% 

BRSM. Indeed, looking at both crude TLC and 1H and 13C NMR analysis, no other major 

product could be identified and therefore could not be isolated. The disparity remained and 

could be a point of interest in later studies. Similar results for the C1/C4-dimethyl, C1-

CH2OH and aryl-tetrafluoro substituted products were observed (Table 2-5, entries 8, 11, 

14, respectively). Solubility issues affecting both the phenanthrene-substituted bicyclic 

alkene substrate and product cyclopropane complicated both the reaction and purification 

of this experiment, leading to decreased isolated yields (Table 2-5, entry 12). 

 

Scheme 2-43: General reaction for the preparation of products in Table 2-5. 
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Table 2-5: CH2N2 cyclopropanations of C1- and aryl-substituted 1. 

Entry Product 
 Yield 
  (%)a Entry Product 

 Yield 
   (%)a 

1 

 

90 10 

 

96 

2b 

 

93 11 

 

71d 

3 

 

96 12 

 

64 

4b 

 

85 13 

 

85 

5 

 

85d 14 

 

76 

6 

 

68d 15 

 

90 

7 

 

87 16 

 

95 

8 

 

77d 17 

 

94 

9c 

 

96 

18 
Linear:a 
Bent:b 

 

+ 

 

62e 

a Isolated yields after column chromatography.b Reactions performed with Emily Carlson and with 
cAmanda Sproule. d Isolated yield based on reacted starting material (SM), unreacted SM was 
recovered during purification. e Mixture of regioisomers determined by 1H NMR; 1.4:1 (linear 18a : 
angular 18b). 
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Degradation over many purification attempts, including preparative HPLC, resulted in the 

reduced yield observed for the as yet unseparated aryl-dimethyl regioisomeric 

cyclopropanes (Table 2-5, entry 18). 

 Throughout all of these reactions, colour changes almost always took the form of 

near colourless-light yellow to dark grey/black. This observation may denote the formation 

of Pd nanoparticles, which may act as a surface for the reaction to proceed. This may also 

support the mechanism for reduction of Pd prior to entering the catalytic cycle (cf. Scheme 

2-26), however it is not an assurance of this hypothesis.  

 

2.2.2.2. Nucleophilic Ring-Openings 

 Many attempts were undertaken to repeat the previous results observed in our lab 

(cf. Section 2.2.1.2.), unfortunately to only partial avail (Table 2-6). Reactions involving 

the sole use of organolithiums and Grignards repeatedly failed to achieve as they had in the 

past. Great care was taken in following the procedures outlined from these studies followed 

by variations to nucleophile, equivalency and temperature. After this route was exhausted, 

the accession of chemical additives was explored. It is known that CeCl3 increases the 

nucleophilicity of Grignard reagents as opposed to basicity.65 This additive is employed 

stoichiometrically to yield the corresponding organoceriums, RMgX∙CeCl3. This reagent 

has also been cited for use with organolithiums to yield RCeCl2, however the stability of 

these species is much lower than that of the former.66 Classically, this methodology is 

applied to carbonyl compounds otherwise not amenable to nucleophilic attack (as opposed 

to deprotonation), however it has also been shown to react fluently in other applications at 

temperatures between -78 to -65 °C.67 Unfortunately no reaction was observed both at room 
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temperature and reflux for up to seven days. Good to excellent starting material recovery 

became the norm after many attempts at the reaction. The use of organolithium reagents 

did provide product, however even after many attempts and condition variations, the yield 

could never be increased beyond ~20%. Not surprisingly, with increased reaction times and 

temperatures, product yields and unreacted starting material recovery suffered. The second 

additive employed was MgBr2 in 20 mol% (Table 2-6, entries 5, 6, and 14), again to no 

avail. It was hypothesized that perhaps prior electrophilic coordination of Mg2+ to the 

oxygen bridge of 24 may facilitate nucleophilic attack by a Grignard nucleophile. From the 

Schlenk equilibria, it can be shown that appreciable amounts of MgBr2 may be present in 

the Grignard solutions and/or reaction mixtures (Equations 1 & 2).67 Factors influencing 

this equilibrium include magnesium substitution (organic group and halide), concentration, 

temperature, and solvent. Reactions carried out in ethereal solvents have been shown to 

form dimers and other oligomers. The reactive species may therefore take the form of 

RMgXL2, where X is a halide and L represents a solvent ligand. By providing additional 

MgBr2 to the reaction, our group hoped this might yield positive results. Alas, no 

meaningful change was observed with its addition to both Grignard and organolithium 

reactions.  
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Table 2-6: Nucleophilic ring-openings of 24 using organolithiums and Grignard reagents. 

 

Entry 
Organometallic 
(Equivalency 
to Substrate) 

Temp. 
(°C) 

Time 
(days) 

Additive 
(mol%) 

Yield (%) 
Recovered 

SM (%) 

1 EtMgBr (2.5) rt/Δ 3 - NR 88 

2 EtMgBr (4) rt/Δ 3 - NR 90 

3 EtMgBr (8) rt/Δ 3 - NR 87 

4 EtMgBr (8) rt 7 - NR 76 

5 EtMgBr (4) rt/Δ 3 MgBr2 (20) NR 89 

6 EtMgBr (8) rt/Δ 3 MgBr2 (20) NR 90 

7 EtMgCl (1.3) rt/Δ 3 CeCl3 NR 77 

8 EtMgCl (4) rt/Δ 3 CeCl3 NR 85 

9 EtMgCl (8) rt/Δ 3 CeCl3 NR 88 

10 MeLi (2.5) rt/Δ 3 - 20 73 

11 MeLi (4) rt/Δ 3 - 21 71 

12 MeLi (8) rt/Δ 3 - 21 71 

13 MeLi (8) rt/Δ 7 - 19 68 

14 EtLi (8) rt/Δ 3 MgBr2 (20) 20 72 

15 n-BuLi (2.5) rt/Δ 3 - 20 74 

16 n-BuLi (4) rt/Δ 3 - 21 74 

17 n-BuLi (8) rt/Δ 3 - 19 73 

18 n-BuLi (8) rt/Δ 7 - 18 65 

 

Unfortunately, after many attempts to reproduce the early results observed in our lab using 

organolithiums and Grignard reagents, our attention turned away from this approach and 

towards the use of organolithium-derived cyanocuprates as nucleophiles. Near quantitative 

conversion was observed previously in our lab but unfortunately these results could not be 

entirely reproduced. However, good progress has been made using various organocuprates 
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on the parent substrate 24 to glean the tri-substituted dihydronaphthalene-1-ols 140 (Table 

2-7). Once conditions were optimized, a higher order n-Bu cyanocuprate was used to 

successfully ring-open some of the C1- (Table 2-8) and aryl- (Table 2-9)-substituted 

cyclopropanated OBDs 24, which provided the highly substituted dihydronaphthalene-1-

ols 141 and 142 (Table 2-8 and 2-9, respectively). Recent optimization studies led by Emily 

Carlson in our research group found that THF as solvent and CuCN as Cu source provided 

the highest yields; this data will be the subject of subsequent reports. Interestingly, when 

the C1 substituent was Br, this group was not incorporated into the product, which instead 

took the form of 140 with R = n-Bu (which is equivalent to 141 with R = H). Although 

metal-halide exchange rarely occurs on a sp3 carbon, the highly strained cyclic nature of 

the cyclopropanated [2.2.1] bicyclic may have made it more amenable to this end. Research 

into this and other possible mechanistic implications is underway. 

From Table 2-7, some general trends were observed by our group in exploring the 

effect of various nucleophiles upon reaction with the parent cyclopropane 24. A general 

trend of increasing reactivity was observed with decreasing substitution of the organic 

portion of the nucleophile (i.e. 1° > 2° > 3°). From Table 2-7, Entries 1-3 (all 1° groups) 

provided higher yields than those observed for entry 5 (2° group) which was in turn better 

than entry 6 (3° group). Increasing carbon chain length of this organic portion from one 

carbon (entry 1) to two carbons (entry 2) caused a decrease in reactivity, however electronic 

effects overcame this steric hindrance when the chain length was increased to four (entry 

3). Steric effects once again caused a decrease in reactivity, as evidenced by the significant 

drop in yield when the chain length was increased to six carbons (entry 4). The bulky phenyl 

nucleophile provided a modest yield of 23% (entry 7). 
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Table 2-7: Nucleophilic ring-openings of 24 using higher order cyanocuprates. 

 

Entry Nucleophile “R” Yield (%) 

1a Me 64 
2a Et 50 
3a n-Bu 95 
4b n-hexyl 40 
5b i-Pr 45 
6b t-Bu 12 
7b Ph 23 

a Reactions performed by Emily Carlson and Mary McKee. 
b Reactions performed by Emily Carlson. 
 

 Looking at Table 2-8, some progress has been made in exploring the effect of C1-

substitution of the cyclopropane substrate 24. A significant increase in reactivity was 

observed when the bridgehead substituent carbon chain length increased from one (Table 

2-8, entry 1) to two (entry 2). However, the yield decreased slightly when this chain length 

was increased to four units (entry 3). A 2° C1-substituent is currently under investigation 

by our group but the 3° t-Bu group (entry 4) gave comparable results to the Me-substituted 

substrate. Excellent conversion of the C1-Br cyclopropane was observed in these studies 

however, for reasons not yet understood, the product lost this functional group and took the 

form of the tri-substituted dihydronaphthalene-1-ols observed in the nucleophile studies 

(entry 5). This reactivity pattern may have significant value in elucidating the possible 

mechanisms of these reactions. 
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Table 2-8: Nucleophilic ring-openings of C1-substituted 24 using higher order cyanocuprate n-

Bu2CuCNLi2. 

 

Entry Substrate “R” Yield (%) 

1a Me 59 
2b Et 81 
3a nBu 76 
4b tBu 61 

  5b,c Br 93 
a Reactions performed by Emily Carlson and Mary McKee 
b Reactions performed by Emily Carlson 
c Product R group = H 
 

 So far, aryl-substitution on the substrate 24 has been less amenable to ring-opening 

using the optimized conditions to produce products of the type 142 (Table 2-9). A large 

decrease in reactivity was observed upon changing the symmetrical para substitution from 

methyl groups (entry 1) to methoxy groups (entry 2). This may also have significant value 

in elucidating the reaction mechanisms that govern these reactions. 

Table 2-9: Nucleophilic ring-openings of aryl-substituted 24 using higher order cyanocuprate n-

Bu2CuCNLi2. 

 

Entry Substrate “R” Yield (%) 

1 Me 64 
2 OMe 24 

Reactions performed by Emily Carlson. 
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 In all of the preceding ring-opening examples, a constant challenge faced by our 

group was suppressing aromatization to the corresponding naphthalene derivatives 143 

(Scheme 2-44). Expediting work-up and purification procedures was shown to aid in this 

endeavour to a certain degree. However, the greatest aid came from storing products under 

inert atmosphere at -5°C or colder. 

 

Scheme 2-44: Aromatization to 143 of desired product 140 after nucleophilic ring-opening from 24. 

 

As alluded to in Section 2.2.1.1., preliminary deuterium-labelling studies allowed 

our group to assign the relative stereochemistry of the ring-opened products.50 The 

mechanistic clues gleaned from this experiment unfortunately disagreed with those of a 

study that used MeI to quench the reaction; therefore two mechanisms were proposed for 

cyanocuprate-mediated ring-openings of cyclopropanated OBDs 24. The main differences 

between the two proposed mechanisms (Scheme 2-45) are as follows: Following 

nucleophilic attack of 24, intramolecular proton abstraction by the alkoxide 144a in 

proposed mechanism (A). In proposed mechanism (B), intermolecular abstraction at 144b 

by the organometallic reagent is instead implicated. Secondly, a bis-metallated intermediate 

145 is proposed in (B), whereas only the singly-coordinated species 146 participates in the 

following deprotonation in (A). Finally, this deprotonation at 146 to give 147a in (A) occurs 

intramolecularly whereas in (B) this is performed by the solvent at 145 to give 147b. 



 107 

 

 

Scheme 2-45: Proposed mechanism of nucleophilic ring-openings of 24 using organometallic 

reagents.50 

Work is currently being performed by our group to better understand the possible 

chemical pathways involved in these transformations. The results obtained for the C1-Br 

substrate as well as others not yet reported by our group suggest that a mechanism unlike 

either of those shown here may be at work. These studies will be a topic of later reports by 

our group.  
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It should also be noted for completeness that two other types of ring-openings of 24 

were proposed by our group in preliminary studies, only one of which has been observed.50 

Using Lewis and Brønsted acids as catalysts (or potentially precatalysts) in polar protic 

solvents, our group observed the conversion of 24 to 2-alkyl naphthalenes 147 in excellent 

yields. The mechanism for this reaction was also proposed in preliminary studies (Scheme 

2-46). Electrophilic coordination at 24 causes the C-O bond to break at 148, forming the 

carbocation 149. Subsequent nucleophilic attack by the solvent at the cyclopropyl group 

cleaves this moiety to yield intermediate 150. Dehydration of this intermediate leads to the 

observed naphthalene derivative 147. This work was previously published in several other 

theses and thesis proposals and will therefore not be discussed further here. 

 

Scheme 2-46: Proposed mechanism of electrophilic ring-openings of 24.50 

The final type of ring-opening proposed by our group has not yet been observed, 

however our group continues to explore this chemistry. This type of opening was proposed 

to theoretically provide seven-membered cyclic alkenols via corner attack of a methine 

cyclopropyl carbon in 24. This work may be the subject of future work in our group after 

the first two observed ring-opening mechanisms are understood. Again, this topic has been 

discussed in the past and need not be examined further here. 
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2.3. Conclusions and Future Work 

 Good progress has been made in the cyanocuprate-medated nucleophilic ring-

opening reactions of C1- and aryl-substituted cyclopropanated oxabenzonorbornadienes. 

Several substrates were synthesized to provide starting materials for the project (17 good 

examples and one regioisomeric mixture). Moderate to excellent yields (64- were obtained 

using various organolithium-derived cyanocuprate nucleophiles to ring-open cyclopropane 

24. Optimized conditions were prescribed using the higher order cuprate n-Bu2CuCNLi2 in 

THF, and cyclopropane-to-cuprate addition at -78°C. C1- and aryl-substituted 

cyclopropanes were subjected to these conditions and gave good to excellent yields (12-

95%) of the expected ring-opening products. Some unexpected products formed in the case 

of several substrates. At this time, these substrates inlcude: C1-i-Pr, C1-Ac, C1-COOMe, 

and C1/C4-dimethyl. In addition, when Br was the C1 substituent, the optimized reaction 

conditions gave the unexpected dihydronaphthalenol product observed for the nucleophile 

trials. Current work in our group is also focusing on expanding the scope of the ring-

openings to other substrates, including those also described in this report. These studies 

will be the topic of future reports from our research group. 

  An interesting idea for future work may be incorporating Ph substituents at the C1 

position of OBD prior to cyclopropanation. It has been shown in other bicyclic systems that 

the o-hydrogens of this group sterically hinder the transition state of the exo conformer such 

that the endo cyclopropane is obtained instead. Novel reactivity patterns and/or products 

may be gleaned from this approach upon ring-opening. The pyrazoline side product was 

not observed to form in appreciable amounts during the cyclopropanation reactions 

described in this report, but it may be interesting to encourage its formation by opting to 
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not use the Pd catalyst. It is possible that ring-opening (or other transformation) of these 

substituted species may provide some interesting chemical pathways, perhaps towards 

significant applications and/or novel compounds. 

Knochel and colleagues described a relative increase in efficacy of nucleophilic 

attack to carbonyl compounds when organolithiums were first treated with CeCl3∙2LiCl 

compared to CeCl3 alone.68  It may also be of use to test the efficacy of organoceriums 

prepared with LiCl for ring-opening cyclopropanes in future studies of this chemistry.  

 

2.4 Experimental 

2.4.1. General Information 

All reactions were carried out under an atmosphere of dry nitrogen or argon unless 

otherwise specified. All glassware was oven dried overnight and/or flame dried under 

vacuum and purged with nitrogen or argon three times.  Flash column chromatography was 

performed on 230-400 mesh silica gel purchased from Silicycle. Analytical thin-layer 

chromatography (TLC) was performed on pre-coated silica gel 250 μm 60 F254 aluminum 

plates, also purchased from Silicycle. TLC visualization was accomplished with UV light 

and p-anisaldehyde or KMnO4 stains.  

Fourier Transformed Infrared spectra (FTIR) were obtained on a Nicolet 380-FTIR 

spectrophotometer and are reported in wave numbers (cm-1). Infrared spectra were obtained 

as a thin film on a NaCl disk. 1H and 13C spectra are reported in parts per million (ppm) 

from tetramethylsilane with it or the solvent as internal standard (CDCl3: δ 7.24 ppm (1H) 

or δ 77.23 ppm (13C)). High resolution mass spectrometry (HRMS) was performed at the 

Queen’s Mass Spectrometry and Proteomics Unit, Kingston, Ontario. The samples were 
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ionized by electron impact (EI) or electrospray ionization (ESI) as specified and detection 

of the ions was performed by time of flight (TOF).  

 1H, 13C, and 2-D NMR spectra were recorded on Bruker 400 or 600 MHz 

spectrometer and analyzed by TopSpin® software. Chemical shifts for 1H, 13C, and 2-D 

NMR spectra are reported in parts per million (ppm) from tetramethylsilane (TMS) with it 

or solvent as internal standard (CDCl3: δ 7.24 ppm (1H) or δ 77.0 ppm (13C)). 

Reagents: Unless otherwise stated, commercial reagents and catalysts were used 

without further purification. Solvents were purified over activated alumina and dried over 

molecular sieves with a LC Technology Solutions Limited solvent purification system 

(THF, Et2O, CH2Cl2) and stored under inert atmosphere. Oxabenzonorbornadienes were 

prepared according to literature procedures.5, 69 All Grignard reagents and organolithiums 

(commercially available) were titrated according to literature procedure before use.70  

 

2.4.2. General Procedure (A) for Cyclopropanations of C1- and Aryl-substituted 

Oxabenzonorbornadienes with Diazald: HAZARD ALERT! Diazomethane can be fatal 

by inhalation and capable of detonation if appreciably concentrated. Ensure an optimally-

performing fume-hood (CHECK PERFORMANCE OFTEN) is available solely for this 

reaction’s apparatus and that the sash is closed as much as possible while still maintaining 

proper airflow. PREVENT DETONATION by inspecting ALL glassware for wear or 

scratches prior to assembly. To AVOID SHARP EDGES, all glassware was fire-polished 

during fabrication. NO GROUND GLASS JOINTS ARE PERMITTED. Keep apparatus 

away from direct sunlight as much as possible. Please consult the Sigma-Aldrich Diazald® 

technical bulletin referenced herein before attempting this reaction.49  
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See Figure 2-6: Flask [B] (not dried), equipped with an extra-large oval stir bar, was 

charged with Diazald (2.6 equivalents to alkene) and 95% ethanol (50 mL). Flask [B] was 

then fitted with the stopper [G] containing the nitrogen inlet [F], tube [H], and addition 

funnel [A] assembly. Funnel [A] (not dried) was then filled with 50% (25M) aqueous 

sodium hydroxide (143 equivalents to alkene) ensuring that stopper [D] was tightly shut. 

Funnel [A] was fitted with septum [E] and the apparatus was securely clamped in place at 

both funnel [A] and flask [B] and a slow stream of nitrogen was passed through the system 

such that ~3 bps were observed from tube [Ha]. Flask [B] was lowered into a room 

temperature water bath and purging was maintained until no nitrogen back flow was 

observed. The nitrogen flow was ceased and tube [Hb] was connected. Reactor [C], 

equipped with a small stir bar was charged with alkene (1 equivalent) and Pd(OAc)2 (1 

mol% of alkene) and fitted with a septum [E] which was wired securely in place. Reactor 

[C] was then securely fitted to the end of tube [Hb] and nitrogen flow was resumed. Diethyl 

ether (60 mL) was added into the reaction vessel [C] followed by fitting with an ice bath 

(Note: during the reaction, ether was periodically added through the septum to account for 

evaporation). Nitrogen flow was varied at the regulator to maintain a flow of 3-5 bps. To 

the outlet of reactor [C] was connected in series with Tygon tubing [I], an empty bubbler 

[J] to serve as a suck-back trap and a glass inlet tube [K] inserted into filter flask [L]. 

Bubbler [L] was filled prior to setup with glacial acetic acid and water (1:1). The outlet of 

bubbler [L] was connected to a piece of Tygon tubing directed to the back of the fumehood. 

50% sodium hydroxide solution was then added from funnel [A] into flask [B] at a rate of 

~1 mL/min. maintaining efficient stirring and bubbling. The Diazald was observed to 

dissolve and the light yellow CH2N2(g) was observed. Once the yellow colour of 
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diazomethane in the gas phase was mostly dissipated, sodium hydroxide was added at a 

rate of ~3 mL/min. Upon complete dissipation of any yellow colour (12-24 hours depending 

on scale), the reaction was completed and a large gauge needle was added to septa [E]. Inert 

gas flow was increased and the apparatus was left alone to vent any trace CH2N2 for ~1-2 

hours. Reactor [C] was removed and the contents of the flask poured over Celite to remove 

Pd and residual organics. Small portions of ether were used to rinse the reactor vessel and 

these were also filtered through the Celite. The filter cake was washed with several portions 

of ether. The ether solution was then concentrated and the resultant oil was purified by 

column chromatography (hexanes/ethyl acetate mixture). Waste from flasks [B] and [L] 

were emptied into separate waste containers and all glassware and tubing were thoroughly 

rinsed with a solution of detergent and acetic acid (~5%). 

 

Figure 2-6: Cyclopropanation employing diazomethane experimental apparatus. A: Custom-
made dropping funnel (150 mL). B: 500 mL round bottom flask with side arm and wide neck 
equipped with extra large stir bar. C: Reactor vessel (50 mL) with small hole at end of inlet tube 
for bubbles. D: Stopcock. E: Tightly fitting 24/40 ST rubber septum wired in place. F: Glass 
nitrogen inlet (9mm OD). G: #12 Rubber stopper with two 9mm bored holes. H: High density 
polyethylene tubing (7mm ID) with any cut surface in contact diazomethane smoothed with a heat 
gun. I: Tygon® tubing. J: Empty bubbler as suck-back trap for AcOH bubbler. K: Glass inlet tube. 
L: Filter flask with AcOH:H2O (1:1) (CH2N2 trap and bubbler).  M: room temperature water bath. N: 
0°C ice-water bath. 
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2.4.2.1. Palladium-catalyzed Cyclopropanations of C1- and Aryl-substituted 

Oxabenzonorbornadienes 

(Table 2-5 entry 1).  Clear oil. Yield = 90% (2.005 g, 12.7 mmol);  Rf = 

0.52 (EtOAc:hexanes = 1:4); IR (NaCl, cm-1): 3049, 2999, 1457, 1054, 

955, 834, 755, 644 cm-1; 1H NMR (CDCl3, 400 MHz):  7.24 (m, 2H), 7.09 (m, 2H), 5.05 

(s, 2H), 1.50 (td, J = 5.2, 3.6 Hz, 1H), 1.20 (dd, J = 6.7, 3.6 Hz, 2H), 0.86 (td, J = 6.7, 5.2, 

1H);  13C NMR (JMOD, CDCl3, 100 MHz):  147.8, 125.8, 119.1, 77.8, 19.9, 14.1. HRMS 

(EI) calcd. for C11H10O (M+): 158.0732; found: 158.0725. 

 

(Table 2-5 entry 2).  White solid. Yield = 93% (247 mg, 1.4 mmol);  Rf 

= 0.67 (EtOAc:hexanes = 1:4); m.p. = 59-60°C; IR (NaCl, cm-1): 3046, 

2976, 1455, 1384, 966, 754, 653 cm-1; 1H NMR (CDCl3, 400 MHz):  7.23 (m, 1H), 7.17 

(m, 1H), 7.11 (m, 2H), 4.99 (s, 1H), 1.74 (s, 3H), 1.54 (m, 1H), 1.28 (ddd, J = 6.6, 6.6, 3.4 

Hz, 1H), 1.11 (dddd,  J = 6.6, 6.6, 3.4, 0.5 Hz, 1H), 0.84 (m, 1H);  13C NMR (JMOD, 

CDCl3, 100 MHz):  150.3, 148.4, 125.8, 125.6, 119.0, 117.8, 84.23, 77.3, 23.7, 22.8, 15.2, 

13.9. HRMS (ESI) calcd. for C12H12O (M+ H)+: 173.0961; found: 173.0959. 

 

(Table 2-5 entry 3).  White solid. Yield = 96% (412 mg, 2.2 mmol);  Rf 

= 0.57 (EtOAc:hexanes = 1:4); m.p. = 44-46°C; IR (NaCl, cm-1): 3047, 

2973, 2924, 1456, 1052, 966, 915, 754 cm-1; 1H NMR (CDCl3, 400 

MHz):  7.24 (m, 1H), 7.18 (m, 1H), 7.12 (m, 2H), 5.01 (s, 1H), 2.19 (m, 2H), 1.54 (m, 

1H), 1.25 (ddd, J = 6.6, 6.6, 3.5, 1H), 1.13 (td, J = 7.5, 0.5, 3H), 1.07 (ddd, J = 6.6, 6.6, 3.5, 

1H), 0.86 (ddd, J = 6.5, 5.3, 5.3, 1H); 13C NMR (JMOD, CDCl3, 100 MHz):  149.3, 148.8, 
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125.7, 125.6, 119.1, 118.2, 87.7, 77.3, 31.5, 23.0, 22.2, 14.3, 8.9. HRMS (ESI) calcd. for 

C13H14O (M + H)+: 187.1117; found: 187.1118. 

 

(Table 2-5 entry 4).  White solid. Yield = 85% (1.460 g, 6.8 mmol);  Rf 

= 0.62 (EtOAc:hexanes = 1:4); m.p. = 49-50°C; IR (NaCl, cm-1): 3047, 

2973, 1456, 1103, 966, 915, 754 cm-1; 1H NMR (CDCl3, 400 MHz):  

7.25 (m, 1H), 7.19 (m, 1H), 7.11 (m, 2H), 5.01 (s, 1H), 2.16 (m, 2H), 1.55 (m, 3H), 1.43 

(m, 2H), 1.26 (ddd, J = 6.7, 6.7, 3.5 Hz, 1H), 1.08 (ddd, J = 6.7, 6.7, 3.5 Hz, 1H), 0.95 (t, J 

= 7.3 Hz, 3H), 0.87 (ddd, J = 6.7, 6.7, 5.1 Hz, 1H);  13C NMR (JMOD, CDCl3, 100 MHz): 

 149.6, 148.7, 125.7, 125.6, 119.1, 118.3, 87.3, 77.3, 29.9, 26.7, 23.3, 22.5, 22.3, 14.4, 

14.1. HRMS (EI) calcd. for C15H18O (M+): 214.1358; found: 214.1366. 

 

(Table 2-5 entry 5).  Yellow oil. Yield = 85% (170 mg, 0.8 mmol);  Rf 

= 0.60 (EtOAc:hexanes = 1:4); IR (NaCl, cm-1): 3047, 2968, 1457, 1384, 

968, 907, 754 cm-1; 1H NMR (CDCl3, 400 MHz):  7.24 (m, 2H), 7.11 

(m, 2H), 5.02 (s, 1H), 2.51 (sept, J = 7.0 Hz, 1H), 1.54 (ddd, J = 5.0, 3.5, 3.5 Hz, 1H), 1.24 

(ddd, J = 6.7, 6.7, 3.5 Hz, 1H), 1.23 (d, J = 7.0 Hz, 3H), 1.15 (d, J = 7.0 Hz, 3H), 1.10 (ddd, 

J = 6.7, 6.7, 3.5 Hz, 1H), 0.91 (ddd, J = 6.7, 6.7, 5.0 Hz, 1H);  13C NMR (JMOD, CDCl3, 

100 MHz):  149.1, 148.3, 125.6, 125.5, 119.1, 119.0, 90.7, 77.3, 29.0, 22.5, 21.5, 18.5, 

18.0, 15.1. HRMS (EI) calcd. for C14H16O (M+): 200.1201; found: 200.1209. 

 

(Table 2-5 entry 6).  White solid. Yield = 68% (313 mg, 1.5 mmol);  Rf 

= 0.59 (EtOAc:hexanes = 1:4); m.p. = 44-46°C; IR (NaCl, cm-1): 3047, 
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2976, 1459, 1364, 1067, 923, 752 cm-1; 1H NMR (CDCl3, 400 MHz):  7.43 (m, 1H), 7.26 

(m, 1H), 7.10 (m, 2H), 5.01 (s, 1H), 1.56 (ddd, J = 5.2, 3.6, 3.6 Hz, 1H), 1.26 (s, 9H), 1.24 

(ddd,  J = 6.8, 6.8, 3.6 Hz, 1H), 1.16 (ddd, J = 6.8, 6.8, 3.6 Hz, 1H), 0.96 (ddd, J = 6.8, 6.8, 

5.2 Hz, 1H);  13C NMR (JMOD, CDCl3, 100 MHz):  149.7, 148.4, 125.4, 125.3, 120.8, 

119.1, 93.4, 77.3, 34.0, 26.7, 22.9, 20.0, 16.5. HRMS (ESI) calcd. for C15H18O (M + H)+: 

215.1430; found: 215.1426. 

 

(Table 2-5 entry 7).  White solid. Yield = 96% (438 mg, 2.0 mmol);  Rf 

= 0.37 (EtOAc:hexanes = 1:4); m.p. = 97-100°C; IR (NaCl, cm-1): 3005, 

2954, 1760, 1438, 1311, 1199, 1106, 1069, 752  cm-1; 1H NMR (CDCl3, 

400 MHz):  7.49 (m, 1H), 7.30 (m, 1H), 7.18 (m, 2H), 5.19 (s, 1H), 3.95 (s, 3H), 1.73 

(ddd, J = 5.8, 3.5, 3.5 Hz, 1H), 1.65 (ddd, J = 6.7, 6.7, 3.5 Hz, 1H), 1.38 (ddd, J = 6.7, 6.7, 

3.5 Hz, 1H), 0.97 (ddd, J = 6.7, 6.7, 5.8 Hz, 1H);  13C NMR (JMOD, CDCl3, 100 MHz):  

169.4, 146.9, 145.5, 126.7, 126.2, 119.4, 119.3, 85.3, 78.0, 52.5, 23.9, 21.8, 14.5. HRMS 

(EI) calcd. for C13H12O3 (M
+): 216.0786; found: 216.0778. 

 

(Table 2-5 entry 8).  Red solid. Yield = 87% (279 mg, 1.2 mmol);  Rf = 

0.60 (EtOAc:hexanes = 1:4); m.p. = 61-63°C; IR (NaCl, cm-1): 3004, 

2923, 1192, 1051, 950, 928, 755, 653 cm-1; 1H NMR (CDCl3, 400 MHz):  7.35 (m, 1H), 

7.21 (m, 3H), 5.07 (s, 1H), 1.80 (ddd, J = 5.8, 3.6, 3.6 Hz, 1H), 1.69 (ddd, J = 6.7, 6.7, 3.6 

Hz, 1H), 1.50 (ddd, J = 6.7, 6.7, 3.6 Hz, 1H), 1.08 (ddd, J = 6.7, 6.7, 5.8 Hz, 1H);  13C NMR 

(JMOD, CDCl3, 100 MHz):  148.4, 146.6, 127.1, 126.8, 119.7, 119.1, 92.3, 78.2, 27.7, 

25.9, 15.6. HRMS (EI) calcd. for C11H9O
79Br (M+): 235.9837; found: 235.9831. 
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(Table 2-5 entry 9).  White solid. Yield = 96% (973 mg, 4.9 mmol);  Rf 

= 0.29 (EtOAc:hexanes = 1:4); m.p. = 39-40°C; IR (NaCl, cm-1): 3001, 

2923, 1678, 1362, 1057, 917, 755 cm-1; 1H NMR (CDCl3, 400 MHz):  

7.47 (m, 1H), 7.30 (m, 1H), 7.15 (m, 2H), 5.17 (s, 1H), 2.34 (s, 3H), 1.64 (ddd, J = 5.5, 3.5, 

3.5 Hz, 1H), 1.57 (ddd, J = 6.6, 6.6, 3.5 Hz, 1H), 1.37 (ddd, J = 6.6, 6.6, 3.5 Hz, 1H), 0.97 

(ddd, J = 6.6, 6.6, 5.5 Hz, 1H);  13C NMR (JMOD, CDCl3, 100 MHz):  206.8, 147.1, 

145.5, 126.5, 126.2, 119.4, 119.3, 90.1, 77.9, 27.6, 23.5, 21.6, 14.5. HRMS (EI) calcd. for 

C13H12O2 (M
+): 200.0837; found: 200.0845. 

 

(Table 2-5 entry 10).  White solid. Yield = 71% (BRSM) (1.391 g, 7.5 

mmol);  Rf = 0.65 (EtOAc:hexanes = 1:4); m.p. = 38-40°C; IR (NaCl, 

cm-1): 3047, 1450, 1381, 1280, 1146, 862, 753 cm-1; 1H NMR (CDCl3, 400 MHz):  7.18 

(m, 2H), 7.14 (m, 2H), 1.73 (s, 6H), 1.58 (dt, J = 5.0, 3.4 Hz, 1H), 1.22 (dd, J = 6.6, 3.4 

Hz, 2H), 0.81 (td, J = 6.6, 5.0, 1H);  13C NMR (JMOD, CDCl3, 100 MHz):  151.0, 125.7, 

117.7, 83.5, 26.6, 15.5, 13.8. HRMS (ESI) calcd. for C13H14O (M + H)+: 187.1117; found: 

187.1116. 

 

(Table 2-5 entry 11).  White solid. Yield = 77% (BRSM) (90 mg, 0.5 

mmol);  Rf = 0.16 (EtOAc:hexanes = 1:4); m.p. = 115-118°C; IR (NaCl, 

cm-1): 3492 (OH), 3005, 2929, 1050, 922, 767, 640 cm-1; 1H NMR 

(CDCl3, 400 MHz):  7.28 (m, 2H), 7.16 (m, 2H), 5.10 (s, 1H), 4.36 (dd, J = 12.5, 7.2 Hz, 

1H), 4.25 (dd, J = 12.5, 5.0 Hz, 1H), 1.86 (dd, J = 7.2, 5.0 Hz, 1H), 1.60 (ddd, J = 5.4, 3.6, 
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3.6 Hz, 1H), 1.35 (ddd, J = 6.7, 6.7, 3.6 Hz, 1H), 1.16 (ddd, J = 6.7, 6.7, 3.6 Hz, 1H), 0.93 

(ddd, J = 6.7, 6.7, 5.4 Hz, 1H);  13C NMR (JMOD, CDCl3, 100 MHz):  148.5, 146.8, 

126.1, 126.0, 119.4, 118.7, 88.1, 77.7, 61.3, 22.0, 20.7, 14.3. HRMS (EI) calcd. for 

C12H12O2 (M
+): 188.0837; found: 188.0844. 

 

(Table 2-5 entry 12).  White solid. Yield = 85% (1.803 g, 5.7 

mmol);  Rf = 0.51 (EtOAc:hexanes = 1:4); m.p. = 61-64°C; IR 

(NaCl, cm-1): 3051, 3001, 1566, 1435, 1318, 1055, 957, 856, 741, 656 cm-1; 1H NMR 

(CDCl3, 400 MHz):  7.50 (s, 2H), 5.02 (s, 2H), 1.48 (dt, J = 5.4, 3.6 Hz, 1H), 1.22 (dd, 

2H, J = 6.8, 3.6 Hz), 0.90 (dt, 1H, J = 6.8, 5.4);  13C NMR (JMOD, CDCl3, 100 MHz):  

148.9, 124.6, 121.5, 77.5, 19.7, 13.9. HRMS (EI) calcd. for C11H8O
79Br2 (M

+): 313.8943; 

found: 313.8929. 

 

(Table 2-5 entry 13).  White solid. Yield = 76% (1.626 g, 7.5 mmol);  

Rf = 0.58 (EtOAc:hexanes = 1:4); m.p. = 68-69°C; IR (NaCl, cm-1): 

3000, 2962, 1488, 1295, 1225, 1079, 951, 855, 775, 640 cm-1; 1H 

NMR (CDCl3, 400 MHz):  6.92 (s, 2H), 5.02 (s, 2H), 3.86 (s, 6H), 1.46 (dt, J = 5.1, 3.6 

Hz, 1H), 1.19 (dd, J = 6.7, 3.6 Hz, 2H), 0.86 (td, J = 6.7, 5.1 Hz, 1H);  13C NMR (JMOD, 

CDCl3, 100 MHz):  146.9, 140.4, 78.2, 56.3, 20.4, 14.4. HRMS (EI) calcd. for C13H14O3 

(M+): 218.0943; found: 218.0951. 
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(Table 2-5 entry 14).  White solid. Yield = 95% (824 mg, 3.6 

mmol);  Rf = 0.14 (EtOAc:hexanes = 1:4); m.p. = 72-74°C; IR 

(NaCl, cm-1): 2923, 1506, 1485, 1122, 1057, 927, 792 cm-1; 1H NMR (CDCl3, 400 MHz): 

 5.38 (t, J = 1.3 Hz, 2H), 1.46 (dt, J = 5.7, 3.6 Hz, 2H), 1.32 (dd, J = 6.8, 3.6 Hz, 2H), 0.93 

(td, J = 6.8, 5.7 Hz, 1H);  13C NMR (JMOD, CDCl3, 100 MHz):  140.5 (m, JCF = 252 Hz, 

2C), 139.1 (m, JCF = 252 Hz, 2C), 129.5 (m, 2C), 76.3, 19.3, 13.4. HRMS (EI) calcd. for 

C11H6OF4 (M
+): 230.0355; found: 230.0349. 

 

(Table 2-5 entry 15).  White solid. Yield = 90% (461 mg, 2.1 mmol);  

Rf = 0.43 (EtOAc:hexanes = 1:4); m.p. = 84-87°C; IR (NaCl, cm-1): 

3003, 2937, 1495, 1259, 1079, 1054, 806, 716 cm-1; 1H NMR (CDCl3, 

400 MHz):  6.63 (s, 2H), 5.26 (s, 2H), 3.79 (s, 6H), 1.46 (dt, J = 5.2, 3.6 Hz, 1H), 1.26 

(dd, J = 6.7, 3.6 Hz, 2H), 0.86 (td, J = 6.7, 5.2 Hz, 1H);  13C NMR (JMOD, CDCl3, 100 

MHz):  147.2, 136.9, 111.4, 77.3, 56.3, 19.7, 14.1. HRMS (EI) calcd. for C13H14O3 (M
+): 

218.0943; found: 218.0936. 

 

(Table 2-5 entry 16).  White solid. Yield = 64% (290 mg, 1.1 mmol);  

Rf = 0.47 (EtOAc:hexanes = 1:4); m.p. = 239-242°C; IR (NaCl, 

cm- 1): 3008, 2920, 1040, 901, 811, 759 cm-1; 1H NMR (CDCl3, 400 

MHz):  8.73 (m, 2H), 7.94 (m, 2H), 7.63 (m, 4H), 5.73 (s, 2H), 1.80 (dt, J = 4.3, 3.5 Hz, 

1H), 1.39 (dd, J = 6.5, 3.5, 2H), 1.03 (td, J = 6.5, 4.3, 1H);  13C NMR (JMOD, CDCl3, 100 

MHz):  143.8, 129.5, 126.7, 126.5, 125.9, 123.9, 123.5, 77.7, 21.7, 16.3. HRMS (EI) calcd. 

for C19H14O (M+): 258.1045; found: 258.1037. 
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(Table 2-5 entry 17).  White solid. Yield = 94% (590 mg, 3.2 mmol);  

Rf = 0.53 (EtOAc:hexanes = 1:4); m.p. = 65-68°C; IR (NaCl, cm-1): 

3004, 2921, 1491, 1054, 897, 805 cm-1; 1H NMR (CDCl3, 400 MHz): 

 6.83 (s, 2H), 5.14 (s, 2H), 2.31 (s, 6H), 1.50 (dt, J = 5.1, 3.5 Hz, 1H), 1.21 (dd, J = 6.8, 

3.5 Hz, 2H), 0.89 (td, J = 6.8, 5.1, 1H);  13C NMR (JMOD, CDCl3, 100 MHz):  146.0, 

127.5, 126.3, 77.3, 19.3, 18.0, 14.0. HRMS (EI) calcd. for C13H14O (M+): 186.1045; found: 

186.1051. 

 

2.4.3. General Procedures for Nucleophilic Ring Openings 

Please see Section 2.4.1. for general information. Cyclopropanated 

oxabenzonorbornadienes were prepared as described in General Procedure (A).  

Organometallic reagents were prepared by literature procedures.71  

General procedure (B) for ring opening of cyclopropanated oxabenzonorbornadiene 

24 with higher order cyanocuprates:  

CuCN (3.0 equivalents) was weighed into a flame-dried Schlenk flask with stir bar 

and gently flame-dried under vacuum. The flask was then purged with argon three times. 

Et2O was added, and the suspension (~0.1 M) was cooled to -78 ˚C. To this, an 

organolithium RLi (6.0 equivalents) was added dropwise with constant stirring to prepare 

R2CuCNLi2. Cyclopropanated OBD 24 (1.0 equivalent) was transferred to the 

organocuprate solution by cannula, with several rinses of Et2O. The resulting reaction 

mixture gradually took on an orange to reddish brown colour, which further darkened over 

time. 
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General procedure (C) for optimized ring opening of C1- and aryl-substituted 

cyclopropanated oxabenzonorbornadienes with higher order cyanocuprate 

n-Bu2CuCNLi2  

CuCN (3.0 equivalents) was weighed into a flame-dried Schlenk flask with stir bar 

and gently flame-dried under vacuum. The flask was then purged with argon three times. 

Et2O was added, and the suspension (~0.1 M) was cooled to -78 ˚C. To this, n-BuLi (6.0 

equivalents) was added dropwise with constant stirring to prepare n-Bu2CuCNLi2. A C1- 

or aryl-substituted cyclopropanated OBD [Table 2-5 entries 2-4, 6-7] (1.0 equivalent) was 

transferred to the organocuprate solution by cannula, with several rinses of Et2O. The 

resulting reaction mixture gradually took on an orange to reddish brown colour, which 

further darkened over time. 

 

2.4.3.1. Cyanocuprate-mediated nucleophilic ring-opening reactions of 

cyclopropanated oxabenzonorbornadiene with various nucleophiles (following 

general procedure (B)) 

 

(Table 2-7 entry 1): Yellow oil. Yield = 64% (21.8 mg, 0.1 mmol);  Rf = 

0.35 (1:4 EtOAc:hexanes); FTIR (neat, cm-1): 3388 (OH), 2976, 2896, 

1088, 1048, 911, 880, 735, 649; 1H NMR (CDCl3, 400 MHz): δ 7.31 (m, 

4H), 5.58 (m, 1H), 4.51 (br d, J = 4.6 Hz, 1H), 2.60 (m, 1H), 2.09 (dd, J = 1.5, 1.1 Hz, 3H), 

1.60 (s, 1H), 1.20 (d, J = 7.4 Hz, 3H);  13C NMR (100 MHz, CDCl3): δ 137.5, 134.2, 131.6, 
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129.3, 128.7, 127.8, 127.5, 123.7, 72.34, 35.38, 19.32, 14.70; HRMS (EI) calcd. for 

C12H14O (M+): 174.1045. Found: 174.1039. 

 

(Table 2-7 entry 2): Yellow oil. Yield = 50% (16.3 mg, 0.1 mmol); Rf = 

0.36 (1:4 EtOAc:hexanes); FTIR (neat, cm-1): 3439 (OH), 2970, 2933, 

1638, 1453, 1377, 907, 731, 650; 1H NMR (400 MHz, CDCl3): δ 7.32 (m, 

4H), 5.55 (m, 1H), 4.48 (dd, J = 7.4, 4.8 Hz, 1H), 2.59 (m, 1H), 2.47 (m, 2H), 1.58 (d, J = 

2.6 Hz, 1H), 1.20 (d, J = 7.4 Hz, 3H), 1.16 (t, J = 7.4 Hz, 3H);  13C NMR (100 MHz, 

CDCl3): δ 137.5, 136.9, 133.2, 128.3, 127.4, 127.3, 126.8, 123.1, 72.0, 34.9, 24.9, 14.4, 

12.9; HRMS (EI) calcd. for C13H16O (M+): 188.1201. Found: 188.1206. 

 

(Table 2-7 entry 3): Yellow oil. Yield = 95% (38.1 mg, 0.2 mmol); Rf = 

0.37 (1:4 EtOAc:hexanes); FTIR (neat, cm-1): 3449 (OH), 2961, 2932,  908, 

734, 651; 1H NMR (400 MHz, CDCl3): δ 7.33 (m, 4H), 5.56 (dd, J = 3.1, 

1.1 Hz, 1H), 4.50 (dd, J = 7.8, 4.7 Hz, 1H), 2.60 (m, 1H), 2.46 (m, 2H), 

1.61 (s, 1H), 1.54 (m, 2H), 1.42 (m, 2H), 1.20 (d, J = 7.4 Hz, 3H), 0.96 (t, J = 7.4 Hz, 3H);  

13C NMR (100 MHz, CDCl3): δ 137.80, 135.79, 133.26, 128.42, 128.08, 127.50, 127.46, 

123.42, 72.19, 35.08, 32.22, 30.79, 22.88, 14.57, 14.19; HRMS (EI) calcd. for C15H20O 

(M+): 216.1514. Found: 216.1506. 
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(Table 2-7 entry 4): Yellow oil. Yield = 40% (28.4 mg, 0.1 mmol); Rf = 

0.38 (EtOAc:hexanes 1:4); FTIR (neat, cm-1): 3425 (OH), 2957, 2928, 

2857, 1638, 1485, 1453, 1377, 1042, 937, 829, 759, 653; 1H NMR (400 

MHz, CDCl3): δ 7.32 (m, 4H), 5.56 (dd, J = 3.1, 1.0 Hz, 1H), 4.50 (dd, 

J = 7.6, 4.8 Hz, 1H), 2.60 (m, 1H), 2.44 (m, 2H), 1.86 (d, J = 4.0 Hz, 

1H), 1.73 (m, 2H), 1.27 (m, 6H), 0.91 (d, J = 7.3 Hz, 3H), 0.90 (t, J = 6.9 Hz, 3H);  13C 

NMR (100 MHz, CDCl3): δ 137.56, 135.61, 133.03, 128.18, 127.81, 127.25, 127.21, 

123.16, 71.95, 34.85, 32.30, 31.65, 29.28, 28.36, 22.59, 14.32, 14.05.; HRMS (EI) calcd. 

for C17H24O (M+): 244.1827. Found: 244.1819. 

 

(Table 2-7 entry 5): Yellow oil. Yield = 45% (10.0 mg, 0.05 mmol); Rf = 

0.37 (EtOAc:hexanes 1:4); FTIR (neat, cm-1): 3434 (OH), 2967, 1638, 

1466, 1383, 908, 733, 651; 1H NMR (400 MHz, CDCl3): δ 7.31 (m, 4H), 

5.54 (dd, J = 2.1, 1.1 Hz, 1H), 4.44 (dd, J = 7.7, 4.6 Hz, 1H), 2.98 (m, 1H), 2.58 (m, 1H), 

1.60 (d, J = 8.4 Hz, 1H), 1.19 (m, 6H), 1.13 (d, J = 7.0 Hz, 3H);  13C NMR (100 MHz, 

CDCl3): δ 141.69, 137.93, 132.90, 128.24, 127.42, 127.16, 124.59, 123.09, 71.99, 34.78, 

28.02, 22.54, 21.90, 14.53; HRMS (EI) calcd. for C14H18O (M+): 202.1358. Found: 

202.1350. 

 

(Table 2-7 entry 6): Yellow oil. Yield = 12% (5.9 mg,  0.03 mmol); Rf = 

0.37 (EtOAc:hexanes 1:4); FTIR (neat, cm-1): 3389 (OH), 2960, 2929, 

2872, 1481, 1453, 1394, 1366, 1504, 1040, 757; 1H NMR (400 MHz, 

CDCl3): δ 7.68 (br d, J = 7.6 Hz, 1H), 7.34 (dd, J = 7.3, 1.6 Hz, 1H), 7.28 (dd, J = 7.6, 1.6 

Hz, 1H), 7.20 (dt, J = 7.3, 1.1 Hz, 1H), 5.67 (dd, J = 3.2, 0.8 Hz, 1H), 4.36 (dd, J = 8.2, 
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4.3 Hz, 1H), 2.52 (m, 1H), 1.59 (d, J = 8.5 Hz, 1H), 1.34 (s, 9H), 1.19 (d, J = 7.3 Hz, 3H);  

13C NMR (100 MHz, CDCl3): δ 144.01, 139.09, 132.56, 127.71, 127.50, 126.90, 126.72, 

126.46, 72.23, 35.02, 34.91, 31.03, 14.73; HRMS (EI) calcd. for C15H20O (M+): 216.1514. 

Found: 216.1506. 

 

(Table 2-7 entry 7): White solid. Yield = 23% (21.3 mg, 0.1 mmol); Rf = 

0.34 (EtOAc:hexanes 1:4); FTIR (neat, cm-1): 3394 (OH), 2976, 2898, 

1640, 1453, 1383, 1087, 1047, 910, 880, 733, 648; 1H NMR (400 MHz, 

CDCl3): δ 7.40 (m, 1H), 7.34 (m, 5H), 7.23 (m, 3H), 7.06 (dd, J = 7.3, 1.3 

Hz, 1H), 5.78 (dd, J = 3.3, 0.7 Hz, 1H), 4.58 (dd, J = 7.0, 4.8 Hz, 1H), 2.73 (m, 1H), 1.61 

(d, J = 7.9 Hz, 1H), 1.27 (d, J = 7.3 Hz, 3H);  13C NMR (100 MHz, CDCl3): δ 139.73, 

138.72, 137.66, 132.95, 130.88, 128.69, 128.25, 128.13, 127.75, 127.37, 127.25, 125.99, 

71.81, 35.46, 14.18; HRMS (EI) calcd. for C17H16O (M+): 236.1201. Found: 236.1193. 

 

2.4.3.2. n-BuCuCNLi2-mediated nucleophilic ring-opening reactions of C1- and Aryl-

substituted cyclopropanated oxabenzonorbornadiene (following general procedure 

(C)) 

 

(Table 2-8 entry 5): Yellow oil. Yield = 93% (19.5 mg, 0.1 mmol); Please 

see identical characterization data: Table 2-7 entry 3. 
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(Table 2-8 entry 1): Yellow oil. Yield = 59% (22.0 mg, 0.1 mmol); Rf = 

0.38(EtOAc:hexanes 1:4); FTIR (neat, cm-1): 3047, 2974, 2931, 1383, 

1047, 908, 732, 650; 1H NMR (400 MHz, CDCl3): δ 7.58 (m, 1H), 7.25 (m, 

3H), 5.76 (br d, J = 3.6 Hz, 1H), 2.47 (m, 1H), 2.35 (m, 2H), 1.78 (s, 1H), 

1.49 (m, 5H), 1.36 (m, 2H), 0.96 (d, J = 7.0 Hz, 3H), 0.91 (t, J = 7.3 Hz, 3H);  13C NMR 

(100 MHz, CDCl3): δ 141.83, 134.25, 132.71, 129.64, 127.50, 127.08, 123.79, 123.06, 

73.90, 40.67, 32.11, 30.49, 28.03, 22.61, 13.94, 13.33; HRMS (EI) calcd. for C16H22O (M+): 

230.1671. Found: 230.1665. 

 

(Table 2-8 entry 2): Yellow oil. Yield = 81% (55.4 mg, 0.2 mmol); Rf = 

0.46 (EtOAc:hexanes 1:4); FTIR (neat, cm-1): 3425 (OH), 1638, 1045; 1H 

NMR (400 MHz, CDCl3): δ 7.59 (m, 1H), 7.24 (m, 3H), 5.78 (br d, J = 6.1 

Hz, 1H), 2.46 (m, 2H), 2.30 (m, 1H), 1.89 (m, 1H), 1.75 (m, 1H),  1.69 (s, 

1H), 1.49 (m, 2H), 1.37 (m, 2H), 0.92 (m, 6H), 0.79 (t, J = 7.5 Hz, 3H);  13C NMR (100 

MHz, CDCl3): δ 140.39, 134.19, 133.09, 129.45, 127.05, 126.96, 125.06, 123.02, 76.50, 

38.58, 32.16, 30.53, 22.71, 14.06, 13.07, 8.40; HRMS (EI) calcd. for C17H24O (M+): 

244.1827. Found: 244.1833. 

 

(Table 2-8 entry 3): Yellow oil. Yield = 76% (21.9 mg, 0.1 mmol); Rf 

= 0.50 (EtOAc:hexanes 1:4); FTIR (neat, cm-1): 3390 (OH), 2976, 2930, 

2898, 1643, 1453, 1382, 1088, 1047, 880; 1H NMR (400 MHz, CDCl3): 

δ 7.51 (m, 1H), 7.23 (m, 3H), 5.76 (br d, J = 6.4 Hz, 1H), 2.49 (m, 2H), 

2.43 (m, 1H), 1.84 (m, 1H), 1.70 (m, 2H), 1.46 (m, 2H), 1.36 (m, 3H),  1.20 (m, 2H), 1.07 
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(m, 1H), 0.91 (m, 6H), 0.79 (t, J = 7.3 Hz, 3H);  13C NMR (100 MHz, CDCl3): δ 140.74, 

134.20, 133.01, 129.51, 127.08, 126.91, 124.85, 122.99, 76.38, 39.34, 38.81, 32.12, 30.44, 

26.16, 23.08, 22.62, 14.04, 14.00, 12.95; HRMS (EI) calcd. for C19H28O (M+): 272.2140. 

Found: 272.2149. 

 

(Table 2-8 entry 4): Yellow oil. Yield = 61% (23.3 mg, 0.1 mmol); Rf = 

0.58 (EtOAc:hexanes 1:4); FTIR (neat, cm-1): 3418 (OH), 2980, 1643, 

1454, 1045, 740; 1H NMR (400 MHz, CDCl3): δ 7.61 (m, 1H), 7.28 (m, 

2H), 7.23 (m, 1H), 5.77 (br d, J = 6.5 Hz, 1H), 2.83 (m, 1H), 2.46 (m, 1H), 

2.31 (m, 1H), 1.62 (s, 1H), 1.44 (m, 3H), 1.30 (s, 1H), 0.97 (m, 4H), 0.95 (s, 9H);  13C NMR 

(100 MHz, CDCl3): δ 137.44, 134.79, 133.23, 130.46, 128.13, 127.03, 126.18, 122.07, 

79.19, 40.01, 34.41, 32.21, 30.12, 26.34, 23.00, 14.97, 14.03; HRMS (EI) calcd. for 

C19H28O (M+): 272.2140. Found: awaiting results. 

 

(Table 2-9 entry 1): Yellow oil. Yield = 64% (45.3 mg, 0.2 mmol); Rf = 

0.33 (EtOAc:hexanes 1:4); FTIR (neat, cm-1): 3403 (OH), 2976, 2929, 

1640, 1453, 1383, 1087, 1047, 909, 879, 733; 1H NMR (600 MHz, CDCl3): 

δ 6.96 (AB pattern, J = 7.8 Hz, 2H), 5.50 (br s, 1H), 4.45 (m, 1H), 2.82 (m, 

1H), 2.39 (s, 6H), 2.38 (m, 2H), 1.50 (d, J = 9.6 Hz, 1H), 1.39 (m, 1H), 1.32 (d, J = 7.5 

Hz, 6H), 0.86 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ 138.86, 137.50, 132.91, 

132.58, 131.54, 131.52, 129.78, 129.15, 68.22, 35.62, 34.29, 31.72, 22.91, 22.59, 18.95, 

15.72, 13.83; HRMS (EI) calcd. for C17H24O (M+): 244.1827. Found: 244.1822. 
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(Table 2-9 entry 2): Yellow oil. Yield = 24% (6.7 mg, 0.02 mmol); Rf = 

0.29 (EtOAc:hexanes 1:4); FTIR (neat, cm-1): 3444 (OH), 1632, 1480, 

1257, 906, 731, 650; 1H NMR (600 MHz, CDCl3): δ 6.79 (AB pattern,  

J = 9.0 Hz, 2H), 5.42 (br s, 1H), 4.78 (br dd, J = 7.6, 3.6 Hz, 1H), 3.81 (s, 

3H), 3.75 (s, 3H), 3.00 (m, 1H), 2.40 (m, 1H), 2.29 (m, 1H), 1.62 (d, J = 8.7 Hz, 1H), 1.40 

(m, 1H), 1.30 (m, 3H), 1.28 (d, J = 7.5 Hz, 3H), 0.86 (t, J = 7.2 Hz, 3H);  13C NMR (100 

MHz, CDCl3): δ 150.95, 150.43, 136.93, 129.48, 128.39, 123.24, 112.34, 110.79, 64.60, 

56.14, 55.98, 35.81, 34.25, 31.84, 22.75, 15.61, 13.99; HRMS (EI) calcd. for C17H24O3 

(M+): 276.1725. Found: 276.1718. 
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Appendix A: Preliminary 1H NMR data for natural product isolation targets SU6-2, 

SU3-1, and SU3-2. 
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Appendix A1: Preliminary 1H spectrum of impure SU6-2, acquired at 600 MHz in CDCl3 

 

Appendix A2: Preliminary 1H spectrum of impure SU3-2, acquired at 150 MHz in CDCl3  

? 

? 
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Appendix A3: Preliminary 1H spectrum of impure SU3-1 at 400 MHz in CDCl3 
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Appendix B: NMR Spectral data for potential decomposition product(s) of SU6-2. 
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Appendix B1: 1H NMR spectrum of potential decomposition products of SU6-2, acquired 

at 600 MHz in CDCl3 

 
Appendix B2: 13C JMOD NMR spectrum of potential decomposition products of SU6-2, 

acquired at 150 MHz in CDCl3 
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Appendix B3: 1H-1H COSY NMR spectrum of potential decomposition products of SU6-

2, acquired at 600 MHz in CDCl3 

? 
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Appendix B4: 1H-13C HSQC NMR spectrum of potential decomposition products of SU6-

2, acquired at 600 MHz in CDCl3 

? 
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Appendix B5: 1H-13C HMBC NMR spectrum of potential decomposition products of SU6-

2, acquired at 600 MHz in CDCl3 

? 
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Appendix B6: 1H TOCSY NMR spectrum of potential decomposition products of SU6-2, 

acquired at 600 MHz in CDCl3 
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8 

Appendix C: Spectral data acquired for SU6-2 (methylallicin, 10) isolated from Allium 

tricoccum. 
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Appendix C1: 1H NMR spectrum of SU6-2, acquired at 600 MHz in CDCl3 

 

Appendix C2: 13C JMOD NMR spectrum of SU6-2, acquired at 150 MHz in CDCl3 
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Appendix C3: 1H-1H COSY NMR spectrum of SU6-2, acquired at 600 MHz in CDCl3 
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Appendix C4: 1H-13C HSQC NMR spectrum of SU6-2, acquired at 600 MHz in CDCl3 
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Appendix C5: 1H-13C HMBC NMR spectrum of SU6-2, acquired at 600 MHz in CDCl3 
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Appendix D: Spectral data acquired for ferulic acid, isolated from Allium tricoccum. 
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Appendix D1: 1H NMR spectrum of ferulic acid, acquired at 400 MHz in MeOD 

 

 

 

Appendix D2: 13C JMOD spectrum of ferulic acid, acquired at 100 MHz in MeOD 
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Appendix D3: 1H-13C HSQC NMR spectrum of ferulic acid, acquired at 400 MHz in 

MeOD 
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Appendix E: Cyclopropanation and ring-opening example spectra. 
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Appendix E1: 1H NMR spectrum of ortho-dibromo cyclopropanated OBD, acquired at 

400 MHz in CDCl3  

 
Appendix E2: 13C JMOD NMR spectrum of ortho-dibromo cyclopropanated OBD, 

acquired at 100 MHz in CDCl3 
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Appendix E3: 1H NMR Spectrum of C1-COOMe Cyclopropanated OBD, acquired at 

400 MHz in CDCl3 

 
Appendix E4: 13C JMOD NMR Spectrum of C1-COOMe Cyclopropanated OBD, 

acquired at 100 MHz in CDCl3 
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Appendix E5: 1H NMR spectrum of 4-hexyl-2-methyl-1,2-dihydronaphthol, acquired at 

400 MHz in CDCl3 

 
Appendix E6: 13C JMOD NMR spectrum of 4-hexyl-2-methyl-1,2-dihydronaphthol, 

acquired at 100 MHz in CDCl3 
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Appendix E7: 1H NMR spectrum of anti-1,4-dibutyl-2-methyl-1,2-dihydronaphthol, 

acquired at 400 MHz in CDCl3 

 
Appendix E8: 13C JMOD NMR spectrum of anti-1,4-dibutyl-2-methyl-1,2-

dihydronaphthol, acquired at 100 MHz in CDCl3 
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Appendix E9: 1H NMR spectrum of 4-butyl-2-methyl-1,2-dihydro-para-

dimethylnaphthol, acquired at 400 MHz in CDCl3 

 
 

Appendix E10: 13C JMOD NMR spectrum of 4-butyl-2-methyl-1,2-dihydro-para-

dimethylnaphthol, acquired at 100 MHz in CDCl3 


